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The musculoskeletal system provides shape and stability 
to the body and enables motion. As an avascular and 
aneural component of this system, articular cartilage 
has an almost exclusively biomechanical function. The 
word ‘biomechanics’ comes from the Ancient Greek 
terms for ‘life’ and ‘mechanics’ and refers to the study of 
the mechanical principles of living organisms; in other 
words, how living tissues deal with mechanical demands. 
In mechanical terms, the strength or carrying capacity 
of any structure is determined by the mechanical char-
acteristics of the components of the structure and the 
spatial architecture of these components. This principle 
is of particular importance for articular cartilage, given 
its biomechanical function in the body.

In 1743, William Hunter stated “If we consult the 
standard Chirurgical Writers from Hippocrates down to 
the present Age, we shall find, that an ulcerated Cartilage 
is universally allowed to be a very troublesome Disease; 
that it admits of a Cure with more Difficulty than a car-
ious Bone; and that, when destroyed, it is never recov-
ered”1. This centuries-old observation is as true today 
as it was in Hunter’s time, unlike many other medical 
observations made in the mid-18th century. Clinically, 
the introduction of metal implants in the middle of the 
last century has had an enormous effect on the quality 
of life of many individuals with joint disease, as these 
devices can usually restore biomechanical function to 
the joint for up to 20 years. However, such treatment 
does not result in the restoration of articular cartilage.

In the past few decades, extensive efforts have been 
made to achieve functional repair or even complete 
regeneration of articular cartilage. However, these 
attempts have consistently failed, despite many of 
them initially resulting in the gradual formation of a 
cartilage-like tissue. The reason for the lack of progress 
in cartilage regeneration might, at least in part, be attrib-
utable to a focus on the cell biology aspects, rather than 
on the mechanical aspects, of the problem. Additionally, a 
lack of knowledge about the basic biology, formation and 

maintenance of the biomechanically decisive features of 
articular cartilage — the components and the architecture 
of its extracellular matrix — is an important issue.

In 1925, Alfred Benninghoff discovered that the col-
lagen in hyaline cartilage is organized into an arcade-like 
structure2. The ‘pillars’ of these arcades are firmly 
anchored in a layer of calcified cartilage and their actual 
arches are linked to tangential collagen fibres running 
parallel to the joint surface in the lamina splendens. This 
knowledge enabled a better understanding of how the 
entire composite structure of hydrophilic proteoglycans 
interspersed in a tough collagen network provides the 
desired combination of strength and resilience needed 
for the proper function of articular cartilage through the 
interaction of mechanical and electrostatic forces3.

Many attempts at regenerating cartilage have pro-
duced hyaline-like tissue in vitro; in these techniques 
a variety of cells were able to produce copious amounts 
of proteoglycans and type II collagen4. However, when 
tested in vivo in large animal models, none of these 
techniques could restore the architecture of the collagen 
network, and instead formed fibrocartilaginous repair 
tissue5, which explains their functional failure.

In the early 1990s, important work on collagen 
metabolism6 showed that type II collagen from healthy 
mature individuals had extremely long turnover times, 
in the order of hundreds of years. Another elegant study7 
based on carbon dating that used the fact that the level 
of radioactive carbon in the atmosphere has fluctuated 
considerably as a result of man-made nuclear activity 
since the Second World War produced irrefutable evi-
dence that the metabolic turnover of the collagen net-
work in cartilage is indeed nil in mature individuals, 
irrespective of whether or not a person is affected by 
articular disease, such as osteoarthritis.

This inherent incapacity of the network of type II 
collagen fibrils to repair or re-form within any biolog-
ically relevant timeframe and, hence, the inability to 
restore the architecture of articular cartilage, must be 
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considered. This incapacity means that the proven ability 
of cells to produce and secrete the correct matrix compo-
nents is not enough for long-term functionality, as bio-
mechanically indispensable architectural structures are 
not formed. Hence, the prevailing paradigm of regen-
erative medicine, the aim of which is to use our body’s 
own resources to regenerate, rather than to replace or 
to repair tissue8, does not apply to articular cartilage in 
mature individuals.

Accepting this insight means accepting that we can-
not restore the biomechanical properties of cartilage 
via traditional regenerative medicine approaches and 
explains why we have thus far not been able to reproduce 
the healthy native tissue in vivo, either anatomically or 
functionally. This situation, which is still largely ignored 
in the field, implies that the classic tissue engineering 
approach9 that has been pursued for cartilage for the 
past 25 years will never be able to provide a long-term 
functional solution and must be abandoned. A radical 
change in focus for the regeneration of articular cartilage 
is, therefore, required if we want to improve on Hunter’s 
sombre prognosis.

We are aware of many methods for cartilage repair 
that give good, or even excellent, clinical results. For 
example, allograft transplantation has produced prom-
ising results because the required collagen structure is 
maintained in the transplanted material, as have bio-
artificial implants that provide this structure; however, 
integration of grafts and implants into the surrounding 
tissue remains a challenge4. From an engineering point 
of view, it is the increasingly sophisticated techniques 
available to researchers (such as bioprinting) that have 
contributed to progress in many aspects of cartilage 
regeneration4. However, to date, none of these tech-
niques addresses the important aspect of reconstruction 
of the collagen architecture, which might be owing to an 
insufficient ability to replicate the orientation and fibre 
diameter of native collagen. The interaction of biology 
and mechanics to determine the function of articular 
cartilage conceptually leads to two distinct avenues that 
might be explored. We hypothesize that exploring these 
avenues, either separately or in a combined approach, 
might break through the current deadlock.

First, acknowledging the fact that the body lays down 
a definitive and life-long immutable structural element 
of cartilage in the juvenile phase of life that, unlike almost  
any other tissue, does not renew itself at regular inter-
vals, could lead to the concept of manufacturing cons
tructs that also contain an immutable part. In those 
constructs, long-term (non-degradable) structure-giving 
materials could be combined with regenerative compo-
nents, such as cell-loaded or cell-instructive biodegrada-
ble hydrogels, thereby forming a favourable environment 
for the formation of articular cartilage tissue. The 
long-lasting structural element would provide sufficient 

biomechanical resistance to guarantee functionality 
from the onset of implantation, thereby enabling the 
optimal formation of neo-tissue that would, as in native 
cartilage, lubricate the joint and protect the structural 
element against wear and tear.

A second approach relies on the observation that the 
natural arcade-shaped collagen structures that provide 
the mechanical resilience of the cartilage are formed 
during the late fetal and early juvenile phases of life10. 
Partial restoration of the microenvironment prevalent 
in these stages of life (which includes the appropriate 
cytokine and growth factor profile and targeted mechan-
ical loading) might be achieved by the use of rejuvenated 
or induced pluripotent stem cells, which have the poten-
tial to mimic this juvenile milieu. This process could  
be supported and accompanied by biomaterials that 
transiently mimic the structural features of cartilage.

Taken together, we propose that a shift in focus is 
urgently needed regarding the development of regen-
erative medicine approaches for cartilage. Unravelling 
the mechanisms by which the collagen structure of car-
tilage is initially formed will undoubtedly be a decisive 
breakthrough in attempts to restore it at later stages, and 
might have implications beyond articular cartilage (for 
example, for regeneration of intervertebral discs and  
the meniscus). We hypothesize that evolving fabrica-
tion and printing approaches that enable researchers to 
functionally mimic cartilage architecture will facilitate 
advances in our endeavour to achieve true regeneration 
of articular cartilage.
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macrophages seemed to be a 
self-renewing precursor to CX3CR1+ 
synovial macrophages.

In addition to following the  
fate of synovial macrophages  
using various imaging modalities, 
Krönke and colleagues also use 
single-cell RNA sequencing to 
examine the transcriptomes of  
these macrophage populations. 
CX3CR1+ synovial macrophages 
formed a distinct population that 
expressed several immune-related 
genes. By contrast, CX3CR1– 
interstitial macrophages could  
be further divided into several 
subsets, including actively 
proliferating cells and a terminally 
differentiated population charac
terized by the expression of the 
putative vascular remodelling 
hormone RELMα.

“The single and bulk RNA 
sequencing of the synovium is 
helpful to recognize the hetero
geneity of the synovial macrophage 
population,” states Harris Perlman, 
an expert on macrophages in 
arthritis who was not involved in  
this study. However, as with all 
genomics studies, the reproducibility 
of the raw and processed data  
will need to be verified with  
other studies.”

By comparing single-cell RNA 
sequencing data on synovial cells 
from K/B × N mice with serum 
transfer-induced arthritis with 
similar data from the Accelerating 
Medicines Partnership on synovial 
cells from patients with RA,  
the researchers could tentatively 
match cell populations in mice 
and in humans. Two of the 
macrophage populations identified 
in humans matched tissue-resident 
synovial macrophages in mice, 
and two matched infiltrating 
monocyte-derived macrophages, 
although an exact match for 

CX3CR1+ lining macrophages  
could not be identified in the  
human data.

Imaging and fate-mapping studies 
during the development of either 
serum transfer-induced arthritis or 
collagen-induced arthritis in mice 
revealed further insights into the 
early stages of disease, including 
a change in the shape of CX3CR1+ 
lining macrophages in response to  
immune complexes that seems 
to precede tissue infiltration with 
immune cells.

“We observed that synovial  
lining macrophages form a 
distinct subset that organizes into 
membrane-like structures around 
the joint,” says Krönke. “Interestingly, 
this specific macrophage subset 
shares many features with epithelial 
cells (including the expression of 
tight junction proteins) and provides 
an anti-inflammatory barrier around 
the joint that hinders immune  
cell trafficking in a steady state,  
but ‘cracks’ open during arthritis.”

The researchers plan to further 
investigate synovial macrophage 
subsets in different forms of arthritis 
and to explore the possibility 
of targeting specific subsets 
therapeutically.

“The key to future studies will be 
to understand how each population 
of synovial macrophages contributes 
to pathology, and which ones might 
be the most important for targeted 
therapy; for example, does one 
population of synovial macrophages 
respond to biologics compared with 
another?” says Perlman.

Joanna Collison

 R H E U M ATO I D  A RT H R I T I S

Synovial macrophages shield the joints

Original article Culemann, S. et al. Locally 
renewing resident synovial macrophages provide 
a protective barrier for the joint. Nature  
https://doi.org/10.1038/s41586-019-1471-1 (2019)
Related article Buckley, C. D. et al. 
Macrophages form a protective cellular barrier in 
joints. Nature https://doi.org/10.1038/d41586-
019-02340-x (2019)

CX3CR1+ 
synovial 
macrophages 
formed a 
distinct 
population 
that expressed 
several 
immune- 
related genes

Credit: S. Harris/Springer Nature Limited

Infiltrating macrophages are 
important mediators of inflammation 
in rheumatoid arthritis (RA),  
but surprisingly little is known about 
tissue-resident synovial macrophages 
and whether they have protective or 
destructive functions during disease. 
A new study has revealed insights 
into the previously mysterious 
lives of synovial macrophages in 
health and disease, including the 
identification of a subset of cells  
that create a protective shield around 
the joint.

“To visualize synovial 
macrophages and study their 
origin and spatiotemporal 
distribution during steady state and 
arthritis, we used various reporter 
mouse strains and fate-mapping 
approaches together with light sheet 
fluorescence microscopy,” explains 
corresponding author Gerhard 
Krönke. “This approach provided 
us with information on the 3D 
distribution of distinct macrophage 
subsets within the joint.”

Two main populations of synovial 
macrophages emerged from these 
studies on the basis of expression  
of the chemokine receptor CX3CR1; 
CX3CR1+ lining macrophages  
and CX3CR1– interstitial macrophages.  
These macrophages were not  
derived from circulating monocytes.  
Instead, CX3CR1– interstitial 
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 PA E D I AT R I C  R H E U M ATO LO GY

Lung disease in sJIA has distinct features
Systemic juvenile idiopathic arthritis (sJIA)-associated lung 
disease is distinct from other inflammatory lung conditions, 
according to the results of new study. In patients with sJIA 
attending the Cincinnati Children’s Hospital Medical Center, 
the presence of lung disease was associated with a young age 
of diagnosis, a history of macrophage activation syndrome and 
prior adverse reactions to cytokine-targeted biologic therapy. 
Lung disease in these patients shared some histopathological 
features with pulmonary alveolar proteinosis but had different 
immunological features, including increased IL-18.
Original article Schulert, G. S. et al. Systemic juvenile idiopathic arthritis-lung 
disease: characterization and risk factors. Arthritis Rheumatol. https://doi.org/10.1002/
art.41073 (2019)

 S Y S T E M I C  S CL  E R O S I S

Protecting against myocardial disease in SSc
In a prospective observation study of 601 patients with 
systemic sclerosis (SSc), the use of vasodilators (including 
calcium channel blockers, angiotensin-converting enzyme 
(ACE) inhibitors and/or angiotension II receptor blockers)  
was associated with a reduced incidence of ventricular 
arrhythmias (hazard ratio (HR) 0.28, 95% CI 0.09–0.90).  
In the same multi-variant Cox regression analysis, low-dose 
acetylsalicylic acid (ASA) (≤325 mg daily) was associated  
with a reduced incidence of cardiac blocks and/or Q waves 
and/or pacemaker implantation (HR 0.46, 95% CI 0.24–0.87).
Original article Valentini, G. et al. Vasodilators and low-dose acetylsalicylic acid are 
associated with a lower incidence of distinct primary myocardial disease manifestations  
in systemic sclerosis: results of the DeSScipher inception cohort study. Ann. Rheum. Dis. 
https://doi.org/10.1136/annrheumdis-2019-215486 (2019)

 G E N E T I C S

Two GWAS loci identified in IgG4-related disease
The first genome-wide association study (GWAS) of IgG4-related 
disease, involving 857 Japanese patients with IgG4-related disease 
and 2,082 healthy participants, has identified two susceptibility 
loci: HLA-DRB1 and FCGR2B. The strongest disease association 
in HLA-DRB1 corresponded to an amino acid residue in the 
peptide-binding groove of HLA-DRB1. The single nucleotide 
variant in FCGR2B (rs1340976) was associated with increased 
expression of FCGR2B, as well as with specific clinical features 
of IgG4-related disease (including the number of swollen organs 
and IgG4 concentration at diagnosis).
Original article Terao, C. et al. IgG4-related disease in the Japanese population:  
a genome-wide association study. Lancet Rheumatol. https://doi.org/10.1016/ 
S2665-9913(19)30006-2 (2019)

 T H E R A P Y

Pregnancy outcomes in patients with JIA
Registry data from a long-term observation study of patients 
with juvenile idiopathic arthritis (JIA) suggest that DMARD 
exposure does not increase the risk of major adverse pregnancy 
outcomes in patients with JIA. Among the 152 pregnancies in  
98 women with JIA and 39 pregnancies involving men with JIA as 
partners, the rates of miscarriage (13.1%) and major congenital 
anomaly (3.6%) were similar to the expected background rates. 
Half of the pregnancies were unplanned and occurred during 
treatment with DMARDs. Elective abortions were also common 
in DMARD-exposed pregnancies.
Original article Drechsel, P. et al. Pregnancy outcomes in DMARD-exposed patients 
with juvenile idiopathic arthritis—results from a JIA biologic registry. Rheumatology. 
https://doi.org/10.1093/rheumatology/kez309 (2019)

Original article Furer, V. et al. 2019 update 
of EULAR recommendations for vaccination in 
adult patients with autoimmune inflammatory 
rheumatic diseases. Ann. Rheum. Dis. https:// 
doi.org/10.1136/annrheumdis-2019-215882 
(2019)

Prevention of infection is important 
in the management of autoimmune 
inflammatory rheumatic diseases 
(AIIRD), but uptake of vaccinations 
is suboptimal in patients with AIIRD 
worldwide. In light of new data on 
the prevalence and incidence of 
vaccine-preventable infections in 
adults with AIIRD, as well as on the 
efficacy, immunogenicity and safety 
of available vaccines, EULAR has 
issued updated recommendations for 
vaccinations in these patients.

The 2019 update comprises six 
overarching principles and nine 
recommendations, formulated by an 
international group of experts and 
based on a comprehensive systematic 
literature review. “Since the first 
version of EULAR recommendations 
on vaccination of adult patients with 
AIIRD was published in 2011, there 
has been a large expansion in the 
amount of available evidence on this 
topic, necessitating an update,” says 
lead author Victoria Furer.

Notably, the EULAR task force 
used clear outcome measures of 
vaccination when evaluating this 
evidence. “In the AIIRD population, 
the data on the clinical efficacy of 
vaccination is limited,” explains 
Furer. “Thus, ‘immunogenicity’ of 
vaccination was used as a surrogate 
marker of efficacy, when appropriate. 
The strength of recommendations 
was based on the level of the data. 
For example, in case of lack of a 
direct correlation between the 
immunogenicity outcomes and the 
level of protection, the strength of 
recommendation was downgraded.”

The overarching principles stress 
the need for regular assessment, 
patient education and shared 
decision-making. “We hope that this 
recommendation will improve the 
implementation of the vaccination 
programme,” notes Furer. The princi
ples also state that vaccines should 
be administered during quiescent 
disease and before planned immu-
nosuppressive therapy, and that non-
live vaccines can be given to patients 

being treated with glucocorticoids 
and/or DMARDs. Live-attenuated 
vaccines should be avoided during 
immunosuppression but, in a modifi-
cation of the 2011 recommendations, 
MMR and herpes zoster vaccines can 
be considered with caution.

The core set of recommendations 
concerning influenza, pneumococcal, 
tetanus toxoid, hepatitis A, hepatitis B  
and HPV vaccinations remained 
essentially unchanged from the 2011 
recommendations, with some minor 
modifications. Several of the 2011 
recommendations were omitted from 
the 2019 update; two, concerning BCG 
vaccination and vaccination of hypos-
plenic or asplenic patients with AIIRD, 
had become irrelevant to clinical 
practice and one, concerning travelling 
patients, was deemed non-specific. 
New recommendations were added 
to encourage the vaccination of 
immunocompetent members of the 
households of patients with AIIRD,  
to avoid vaccination with live-
attenuated vaccines for the first 
6 months of life in newborns exposed 
to biologic drugs during the late stages 
of pregnancy and to avoid vaccination 
against yellow fever in patients with 
AIIRD during immunosuppression.

“The implementation of the 
present recommendations will help 
in prevention of infections in the 
susceptible population of patients 
with AIIRD,” Furer contends. “In 
particular, dissemination of the main 
principles of these recommendations 
among the health professionals, 
including primary care teams, 
treating patients with AIIRD is of 
great importance. Thus, a number of 
educational projects for the medical 
community to increase the awareness 
of vaccination and compliance with 
the recommendations are underway.”

Sarah Onuora

 CL  I N I C A L  G U I D E L I N E S

Vaccination guidance 
updated
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Tissue fibrosis and persistent activation 
of fibroblasts are hallmark features of 
systemic sclerosis (SSc). Findings from 
a new study highlight the serine pro-
tease dipeptidyl-peptidase-4 (DPP4, 
also known as CD26) as not only a 
marker of activated fibroblasts in SSc, 
but also as a potential therapeutic 
target for treating fibrosis in SSc.

Inhibitors of DPP4 (such as 
sitagliptin) are already approved 
and widely used for the treatment of 
diabetes mellitus owing to the ability 
of DPP4 to target and inhibit incretin 
hormones. However, DPP4 also has 
a broad range of other substrates, 
including chemokines, and can 
also function independently of its 
enzymatic activity, bestowing DPP4 
with a broad range of functions.

In these latest findings, the 
investigators found that the expression 
of DPP4 and the number of DPP4-
expressing fibroblasts is upregulated  
in the skin of patients with SSc 
compared with the skin of healthy 
individuals.

Incubation of human dermal fibro-
blasts with recombinant transforming 
growth factor-β (TGFβ), a key profi-
brotic cytokine in SSc, induced the 
expression and enzymatic activity of 
DDP4 in vitro. This upregulation was 
dependent on non-canonical TGFβ 
signalling via the kinase ERK.

In fibroblasts from either mice or 
humans, the expression of DDP4 was 
associated with increased expression 
of myofibroblast markers and type I 
collagens as well as with increased 
responsiveness of the fibroblasts to 
stimulation with TGFβ. Notably, 
treatment of fibroblasts from patients 
with SSc with sitagliptin inhibited 
TGFβ-induced fibroblast-to-
myofibroblast transition and release 
of type I collagens.

Loss of DPP4 activity through 
gene knockout or treatment with 
sitagliptin ameliorated disease in 
mice with bleomycin-induced dermal 
or pulmonary fibrosis. Importantly, 
treatment could also induce 
regression of pre-established fibrosis 

 S Y S T E M I C  S CL  E R O S I S

DDP4 inhibition reduces fibrosis

in mice with bleomycin-induced 
fibrosis as well as in mice with 
graft-versus-host disease.

The authors speculate that a 
subpopulation of DPP4-positive 
fibroblasts promote tissue fibrosis 
in SSc, and they plan to use lineage 
tracing experiments to confirm 
this theory. They also plan to use 
additional experimental models to 
further confirm the antifibrotic effects 
of this enzyme, with the long-term 
aim of a clinical trial in SSc.

Jessica McHugh

Loss of DPP4 
activity 
through gene 
knockout or 
treatment 
with sitagliptin 
ameliorated 
disease

Original article Soare, A. et al. Dipeptidyl-
peptidase-4 as a marker of activated fibroblasts 
and a potential target for the treatment of  
fibrosis in systemic sclerosis. Arthritis Rheumatol. 
https://doi.org/10.1002/art.41058 (2019)
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Increased angiogenesis and immune 
cell infiltration go hand-in-hand at 
sites of inflammation in autoimmune 
diseases, such as rheumatoid arthritis 
(RA). The results of a new study  
suggest that placental growth factor 
(PlGF), a vascular endothelial growth 
factor homologue, could help to 
mediate both processes by stimulating 
angiogenesis and T helper 17 (TH17)  
cell differentiation.

“Although angiogenesis and T cell 
infiltration are tightly interwoven 
processes in both health and disease, 
it has not been clear whether 
angiogenic factors affect T helper cell 

differentiation or whether a specific  
T helper cell subset directly contributes 
to pathologic angiogenesis in 
autoimmune diseases,” explains 
corresponding author Wan-Uk Kim.

To address this uncertainty,  
Kim and colleagues investigated  
the potential role of PlGF in crosstalk  
between endothelial cells and  
T cells. In vitro, PlGF was secreted 
specifically by activated TH17 cells,  
and T cell-secreted PlGF could 
stimulate neovascularization both 
in vitro and in vivo.

The addition of PlGF-conditioned 
media or recombinant PlGF to CD4+ 
T cells caused upregulation of the TH17 
cell-specific transcription factor  
RORγ. PlGF-mediated RORγ upregu-
lation required the phosphorylation 
of signal transducer and activator 3, 
similar to IL-6-mediated signalling 

during classical TH17 cell differentiation. 
Interestingly, PlGF could stimulate  
TH17 cell differentiation in the absence 
of IL-6.

Placing these findings in the context of  
autoimmune disease, overexpression 
of PlGF in T cells exacerbated disease 
in mice with collagen-induced arthritis. 
PlGF concentrations also correlated 
with IL-17 concentrations in synovial 
fluid from patients with RA.

“Our findings provide novel insights 
into PlGF-mediated links between 
angiogenesis, TH17 cell development 
and autoimmunity, indicating that 
PlGF inhibitors might be able to 
control autoimmune and inflammatory 
diseases via the dual inhibition of 
angiogenesis and TH17 cell generation,” 
says Kim.

The researchers are currently looking 
to develop such PlGF inhibitors for use 
in diseases with TH17 cell involvement, 
such as RA.

Joanna Collison

 A U TO I M M U N I T Y

Placental growth factor links 
angiogenesis and autoimmunity

Original article Yoo, S.-A. et al. Placental 
growth factor regulates the generation of TH17 
cells to link angiogenesis with autoimmunity.  
Nat. Immunol. https://doi.org/10.1038/s41590-
019-0456-4 (2019)

PlGF was 
secreted 
specifically by 
activated TH17 
cells

TH17 cell
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Credit: Springer Nature Limited
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Rheumatoid arthritis (RA) is 
characterized by joint inflammation 
and bone erosion mediated by  
excessive production of pro- 
inflammatory mediators. A new 
study highlights the importance 
of the chemokine CCL21 and 
cross-talk between macrophages  
and T cells in this destructive 
process.

In characterizing the pathogenic 
function of CCL21, the researchers 
found that the expression of its 
receptor CCR7 on monocytes was 
higher in patients with RA than in 
healthy individuals, and correlated 
with the patient’s 28-joint disease 
activity score (DAS28).

In vitro, monocyte chemotaxis, 
induced by treatment with synovial 
fluid from patients with RA,  
was reduced by neutralization  
of CCL21 or CCR7. Furthermore, 
treatment with CCL21 promoted the 
chemotactic activity of monocytes 

in a CCR7-dependent manner and 
upregulated the transcription of IL-6 
and IL-23 (cytokines involved in  
T helper 17 (TH17) cell differentiation).

Given the important function 
of TH17 cells and IL-17 production 
in RA, the researchers assessed the 
effects of CCL21 on T cells in vitro. 
CCL21 treatment promoted IL-17 
secretion by peripheral blood 
mononuclear cells (PBMCs),  
but not by T cells alone. Furthermore, 
CCL21 treatment promoted 
osteoclastogenesis by PBMCs, which 
was inhibited by antibodies against 
IL-6 receptor (IL-6R), IL-23 or IL-17.

These findings together suggest 
that CCL21 induces polarization 
of TH17 cells in a myeloid cell-
dependent manner, which in turn 
stimulates osteoclast formation and 
bone erosion. Notably, adenovirus-
mediated expression of CCL21  
(via intra-articular injection) 
promoted joint inflammation and 

CCL21 induces 
polarization 
of TH17 cells 
in a myeloid 
cell-dependent 
manner
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CCL21–CCR7 axis in RA: linking 
inflammation and bone erosion
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Original article Van Raemdonck, K. et al. 
CCL21/CCR7 signaling in macrophages promotes 
joint inflammation and Th17-mediated osteoclast 
formation in rheumatoid arthritis. Cell. Mol. Life Sci. 
https://doi.org/10.1007/s00018-019-03235-w (2019)

bone erosion in wild-
type mice but not in 
CCR7-deficient mice.

“As a chemokine 
that attracts both 

T cells and macrophages, 
promotes myeloid and T cell 
pathogenic activity and is an RA 
susceptibility gene, CCL21 is ideally 
positioned to instigate disease and 
thus makes for a promising novel 
therapeutic target,” explains Katrien 
Van Raemdonck, first author of the 
study. “Further research will have to 
verify whether CCL21–CCR7 activity 
can be inhibited efficiently and safely 
for therapeutic purposes.”

Jessica McHugh

MRE11A 
knockdown in 
T cells resulted 
in increased 
caspase-1 
activation and 
synovial tissue 
inflammation

In rheumatoid arthritis (RA), T cells 
age prematurely and have defects in 
DNA repair mechanisms and a distinct 
metabolic signature. New research 
suggests that these characteristics 
might be linked to each other, and to 
inflammation, via the mitochondria.

Previous studies had identified 
low expression of the DNA repair 
nuclease MRE11A as being linked to 
the prematurely aged phenotype of 
RA T cells. In the new study, inducing 
low MRE11A expression in otherwise 
healthy T cells produced a phenotype 
similar to that of T cells from patients 
with RA, in which mitochondrial 
function was impaired. Interestingly,  
the low expression of MRE11A in RA 
T cells extended to the mitochondria, 
where it is also present, and was linked  
to DNA damage and leakage.

“We had to leave our comfort zone 
and transition from the nucleus to the 
mitochondria to study how MRE11A 

contributes to mitochondrial failure 
in RA T cells,” explains corresponding 
author Cornelia Weyand. “We developed 
techniques to study how mitochondrial 
DNA (mtDNA) leaks into the cytoplasm 
and how leaked mtDNA is recognized  
by DNA sensors.”

The researchers found that leaked 
mtDNA triggered the inflammasome 
in T cells with low MRE11A expression, 
causing the activation of caspase-1,  
the release of IL-1β and pyroptotic  
cell death. In a humanized model of  
RA in which human synovial tissue  
was engrafted into NSG mice, MRE11A 
knockdown in T cells resulted in 
increased caspase-1 activation  
and synovial tissue inflammation.  
By contrast, MRE11A overexpression in 
T cells reduced synovial inflammation  
in this model.

“Implicating mtDNA repair in the 
tissue inflammatory response in 
RA comes as quite a surprise,” says 

 I M M U N O M E TA B O L I S M

Faulty mitochondrial DNA repair  
promotes inflammation in RA

Original article Li, Y. et al. The DNA repair 
nuclease MRE11A functions as a mitochondrial 
protector and prevents T cell pyroptosis and tissue 
inflammation. Cell Metab. https://doi.org/10.1016/ 
j.cmet.2019.06.016 (2019)
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Weyand. “We next want to explore 
the therapeutic implications of 
mitochondrial infidelity in RA. Can we 
prevent the leakage of mtDNA into the 
cytoplasm? Can we prevent pyroptotic 
T cell death? Can we repair the damaged 
DNA within the mitochondria, and will 
that rescue mitochondrial function?” 
Future studies will hopefully ascertain 
whether mtDNA repair is indeed a 
feasible therapeutic target for RA.

Joanna Collison
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In the absence of contraindications, metho-
trexate (MTX) is the recommended first-line 
DMARD for Rheumatoid Arthritis (RA)1. 
Optimal MTX therapy use has several benefits, 
including the control of disease, a reduced need 
for more expensive biologic treatments, and 
improvements in health outcomes2. Unfortu
nately, not all patients respond to MTX, which 
might be partially explained by non-adherence. 
In a new study, James Bluett and colleagues 
propose a new assay that permits rapid and 
easy measurements of MTX plasma concen-
trations in patients with chronic inflammatory 
rheumatic diseases receiving weekly low-dose 
MTX3. Could this assay be used in the future 
as part of a biofeedback tool for improving 
adherence behaviour of patients?

As a first step, the researchers developed 
a high-performance liquid chromatography– 
selected reaction monitoring–mass spectrom
etry (HPLC-SRM-MS)-based assay for the 
detection of MTX and its major metabolite 
7-hydroxy-MTX3. Using a pharmacoki-
netic model, they determined the adherence 
cut-offs required for the correct detection 
of adherence according to the dose of MTX 
ingested. Thereafter, Bluett et al. validated 
this assay in a group of patients participating 

beliefs and/or fears linked to their medi
cation) are often intertwined. Patients often 
cite unintentional causes of non-adherence  
such as having forgotten to take the drug, 
but health professionals should be aware 
that this excuse might hide other reasons for 
non-adherence.

The most important question to con-
sider is whether non-adherence to drugs 
is preventable. Results from studies and 
in particular from randomized controlled 
studies conducted in chronic disorders, 
including in disorders other than rheu-
matic diseases, suggest that the best way to 
reduce drug non-adherence is to prevent it8. 
To optimize drug adherence, it is strongly 
recommended that patients are involved in 
decisions surrounding their own healthcare 
(shared decision-making) and that patient 
information and education accompany any 
anti-rheumatic treatment2.

But if a patient is non-adherent to their 
ongoing medication, how can adherence 
be improved? It could be argued that any 
assessment of treatment adherence permits 
a discussion between the health professional  
and the patient. This discussion should 
remind the patient of the importance of opti-
mal drug adherence and, therefore, guide 
towards helping improve drug adherence. 
As well as patient education, studies have 
assessed the benefits of other interventions 
such as behavioural interventions, cognitive 
behavioural interventions or motivational 
interviewing, with conflicting results5,9.These 
interventions necessitate access to an expert in 
these approaches, which is rare and probably 
the reason why these interventions are seldom 
proposed in daily practice.

in a 1 year prospective multicentre observa-
tional study designed to identify predictors of 
response to MTX in patients with RA. This 
assay was able to identify patients who were 
adherent to MTX, with a sensitivity of 95%.

This very interesting study raises several 
questions concerning MTX adherence in daily 
clinical practice (Box 1). First, how common is 
and what is the impact of non-adherence to 
MTX? Although physicians tend to overesti-
mate how well patients take their medication 
as prescribed2, long-term adherence to MTX 
is only moderate and varies across studies, 
with reported rates of adherence ranging from 
40% (underuse) to 107% (overuse)4–6. Non-
adherence to DMARDs can be detrimental, 
leading to lower drug efficacy and potential 
cost increases7. Furthermore, non-adherence 
might lead to complications and unnecessary 
treatment switches8.

Another question to consider is whether 
some patients are at a higher risk than oth-
ers of non-adherence and, if so, whether we 
can identify such patients before commenc-
ing treatment. Multiple factors that influence 
non-adherence have been reported across 
studies and across diseases, with different 
results, making the findings difficult to inter-
pret2. For this reason, current recommenda-
tions propose that all patients are screened for 
non-adherence2. Moreover, factors involved in 
‘unintentional’ non-adherence (for example,  
patients simply forgetting to take their medi-
cation) and ‘intentional’ non-adherence (for 
example, non-adherence because of a patient’s 

 T H E R A P Y

Could a methotrexate blood 
assay improve adherence?
Maxime Dougados

In patients with chronic inflammatory rheumatic diseases, non-adherence  
to methotrexate therapy could lead to lower drug efficacy , unnecessary 
adjustments of medication, and avoidable health-care costs. Use of a  
novel blood assay to measure methotrexate could help prevent or reduce 
non-adherence in clinical practice.

Refers to Bluett, J. et al. Development and validation of a methotrexate adherence assay. Ann. Rheum. Dis.  
https://doi.org/10.1136/annrheumdis-2019-215446 (2019).

non-adherence might lead to 
complications and unnecessary 
treatment switches

Box 1 | Methotrexate adherence

•	How common is and what is the impact of 
non-adherence to methotrexate in clinical 
practice?

•	Are some patients at higher risk than others 
of non-adherence and, if so, can we identify 
such patients?

•	Is non-adherence to methotrexate 
preventable?

•	How can we improve methotrexate 
adherence during ongoing treatment?

•	How can methotrexate adherence be 
assessed in clinical practice? And when is 
the best time to evaluate adherence?
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So how can MTX adherence be assessed 
in clinical practice? The assessment of drug 
adherence in clinical trials can be on the basis of  
very sophisticated techniques such as the use 
of pill-counting devices. The current recom-
mendation is that during any single outpatient 
visit, at least one question should be posed to 
the patient to evaluate adherence2; however, 
this simple approach has limitations, particular 
with regard to its validity, which could proba-
bly explain why, in daily practice, drug adher-
ence is rarely assessed by the physician, at least 
in the context of MTX intake.

In the field of rheumatology, an example 
of a blood test frequently used in daily prac-
tice to assess drug adherence already exists: 
the evaluation of hydroxychloroquine in 
patients with systemic lupus erythematosus 
(SLE)10. Measurements of hydroxychloro-
quine blood concentrations and discussions 
of these results with the patient (especially if 
the drug concentrations are low) have been 
shown to improve adherence to hydroxy-
chloroquine10. By contrast, an alternative 
method — simple text messaging reminders 
without hydroxychloroquine measurements 
— was not sufficient to improve adherence of  
these patients.

The use of a blood test for assessing con-
centrations of a drug can be considered as 
both a preventive strategy (by informing the 
patients of this blood test before treatment) 
and also a curative strategy as the results of the 
blood test can be used as a starting point for 
the discussion of drug adherence between the 
patient and the health professionals.

Obviously, the proposed blood test for 
MTX has some limitations3; in particular, the 
assay can only detect whether the drug was 
taken, and taken at the correct dose, within 
the preceding 6 days, which does not reflect 
long-term adherence. The assay would be 
unable to detect, for example, non-adherence 
during the majority of treatment except in 
the few days preceding the patients’ appoint-
ments. Hence, the best time to use this assay is 
questionable. It could be argued that a system-
atic assessment (for example, every trimester 
or semester) might be useless in patients with 
a disease perfectly controlled by their current 
treatment. By contrast, this assessment might 
be of greater benefit for patients for whom a 
switch or an add-on strategy is being consid-
ered because of an inadequate response and/or  
a loss of response to MTX. These strategies 
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(switching or adding on therapies) might be 
more toxic and/or more costly (in particular, 
if involving the initiation of biologic drugs) 
compared with improving or preventing poor 
MTX adherence.

Hence, despite the limitations discussed 
above, this plasma MTX assay deserves fur-
ther evaluation. Further clinical studies should  
investigate whether measurement of MTX 
adherence using the assay can improve 
MTX adherence. Ultimately, this approach  
might lead to changes in the procedure for 
managing MTX therapy in daily practice, 
and could have a beneficial effect on patient 
outcomes and decrease the need to initiate 
other more expensive and toxic drugs such as 
biologic drugs in many patients.
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Gout is the most common inflammatory 
arthritis in adults, with a prevalence ranging 
from 1% to 4% globally1. Gout is often mis
diagnosed at the first presentation as a sprain 
or infection, or the diagnosis is delayed in 
many cases. The consequences of delayed or 
missed diagnosis are the non-use or delayed 
use of urate-lowering therapy, which when 
used not only decreases the risk of future gout 
flares and joint inflammation and destruction, 
but also prevents the potential long-term detri-
mental effects of hyperuricaemia and systemic  
inflammation on cardiovascular and renal 

systems. EULAR has now updated its recom-
mendation for gout diagnosis2, with the aim of 
helping physicians accurately diagnose gout.

The 2018 EULAR guideline recommends a 
three-step approach for the diagnosis of gout2. 
The first step is to demonstrate the presence of 
monosodium urate (MSU) crystals in synovial 
fluid or tophus aspirates, using polarised light 
microscopy, in every person with suspected 
gout. The second step, when MSU crystal 
demonstration is not feasible, is to make a 
clinical diagnosis on the basis of clinical fea-
tures that are suggestive of and associated with 
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Are the days of missed or 
delayed diagnosis of gout over?
Jasvinder A. Singh   

Gout diagnostic criteria help focus attention on the accurate and early 
diagnosis of gout. New recommendations reinforce that joint aspiration 
and demonstration of monosodium urate crystals remains the gold 
standard for a diagnosis of gout and should be attempted in every 
patient with suspected gout.

Refers to Richette, P. et al. 2018 updated European League Against Rheumatism evidence-based recommendations 
for the diagnosis of gout. Ann. Rheum. Dis. https://doi.org/10.1136/annrheumdis-2019-215315 (2019).
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adherence in clinical trials can be on the basis of  
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MTX adherence.
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The first step is to demonstrate the presence of 
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might complement or replace polarised light 
microscopy8.

Rather than limiting the use of the gold- 
standard test for gout7, a better approach 
might be for primary care physicians or family 
practitioners to gain more experience in per-
forming aspiration of joints such as the knee, 
ankle, great toe, wrist etc., which are com-
monly affected by gout. Acute inflammation 
of the first metatarsophalangeal joint does not 
equate to gout every time; it can also be caused 
by other conditions. Calcium pyrophosphate 
(CPP) deposition disease (CPDD; formerly 
called CPPD) and erosive osteoarthritis, 
which might both be just as prevalent as gout, 
can (and often do) have a presentation simi-
lar to gout. Septic arthritis is also a concern 
for an acutely swollen big toe, although rare. 
Moreover, owing to the obesity epidemic, 
hyperuricaemia without gout is common2, 
and can coexist with CPDD or OA. Similarly, 
acute inflammation of ankle, knee or mid-
foot joints cannot be presumed to be gout 
automatically. Assuming an acutely swollen 
joint is caused by gout, and not performing 
aspiration to confirm the diagnosis of gout7, 
is a missed opportunity in urgent, emergency 
and primary care settings. This practice must 
change. The new EULAR recommendations 
provide clear guidance for this in a simple, 
three-step approach.

Can new imaging techniques have a role  
in gout diagnosis? DECT and ultrasonography 
are already being used in clinical diagnosis of 
gout. Emerging imaging techniques, such as 

gout and the presence of hyperuricaemia. 
The third step is to use imaging, particularly 
ultrasonography or dual-energy CT (DECT), 
to search for evidence of MSU crystal deposi-
tion when a clinical diagnosis of gout is uncer-
tain and crystal identification is not possible. 
EULAR put forth eight evidence-based con-
sensus statements regarding the diagnosis of 
gout that provide more details regarding these 
three steps. Notably, there was consensus that 
a diagnosis of gout should not be based on the 
presence of hyperuricaemia alone2.

So, what is the purpose of these updated 
2018 EULAR recommendations for gout 
diagnosis? The authors cite new data related 
to the use of DECT, ultrasonography and 
other imaging modalities in the diagnosis of 
gout, as well as a diagnostic algorithm pro-
posed in 2010 (REF.3), that have emerged since 
the publication of the last EULAR recom-
mendations for gout diagnosis in 2006 (REF.4). 
A major difference between the 2006 and  
the 2018 EULAR gout diagnosis guidelines is 
that the lack of imaging data in 2006 led to a 
recommendation that its role in gout diagnosis 
be investigated4, whereas the 2018 guideline 
includes a recommendation to use imaging for 
gout diagnosis in cases of diagnostic uncer-
tainty or when MSU crystal documentation is 
not possible2. Ultrasonography, which reveals  
the ‘double-contour’ sign, tophi and the 
‘snow-storm’ appearance as signs for gout, 
has a specificity for gout of 84%2, which is 
good, but not perfect. DECT can characterize, 
quantify and map MSU crystal deposition and 
detect deep-seated structures and/or regions 
and has > 90% specificity and 78–91% sen-
sitivity for gout2. However, both DECT and 
ultrasonography have important limitations, 
such as their lower sensitivity in early disease 
and in gout without tophi, which together 
account for a substantial proportion of gout 
cases5. Sometimes artefacts on DECT can 
resemble MSU, although they can be distin-
guished using low-voltage and high-voltage 
DECT images, techniques such as Z-effective 
maps, or even other imaging modalities, as 
shown in Fig. 1.

The American College of Physicians 
(ACP) issued a guideline for the diagno-
sis of gout in 2017 (REF.6) that contrasts with 
the 2018 EULAR recommendations. The 
ACP guideline recommends that clinicians 
assess synovial fluid for MSU crystals “when 
clinical judgment indicates that diagnostic 
testing is necessary in patients with possible 
acute gout” (presented as a weak recommen-
dation based on low-quality evidence)6. This 
recommendation contrasts with the EULAR 
gout diagnosis guideline that synovial fluid 
or tophus aspiration should be performed 
in every case of suspected gout2, so that the 

presence of MSU crystals — the central 
pathological feature of gout — can be estab-
lished. The ACP guideline acknowledged 
that synovial fluid aspiration and analysis is 
considered the reference standard (that is, the 
gold standard) for the diagnosis of gout, but 
noted that this procedure could be difficult 
to perform in primary care. In contrast to the 
moderate-quality evidence rating for clini-
cal algorithms, the ACP rated the evidence 
for DECT (sensitivity 85–100%, specificity 
83–92%) and ultrasonography (sensitivity 
74%, specificity 88%) for the diagnosis of 
gout as low-quality6. The wide gap between 
these diagnostic recommendations from two 
professional organizations creates a lot of 
confusion for a practicing physician.

According to the ACP guideline6, synovial 
fluid aspiration should be performed only in 
certain clinical circumstances: the joint aspira-
tion can be done “without substantial patient 
discomfort by an experienced clinician who 
can minimize the risk of infection”; a polar-
ising microscope and a trained operator are 
available; and the clinical situation is ambigu-
ous and a probability of infection exists. These 
clinical circumstances imply that the use of 
this procedure would be limited to a small 
minority of people with gout, which is amaz-
ingly consistent with the low rates of joint 
aspiration-assisted MSU crystal-proven gout  
in the USA7. With more research and data, 
emerging techniques, such as the point-of-
care Raman spectroscopy-based device for 
quick, easy and automated detection of MSU, 

a b

Fig. 1 | True-positive, false-positive and false-negative imaging findings for MSU deposition 
in a 68-year-old man with tophaceous and erosive gout. Dual-energy CT (DECT) (a) and coro-
nal and sagittal conventional CT (b) images show monosodium urate (MSU) deposition in pink.  
The subcutaneous tophus (arrow) corresponds to true MSU (true-positive). Typical DECT artefacts 
also appear pink (false-positives), including artefacts related to metal screws (dashed arrows) and 
pseudo-MSU deposition (arrowhead). Notably , DECT failed to identify subtle MSU deposition within 
a typical gouty bone erosion in the first metatarsal bone, which was confirmed through joint and 
tophus aspiration (false-negative). Images in parts a and b courtesy of F. Becce, Lausanne University 
Hospital, Switzerland.
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multi-energy photon-counting CT9 and spec-
tral photon-counting radiography10, could 
have a role in the diagnosis of gout in the 
future, by offering better contrast and spatial 
resolution (~100 µm and ~50 µm, respec-
tively) than the currently available techniques. 
Multi-energy photon-counting CT can better 
distinguish MSU from CPP crystal deposits  
than DECT9. Spectral photon-counting radiog
raphy10 should avoid the need for DECT in  
some cases of suspected gout. The use of  
these techniques will complement the imag-
ing techniques currently available, and when 
used in combination with them will help to 
better distinguish MSU from other crystal 
arthritis conditions in the future. Studies need 
to be performed to establish the accuracy of 
these emerging techniques, and if their accu-
racy (that is, overall sensitivity and specificity 
combined) is high, these techniques have the 
potential to provide an accurate non-invasive 
quantification and mapping of the MSU crys-
tal deposition in the entire body. In particular, 
these techniques might assist in the assess-
ment of MSU deposition in asymptomatic 
disease, either in the pre-gout stage or for 
people with established gout and symptomatic 
control of flares.

Future advances in imaging techniques 
will further improve our understanding of 
gout, but are unlikely to replace synovial fluid  
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analysis as the gold standard for gout diag
nosis. Physician inertia results in reliance 
on clinical judgement rather than using the 
gold-standard test — that is, joint fluid aspira
tion, a procedure that can directly document 
the disease pathology and that is safe, practi-
cal and low-cost. This inertia is at least partly 
related to lack of experience in aspirating 
common joints (such as the knee, ankle and 
toe) and perception of the time needed to 
perform joint aspiration. A good health care 
provider must do what is best for the patient, 
not what is easiest. The new 2018 EULAR 
gout diagnosis guideline, if followed, will 
not only lead to a more accurate and earlier 
diagnosis of gout, but also avoid missed and 
delayed diagnosis.
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Rheumatoid arthritis (RA) is a systemic inflammatory 
disease that is characterized by joint swelling, pain and 
morning stiffness1. Over the course of the disease, extra-​
articular manifestations occur in up to half of patients 
with RA and can affect the skin, eyes, heart, kidneys, 
nervous system, gastrointestinal tract and lungs2, 
potentially making the term ‘rheumatoid disease’ a 
more fitting description of the multi-​systemic nature 
of RA. These extra-​articular manifestations influence 
the natural course of disease and substantially affect  
RA-​associated morbidity and mortality2.

Host factors and environmental factors are both 
involved in the pathogenesis of RA (Fig. 1). Substantial 
data support a model in which RA develops after a pre-
clinical period (the so-​called pre-​RA phase) that precedes  
the onset of symptoms by months to years (and poten-
tially decades)3. This preclinical period is characterized 
by the emergence of autoantibodies that are detectable 
in the circulation and the lung, as well as evidence of 
systemic inflammation (increased concentrations of pro- 
inflammatory cytokines and chemokines) occurring 
in the absence of articular symptoms4. Lung disease in 
RA can either precede the onset of articular symptoms 
or become clinically evident after joint manifestations 
occur. In this Review, we discuss mechanisms by which 
smoking, host genetics and other factors can induce lung 
disease in patients with RA. We propose mechanisms 

by which dysregulation of immune responses to self-​
antigens in the lung might be relevant to the generation 
of systemic autoimmunity in RA, and suggest important 
avenues for future investigations into the cause of lung 
complications in RA.

The lung in the development of RA
Epidemiological, clinical and molecular studies in sero-
positive individuals at risk of developing RA, as well as in 
individuals with untreated early-​stage RA, support a role 
for mucosal sites as the region of origin for RA-​related 
autoimmunity. This ‘mucosal origins’ hypothesis sug-
gests that the initiating events that precede symptomatic 
RA might originate at one or more mucosal sites (princi-
pally the oral, airway or gut mucosa)3. Although several 
lines of evidence support the mucosal origins hypothesis 
(reviewed elsewhere3), many questions remain regard-
ing the mechanisms involved. In particular, how is it 
that local dysregulated immunity in the lung causes a 
systemic autoimmune process resulting in arthritis and 
other systemic manifestations?

A cardinal feature of seropositive RA is the gener-
ation of anti-​citrullinated protein antibodies (ACPAs). 
These autoantibodies can be generated at synovial sites 
and at extra-​articular sites, including the lung5, and 
can be found years before the occurrence of articular 
symptoms6. Of particular relevance to a mucosal origins 
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hypothesis is the discovery of IgA ACPAs in sputum 
samples from individuals at risk of developing RA7, as 
IgA antibodies are important in regulating mucosal 
defences. In this study7, at-​risk individuals included 
those with a first-​degree relative with RA (defined by 
ACR criteria)8 or individuals identified through com-
munity health fair screenings as being seropositive for 
ACPAs. RA-​related autoantibodies were identified in 
the serum and induced sputum of at-​risk seropositive 
individuals and patients with early-​stage RA7. Notably, 
autoantibodies could also be detected in the sputum, but 
not in the serum, in seronegative individuals at risk of 
developing RA7, suggesting that the lung could be the 
primary site of ACPA generation9.

Further insight into the role of the lung as the primary 
site of RA initiation was provided by an investigation into 
immune activation in the lungs of patients with early-​
stage RA without lung disease. In this study5, ACPA-​
positive individuals had higher concentrations of ACPAs 
in bronchoalveolar lavage (BAL) samples than in serum 
samples, and also had substantial evidence of immune 
activation in bronchial tissue. In the context of height-
ened bronchial immune cell activation, molecular mim-
icry to environmental antigens — primarily infectious 
pathogens — is probably an important process by which 
mucosal ACPAs are generated. In support of this concept, 
patients with bronchiectasis without RA have increased 
circulating serum concentrations of ACPAs compared 
with healthy individuals, although these autoantibodies 
are usually not specific for the citrulline element in the 
protein10. These findings suggest that a chronic purulent 
airway disease is sufficient for the generation of ACPAs, 
even in the absence of systemic autoimmunity10.

In general, the airway mucosa is possibly of greater 
relevance in the initiation of RA-​related autoimmunity 
than other mucosal sites such as the gastrointestinal or 
genitourinary tract; it is within the airway mucosa that 
environmental exposures that predispose to both RA 
and lung disease (such as cigarette smoke9,11–14 and silica 
dust15) interact with host factors and the local micro-
biome, resulting in local injury and inflammation that 
subsequently promote autoimmunity16.

Lung disease in RA
Almost every lung compartment can be affected by 
RA-​associated lung disease, including the large and 
small airways, pleura, pulmonary vessels and the 
interstitial compartment, and it is estimated that up 
to 60% of patients with RA will develop lung manifes-
tations during the course of the disease17,18. Clinically, 
lung involvement can manifest as different patterns 
of interstitial lung disease (ILD), rheumatoid nodules, 
pulmonary hypertension, pleural disease, upper airway 
disease (such as cricoarytenoiditis) or lower airway dis-
ease (such as bronchiectasis, constrictive bronchiolitis and 
follicular bronchiolitis)19–21 (Fig. 2). RA-​associated lung dis-
ease usually manifests after the onset of articular symp-
toms; however, pulmonary manifestations can precede 
the onset of articular RA and, in some instances, ILD, 
bronchiectasis or obliterative bronchiolitis can predate the 
onset of arthritis by many years22. Different terms have 
been used to describe instances when patients develop a 
fibrotic ILD with positive ACPA but without other clini
cal features of RA. ‘Lung-​limited RA’, ‘autoimmune fea-
tured ILD’ and ‘interstitial pneumonia with autoimmune 
features’ all refer to this entity. Current expert opinion 
favours interstitial pneumonia with autoimmune features  
as the preferred term23.

Epidemiology and classification
The reported prevalence of lung manifestations in 
patients with RA varies depending on the sensitivity 
of the methods used (Table 1). For example, sympto-
matic ILD reportedly occurs in 5–17% of patients with 
RA22,24,25, and symptomatic large or small airway involve-
ment associated with cough or shortness of breath has 
been reported in up to 30% of patients with RA18,26. 
However, the prevalence of radiographically evident 
lung manifestations in patients with RA is higher than 
that of symptomatic disease, with radiographically evi-
dent ILD occurring in ~30% of patients with RA, and 
airway disorders (including both large and small air-
way diseases) occurring in 60% of patients27,28 (Table 1). 
Symptomatic RA-​associated pleural effusion is rarer than 
ILD or airway diseases, with an overall incidence of 
3–5% and an annual incidence rate of <2% for men and 
1% for women29,30. Furthermore, in a high-​resolution 
CT (HRCT) study of 77 patients with RA, pulmonary 
nodules (some of which might be cavitary and raise clin-
ical concern for cavitary malignancy or infection) were 
found in 22% of patients31,32.

Overall, RA-​associated lung disease represents a 
spectrum of phenotypic manifestations that could 
be further classified into endotypic categories on the 
basis of the pathophysiological mechanisms involved.  

Key points

•	Rheumatoid arthritis (RA) is a systemic autoimmune disease that can present with a 
variety of lung manifestations including airway disease and interstitial lung disease.

•	Seropositive RA develops following an asymptomatic pre-​RA phase characterized by 
the emergence of autoantibodies and systemic immune activation that might be 
initiated at mucosal surfaces such as the lung.

•	Cigarette smoking, host genetic factors, dysbiosis in the oral cavity and airways and 
senescence are all potentially important in the pathogenesis of lung disease in RA.

•	Identifying specific mechanisms that permit the breakdown of tolerance and 
generation of disease in the lung are important for the development of therapies that 
address lung complications in RA.

•	Screening individuals with RA at risk of lung complications is now feasible and should 
be the focus of future studies.
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Bronchoalveolar lavage
(BAL). A medical procedure 
during which a bronchoscope 
is guided from the oral cavity 
or nose into the lungs for the 
purpose of instilling sterile fluid 
into a region of the lung and 
then aspirating back the fluid 
for examination.

Bronchiectasis
A chronic disorder of the 
airways characterized by 
bronchial wall thickening and 
impaired mucous clearance, 
often associated with 
secondary colonization with 
various types of bacteria and 
other microorganisms.

Interstitial lung disease
(ILD). A large collection of 
diseases that affect the 
interstitial spaces within  
the lungs.

Rheumatoid nodules
Well-​demarcated, 
subcutaneous lumps that vary 
in size and usually occur 
adjacent to joints on extensor 
surfaces, such as the elbow; 
they can also occur internally, 
such as in the sclera of the 
eyes, lungs or vocal cords.
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As opposed to phenotypes, characterizing subgroups of 
RA-​associated lung disease by endotype would involve 
the consideration of distinct functional or pathophys-
iological mechanisms (for example, the relative role of 
pro-​inflammatory cytokines) relevant to that subgroup 
of RA-​related lung disease, which ultimately could have 
utility in directing therapy or determining prognosis.

Among the different RA-​associated lung manifes
tations, ILD is the most challenging clinically, as it 
might lead to substantial morbidity and premature 
mortality25,33. ILD in patients with RA often conforms 
to the usual interstitial pneumonia (UIP) pattern on diag-
nostic images and tissue samples, unlike other auto-
immune diseases such as systemic sclerosis (SSc), in 
which the most common pattern of ILD is non-​specific  
interstitial pneumonia (NSIP)24,34,35. RA-​associated NSIP 
and RA-​associated UIP are distinct phenotypes that 
can be associated with different outcomes; in a retro-
spective series, the median survival of patients with RA 
with radiographically defined UIP was worse than for 
those with NSIP35,36. However, to our knowledge, no 
prospective natural history studies have been performed 

that compared outcomes in patients with different  
subgroups of RA-​associated ILD.

Screening
Despite the availability of tools to evaluate RA-​associated 
lung disease, such as pulmonary function testing and 
HRCT, such tests are not routinely performed in patients 
without symptoms of lung disease. A diagnostic algo-
rithm for the evaluation of RA-​associated ILD has been 
proposed37, which involves taking a history directed 
at the detection of shortness of breath on exertion or 
cough, and a physical examination aimed at detect-
ing pulmonary crackles or clubbing. In the absence of 
symptoms, such screening would be repeated annually. 
Although cost-​effective and relatively easy to imple-
ment, such a screening strategy could lead to an under-​
recognition of sub-​clinical pulmonary disease owing to 
the limited sensitivity of using symptoms to detect early 
disease. Arguments have been made against routine pul-
monary function testing or HRCT in patients with RA 
owing to a lack of cost-​effectiveness38. Another possible 
screening method is the use of chest radiography at the 
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Fig. 1 | The natural history of RA-​associated lung disease. A combination of endogenous host factors and potentially 
modifiable exogenous factors predispose individuals to the development of rheumatoid arthritis (RA) and RA-​associated 
lung disease. An acute infection or tissue insult at a mucosal surface (such as the airways) is thought to result in the 
development of autoimmunity and the production of anti-​citrullinated protein antibodies (ACPAs) in genetically 
predisposed individuals. Following this initial event, individuals can be asymptomatic or minimally symptomatic for many 
years. ACPA-​positive individuals with preclinical RA can develop either airway disease or interstitial lung disease (ILD) 
with no clinical evidence of arthritis (‘lung-​limited’ disease or interstitial pneumonia with autoimmune features), clinical 
RA with lung disease or clinical RA without lung disease. A proportion of individuals with lung-​limited RA (interstitial 
pneumonia with autoimmune features) progress to also develop articular disease and clinical RA. Individuals at risk of 
developing RA can be targeted with aggressive strategies aimed at smoking cessation and education regarding the 
potential risks associated with electronic cigarette (e-​cigarette) use and other nicotine delivery devices. Individuals 
with ACPA-​positive preclinical RA can be longitudinally followed and screened for lung disease using lung function tests 
and/or high-​resolution chest CT imaging. GERD, gastro-​oesophageal reflux disease.

Pulmonary hypertension
A medical condition associated 
with an elevated pressure 
(hypertension) in the 
pulmonary arteries.

Cricoarytenoiditis
Inflammation of the 
cricoarytenoid joint (a synovial 
joint located between the 
arytenoid and cricoid 
cartilages in the neck), which 
can occur in rheumatoid 
arthritis.

Constrictive bronchiolitis
A histopathological term for 
the bronchiolar (small airway) 
disorder characterized by 
fibroproliferative thickening of 
the bronchiolar walls causing 
narrowing of the bronchioles.

Follicular bronchiolitis
A bronchiolar disorder 
associated with bronchiolar 
narrowing as a result of 
inflammation and lymphoid 
hyperplasia of bronchus-​
associated lymphoid tissue.

Obliterative bronchiolitis
The clinical term used to 
describe constrictive small-​
airway bronchiolar diseases 
that can occur in a variety of 
clinical contexts, including 
rheumatoid arthritis; the 
corresponding 
histopathological entity to 
obliterative bronchiolitis is 
constrictive bronchiolitis.

Pleural effusion
Excessive fluid build-​up that 
happens between visceral and 
parietal pleura.

Usual interstitial 
pneumonia
A form of interstitial lung 
disease associated with a 
characteristic histopathological 
pattern on lung biopsy and 
radiological pattern on  
chest CT.

Non-​specific interstitial 
pneumonia
A distinct subgroup of 
interstitial lung disease with 
characteristic histopathological 
findings in lung tissue.

Clubbing
A deformity of the fingers and/
or toes associated with 
enlargement of the fingertips 
and increased curvature of the 
nails that is associated with a 
number of lung and other 
disorders.
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time of RA diagnosis, which could prompt additional  
evaluation in appropriate patients38. However, chest radiog
raphy might also be of limited value in this context  
owing to its low sensitivity for detecting early interstitial 
or sub-​clinical airway disease. As a substantial propor-
tion of patients with RA are smokers13, the opportu-
nity to enrol eligible patients in lung cancer screening 
programmes that include low-​dose chest CT should be 
actively encouraged, as it would also serve the purpose of 
screening for early or sub-​clinical disease in individuals 
who smoke and have RA.

An alternative screening strategy might include 
the use of lung disease biomarkers associated with an 
increased risk of RA-​associated ILD or with the devel-
opment of lung disease. The identification of distinct 
peripheral blood proteins predictive of the development 
of specific lung phenotypes in patients with RA would 
be an important tool for identifying at-​risk individuals. 
Efforts to identify serological biomarkers that reliably 
predict the presence, severity and risk of progression 
of RA-​ILD have so far not achieved clinical utility. The 
presence of serum ACPAs or their titre are not useful 

as markers of risk39 and, similarly, although the concen-
trations of the matrix metalloproteinase MMP7, CXC-​
chemokine ligand 10 (CXCL10) and some heat shock 
proteins are increased in the serum of patients with RA 
and ILD (when compared with patients with RA but  
no ILD), they do not reliably predict the development of 
ILD or any other lung phenotype40. A practical approach 
to screening for lung disease would be to use HRCT as 
a screening tool for lung disease in all patients with RA 
who are current or former smokers and who qualify 
for lung cancer screening41, and use annual pulmonary 
function testing (with or without HRCT) for patients 
with RA who are current or former smokers, but who 
do not qualify for lung cancer screening.

Pathogenesis of lung disease in RA
Airway and alveolar epithelial cell injury are probably 
important early events that precede the development of 
autoimmunity in the lung (Fig. 3). These cells are the first 
line of defence to inhaled substances, such as cigarette 
smoke or irritants, and pathogens, which are potential 
primary triggers of mucosal injury. Once tissue injury 

a

c ed

b

Fig. 2 | The spectrum of RA-​associated lung disease. a | A CT image of a 54-year-​old man with seropositive rheumatoid 
arthritis (RA) and advanced RA-​associated interstitial lung disease (ILD). The representative coronal image shows bilateral, 
sub-pleural and basilar predominant, reticular linear opacities with prominent associated honeycombing (note how regions 
of the lower lobe are architecturally deformed and assume a shape reminiscent of a honeycomb). b | A representative  
chest CT image from a 57-year-​old woman with long-​standing severe seropositive RA and extensive bronchiectasis with 
bronchial wall dilatation, particularly evident in the lower lobes (arrow points to a particularly prominent and dilated 
airway). c | A representative chest CT image from a 74-year-​old woman with seropositive RA and obliterative bronchiolitis.  
A pattern of varying lung attenuation (so-​called mosaic attenuation, consisting of areas of hyper-​lucent lung adjacent to 
more normal-​appearing areas of lung attenuation (see highlighted circle)) is present on this expiratory image, consistent 
with obstructive small airways disease. d | A chest radiograph from a 55-year-​old man with active RA of recent onset showing 
a moderate left-​sided pleural effusion. e | A coronal CT image from a 74-year-​old man with seropositive RA showing multiple 
rheumatoid nodules, most prominently in the upper lobe. The white arrowhead indicates two nodules in the right upper 
lobe and the black arrowhead indicates a nodule in the right lower lobe.
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occurs, normal homeostatic responses promote heal-
ing and the restoration of the lung anatomy. However, 
in individuals with certain genetic backgrounds, with 
altered mucosal microbial flora or who smoke, per-
sistent antigenic stimulation can lead to failure of tol-
erance, resulting in an adaptive immune response to 
self. Although the precise mechanisms involved are 
unknown, lung dendritic cells (DCs) are probably piv-
otal in the orchestration of this autoimmune reaction42. 
Understanding how the interactions between envi-
ronmental factors (such as cigarette smoke), the lung 
microbiota and host genetics influence tolerance at 
mucosal surfaces (particularly at the oral and pulmonary 
mucosae) is necessary for a complete understanding of 
the pathophysiology of RA-​associated lung disease.

Cigarette smoking
Environmental factors, infection, cigarette smoking and 
host genetics all influence predisposition to articular, as 
well as pulmonary disease in RA11. A central event lead-
ing to RA-​associated autoimmunity is the breakdown 
of tolerance to autoantigens, resulting in downstream 
autoantibody production and T cell activation towards 
self-​peptides. Evidence exists to support a direct link 
between smoking and seropositive RA9,13,43–46, suggest-
ing that smoking might be the most important exoge-
nous factor in the development of autoimmunity prior 
to the onset of RA. For example, smoking a cumulative  
41–50 pack-years increases the odds ratio of develop-
ing RA to 13.54 (95% CI 2.89–63.38)13. Another study 
showed that patients with RA who smoked >25 pack 
years were 3.1 times more likely to be positive for rheum
atoid factor, and 2.4 times more likely to have joint 
erosions than patients with RA who did not smoke12, 
suggesting that cumulative cigarette smoke exposure 
might influence the severity of articular manifestations 
in RA. Cigarette smoking might also be an independ-
ent predictor of ILD development in patients with RA47, 
although a large 2018 study did not find a statistically 
significant difference in smoking status between patients 
with RA and ILD and a matched cohort of patients with 
RA and no ILD48. In addition, cigarette smoking has been 
associated with the presence of rheumatoid nodules12,  
but has not been shown to directly correlate with an 
increased risk of other pulmonary manifestations.

Cigarette smoking is the primary cause of chronic 
obstructive pulmonary disease (COPD) and lung cancer 
in the USA, and also increases the risk of fibrotic ILD in 
individuals without RA49. Therefore, the fact that patients 
with RA who smoke can develop both airway disease 
and parenchymal lung disease (as independent lesions 
or as coexistent lesions in the same patient50,51) and also 
have an increased risk of developing autoimmunity52 
suggests that mechanisms that promote the breakdown 
of tolerance in the lung and subsequent systemic RA 
might overlap with those that result in the development 
of different lung phenotypes. Although COPD and ILD 
are distinct phenotypes of smoking-​induced lung injury, 
these entities can occur in the same individual and share 
common pathways of injury that interact with other fac-
tors (such as the genetic background of the host) to result 
in a particular pattern of disease53. The extent to which 

cellular mechanisms, such as cigarette smoking-​induced 
oxidative stress, innate and adaptive immune cell acti-
vation and dysregulation, and the influence of epithelial 
cell turnover and regeneration following injury, might 
be relevant to the development of particular RA lung 
phenotypes is unclear; however, these mechanisms 
are involved in the pathogenesis of analogous patterns 
or injury in the lungs of individuals without RA who 
smoke54,55. Overall, regardless of whether lung disease 
is the initial manifestation of RA or RA-​associated lung 
disease is a later extra-​articular manifestation, it seems 
that exposure to cigarette smoke is an important envi-
ronmental insult that promotes a cascade of events 
that leads to regional and systemic autoimmunity in 
individuals with specific genetic backgrounds.

Which cigarette smoke toxin?. Tobacco smoke is a com-
plex mixture of thousands of chemicals. Nicotine, poly-
cyclic aromatic hydrocarbons (PAHs), reactive oxygen 
species (ROS), heavy metals (such as cadmium) and 
other compounds found in cigarette smoke can all 
affect mucosal immunity in complex ways56. Among 
these compounds, PAHs have attracted particular 
interest. PAHs, including 2,3,7,8-tetrachlorodibenzo-​
p-dioxin and benzo(a)pyrene (BaP), activate the aryl 
hydrocarbon receptor (AHR), a ligand-​activating tran-
scription factor57 that is expressed in the synovial tis-
sue of patients with RA58. Notably, within the synovial 
tissue of patients with RA who smoke, AHR activation 
occurs mainly in a subset of synovial DCs, and in-​vitro 
exposure of DCs with BaP reduced DC activation upon 
stimulation with polyinosinic:polycytidylic acid and the 
subsequent production of IL-658, suggesting a potential 
link among cigarette smoke, DCs and inflammation in 
the RA joint.

The importance of AHR in autoimmune arthritis 
is illustrated by the fact that AHR-​deficient mice are 
resistant to collagen-​induced arthritis (CIA) and have 
attenuated T helper 17 (TH17) cell-​mediated immune 
responses59. Whether activation of AHR-​dependent 
pathways occurs in immune or stromal cells in the 
lungs of patients with RA is unknown, but this pathway 
is a potentially relevant target that might be involved in 
sustaining persistent TH17 cell-​mediated inflammation 
in the lung. One study60 showed that AHR-​dependent 
signalling through downstream arachidonic acid metab-
olites induces pulmonary fibroblast migration and 
myofibroblast differentiation, two important events 
in the establishment of fibrotic lung disease. However, 
another study showed suppression of the myofibroblast 
phenotype when orbital fibroblasts were incubated with 
transforming growth factor-​β (TGFβ) in the presence 
of endogenous AHR ligands61. Overall, although direct 
evidence linking the AHR pathway and RA-​associated 
lung disease is lacking, the indication that cigarette 
smoke constituents activate the AHR pathway and the 
potential induction of downstream pro-​fibrotic effects 
and TH17 cell polarization suggest that this pathway 
might be involved in the tissue remodelling and fibrosis 
that occur in the lungs of patients with RA62,63.

Nicotine is another cigarette smoke constituent that 
might be important in the induction of RA-​associated 

Pack-years
Each pack-​year is the 
equivalent of a pack of 20 
cigarettes smoked every day 
for 1 year.
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Table 1 | Phenotypes, risk factors and prevalence of RA-​associated lung disease

Phenotypes Risk factors or associations Study population or source type Prevalence

Parenchymal disease

ILD (all subtypes) Male sex, age >50, smoker (>25 
pack-​years), long disease duration 
and high anti-​CCP antibody and 
rheumatoid factor titres19,20,27,47,127

Patients with RA with or without 
pulmonary symptoms151,152

Radiographic pattern: 19–33%

Patients with preclinical ILD and 
asymptomatic patients153

Radiographic pattern: 33%

Patients with RA with or without 
pulmonary symptoms152

• Radiographic pattern: 19–33%
• Clinically significanta: 14%

Patients with RA25 Clinically significantb: 6.8% in 
women, 9.8% in men

ILD (usual interstitial 
pneumonia)

Male sex, age >50, smoker (>25 
pack-​years), long disease duration 
and high anti-​CCP antibody and 
rheumatoid factor titres19,20,27,47,127

Patients with RA-​associated ILD with 
or without pulmonary symptoms33,114

Radiographic pattern: 24–29%

Cohort of patients with RA who 
underwent CT exam owing to chest 
symptoms or abnormal CXR154

Radiographic pattern: 41%

Patients with RA-​associated ILD38 Histopathological and radiographic 
correlation: 89%

Patients with RA with suspected ILD24 Histopathological pattern: 56%

ILD (non-​specific interstitial 
pneumonia)

Male sex, age >50, smoker (>25 
pack-​years), long disease duration 
and high anti-​CCP antibody and 
rheumatoid factor titres19,20,27,47,127

Patients with RA-​associated ILD with 
or without pulmonary symptoms33

Radiographic pattern: 23%

Cohort of patients with RA who 
underwent CT exam owing to chest 
symptoms or abnormal CXR154

Radiographic pattern: 30%

Patients with RA-​associated ILD38 Histopathological and radiographic 
correlation: 93%

Patients with RA with suspected ILD24 Histopathological pattern: 33%

Bronchiolitis Male sex, age >50, smoker (>25 
pack-​years), long disease duration 
and high anti-​CCP antibody and 
rheumatoid factor titres19,20,27,47,127

Patients with RA-​associated ILD with 
or without pulmonary symptoms155

Radiographic pattern: 8%

Cohort of patients with RA who 
underwent CT exam owing to chest 
symptoms or abnormal CXR154

Radiographic pattern: 17%

ILD (organizing pneumonia) Insufficient data Cohort of patients with RA who 
underwent CT exam owing to chest 
symptoms or abnormal CXR154

Radiographic pattern: 8%

ILD (lymphoid interstitial 
pneumonia)

Insufficient data Cohort of patients with RA who 
underwent CT exam owing to chest 
symptoms or abnormal CXR154

Radiographic pattern: <2%

ILD (diffuse alveolar 
damage)

Insufficient data Cohort of patients with RA who 
underwent CT exam owing to chest 
symptoms or abnormal CXR154

Radiographic pattern: <2%

ILD (desquamative 
interstitial pneumonia)

Male sex, age >50, smoker (>25 
pack years), long disease duration 
and high anti-​CCP antibody and 
rheumatoid factor titres19,20,27,47,127

Cohort of patients with RA who 
underwent CT exam owing to chest 
symptoms or abnormal CXR154

Histopathological evaluation: <1%

ILD (combined pulmonary 
fibrosis and emphysema)

Cigarette smoking50 Patients with RA with or without 
pulmonary symptoms151

Radiographic evaluation: 8%

Patients with RA-​associated ILD with 
or without pulmonary symptoms51

Radiographic evaluation: 27%

Rheumatoid nodules Male sex, smoker, high disease 
severity and activity , high 
rheumatoid factor titre and 
subcutaneous nodules31

Cohort of patients with RA who 
underwent CT exam owing to chest 
symptoms or abnormal CXR154

Radiographic evaluation: 49%

Cohort of patients with RA who 
underwent CT owing to suspected 
associated pulmonary disease31

Radiographic evaluation: 22%

Caplan’s syndrome High rheumatoid factor titre and 
exposure to pneumoconiosis28

German miners with pneumoconiosis 
and patients with coal-​worker’s 
pneumoconiosis in the USA  
and Japan156

<1% on autopsy
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autoimmunity. Despite intensive investigation, the role 
of nicotine in the pathogenesis of both articular RA 
and RA-​associated lung disease remains only partially 
understood, and the extent to which nicotine contributes 
to lung disease development in RA remains unknown. 
Conflicting evidence exists from studies of experimental 
models of arthritis, in which the treatment of mice or 
rats with nicotine prior to induction of disease either 
attenuated arthritis64 or exacerbated it65. The complexity 
of the effects of nicotine on RA-​associated autoimmunity 

are further illustrated by the results of a study in a rat 
model of arthritis in which nicotine functioned as both 
a facilitator and a suppressor of specific aspects of auto-
immunity, depending on when the nicotine exposure 
occurred during the experimental model66.

Several potential mechanisms exist by which nicotine 
could promote lung disease in RA. One potential mecha-
nism involves the release of neutrophil extracellular traps 
(NETs), a process known as NETosis, which is important 
in the pathogenesis of several autoimmune disorders, 

Phenotypes Risk factors or associations Study population or source type Prevalence

Airway disease

Cricoarytenoiditis  
(upper airway)

Female sex157 Patients with RA157–159 • Indirect laryngoscopy: 32%
• Direct fibreoptic laryngoscopy: 75%
• Radiographic pattern: 54–72%

Bronchiectasis  
(dilated lower airways)

Chronic infection28 Cohort of patients with RA who 
underwent CT exam owing to chest 
symptoms or abnormal CXR154

Radiographic pattern: 22%

Patients with RA evaluated for HRCT 
features of airway disease in the 
absence of ILD26

Radiographic pattern: 30%

Patients with RA with combined 
bronchiectasis and small airways 
disease160

Radiographic pattern: 40%

Cohort of patients with RA who 
underwent CT owing to suspicion of 
associated pulmonary disease31

Radiographic pattern: 51%

Constrictive bronchiolitis 
(small lower airway disease)

Female sex, high rheumatoid factor 
titre and long disease duration28

Patients with RA with or without 
pulmonary symptoms155

By pulmonary function testing or 
radiographic pattern: 8–30%

Vascular disease

Pulmonary hypertension Long disease duration161 Patients with RA with PASP >30 mmHg161 By echocardiography: 20–26.7%

Cohort of patients with RA without 
coexisting cardiopulmonary diseases, 
PASP >30 mmHg162

By echocardiography: 27.5%

Unselected population of patients with 
RA , irrespective of cardiopulmonary 
symptoms, PASP ≥30 mmHg163

By echocardiography: 21–31%

Vasculitis High rheumatoid factor titre164 Systematic review of systemic 
rheumatoid vasculitis164

Diffuse alveolar haemorrhage owing 
to pulmonary capillaritis uncommon

Cohort of patients with biopsy-​proven 
pulmonary capillaritis with criteria  
for RA165

Diffuse alveolar haemorrhage due to 
pulmonary capillaritis uncommon

Pleural disease

Effusion Male sex, age >35, high disease 
severity and duration and 
subcutaneous nodules30

Patients with RA with symptomatic 
pleural effusion30

3–5%

Pleurisy Male sex166 Patients with RA166 By history and symptoms: 21%

Sequelae of pleurisy (pleural 
thickening or effusion)

Male sex166 Symptomatic pleural effusion in cohort 
of patients with RA30

Radiographic pattern: 24% men, 
16% women

Bronchopleural fistula RA-​associated nodules, 
pneumothorax and eosinophilia32

Case report167 Infrequent

Pneumothorax RA-​associated nodules and 
eosinophilia32

Case reports168,169 Infrequent

CCP, cyclic citrullinated peptide; CXR , chest X-​ray ; HRCT, high-​resolution CT; ILD, interstitial lung disease; PASP, pulmonary artery systolic pressure; RA , rheumatoid 
arthritis. aDefined by symptoms or signs, radiographic changes of ILD on HRCT or CXR , and restrictive lung physiology or abnormal BAL. bDefined as being recorded on 
death certificate as contributor to death process.

Table 1 (cont.) | Phenotypes, risk factors and prevalence of RA-associated lung disease
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including vasculitis, systemic lupus erythematosus and 
RA67. Nicotine induces NETosis in a dose-​dependent 
manner, which is increased in the presence of ACPAs65. 
Given that NETs display histones that have been citrul-
linated by peptidylarginine deiminase 4 (PAD4)68, and 
that expression of PAD4 is induced by cigarette smoke in 
mice with CIA11, it is possible that the airway mucosa is a 
site where protein citrullination and NETosis co-​occur, 

resulting in the generation of antigenic targets that yield 
specific ACPAs.

Nicotine can also mediate airway and parenchymal 
lung injury via damage to the epithelial and endothelial 
cell barriers, stimulating the production and release of 
TGFβ, the recruitment of pro-​inflammatory cells, the 
activation of ROS production and the direct promotion 
of epithelial-​to-mesenchymal transition69–71. The extent 

Additional co-factors

• GERD
• Aspiration

• TGFβ
• PDGF

Genetic 
susceptibility

Augmented
protein citrullination

Epithelial-to-
mesenchymal transition

Airway and interstitial
remodelling and fibrosis

Airway and alveolar epithelial cell injury

Smoking

Inflammation

Expansion of BALT

ACPAs

Periodontitis Infection and
dysbiosis

NET release Pro-inflammatory 
cytokines

DC

B cell T cell

Neutrophil

Fig. 3 | Proposed mechanism of RA-​associated lung disease development. The first step in the induction of rheumatoid 
arthritis (RA)-associated lung disease involves the occurrence of airway and/or alveolar epithelial cell injury in individuals 
with predisposing genetic backgrounds, particularly in the context of tobacco use and exposure to environmental factors 
that cause oxidative stress or infection. Aspiration of saliva with Porphyromonas gingivalis (or regurgitation of gastric 
contents in individuals with gastro-​oesophageal reflux disease (GERD)) might also be involved in airway mucosal injury. 
Persistent or repetitive injury to the airway mucosa or distal lung structures activates the innate immune system leading to 
an inflammatory response. Increased protein citrullination occurs owing to augmented peptidylarginine deiminase activity. 
In some individuals, particularly those with certain genetic backgrounds, immune tolerance fails and an autoimmune 
response is triggered, resulting in the generation of RA-​associated anti-​citrullinated protein antibodies (ACPAs). The 
ensuing inflammation results in the development of inducible bronchus-​associated lymphoid tissue (iBALT), particularly 
near airways, perivascular spaces and interstitial regions. This autoimmune response is initially localized to the lungs, but 
upon further injury it can be amplified and subsequently develop into a systemic autoimmune process. Activation of local 
immune cells such as macrophages and dendritic cells (DCs), as well as repetitive epithelial cell injury , results in the release 
of transforming growth factor-​β (TGFβ) and other cytokines, such as platelet-​derived growth factor (PDGF), that promote 
epithelial-​to-mesenchymal transition and airway and distal lung remodelling and fibrosis. Immune cells in the lung further 
amplify the autoimmune response, fibrosis and tissue remodelling. NET, neutrophil extracellular trap.

www.nature.com/nrrheum

R e v i e w s

588 | OCTOBER 2019 | volume 15	



to which these nicotine-​mediated effects occur in the 
lungs of patients with RA who smoke or use nicotine 
(either systemically via patches or inhaled via electronic 
cigarettes) is unknown and it is possible that cigarette 
smoke constituents other than nicotine are primarily 
responsible for the induction of RA-​associated lung 
disease. However, given the widespread use of nicotine, 
and particularly regarding the increased use of electronic 
cigarettes, further investigation into the specific effects 
of nicotine on the development of RA-​associated lung 
disease is clearly warranted.

Cigarette smoke and DCs. The pathogenesis of RA 
is widely believed to involve a dynamic relationship 
between T cell-​mediated adaptive immune response 
and ‘upstream’ events related to the activation of innate 
immune cells. The regulation of T cell activation in the 
lung is reliant on DCs, important mediators of adap-
tive immune responses and immune tolerance, func-
tions that depend on a variety of factors, including the 
expression of stimulatory and inhibitory ligands and 
chemokine receptors, the presence of soluble mediators 
and other factors72. Given that a clear relationship exists 
between cigarette smoking and RA (and potentially the 
development of RA-​associated lung disease), and consid-
ering the primacy of mucosal DCs in regulating adaptive 
immune responses, it is crucial to examine the effects 
of cigarette smoking on lung DCs in the context of RA.

Cigarette smoking affects DC function in a mul-
titude of ways that might be relevant to the develop-
ment of autoimmunity in the lung73–76. To start with, 
when compared with non-​smokers, individuals who 
smoke have increased numbers of DCs in both the air-
ways and interstitial lung compartments75. A study in 
mice showed that cigarette smoke inhalation delays the 
development of tolerance to exogenous antigens77, and 
another study showed that cigarette smoke suppresses 
tolerogenic responses by plasmacytoid DCs78. Cigarette 
smoke also induces the production of a variety of epi-
thelial cell-​derived cytokines that could influence local 
DC responses in the lung. Some of these cytokines, such 
as TGFβ79, can suppress DC maturation and promote 
tolerance (although in the presence of IL-6 and/or IL-23, 
TGFβ can also promote TH17 cell polarization), whereas 
other cytokines, such as granulocyte–macrophage  
colony-​stimulating factor80 and thymic stromal lym-
phopoetin81, can enhance and skew DC maturation,  
thereby favouring inflammation and autoimmunity in 
the appropriate contexts.

Important insights into the potential role of lung 
DCs in the development of RA-​associated lung disease 
were provided by a 2017 study82 in SKG mice, which 
develop arthritis and diffuse lung inflammation after 
a single injection of the carbohydrate zymosan-​A. The 
authors identified a new type of lung DC (character-
ized as CD11b+Gr-1dim) with tolerogenic properties in 
the inflamed lungs of SKG mice82. Adoptive transfer 
of these tolerogenic DCs suppressed lung inflamma-
tion in zymosan-​A-treated SKG mice82, implicating a 
direct role for DCs in suppressing lung inflammation 
in this model. Another important observation that sug-
gests a central role for lung DCs in the generation of 

RA-​related autoimmunity, as well as RA-​associated lung 
disease, comes from a study that showed the presence 
of lymphoid follicles in a predominantly peribronchi-
olar distribution in lung tissue from patients with RA83. 
These tertiary lymphoid follicles are known as induci-
ble bronchus-​associated lymphoid tissue (iBALT), and 
are induced in the lung in response to chronic antigen 
exposure84. A study that evaluated immune cell infil-
trates in iBALT from patients with RA-​associated ILD 
and patients with idiopathic ILD reported prominent 
T cell and B cell infiltrates in tissues from both patient 
groups: however, follicular DCs were prominent only in 
tissue from patients with RA-​associated NSIP or UIP83. 
Follicular DCs are particularly relevant in this context  
in the iBALT structures of RA-​ILD owing to their role in  
high-​affinity antibody production and in the develop-
ment of B cell memory, two important biological pro-
cesses in RA-​related autoimmunity85. Whether cigarette 
smoking directly affects follicular DC function is not 
well established. However, the increases in the number of 
myofibroblasts and in collagen production that occur in 
close proximity to iBALT in RA-​ILD83 suggest a potential 
role for iBALT in the induction of myofibroblasts, as well 
as in RA-​related autoimmunity.

Gene–environment associations
The effects of smoking on the pathogenesis of RA differ 
depending on the genetic background of an individual, 
particularly their HLA genes (Table 2). HLA-​DRB1*04:01 
was the first HLA molecule to be associated with a pre-
disposition to RA86. Similar sequences located at posi-
tions 70 and 74 of the third hypervariable region of the 
HLA-​DRB1 molecule — the so-​called shared epitope — 
promote the presentation of certain RA-​associated anti-
gens, such as citrullinated vimentin14. An increased risk 
of RA as a result of smoking mainly occurs in individuals 
who are positive for the shared epitope87. In addition, the 
effect of the shared epitope on the risk of RA is propor-
tional to the number of copies present; when two copies 
of the shared epitope are present, the relative risk of RA 
in individuals who smoke (compared with individuals 
who do not smoke and do not have any shared epitope 
genes) increases by 15.7 times88.

Different HLA-​DRB alleles have different effects on 
the risk of RA; individuals who are positive for HLA-​
DRB1*0401 and smoke have the highest rate of rheum
atoid factor positivity, estimated at 3.7 times that of 
a non-​smoker who is HLA-​DRB1*0401-negative89, 
whereas having HLA-​DRB1*01:01, HLA-​DRB1*01:02 
or HLA-​DRB1*10:01 alleles increases the risk of ACPA 
positivity90. Notably, in studies conducted in predomi-
nantly white populations, neither smoking nor shared 
epitope genes (nor a combination of these factors) influ-
enced the risk of developing seronegative RA, implying 
that smoking and shared epitope genes are relevant only 
to the induction of seropositive disease, thereby affirm-
ing the importance of this gene–environment association  
in the induction of RA-​associated autoimmunity88.

The effect of smoking on lung inflammation in 
mice with CIA was also highly dependent on genetic 
background11. The interaction between host genes and 
smoking was explored using HLA transgenic mice, in 
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which endogenous murine MHC class II molecules were 
replaced by human HLA-​DR and HLA-​DQ molecules. 
When exposed to cigarette smoke and subsequently 
challenged with collagen and adjuvant systemically, the 
mice developed lung inflammation, systemic arthri-
tis and systemic ACPAs analogous to human RA11. 
In this model, the effect of smoking on inflammatory 
cytokine genes in the lungs was dependent on the 
genetic background of the mice, with statistically signif-
icant induction in cytokine gene expression observed in 
HLA-​DQ8-positive but not HLA-​DR4-positive mice11. 
Furthermore, exacerbation of arthritis by cigarette 
smoke was only evident in HLA-​DQ8-positive mice and 
correlated with increased expression of PAD2 and PAD4 
in the lungs of mice exposed to cigarette smoke11. The 
results of this study suggest that dysregulation of PAD 
enzymes in the lung might be an important molecular 
checkpoint that links environmental stressors (such as 
cigarette smoking and infection), host genes and the 
development of autoimmunity.

Consistent with evidence from mouse models of 
arthritis11,14, a study performed on otherwise healthy 
individuals who smoke reported increased expression 
of PAD2 in both proximal and distal airways, as well 
as increased concentrations of citrullinated peptides in 
BAL cells, relative to a matched cohort of healthy non-​
smokers91. PADs might be particularly relevant to the 
pathogenesis of RA in individuals with polymorphisms 
in PTPN22, which encodes a haematopoietic-​specific 
protein tyrosine phosphatase92,93. Normally, PTPN22 
inhibits PAD4 and downstream protein citrullination; 
however, because the PTPN22 (R620W) variant is defi-
cient in its inhibitory function, citrullination of pro-
teins is enhanced in individuals carrying this variant94. 
Whether this polymorphism is associated with lung 
disease in RA is not known, but a 2018 study showed 

that the same PTPN22 polymorphism (rs2476601) is 
an independent risk factor for obliterative bronchiolitis  
(a constrictive small airway disease that also occurs in RA)  
in lung transplant recipients95.

It is important to mention a number of other genetic 
associations in the context of specific phenotypes of RA-​
associated lung disease that are not necessarily linked with 
smoking or other environmental exposures. The role of 
HLA genes in RA-​associated lung disease has been inves-
tigated in a cohort of Japanese patients with RA96,97. In this 
population, the HLA-​DRB1 shared epitope was associated 
with a reduced risk of ILD, whereas the HLA-​DR2 alleles 
(including HLA-​DRB1*15 and HLA-​DRB1*16) were asso-
ciated with an increased risk of ILD96. Predisposition to 
bronchiectasis or emphysema in RA was associated with 
HLA-​DQB1*03:01, and HLA-​DQB1*03:02 was associ-
ated with a low incidence of these lung manifestations97. 
The difference in genetic predisposition to ILD and air-
way disease in patients with RA was also investigated in 
a cohort of Japanese patients47. In this study, the HLA-​
DRB1*15:01 allele was positively associated with ILD, but 
negatively associated with airway disease, supporting the 
idea that different genetic predispositions exist for specific 
phenotypes of RA-​associated lung disease.

Mutations in COPA that cause autoimmune-​
mediated ILD and arthritis also provide a compelling 
insight into potential mechanisms of disease that could 
translate to RA-​associated lung disease98,99. Unique var-
iants of COPA cause aberrant intracellular transport 
resulting in endoplasmic reticulum (ER) stress that leads 
to TH17-mediated autoimmune responses99. This mecha
nism is of interest because cigarette smoke is a potent 
inducer of ER stress100, hinting that cigarette smoke-​
induced ER stress in the lung might also be of relevance 
to the induction of autoimmunity, TH17 cell polarization 
and diffuse lung disease in RA.

Table 2 | Genetic variants associated with RA-​associated lung disease

Gene Genetic variant Association Refs

HL A genes HL A-​DRB1 shared epitope Associated with a reduced risk of ILD 96

HL A-​DQB1*03:01 Associated with a predisposition to 
bronchiectatic airway disease or emphysema

97

HL A-​DBQ1*03:02 Associated with reduced likelihood of developing 
bronchiectatic airway disease or emphysema

97

HL A-​DRB1*15 and HL A-​DRB1*16 Associated with an increased risk of ILD 96

MUC5B rs35705950 G > T • Gain-​of-function promoter variant
• Genetic risk factor for IPF
• Associated with RA-​ILD compared with controls 

(patients with RA but no ILD as well as healthy 
individuals)

48,130

SFTPC • c.180 G > A , p.Met60Ile
• c.218 T > C, p.Ile73Thr

Associated with diffuse parenchymal lung 
disease and alveolar type 2 cell dysfunction

136,137

RTEL1 • c.900 C > G, p.Ser300Arg
• c.2695 T > C, p.Phe899Leu
• c.2824 G > A , p.Asp942Asn
• c.2875 C > T, p.His959Tyr
• c.2890 T > C, p.Phe964Leu

Coding region mutation leading to telomere 
shortening and onset of RA-​associated ILD at a 
younger age

136

TERT • c.1234 C > T, p.His412Tyr
• c.2383-2 A > G
• c.3323 C > T, p.Pro1108Leu

Coding region mutation leading to telomere 
shortening and onset of RA-​associated ILD at a 
younger age

136

ILD, interstitial lung disease; IPF, idiopathic pulmonary fibrosis; RA , rheumatoid arthritis.

Emphysema
A lung disorder associated with 
the destruction of alveolar 
units that clinically results in 
shortness of breath and 
exercise limitation.
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Oral and airway dysbiosis
The tracheobronchial tree and lung parenchyma are not 
sterile sites, but rather harbour a complex and diverse 
microbiome, the composition of which is modifiable 
by disease, as well as by smoking, antibiotic therapy 
and many other exogenous and endogenous factors. 
Perturbations in this microbiota promote a state of 
dysbiosis, which can occur in the oral cavity and lungs, 
as well as in the gut, of patients with RA101–104. Such 
alterations in the microbial ecology at multiple mucosal 
surfaces might be crucial for the initiation and subse-
quent progression of autoimmunity in predisposed 
hosts. The generation of mucosal IgA in the lung is 
substantially influenced by microbiota, and germ-​free 
mice generate reduced amounts of protective IgA105, sug-
gesting an important role for the microbiome not only 
in the development of disease but also in the genera-
tion of robust protective immunity at mucosal surfaces. 
However, whether the lung microbiota is influenced by 
RA-​associated genetic factors, as occurs in the gut106, is 
unknown. Studies in mice highlight the importance of 
crosstalk between the gut and lung mucosal microbial 
communities and demonstrate the important interac-
tions that take place between the lung and gut micro-
biomes107. Although these interactions might provide 
some insight into the generation of a preclinical autoim-
mune response in the lungs, as well as the occurrence of 
lung involvement in a subset of seropositive patients, the 
mechanism by which lung microbiota can promote or 
modulate systemic and articular inflammation remains 
poorly understood.

Most studies on the involvement of endogenous 
microorganisms in RA have focused on the gut–joint 
axis, and relatively limited information exists on the 
role of lung microbiota in the initiation or progression 
of arthritis. A study in which microbial diversity was 
compared in BAL fluid from patients with untreated 
RA and healthy individuals showed a reduction in 
microbial diversity in patients with RA103. The dysbiosis 
observed in distal airways included a reduced abun-
dance of Actinomyces and Burkholderia species and 
an increase in operational taxonomic units belonging 
to the genus Pseudonocardia. Interestingly, the lung 
microbiomes from individuals with RA and individuals 
with sarcoidosis (a granulomatous disease not associ-
ated with classic autoimmunity or ACPA generation) 
were similar except for the presence of Pseudonocardia, 
which was associated with increased disease activity in 
RA only. In this study103, Porphyromonas gingivalis, 
which has been associated with periodontitis in indi-
viduals who smoke and in patients with RA108, occurred 
at a lower abundance in BAL fluid from patients with 
RA than in BAL fluid from healthy individuals. This 
result is in contrast with those from a mouse model 
of arthritis in which P. gingivalis given orally enhanced 
disease severity via modulation of the intestinal micro-
bial profile and immune system109, and intraperitoneal 
infection caused an increase in citrullinated proteins110 
(P. gingivalis has PAD enzymes that can citrullinate 
human proteins in vivo and in vitro91) implying a 
potential intrinsic mechanism by which this pathogen 
can augment citrullination at mucosal sites.

The augmented propensity to autoimmunity asso-
ciated with the presentation of citrullinated proteins by 
RA-​associated HLA molecules suggests a mechanism 
that links host genetics and specific pathogens14,106,109. 
The association between smoking and P. gingivalis sug-
gests another link by which smoking and host factors 
can promote seropositive RA, linking the oral mucosal 
microbiome with the development of autoimmunity. 
Another factor that might contribute to lung dysbi-
osis in RA is the occurrence of gastro-​oesophageal  
reflux disease (GERD) and the regurgitation of gas-
tric contents into the airways. GERD is increasingly 
believed to have an important role in the development 
and progression of fibrotic ILD111,112. GERD might 
potentially provide another mechanism by which pre-
viously swallowed saliva containing P. gingivalis could 
be regurgitated and aspirated into the lungs, thereby 
causing airway mucosal injury and introducing the 
pathogen into the lower airway. In turn, these changes 
might promote an increase in protein citrullination and 
ACPA formation, as found in BAL fluid from patients 
with RA91.

ACPAs
Although ACPAs are useful clinically as biomarkers for 
seropositive RA, their direct role in mediating patho-
genesis, particularly at extra-​articular sites, is only 
partially understood. Elucidating the specific role of 
ACPAs in mediating articular or extra-​articular disease 
is important as it could provide the rationale for anti-
body depletion (or neutralization) as a direct therapeutic 
approach for the treatment of specific RA manifesta-
tions. Notably, airway and interstitial lung involvement 
are not restricted to ACPA-​positive individuals but also 
occur in seronegative patients with RA113,114. Up to 80% 
of patients with RA have autoantibodies against cyclic 
citrullinated peptides that are detectable by commer-
cially available autoantibody assays115. However, it is 
possible that an inability to detect autoantibodies against 
citrullinated peptides in some patients with seronega-
tive RA is the result of the relatively limited specificities 
of autoantibodies measured in such assays. A further 
assumption is that ACPA activity in the lung is reflected 
by serological status, which is not certain; lung tissue 
samples are rarely studied and, in those that have been 
evaluated, the lung and serum are not always concordant 
with regard to ACPA status116.

A potential role for ACPAs as mediators of lung dis-
ease has been suggested by the results of studies that 
found a correlation between increased serum ACPA 
concentrations and RA-​associated airway disease47.  
In addition, signs of immune cell accumulation and 
activation have been found in bronchial tissue and BAL 
fluid from patients with ACPA-​positive RA who do 
not have clinically evident lung disease5. These obser-
vations support the idea that the lung is a primary site 
of ACPA generation, but could also support the alter-
native perspective that the lung itself is an early target 
of ACPA-​induced injury. Likewise, the presence of 
chronic airway disease and dysbiosis could either be a 
primary inducer of ACPA generation and inflamma-
tion, or a manifestation of ACPA-​mediated lung injury. 

Dysbiosis
An altered microbiome 
composition linked with the 
transition from healthy 
mucosal tissue to a state  
of dysfunction.
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Other studies have reported a correlation between 
ACPA concentrations and a reduction in physiologi-
cal markers of interstitial lung abnormality such as the  
diffusing capacity for carbon monoxide measurement, imply
ing that patients with RA who have high concentrations 
of ACPAs are more likely to develop ILD18. ACPA titres 
are substantially higher in individuals with RA-associated 
ILD than in patients with RA and no ILD117,118 and an 
expanded ACPA repertoire (defined as the detection 
of ≥7 ACPAs at high concentrations) correlates with 
imaging features consistent with fibrotic ILD118. The 
number of detected ACPAs also correlated more strongly 
with UIP than with NSIP118, implying a potential  
pathogenic role for ACPAs in RA-associated UIP.

Although high ACPA concentrations correlate with 
more severe articular disease and joint destruction119, 
as well as with airway disease and ILD47,117,118, it is still 
not clear whether these high concentrations of ACPAs 
are an epiphenomenon reflecting increased mucosal 
inflammation and autoantibody generation in indivi
duals with lung disease and RA, or a reflection of how 
important B cell-​mediated injury is in the development 
of RA-​associated lung disease. ACPAs can cause injury 
to the lung mucosa, airways and interstitium through 
several potential mechanisms. ACPAs can form immune 
complexes and activate cells by binding to Fc receptors, 
resulting in the release of pro-​inflammatory cytokines 
such as IL-6, IL-8 and TNF120. In vitro studies have  
revealed how ACPAs can mediate neutrophil cell death 
and NETosis, which can further promote inflamma-
tion and autoimmunity by releasing citrullinated auto
antigens121. However, to what extent these mechanisms 
are relevant in the induction of lung disease in RA 
remains unclear at this time. B cell-​depleting approaches 
to the treatment of RA-​associated ILD have not shown 
definitive benefits122–124, although patient numbers in 
these studies were small, and the studies were not pro-
spective or randomized. In addition, B cell-​depleting 
strategies used in the management of autoimmunity 
rely on therapeutic schedules that result in peripheral 
B cell depletion, which might not necessarily correlate 
with the depletion of autoantibody-​producing B cells in  
the lung.

Similarities to IPF
RA affects the lung in various ways, resulting in pat-
terns of disease analogous to airway and interstitial dis-
orders that occur in the absence of RA. For example, 
in the most common type of RA-​associated ILD, lung 
tissue usually has a UIP pattern24,38, which can be indis-
tinguishable by light microscopy or chest HRCT from 
the same pattern in lung tissue from patients with idio-
pathic pulmonary fibrosis (IPF). The striking similarity 
between these autoimmune and idiopathic forms of UIP 
suggests possible shared pathways of pathogenesis and 
mechanisms of fibrosis.

IPF and RA-​associated ILD share several demo-
graphic and clinical features. Cigarette smoking is a rec-
ognized predisposing factor for both diseases125,126, and 
both disorders occur in older adults, with a mean age 
of presentation of >55 years of age127,128. HRCT image 
analysis of the lungs of current or former smokers with 

either IPF or RA-​associated ILD revealed the coexist-
ence of radiographically evident emphysema in ~50% 
of individuals with RA-​associated ILD and 35% of those 
with IPF50. These results are important, as they highlight 
the frequent coexistence of emphysema and fibrotic lung 
injury in RA-​associated ILD and in IPF, again not only 
suggesting common factors involved in disease predis-
position (including cigarette smoking and other inhala-
tional injuries), but also common mechanisms of disease 
development.

Shared genetic risk factors
The mucoprotein MUC5B is secreted by submucosal 
mucinous gland cells and supports mucosal ciliary func-
tion, regulates local immune responses and influences 
alveolar regeneration following injury129. A specific 
variant of the MUC5B promoter (rs35705950) is the 
strongest genetic risk factor for IPF130, and has also been 
described as a strong risk factor for RA-​associated ILD, 
especially in patients with a UIP pattern of disease48. 
Interestingly, the same MUC5B polymorphism that pre-
disposes individuals to the development of IPF is also 
associated with substantially improved survival131 and 
a slower decline in lung function over time in patients 
with IPF132. Critical mechanistic insight into the role 
of MUC5B in fibrotic lung disease comes from stud-
ies using transgenic mice that overexpress MUC5B in 
either conducting airways or distal lung structures129. 
Mice that overexpress MUC5B distally in the lung 
develop worse lung fibrosis when challenged with bleo
mycin (one of the most extensively used experimental 
models of pulmonary fibrosis)129. Although polymor-
phisms in MUC5B are associated with an increased 
risk of RA-​associated ILD, no association exists with 
systemic RA, SSc-​associated pulmonary fibrosis or 
myositis-​associated ILD133–135. The relevance of the same 
MUC5B polymorphism, a strong risk factor for both 
RA-​ILD and IPF but not for other forms of autoimmun-
ity related lung fibrosis, further supports the proposition 
that RA-​ILD is more closely related to IPF with respect 
to pathogenesis rather than other forms of pulmo
nary fibrosis associated with SSc or other connective  
tissue diseases

Mutations in surfactant-​related proteins, particularly 
surfactant protein C, have also been linked to both IPF 
and RA-​associated ILD136. Surfactant protein C is pro-
duced by type 2 alveolar epithelial cells, and the associ-
ation of SFTPC mutations with both RA-​associated ILD 
and IPF suggests that focal alveolar injury might occur 
in these patients as a result of endogenous type 2 alveolar 
cell dysfunction caused by abnormal surfactant protein 
processing137. Mechanistically, aberrant surfactant pro-
tein C processing results in macro-​autophagy and secre-
tion of pro-​inflammatory and pro-​fibrotic mediators by 
type 2 alveolar epithelial cells, resulting in inflammation, 
parenchymal injury and fibrosis137.

Shared immune mechanisms
Although there are many similarities at the macro level 
between RA-​associated ILD and IPF, several important 
differences also exist at the cellular and molecular lev-
els. Lung tissue from individuals with RA-​associated ILD 

Diffusing capacity for 
carbon monoxide 
measurement
A physiological parameter  
of gas transfer efficiency in  
the lungs.
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has substantially greater numbers of B cells and CD4+ 
T cells than lung tissue from individuals with idiopathic 
UIP, implying that immune dysregulation might be 
more prevalent in RA-​associated ILD than in idiopathic 
UIP138. Evidence exists for both TH1 cell-​mediated and 
TH17 cell-​mediated immune responses in RA, and a 
2019 study has provided evidence for a role for TH17 
cell-​mediated immunity in the pathogenesis of murine 
pulmonary fibrosis, as well as in RA-​associated ILD and 
IPF139. Mechanisms by which TH17 cytokines such as 
IL-17A and TGFβ1 cause fibrosis involve direct effects 
on fibroblasts, leading to their proliferation and extra-
cellular matrix generation139,140. In addition to mediat-
ing direct pro-​fibrotic effects, TGFβ1 is an important 
cofactor in the generation of TH17 cells141, which are 
increasingly recognized as mediators of both articular 
and extra-​articular aspects of RA pathogenesis139,142. 
The prototypic TH17 cell cytokine, IL-17A, also has an 
important role in mouse models of pulmonary fibro-
sis143, and its primary receptor IL-17RA is upregulated 
in both RA-​associated ILD and IPF, although the mag-
nitude of expression of IL-17RA is substantially higher 
in RA-​associated ILD than in IPF139. Characterization of 
the roles of TH17-associated and other specific cytokines 
in the pathogenesis of RA-​associated ILD might provide 
the insight necessary for the design of future clinical  
trials using targeted anti-​cytokine therapy.

Cell senescence
The fibroblast is central to the development of RA-​
associated ILD, RA-​associated airway fibrosis and IPF. 
When grown in culture, fibroblasts have a finite replica-
tive potential as a result of the ever decreasing amount 
and length of telomeric DNA with serial passage144. 
Telomeres comprise repetitive DNA sequences located 
at the terminal regions of chromosomes and perform the 
essential function of ensuring chromosomal and genome 
integrity145. Telomeres shorten following repeated 
rounds of DNA replication, to the point when telomere 
length reaches a critical threshold that is associated 
with activation of the DNA damage response, leading to 
either cell death or cell senescence145. In individuals with 
IPF, cell senescence markers are detectable in epithelial 
cells and fibroblasts, indicating the activation of senes-
cence pathways in this disease146. Importantly, depletion 
of senescent cells in a murine model of pulmonary fibro-
sis improved lung function, implying an active role of 
senescent cells in pulmonary fibrosis146. Senescent fibro-
blasts also secrete a variety of cytokines, chemokines, 
matrix remodelling proteases and growth factors, all of 
which have the potential to signal in a paracrine fashion 
and promote tissue remodelling and fibrosis146. Whether 
similar senescence pathways are active in the lungs of 
patients with RA-​associated ILD has not been directly 
demonstrated, but a 2017 study showed a higher than 
expected mutation frequency for telomere maintenance 
genes including TERT, PARN and RTEL1 in patients 
with RA-​associated ILD136. These results136 suggest that 
in a proportion of patients with RA, premature senes-
cence might have a direct role in the development of lung 
remodelling and fibrosis. Defective telomerase activity 
in circulating CD4+ T cells (caused by abnormalities 

in TERT) might also have a direct role in the develop-
ment of RA-​associated lung fibrosis or emphysema147. 
The extent to which interactions between senescent 
immune and stromal cells promote lung remodelling in 
RA is not known, but promises to be an area of fruitful 
investigation. The observation that RA-​associated ILD 
most commonly occurs in individuals >55 years old  
(as observed with IPF)148 further supports the contention 
that senescence pathways might mediate lung disease in 
patients with RA.

Therapy and prevention
The importance of understanding the pathogenesis of 
lung disease, as well as acknowledgement of the het-
erogeneity of RA-​associated lung disease, cannot be 
overstated. Both parenchymal and airway disease in 
patients with RA present substantial challenges, as 
available therapeutics do not have a clearly beneficial 
effect on the prevention, or disease course, of either 
phenotype. Careful characterization of the relevant 
phenotypes and endotypes of RA-​associated lung dis-
ease provides an opportunity for primary prevention of 
lung disease in individuals at risk, especially individ-
uals with early RA who smoke, or those with a family 
history of RA who smoke. In addition to encouraging 
individuals at risk of RA to stop smoking (and to limit 
exposure to second-​hand smoke), all individuals at risk 
of RA should also be encouraged to avoid using elec-
tronic cigarettes (Fig. 1). Although electronic cigarettes 
are theoretically safer than cigarettes, they are highly 
effective nicotine delivery devices that could potentially 
promote RA and/or RA-associated ILD in at-​risk indi-
viduals. Whether steps to modify the lung, oral or gut 
microbiome will be fruitful in mitigating RA-​associated 
lung disease development and/or progression remains 
uncertain, but is another promising area of investiga-
tion. Similarly, the effects of acid-​suppressing medi-
cation or GERD management via medical or surgical 
approaches on the development of RA-​associated lung 
disease are unknown.

Current treatment strategies for RA-​associated ILD 
focus on supportive measures, including age-​appropriate 
vaccination and smoking cessation, as well as empiric 
immunosuppressive therapies. Clinical trials designed 
to determine the effect of the anti-​fibrotic agents pirfeni-
done and nintedanib on lung function decline in patients 
with RA-​associated ILD are ongoing149,150. Whether the 
results are positive or negative, findings from these tri-
als will be important in paving the way for future thera-
peutic approaches. Novel biomarkers for RA-​associated 
lung manifestations are clearly needed, whether they 
be blood or serum markers, genetic tests, novel imag-
ing techniques or high sensitivity approaches to detect 
individuals with early stages of disease, even when lung 
function is preserved. A better understanding of the 
biology and natural history of lung complications in 
RA will guide future efforts to use immunosuppressive 
and other therapies to treat RA-​associated lung disease, 
perhaps including a multimodal therapy combining 
anti-​fibrotic agents and immunomodulatory agents that 
target specific pathways relevant to the development of 
RA-​associated lung disease.
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Conclusions
RA can affect virtually every lung compartment, causing 
substantial morbidity and mortality owing to shortness of 
breath and coughing and, ultimately, respiratory failure 
and premature death. Lung disease can also predate the 
onset of articular manifestations of RA by many years. 
Identifying individuals with RA at risk of developing 
lung complications is now feasible and should be a goal 
of rheumatology and pulmonary practices. Screening 
programmes should particularly target individuals with 
a family history of RA and patients with early RA who 

smoke or use electronic cigarettes. Investigations into the 
specific mechanisms by which lung disease develops in 
RA are still needed to improve our understanding of RA-​
associated lung disease, as well as the role of the lung in the 
initiation and subsequent propagation of systemic auto-
immunity. Understanding specific mechanisms that cause 
airway and distal lung remodelling in RA will be crucial 
for the development of new pharmacological strategies for 
treating these extra-articular manifestations of RA.
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Chikungunya virus (CHIKV) is a member of a group of 
globally distributed, mosquito-​transmitted arthritogenic 
alphaviruses that cause sporadic outbreaks of primarily 
rheumatic disease every 2–50 years1–4. The largest epi-
demic of CHIKV disease (hereafter simply referred to 
as chikungunya) ever recorded began on Lamu Island, 
Kenya, in 2004 (Fig. 1). The epidemic expanded across 
four continents, with cases still being reported in 2019 
(Fig. 1; Supplementary Table 1). Three major genotypes 
of CHIKV are now recognized — the Asian, the West 
African and the Asian and East–Central South African 
(ECSA) genotypes5 — but a new lineage, the Indian 
Ocean Lineage (IOL), also emerged from the ECSA 
genotype during the 2004–2019 epidemic6. The epi-
demic reached >100 countries (Supplementary Table 1), 
caused >10 million cases (Supplementary Table 2), and 
might arguably be called a pandemic. An estimated 
1.3 billion people are at risk of chikungunya7. Climate 
change modelling suggests that many more areas of the 
world (including parts of China, sub-​Saharan Africa, 
South America and the United States) might become able 
to accommodate transmission of CHIKV in the future8,9.

Chikungunya was previously often viewed as (and 
for many patients remains) a relatively benign and self-​
limiting rheumatic disease. However, a considerably 

more complex spectrum of less common atypical and 
severe manifestations is now recognized in subgroups 
of patients, with chikungunya often complicated by 
comorbidities and co-​infections. Hospitalization rates for 
chikungunya range from 0.6% to 13%10–14 and estimates 
of chikungunya-​related mortality range from 0.024% to 
0.7%10,12,15–17. In addition, many patients develop protrac
ted rheumatic disease lasting many months, occasionally 
years, with a number of sequelae now also recognized18–22. 
Estimates for the total economic costs (direct and indi-
rect) of chikungunya have ranged from a median of 
US$67 for adults and $258 for children in Columbia23, 
to a mean of $150 per outpatient and $3,300 per inpa-
tient in 2006 in Réunion Island11. In a large study of a 
chikungunya outbreak in Bangladesh in 2017, >10 days  
of productivity were lost in ~30% of patients with 
chikungunya because of severe arthropathy24. Such costs 
might be viewed as relatively modest by Western stand-
ards; however, the occasionally high attack rate of chikun-
gunya, with up to 30–75% of a given population affected 
by chikungunya disease at any one time1,25, can result in a 
substantial economic burden, especially in resource-​poor 
communities that are often affected by the disease26.

Considerable research in patients and animal models 
has now provided extensive insights into the complex 

Pandemic
An epidemic of disease that 
has spread across a large 
region; for instance, multiple 
continents, or even worldwide.

Attack rate
The total number of new cases 
of a disease divided by the 
total population (that is,  
the percentage of a defined 
population that is affected  
by a disease).

Rheumatic manifestations of 
chikungunya: emerging concepts  
and interventions
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Abstract | The largest epidemic ever recorded for chikungunya, a disease caused by infection  
with the chikungunya virus (CHIKV), began in Africa in 2004 and spread to >100 countries on  
four continents. The epidemic caused >10 million cases of often debilitating rheumatic disease, 
classically involving rapid onset of fever and polyarthralgia, often with polyarthritis. The clinical 
diagnosis of chikungunya is often complicated by infections with dengue or Zika virus. For many 
individuals with chikungunya, the disease is benign and self-​limiting; however, some patients  
have a complex spectrum of atypical and severe manifestations. Many patients also experience  
a chronic phase of the disease, primarily involving arthralgia (which can be protracted (>1 year)),  
and a number of sequelae are also recognized. CHIKV-​induced arthropathy arises from  
infection of multiple cell types in the joint and the infiltration of mainly mononuclear cells.  
Innate responses (primarily involving type I interferon responses and natural killer cells) and 
cognate responses (primarily involving CD4 T helper 1 cells), alongside activation of macrophages 
and monocytes, mediate CHIKV-​induced arthritic immunopathology. Ideally , improved 
anti-inflammatory treatments should not compromise antiviral immunity. New concepts in 
mosquito control are being field tested and a number of CHIKV vaccines are being developed.
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spectrum of disease manifestations, the important  
antiviral factors and the central mediators of arthritic 
immunopathology. These insights have led to improved 
disease classification and management, and have 
spawned a plethora of potential avenues for new inter-
ventions. This Review provides an overview of the les-
sons learned about chikungunya in the aftermath of the 
2004–2019 epidemic. The disease manifestations are 
outlined, including those associated with acute, atypical 
acute and severe acute disease, as well as the chronic 
phase of the disease and its potential sequelae. Disease 
in infants and children, and mother-​to-child trans-
missions, are also discussed as the clinical presenta-
tions in this group of patients differ. Also covered are 
comorbidities, which increase the risk of severe disease, 
and co-​infections with Zika virus (ZIKV) and dengue 
virus (DENV).

Disease manifestations of chikungunya
Estimates for the asymptomatic infection rate for 
CHIKV range from 3% to 82%. The breadth of this 
range, derived from a comprehensive review of  
24 studies, is similar to that found with other infec-
tious diseases and has yet to be fully explained27. Four 
clinical forms of symptomatic chikungunya were pro-
posed in an expert consultation, led by the WHO–Pan 
American Health Organization: acute, atypical acute, 
severe acute and chronic (suspected or confirmed)28,29. 
The three acute forms of chikungunya are associated 
with a range of different symptoms, with confirma-
tion of diagnosis usually achieved by IgM serology 
(Box 1; Supplementary Table 3). Other classifications of 
chikungunya have included a sub-​acute phase between 
acute and chronic30, with chronic disease defined as 
disease lasting >3 months30,31. Generally, patients with 
chronic disease do eventually recover (usually within 
3–24 months)18,19, although sequelae might arise. An 
emerging body of evidence suggest that the IOL line-
age is associated with more severe presentations than 
the Asian genotype19,32,33. Infection with other arthrito
genic alphaviruses can cause similar acute symptoms 
(such as fever, polyarthralgia–polyarthritis, rash and 
myalgia)1, but rarely result in the atypical or severe man-
ifestations that can occur with chikungunya, although 
such manifestations have been documented for Mayaro 
virus infections34.

Acute chikungunya
The distinctive features of chikungunya onset are usually 
fever and polyarthralgia, often accompanied by poly
arthritis (Table 1). The fever is often of rapid onset and 
high grade, with one large study reporting a mean maxi-
mum body temperature of 39.8 °C (SD ±0.5 °C) and fever 
duration of 4.88 days (SD ±2.7 days)24. Polyarthralgia 
usually starts around the same time as the fever and is 
often incapacitating, usually symmetrical and primarily 
involves peripheral joints19,24,35,36 (Fig. 2). Acute chikun-
gunya commonly also involves a rash, which is usually 
maculopapular and predominantly located on the trunk 
and extremities, but also occurs less frequently on the 
face, palms, or soles19,37. The constellation of manifes-
tations typically associated with acute disease (Table 1) 
seems to be considerably less common or less overt 
in older patients (>65 years of age), who have a much 
higher frequency of atypical or severe forms of chikun-
gunya (as well as having a higher frequency of comor-
bidities) than younger patients29. Hence (along with 
inherent variability, different diagnostic criteria and 
different data acquisition processes), the wide ranges 
in the percentages of patients with certain symptoms  
(for example, 10–80% for myalgia) might also reflect the 
age distribution of patients included in the study cohorts.

Atypical acute chikungunya
A large collection of atypical manifestations of acute 
chikungunya, affecting a range of systems and organs 
(for example, neurological, cardiovascular, skin, renal 
and respiratory manifestations) have been documented, 
often in hospital settings10,29,38–40 (Table 2). Although 
most patients with chikungunya admitted to hospital 
(~80% in one study10) do not have severe symptoms, 
many patients have atypical manifestations that can 
become severe and/or have chikungunya complicated by 
co-​infections and/or comorbidities. Hospitalization rates 
for patients with chikungunya have varied from 0.6% 
(Martinique and Guadeloupe10), through 2.3% (Réunion 
Island11), 3.3% (Brazil12) and 6% (India13) to 13% (Puerto 
Rico14). The mean length of hospital stay reported for 
these patients was 5 days (SD ±7 days; range 0–146 days) 
in Réunion Island11 and 9 days (range 0–46 days) in 
Martinique and Guadeloupe10.

Severe acute chikungunya
CHIKV infection can result in severe manifestations, 
the most prevalent being cardiac or multiple organ 
failure17,38,41 (Box  2). Chikungunya-​associated viral 
sepsis and septic shock can also be fatal; for instance, 
in one study in Guadeloupe of patients with severe 
chikungunya, 25 out of 42 patients had septic shock, 
12 of whom died42. Chikungunya can result in neuro-
logical complications43, with mortality often associated 
with central nervous system (CNS) diseases including 
encephalitis and encephalopathy44. Renal failure also 
seems to occur frequently in severe cases of chikun-
gunya45 and is a reported cause of death38. Other rarer 
causes of chikungunya-​related death that have been 
reported include toxic hepatitis, bullous dermatosis, 
myocarditis/pericarditis, respiratory failure, pneumonia 
and acute myocardial infarction38. Chikungunya-​related 

Key points

•	After the 2004–2019 epidemic of chikungunya virus (CHIKV), the largest chikungunya 
epidemic ever recorded, this disease remains a global problem.

•	New treatment options are needed for patients with chikungunya arthropathy, in 
particular for patients with chronic arthralgia and/or life-​threatening manifestations, 
which primarily present in the very young and the elderly.

•	The mechanisms by which CHIKV or viral material persists in joint tissues and drives 
chronic disease are unclear; characterizing the processes involved might open up 
new avenues for clinical interventions.

•	Better control and evaluation measures are required to prevent transmission  
of arboviral diseases such as chikungunya.

•	The unpredictable nature of chikungunya outbreaks complicates phase III field trials 
of vaccines; new solutions for trialling these vaccines are needed, which could involve 
human challenge models and systems vaccinology.
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mortality estimates vary for different regions: for exam-
ple, studies have reported a mortality of 0.024% in 
Martinique and Guadeloupe10; 0.09% in Brazil17; 0.1% 
in Réunion Island16; 0.2% in India12; and 0.7% in the 
Dominican Republic15. However, the denominator for 
these percentages (that is, the total number of individ-
uals with chikungunya in these regions) is often diffi-
cult to establish accurately in resource-​poor settings.  
A mortality of 0.1%, derived from Réunion Island, might 
be viewed as a reliable estimate owing to the developed 
health care and reporting systems in this overseas region 
of France. Notably, old age (>40–75 years, depending 
on the study) is a risk factor for severe disease and mor-
tality for individuals infected with either the Asian or 
IOL viruses15,17,30, whereas young age (<1 year) or old age 
(>65 years) increased the risk of CNS disease in a study 
on Réunion Island44.

Chronic disease and sequelae
Arguably the most widespread cause of morbidity in 
patients with chikungunya is chronic disease, although 
the percentage, longevity, definition, terminology and 
evaluation of chronic disease vary widely between studies.  
A meta-​analysis reported that ~25% of patients with 

chikungunya have had disease for >2 months and ~14% 
for >18 months18. Another meta-​analysis of patients 
with chikungunya (that included patients with non-​
rheumatological manifestations) suggested that 43% of 
patients had not recovered within 3 months, and 21% 
had not recovered within 12 months19. However, a pro-
spective study in India of 509 patients with chikungunya 
reported that all but 0.3% of the patients had recovered 
within 1 year46. The primary symptoms for chronic 
disease in patients with chikungunya are arthralgia 
and/or arthritis (up to 79% of patients with chronic dis-
ease), alopecia (10–29%) and depression (6–54%)20,22. 
Fatigue, mood disorders and sleep disorders were also 
common chronic symptoms19. Factors predisposing to  
chronic disease included comorbidities (such as osteo
arthritis and diabetes), older age (>35–45 years for 
joint pain), and high viraemia and severe disease during 
the acute stage20. Chronic arthralgia in chikungunya 
generally involves the same joints affected during the 
acute phase (Fig. 2) and the arthropathy is not usually 
overtly erosive16,47.

Long-​term sequelae of chikungunya include depres-
sion, chronic fatigue22 and other neurological disorders21. 
Difficulties remain in separating true sequelae from the 
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Fig. 1 | Emergence and spread of the 2004–2019 CHIKV epidemic. In 2004, the first outbreak of the largest epidemic 
of chikungunya ever recorded began on Lamu Island, in Kenya (red star). The epidemic then expanded west within Africa, 
and also spread eastwards across islands in the Indian Ocean to Asia. The epidemic grew within India and Southeast Asia, 
moved east to the Pacific Islands and reached the Caribbean (Saint Martin Island) in 2013 (red diamond). Saint Martin 
Island was the first site in the Americas to report autochthonous transmission (completion of a human-​to-mosquito-​
to-human transmission cycle within the same geographical location) of CHIKV. From there, CHIKV spread into Central 
and South America, and cases were still being reported in 2018/2019. Small outbreaks have also occurred in Europe and 
southern USA. Three major genotypes are recognized — West African, East–Central South African (ECSA) and Asian — 
suggesting at least three separate introductions of CHIKV from natural reservoirs into human populations during this 
epidemic. Aedes aegypti was the primary vector in Central and South America, most of Africa and the Pacific Islands. 
Aedes albopictus was the primary vector in Europe and parts of the Indian Ocean, West Africa and Papua New Guinea. 
Both vectors were likely involved in many parts of Asia.

Viraemia
The presence of virus in the 
circulating blood.

NATuRe RevIeWS | RHEuMATology

R e v i e w s

	  volume 15 | OCTOBER 2019 | 599



progression of underlying comorbidities19,48, identifying 
the independent development of new disease entities 
and/or determining when patients with chikungunya 
have recovered and returned to the normal commu-
nity background levels of musculoskeletal disease. The 
prevalence of musculoskeletal disease is increasing, with 
disability-​adjusted life-​years for musculoskeletal condi-
tions having risen by 61.6% between 1990 and 2016, 
and by 19.6% between 2006 and 2016. Musculoskeletal 
conditions include >150 diagnoses, with about a third of 
people worldwide living with a chronic, painful musculo-
skeletal condition49. Therefore, a patient presenting with 
a musculoskeletal condition might be granted the same 
diagnostic rigour, regardless of whether or not they had 
a diagnosis of chikungunya >6–12 months previously.

Disease in infants and children
Both infants and children can develop chikungunya 
after a mosquito bite, and neonates can be infected via 
mother-​to-child transmission (Box 3). Infants (<1 year 
old) with chikungunya are often hospitalized and admit-
ted to an intensive care unit (ICU)16,50. The disease usu-
ally presents as fever and rash51,52; arthralgia is difficult 
to assess in infants, but is perhaps expressed as irrita-
bility and excessive crying28,50. Skin rashes are common 
(~60–80%) and generalized, and include maculopapular 
rash, pigment changes, vesiculobullous lesions (fluid-​
filled lesions) and (sometimes extensive) desquama-
tion (skin peeling)16,50–52. Atypical symptoms include 
(sometimes complex) seizures, diarrhoea, tachycardia, 
viral sepsis and septic shock51–54.

Acute chikungunya in children (from 1 to 18 years 
old) is comparable with disease in adults50,54,55, although 
the rate of asymptomatic infection might be higher 
overall than in adults27,56. Children (aged 2 months to 
12 years) seem to generate stronger innate immune 
responses than adults55, which might explain the reduced 
severity of arthritis and lower rates of chronic arthrop-
athy (5–11%) in children50,57. Nevertheless, a study 
from the 2014 epidemic in the Caribbean reported that 
8.7% of children with chikungunya were hospitalized57. 
Common acute atypical manifestations include vomit-
ing and seizures54. Severe disease primarily involves the 
CNS44,54,58, but chikungunya can also affect multiple sys-
tems and lead to severe viral sepsis and septic shock53,59. 

Severe manifestations are occasionally associated with 
mortality16,50,54.

Comorbidities and co-​infections
Comorbidities
Comorbidities such as hypertension, diabetes (both 
type I and type II) and cardiac disease can contribute to 
chikungunya severity and admissions to the ICU60. For 
example, diabetes can increase the severity and duration 
of chikungunya and in patients with diabetes and hyper-
glycaemia, chikungunya infection is associated with 
worsening of diabetic symptoms (such as poor glycae-
mic control and acute complications)61. The presence of 
comorbidities is also associated with increased morbid-
ity. For example, in a cross-​sectional study of a chikun-
gunya outbreak in north-​eastern Brazil, 1% of patients 
with chikungunya had chronic kidney disease (amongst 
other comorbidities that included diabetes, haematolog-
ical disorders, liver disease, hypertension and autoim-
mune diseases); these patients had higher frequencies 
of the main acute manifestations of chikungunya and 
higher mortality than patients without chronic kidney 
disease12. In another study of 65 patients with chikun-
gunya who were admitted to ICUs in Martinique and 
Guadeloupe, 83% had pre-​existing underlying comor-
bidities (hypertension, diabetes, renal disease, cardiac 
disease or autoimmune disease, including systemic 
lupus erythematosus) and the mortality rate among 
these patients was 27%62. Similarly, of 64 patients with 
chikungunya who were admitted to ICUs in French 
Polynesia, 77% had pre-​existing conditions and 28% 
died63. The aforementioned comorbidities also often 
exacerbate disease after infection with other viruses 
such as DENV, West Nile virus and influenza virus60,61. 
Perhaps surprisingly, in a case series and literature 
review of patients with chikungunya undergoing a 
solid organ transplantation, most patients experienced 
no graft issues and a benign clinical course of chikun-
gunya, with immunosuppressive treatment perhaps 
decreasing the risk of severe or chronic chikungunya 
immunopathological manifestations64.

Co-​infections
The symptoms, vectors and geographic distribution 
of the arboviruses DENV, ZIKV and CHIKV overlap 
considerably3,65,66. All three viruses are associated with 
fever, arthropathy and rash, which can complicate 
clinical diagnoses. All these viruses are also transmit-
ted by Aedes aegypti and co-​circulate in parts of South 
America, Africa and Asia, leading to co-​infections. 
For instance, in a cohort of patients with febrile syn-
drome at the Colombian–Venezuelan border, 7.64% of 
patients were co-​infected with both DENV and CHIKV, 
and 1.91% were co-​infected with DENV, CHIKV and 
ZIKV67. Similarly, in a Nicaraguan study of patients with 
a suspected arboviral infection, 27% of patients tested 
positive for two or three of these viruses; however, the 
presence of DENV and/or ZIKV had no notable effects 
on CHIKV viraemia68. In a study in India, 12.4% of hos-
pitalized patients with acute symptoms of chikungunya 
had IgM antibodies against both CHIKV and DENV; 
however, the only disease exacerbation associated with 

Arboviruses
Viruses that can be transmitted 
by arthropod vectors (for 
example, mosquitoes) to 
vertebrate hosts (for example, 
humans)

Box 1 | Diagnosis of chikungunya

In 2015, a Pan American Health Organization–WHO expert consultation group 
provided a definition of a typical confirmed case of chikungunya. This definition can  
be summarized as “fever and joint pain with acute onset” and either “residing or  
visiting areas with local transmission of chikungunya” or “laboratory confirmation by 
immunoglobulin or RT-​PCR”212. However, the primary symptoms of acute chikungunya 
(Table 1) are often shared with other co-​circulating (and occasionally co-​infecting) 
arboviruses such as Zika virus (ZIKV) or dengue virus (DENV), which can complicate the 
clinical diagnosis213. Excluding the possibility of DENV infection in cases of suspected 
acute chikungunya might be critical, especially for paediatric patients with dengue who 
might require life-​saving intravenous fluids213. Some distinguishing features between 
chikungunya and dengue are provided by the WHO214 and elsewhere2,35. Differential 
diagnoses for chikungunya include other infectious or autoimmune arthritides, malaria 
and drug reactions1. Commercially available diagnostic test kits for chikungunya are 
available (Supplementary Table 1); the tests are based on the detection of anti-​CHIKV 
IgM antibodies (serology) or viral RNA (PCR).
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dual infection was diarrhoea (found in 16.2% of these 
patients)69. Patients with both chikungunya and den-
gue were also reported to have more severe arthropa-
thy, myalgia, thrombocytopenia and rash than patients 
with dengue alone70. Such dual-​infected patients were 
also more likely to have a rash and be hospitalized than 
patients with chikungunya alone71. The mortality rate is 
potentially higher in patients infected with both DENV 
and CHIKV than patients infected with either virus 
alone, although the evidence is weak given the very low 
patient numbers72,73. Finally, patients with chikungunya 
and a preceding DENV infection are at a higher risk of 
developing aggravated chronic chikungunya74. However, 
other studies have reported no notable exacerbation or 
unique presentations associated with acute dual or tri-
ple infections with the aforementioned arboviruses75,76. 
Thus, co-​infections do not reliably cause novel clinical 
manifestations, nor do they generally seem to require 
unique clinical management77. However, patients with 
a potential DENV infection should not be given aspirin 
or other NSAIDs until they have been afebrile for ≥48 h 
and have no warning signs for severe dengue78.

Co-​infections with CHIKV and either HIV79 or 
malaria have also been reported65. In patients infected 
with both HIV and CHIKV, lymphopenia was more 
common, more patients reached the definition of 
severe immunosuppression, and CD4 counts were lower 
than in patients infected with HIV alone79. Although 
the effect of CHIKV/malaria co-​infections in humans 
remains unclear, mouse studies suggest that malaria 
infection can ameliorate chikungunya-​related arthrop
athy80. In mice, CHIKV infection can compromise 
lymph node function81 and alter CD8 T cell trafficking82, 
with such CHIKV-​mediated changes potentially modu-
lating adaptive immunity and thus immunopathology in  
co-​infection settings.

Immunopathology
Antiviral versus arthritic responses
In the advent of the recent unprecedented outbreak of 
chikungunya (Fig. 1), our understanding of the innate 
and adaptive immune responses induced by CHIKV 
infection, both in humans and in animal models, has 
grown substantially31,83–87. A range of cells and mediators 
have been implicated in chikungunya immunopathology 
(Supplementary Table 4). Importantly, many responses 
that promote chikungunya immunopathology are also 
required for protection against viral infections, which is 
clearly an important consideration in the development 
and application of new therapeutic interventions.

The type I interferons, primarily IFNβ and subtypes 
of IFNα, are antiviral cytokines that mediate highly 
effective protection against alphavirus infection88. 
These cytokines have an important function in limiting 
the sharp increase in viral replication during the early 
stages of infection88,89. The anti-​alphaviral activity of 
type I interferons is optimal at 37 °C and this activity 
decreases with decreasing temperatures, being notice-
ably lower even with a reduction of only 2 °C (ref.36). 
In CHIKV-​infected mice, the virus can replicate better in 
the extremities than elsewhere in the body because these 
tissues are usually a few degrees cooler, which might 

explain why the peripheral joints are usually affected in 
alphaviral arthropathies (Fig. 2)36. In the arthritic limbs of 
mice, up to ~8% of polyadenylated RNA can be of viral 
origin90, attesting to the extraordinary replicative capa
city of CHIKV in the peripheral joints at slightly reduced 
temperatures. However, in addition to inhibiting viral 
replication, type I interferons can also promote arthritis.  
For example, injection of polyinosinic:polycytidylic acid 
(a mimic of viral double-​strand RNA and potent inducer 
of type I interferon production) into the feet of mice can 
induce arthritis, and recapitulates much of the inflam-
matory gene expression signature that occurs in mouse 
feet during CHIKV arthropathy36.

In mice, B cells, T cells and natural killer (NK) cells 
are not required for survival during an acute infection91, 
whereas an intact type I IFN response is critical88,89. 
Deficiencies in components of the complex type I IFN 
network88 in the elderly (>65 years)92,93 and in neonates 
(<4 weeks old) might explain the increased risk of severe 
disease in these patient populations. For instance, neo-
nates and very young children (<3 months) have atten-
uated RIG-​I responses (required for the detection and 
triggering of type I IFN responses)94 and neonates have 
impaired interferon regulatory factor (IRF) 7 activation95 
(required for amplification of the type I IFN response89). 
Monocytes from elderly individuals (>65 years old) have 
reduced expression of TNF receptor-​associated factor 3 
and IRF8 (both required for optimal RIG-​I signalling) 
compared with monocytes from younger individuals92. 
Elderly individuals can also have slightly lower body 
temperatures than younger individuals96,97, which might 
also result in reduced antiviral type I interferon activity 
post-​infection36.

The clearance of viraemia requires antiviral anti
bodies85,91,98. Neutralizing anti-​CHIKV IgM responses 
are apparent as early as 4 days after the onset of symp-
toms99 and the presence of CHIKV-​specific IgG3 anti-
body responses 7–10 days post-​onset of symptoms is 
associated with more severe acute disease but decreased 
likelihood of persistent arthralgia100. CHIKV-​specific 
CD4 T cells are required for IgG class switching and 

IgG class switching
The switching of B cell 
immunoglobulin production 
from IgM to IgG antibodies

Table 1 | Typical symptoms of acute chikungunya

Symptoms (duration) Percentage 
of patientsa

Refs

Arthralgia (weeks to 
months)

80–100 24,118,204–206

Arthritis (weeks to months) 62–100 24,204

Fever (usually lasts 1 week) 80–100 1,118,204

Myalgia (usually lasts 
~7–10 days)

10–85 1,24,118,205,206

Headache 30–90 24,118,205,206

Rash (usually lasts ~1 week) 36–88 1,24,118,204,205,207

Fatigue 43–67 118,207

Diarrhoea 25 24,205

Oedema 22–39 24,206

aPercentages of patients with the indicated symptoms, with 
the ranges encompassing all referenced studies.
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efficient production of anti-​CHIKV IgG antibodies91, 
but these cells are also major promoters of arthritic 
inflammation.

Finally, monocytes and macrophages also have anti-
viral activity against CHIKV101–103, and are important 
for efferocytosis104 and resolution of inflammation105. 
However, as discussed in the next section, these cells are 
also highly implicated in chikungunya immunopathology.

A major objective for the field has been to identify 
appropriate pro-​inflammatory mediators that can be 
targeted without compromising protective antiviral 
responses86,106. TNF is induced during CHIKV infec-
tions90,107–109 (Fig. 3), and TNF inhibitors (including etan-
ercept and adalimumab) have shown some promise in 
the treatment of patients with chikungunya110. However, 
in mice with an active infection of Ross River virus (RRV)  
(a close relative of CHIKV that causes RRV disease), 
treatment with etanercept resulted in 100% mortality, 
indicating that TNF also has important antiviral activ-
ities111. This protective function of TNF against viral 
infections might raise concerns about TNF inhibitors 
for the treatment of patients with chikungunya; however, 

exacerbation or reactivation of CHIKV infection is 
unlikely once patients have adequate levels of neutra
lizing antibodies. Such antibodies (detectable 4 days after 
the onset of disease) are clearly present in patients with 
a positive serodiagnosis99 and have long been present by 
the time the chronic phase of disease begins112. Indeed, 
in patients with chronic manifestations of chikungunya, 
treatment with an immune-​modulating biologic agent 
(including infliximab and etanercept) was not associated 
with overt worsening of disease113. An important issue to 
consider, however, is potentially compromising antiviral 
immunity in settings where multiple arboviruses are cir-
culating. In such scenarios, therapies that target chikun-
gunya immunopathology should ideally not compromise 
the patients’ ability to generate immunity to subsequent 
DENV or ZIKV infections.

In addition to the inhibition of antiviral activity, 
another potential concern of anti-​inflammatory inter-
ventions is the risk of inadvertently promoting immuno-
pathology. For instance, the chemokine CC-​chemokine 
ligand 2 (CCL2) is strongly induced during CHIKV 
infections108,109 and targeting the CC-​chemokine 

Efferocytosis
The process whereby dying  
or dead cells are removed by 
phagocytic cells.

a  Acute chikungunya b  Chronic chikungunya
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Fig. 2 | Joints affected by chikungunya arthralgia. a | Joints with arthralgia at or near the time of disease onset, indicating 
the range of percentages of patients reporting arthralgia in each indicated joint or group of joints in previous studies  
of patients with acute chikungunya on Réunion Island199, on Sint Maarten in the Caribbean200 or in India201. b | Joints with 
arthralgia in patients with chronic chikungunya, based on data from patients with chronic chikungunya on Réunion 
Island202, on Sint Maarten in the Caribbean200 or in Brazil203. Assessment methodologies were not standardized in these 
studies, and so it is difficult to attribute any differences across these studies to CHIKV genotypes or specific populations.
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receptor 2 (CCR2)–CCL2 axis in mice reduces the 
recruitment of inflammatory monocytes and mac-
rophages into the joints104. However, in the absence of 
monocytes and macrophages, neutrophils are instead 
recruited into the joints of CCR2–/– mice post-​CHIKV 
infection, promoting joint destruction104.

Mechanisms of immunopathology
Taking synovial biopsies or aspirates from patients 
with alphavirus-​induced arthritis is often difficult to 
justify, as such procedures carry a small risk for the 
patient and usually have a negligible effect on disease 
management. Nevertheless, a small number of studies 
have analysed such material from patients with chikun-
gunya or RRV disease112,114–116. As with other viral and 
bacterial arthritides117, CHIKV-​related and RRV-​related 
arthropathies probably arise from innate and adaptive 
immune responses stimulated by viral material in joint 
tissues1,90,91,109,118 (Fig. 3).

The ability of CHIKV to affect multiple systems/
organs might be because of the virus’s predilection 
for infecting fibroblasts47,119, a cell type that is present 
in many tissues and organs (including the connec-
tive tissue, skin, synovium and periosteum89,119). The 

widespread expression of the arthritogenic alphavi-
rus receptor, matrix remodelling-​associated protein 8 
(MXRA8), also probably contributes as this receptor 
permits infection of a large range of different cell types120. 
These cell types include circulating monocytes108, mac-
rophages109, endothelial cells89,109, cells of the nervous 
system43,91 and skeletal muscle cells47,89, as well as cell 
types present in joints (Fig. 3). Infection usually induces 
cell death121, mainly by apoptosis,104,106 but also to a lesser 
extent by necroptosis and pyroptosis122. Cell death might 
directly contribute to pathology, especially for neurolog-
ical manifestations91,122,123. However, immunopathology 
probably has the major role in the majority of rheumatic 
manifestations (Fig. 3, Supplementary Table 4).

Macrophages and monocytes. Arthritic infiltrates in 
patients with alphavirus-​associated arthritides predom-
inantly comprise mononuclear cells, mostly consisting of 
monocytes and macrophages but also including T cells, 
B cells and NK cells. In contrast to autoimmune arthri-
tides, neutrophils are uncommon in the synovial infil-
trates of patients with alphaviral arthritides101,112,114–116,124. 
Monocytes and macrophages are strongly implicated in 
chikungunya arthritic immunopathology

Synovial macrophages from patients with chikun-
gunya have an activated morphology, with a ballooned 
appearance and multiple vacuoles112,116, indicative of 
a phagocytic (activated) phenotype108,125. Cytokines 
induced during CHIKV infection, such as type I inter
ferons, IFNγ and TNF, are well-​known activators of 
monocytes and macrophages (Fig. 3). Studies in non-​
human primates suggest that macrophages are the likely 
site of the persistence of CHIKV and CHIKV material109. 
Alphaviral RNA and/or proteins have also been detected 
in the synovial macrophages of patients with chikun-
gunya and RRV disease112,114. In vitro work in RAW264 
cells (a murine macrophage cell line) suggests that 
CHIKV-​infected macrophages are a source of arthrito-
genic cytokines such as TNF and IL-6126. Mouse models 
of chikungunya arthritis and analysis of peripheral blood 
mononuclear cells from patients have also suggested 
a function for the NOD-, LRR- and pyrin domain-​
containing 3 (NLRP3) inflammasome (and thus IL-1β 
and IL-18) in chikungunya, with a small-​molecule inhib-
itor of NLRP3 activation able to reduce CHIKV-​induced 
inflammation in mice127. Notably, NLRP3 is also impli-
cated in the pathogenesis of rheumatoid arthritis (RA), 
with high levels of NLRP3 activation being reported 
in monocytes/macrophages infiltrating the synovia of 
patients with RA128.

As well as synovial macrophages, whole-​blood RNA 
transcriptomic analyses in paediatric patients suggest that 
CHIKV infects peripheral blood monocytes (and den-
dritic cells) and that CHIKV induces a monocyte-​
centric pro-​inflammatory response108. CCL2 is a major 
product of CHIKV-​infected monocytes129, is strongly 
induced during CHIKV infection101,109 and is impor-
tant for the recruitment of monocyte and macrophages 
into the inflamed joint104. CHIKV- infected mono-
cytes also produce other pro-​inflammatory mediators, 
including IFNα, IL-12 and CXC-​chemokine ligand 10 
(CXCL10)130 (Fig. 3).

Table 2 | Atypical symptoms of acute chikungunya

Systems/organs 
affected

Percentage of 
hospitalized patients10

Manifestation 
examples

Refs

Neurological 40 Encephalitis

Meningoencephalitis

Guillain–Barre syndrome

38–41,43

Cardiovascular 27 Hypotension

Myocarditis

Arrhythmias

38–41

Skin 10 Hyperpigmentation

Bullous dermatosis

Erythema

38–41

Renal 26 Albuminuria

Haematuria

Nephritis

39,40,45

Respiratory 14–26 Dyspnoea

Respiratory failure

Pneumonia

38,39,41

Vascular 10 Haemorrhagic signs

Bleeding gums

Melena

39,41,205,208,209

Ocular Less common than other 
atypical symptoms

Conjunctivitis

Photophobia

Retinitis

39,41,210,211

Liver Less common than other 
atypical symptoms

Hepatitis

Hepatomegaly

Altered function

38,40,41

Atypical acute manifestations can accompany the typical acute symptoms (Table 1). Atypical 
manifestations are grouped by the systems/organs affected, with some examples of manifestations 
provided; these are neither complete nor ranked and the reader is directed to the accompanying 
references for a full description of manifestations.
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Overall, monocytes and macrophages have a very 
large number of functions and differentiation states131 
and interact with CHIKV on a range of levels; not only 
are these cells the sites of infection and persistence and 
the source of pro-​inflammatory cytokines, these cells 
also have antiviral activity and are required for the 
resolution of inflammation.

CD4 T cells. CHIKV-​specific CD4 T cells have been 
repeatedly implicated as important promoters of 
CHIKV-​mediated arthritis80,132–136. Furthermore, regu-
latory T cells can ameliorate chikungunya arthropathy in  
mice137 and are also associated with disease resolution 
in humans134. In mouse models of chikungunya, CD4 
T cells infiltrated into the joints in a CXC-​chemokine 
receptor 3 (CXCR3)-dependent fashion80, with arthrito
genic CD4 T cells seeming to have a dominant type 1 
T helper (TH1) cell phenotype135, expressing the tran-
scription factor T-​bet104 and IFNγ32,90,101. Notably, IFNγ-​
expressing cells are also present in synovial biopsy 
samples from patients with RRV disease114. Curiously, 
IFNγ deficiency has no major effects on mouse mod-
els of chikungunya90,138. IFNγ expression was also not 
detectable in the synovial fluid of one patient with 
chronic chikungunya, although IFNγ was abundant in 
their blood during the acute disease phase112. The contri
bution of IFNγ in chikungunya thus remains unclear, 
although it should be noted that IFNγ is reported to have 
a complex and pleiotropic function in RA139,140.

More studies are required to better understand the 
mechanisms whereby CHIKV-​specific CD4 T cells drive 
arthropathy. Conceivably, rather than being reliant on 
IFNγ, CHIKV-​specific TH1 cells could activate mono-
cytes and macrophages via interactions involving CD28 
and CD80–CD86136,141, resulting in TNF and IL-6 pro-
duction142. Alternatively, instead of IFNγ expression by 
TH1 cells, TNF expression by CD4 cells might have an 
important function in promoting chikungunya arthrop
athy135. TNF-​expressing CD4 cells have a potential patho
genic function in psoriatic arthritis143 and are targeted 
by methotrexate in RA144,145; notably, methotrexate has 
shown some benefit in treating chikungunya146,147.

Some animal models104,109,148 have suggested the 
involvement of IL-17 and TH17 cells in alphaviral arth-
ritides. Concentrations of IL-17 are marginally increased 

in the plasma of patients with chikungunya during the 
acute phase of disease compared with that of uninfected 
individuals149 and remain increased during the chronic 
phase150. By contrast, IL-17 is not increased in the blood 
of young patients with chikungunya108, who are known 
to experience less severe arthropathy than older patients. 
IL-17 is implicated in cartilage destruction and bone 
erosion in RA151, whereas radiographically detectable 
joint damage is not generally a feature of alphaviral 
arthropathy. Nevertheless, some patients with RRV 
disease have an increased receptor activator of nuclear 
factor kappa-​B ligand (RANKL) to osteoprotegerin 
(OPG) ratio, indicative of increased osteoclastogenesis 
and bone resorption148. The levels of matrix metallo-
proteinase 2 (MMP2) messenger RNA were increased 
in the synovial fluid of one patient with chronic chi-
kungunya (compared with levels in healthy individu-
als)112. Furthermore, concentrations of connective tissue 
metabolites (proline, hydroxyproline and mucopolysac-
charides) were increased in the urine of patients with 
chikungunya during the first week post-​onset of fever152. 
Thus, although alphaviral arthritides might be associ-
ated with some IL-17 production, cartilage destruction 
and bone erosion, the contribution of these processes to 
alphaviral rheumatic pathology seems to be substantially 
less important than their role in RA.

NK cells and NK T cells. Synovial NK cells (character-
ized by their CD56+ CD3− expression) in patients with 
chronic chikungunya express the activation marker 
CD69112, and data from mouse models suggest that NK 
cells have a pathogenic role in acute arthropathy32,90,91. 
NK cells from the peripheral blood of patients with 
acute chikungunya have an activated profile (includ-
ing the expression of the heterodimer CD94:NKG2C) 
and are strongly cytotoxic, but secrete minimal levels of 
IFNγ153. NK cells in the peripheral blood of patients with 
chronic chikungunya express reduced levels of perforin, 
but they do not express notably higher levels of TNF or 
IFNγ compared with NK cells from healthy individu-
als107. Increased numbers of synovial CD56+ NK cells in 
patients with established RA probably promotes arthritis 
via secretion of TNF and IFNγ154; however, the mecha
nisms by which NK cells contribute to chikungunya 
arthropathy remain to be elucidated90.

In addition to NK cells, natural killer T (NKT) cells 
(characterized by their CD56+ and CD3+ expression) 
that express TNF or IFNγ are increased in the peripheral 
blood of patients with chronic chikungunya compared 
with healthy individuals, and are similarly increased 
in patients with RA compared with healthy individu-
als107. Hence, NKT cells are likely to contribute to both 
chikungunya and RA arthropathy, but the underlying 
mechanisms and their importance remain unclear.

Non-​haematopoietic cells. Fibroblasts in connective 
tissues are a major target of CHIKV infection and pro-
duce various IFNα subtypes and IFNβ119, cytokines with  
well-​described arthritogenic properties36. In vitro, 
CHIKV-​infected human synovial fibroblasts secrete 
RANKL, IL-6, IL-8 and CCL2, and supernatants from 
these cultures can stimulate osteoclastogenesis155,156.

Box 2 | Severe symptoms of acute chikungunya

Severe symptoms of acute chikungunya (listed below) 
are defined as manifestations that include dysfunctions 
of at least one organ or system that threatens life and 
requires hospitalization. The term “failure” reflects  
a spectrum that includes non-​lethal manifestations  
with recovery.

•	Cardiac failure17,38,41,42

•	Multiple organ failure17,38

•	Viral sepsis and/or septic shock42

•	Renal failure10,17,38,42,45

•	Liver failure10,17,38,42

•	Respiratory failure10,17,38,42

•	Encephalitis or meningoencephalitis17,38,42,43

•	Bullous dermatosis17,38
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CHIKV can infect human osteoblasts in vitro, which 
promotes IL-6 and RANKL secretion by these cells and 
inhibits OPG secretion (increasing the RANKL to OPG 
ratio)157. Notably, the RANKL to OPG ratio is increased 
in the synovial fluid of patients with RRV disease com-
pared with synovial fluid from healthy controls, and 
treatment with an anti-​IL-6 antibody can reduce bone 
loss in a mouse model of RRV infection158. In addition 
to osteoblasts, CHIKV can also infect human chondro-
cytes in vitro120 and mouse chondrocytes in vivo89,159. 
RRV infection of chondrocytes induces the secretion 
of IL-6, CCL2, IFNγ and TNF160. Thus, multiple non-​
haematopoietic cell types in the joint can be infected with 
CHIKV and might contribute to the pro-​inflammatory 
milieu (Fig. 3).

Human skeletal muscle cells (in vitro)120 and mouse 
skeletal muscle cells can also be infected by CHIKV 
in vivo89, although some evidence suggests that, in 
humans, only skeletal muscle progenitor (satellite) cells are 
infected161. Infection of skeletal muscle might be respon-
sible for myalgia in patients with chikungunya (Table 1); 
notably, studies of mouse models of chikungunya have 
reported pronounced inflammatory infiltrates in skeletal 
muscle tissues101,111.

Chronic arthropathy
The underlying inflammatory stimuli responsible for 
chronic chikungunya arthropathy remain unclear20,47. 
The persistence of the virus or viral material112,114,117, 
as well as host cell debris162, in joint tissues probably 

have important contributions. RNA-​seq transcriptional 
profiling data from mice suggest that chronic inflam-
mation in chikungunya is simply a prolongation of the 
acute inflammatory response90, which continues until 
the viral material is cleared91. The expression of a num-
ber of pro-​inflammatory cytokines and chemokines in 
the peripheral blood are associated with chronic disease 
in patients with chikungunya46,83,118 (Supplementary 
Table 4). Notably, the expression of pro-​inflammatory 
mediators IL-6, IL-8, CCL2 and IFNα were upregulated 
in the synovial fluid of a patient with chronic chikun-
gunya compared with expression in serum from the 
same patient112.

In chikungunya, the virus and/or viral material seem 
primarily to persist in monocytes and macrophages in 
the joints109,112, which is a feature common to a number 
of arthritogenic viruses and bacteria in humans and 
animals117,163. Virus-​induced apoptosis and reinfection 
of cells via apoptotic blebs is one postulated mechanism 
by which alphaviral infection might persist in vivo in 
the presence of neutralizing antibodies125,164. However, 
although viral material (RNA and/or protein) can be 
detected, researchers have been unable to isolate infec-
tious (replication competent) virus from the joint tis-
sues of patients with subacute or chronic disease112,114,116 
or from mice 2 weeks after CHIKV infection91. A num-
ber of possibilities could explain this apparent discrep-
ancy: levels of infectious virus might simply be too 
low to be isolated; defective viral RNA could continue 
to replicate as replicons without being able to pro-
duce infectious (replication-​competent) virus165, with 
viral proteins being translated from replicon RNA, 
and/or residual inactive viral material is only slowly 
cleared91, with large amounts accumulating during the 
acute infection90.

Although CHIKV arthropathy shares many fea-
tures with RA37,83,118,132, there is no clear evidence that 
autoimmune disease is involved or induced. However, 
viral material could not be found in synovial fluid from 
38 patients with arthropathy at 22 months post-​onset 
of chikungunya, perhaps arguing that arthropathy at 
this stage is no longer attributable to viral persistence 
and that alternative mechanisms are in play166. The 
investigators suggested that (as yet undefined) auto-
immune sequelae might be responsible (although lev-
els of cytokines or chemokines were not assessed in  
this study)166.

Arthralgia is a dominant feature of acute chikun-
gunya and the main symptom of chronic chikungunya 
(Fig. 2). Alphaviral arthralgia probably involves inflam-
matory pain, perhaps driven by inflammatory cytokines; 
however, the mechanisms involved in both inflamma-
tory pain in general167 and in alphaviral arthralgia spe-
cifically remain poorly understood. One might speculate 
that IL-6 has a role in driving alphaviral arthralgia, as 
this cytokine features prominently in acute and chronic 
chikungunya46,112 (Fig. 3) and anti-​IL-6 drugs seem effec-
tive in treating pain and fatigue in RA168. Chikungunya 
arthralgia can also have neuropathic characteristics169,170, 
which might involve infection and disruption of cells of 
the peripheral nervous system21,43,91. Further research 
is needed to unravel the mechanisms that underpin 

Replicons
Viral RNAs that can self-​
replicate as they encode  
genes required for viral RNA 
replication (including RNA-​
dependent RNA polymerase), 
but that are unable to form  
an infectious virus because of 
defects in, or loss of, one or 
more structural genes required 
for virus particle assembly.

Box 3 | Mother-​to-child infections

Mother-​to-child transmission usually occurs during birth and occurs in about  
half of viraemic (and symptomatic) mothers215,216. Of the infected neonates, ~50% 
develop disease within 3–7 days and 2.8% of cases result in fatality215. In a study of 
mother-​to-child transmissions in Réunion Island, 21% of the infected neonates had 
persisting disabilities217. Symptoms vary widely and include fever, poor feeding, 
irritability (hyperalgesia), respiratory distress, diffuse limb oedema, rashes, sepsis-​like 
illness, meningoencephalitis and other central nervous system abnormalities, and 
haemorrhagic and cardiac manifestations215,218–220. Neurodevelopmental delays can 
also occur, with one study reporting that >50% of previously symptomatic neonates 
had a global neurodevelopmental delay at 2 years compared with 15% of uninfected 
children220.

A clinical trial was planned in 2014 to evaluate treatment of infected neonates with 
hyperimmune human anti-​CHIKV immunoglobulins to suppress infection, although  
no results have been posted to date221. Another potential treatment, yet to be formally 
tested, is the use of tocolytic drugs to delay delivery of the baby by a few days, thereby 
allowing maternal antibodies to resolve the viraemia prior to the onset of labour215,217. 
Tocolytic therapy is used to delay or prevent pre-​term delivery222, and is generally not 
recommended after 34 weeks of gestation223. Nevertheless, encouraging data have 
been reported for the use of tocolytics to delay birth in mothers with a DENV infection224, 
although further studies are required to establish the safety and efficacy of this approach 
in chikungunya.

Zika virus (ZIKV) recently caused international concern owing to its association with 
congenital Zika syndrome (CZS), which describes a pattern of birth defects (including 
microcephaly) caused by infection during pregnancy. The largest outbreak of CZS 
occurred in Brazil (2014–2016) and the postulated reasons for the unprecedented 
outbreak have been varied and remain controversial. The results of one epidemiological 
analysis in 2018 led the investigators to speculate that CHIKV infection might somehow 
increase ZIKV severity66. CHIKV infections are not usually associated with congenital 
abnormalities, although the development of microcephaly after birth in CHIKV-​infected 
neonates has been reported220,225. Rare cases of placental and transplacental CHIKV 
infection have also been reported, and resulted in abortion226.
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Fig. 3 | Potential mechanisms of arthritic immunopathology in 
chikungunya. Cells and mediators thought to be involved in chikungunya 
arthropathy (derived from in vivo, in vitro, animal and human studies). 
Chondrocyte involvement is based on Ross River virus studies. CHIKV 
probably infects a range of cell types in the joints, resulting in the secretion 
of multiple pro-​inflammatory mediators. Type I interferons (IFNα and IFNβ) 
are produced, but antiviral activity is probably compromised by the lower 
temperatures in peripheral joints. Type 1 T helper (TH1) cell recruitment 
probably involves CXC-​chemokine receptor 3 (CXCR3; a receptor for 
CXC-​chemokine ligand 10 (CXCL10)), and IL-12 and type 1 interferons are 
known to drive TH1 cell polarization (activation of CD4 T cells such as TH1 
cells usually occurs via T cell receptor (TCR) engagement). CC-​chemokine 
ligand 2 (CCL2) and CXCL10 recruit monocytes and macrophages, and 

CXCL10 can also recruit natural killer (NK) cells. NK cells express the 
activation marker CD69 and probably contribute to arthropathy , but 
the mechanisms involved remain unclear. Macrophages are activated by 
a number of cytokines and might also be activated via CD28 and CD80/86. 
TH1 cells drive arthropathy , although their secretion of IFNγ is largely 
dispensable for this activity. IL-17 and TH17 cells might have a role, 
although neutrophils are usually absent. Osteoblast and chondrocyte 
infection and osteoclastogenesis might result in some joint damage, 
although this joint damage is not generally radiologically detectable. NKT 
cell, natural killer T cell; NLRP3, NOD-, LRR- and pyrin domain-​containing 3;  
OPG, osteoprotegerin; RANKL , receptor activator of nuclear factor  
κ-​B ligand; RANTES, regulated on activation, normal T cell expressed  
and secreted.
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alphaviral arthralgia, with such endeavours hopefully 
leading to new therapeutic approaches.

Treatments and vaccines
Anti-​inflammatory therapy
A number of consensus guidelines30,146,171, reviews2,35,113,172–174  
and perspectives37,175 for the treatment and management 
of chikungunya are available. In summary, acetamino
phen (paracetamol) is recommended for the initial 
treatment of fever and pain. If pain-​relief is inade-
quate, NSAIDs are the mainstay of treatment (except in 
patients with a suspected DENV infection78). However, 
NSAIDs are contraindicated in several comorbidities, 
including uncontrolled hypertension, kidney disease 
and inflammatory bowel disease, and NSAIDs should 
be discontinued in pregnant patients 6–8 weeks before 
birth. Low-​dose corticosteroids (with or without 
NSAIDs) seem to be effective in NSAID-​refractory pat
ients35,113,146,171,175, although the potential adverse effects 
of these drugs should be considered in risk–benefit 
assessments31,176. For patients with chronic chikungunya 
who are refractory to the aforementioned treatments, 
DMARDs have shown some efficacy113,172, and sulfasala-
zine and methotrexate have been suggested as first-​line 
options146,147. However, chikungunya arthropathy is usu-
ally not overtly erosive16,47, and so DMARDs might seem 
hard to justify177 unless an underlying destructive auto-
immune disease is present. Methotrexate treatment, in 
particular, can have rare but potentially serious adverse 
effects and requires extensive clinical monitoring. 
Another DMARD, chloroquine, has also been reported 
to worsen disease178.

Targeting pathogenic CD4 T cells has shown some 
promise in animal models of chikungunya. For example,  
treatment with abatacept, a CTLA4-Ig fusion pro-
tein that interferes with T cell activation, ameliorated 

chikungunya in mice without affecting viraemia; how-
ever, this therapy was only partially effective unless com-
bined with an antiviral antibody136. Although biologic 
drugs are an exciting new avenue for targeting specific 
arthritic pathways, the high cost of these drugs might 
preclude their widespread use, especially in resource-​
poor settings. Human data for the use of biologics in 
the treatment of chikungunya are also currently limited, 
inconclusive and/or complicated by autoimmune comor-
bidities113,172. Finally, fingolimod (a sphingosine 1-phos-
phate receptor agonist that is used to treat relapsing 
forms of multiple sclerosis179) has also shown preliminary 
potential for treating chikungunya. Treatment with this 
agonist, which sequesters lymphocytes in lymph nodes 
to prevent their participation in tissue inflammation, 
was able to abrogate chikungunya in a mouse model133; 
however, the cost of this drug might limit enthusiasm 
for this treatment in humans, especially in resource-​poor 
settings.

Antiviral treatments
There has been substantial preclinical evaluation of 
antiviral chemotherapeutic drugs for inhibiting CHIKV 
infection, which will not be reviewed herein as few 
of these drugs have been tested in vivo and none has 
reached or shown efficacy in human clinical trials. 
Whether an antiviral approach seeking to inhibit viral 
replication would be effective against CHIK is unclear. In 
most patients, by the time a diagnosis has been reached 
and treatment has been initiated, virus and/or viral RNA 
replication could be largely over. Conceivably, low-​level 
RNA replication (evidence of which is currently lacking 
in patients) might drive chronic disease and could thus 
be targeted by antiviral drugs.

Antiviral monoclonal antibody treatments have also 
shown promise in mouse models103,180,181. However, by 
the time a serodiagnosis of chikungunya is obtained 
(Box 1), patients usually already have antiviral antibod-
ies, and chronic disease occurs despite ongoing robust 
antibody responses112. The settings and window of 
opportunity wherein such antibody treatments might be 
effective might thus be quite limited133, and the high cost 
of such antibodies will probably limit their widespread  
use.

Vaccine development
As well as treatment strategies, disease prevention meas-
ures (such as vaccines and mosquito control measures 
(Box 4)) are in development. CHIKV vaccines most 
often use the structural polyprotein of CHIKV; this 
polyprotein is cleaved into five proteins (E1 and E2 viral 
spike glycoproteins, capsid, E3 and 6 K) that assemble 
into a viral particle, thereby presenting an authentically 
folded quaternary structure to the immune system182,183. 
Vaccination seeks to recapitulate naturally acquired 
protective immunity (generated after infection with 
CHIKV) and induce neutralizing antibodies directed at 
the viral spike glycoproteins (comprising E1/E2 trimers). 
Such antibodies are thought to be the main mediators of 
protection98 by blocking the virus from binding to the 
receptor120, by blocking viral entry into cells and/or by 
preventing viral budding180,184.

Virus-like-particle vaccine
A protein-​based vaccine that 
recapitulates the appearance 
and structure of a virus 
particle, but that has no 
capacity to replicate in the 
vaccine recipient because, for 
instance, the viral genome is  
(in part or wholly) missing.

Human challenge model
In a CHIKV vaccine context, 
volunteers are vaccinated with 
a CHIKV vaccine and are then 
infected with CHIKV (likely an 
attenuated CHIKV for safety 
reasons) in a controlled 
hospital setting (distinct from 
conventional phase III trials 
where vaccine recipients are 
released into the community 
and can acquire CHIKV 
naturally).

Box 4 | Mosquito control measures

Non-​human primates are believed to be the major reservoir for chikungunya virus 
(CHIKV), and the virus is transferred via mosquito vectors (mainly the forest or 
savannah Aedes species). Occasional introduction of the virus into urban areas initiates 
sporadic outbreaks that involve human-​to-mosquito-​to-human transmission cycles40. 
Aedes aegypti was traditionally the primary vector, and remains an important vector for 
CHIKV. However, in the 2004–2019 epidemic, Indian Ocean Lineage isolates emerged 
that, compared with other strains, had an increased capacity to be transmitted by 
Aedes albopictus owing to a mutation in the surface glycoprotein (E2, A226V) of CHIKV 
(although other mutations might also be involved)227. Aedes albopictus is an aggressive 
biter with an ever-​increasing global distribution228 and tends to bite humans outdoors 
during the day or early evening; thus, CHIKV transmission is minimally affected by bed 
nets229. Air-​conditioned premises tend to have low mosquito numbers (as windows are 
usually closed), but the expense of this equipment precludes its widespread use in poor 
communities230. Use of mosquito repellent is often limited, even after media campaigns 
and distribution of free repellent230. Use of insecticides in public health settings remains 
the cornerstone of control efforts; however, whether this approach is actually effective 
against Aedes and associated arboviral diseases is unclear231. The global growth of 
insecticide resistance also further compromises control measures229. Alternative control 
strategies are being developed, such as introducing an insect toxin into a fungus that 
infects mosquitoes232. Another advanced example uses Wolbachia (a Gram-​negative 
bacteria that infects mosquitoes), with a large field trial of Wolbachia-​infected 
A. aegypti currently underway in Yogyakarta, Indonesia, with the hope that transmission 
of DENV, ZIKV and CHIKV can be reduced233. The approach has already had promising 
results in reducing cases of dengue in Townsville, Australia234.
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The global market value for a CHIKV vaccine has 
been estimated to be ~€500 million (~US$ 600 million) 
annually; however, this value might be viewed as rela-
tively low compared with other projects (for instance, 
the global influenza vaccine market value in 2018 was  
estimated to reach >US$ 5 billion)185. In a workshop in 
India in 2018, the Coalition for Epidemic Preparedness 
Innovations (CEPI) reported that four vaccines are  
in phase I human clinical trials and two vaccines are in 
phase II clinical trials186; the latter being a recombinant 
measles virus vaccine that encodes the CHIKV struc-
tural polyprotein187 and a virus-​like-​particle vaccine188. 
Unfortunately, phase III field trials for epidemic dis-
eases such as CHIKV are complicated by the inability 
to predict the geographical location and size of the 
next outbreak189. An alternative or complementary 
approach to phase III field trials might involve a human  
challenge model (as described for dengue190), in which, 
for instance, vaccine recipients might be challenged 
with a live attenuated CHIKV191. Such studies might 
be combined with systems vaccinology and systems  
serology approaches, which should help to provide more 
sophisticated correlates of protection192,193.

All CHIKV genotypes seem to belong to a sin-
gle serogroup194,195. However, variations in cross-​
neutralization capacities have been reported, such that 
antibodies raised to one CHIKV genotype are relatively 
less efficient at neutralizing a different CHIKV geno-
type33,196. Vaccines currently in development use CHIKV 
antigens from one CHIKV genotype; whether such (sin-
gle valent) vaccines will provide broadly comparable 
protection against all CHIKV genotypes thus remains to 
be established. Another challenge will be timely deploy-
ment in rapidly evolving outbreaks; for example, during 
the Réunion Island outbreak, the number of infected 

individuals began to escalate at the beginning of 2006, 
but the epidemic was largely over by July 2006197.

Conclusions
The unprecedented 2004–2019 CHIKV epidemic has 
resulted in a surge of research into chikungunya, and 
has led to many new insights and consensus guide-
lines for clinical management. There is a clear need for  
better treatment options for patients with chikungunya 
and NSAID-​refractory arthropathy, chronic arthralgia 
or severe, life-​threatening disease. Well underway are 
preclinical and clinical investigations of new drugs, 
and drugs developed for other inflammatory arthri-
tides (such as RA), for treating chikungunya arthro
pathy. Such endeavours should also facilitate treatment 
of arthritic disease caused by other alphaviruses such 
as Mayaro virus and RRV, which have the potential 
to cause alphavirus outbreaks34,198. However, expen-
sive treatments are unlikely to be widely adopted in 
resource-​poor communities and in high-​attack-rate 
settings. Protracted chronic chikungunya (particularly 
chronic arthralgia) remains poorly understood and 
complicated by comorbidities and high background 
levels of musculoskeletal pain in the community. 
Mosquito control measures are hampered by insecti-
cide resistance and the difficulties in judging whether 
interventions actually effect disease prevalence. Some 
vaccines are in advanced stages of development; how-
ever, the limited market size does not provide a clear 
financial incentive for the development of vaccines, and 
outbreaks are unpredictable. New agencies (such as the 
CEPI) and technologies are probably needed to bring 
such interventions to the market193.
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Systems vaccinology
A systems-​based approach in 
which transcriptional profiling 
(followed by bioinformatic 
analyses) is used to obtain a 
detailed picture of changes  
in gene expression following 
vaccination.

Systems serology
A systems-​based approach 
that measures biophysical and 
functional characteristics of 
antigen-​specific antibody 
responses (for example, 
responses to vaccination); 
measured characteristics 
include immunoglobulin 
isotypes, Fc receptor binding 
profiles, antibody glycosylation 
patterns and antibody affinity.

Serogroup
For viruses, a serogroup means 
that viral infection with one 
member of that serogroup will 
generate antibodies capable  
of recognizing (cross-​reacting 
with) other members of that 
serogroup.
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The history of the IL-1 family of 11 cytokines begins 
with the discovery of the first two members, IL-1α and 
IL-1β. These family members were described in 1974 as 
two molecularly distinct ‘leukocytic pyrogens’1. As the 
name pyrogen suggests, these proteins promote fever. 
In 1977, one of the two human leukocytic pyrogens was 
purified to homogeneity and had the unusually high 
specific activity of producing fever at a dose of 10 ng/kg  
(ref.2); however, it was not until the cDNA of this human 
leukocytic pyrogen was cloned in 1984 (ref.3) that its 
name was changed to IL-1β. The pro-​inflammatory 
nature of IL-1β was confirmed by the ability of a recom-
binant form of human IL-1β to produce fever in humans 
at a dose of 10 ng/kg (ref.4). Also in 1984, a macrophage 
supernatant product that augmented T cell function, 
termed ‘lymphocyte activating factor’ was cloned in 
mice; cDNA analysis revealed that there was a second 
gene coding for IL-1, which was named IL1A5. Human 
IL-1α was cloned in 1985 and recombinant human IL-1α 
also produced fever in humans at a dose of 10 ng/kg 
(ref.4). Before the availability of recombinant IL-1α or 
IL-1β, the IL-1 family had a role in rheumatology. In 
1977, ‘mononuclear factor’, a supernatant from activated 
human monocytes similar to the supernatants contain-
ing leukocytic pyrogen or lymphocyte activating factor, 
induced the production of prostaglandin E2 (PGE2) by 

human synovial cells in vitro6. A few years later, another 
study showed that ‘lymphocyte activating factor’ could 
induce collagenase production by human synovial cells 
in vitro7. Another milestone study in the emerging role 
of IL-1 family cytokines in rheumatology came in 1980, 
and showed the ability of ‘catabolin’, a protein produced 
by synoviocytes, to break down cartilage8. Similar to 
leukocytic pyrogen, mononuclear factor, lymphocyte  
activating factor and catabolin were each later recognized 
to be either IL-1β or IL-1α.

In 1981, naturally occurring IL-1 inhibitory activity 
was first noted to occur in the circulation of humans 
during endotoxaemia9. A specific inhibitor of IL-1 acti
vity was subsequently isolated from human monocytes10 
and from the urine of children with juvenile arthritis11. 
In 1987, this IL-1 inhibitor was identified to be a recep-
tor antagonist for IL-1α and IL-1β12. This milestone 
observation catapulted the IL-1 family into clinical 
rheumatology research, and blocking the IL-1 receptor 
with a natural inhibitor paved the way for IL-1-blocking 
therapies. The cDNA for the IL-1 receptor antagonist 
(IL-1Ra), the third family member to be discovered, 
was reported in 1990 (ref.13), and soon after, a recom-
binant form was developed into the biologic therapy 
anakinra, which is now used to treat a broad spectrum 
of rheumatic diseases14 (Supplementary Table S1). 
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The fourth member of the IL-1 family to be discovered 
was initially named ‘IFNγ-​inducing factor’15, but being 
structurally related to IL-1β, this cytokine’s name was 
later changed to IL-18. IL-33, the fifth member of the 
IL-1 family, promotes T helper 2 (TH2) cell responses 
via its receptor, IL-1 receptor 4 (IL-1R4)16. The six other 
members of the IL-1 family (IL-36α, IL-36β, IL-36γ, 
IL-36 receptor antagonist (IL-36 Ra), IL-37 and IL-38) 
were identified by in-​silico research methods in the  
early 2000s17,18.

This Review provides an update on the prominent 
biological properties of each member of the IL-1 family, 
with an emphasis on their roles in rheumatic diseases, 
including what is known about the processing of the 
IL-1β precursor by the nucleotide-​binding oligomeri-
zation domain, leucine-​rich repeat and pyrin domain-​
containing (NLRP3) inflammasome and the release of 
IL-1β as an active cytokine in inflammatory diseases. 
Although less is known about IL-33, IL-37 and the IL-36 
subfamily in humans, animal data and data on expres-
sion in patients with rheumatic diseases are discussed. 
The Review concludes with a discussion of the current 
treatment options for reducing the activities of the IL-1 
family using approved drugs, drugs currently in clinical 
trials and the off-​label treatment of rheumatic diseases 
with IL-1-blocking therapies.

Biology of the IL-1 family
IL-1 family cytokines
The primary functional properties of IL-1 family mem-
bers are either pro-​inflammatory or anti-​inflammatory 
(Fig. 1). IL-1Ra and IL-36Ra are specific for their respec-
tive receptors and elicit specific anti-​inflammatory 
effects, whereas IL-37 and IL-38 have non-​specific, 
broad anti-​inflammatory effects on both innate and 
acquired immune responses19–21. IL-1 family members 
are categorized into three subfamilies on the basis of 
shared receptor or co-​receptor binding: IL-1α, IL-1β 
and IL-33 comprise the IL-1 subfamily and bind the  
co-​receptor IL-1R3; IL-18 and IL-37 form the IL-18 sub-
family and bind IL-1R5 (also known as IL-18Rα); and 
the IL-36 subfamily comprises IL-36α, IL-36β, IL-36γ, 
IL-36Ra and IL-38, which bind IL-1R6 (also known  
as IL-36R; Fig. 1). Members of each subfamily have pro-
peptides of similar length, which are cleaved to generate 
an optimal mature cytokine for receptor binding, the 
sole exception being IL-1Ra, which has a signal peptide 
and is readily secreted22,23.

Each member of the IL-1 family contains a conserved 
three amino acid consensus sequence, AXD, in which A 
is an aliphatic amino acid, X is any amino acid and D is 
aspartate24. Nine amino acids forward from the consen-
sus sequence is an N-​terminus cleavage site; cleavage at 
this site enables the optimal folding of the cytokine for 
receptor binding and activity24. For example, nine amino 
acids forward from the AXD of pro-​IL-1β is an alanine 
at position 117 that forms the site for caspase-1 cleav-
age25,26. Various proteases can generate the N terminus 
for other IL-1 family members. For example, different 
neutrophil-​derived serine proteases generate three dif-
ferent N termini for pro-​IL-33 (ref.27) and the enzyme 
cathepsin S cleaves pro-​IL-36γ nine amino acids forward 
from the AXD site at serine 18 (ref.28). How the cell dis-
poses of the accumulated propeptides is unclear, but 
digestion in autophagosomes is likely29.

IL-1 family receptors
The IL-1 family of receptors comprises receptor chains 
that specifically bind each cytokine and co-​receptor 
chains (Fig. 1). IL-1R3 is the co-​receptor for IL-1α, IL-1β, 
IL-33, IL-36α, IL-36β and IL-36γ, all of which have 
pro-​inflammatory functions. By contrast, IL-1R8 (also 
known as single Ig IL-1-related receptor (SIGIRR)) and 
IL-1R9 (also known as three immunoglobulin domain-​
containing IL-1 receptor-​related 2 (TIGIRR2)) are  
co-​receptors for IL-37 and IL-38, respectively, which 
have anti-​inflammatory functions. Interestingly, 
IL1RAPL2, which encodes IL-1R9, is located on the 
X chromosome, and mutations in IL1RAPL2 result 
in severe X-​linked intellectual disability30. Although 
IL-1R9 might be required for cognitive function31, a role 
for IL-1R9 in suppressing inflammation is also likely. 
IL-1R10 (also known as TIGIRR1) is an orphan receptor 
with a similar structure to IL-1R9, which suggests that 
this receptor might be a co-​receptor for a member of the 
IL-1 family, perhaps IL-33 (refs32,33).

A fundamental process in IL-1 family signalling  
is the formation of a heterotrimeric complex contain-
ing the ligand, receptor and co-​receptor34. For exam-
ple, IL-1β binds to its specific receptor (IL-1R1) and 
co-​receptor (IL-1R3), and this trimeric complex trig-
gers a pro-​inflammatory signal (Fig. 2a). Similarly, IL-18 
binds to its receptor (IL-1R5) and co-​receptor (IL-1R7) 
to deliver a pro-​inflammatory signal35,36. By contrast, 
IL-37 binds to its receptor (IL-1R5) but forms a com-
plex with the co-​receptor IL-1R8, thereby eliciting an 
anti-​inflammatory signal19,37,38. However, the anti-​
inflammatory properties of IL-37 were not evident when 
recombinant human IL-37 was administered to IL-1R8-
deficient mice challenged with a variety of inflammatory 
conditions39–41, suggesting that the co-​receptor imparts 
the biological function of the cytokine.

With the exception of red blood cells, most cells 
express IL-1R1 and the co-​receptor IL-1R3 (refs42,43). 
Upon binding to IL-1β (or IL-1α), a conformational 
change occurs in IL-1R1, which allows IL-1R3 to bind44, 
forming a heterotrimeric complex (Fig. 2a). IL-1R3 can 
also make contact with the cytokine itself within the 
complex34,44,45; the aspartate at position 145 in both IL-1β 
and IL-1α is critical for binding to IL-1R3, forming a 

Key points

•	The IL-1 family of cytokines contains 11 members that either promote inflammation 
or specifically or non-​specifically limit inflammation.

•	The main functions of the IL-1 family are innate immune reactions and inflammation, 
rather than acquired immunity.

•	IL-1β has emerged as an important cytokine in the pathogenesis of several rheumatic 
diseases, and can be targeted to treat these diseases and their associated 
co-​morbidities.

•	IL-18 and IL-1β are the main targets for treating macrophage activation syndrome,  
a dangerous condition that can occur in several rheumatic diseases.

•	The role of the six newer members of the IL-1 family (IL-36α, IL-36β, IL-36γ, IL-36 
receptor antagonist, IL-37 and IL-38) in rheumatic diseases is still being investigated.
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hydrogen bond with the serine at position 205 in IL-1R3 
(refs34,45). The formation of the heterotrimeric complex 
brings the intracellular domains of IL-1R1 and IL-1R3 
into close proximity, which enables the Toll/IL-1 recep-
tor (TIR) domains (Box 1) to recruit MYD88 and trig-
gers a subsequent cascade of kinases that results in the 
cell’s pro-​inflammatory state. By contrast, when IL-1Ra 
binds to IL-1R1, a different conformational change 
occurs. Upon binding of IL-1Ra to IL-1R1, a complex 
with IL-1R3 fails to form, no TIR domains approximate 
and there is no signal45 (Fig. 2b). IL-1Ra binds to IL-1R1 
with a higher affinity than either IL-1α or IL-1β, making 
IL-1Ra a highly effective receptor antagonist, although 
only a single mutation in IL-1Ra is required to convert 
this antagonist into an agonist46.

Similarly, IL-1R2, a decoy receptor that has no cyto-
plasmic domain47, functions to prevent IL-1 cytokine 
activity, particularly that of IL-1β. As an integral mem-
brane receptor, IL-1R2 binds IL-1β, undergoes a con-
formational change and forms a complex with IL-1R3; 
however, as IL-1R2 lacks a TIR domain, there is no sig-
nal (Fig. 2c). The extracellular domain of IL-1R2 can be 
released from the cell by proteolytic cleavage; this soluble 
form of IL-1R2 binds and neutralizes IL-1β in the extra-
cellular milieu. Moreover, the neutralization of IL-1β 
by soluble IL-1R2 is greatly enhanced when it forms 
a complex with soluble IL-1R3 (ref.48). Soluble IL-1R3 
can also form complexes with soluble IL-1R1, as well as 
with soluble IL-1R4 and with IL-1R6, neutralizing IL-1α, 
IL-33, IL-36α, IL-36β and IL-36γ49. Soluble IL-1R4, 

IL-1R3 IL-1R3 IL-1R3 IL-1R3IL-1R1 IL-1R1

Pro-inflammatory
signalling
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• IL-1Ra
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Pro-inflammatory
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IL-1β IL-1β

• IL-1Ra
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Fig. 1 | IL-1 cytokine subfamilies and receptors. The IL-1 family of cytokines can be divided into three subfamilies on  
the basis of shared receptor and co-​receptor binding: the IL-1 subfamily , the IL-18 subfamily and the IL-36 subfamily.  
a | The IL-1 subfamily consists of IL-1α, IL-1β and IL-33, which share the co-​receptor IL-1 receptor 3 (IL-1R3). Cytokines  
of the IL-1 subfamily promote pro-​inflammatory signalling pathways that induce the production of other cytokines and 
chemokines. By contrast, IL-1 receptor antagonist (IL-1Ra) specifically reduces the activities of IL-1α and IL-1β. The activity 
of IL-1β can also be reduced by binding to the decoy receptor IL-1R2, which produces no downstream signal, instead of to 
IL-1R1. Soluble versions of IL-1 family receptors also exist, such as soluble IL-1R2 (sIL-1R2) and sIL-​R3. sIL-1R2 specifically 
binds and neutralizes IL-1β; however, the affinity of sIL-1R2 for IL-1β increases several-​fold in the presence of sIL-1R3.  
b | The IL-18 subfamily consists of IL-18 and IL-37 , which share the receptor IL-1R5. IL-18 induces pro-​inflammatory 
signalling pathways. IL-18 is specifically antagonized by IL-18 binding protein (IL-18BP), which has an unusually high affinity 
for IL-18. Unlike IL-18, which binds to the co-​receptor IL-1R7 , IL-37 promotes anti-​inflammatory effects via the co-​receptor 
IL-1R8. c | The IL-36 subfamily consists of IL-36α, IL-36β, IL-36γ and IL-38, which share IL-1R6. IL-36 cytokines (shown in 
the figure as IL-36) promote pro-​inflammatory signalling pathways that are specifically antagonized by IL-36 receptor 
antagonist (IL-36Ra). Similar to IL-37 , IL-38 is anti-​inflammatory. *IL-37 and IL-38 have broad ranging anti-​inflammatory 
properties that include reducing the production of other IL-1 family members or indirectly inhibiting their activities.
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which specifically binds IL-33 (ref.50), is also present in 
the human circulation and potentially affects disease 
outcome in graft-​versus-host disease51. Although IL-18 
binding protein (IL-18BP), being a secreted protein, is 
not a soluble receptor, it functions as a soluble receptor 
and has a high affinity for IL-18; IL-18BP is discussed in 
further detail below.

IL-1 subfamily
IL-1α
Evolutionarily, IL-1α is the oldest member of the IL-1 
family and is thought to have functioned as a transcrip-
tion factor52,53 in early organisms before cell surface recep-
tors evolved. IL-1α is structurally related to fibroblast 
growth factor and is involved in similar repair processes 
in the skin54. Five characteristics of IL-1α distinguish this 
cytokine from IL-1β: pro-​IL-1α is constitutively present 
in mesenchymal cells throughout the body in healthy 
individuals55,56, whereas pro-​IL-1β is only constitutive in 
resident macrophages57; pro-​IL-1α is active58,59, whereas 
pro-​IL-1β requires processing via caspase-1 to become 
active25; IL-1α is functional as an integral membrane 
protein60,61, whereas IL-1β is not present at the cell mem-
brane62; IL-1α is active in the nucleus52,54,63, whereas IL-1β 
is not found in the nucleus; and IL-1α is rarely reported 
in the circulation in disease states, whereas IL-1β is 
found in the circulation in both health64,65 and disease66,67. 
Therefore, the role of IL-1α in disease is primarily local, 
not systemic. In fact, within the cell, pro-​IL-1α binds to 
IL-1R2, which might prevent the release of this cytokine68.

IL-1α in osteoarthritis. Worldwide, osteoarthritis (OA) 
is the most common reason for individuals to seek the 
advice of a physician for painful joints, particularly in 
the ageing population69. Several studies have shown that 
IL-1α, as well as IL-1β and other members of the IL-1 
family, are present in the synovial fluid and the synovial 
membranes of patients with OA70,71. However, results 
from mouse models of OA differ as to whether there 
is a causative role of IL-1α or IL-1β72. Pro-​IL-1α is con-
stitutively present in chondrocytes, which are embed-
ded in the cartilage, making it difficult for antibodies to 
access them. In cultured articular cartilage from pigs, 
mechanical stress (a contributing factor to OA) induces 
the production of IL-1α and the release of proteases73. 
For example, the binding of IL-1α to IL-1R1 initiates 
the activation of proteases and the degradation of carti-
lage73. Of the many proteases released by the application 
of mechanical stress to cartilage, a disintegrin and metal
loproteinase with thrombospondin 5 (ADAMTS5) is 
prominent and degrades the matrix glycoprotein aggre-
can74. In animal models of rheumatoid arthritis (RA), 
blocking various members of the IL-1 family reduces 
the loss of proteoglycans in cartilage75–77, and patients 
with RA treated with daily anakinra have reduced joint 
space narrowing78. To date, there have been no studies in 
patients with OA in which IL-1α is specifically targeted.

IL-1α in Kawasaki disease. Kawasaki disease is a form 
of vasculitis in which IL-1α is likely to be involved, as 
it is constitutively present in the endothelium. During 
any endothelial cell stress, such as in systemic lupus 
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Fig. 2 | IL-1 receptor signalling. a | IL-1 receptor 1  
(IL-1R1) and the co-​receptor IL-1R3 both exist as integral 
membrane proteins. Upon binding of IL-1β to IL-1R1, a 
conformational change in the receptor occurs such that 
IL-1β binds to the third immunoglobulin domain of the 
receptor. This conformational change in IL-1R1 enables  
the binding of IL-1R3 to create a heterotrimeric complex. 
The close proximity of the extracellular domains of  
IL-1R1 and IL-1R3 results in the bringing together of the 
intracellular Toll/IL-1 receptor (TIR) domains, which leads 
to the recruitment of MYD88 and the initiation of a pro-​
inflammatory signalling pathway. b | When IL-1 receptor 
antagonist (IL-1Ra) binds to IL-1R1, it undergoes a different 
conformational change to that which occurs upon binding 
IL-1β. This conformational change does not enable the 
recruitment of IL-1R3, and no signalling occurs. c | IL-1R2  
is an integral membrane protein that lacks an intracellular 
TIR domain, and therefore functions as a decoy receptor. 
IL-1β binds to IL-1R2 in a similar manner to IL-1R1 and 
recruits IL-1R3, but MYD88 cannot bind to the intracellular 
domain of IL-1R2 and no signalling can take place. A soluble 
form of IL-1R2 (sIL-1R2) can be formed by proteolytic 
cleavage of IL-1R2, and can bind IL-1β and neutralize this 
cytokine. sIL-1R2 can also form a complex with sIL-1R3, 
which increases its ability to neutralize IL-1β.
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erythematosus (SLE) or in Kawasaki disease, large 
apoptotic bodies containing active IL-1α are released79. 
Deficiency in IL-1α was also protective in a mouse 
model of Kawasaki disease80. Several case studies have 
revealed a substantial benefit of anakinra treatment, 
which blocks both IL-1α and IL-1β in patients with 
Kawasaki disease, particularly in those who are resist-
ant to intravenous IgG therapy81,82. A case series that 
included 11 children with Kawasaki disease described 
a rapid and marked clinical improvement, a reduc-
tion in coronary artery dilation and a fall in plasma 
C-​reactive protein (CRP) concentration following 
treatment with anakinra82. In another case study, the 
authors reported a reduction in coronary aneurysms 
following anakinra treatment83. An open label trial that 
uses increasing doses of anakinra to treat Kawasaki dis-
ease is currently being conducted84, although no studies 
have investigated specifically blocking IL-1α alone in  
Kawasaki disease.

IL-1α in other rheumatic diseases. Unlike IL-1β and 
IL-18, concentrations of circulating IL-1α can be below 
the detection limit and therefore correlations between 
concentrations of circulating IL-1α and disease can 
be variable. However, the availability of a neutralizing 
human anti-​IL-1α antibody (currently used to treat can-
cer and inflammatory skin conditions85–90) has enabled 
IL-1α to be studied in rheumatic diseases via selective 
blockade. IL-1α is present in keratinocytes, and anti-​
IL-1α has shown benefit in hidradenitis suppurativa90,91 
and pustular psoriasis86; however, whether blocking 
IL-1α in patients with psoriatic arthritis (PsA) would 
reduce joint disease remains unknown. IL-1α is also 
associated with fibrotic processes in systemic sclerosis 
(SSc)92,93, but to date there have to our knowledge been 
no clinical trials of anakinra or anti-​IL-1α in SSc.

A role for IL-1α in the pathogenesis of RA or gout 
has yet to be discovered; animal studies uncovered 
no important role for IL-1α in commonly used mod-
els of RA (such as collagen-​induced arthritis (CIA)) 
or gout94,95. However, naturally occurring anti-​IL-1α 
autoantibodies are present at higher titres in patients 
with polyarthritis than in patients with RA and are 
associated with less severe forms of arthritis96,97, sug-
gesting that these autoantibodies might have a protective 

function. By contrast, IL-1α might have a role in myo
sitis; encouraging results from IL-1 blockade studies in 
a mouse model of polymyositis98,99 led to a mechanistic 
study of anakinra in 15 patients with refractory myo
sitis, 7 of whom responded to treatment100,101. Similarly, 
increased concentrations of IL-1α are present in the 
circulation of patients with SLE102, and although to our 
knowledge no formal trial has been conducted to specifi-
cally block IL-1α in patients with SLE, a preliminary trial 
of anakinra in four patients with lupus arthritis reported 
some benefits103. Patients with SLE who presented with 
macrophage activation syndrome (MAS) also showed 
improvement following anakinra treatment104,105. 
A human anti-​IL-1α monoclonal antibody that is cur-
rently being studied in cancer87 and dermatological dis-
eases90 is likely to be studied in rheumatic diseases such 
as SLE and PsA in the future.

IL-1β
IL-1β is the most frequently studied member of the IL-1 
family, with properties that are relevant to several rheum
atic diseases106. The relevance of IL-1β for rheumatic  
diseases is attributable to the pathological infiltration of 
myeloid cells into joints. IL-1β is a product of myeloid-​
derived cells; expression of IL1B is low or absent in 
freshly obtained human blood monocytes but increases 
upon stimulation with Toll-​like receptor (TLR) ligands or 
with IL-1α or IL-1β107. A 2019 study108, in which synovial 
tissues from patients with arthritis, characterized as OA, 
leukocyte-​rich RA or leukocyte-​poor RA, were exam-
ined for fibroblasts, T cells, B cells and monocytes using 
single-​cell RNA sequencing, mass cytometry, bulk RNA 
sequencing and flow cytometry, found that in mono-
cytes, but not in T cells, IL-1β dominated, with high Z 
scores in all three types of arthritis108. Monocytes were  
enriched for pathways involved in TLR signalling, mye-
loid leukocyte activation, MYD88-dependent signalling, 
cytokine production and autophagosome assembly,  
each of which is known for involvement in IL-1β activ
ation. The results of this study108 support the efficacy of 
IL-1β blockade in RA, as well as a role for IL-1β in OA. 
The importance of IL-1β in rheumatic diseases (as well as 
in comorbidities such as type 2 diabetes mellitus, athero-
sclerosis and heart failure) was highlighted in the results 
of the Canakinumab Anti-​Inflammatory Thrombosis 
Outcome Study (CANTOS), a worldwide random
ized, placebo-controlled study in 10,061 individuals109.  
Canakinumab, a neutralizing human monoclonal anti-
body targeting IL-1β, was used to test the hypothesis 
that blocking IL-1β would reduce the possibility of a 
second cardiovascular event in patients who had sur-
vived a first heart attack or stroke. The 4-year study met 
its primary and secondary endpoints and validated dec-
ades of in vitro, animal, preclinical and clinical studies 
on IL-1β, particularly on its role in the pathogenesis of 
atherosclerosis110. The CANTOS trial109 also confirmed 
a role for IL-1β in the pathogenesis of gout111, OA112, 
type 2 diabetes mellitus113–115 and heart failure116,117. 
In addition, post-​hoc analysis showed a highly statisti-
cally significant reduction in the incidence of and sur-
vival from lung cancer118, although this result was not 
entirely unexpected119,120.

Box 1 | Similarities between IL-1R and TLR signalling

The 50 amino acid Toll/IL-1 receptor (TIR) domain that is present in each member of  
the IL-1 receptor (IL-1R) family is nearly identical to the TIR domains in each member  
of the Toll-​like receptor (TLR) family. The discovery that related the two families was 
made in 1991 by comparison of IL-1R1 with the Toll protein of Drosophila358, a finding 
that was reported many years before the identification of TLRs. Within 1 year of the 
discovery, the TIR domain of IL-1R1 was shown to be essential for IL-1 activities359.  
Thus, fundamental inflammatory responses such as the induction of cyclooxygenase 2 
and production of multiple cytokines and chemokines can be promoted by IL-1, as  
well as by TLR ligands. Although TLRs trigger inflammation in response to bacteria, 
microbial products, viruses, nucleic acids and damage-​associated molecular patterns, 
blockade of TLR4 for the treatment of septic shock failed to be effective in a large 
trial360. By contrast, blockade of IL-1R1 with anakinra is effective for the treatment  
of a broad spectrum of both rheumatic diseases and other diseases (Supplementary 
Table S1). The failure of antibodies that block TLRs in clinical trials might relate to 
preclinical data in the mouse.
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Synthesis, processing and release of IL-1β. The pro-
cessing of IL-1β from its inactive precursor and the 
secretion of the active cytokine is complex, and several 
mechanisms have been reported. The initial activation 
of monocytes or macrophages is often termed ‘signal 1’ 
and can be caused by TLR agonists, IL-1 itself (IL-1α 
or IL-1β), immune complexes, adjuvants or danger-​
associated molecular patterns. Regardless of the initiat-
ing stimulus, once the cell has been activated, pro-​IL-1β 
accumulates in the cytosol (Fig. 3a) and is then secreted by 
one of five different methods. Activation of the NLRP3 
inflammasome is often termed signal 2, and initiates the  
cleavage of pro-​IL-1β by caspase-1. Activation of  
the P2X7 receptor by ATP causes the potassium channel to  
open. As intracellular potassium concentrations fall, the 
NLRP3 inflammasome is activated and pro-​caspase-1 is 
converted into active caspase-1. Mature IL-1β can then 
be released from specialized secretory lysosomes as a 
result of a calcium influx121–124. Another mechanism by 
which IL-1β can exit the cell is via exosomes125. They 
contain NLRP3, pro-​IL-1β, caspase-1 and major histo-
compatibility complex (MHC) class II molecules, and 
rely on caspase-1 for the processing of IL-1β. In many 
ways, these exosomes are similar to secretory lyso-
somes, including the requirement for calcium influx. 
The unique aspect of these exosomes is the release of 
MHC class II molecules into the extracellular space 
along with IL-1β.

In the past few years, interest has focused on the role 
of the NLRP3-dependent gasdermin N channel in the 
secretion of IL-1β126–128 and on caspase-1-dependent  
inflammation as a result of macrophage cell death by 
pyroptosis. A 2018 study has also described release 
of IL-1β via the gasdermin N channel that is depend-
ent on caspase-8 (ref.129). Although several studies in 
mice, mouse cells and cell lines have suggested that 
caspase-1-dependent release of IL-1β via the gasder-
min N channel results in cell death by pyroptosis130–132, 
the release of IL-1β can also take place in human blood 
monocytes without cell death occurring124,127,133. The gas-
dermin N channel forms following caspase-1 cleavage 
of the gasdermin D precursor to produce gasdermin N, 
which polymerizes to form a channel through which 
mature IL-1β exits the cell. In this model, caspase-1 
serves two functions: processing of pro-​IL-1β into 
IL-1β and processing of the gasdermin D precursor 
to gasdermin N. Depending on the activation state of 
the monocyte, mature IL-1β can be shed from the cell 
in plasma membrane microvesicles124 (as occurs in the 
absence of reactive oxygen species (ROS)), or IL-1β can 
exit the cell via the gasdermin D channel124 (as occurs in 
the presence of ROS).

Under conditions of stress, such as hypoxia, the 
plasma membrane can lose integrity and pro-​IL-1β can 
be released into the extracellular compartment along 
with lactate dehydrogenase (LDH), which is an indica-
tor of loss of membrane integrity, and other intracellular 
components (Fig. 3b). Once outside the cell, extracellular 
proteases cleave pro-​IL-1β near to the caspase-1 cleav-
age site, generating mature IL-1β134,135. This mechanism 
is independent of caspase-1 and was particularly rel-
evant in the joints of mice with gouty arthritis, where 

neutrophil proteases predominate94, and might be rel
evant in human gout. Neutrophil elastase and protease 3  
cleave pro-​IL-1β at sites within a few amino acids of 
the caspase-1 cleavage site, and α1-antitrypsin, which 
inhibits neutrophil elastase and protease 3, markedly 
reduced the extracellular processing of pro-​IL-1β in 
these mice94.

IL-1β in hereditary autoinflammatory diseases. 
Autoinflammatory diseases are monogenic syndromes, 
but, unlike autoimmune diseases such as RA, there is 
only a small, if any, role for dysfunctional autoreactive  
T cells or autoantibodies in the pathogenesis of auto
inflammatory diseases136. Instead, dysfunctional macro
phages account for the inflammation that occurs in these 
diseases137 owing to a loss of control in the processing and 
release of active IL-1β (refs124,138,139). Autoinflammatory 
diseases caused by mutations in NLRP3 are collec-
tively termed cryopyrin-​associated periodic syndromes 
(CAPS). The NLRP3 inflammasome is the dominant 
route for the processing and secretion of IL-1β (Fig. 3a), 
and mutations in NLRP3 in patients with CAPS are gain-​
of-function, meaning that these individuals have chronic, 
systemic and local inflammation due to active IL-1β140. 
The symptoms of CAPS are highly responsive to specific 
IL-1β neutralization66,67 or IL-1R1 blockade with ana
kinra (Supplementary Table S1). Familial Mediterranean 
fever (FMF) is another IL-1β-​mediated, monogenic 
autoinflammatory disease, but in FMF the mutation is 
present in MEFV, which encodes pyrin141,142. Mutations 
in pyrin result in a loss of control of NLRP3, a mecha-
nism distinct from the mechanism in CAPS. Although 
these are rare disorders, the clinical spectrum of disease 
and haematological and metabolic abnormalities that 
occur are common to most acute and chronic inflam-
matory conditions. However, concentrations of circu-
lating IL-1β are low in autoinflammatory diseases and 
do not make a reliable biomarker. Instead, the release 
of IL-1β (but not TNF) from monocytes from patients 
with autoinflammatory diseases is consistently high 
in vitro143–146.

IL-1β in gout. Gout is a uniquely IL-1β-​mediated dis-
ease. An acute flare of gout begins with the engulf-
ment of monosodium urate (MSU) crystals by synovial 
macrophages, which produce IL-1β. The MSU crys-
tals themselves are only weak inducers of IL-1β147 and 
two signals are required to produce a strong response. 
Although TLR4 can provide such a signal147, a role for 
TLR4 in the pathogenesis of gout is clinically unlikely; 
rather, fatty acids signalling via TLR2 can provide the 
signal in gout for the synthesis of pro-​IL-1β (ref.95), 
which might account for the association between gout 
flares and dietary factors. Once the fatty acids via TLR2 
signal IL-1β gene expression and pro-​IL-1β synthesis, 
MSU crystals are engulfed by synovial macrophages, 
NLRP3 is activated and caspase-1 cleaves pro-​IL-1β 
to release mature IL-1β into the synovial space; pain 
is caused by IL-1β-​mediated induction of PGE2 via 
increased cyclooxygenase 2 (COX2)148.

Gout is responsive to anakinra149,150, rilonacept 
(a soluble IL-1 receptor that neutralizes IL-1α and 
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IL-1β (ref.151) and canakinumab111. The results of a non-​
inferiority trial of anakinra or standard-​of-care therapy 
(prednisone, naproxen or colchicine) for acute flares of 
gout was published in 2019 (ref.152). In this study, sim-
ilar reductions in pain scores were found for patients 
receiving anakinra and those receiving standard-​of-care 
therapy152. However, standard-​of-care therapy for gout 
has known drawbacks for patients with gout who also 
have type 2 diabetes mellitus (as corticosteroids increase 
blood glucose) or poor renal function (as NSAIDs 
worsen kidney function), whereas anakinra is safe 
for patients with these comorbidities. In the CANTOS 
trial population109, patients who received canakinumab 
had fewer gout flares than those who received pla-
cebo. An alternative approach to targeting IL-1β is via 
direct inhibition of the NLRP3 inflammasome. This 
approach has been validated in patients with acute 
gout flares in early-​phase clinical trials of dapansutrile, 
an orally active specific inhibitor of NLRP3 (ref.153). 
Patients receiving dapansutrile had dose-​dependently 
reduced pain and reduced concentrations of circulat-
ing IL-1β, IL-6 and CRP after 3 days of treatment154,155. 
The future of targeting IL-1β could rest with the conti
nued development and assessment of such oral NLRP3 
inflammasome inhibitors.

The fact that gout is a systemic disease is often over-
looked; gouty arthritis is only the tip of the iceberg when 
it comes to systemic complications of hyperuricaemia. 
Individuals with hyperuricaemia have chronic inflam-
mation, and many studies have linked hyperuricaemia 
to increased morbidity and mortality owing to hyperten-
sion, atherosclerosis, chronic kidney disease and type 2  
diabetes mellitus156–158. Mechanistically, high concen-
trations of serum uric acid suppress the production 
of endogenous IL-1Ra159,160. As a result of low concen-
trations of circulating IL-1Ra, concentrations of IL-1β 

increase; monocytes from individuals with hyperuricae-
mia release more IL-1β than monocytes from individu-
als without hyperuricaemia159,160. Compared with cells 
primed with vehicle only, transcriptomic analysis of 
urate-​primed monocytes revealed increased mechanis-
tic target of rapamycin (mTOR) signalling and decreased 
autophagic activity160. Although persons with hyperuri-
caemia are at risk of recurrent gout flares, they are also 
at risk of cardiovascular diseases. The suppression of 
endogenous IL-1Ra probably contributes to both risks.

IL-1β in systemic-​onset juvenile idiopathic arthritis 
and adult-​onset Still’s disease. Systemic-​onset juvenile 
idiopathic arthritis (sJIA) and adult-​onset Still’s disease 
(AoSD) are often considered to be the same disease, and 
sJIA is sometimes called juvenile Still’s disease. In both 
AoSD and sJIA, IL-1β is either elevated in the circula-
tion or released from cultured monocytes ex vivo161,162. 
sJIA can be effectively treated by blocking IL-1R1 with 
anakinra161,163 or by neutralizing IL-1β with canaki-
numab164,165. Canakinumab is currently approved in 
the USA and in Europe for the treatment of sJIA (see 
Supplementary Table S2). An oral histone deacetylase 
inhibitor, givinostat, has also been trialled for sJIA166; 
in preclinical and early-​phase clinical studies, givinos-
tat reduced the secretion of IL-1β167,168. Givinostat is in 
European trials for X-​linked muscular dystrophy and 
graft-​versus-host disease.

The use of anakinra to treat refractory AoSD began 
16 years ago162,169,170, and canakinumab and rilonacept 
are also effective for treating AoSD171,172. Canakinumab 
is marketed in the UK and Hungary for AoSD (see 
Supplementary Table S2) and today, IL-1 inhibitors 
are the standard-​of-care therapy for this disease171–173. 
Blocking TNF is not effective for the treatment of AoSD, 
but anti-​IL-6 receptor antibodies have been used in 
patients who do not achieve good disease control with 
anakinra173. Many of the systemic manifestations of AoSD 
(Fig. 4), such as fever, neutrophilia and increased IL-6 and 
CRP, are rapidly reduced and the reduction sustained 
with daily doses of anakinra or monthly doses of canak-
inumab (Supplementary Table S1). Hyperferritinaemia 
is often present and is more specific to AoSD than 
increased CRP. A salmon-​coloured macular rash is also 
uniquely observed in AoSD. These two unique charac-
teristics of AoSD rapidly resolve upon IL-1β blockade; 
moreover, patients with AoSD can develop painful peri
carditis and myocarditis, which also respond to IL-1β 
blockade with anakinra173,174. Pulmonary hypertension 
has also been observed in patients with AoSD162, but it 
is unclear whether pulmonary hypertension responds 
to IL-1β blockade. Uveitis in these patients can be 
treated with anakinra; severe uveitis has been success-
fully treated with the anti-​IL-1β monoclonal antibody 
givokizumab175. MAS is also an important consideration 
for patients with sJIA or AoSD. Although blockade of 
IL-1R1 with anakinra is effective for treating MAS, the 
neutralization of IL-18 with IL-18BP might be the best 
treatment option for treating MAS, and has been used in 
a pilot trial in patients with AoSD176,177. Blocking IL-18 
with IL-18BP in AoSD is consistent with IL-18’s role as 
a pro-​inflammatory cytokine induced by IL-1β (Fig. 5).

Fig. 3 | Expression, synthesis, processing and release of IL-1β. a | Cell surface IL-1 
receptor (IL-1R) or Toll-​like receptors (TLRs) are activated by their respective ligands 
(known as signal 1). The Toll/IL-1 receptor (TIR) domains of these receptors recruit 
MYD88, which initiates a cascade of four phosphorylated kinases called IL-1R-​associated 
kinases (IRAKs), followed by the phosphorylation of IκB kinase β (IKKβ), IκB and nuclear 
factor kappa-​light-chain-​enhancer of activated B cells (NF-​κB), resulting in transcription 
of IL1B. IL1B mRNA is translated into pro-​IL-1β, which accumulates in the cytosol. 
A second signal is required for pro-​IL-1β to be transformed into active cytokine. 
Extracellular ATP binds to P2X7 receptor (P2X7R), which causes potassium to exit the  
cell through the potassium channel. As intracellular potassium concentrations fall,  
the nucleotide-​binding oligomerization domain, leucine-​rich repeat and pyrin domain-​
containing (NLRP3) inflammasome is activated and pro-​caspase-1 is cleaved into  
active caspase-1. Pro-​IL-1β can be cleaved by caspase-1 in the cytosol or in endosomal 
compartments, and can be released through several different routes. First, as intracellular 
calcium increases in the cell, secretory lysosomes can release mature, active IL-1β into 
the extracellular compartment, together with components of the inflammasome. 
Second, caspase-1 can cleave the N terminus of gasdermin D to yield subunits of 
gasdermin N, which form a pyroptotic pore. Mature IL-1β can then exit the cell through 
this pyroptotic pore. Third, mature IL-1β can be shed from the cell in plasma membrane 
microvesicles. Fourth, microvesicular body-​derived exosomes containing NLRP3, pro-​
IL-1β, caspase-1 and major histocompatibility complex (MHC) class II molecules can be 
exported from the cell in response to calcium influx. b | Under cellular stress conditions 
such as hypoxia, necrosis or misfolding of intracellular proteins, the plasma membrane 
can lose integrity , causing lactate dehydrogenase, pro-​IL-1β and other intracellular 
content to be released into the extracellular compartment. Extracellular proteases  
in the inflammatory milieu then cleave pro-​IL-1β near the caspase-1 site to generate 
mature IL-1β.
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As sJIA and AoSD are effectively controlled by IL-1-
blocking therapies, what then are the pathogenic mecha-
nisms that promote the production of IL-1β? At present, 
no specific mutations in NLRP3 have been discovered 
that would account for the increased production of 
IL-1β in these diseases. Several single-​nucleotide poly-
morphisms (SNPs) in genes encoding potassium chan-
nels161 are associated with AoSD, and a comprehensive 
study identified HLA-​DRB1*11 and variants of the MHC 
class II locus as risk factors for sJIA178. A SNP in the pro-
moter of MIF, which encodes macrophage migration 
inhibitory factor, has also been linked to AoSD179, as have 
rare coding variants in IL-1-related genes180. Monocytes 
from patients with sJIA release increased amounts of 
IL-1β161, and mechanistically, aryl hydrocarbon receptor 
is thought to be involved in the release of IL-1β in sJIA181. 
Overall, AoSD and sJIA seem to be IL-1β-​mediated dis-
eases, but the exact mechanisms involved require further 
study to be fully elucidated.

IL-1β in osteoarthritis. Despite mixed results in data 
from mice and humans, more than any other cytokine, 
IL-1β has been linked to cartilage loss and to the patho-
genesis of destructive OA. For example, in chondrocytes 
from patients with OA undergoing knee replacement 
surgery, the production of nitric oxide (a sign of acti-
vation) was reduced by the addition of an NLRP3 inhi
bitor to the culture conditions to suppress the release 

of IL-1β182. Early in the disease process, myeloid cells 
infiltrating the synovial space function as a source of 
IL-1β183,184. As the disease progresses, there are fewer 
infiltrating myeloid cells and synovial lining cells become 
the most likely source of IL-1β185. In humans, the pres-
ence of IL-1β is firmly associated with OA. In a study 
of cytokine production in 82 individuals aged 90 years, 
after correcting for sex and BMI, those who produced 
the lowest amounts of IL-1β had the highest chance 
of being free of OA186. In another study that looked at 
cytokine production in peripheral blood mononuclear 
cells (PBMCs) from 436 women in the Framingham 
cohort, high amounts of IL-1β were associated with the 
presence of knee osteophytes and joint space narrow-
ing187. Several studies have provided evidence to sup-
port a primary role for IL-1β in OA pain. IL-1β induces 
COX2, which causes an increase in PGE2 (ref.188), thereby 
potentially lowering an individual’s pain threshold. The 
use of oral COX2 inhibitors to relieve OA pain is wide-
spread, and these drugs potentially target pain by reduc-
ing IL-1β-​induced production of PGE2. IL-1Ra is also 
found in the synovial fluid of patients with OA70,183,189,190; 
in a mouse model of OA, synovial IL-1Ra inhibited 
IL-1β-​induced COX2 production in synovial lining cells, 
as well as IL-1α-​mediated cartilage degradation191.

Lutikizumab (ABT-981), a novel antibody with the 
dual function of neutralizing both IL-1α and IL-1β, 
was tested in a randomized, placebo-​controlled trial 
of erosive hand OA192. The antibody was administered 
subcutaneously every 2 weeks but, after 16 weeks, no 
difference in pain or joint imaging scores was seen 
between the treatment group and the placebo group192. 
However, in a phase I study of knee OA, lutikizumab 
reduced the number of circulating neutrophils and the 
amount of CRP, as well as metalloproteinase-​derived col-
lagen breakdown products, which indicated a reduction 
in destructive joint inflammation193. Increasing doses of 
lutikizumab were subsequently tested in a randomized, 
placebo-​controlled trial of 350 patients with Kellgren–
Lawrence grade II–III knee OA194 in which pain was 
assessed using the Western Ontario and McMaster 
University (WOMAC) pain score. At week 16, a statis
tically significant reduction in pain was recorded in 
those patients treated with 100 mg lutikizumab com-
pared with those who received placebo; however, after  
week 16, differences in pain were no longer significantly 
different between those receiving lutikizumab and those 
receiving placebo. Overall, it seems that lutikizumab is 
not effective for the treatment of OA.

Two trials have tested the effects of intra-​articular 
administration of anakinra in patients with knee OA112,195. 
In the first trial112, a single dose of 150 mg of anakinra 
was used in 13 patients, and total pain and the WOMAC 
functional index scores were recorded for 3 months. 
Improvements in the total pain and WOMAC scores 
were reported up to month 3 (ref.112). In this trial, the 
half-​life of anakinra in the joint was ~4 h, which might 
explain the lack of long-​term benefits of intra-​articular 
anakinra. In the second trial, a randomized, placebo-​
controlled trial, 170 patients received a single dose of 
either 50 mg or 150 mg of anakinra intra-​articularly. 
After 4 weeks, there was no difference between placebo 
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Fig. 4 | Systemic manifestations of adult-​onset Still’s disease. Systemic manifestations 
of adult-​onset Still’s disease (AoSD) include uveitis, fever, pulmonary hypertension, 
pericarditis, splenomegaly , arthritis, rash, neutrophilia and an increase in acute phase 
proteins. The most characteristic sign of AoSD is a salmon pink rash, although this  
rash can also occur in systemic-​onset juvenile idiopathic arthritis (sJIA). Recurrent,  
daily fevers are also typical in AoSD, particularly during the early phases of the disease. 
Pericarditis is commonly observed, whereas myocarditis is less often present. Uveitis can 
also occur. Splenomegaly occurs in most individuals with AoSD owing to extramedullary 
haematopoietic expansion. Of the systemic manifestations of AoSD, neutrophilia is  
the most consistent. Compared with the systemic manifestations of sJIA , arthritis is the 
most variable manifestation of AoSD, and can range from affecting a few joints to 
affecting many joints severely. Idiopathic pulmonary hypertension is a rare but dangerous 
complication in AoSD.
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and anakinra in pain reduction195. The authors attri
buted the lack of response to the short duration (4 h) of 
anakinra in the joint. Delivery of IL-1Ra by various gene 
therapy vectors has also been trialled in humans with 
promising responses196. A monoclonal antibody targeting 
IL-1R1 (AMG 108) has also been tested in a randomized 
controlled study of 160 patients with knee OA197. The 
antibody was administered either subcutaneously or 
intravenously every 4 weeks and joint pain was assessed 

after 12 weeks using the WOMAC pain score. Patients 
with the highest amount of knee pain treated with AMG 
108 had a reduction in their median WOMAC pain score 
of –63 compared with a reduction of –37 in those treated 
with placebo197.

Data from the CANTOS trial109 also supports a role 
for IL-1β in OA. The CANTOS cohort included older 
individuals and those with high BMI, each of which is a 
risk factor for OA. Although not part of the design of the 
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Fig. 5 | IL-1 family members in macrophage activation syndrome. Viral infections and predisposing conditions stimulate 
the synthesis of pro-​IL-1β in macrophages, followed by caspase-1 cleavage, which results in the release of mature IL-1β. 
The released IL-1β can then stimulate the activation of caspase-1 and cleavage of pro-​IL-18, which can occur in the same 
or in a different macrophage. IL-18 is then released. IL-18 binds to the IL-18 receptor (IL-18R , consisting of IL-1 receptor 5 
(IL-1R5) and IL-1R7) on natural killer (NK) cells and T cells, which triggers the production and release of IFNγ. In the bone 
marrow , IFNγ suppresses haematopoiesis and activates bone marrow macrophages to perform haemophagocytosis, 
resulting in pancytopenia. An alternative mechanism for IL-18-mediated macrophage activation syndrome (MAS) is the 
release of IL-18 from mesenchymal cells such as endothelial cells. The exact mechanism by which pro-​IL-18 is processed 
and mature IL-18 is released from endothelial cells is unclear. IL-18 binds to IL-18R in the liver and induces hepatitis via an 
increase in Fas ligand, causing the liver to release ferritin. The fixed macrophage pool in the liver, known as Kupffer cells, 
is also a source of IL-18. MAS can be treated by blocking IL-18 directly with IL-18 binding protein (IL-18BP), or by targeting 
IL-1β with IL-1 receptor antagonist (IL-1Ra) or anti-​IL-1β monoclonal antibodies (mAb). Anti-​IFNγ antibodies might also 
be effective in reducing the symptoms of MAS.
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study, a substantial reduction in OA pain and improved 
joint function were reported by those treated with cana
kinumab compared with those who received placebo109. 
Patients who received 150 mg of canakinumab quar-
terly also had a low incidence of OA (1.12 per 100 per-
son years, compared with 1.67 per 100 person years for 
placebo; P < 0.001)109. However, although canakinumab 
treatment was effective at reducing OA pain, no data 
exist as to whether canakinumab treatment also reduced 
cartilage loss.

Systemic use of antibodies neutralizing IL-1β (cana
kinumab) or blocking IL-1R1 (AMG108) seems to 
reduce pain in some patients with OA, particularly those 
with high Kellgren–Lawrence scores, but the risks, costs 
and inconsistent findings of such parenteral therapies 
limit their widespread use. In particular, systemic anti-
body treatment seems unlikely to be a popular ther-
apy compared with orally active inhibitors that target 
IL-1β, such as NLRP3 inhibitors (reviewed in198). Oral 
inhibitors of NLRP3, such as dapansutrile153, which 
reduces joint inflammation in murine models199, have 
the potential to be effective treatments for OA; prelimi-
nary studies have reported reduced production of matrix 
metalloproteinases (MMPs) by chondrocytes following 
in vitro incubation with the NLRP3 inhibitor sulphora-
phane182,200. Oral therapy with small-​molecule NLRP3 
inflammasome inhibitors could some day be a rational 
option for reducing pain; however, further clinical stud-
ies are required, and whether long-​term use can prevent 
cartilage loss remains to be studied.

IL-33
IL-33, the third member of the IL-1 subfamily (Fig. 1a), 
was initially identified as the ligand for the then-​orphan 
receptor IL-1R4 (ref.16). IL-33 first forms a heterodimer 
with IL-1R4, then a heterotrimeric complex with IL-1R3 
(refs50,201,202). Signal transduction via IL-1R4 promotes 
TH2 cell responses and is the basis for the association 
of IL-33 with allergic diseases203,204, although IL-33 is 
also associated with TH1 cell responses205. Although 
pro-​IL-33 contains a classic caspase-1 cleavage site, 
caspase-1 actually inactivates this cytokine206. Instead, 
processing occurs extracellularly via enzymes such as 
neutrophil elastase and cathepsin, which cut pro-​IL-33 
into increasingly active mature forms27. The release and 
extracellular processing of pro-​IL-33 enables a rapid 
biological response that thus allows IL-33 to function 
as a pro-​inflammatory alarmin. Similar to IL-1α, pro-​
IL-33 translocates to the nucleus207, but its nuclear func-
tion remained unclear, until recently. In mice lacking 
the IL-33 nuclear localization sequence, IL-33 does not 
translocate to the nucleus and the mice develop lethal 
inflammation and large numbers of eosinophils in their 
organs208. Thus, nuclear sequestration of IL-33 might 
function to protect cells from inflammation. Overall, 
IL-33 seems to be involved in systemic responses to dis-
ease but also in local inflammation, such as occurs in 
mouse models of arthritis.

The fact that IL-33–IL-1R4 interactions trigger TH2 
cell responses means that some of the anti-​inflammatory 
effects attributed to IL-33 in animal models of inflam-
mation are potentially caused by TH2 cell-​related 

cytokines209. For example, in mice with CIA, treatment 
with recombinant IL-33 reduced joint inflammation, 
increased circulating concentrations of TH2 cell-​related 
cytokines, reduced IFNγ production and increased 
the number of eosinophils and type 2 innate lymphoid 
cells210. In another study, treatment with recombinant 
IL-33 also ameliorated CIA211. However, the results of 
studies in which mice are treated with recombinant IL-33 
are dependent on the doses selected; some studies use 
doses that are orders of magnitude above in vivo concen-
trations. Indeed, data obtained using mice deficient for 
IL-33 have cast doubt on the putative pro-​inflammatory 
role of recombinant IL-33 in CIA. IL-33 deficiency did 
not affect disease severity in mice with K/B×N serum 
transfer-​induced arthritis212, and in IL-33-deficient mice 
with CIA, TH1 cell and TH17 cell responses were not sup-
pressed and no differences were seen in disease severity 
between the IL-33-deficient mice and wild-​type mice213. 
A similar lack of differences between IL-33-deficient 
mice and wild-​type mice was also noted in a model 
of psoriasis213.

Although several studies support the concept that 
IL-33 is involved in RA, this evidence primarily comes 
from correlations between disease severity and the pres-
ence of IL-33 in the synovium, synovial fluid or circula-
tion214–217, and ex vivo culture experiments. For example, 
when cultured synovial fibroblasts from patients with RA 
are exposed to TNF, the gene expression and synthesis 
of IL-33 increase and feed back to augment the ability of 
TNF to induce the production of MMP1 and MMP3 by 
these cells218, which could contribute to cartilage loss in 
arthritic joints. IL-33-induced activation of mast cells is 
also relevant to the biology of RA. IL-33 stimulates the 
release of histamine, chemokines and anti-​inflammatory 
cytokines by synovial mast cells, which can inhibit mono-
cyte activation219. Although antibodies specific for IL-33 
and IL-1R4 are in clinical trials for allergic diseases such 
as asthma and contact dermatitis220,] patients with RA 
have not yet been treated with IL-33-blocking therapies. 
Therefore, it remains unclear whether circulating IL-33 
can be used as a biomarker for RA or whether IL-33 con-
tributes to pathological processes in RA. However, sol-
uble IL-1R4 and IL-33 have potential as biomarkers of  
cardiovascular disease activity in patients with RA214.

Overall, IL-33 might have a pro-​inflammatory role in 
rheumatic diseases, but could also be involved in an anti-​
inflammatory mechanism by skewing immune reactions 
towards TH2 cell-​mediated responses. IL-33-induced 
mast cell activation potentially contributes to RA, and 
antibodies in clinical trials for asthma and other allergic 
diseases could be used to verify the role of IL-33 in RA 
pathogenesis.

IL-18 subfamily
IL-18
Similar to IL-1β, IL-18 is first synthesized as an inac-
tive precursor without a signal peptide and remains an 
intracellular cytokine until it is processed by caspase-1 
and released; inhibition of the NLRP3 inflammasome 
reduces caspase-1-mediated processing of pro-​IL-18. 
However, similar to IL-1α, pro-​IL-18 is constitutively 
present in mesenchymal cells, such as endothelial 
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cells, in the epithelial cells of the entire gastrointesti-
nal tract, in keratinocytes and in the brain (reviewed 
elsewhere221,222). Also similar to pro-​IL-1α, pro-​IL-18 
is released during necrosis223. Although IL-18 was first 
identified for its IFNγ-​inducing properties15,224, it has 
several other properties and functions in local and sys-
temic inflammatory diseases such as MAS221,222. Also 
present in disease is IL-18BP (tadekinig alfa), a naturally 
occurring 20-kDa glycoprotein antagonist of IL-18 that 
was discovered in 1999 (ref.225). In healthy individuals, 
circulating concentrations of IL-18BP are 2–3 ng/ml 
(ref.226), which is a 10–20-fold molar excess over con-
centrations of circulating IL-18. IL-18BP binds and neu-
tralizes IL-18 with an unusually high affinity of 0.4 nM 
(ref.225) and a dissociation coefficient that might be as 
low as 0.05 nM (ref.227). The high affinity of IL-18BP 
for IL-18 means that most circulating IL-18 is bound 
to IL-18BP and is therefore inactive. Concentrations of 
free IL-18 can be calculated from total IL-18 concen-
trations226 or a specific enzyme-​linked immunosorbent 
assay (ELISA) for free IL-18 can be used227, and the 
amount of free IL-18 correlates with disease severity 
in sepsis226, SLE228, granulomatosis with polyangitis229, 
Crohn’s disease230, AoSD227 and MAS231. IL-18BP has 
been used to treat diseases such as NLRC4-associated 
hyperinflammation232 and AoSD176, and in an ever-​
expanding number of clinical trials, but is not presently 
approved for use in any rheumatic diseases.

IL-18 in macrophage activation syndrome. MAS, also 
known as secondary haemophagocytic lymphohistio-
cytosis, presents as a severe hyper-​inflammatory state 
with pancytopenia, liver dysfunction, increased ferri-
tin and coagulopathy233–237. The development of MAS 
is associated with infectious agents, such as Epstein–
Barr virus, cytomegalovirus, herpesvirus, intracellular 
bacteria and parasites, and with lymphomas, especially 
those of the T cell lineage (as reviewed elsewhere222). 
Patients with sJIA or AoSD are at high risk of develop-
ing MAS, which can be life-​threatening. MAS can also 
occur in SLE, Kawasaki disease and systemic vasculi-
tis234–237, and plasma concentrations of IL-18 in patients 
with MAS are 20–30-fold higher than in patients with 
RA227,231,238–240. The inciting event in MAS often takes 
place in an individual who is predisposed to increased  
cytokine production, for example, in a ‘trained immun
ity’ setting in which macrophages produce IL-1β. 
Mechanistic studies have implicated IFNγ as important 
in the thrombocytopenia and immunological abnormal-
ities that occur in this disorder222,231 (Fig. 5). For example, 
high amounts of free IL-18 cause T cells and NK cells 
to release IFNγ, which suppresses the bone marrow 
and manifests as pancytopenia241,242. Another event that 
probably occurs in MAS is the release of IL-18 from the 
gut and endothelium, and in the liver, IL-18 induces 
the production of Fas ligand, hepatic cell death and 
increased ferritin release223,244. In fact, high plasma con-
centrations of ferritin can be used to distinguish clinical 
MAS from a disease flare in patients with sJIA233,238,243–246.

Patients with a gain-​of-function mutation in NLRC4 
(ref.232) or deficiency in X-​linked inhibitor of apop-
tosis protein (XIAP)247 experience a life-​threatening 

hyper-​inflammatory state with high levels of free IL-18 
that is similar to MAS; treatment of these patients 
with IL-18BP provides resolution of the inflammatory 
state232,238,248–251. IL-18BP has also been used effectively 
to treat patients with refractory AoSD177,227. Treatment 
with anakinra is effective for patients with sJIA or AoSD 
who develop MAS252,253 and the mechanism includes 
a reduction in the processing of pro-​IL-18 into an 
active cytokine254 (Fig. 5). Importantly, MAS can mas-
querade as septic shock, and some patients enrolled in 
anakinra trials for the treatment of septic shock were 
retrospectively identified as having MAS255,256. In a  
re-​analysis of the data from one of these trials256, those 
patients identified as having MAS had an all-​cause 
28-day survival of 65% when treated with anakinra, 
compared with 35% in those treated with placebo 
(P = 0.007)257. Overall, although treatment with cana
kinumab or anakinra is effective for MAS, neutralization 
of IL-18 with IL-18BP could hasten the resolution of the  
hyper-​inflammatory state.

IL-18 in rheumatic diseases. Being constitutively pres-
ent in nearly all organs, IL-18 is likely to contribute to 
many diseases. Numerous studies have examined asso-
ciations between IL18 polymorphisms and RA risk, but 
a meta-​analysis revealed no consistent association258.  
In a study of 90 patients with RA, circulating concen-
trations of IL-18 were modestly elevated compared with 
those of healthy individuals and were greater in those 
with erosive disease than in those with non-​erosive 
disease259. Concentrations of IL-18 in the synovial fluid 
were also higher in patients with erosive disease than in 
those with non-​erosive disease259. Synovial tissue from 
patients with RA also had increased expression of IL18 
and IL1R5 compared with synovium from patients with 
OA260. In primary human synovial cell cultures, TNF and 
IL-1β induce IL-18 production260, and a similar induc-
tion of plasma IL-18 by exogenous IL-1β has been seen 
in mice254. A phase I trial of IL-18BP for RA was carried 
out, but the drug was discontinued for this indication by 
the manufacturer261. Overall, the evidence for a role for 
IL-18 in RA is not convincing.

By contrast, a role does exist for IL-18 in SLE. 
A 10-year follow-​up study in 96 patients with paediatric-​
onset SLE concluded that, more than any other cytokine, 
serum concentrations of IL-18 correlated with global 
disease activity, flares of renal disease and predicted 
long-​term outcome in these patients262. A study in adults 
also found an increase in circulating IL-18 in patients 
with active SLE that was associated with decreased renal 
function263. Concentrations of free IL-18 are elevated in 
patients with active SLE in comparison with healthy 
volunteers or patients with inactive disease228,264,265 and 
correlate positively with platelet count and concentra-
tion of anti-​double-stranded DNA antibodies and uri-
nary protein, but negatively with serum complement 
C3 (ref.266). Increased concentrations of IL-18 have also 
been found in patients with subacute cutaneous lupus 
erythematosus267. The results of these studies228,264,265 and 
the relationship between IL-18 and IFNγ, which is also 
important in SLE, suggest that a rationale exists to trial 
IL-18BP for patients with active SLE.
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IL-37
IL-37 has a unique role in the IL-1 family, as this 
cytokine broadly suppresses innate inflammation as well 
as acquired immune responses. Following its discovery 
in silico in 2000 (ref.17), the results of initial studies on 
IL-37 were confusing because this cytokine bound to 
IL-1R5, which is the receptor for IL-18 (Fig. 1b), and thus 
seemed to function as an antagonist for IL-18 (refs268,269). 
Subsequent studies revealed that IL-37 is not a direct 
antagonist for IL-18, but is instead a broad inhibitor of 
innate immune responses19,20,270. IL-37 binds to IL-1R5 
and a heterotrimeric complex is then thought to form 
with the co-​receptor IL-1R8, which orchestrates several 
intracellular mechanisms that inhibit innate immune 
responses38,271. In general, the anti-​inflammatory prop-
erties of IL-37 are not observed in the absence of IL-1R8; 
however, increased NK cell antitumour activity does 
occur in the absence of IL-1R8 (ref.272), suggesting that 
IL-37 and IL-1R8 are immune checkpoints.

IL-37 is a suppressor of innate immune responses270. 
Because IL-37 suppresses mTOR while at the same time 
increasing the phosphorylation of AMP kinase270, it can 
be considered an endogenous form of rapamycin. This 
decrease in mTOR and increase in AMP kinase activity by 
IL-37 represents a reversal of the Warburg effect (the use 
of glycolysis to generate ATP). Most inflammatory and 
immune processes take place at a metabolic cost to the 
host. Recombinant human IL-37 administered to mice 
blunts the metabolic cost of inflammation by increasing 
oxidative phosphorylation and reducing inflammatory 
succinate273. Similar changes take place in mononuclear 
cells such as macrophages and dendritic cells.

IL-37 also inhibits acquired immune responses by 
tolerizing dendritic cells274. In that study, maturation of 
dendritic cells was arrested in transgenic mice express-
ing human IL-37 and the dendritic cells produced high 
levels of IL-10, which contributes to tolerization. In 
addition to decreased mature dendritic cells, IL-37 also 
suppressed expression of MHC class II. The broad anti-​
inflammatory properties of IL-37 are consistent with a 
primary systemic role, although IL-37 can also function 
at a local tissue level, such as in adipose tissue275,276.

A role for IL-37 has been examined in mouse models 
of inflammatory arthritis. Recombinant human IL-37 
administered systemically to mice suppressed joint 
inflammation in a model of inflammation induced by 
intra-​articular injection of streptococcal cell wall frag-
ments39. However, no reduction in inflammation was seen 
in similarly treated mice deficient in IL-1R8 (ref.39). In this 
model, the 52% reduction in joint inflammation was asso-
ciated with a statistically significant reduction in synovial 
IL-1β, IL-6, TNF, CCL2 and myeloid peroxidase94.

Missense coding mutations in cytokines are rare 
compared with missense coding mutations in their 
receptors, intracellular proteins and kinases. There 
are several missense mutations in IL37 associated with 
disease risk. For example, the SNP rs3811047 (change 
from A to G in exon 2) results in a threonine to alanine 
change at position 42 in IL-37 (ref.277). In Han Chinese 
patients with RA, this SNP is associated with reduced 
joint disease scores and less pain compared with those 
without the mutation, suggesting that this SNP might be 

gain-​of-function for the anti-​inflammatory properties 
of IL-37 (refs277,278). According to data from the 1000 
Genomes Project, a major variant of IL37 that includes 
five non-​synonymous SNPs and has a penetrance of 
16% in Africa and 7% worldwide is likely to encode a 
dysfunctional protein279. Individuals with this variant 
might have decreased amounts of IL-37, which could 
contribute to more pronounced inflammation279.

Several studies have reported high concentrations 
of circulating IL-37 in patients with RA280–285, sJIA286,287 
or AoSD288 and an association between increased IL-37 
and T cell activation in patients with RA289,290. In PBMCs 
from patients with sJIA, recombinant IL-37 suppresses 
the production of IL-6, IL-17 and TNF286. Relevant  
to the function of IL-37, natural and recombinant IL-37  
form spontaneous homodimers that are routinely seen 
in western blots of stimulated human PBMCs270 and 
recombinant forms of IL-37 (refs269,291,292), respectively. 
These homodimers seem to function to reduce IL-37 anti-​
inflammatory activity, probably by preventing the binding 
of IL-37 to IL-1R5, and result in a bell-​shaped dose–
response curve291,293. Single amino acid changes in recom-
binant IL-37 prevent the formation of homodimers and 
improve the suppressive capacity of IL-37 in vitro291,292. 
Preventing IL-37 homodimer formation, therefore, rep-
resents a potential avenue to pursue to develop IL-37 
therapeutically291. Compared with IL-37 concentrations 
in healthy individuals, IL-37 is also increased in patients 
with ankylosing spondylitis293, psoriasis294 and SLE295. 
These and similar studies support the concept that as 
inflammation increases, IL-37 expression increases to 
function as an appropriate response to limit disease sever-
ity. By contrast, in Behçet disease296,297, calcific aortic valve 
disease41, asthma40,298, obesity with insulin resistance276, 
periodontal disease299, allergic rhinitis300, alcoholic liver 
disease301 and non-​small-cell lung cancer302, amounts of 
IL-37 mRNA and protein are lower than in tissues from 
healthy individuals, suggesting a relative deficiency. An 
important concept to emerge from such studies is that 
reduced amounts of endogenous IL-37 seem to contribute 
to the severity of inflammation in these diseases.

Overall, a clear role seems to exist for IL-37 in rheu-
matic diseases such as sJIA, AoSD and RA, in which 
polymorphisms are associated with disease severity. The 
suppression of inflammation in mouse models of several 
human diseases by recombinant human IL-37 suggests 
that IL-37 could be developed and tested as a treatment 
for rheumatic and non-​rheumatic diseases.

IL-36 subfamily
IL-36 cytokines
IL-36α, IL-36β, IL-36γ and IL-36Ra were each first 
reported as individual genes between 2000 and 2002 as 
a result of in-​silico studies17,18,303,304. IL-36 cytokines and 
IL-36Ra are mostly found in the skin, where they parti
cipate in epidermal cornification305 and to date, 11 mis-
sense mutations in IL36RN, which encodes IL-36Ra, have 
been discovered that are associated with an increased risk 
of pustular psoriasis306–308. IL-36Ra specifically binds 
to IL-1R6 and functions as a true receptor antagonist, 
thereby preventing IL-36 cytokine-​mediated signal-
ling (Fig. 1c). IL-36α, IL-36β and IL-36γ exist as inactive 

www.nature.com/nrrheum

R e v i e w s

624 | OCTOBER 2019 | volume 15	



precursors in epithelial cells that must be processed to 
produce biologically active cytokines; a similar process 
is required for fully active IL-36Ra24. This processing to 
produce active molecules is thought to require neutro-
phil elastase, as inhibition of neutrophil elastase prevents 
IL-36 activity309,310. In general, IL-36 cytokines function 
primarily in skin diseases and at present, no data exist 
to support a role for these cytokines in systemic disease.

IL-1R6 is constitutively expressed by dendritic cells 
and CD4+ T cells311, suggesting that IL-36 cytokines are 
potentially immunologically active. For example, IL-36α, 
IL-36β and IL-36γ are each able to induce IL-2, IL-1β, 
IL-12 and IL-17 production, and the expression of CD80, 
CD86 and MHC class II molecules on dendritic cells311. 
The function of IL-36 has been studied in mouse mod-
els of skin hypersensitivity, lung inflammation, inflam-
matory bowel disease, kidney disease, type I diabetes 
mellitus and RA (as reviewed elsewhere312–315), although 
studies in models of RA have been few316,317. In mice with 
CIA, expression of IL-36 cytokines and IL-36Ra was 
increased in joint tissue compared with mice without 
disease316. Expression of IL-36 cytokines and IL-36Ra 
was also high in synovium from patients with RA and 
correlated positively with IL-1β expression, but not with 
IL-17 expression316. In comparison with psoriasis, IL-36 
cytokines are probably not important in joint diseases; 
<30% of synovia from patients with RA were positive for 
IL-36 cytokines by PCR, ELISA and immunohistochem-
istry316. Nevertheless, the low ratio of IL-36 agonists to 
IL-36Ra316 favours an agonistic role for IL-36 cytokines 
in RA. High concentrations of IL-36α in the circulation 
and salivary glands have also been found in patients with 
primary Sjögren syndrome318.

Overall, most investigations into IL-36 cytokines 
have focused on the agonistic role of IL-36 in psoriasis 
and the available studies of IL-36 in RA in humans and 
in animal models do not support a substantial contribu-
tion of IL-36 cytokines in this disease. However, IL-36Ra 
could potentially be developed and studied in clinical 
trials for rheumatic diseases, particularly PsA319.

IL-38
IL-38 is the most recently added member of the IL-36 
subfamily (Fig. 1c). However, whereas the binding of 
IL-36 cytokines to IL-1R6 transmits a pro-​inflammatory 
signal, the binding of IL-38 to IL-1R6 results in the sup-
pression of inflammation21,320. For example, recombinant 
human IL-38 inhibits the production of IL-17 and IL-22 
by human PBMCs in vitro320. The anti-​inflammatory 
properties of IL-38 have been proposed to be caused by 
the recruitment of IL-1R9 following the binding of IL-38 
to IL-1R6, the formation of a trimeric signalling complex 
and the triggering of downstream anti-​inflammatory 
signalling pathways321. However, the formation of a tri-
meric structure among IL-1R6, IL-38 and IL-1R9 has 
not yet been demonstrated. As is the case with IL-37, 
IL-38 is emerging as an anti-​inflammatory member of 
the IL-1 family21. In a large GWAS study that included 
80,000 participants at high risk of a cardiovascular event, 
IL38 was associated with high CRP concentrations322. 
This newest member of the IL-1 family might function 
systemically, as elevated circulating levels of IL-38 are 

associated with various inflammatory diseases150,285,323–327. 
Interestingly, and uniquely in cytokine biology, IL-1R9, 
considered the co-​receptor for IL-38, is encoded on the 
X-​chromosome30,328, and so might have a role in the sex 
bias that occurs in several rheumatic diseases.

Although IL-38 is present in synovial tissues from 
patients with RA329, and correlates with the expression 
of macrophage colony-​stimulating factor, IL-1β and 
chemokines316, IL-38 seems to be a B cell product, as this 
cytokine is found in tonsils and proliferating B cells330,331. 
Concentrations of circulating IL-38 are increased in 
patients with RA and correlate with the expression of the 
other members of the IL-36 subfamily150. In antibody-​
induced arthritis, compared with wild-​type mice, those 
mice deficient in IL-38 had a high degree of joint inflam-
mation, which was associated with increased synovial 
expression of IL-1β and IL-6 (ref.329). In three different 
models of RA, adenovirus-​induced overexpression of 
IL-38 in the joints of mice reduced the severity of dis-
ease compared with joints injected with the control 
virus317. These decreases in disease severity correlated 
with decreased amounts of IL-17, IL-23 and IL-22 
(ref.317). Systemic treatment of mice with recombinant 
human IL-38 also reduced disease in mice with strep-
tococcal cell wall-​induced knee arthritis and reduced 
joint inflammation in mice following intra-​articular 
administration of MSU crystals332.

In addition to RA, concentrations of circulating 
IL-38 are also increased in patients with SLE compared 
with healthy individuals327. In this study327, only 16% 
of 372 serum samples had measurable IL-38 (range 
60–5,900 pg/ml) and of these, the concentrations of 
IL-38 in serum from patients with SLE with active dis-
ease were 11-fold higher than in those with inactive 
disease. In these patients, high IL-38 concentrations 
correlated with an increased risk of renal disease and 
of active disease327. Furthermore, in PBMCs transfected 
with siRNA that targets IL-38, the production of pro-​
inflammatory cytokines increased 28-fold over cells 
transfected with control siRNA327. A similar increase in 
the production of pro-​inflammatory cytokines occurred 
when PBMCs were transfected with IL-37-targeting 
siRNA270. In lupus-​prone MRL/lpr mice, treatment 
with recombinant human IL-38 reduced several disease 
manifestations, including proteinuria and skin lesions, 
and also reduced circulating IL-17 and IL-22 (ref.333).

IL-38 is now established as an anti-​inflammatory 
cytokine with properties similar to those of IL-37. Like 
IL-37, IL-38 suppresses T cell activation and therefore 
might function not only in RA, but also in plaque psori-
asis323. A therapeutic role for recombinant IL-38 is likely 
to be considered in the future. Because the co-​receptor 
for IL-38 is on the X chromosome, IL-38-based therapies 
might be particularly suited to women with autoimmune 
diseases such as SLE, RA or psoriasis323.

Targeting IL-1 family members
IL-1α and IL-1β
As shown in Table 1, there are three approved biologic 
drugs that reduce the activity of IL-1α and/or IL-1β, 
anakinra, rilonacept and canakinumab, and several that 
are in clinical trials. Anakinra, the recombinant form of 

NATuRE REvIEWS | RhEumaToLogy

R e v i e w s

	  volume 15 | OCTOBER 2019 | 625



IL-1Ra, blocks both IL-1α and IL-1β and is approved for 
the treatment of CAPS in the EU, the USA and several 
other countries (see Supplementary Table S2). In the  
USA, anakinra is mostly used for off-​label indications, 
particularly to treat acute flares of gout. In France, there 
is also off-label use of anakinra for gout, and also for 
FMF and hyper IgD syndrome334. In Italy, a study in  
475 adults and children revealed off-​label anakinra 
use in 80% of the studied cohort for the treatment of 
37 different indications335. Off-​label use occurred more 
frequently with anakinra than with canakinumab 
(P < 0.001)335. In patients with gout and type 2 diabetes, 
off-​label use of anakinra resolved the gout as well as the 
diabetes336. In RA, comorbidities such as heart failure 
reduce the quality of life for patients; anakinra was used 
to treat both conditions337. In an observational study 
of patients with RA and type 2 diabetes mellitus, both 
the arthritis and haemoglobin A1C, a measure of the 
average blood glucose levels during a 3-month interval, 
were reduced by anakinra338. Daily anakinra use was also 
compared with standard-​of-care treatment using TNF 
inhibitors in a multicentre, randomized, prospectively 
controlled trial in patients with both RA and type 2 dia-
betes339. After 3 and 6 months of treatment, haemoglobin 
A1C was significantly reduced in patients treated with 
anakinra but not in patients treated with TNF inhibi-
tors (P < 0.001), although reductions in arthritis scores 
were similar for both treatments339. These studies treat-
ing comorbidities are consistent with the broad anti-​
inflammatory mechanisms of blocking IL-1 in more 
than a single indication with a single intervention.

The second biologic drug, rilonacept, is an Fc fusion 
protein comprising the extracellular domains of IL-1R1 
and IL-1R3, which functions as a soluble receptor340. 
Rilonacept is currently approved for the treatment 
of CAPS in the USA (see Supplementary Table S2). 
The third biologic drug, canakinumab, an anti-​IL-1β 
monoclonal antibody, is used off-​label for autoin-
flammatory diseases such as FMF313–343 and Schnitzler 

syndrome334,344–346, as well as to treat RA347. Canakinumab 
is approved in Europe and the USA for use in several 
autoinflammatory diseases (such as TNF receptor-​
associated periodic syndrome, CAPS, FMF and hyper 
IgD syndrome; see Supplementary Table S2). Treating 
RA347 or other rheumatic diseases with canakinumab 
has the advantage of treating the primary disease as well 
as comorbidities. In the CANTOS trial, canakinumab 
administration four times a year for 4 years reduced 
fatal and non-​fatal myocardial infarctions, hospitaliza-
tions for urgent re-​vascularization, heart failure, gout, 
type 2 diabetes mellitus and cancer109,117,118,348, which are  
well-​known comorbidities in patients with RA.

Another monoclonal antibody targeting IL-1β is 
gevokizumab, which has been tested for use in the treat-
ment of uveitis in patients with Behçet disease349 and for 
the treatment of type 2 diabetes114. In Behçet disease, 
parenteral gevokizumab resolved the uveitis rapidly and 
restored sight349. A human monoclonal antibody that tar-
gets IL-1R1, AMG108, has been tested in randomized, 
placebo-​controlled trials in OA197 and RA350. AMG108 
is unlikely to be developed further for OA because of 
limited efficacy, but the antibody could be developed 
for the same indications as anakinra, such as autoin-
flammatory diseases. The dual antibody lutikizumab 
is capable of binding two molecules of IL-1α and two 
molecules of IL-1β simultaneously351 and has been tested 
for hand OA192; however, as mentioned above, the trial 
did not meet its primary end point. One concludes that 
antibodies to IL-1α, IL-1β or IL-1R1 do not result in 
robust responses in OA. One explanation is because of 
limited access of antibodies to the joints and particularly 
chondrocytes. OA pain was significantly decreased in the 
CANTOS trial, demonstrating efficacy; however, the trial 
lasted 4 years, whereas trials for OA last less than 1 year. 
As discussed above, small molecules such as oral NLRP3 
inhibitors that target IL-1β are likely to be tested in OA.

The results of the CANTOS trial109 demonstrated 
that targeting IL-1β with canakinumab can reduce 

Table 1 | Treatments for rheumatic diseases that target IL-1 family members

Drug name Target Type of agent Indication(s) Refs

Approveda

Anakinra IL-1R1 (IL-1α and IL-1β) Recombinant human IL-1Ra CAPSa, RAa, AoSD, sJIA , gout 
and many other off-​label 
indications

Reviewed  
in14,361

Rilonacept IL-1β, IL-1α and IL-1Ra IL-1R1 fusion protein CAPSa, AoSD 362,363

Canakinumab IL-1β Anti-​IL-1β mAb AoSDa, CAPSa, FMFa, gouta, sJIAa 66,347,364

In clinical trials

Gevokizumab IL-1β Anti-​IL-1β mAb Behçet disease 349

MABp1 IL-1α Anti-​IL-1α mAb Hidradenitis suppurativa 90

AMG 108 IL-1R1 (IL-1α and IL-1β) Anti-​IL-1R1 mAb OA , RA 197,350

Lutikizumab IL-1α and IL-1β mAb with dual affinity for 
IL-1α and IL-1β

OA 192,193,351,365

Tadekinig alfa IL-18 Recombinant human IL-18BP AoSD 177,227

AoSD, adult-​onset Still’s disease; CAPS, cryopyrin-​associated periodic syndromes; FMF, familial Mediterranean fever ; IL-1R , IL-1 
receptor ; IL-1Ra, IL-1 receptor antagonist; IL-18BP, IL-18 binding protein; mAb, monoclonal antibody ; OA , osteoarthritis; RA , 
rheumatoid arthritis; sJIA , systemic-​onset juvenile idiopathic arthritis. aInformation about approvals for the listed indications is 
detailed in Supplementary Table S2.
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inflammation as well as cardiovascular events. Whether 
low-​dose methotrexate, which is used to treat RA and 
several other rheumatic diseases, could produce simi-
lar benefits was tested in a randomized, double-​blind, 
placebo-​controlled trial in 4,786 patients with a previous 
infarction or multi-​vessel disease and type 2 diabetes 
mellitus352. However, the trial was stopped after 2.3 years 
because there was no difference between those treated 
with methotrexate and the placebo arm. Methotrexate also 
failed to lower CRP, IL-6 and IL-1β352. One can conclude 
that methotrexate does not protect against atherosclerosis.

Other IL-1 family members
Presently, there are no approved treatments that specifi-
cally reduce the activity of IL-18. However, IL-18BP has 
a high affinity for IL-18 (ref.225), making it an excellent 
candidate for treating IL-18-mediated rheumatic dis-
eases. A phase I study353 in which IL-18BP was adminis-
tered to a small number of patients with RA or psoriasis 
has been performed, but the data have not been pub-
lished and no further studies have been carried out for 
these indications. Nevertheless, IL-18BP has emerged 
as a treatment for reducing the activities of IL-18 in 
AoSD177,227. IL-18BP is presently not approved but is  
in clinical trials for genetic forms of MAS354.

An anti-​IL-1R4 antibody, CNTO 7160, which blocks 
IL-33, is currently in clinical trials for the TH2 cell-​
mediated diseases asthma and atopic dermatitis355,356. 
However, reducing TH2 cell-​mediated responses with 
IL-33 blockade could worsen some rheumatic diseases 
owing to a shift away from the protective role of TH2 
towards TH1 cell-​mediated responses. For example, 
in a mouse model of RA, recombinant IL-33 reduced 
inflammation, which was associated with increased 
TH2 responses. Whether anti-​IL-33 will worsen RA 
remains unknown. Similarly, a blocking antibody to the 
co-​receptor IL-1R3 is being developed that will reduce 
the activity of IL-1α, IL-1β, IL-33, IL-36α, IL-36β and 
IL-36γ49. In murine models of gout, asthma and psori-
asis, blocking IL-1R3 has been effective compared with 
IL-1R1 blockade. One rationale for using anti-​IL-1R3 
in human autoimmune diseases is based on the specific 
blockade of IL-33 and IL-36 cytokines via the ligand 
binding receptor and the benefit of reduced inflam-
mation by blocking IL-1α and IL-1β at the same time. 
Preclinical studies with IL-36Ra have also been carried 
out with a focus on psoriasis24,357 and, if developed, 
IL-36Ra would probably be evaluated for that disease.

A different approach would be to promote anti-​
inflammatory responses in rheumatic diseases, which 
makes recombinant IL-37 an attractive therapeutic 
candidate. Although only preclinical studies in mice 
have been performed to date with recombinant IL-37 
(reviewed elsewhere19), the potential suppression of 
innate inflammation responses by IL-37 would make 
it a good candidate for use in RA, gout and for several 
comorbidities. Recombinant IL-38 would probably have 
similar targets to recombinant IL-37. The future of the 
IL-1 family members in treating diseases continues 
to expand from the early use of recombinant IL-1Ra 
(anakinra). Now there are validated trial data with spe-
cific neutralization of IL-1β, IL-1α, IL-33 and IL-18. 
IL-37 and IL-38 are the latest cytokines to be studied 
in preclinical models based on the new area of broadly 
suppressing innate inflammation. The use of IL-1R3 
blockade and reduction of the activities of six members 
of the IL-1 family with one antibody are also new.

Conclusions
The 11 members of the IL-1 family are present locally 
and/or systemically in individuals with rheumatic 
diseases and can contribute to pathogenesis in either 
a pro-​inflammatory or anti-​inflammatory manner. 
In particular, the roles of IL-1β, IL-1α and IL-18 have 
been validated in clinical trials of specific inhibitors in 
several diseases; for example, blocking IL-1β in auto-
inflammatory diseases, blocking IL-1α in hidradenitis 
suppurativa and blocking IL-18 in AoSD. Targeting 
IL-1β-​mediated and IL-18-mediated diseases by means 
of oral NLRP3 inhibitors is currently being studied, 
and could reduce the use of parenteral biologics such as 
anakinra, canakinumab and IL-18BP. The roles of other 
IL-1 family members, such as IL-33, IL-36α, IL-36β, 
IL-36γ, IL-37 and IL-38, in rheumatic diseases, and their 
potential usefulness as therapies or therapeutic targets, 
are still being investigated in preclinical studies. In the 
future, recombinant forms of the newer members of the 
IL-1 family should be developed for use in clinical tri-
als; for example, IL-36Ra should be developed to treat 
IL-36-mediated skin diseases, and recombinant forms 
of IL-37 or IL-38 could be developed to non-​specifically 
target innate inflammation. Overall, although much has 
been accomplished by studying the IL-1 family, more 
remains to be discovered.

Published online 12 September 2019

1.	 Dinarello, C. A., Goldin, N. P. & Wolff, S. M. 
Demonstration and characterization of two distinct 
human leukocytic pyrogens. J. Exp. Med. 139, 
1369–1381 (1974).

2.	 Dinarello, C. A., Renfer, L. & Wolff, S. M. Human 
leukocytic pyrogen: purification and development  
of a radioimmunoassay. Proc. Natl Acad. Sci. USA 74, 
4624–4627 (1977).

3.	 Auron, P. E. et al. Nucleotide sequence of human 
monocyte interleukin 1 precursor cDNA. Proc. Natl 
Acad. Sci. USA 81, 7907–7911 (1984).

4.	 Dinarello, C. A. Biological basis for interleukin-1  
in disease. Blood 87, 2095–2147 (1996).

5.	 Lomedico, P. T. et al. Cloning and expression of murine 
interleukin-1 cDNA in Escherichia coli. Nature 312, 
458–462 (1984).

6.	 Dayer, J. M., Robinson, D. R. & Krane, S. M. 
Prostaglandin production by rheumatoid synovial 

cells: stimulation by a factor from human mononuclear 
Cells. J. Exp. Med. 145, 1399–1404 (1977).

7.	 Mizel, S. B., Dayer, J. M., Krane, S. M. & 
Mergenhagen, S. E. Stimulation of rheumatoid 
synovial cell collagenase and prostaglandin production 
by partially purified lymphocyte-​activating factor 
(interleukin 1). Proc. Natl Acad. Sci. USA 78, 
2474–2477 (1981).

8.	 Saklatvala, J. & Dingle, J. T. Identification of catabolin, 
a protein from synovium which induces degradation  
of cartilage in organ culture. Biochem. Biophys. Res. 
Commun. 96, 1225–1231 (1980).

9.	 Dinarello, C. A., Rosenwasser, L. J. & Wolff, S. M. 
Demonstration of a circulating suppressor factor  
of thymocyte proliferation during endotoxin fever in 
humans. J. Immunol. 127, 2517–2519 (1981).

10.	 Arend, W. P., Joslin, F. G. & Massoni, R. J.  
Effects of immune complexes on production  

by human monocytes of interleukin 1 or an  
interleukin 1 inhibitor. J. Immunol. 134, 3868–3875  
(1985).

11.	 Prieur, A. M., Kaufmann, M. T., Griscelli, C. &  
Dayer, J. M. Specific interleukin-1 inhibitor in serum 
and urine of children with systemic juvenile chronic 
arthritis. Lancet 2, 1240–1242 (1987).

12.	 Seckinger, P., Lowenthal, J. W., Williamson, K.,  
Dayer, J. M. & MacDonald, H. R. A urine inhibitor  
of interleukin 1 activity that blocks ligand binding.  
J. Immunol. 139, 1546–1549 (1987).

13.	 Eisenberg, S. P. et al. Primary structure and functional 
expression from complementary DNA of a human 
interleukin-1 receptor antagonist. Nature 343, 
341–346 (1990).

14.	 Cavalli, G. & Dinarello, C. A. Anakinra therapy for  
non-​cancer inflammatory diseases. Front. Pharmacol. 
9, 1157 (2018).

NATuRE REvIEWS | RhEumaToLogy

R e v i e w s

	  volume 15 | OCTOBER 2019 | 627



15.	 Okamura, H. et al. Cloning of a new cytokine that 
induces interferon-​g. Nature 378, 88–91 (1995).

16.	 Schmitz, J. et al. IL-33, an interleukin-1-like cytokine 
that signals via the IL-1 receptor-​related protein ST2 
and induces T helper type 2-associated cytokines. 
Immunity 23, 479–490 (2005).

17.	 Kumar, S. et al. Identification and initial characterization 
of four novel members of the interleukin-1 family.  
J. Biol. Chem. 275, 10308–10314 (2000).

18.	 Nicklin, M. J. et al. A sequence-​based map of the nine 
genes of the human interleukin-1 cluster. Genomics 
79, 718–725 (2002).

19.	 Dinarello, C. A. et al. Suppression of innate 
inflammation and immunity by interleukin-37.  
Eur. J. Immunol. 46, 1067–1081 (2016).

20.	 Cavalli, G. & Dinarello, C. A. Suppression of 
inflammation and acquired immunity by IL-37. 
Immunol. Rev. 281, 179–190 (2018).

21.	 van de Veerdonk, F. L., de Graaf, D. M., Joosten, L. A. 
& Dinarello, C. A. Biology of IL-38 and its role in 
disease. Immunol. Rev. 281, 191–196 (2018).

22.	 Garlanda, C., Dinarello, C. A. & Mantovani, A.  
The interleukin-1 family: back to the future.  
Immunity 39, 1003–1018 (2013).

23.	 Dinarello, C. A. Overview of the IL-1 family in innate 
inflammation and acquired immunity. Immunol. Rev. 
281, 8–27 (2018).

24.	 Towne, J. E. et al. Interleukin-36 (IL-36) ligands require 
processing for full agonist (IL-36α, IL-36β, and IL-36γ) 
or antagonist (IL-36Ra) activity. J. Biol. Chem. 286, 
42594–42602 (2011).

25.	 Thornberry, N. A. et al. A novel heterodimeric cysteine 
protease is required for interleukin-1β processing  
in monocytes. Nature 356, 768–774 (1992).

26.	 Cerretti, D. P. et al. Molecular cloning of the 
interleukin-1 beta converting enzyme. Science 256, 
97–100 (1992).

27.	 Lefrancais, E. et al. IL-33 is processed into mature 
bioactive forms by neutrophil elastase and cathepsin 
G. Proc. Natl Acad. Sci. USA 109, 1673–1678 
(2012).

28.	 Ainscough, J. S. et al. Cathepsin S is the major 
activator of the psoriasis-​associated proinflammatory 
cytokine IL-36γ. Proc. Natl. Acad. Sci. USA 114, 
E2748–E2757 (2017).

29.	 Zhang, M., Kenny, S. J., Ge, L., Xu, K. & Schekman, R. 
Translocation of interleukin-1β into a vesicle 
intermediate in autophagy-​mediated secretion.  
eLife 4, e11205 (2015).

30.	 Carrie, A. et al. A new member of the IL-1 receptor 
family highly expressed in hippocampus and involved 
in X-​linked mental retardation. Nat. Genet. 23, 25–31 
(1999).

31.	 Pavlowsky, A. et al. Neuronal JNK pathway activation 
by IL-1 is mediated through IL1RAPL1, a protein 
required for development of cognitive functions. 
Commun. Integr. Biol. 3, 245–247 (2010).

32.	 Bulek, K. et al. The essential role of single Ig IL-1 
receptor-​related molecule/Toll IL-1R8 in regulation of 
Th2 immune response. J. Immunol. 182, 2601–2609 
(2009).

33.	 Riva, F. et al. TIR8/SIGIRR is an Interleukin-1  
receptor/Toll like receptor family member with 
regulatory functions in inflammation and immunity. 
Front. Immunol. 3, 322 (2012).

34.	 Gunther, S. et al. IL-1 family cytokines use distinct 
molecular mechanisms to signal through their shared 
co-​receptor. Immunity 47, 510–523 (2017).

35.	 Tsutsumi, N. et al. The structural basis for receptor 
recognition of human interleukin-18. Nat. Commun. 5, 
5340 (2014).

36.	 Kato, Z. et al. The structure and binding mode  
of interleukin-18. Nat. Struct. Biol. 10, 966–971 
(2003).

37.	 Li, S. et al. Extracellular forms of IL-37 inhibit innate 
inflammation in vitro and in vivo but require the IL-1 
family decoy receptor IL-1R8. Proc. Natl Acad. Sci. 
USA 112, 2497–2502 (2015).

38.	 Nold-​Petry, C. A. et al. IL-37 requires the receptors 
IL-18Rα and IL-1R8 (SIGIRR) to carry out its 
multifaceted anti-​inflammatory program upon innate 
signal transduction. Nat. Immunol. 16, 354–365 
(2015).

39.	 Cavalli, G. et al. Treating experimental arthritis with 
the innate immune inhibitor interleukin-37 reduces 
joint and systemic inflammation. Rheumatology 55, 
2220–2229 (2016).

40.	 Lunding, L. et al. IL-37 requires IL-18Rα and SIGIRR/
IL-1R8 to diminish allergic airway inflammation in 
mice. Allergy 79, 366–373 (2015).

41.	 Zeng, Q. et al. Interleukin-37 suppresses the 
osteogenic responses of human aortic valve interstitial 

cells in vitro and alleviates valve lesions in mice.  
Proc. Natl Acad. Sci. USA 114, 1631–1636  
(2017).

42.	 Boraschi, D., Italiani, P., Weil, S. & Martin, M. U.  
The family of the interleukin-1 receptors. Immunol. Rev. 
281, 197–232 (2018).

43.	 Greenfeder, S. A. et al. Molecular cloning and 
characterization of a second subunit of the interleukin-1 
receptor complex. J. Biol. Chem. 270, 13757–13765 
(1995).

44.	 Thomas, C., Bazan, J. F. & Garcia, K. C. Structure  
of the activating IL-1 receptor signaling complex.  
Nat. Struct. Mol. Biol. 19, 455–457 (2012).

45.	 Wang, D. et al. Structural insights into the assembly 
and activation of IL-1β with its receptors. Nat. Immunol. 
11, 905–911 (2010).

46.	 Greenfeder, S. A. et al. Insertion of a structural  
domain of interleukin (IL)-1β confers agonist activity  
to the IL-1 receptor antagonist. Implications for IL-1 
bioactivity. J. Biol. Chem. 270, 22460–22466 
(1995).

47.	 Colotta, F. et al. Interleukin-1 type II receptor: a decoy 
target for IL-1 that is regulated by IL-4. Science 261, 
472–475 (1993).

48.	 Smith, D. E. et al. The soluble form of IL-1 receptor 
accessory protein enhances the ability of soluble 
type II IL-1 receptor to inhibit IL-1 action. Immunity 
18, 87–96 (2003).

49.	 Hojen, J. F. et al. IL-1R3 blockade broadly attenuates 
the functions of six members of the IL-1 family, revealing 
their contribution to models of disease. Nat. Immunol. 
20, 1138–1149 (2019).

50.	 Liu, X. et al. Structural insights into the interaction  
of IL-33 with its receptors. Proc. Natl Acad. Sci. USA 
110, 14918–14923 (2013).

51.	 McDonald, G. B. et al. Predictive value of clinical 
findings and plasma biomarkers after fourteen days  
of prednisone treatment for acute graft-​versus-host 
disease. Biol. Blood Marrow Transpl. 23, 1257–1263 
(2017).

52.	 Werman, A. et al. The precursor form of IL-1α is an 
intracrine proinflammatory activator of transcription. 
Proc. Natl Acad. Sci. USA 101, 2434–2439 (2004).

53.	 Stevenson, F. T., Turck, J., Locksley, R. M. &  
Lovett, D. H. The N-​terminal propiece of interleukin 1α 
is a transforming nuclear oncoprotein. Proc. Natl Acad. 
Sci. USA 94, 508–513 (1997).

54.	 Cohen, I. et al. IL-1α is a DNA damage sensor linking 
genotoxic stress signaling to sterile inflammation  
and innate immunity. Sci. Rep. 5, 14756 (2015).

55.	 Rider, P., Carmi, Y., Voronov, E. & Apte, R. N. 
Interleukin-1α. Semin. Immunol. 25, 430–438 
(2013).

56.	 Di Paolo, N. C. & Shayakhmetov, D. M. Interleukin 1α 
and the inflammatory process. Nat. Immunol. 17, 
906–913 (2016).

57.	 Rider, P. et al. IL-1α and IL-1β recruit different  
myeloid cells and promote different stages of sterile 
inflammation. J. Immunol. 187, 4835–4843 (2011).

58.	 Rider, P., Voronov, E., Dinarello, C. A., Apte, R. N. & 
Cohen, I. Alarmins: feel the stress. J. Immunol. 198, 
1395–1402 (2017).

59.	 Kim, B. et al. The interleukin-1α precursor is biologically 
active and is likely a key alarmin in the IL-1 family of 
cytokines. Front. Immunol. 4, 391 (2013).

60.	 Kurt-​Jones, E. A., Beller, D. I., Mizel, S. B. &  
Unanue, E. R. Identification of a membrane-​associated 
interleukin-1 in macrophages. Proc. Natl Acad.  
Sci. USA 82, 1204–1208 (1985).

61.	 Kaplanski, G. et al. Interleukin-1 induces interleukin-8 
secretion from endothelial cells by a juxtacrine 
mechanism. Blood 84, 4242–4248 (1994).

62.	 Hacham, M., Argov, S., White, R. M., Segal, S. &  
Apte, R. N. Different patterns of interleukin-1alpha 
and interleukin-1beta expression in organs of normal 
young and old mice. Eur. Cytokine Netw. 13, 55–65 
(2002).

63.	 Cohen, I. et al. Differential release of chromatin-​
bound IL-1alpha discriminates between necrotic and 
apoptotic cell death by the ability to induce sterile 
inflammation. Proc. Natl Acad. Sci. USA 107, 
2574–2579 (2010).

64.	 Ter Horst, R. et al. Host and environmental factors 
influencing individual human cytokine responses.  
Cell 167, 1111–1124 (2016).

65.	 Tunjungputri, R. N. et al. The inter-​relationship  
of platelets with interleukin-1beta-​mediated 
inflammation in humans. Thromb. Haemost. 118, 
2112–2125 (2018).

66.	 Lachmann, H. J. et al. Use of canakinumab in the 
cryopyrin-​associated periodic syndrome. N. Engl. 
J. Med. 360, 2416–2425 (2009).

67.	 Lachmann, H. J. et al. In vivo regulation of interleukin 
1β in patients with cryopyrin-​associated periodic 
syndromes. J. Exp. Med. 206, 1029–1036 (2009).

68.	 Zheng, Y., Humphry, M., Maguire, J. J., Bennett, M. R. 
& Clarke, M. C. Intracellular interleukin-1 receptor 2 
binding prevents cleavage and activity of interleukin-
1α, controlling necrosis-​induced sterile inflammation. 
Immunity 38, 285–295 (2013).

69.	 de Dieuleveult, A. L., Siemonsma, P. C., van Erp, J. B. 
& Brouwer, A. M. Effects of aging in multisensory 
integration: a systematic review. Front. Aging Neurosci. 
9, 80 (2017).

70.	 Fernandes, J. C., Martel-​Pelletier, J. & Pelletier, J. P. 
The role of cytokines in osteoarthritis pathophysiology. 
Biorheology 39, 237–246 (2002).

71.	 Meulenbelt, I. et al. Association of the interleukin-1 
gene cluster with radiographic signs of osteoarthritis 
of the hip. Arthritis Rheum. 50, 1179–1186 (2004).

72.	 Nasi, S., Ea, H. K., So, A. & Busso, N. Revisiting  
the role of interleukin-1 pathway in osteoarthritis: 
interleukin-1α and -1β, and NLRP3 inflammasome  
are not involved in the pathological features of the 
murine menisectomy model of osteoarthritis. Front. 
Pharmacol. 8, 282 (2017).

73.	 Gruber, J. et al. Induction of interleukin-1 in articular 
cartilage by explantation and cutting. Arthritis Rheum. 
50, 2539–2546 (2004).

74.	 Ismail, H. M. et al. Interleukin-1 acts via the JNK-2 
signaling pathway to induce aggrecan degradation  
by human chondrocytes. Arthritis Rheumatol. 67, 
1826–1836 (2015).

75.	 Joosten, L. A. et al. Interleukin-18 promotes joint 
inflammation and induces interleukin-1-driven cartilage 
destruction. Am. J. Pathol. 165, 959–967 (2004).

76.	 Koenders, M. I. et al. Interleukin-1 drives pathogenic 
Th17 cells during spontaneous arthritis in interleukin-1 
receptor antagonist-​deficient mice. Arthritis Rheum. 
58, 3461–3470 (2008).

77.	 Zwerina, J. et al. TNF-​induced structural joint damage 
is mediated by IL-1. Proc. Natl Acad. Sci. USA 104, 
11742–11747 (2007).

78.	 Jiang, Y. et al. A multicenter, double-​blind, dose-​
ranging, randomized, placebo- controlled study of 
recombinant human interleukin-1 receptor antagonist 
in patients with rheumatoid arthritis: radiologic 
progression and correlation of Genant and Larsen 
scores. Arthritis Rheum. 43, 1001–1009 (2000).

79.	 Berda-​Haddad, Y. et al. Sterile inflammation of 
endothelial cell-​derived apoptotic bodies is mediated 
by interleukin-1α. Proc. Natl Acad. Sci. USA 108, 
20684–20689 (2011).

80.	 Wakita, D. et al. Role of interleukin-1 signaling  
in a mouse model of Kawasaki Disease-​associated 
abdominal aortic aneurysm. Arterioscler. Thromb. 
Vasc. Biol. 36, 886–897 (2016).

81.	 Campbell, A. J. & Burns, J. C. Adjunctive therapies  
for Kawasaki disease. J. Infect. 72(Suppl), S1–S5 
(2016).

82.	 Kone-​Paut, I. et al. The use of interleukin 1 receptor 
antagonist (anakinra) in Kawasaki disease: 
a retrospective cases series. Autoimmun. Rev. 17, 
768–774 (2018).

83.	 Guillaume, M. P., Reumaux, H. & Dubos, F. Usefulness 
and safety of anakinra in refractory Kawasaki disease 
complicated by coronary artery aneurysm. Cardiol. 
Young 28, 739–742 (2018).

84.	 Tremoulet, A. H. et al. Rationale and study design for a 
phase I/IIa trial of anakinra in children with Kawasaki 
disease and early coronary artery abnormalities  
(the ANAKID trial). Contemp. Clin. Trials 48, 70–75 
(2016).

85.	 Carrasco, D., Stecher, M., Lefebvre, G. C., Logan, A. C. 
& Moy, R. An open label, phase 2 study of MABp1 
monotherapy for the treatment of acne vulgaris  
and psychiatric comorbidity. J. Drugs Dermatol. 14, 
560–564 (2015).

86.	 Coleman, K. M., Gudjonsson, J. E. & Stecher, M. 
Open-​label trial of MABp1, a true human monoclonal 
antibody targeting interleukin 1α, for the treatment  
of psoriasis. JAMA Dermatol. 151, 555–556 (2015).

87.	 Hickish, T. et al. MABp1 as a novel antibody treatment 
for advanced colorectal cancer: a randomised,  
double-​blind, placebo-​controlled, phase 3 study. 
Lancet Oncol. 18, 192–201 (2017).

88.	 Hong, D. S. et al. MABp1, a first-​in-class true human 
antibody targeting interleukin-1α in refractory cancers: 
an open-​label, phase 1 dose-​escalation and expansion 
study. Lancet Oncol. 15, 656–666 (2014).

89.	 Hong, D. S. et al. Xilonix, a novel true human antibody 
targeting the inflammatory cytokine interleukin-1 
alpha, in non-​small cell lung cancer. Invest. New Drugs 
33, 621–631 (2015).

www.nature.com/nrrheum

R e v i e w s

628 | OCTOBER 2019 | volume 15	



90.	 Kanni, T. et al. MABp1 targeting IL-1alpha for 
moderate to severe hidradenitis suppurativa not 
eligible for adalimumab: a randomized study.  
J. Invest. Dermatol. 138, 795–801 (2018).

91.	 Tzanetakou, V. et al. Safety and efficacy of anakinra in 
severe hidradenitis suppurativa: a randomized clinical 
trial. JAMA Dermatol. 152, 52–59 (2016).

92.	 Kawaguchi, Y., Hara, M. & Wright, T. M. Endogenous 
IL-1α from systemic sclerosis fibroblasts induces IL-6 
and PDGF-​A. J. Clin. Invest. 103, 1253–1260 (1999).

93.	 Zhang, L. et al. Association of interleukin 1 family  
with systemic sclerosis. Inflammation 37, 1213–1220 
(2014).

94.	 Joosten, L. A. et al. Alpha-1-anti-​trypsin-Fc fusion 
protein ameliorates gouty arthritis by reducing  
release and extracellular processing of IL-1β and by 
the induction of endogenous IL-1Ra. Ann. Rheum. Dis. 
75, 1219–1227 (2016).

95.	 Joosten, L. A. et al. Engagement of fatty acids with 
Toll-​like receptor 2 drives interleukin-1β production  
via the ASC/caspase 1 pathway in monosodium urate 
monohydrate crystal-​induced gouty arthritis. Arthritis 
Rheum. 62, 3237–3248 (2010).

96.	 Jouvenne, P., Fossiez, F., Banchereau, J. & Miossec, P. 
High levels of neutralizing autoantibodies against IL-1 
alpha are associated with a better prognosis in chronic 
polyarthritis: a follow-​up study. Scand. J. Immunol. 46, 
413–418 (1997).

97.	 Vincent, T., Plawecki, M., Goulabchand, R., Guilpain, P. 
& Eliaou, J. F. Emerging clinical phenotypes associated 
with anti-​cytokine autoantibodies. Autoimmun. Rev. 
14, 528–535 (2015).

98.	 Sugihara, T. et al. A new murine model to define  
the critical pathologic and therapeutic mediators  
of polymyositis. Arthritis Rheum. 56, 1304–1314 
(2007).

99.	 Sugihara, T., Okiyama, N., Watanabe, N., Miyasaka, N. 
& Kohsaka, H. IL-1 and tumor necrosis factor α 
blockade for treatment of experimental polymyositis. 
Arthritis Rheum. 64, 2655–2662 (2012).

100.	Botsios, C., Sfriso, P., Furlan, A., Punzi, L. &  
Dinarello, C. A. Resistant Behcet disease responsive to 
anakinra. Ann. Intern. Med. 149, 284–286 (2008).

101.	Zong, M. et al. Anakinra treatment in patients with 
refractory inflammatory myopathies and possible 
predictive response biomarkers: a mechanistic study 
with 12 months follow-​up. Ann. Rheum. Dis. 73, 
913–920 (2014).

102.	Munroe, M. E. et al. Pathways of impending  
disease flare in African-​American systemic lupus 
erythematosus patients. J. Autoimmun. 78, 70–78 
(2017).

103.	Ostendorf, B. et al. Preliminary results of safety  
and efficacy of the interleukin 1 receptor antagonist 
anakinra in patients with severe lupus arthritis.  
Ann. Rheum Dis. 64, 630–633 (2005).

104.	Tayer-​Shifman, O. E. & Ben-​Chetrit, E. Refractory 
macrophage activation syndrome in a patient with  
SLE and APLA syndrome – successful use of PET-​CT 
and Anakinra in its diagnosis and treatment.  
Mod. Rheumatol. 25, 954–957 (2015).

105.	Egues Dubuc, C. A. et al. Hemophagocytic syndrome 
as the initial manifestation of systemic lupus 
erythematosus. Reumatol. Clin. 10, 321–324 (2014).

106.	Dinarello, C. A., Simon, A. & Van Der Meer, J. W. 
Treating inflammation by blocking interleukin-1 in a 
broad spectrum of diseases. Nat. Rev. Drug. Discov. 
11, 633–652 (2012).

107.	Dinarello, C. A. et al. Interleukin 1 induces interleukin 
1. I. Induction of circulating interleukin 1 in rabbits 
in vivo and in human mononuclear cells in vitro.  
J. Immunol. 139, 1902–1910 (1987).

108.	Zhang, F. et al. Defining inflammatory cell states  
in rheumatoid arthritis joint synovial tissues by 
integrating single-​cell transcriptomics and mass 
cytometry. Nat. Immunol. 20, 928–942 (2019).

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

110.	 Libby, P. Interleukin-1 beta as a target for 
atherosclerosis therapy: biological basis of CANTOS 
and beyond. J. Am. Coll. Cardiol. 70, 2278–2289 
(2017).

111.	 Schlesinger, N. et al. Canakinumab for acute gouty 
arthritis in patients with limited treatment options: 
results from two randomised, multicentre, active-​
controlled, double-​blind trials and their initial 
extensions. Ann. Rheum. Dis. 71, 1839–1848 (2012).

112.	Chevalier, X. et al. Safety study of intraarticular 
injection of interleukin 1 receptor antagonist in 
patients with painful knee osteoarthritis: a multicenter 
study. J. Rheumatol. 32, 1317–1323 (2005).

113.	Larsen, C. M. et al. Interleukin-1-receptor antagonist 
in type 2 diabetes mellitus. N. Engl. J. Med. 356, 
1517–1526 (2007).

114.	Cavelti-​Weder, C. et al. Effects of gevokizumab on 
glycemia and inflammatory markers in type 2 
diabetes. Diabetes Care 35, 1654–1662 (2012).

115.	Everett, B. M. et al. Anti-​inflammatory therapy with 
canakinumab for the prevention and management  
of diabetes. J. Am. Coll. Cardiol. 71, 2392–2401 
(2018).

116.	Van Tassell, B. W. et al. Interleukin-1 blockade in 
recently decompensated systolic heart failure: Results 
from REDHART (Recently decompensated heart 
failure anakinra response trial). Circ. Heart Fail. 10, 
e004373 (2017).

117.	Everett, B. M. et al. Anti-​inflammatory therapy with 
canakinumab for the prevention of hospitalization for 
heart failure. Circulation 139, 1289–1299 (2019).

118.	Ridker, P. M. et al. Effect of interleukin-1β inhibition 
with canakinumab on incident lung cancer in patients 
with atherosclerosis: exploratory results from a 
randomised, double-​blind, placebo-​controlled trial. 
Lancet 390, 1833–1842 (2017).

119.	Dinarello, C. A. Why not treat human cancer with 
interleukin-1 blockade? Cancer Metastasis Rev. 29, 
317–329 (2010).

120.	Lust, J. A. et al. Reduction in C-​reactive protein 
indicates successful targeting of the IL-1/IL-6 axis 
resulting in improved survival in early stage multiple 
myeloma. Am. J. Hematol. 91, 571–574 (2016).

121.	Andrei, C. et al. The secretory route of the leaderless 
protein interleukin 1β involves exocytosis of 
endolysosome-​related vesicles. Mol. Biol. Cell. 10, 
1463–1475 (1999).

122.	Andrei, C. et al. Phospholipases C and A2 control 
lysosome-​mediated IL-1β secretion: implications for 
inflammatory processes. Proc. Natl Acad. Sci. USA. 
101, 9745–9750 (2004).

123.	Gardella, S. et al. Secretion of bioactive interleukin-1β 
by dendritic cells is modulated by interaction with 
antigen specific T cells. Blood 95, 3809–3815 
(2000).

124.	Semino, C., Carta, S., Gattorno, M., Sitia, R. & 
Rubartelli, A. Progressive waves of IL-1β release by 
primary human monocytes via sequential activation  
of vesicular and gasdermin D-​mediated secretory 
pathways. Cell Death Dis. 9, 1088–1102 (2018).

125.	Qu, Y., Franchi, L., Nunez, G. & Dubyak, G. R. 
Nonclassical IL-1β secretion stimulated by P2X7 
receptors is dependent on inflammasome activation 
and correlated with exosome release in murine 
macrophages. J. Immunol. 179, 1913–1925 (2007).

126.	Kuriakose, T. & Kanneganti, T. D. Gasdermin D flashes 
an exit signal for IL-1. Immunity 48, 1–3 (2018).

127.	Evavold, C. L. et al. The pore-​forming protein 
gasdermin D regulates interleukin-1 secretion from 
living macrophages. Immunity 48, 35–44 (2018).

128.	Brough, D., Pelegrin, P. & Nickel, W. An emerging 
case for membrane pore formation as a common 
mechanism for the unconventional secretion of FGF2 
and IL-1β. J. Cell Sci. 130, 3197–3202 (2017).

129.	Orning, P. et al. Pathogen blockade of TAK1 triggers 
caspase-8-dependent cleavage of gasdermin D and 
cell death. Science 362, 1064–1069 (2018).

130.	Bergsbaken, T., Fink, S. L. & Cookson, B. T. Pyroptosis: 
host cell death and inflammation. Nat. Rev. Microbiol. 
7, 99–109 (2009).

131.	Zhang, D. et al. Gasdermin D serves as a key 
executioner of pyroptosis in experimental cerebral 
ischemia and reperfusion model both in vivo and 
in vitro. J. Neurosci. Res. 97, 645–660 (2019).

132.	Xiao, J. et al. Gasdermin D mediates the pathogenesis 
of neonatal-​onset multisystem inflammatory disease in 
mice. PLOS Biol. 16, e3000047 (2018).

133.	Netea, M. G. et al. Differential requirement for the 
activation of the inflammasome for processing and 
release of IL-1beta in monocytes and macrophages. 
Blood 113, 2324–2335 (2009).

134.	Fantuzzi, G. et al. Response to local inflammation of 
IL-1 beta-​converting enzyme-​deficient mice. J. Immunol. 
158, 1818–1824 (1997).

135.	Joosten, L. A. et al. Inflammatory arthritis in caspase 
1 gene-​deficient mice: Contribution of proteinase 3  
to caspase 1-independent production of bioactive 
interleukin-1beta. Arthritis Rheum. 60, 3651–3662 
(2009).

136.	Kastner, D. L., Aksentijevich, I. & Goldbach-​Mansky, R. 
Autoinflammatory disease reloaded: a clinical 
perspective. Cell 140, 784–790 (2010).

137.	Manthiram, K., Zhou, Q., Aksentijevich, I. &  
Kastner, D. L. The monogenic autoinflammatory 
diseases define new pathways in human innate 

immunity and inflammation. Nat. Immunol. 18, 
832–842 (2017).

138.	Agostini, L. et al. NALP3 forms an IL-1β processing 
inflammasome with increased activity in Muckle-​Wells 
auto-​inflammatory disorder. Immunity 20, 319–325 
(2004).

139.	Schett, G., Dayer, J. M. & Manger, B. Interleukin-1 
function and role in rheumatic disease. Nat. Rev. 
Rheumatol. 12, 14–24 (2016).

140.	Masters, S. L., Simon, A., Aksentijevich, I. &  
Kastner, D. L. Horror autoinflammaticus: the 
molecular pathophysiology of autoinflammatory 
disease. Annu. Rev. Immunol. 27, 621–668 (2009).

141.	Chae, J. J. et al. The B30.2 domain of pyrin, the familial 
Mediterranean fever protein, interacts directly with 
caspase-1 to modulate IL-1β production. Proc. Natl 
Acad. Sci. USA. 103, 9982–9987 (2006).

142.	Shoham, N. G. et al. Pyrin binds the PSTPIP1/CD2BP1 
protein, defining familial Mediterranean fever and 
PAPA syndrome as disorders in the same pathway. 
Proc. Natl Acad. Sci. USA 100, 13501–13506 
(2003).

143.	Drenth, J. P., van der Meer, J. W. & Kushner, I. 
Unstimulated peripheral blood mononuclear cells 
from patients with the hyper-​IgD syndrome produce 
cytokines capable of potent induction of C-​reactive 
protein and serum amyloid A in Hep3B cells.  
J. Immunol. 157, 400–404 (1996).

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

145.	Gattorno, M. et al. Pattern of interleukin-1β secretion 
in response to lipopolysaccharide and ATP before and 
after interleukin-1 blockade in patients with CIAS1 
mutations. Arthritis Rheum. 56, 3138–3148 (2007).

146.	Goldbach-​Mansky, R. et al. Neonatal-​onset multisystem 
inflammatory disease responsive to interleukin-1β 
inhibition. N. Engl. J. Med. 355, 581–592 (2006).

147.	Giamarellos-​Bourboulis, E. J. et al. Crystals of 
monosodium urate monohydrate enhance 
lipopolysaccharide-​induced release of interleukin 1β 
by mononuclear cells through a caspase 1-mediated 
process. Ann. Rheum. Dis. 68, 273–278 (2009).

148.	Seibert, K. et al. Pharmacological and biochemical 
demonstration of the role of cyclooxygenase 2 in 
inflammation and pain. Proc. Natl Acad. Sci. USA 91, 
12013–12017 (1994).

149.	So, A., De Smedt, T., Revaz, S. & Tschopp, J. A pilot 
study of IL-1 inhibition by anakinra in acute gout. 
Arthritis Res. Ther. 9, R28 (2007).

150.	Wang, H. J., Jiang, Y. F., Wang, X. R., Zhang, M. L.  
& Gao, P. J. Elevated serum interleukin-38 level at 
baseline predicts virological response in telbivudine-​
treated patients with chronic hepatitis B. World 
J. Gastroenterol. 22, 4529–4537 (2016).

151.	Terkeltaub, R. et al. The interleukin 1 inhibitor 
rilonacept in treatment of chronic gouty arthritis: 
results of a placebo-​controlled, monosequence 
crossover, non-​randomised, single-​blind pilot study. 
Ann. Rheum. Dis. 68, 1613–1617 (2009).

152.	Janssen, C. A. et al. Anakinra for the treatment  
of acute gout flares: a randomized, double-​blind, 
placebo-​controlled, active-​comparator, non-​inferiority 
trial. Rheumatology 58, 1344–1352 (2019).

153.	Marchetti, C. et al. OLT1177, a beta-​sulfonyl nitrile 
compound, safe in humans, inhibits the NLRP3 
inflammasome and reverses the metabolic cost  
of inflammation. Proc. Natl Acad. Sci. USA 115, 
E1530–E1539 (2018).

154.	Klück, V. et al. OLT1177™, an oral NLRP3 inflammasome 
inhibitor, inhibits acute joint inflammation and 
circulating IL-1β during gout flares in humans.  
Ann. Rheum. Dis. 78 (Suppl 1), A69 (2019).

155.	Jansen, T. L. et al. The first Phase 2a proof-​of-concept 
study of a selective NLRP3 inflammasome inhibitor, 
dapansutrile (OLT1177™), in acute gout. Ann. Rheum. 
Dis. 78 (Suppl 1), A70 (2019).

156.	Cicero, A. F. et al. Association between serum uric 
acid, hypertension, vascular stiffness and subclinical 
atherosclerosis: data from the Brisighella heart study. 
J. Hypertens. 32, 57–64 (2014).

157.	Athyros, V. G. & Mikhailidis, D. P. Uric acid, chronic 
kidney disease and type 2 diabetes: a cluster of 
vascular risk factors. J. Diabetes Complications 28, 
122–123 (2014).

158.	Gustafsson, D. & Unwin, R. The pathophysiology  
of hyperuricaemia and its possible relationship to 
cardiovascular disease, morbidity and mortality.  
BMC Nephrol. 14, 164 (2013).

159.	Crisan, T. O. et al. Soluble uric acid primes TLR-​
induced proinflammatory cytokine production by 

NATuRE REvIEWS | RhEumaToLogy

R e v i e w s

	  volume 15 | OCTOBER 2019 | 629



human primary cells via inhibition of IL-1Ra.  
Ann. Rheum. Dis. 75, 755–762 (2016).

160.	Crisan, T. O. et al. Uric acid priming in human 
monocytes is driven by the AKT-​PRAS40 autophagy 
pathway. Proc. Natl Acad. Sci. USA 114, 5485–5490 
(2017).

161.	Pascual, V., Allantaz, F., Arce, E., Punaro, M. & 
Banchereau, J. Role of interleukin-1 (IL-1) in the 
pathogenesis of systemic onset juvenile idiopathic 
arthritis and clinical response to IL-1 blockade.  
J. Exp. Med. 201, 1479–1486 (2005).

162.	Fitzgerald, A. A., Leclercq, S. A., Yan, A., Homik, J. E. 
& Dinarello, C. A. Rapid responses to anakinra in 
patients with refractory adult-​onset Still’s disease. 
Arthritis Rheum. 52, 1794–1803 (2005).

163.	Quartier, P. et al. A multicentre, randomised, double-​
blind, placebo-​controlled trial with the interleukin-1 
receptor antagonist anakinra in patients with systemic-​
onset juvenile idiopathic arthritis (ANAJIS trial).  
Ann. Rheum. Dis. 70, 747–754 (2011).

164.	Horneff, G., Peitz, J., Kekow, J. & Foell, D. 
Canakinumab for first line steroid-​free treatment in a 
child with systemic-​onset juvenile idiopathic arthritis. 
Scand. J. Rheumatol. 46, 500–501 (2017).

165.	Wulffraat, N. M. & Woo, P. Canakinumab in pediatric 
rheumatic diseases. Expert Opin. Biol. Ther. 13, 
615–622 (2013).

166.	Vojinovic, J. et al. Safety and efficacy of an oral  
histone deacetylase inhibitor in systemic onset  
juvenile idiopathic arthritis. Arthritis Rheum. 63, 
1452–1458 (2011).

167.	Leoni, F. et al. The histone deacetylase inhibitor 
ITF2357 reduces production of pro-​inflammatory 
cytokines in vitro and systemic inflammation in vivo. 
Mol. Med. 11, 1–15 (2005).

168.	Furlan, A. et al. Pharmacokinetics, safety and inducible 
cytokine responses during a phase 1 trial of the oral 
histone deacetylase inhibitor ITF2357 (givinostat). 
Mol. Med. 17, 353–362 (2011).

169.	Rudinskaya, A. & Trock, D. H. Successful treatment  
of a patient with refractory adult-​onset Still’s disease 
with anakinra. J. Clin. Rheumatol. 9, 330–332 
(2003).

170.	Vasques Godinho, F. M., Parreira Santos, M. J. & 
Canas da Silva, J. Refractory adult onset Still’s disease 
successfully treated with anakinra. Ann. Rheum. Dis. 
64, 647–648 (2005).

171.	Colafrancesco, S. et al. Response to interleukin-1 
inhibitors in 140 Italian patients with adult-​onset Still’s 
disease: a multicentre retrospective observational 
study. Front. Pharmacol. 8, 369 (2017).

172.	Junge, G., Mason, J. & Feist, E. Adult onset Still’s 
disease — the evidence that anti-​interleukin-1 treatment 
is effective and well-​tolerated (a comprehensive 
literature review). Semin. Arthritis Rheum. 47, 
295–302 (2017).

173.	Ruscitti, P., Ursini, F., Cipriani, P., De Sarro, G. & 
Giacomelli, R. Biologic drugs in adult onset Still’s 
disease: a systematic review and meta-​analysis of 
observational studies. Expert Rev. Clin. Immunol. 13, 
1089–1097 (2017).

174.	Parisi, F., Paglionico, A., Varriano, V., Ferraccioli, G.  
& Gremese, E. Refractory adult-​onset Still disease 
complicated by macrophage activation syndrome and 
acute myocarditis: a case report treated with high 
doses (8 mg/kg/d) of anakinra. Medicine 96, e6656 
(2017).

175.	Fabiani, C. et al. Interleukin (IL)-1 inhibition with 
anakinra and canakinumab in Behcet’s disease-​related 
uveitis: a multicenter retrospective observational 
study. Clin. Rheumatol. 36, 191–197 (2017).

176.	Kiltz, U. et al. Prolonged treatment with Tadekinig  
alfa in adult-​onset Still’s disease. Ann. Rheum. Dis. 
https://doi.org/10.1136/annrheumdis-2018-214496 
(2018).

177.	Gabay, C. et al. Open-​label, multicentre, dose-​escalating 
phase II clinical trial on the safety and efficacy of 
tadekinig alfa (IL-18BP) in adult-​onset Still’s disease. 
Ann. Rheum. Dis. 77, 840–847 (2018).

178.	Ombrello, M. J. et al. HLA-​DRB1*11 and variants  
of the MHC class II locus are strong risk factors for 
systemic juvenile idiopathic arthritis. Proc. Natl Acad. 
Sci. USA 112, 15970–15975 (2015).

179.	Wang, F. F. et al. A genetic role for macrophage 
migration inhibitory factor (MIF) in adult-​onset Still’s 
disease. Arthritis Res. Ther. 15, R65 (2013).

180.	Cavalli, G. et al. Identification of rare coding variants  
in IL-1-related pathways in patients with adult onset 
Still’s Disease [abstract]. Ann. Rheum. Dis. 78  
(Suppl. 2), 190 (2018).

181.	Cepika, A. M. et al. A multidimensional blood 
stimulation assay reveals immune alterations 

underlying systemic juvenile idiopathic arthritis.  
J. Exp. Med. 214, 3449–3466 (2017).

182.	Kim, H. A. et al. Phase 2 enzyme inducer 
sulphoraphane blocks prostaglandin and nitric oxide 
synthesis in human articular chondrocytes and inhibits 
cartilage matrix degradation. Rheumatology 51, 
1006–1016 (2012).

183.	Smith, M. D., Triantafillou, S., Parker, A., Youssef, P. P. 
& Coleman, M. Synovial membrane inflammation and 
cytokine production in patients with early osteoarthritis. 
J. Rheumatol. 24, 365–371 (1997).

184.	Adams, S. B. Jr et al. Global metabolic profiling of 
human osteoarthritic synovium. Osteoarthritis 
Cartilage 20, 64–67 (2012).

185.	Benito, M. J., Veale, D. J., FitzGerald, O.,  
van den Berg, W. B. & Bresnihan, B. Synovial  
tissue inflammation in early and late osteoarthritis. 
Ann. Rheum. Dis. 64, 1263–1267 (2005).

186.	Goekoop, R. J. et al. Low innate production of 
interleukin-1β and interleukin-6 is associated with  
the absence of osteoarthritis in old age. Osteoarthritis 
Cartilage 18, 942–947 (2010).

187.	Fraenkel, L. et al. The association of peripheral 
monocyte derived interleukin 1β (IL-1β), IL-1 receptor 
antagonist, and tumor necrosis factor-​α with 
osteoarthritis in the elderly. J. Rheumatol. 25, 
1820–1826 (1998).

188.	Lee, J. K. et al. Differences in signaling pathways  
by IL-1β and IL-18. Proc. Natl Acad. Sci. USA 101, 
8815–8820 (2004).

189.	Jovanovic, D. et al. Effect of IL-13 on cytokines, 
cytokine receptors and inhibitors on human 
osteoarthritis synovium and synovial fibroblasts. 
Osteoarthritis Cartilage 6, 40–49 (1998).

190.	Fujikawa, Y., Shingu, M., Torisu, T. & Masumi, S. 
Interleukin-1 receptor antagonist production in 
cultured synovial cells from patients with rheumatoid 
arthritis and osteoarthritis. Ann. Rheum. Dis. 54, 
318–320 (1995).

191.	Ismail, H. M. et al. JNK-2 controls aggrecan 
degradation in murine articular cartilage and the 
development of experimental osteoarthritis. Arthritis 
Rheumatol. 68, 1165–1171 (2016).

192.	Kloppenburg, M. et al. Phase IIa, placebo-​controlled, 
randomised study of lutikizumab, an anti-​interleukin-
1α and anti-​interleukin-1β dual variable domain 
immunoglobulin, in patients with erosive hand 
osteoarthritis. Ann. Rheum. Dis. 78, 413–420 
(2018).

193.	Wang, S. X. et al. Safety, tolerability, and 
pharmacodynamics of an anti-​interleukin-1α/β dual 
variable domain immunoglobulin in patients with 
osteoarthritis of the knee: a randomized phase 1 study. 
Osteoarthritis Cartilage 25, 1952–1961 (2017).

194.	Fleischmann, R. M. et al. A phase II trial of lutikizumab, 
an anti-​interleukin-1α/β dual variable domain 
immunoglobulin, in knee osteoarthritis patients with 
synovitis. Arthritis Rheumatol. 71, 1056–1069 
(2019).

195.	Chevalier, X. et al. Intraarticular injection of anakinra in 
osteoarthritis of the knee: a multicenter, randomized, 
double-​blind, placebo-​controlled study. Arthritis 
Rheum. 61, 344–352 (2009).

196.	Evans, C. H., Ghivizzani, S. C. & Robbins, P. D.  
Gene delivery to joints by intra-​articular injection. 
Hum. Gene Ther. 29, 2–14 (2018).

197.	Cohen, S. B. et al. A randomized, double-​blind study  
of AMG 108 (a fully human monoclonal antibody to 
IL-1R1) in patients with osteoarthritis of the knee. 
Arthritis Res. Ther. 13, R125 (2011).

198.	Mangan, M. S. J. et al. Targeting the NLRP3 
inflammasome in inflammatory diseases. Nat. Rev. 
Drug Discov. 17, 588–606 (2018).

199.	Marchetti, C. et al. NLRP3 inflammasome inhibitor 
OLT1177 suppresses joint inflammation in murine 
models of acute arthritis. Arthritis Res. Ther. 20,  
169 (2018).

200.	Kim, H. A., Yeo, Y., Kim, W. U. & Kim, S. Phase 2 enzyme 
inducer sulphoraphane blocks matrix metalloproteinase 
production in articular chondrocytes. Rheumatology 48, 
932–938 (2009).

201.	Ali, S. et al. IL-1 receptor accessory protein is essential 
for IL-33-induced activation of T lymphocytes and mast 
cells. Proc. Natl Acad. Sci. USA 104, 18660–18665 
(2007).

202.	Lingel, A. et al. Structure of IL-33 and its interaction 
with the ST2 and IL-1RAcP receptors-​insight into 
heterotrimeric IL-1 signaling complexes. Structure 17, 
1398–1410 (2009).

203.	Cevikbas, F. & Steinhoff, M. IL-33: a novel danger 
signal system in atopic dermatitis. J. Invest. Dermatol. 
132, 1326–1329 (2012).

204.	Liew, F. Y., Girard, J. P. & Turnquist, H. R. Interleukin-33 
in health and disease. Nat. Rev. Immunol. 16, 
676–689 (2016).

205.	Yang, Q. et al. IL-33 synergizes with TCR and IL-12 
signaling to promote the effector function of CD8+ 
T cells. Eur. J. Immunol. 41, 3351–3360 (2011).

206.	Cayrol, C. & Girard, J. P. The IL-1-like cytokine IL-33 is 
inactivated after maturation by caspase-1. Proc. Natl 
Acad. Sci. USA 106, 9021–9026 (2009).

207.	Carriere, V. et al. IL-33, the IL-1-like cytokine ligand for 
ST2 receptor, is a chromatin-​associated nuclear factor 
in vivo. Proc. Natl Acad. Sci. USA 104, 282–287 
(2007).

208.	Bessa, J. et al. Altered subcellular localization  
of IL-33 leads to non-​resolving lethal inflammation.  
J. Autoimmun. 55, 33–41 (2014).

209.	Chen, Z., Bozec, A., Ramming, A. & Schett, G.  
Anti-​inflammatory and immune-​regulatory cytokines 
 in rheumatoid arthritis. Nat. Rev. Rheumatol. 15, 
9–17 (2019).

210.	Biton, J. et al. In vivo expansion of activated FOXP3+ 
regulatory T cells and establishment of a type 2 
immune response upon IL-33 treatment protect 
against experimental arthritis. J. Immunol. 197, 
1708–1719 (2016).

211.	 Palmer, G. et al. Inhibition of interleukin-33 signaling 
attenuates the severity of experimental arthritis. 
Arthritis Rheum. 60, 738–749 (2009).

212.	Martin, P. et al. Disease severity in K/BxN serum 
transfer-​induced arthritis is not affected by IL-33 
deficiency. Arthritis Res. Ther. 15, R13 (2013).

213.	Athari, S. K. et al. Collagen-​induced arthritis and 
imiquimod-​induced psoriasis develop independently  
of interleukin-33. Arthritis Res. Ther. 18, 143 (2016).

214.	Shen, J. et al. IL-33 and soluble ST2 levels as novel 
predictors for remission and progression of carotid 
plaque in early rheumatoid arthritis: a prospective 
study. Semin. Arthritis Rheum. 45, 18–27 (2015).

215.	Hong, Y. S. et al. Measurement of interleukin-33  
(IL-33) and IL-33 receptors (sST2 and ST2L) in patients 
with rheumatoid arthritis. J. Korean Med. Sci. 26, 
1132–1139 (2011).

216.	Matsuyama, Y. et al. Sustained elevation of 
interleukin-33 in sera and synovial fluids from 
patients with rheumatoid arthritis non-​responsive to 
anti-​tumor necrosis factor: possible association with 
persistent IL-1β signaling and a poor clinical response. 
Rheumatol. Int. 32, 1397–1401 (2012).

217.	Tang, S. et al. Increased IL-33 in synovial fluid and 
paired serum is associated with disease activity and 
autoantibodies in rheumatoid arthritis. Clin. Dev. 
Immunol. 2013, 985301 (2013).

218.	Kunisch, E., Chakilam, S., Gandesiri, M. & Kinne, R. W. 
IL-33 regulates TNF-​alpha dependent effects in 
synovial fibroblasts. Int. J. Mol. Med. 29, 530–540 
(2012).

219.	Rivellese, F. et al. Ability of interleukin-33- and immune 
complex-​triggered activation of human mast cells to 
down-​regulate monocyte-​mediated immune responses. 
Arthritis Rheumatol 67, 2343–2353 (2015).

220.	US National Library of Medicine. ClinicalTrials.gov 
https://clinicaltrials.gov/ct2/show/NCT03469934 
(2019).

221.	Dinarello, C. A., Novick, D., Kim, S. & Kaplanski, G. 
Interleukin-18 and IL-18 binding protein. Front. 
Immunol. 4, 289–303 (2013).

222.	Kaplanski, G. Interleukin-18: biological properties  
and role in disease pathogenesis. Immunol. Rev. 281, 
138–153 (2018).

223.	Puren, A. J., Fantuzzi, G. & Dinarello, C. A. Gene 
expression, synthesis and secretion of IL-1β and IL-18 
are differentially regulated in human blood mononuclear 
cells and mouse spleen cells. Proc. Natl Acad. Sci. USA 
96, 2256–2261 (1999).

224.	Okamura, H. et al. A novel costimulatory factor for 
gamma interferon induction found in the livers of  
mice causes endotoxic shock. Infect. Immun. 63, 
3966–3972 (1995).

225.	Novick, D. et al. Interleukin-18 binding protein:  
a novel modulator of the Th1 cytokine response. 
Immunity 10, 127–136 (1999).

226.	Novick, D. et al. A novel IL-18BP ELISA shows 
elevated serum IL-18BP in sepsis and extensive 
decrease of free IL-18. Cytokine 14, 334–342 
(2001).

227.	Girard, C. et al. Elevated serum levels of free 
interleukin-18 in adult-​onset Still’s disease. 
Rheumatology 55, 2237–2247 (2016).

228.	Novick, D. et al. High circulating levels of free 
interleukin-18 in patients with active SLE in the 
presence of elevated levels of interleukin-18 binding 
protein. J. Autoimmun. 34, 121–126 (2011).

www.nature.com/nrrheum

R e v i e w s

630 | OCTOBER 2019 | volume 15	

https://doi.org/10.1136/annrheumdis-2018-214496
https://clinicaltrials.gov/ct2/show/NCT03469934


229.	Novick, D., Elbirt, D., Dinarello, C. A., Rubinstein, M. 
& Sthoeger, Z. M. Interleukin-18 binding protein in 
the sera of patients with Wegener’s granulomatosis.  
J. Clin. Immunol. 29, 38–45 (2009).

230.	Ludwiczek, O. et al. Elevated systemic levels of free 
interleukin-18 (IL-18) in patients with Crohn’s disease. 
Eur. Cytokine Netw. 16, 27–33 (2005).

231.	Mazodier, K. et al. Severe imbalance of IL-18/IL-18BP 
in patients with secondary hemophagocytic syndrome. 
Blood 106, 3483–3489 (2005).

232.	Canna, S. W. et al. Life-​threatening NLRC4-associated 
hyperinflammation successfully treated with IL-18 
inhibition. J. Allergy Clin. Immunol. 139, 1698–1701 
(2017).

233.	Minoia, F. et al. Clinical features, treatment, and 
outcome of macrophage activation syndrome 
complicating systemic juvenile idiopathic arthritis:  
a multinational, multicenter study of 362 patients. 
Arthritis Rheumatol. 66, 3160–3169 (2014).

234.	Grom, A. A. Macrophage activation syndrome  
and reactive hemophagocytic lymphohistiocytosis:  
the same entities? Curr. Opin. Rheumatol. 15, 
587–590 (2003).

235.	Grom, A. A. & Mellins, E. D. Macrophage activation 
syndrome: advances towards understanding 
pathogenesis. Curr. Opin. Rheumatol. 22, 561–566 
(2011).

236.	Grom, A. A. et al. Natural killer cell dysfunction in 
patients with systemic-​onset juvenile rheumatoid 
arthritis and macrophage activation syndrome.  
J. Pediatr. 142, 292–296 (2003).

237.	Janka, G. E. Familial and acquired hemophagocytic 
lymphohistiocytosis. Annu. Rev. Med. 63, 233–246 
(2012).

238.	Weiss, E. S. et al. Interleukin-18 diagnostically 
distinguishes and pathogenically promotes human  
and murine macrophage activation syndrome.  
Blood 131, 1442–1455 (2018).

239.	Gao, Z., Wang, Y., Wang, J., Zhang, J. & Wang, Z. 
Soluble ST2 and CD163 as potential biomarkers  
to differentiate primary hemophagocytic 
lymphohistiocytosis from macrophage activation 
syndrome. Mediterr. J. Hematol. Infect. Dis. 11, 
e2019008 (2019).

240.	Maruyama, J. & Inokuma, S. Cytokine profiles of 
macrophage activation syndrome associated with 
rheumatic diseases. J. Rheumatol. 37, 967–973 
(2010).

241.	Crayne, C. B., Albeituni, S., Nichols, K. E. & Cron, R. Q. 
The immunology of macrophage activation syndrome. 
Front. Immunol. 10, 119 (2019).

242.	Lin, F. C. et al. IFN-​γ causes aplastic anemia by altering 
hematopoietic stem/progenitor cell composition  
and disrupting lineage differentiation. Blood 124, 
3699–3708 (2014).

243.	Canna, S. W. et al. Interferon-​γ mediates anemia  
but is dispensable for fulminant Toll-​like receptor 
9-induced macrophage activation syndrome and 
hemophagocytosis. Arthritis Rheum. 65, 1764–1775 
(2013).

244.	Ravelli, A. et al. Expert consensus on dynamics  
of laboratory tests for diagnosis of macrophage 
activation syndrome complicating systemic juvenile 
idiopathic arthritis. RMD Open 2, e000161 (2016).

245.	Schulert, G. S. & Grom, A. A. Pathogenesis of 
macrophage activation syndrome and potential for 
cytokine-​directed therapies. Annu. Rev. Med. 66, 
145–159 (2015).

246.	Shimizu, M. et al. Distinct cytokine profiles of 
systemic-​onset juvenile idiopathic arthritis-​associated 
macrophage activation syndrome with particular 
emphasis on the role of interleukin-18 in its 
pathogenesis. Rheumatology 49, 1645–1653 
(2010).

247.	Wada, T. et al. Sustained elevation of serum 
interleukin-18 and its association with hemophagocytic 
lymphohistiocytosis in XIAP deficiency. Cytokine 65, 
74–78 (2014).

248.	Canna, S. W. et al. An activating NLRC4 inflammasome 
mutation causes autoinflammation with recurrent 
macrophage activation syndrome. Nat. Genet. 46, 
1140–1146 (2014).

249.	Duncan, J. A. & Canna, S. W. The NLRC4 
inflammasome. Immunol. Rev. 281, 115–123  
(2018).

250.	Moghaddas, F. et al. Autoinflammatory mutation  
in NLRC4 reveals a leucine-​rich repeat (LRR)-LRR 
oligomerization interface. J. Allergy Clin. Immunol. 
142, 1956–1967 (2018).

251.	Romberg, N., Vogel, T. P. & Canna, S. W. NLRC4 
inflammasomopathies. Curr. Opin. Allergy Clin. 
Immunol. 17, 398–404 (2017).

252.	Ravelli, A., Grom, A. A., Behrens, E. M. & Cron, R. Q. 
Macrophage activation syndrome as part of systemic 
juvenile idiopathic arthritis: diagnosis, genetics, 
pathophysiology and treatment. Genes Immun. 13, 
289–298 (2012).

253.	Sonmez, H. E., Demir, S., Bilginer, Y. & Ozen, S. 
Anakinra treatment in macrophage activation 
syndrome: a single center experience and systemic 
review of literature. Clin. Rheumatol. 37, 3329–3335 
(2018).

254.	Toldo, S. et al. Interleukin-18 mediates interleukin- 
1-induced cardiac dysfunction. Am. J. Physiol. Heart 
Circ. Physiol. 306, H1025–H1031 (2014).

255.	Fisher, C. J. Jr. et al. Recombinant human interleukin 
1 receptor antagonist in the treatment of patients  
with sepsis syndrome. Results from a randomized, 
double-​blind, placebo-​controlled trial. Phase III  
rhIL-1ra Sepsis Syndrome Study Group. JAMA 271, 
1836–1843 (1994).

256.	Opal, S. M. et al. Confirmatory interleukin-1  
receptor antagonist trial in severe sepsis: a phase III, 
randomized, double-​blind, placebo-​controlled, 
multicenter trial. The Interleukin-1 Receptor Antagonist 
Sepsis Investigator Group. Crit. Care Med. 25, 
1115–1124 (1997).

257.	Shakoory, B. et al. Interleukin-1 receptor blockade is 
associated with reduced mortality in sepsis patients 
with features of macrophage activation syndrome: 
reanalysis of a prior phase III trial. Crit. Care Med. 44, 
275–281 (2016).

258.	Ji, J. D. & Lee, W. J. Interleukin-18 gene polymorphisms 
and rheumatoid arthritis: a meta-​analysis. Gene 523, 
27–32 (2013).

259.	Bokarewa, M. & Hultgren, O. Is interleukin-18  
useful for monitoring rheumatoid arthritis? Scand.  
J. Rheumatol. 34, 433–436 (2005).

260.	Gracie, J. A. et al. A proinflammatory role for IL-18 in 
rheumatoid arthritis. J. Clin. Invest. 104, 1393–1401 
(1999).

261.	Adis International. Tadekinig alfa — Merck Serono. 
Adis Insight https://adisinsight.springer.com/
drugs/800013227 (2009).

262.	Wu, C. Y., Yang, H. Y., Yao, T. C., Liu, S. H. & Huang, J. L. 
Serum IL-18 as biomarker in predicting long-​term  
renal outcome among pediatric-​onset systemic  
lupus erythematosus patients. Medicine 95, e5037 
(2016).

263.	Koenig, K. F. et al. Serum cytokine profile in patients 
with active lupus nephritis. Cytokine 60, 410–416 
(2012).

264.	Favilli, F. et al. IL-18 activity in systemic lupus 
erythematosus. Ann. NY Acad. Sci. 1173, 301–309 
(2009).

265.	Italiani, P. et al. IL-1 family cytokines and soluble 
receptors in systemic lupus erythematosus. Arthritis 
Res. Ther. 20, 27 (2018).

266.	Aghdashi, M., Aribi, S. & Salami, S. Serum levels  
of IL-18 in Iranian females with systemic lupus 
erythematosus. Med. Arch. 67, 237–240 (2013).

267.	Maczynska, I. et al. Proinflammatory cytokine (IL-1β, 
IL-6, IL-12, IL-18 and TNF-​α) levels in sera of patients 
with subacute cutaneous lupus erythematosus (SCLE). 
Immunol. Lett. 102, 79–82 (2006).

268.	Pan, G. et al. IL-1H, an interleukin 1-related protein 
that binds IL-18 receptor/IL-1Rrp. Cytokine 13, 1–7 
(2001).

269.	Kumar, S. et al. Interleukin-1F7B (IL-1H4/IL-1F7) is 
processed by caspase-1 and mature IL-1F7B binds  
to the IL-18 receptor but does not induce IFN-​gamma 
production. Cytokine 18, 61–71 (2002).

270.	Nold, M. F. et al. IL-37 is a fundamental inhibitor  
of innate immunity. Nat. Immunol. 11, 1014–1022 
(2010).

271.	Garlanda, C., Riva, F., Bonavita, E. & Mantovani, A. 
Negative regulatory receptors of the IL-1 family. 
Semin. Immunol. 25, 4087–4415 (2013).

272.	Molgora, M. et al. IL-1R8 is a checkpoint in NK cells 
regulating anti-​tumour and anti-​viral activity. Nature 
551, 110–114 (2017).

273.	Cavalli, G. et al. Interleukin 37 reverses the metabolic 
cost of inflammation, increases oxidative respiration, 
and improves exercise tolerance. Proc. Natl Acad.  
Sci. USA 114, 2313–2318 (2017).

274.	Luo, Y. et al. Suppression of antigen-​specific adaptive 
immunity by IL-37 via induction of tolerogenic 
dendritic cells. Proc. Natl Acad. Sci. USA 111, 
15178–15183 (2014).

275.	Ballak, D. B. et al. Interleukin-37 treatment of mice 
with metabolic syndrome improves insulin sensitivity 
and reduces pro-​inflammatory cytokine production in 
adipose tissue. J. Biol. Chem. 293, 14224–14236 
(2018).

276.	Ballak, D. B. et al. IL-37 protects against obesity-​
induced inflammation and insulin resistance.  
Nat. Commun. 5, 4711 (2014).

277.	Pei, B. et al. Associations of the IL-1F7 gene 
polymorphisms with rheumatoid arthritis in Chinese 
Han population. Int. J. Immunogenet. 40, 199–203 
(2013).

278.	Shi, L. P., He, Y. & Liu, Z. D. Correlation between single 
nucleotide polymorphism of rs3811047 in IL-1 F7 
gene and rheumatoid arthritis susceptibility among 
Han population in central plains of China. Asian Pac. 
J. Trop. Med. 6, 73–75 (2013).

279.	Kang, B., Cheng, S., Peng, J., Yan, J. & Zhang, S. 
Interleukin-37 gene variants segregated anciently 
coexist during hominid evolution. Eur. J. Hum. Genet. 
23, 1392–1398 (2015).

280.	Zhao, P. W. et al. Plasma levels of IL-37 and 
correlation with TNF-​α, IL-17A, and disease activity 
during DMARD treatment of rheumatoid arthritis. 
PLOS ONE 9, e95346 (2014).

281.	Yang, L., Zhang, J., Tao, J. & Lu, T. Elevated  
serum levels of interleukin-37 are associated with 
inflammatory cytokines and disease activity in 
rheumatoid arthritis. APMIS 123, 1025–1031 
(2015).

282.	Xia, T. et al. Plasma interleukin-37 is elevated in 
patients with rheumatoid arthritis: its correlation with 
disease activity and Th1/Th2/Th17-related cytokines. 
Dis. Markers 2015, 795043 (2015).

283.	Xia, L., Shen, H. & Lu, J. Elevated serum and  
synovial fluid levels of interleukin-37 in patients with 
rheumatoid arthritis: attenuated the production  
of inflammatory cytokines. Cytokine 76, 553–557 
(2015).

284.	Wang, L., Wang, Y., Xia, L., Shen, H. & Lu, J.  
Elevated frequency of IL-37- and IL-18Rα-​positive 
T cells in the peripheral blood of rheumatoid arthritis 
patients. Cytokine 110, 291–297 (2018).

285.	Wang, M. et al. Detection of the novel IL-1 family 
cytokines by QAH-​IL1F-1 assay in rheumatoid 
arthritis. Cell. Mol. Biol. 62, 31–34 (2016).

286.	Feng, M. et al. Plasma interleukin-37 is increased  
and inhibits the production of inflammatory cytokines 
in peripheral blood mononuclear cells in systemic 
juvenile idiopathic arthritis patients. J. Transl. Med. 
16, 277 (2018).

287.	El-​Barbary, A. M. et al. Role of interleukin 37 as a 
novel proangiogenic factor in juvenile idiopathic 
arthritis. J. Clin. Rheumatol. 25, 85–90 (2018).

288.	Chi, H. et al. Interleukin-37 is increased in adult-​onset 
Still’s disease and associated with disease activity. 
Arthritis Res. Ther. 20, 54 (2018).

289.	Song, L. et al. High interleukin-37 (IL-37) expression 
and increased mucin-​domain containing-3 (TIM-3)  
on peripheral T cells in patients with rheumatoid 
arthritis. Med. Sci. Monit. 24, 5660–5667 (2018).

290.	Ragab, D., Mobasher, S. & Shabaan, E. Elevated  
levels of IL-37 correlate with T cell activation status in 
rheumatoid arthritis patients. Cytokine 113, 305–310 
(2019).

291.	Eisenmesser, E. Z. et al. Interleukin-37 monomer is the 
active form for reducing innate immunity. Proc. Natl 
Acad. Sci. USA 116, 5514–5522 (2019).

292.	Ellisdon, A. M. et al. Homodimerization attenuates 
the anti-​inflammatory activity of interleukin-37.  
Sci. Immunol. 2, 1548 (2017).

293.	Chen, B. et al. Interleukin-37 is increased in ankylosing 
spondylitis patients and associated with disease 
activity. J. Transl. Med. 13, 36 (2015).

294.	Keermann, M. et al. Expression of IL-36 family cytokines 
and IL-37 but not IL-38 is altered in psoriatic skin.  
J. Dermatol. Sci. 80, 150–152 (2015).

295.	Song, L. et al. Glucocorticoid regulates interleukin-37 
in systemic lupus erythematosus. J. Clin. Immunol. 33, 
111–117 (2013).

296.	Ye, Z., Wang, C., Kijlstra, A., Zhou, X. & Yang, P. A 
possible role for interleukin 37 in the pathogenesis of 
Behcet’s disease. Curr. Mol. Med. 14, 535–542 (2014).

297.	Bouali, E., Kaabachi, W., Hamzaoui, A. & Hamzaoui, K. 
Interleukin-37 expression is decreased in Behcet’s 
disease and is associated with inflammation. Immunol. 
Lett. 167, 87–94 (2015).

298.	Charrad, R. et al. Anti-​inflammatory activity of IL-37  
in asthmatic children: correlation with inflammatory 
cytokines TNF-​α, IL-​β, IL-6 and IL-17A. Immunobiology 
221, 182–187 (2016).

299.	Saglam, M. et al. Levels of interleukin-37 in gingival 
crevicular fluid, saliva, or plasma in periodontal 
disease. J. Periodontal Res. 50, 614–621 (2014).

300.	Liu, W. et al. Anti-​inflammatory effect of IL-37b in 
children with allergic rhinitis. Mediators Inflamm. 
2014, 746846 (2014).

NATuRE REvIEWS | RhEumaToLogy

R e v i e w s

	  volume 15 | OCTOBER 2019 | 631

https://adisinsight.springer.com/drugs/800013227
https://adisinsight.springer.com/drugs/800013227


301.	Grabherr, F. et al. Ethanol-​mediated suppression  
of IL-37 licenses alcoholic liver disease. Liver Int. 38, 
1095–1101 (2017).

302.	Ge, G. et al. Interleukin-37 suppresses tumor growth 
through inhibition of angiogenesis in non-​small cell lung 
carcinoma. J. Exp. Clin. Cancer Res. 35, 13–23 (2016).

303.	Busfield, S. J. et al. Identification and gene organization 
of three novel members of the IL-1 family on human 
chromosome 2. Genomics 66, 213–216 (2000).

304.	Debets, R. et al. Two novel IL-1 family members, IL-1 
delta and IL-1 epsilon, function as an antagonist and 
agonist of NF-​kappa B activation through the orphan 
IL-1 receptor-​related protein 2. J. Immunol. 167, 
1440–1446 (2001).

305.	Lachner, J., Mlitz, V., Tschachler, E. & Eckhart, L. 
Epidermal cornification is preceded by the expression 
of a keratinocyte-​specific set of pyroptosis-​related 
genes. Sci. Rep. 7, 17446 (2017).

306.	Onoufriadis, A. et al. Mutations in IL36RN/IL1F5 are 
associated with the severe episodic inflammatory  
skin disease known as generalized pustular psoriasis. 
Am. J. Hum. Genet. 89, 432–437 (2011).

307.	Teoh, Y. L. & Tay, Y. K. Generalized pustular psoriasis 
with a novel mutation of interleukin-36 receptor 
antagonist, responding to methotrexate. JAAD Case 
Rep. 1, 51–53 (2015).

308.	Marrakchi, S. et al. Interleukin-36-receptor antagonist 
deficiency and generalized pustular psoriasis. N. Engl. 
J. Med. 365, 620–628 (2011).

309.	Sullivan, G. P. et al. Identification of small-​molecule 
elastase inhibitors as antagonists of IL-36 cytokine 
activation. FEBS Open Bio. 8, 751–763 (2018).

310.	Sullivan, G. P. et al. Suppressing IL-36-driven 
inflammation using peptide pseudosubstrates for 
neutrophil proteases. Cell Death Dis. 9, 378 (2018).

311.	 Vigne, S. et al. IL-36R ligands are potent regulators of 
dendritic and T cells. Blood 118, 5813–5823 (2011).

312.	Buhl, A. L. & Wenzel, J. Interleukin-36 in infectious 
and inflammatory skin diseases. Front. Immunol. 10, 
1162 (2019).

313.	Boutet, M. A., Nerviani, A. & Pitzalis, C. IL-36, IL-37, 
and IL-38 cytokines in skin and joint inflammation:  
a comprehensive review of their therapeutic potential. 
Int. J. Mol. Sci. 20, e1257 (2019).

314.	Ding, L., Wang, X., Hong, X., Lu, L. & Liu, D. IL-36 
cytokines in autoimmunity and inflammatory disease. 
Oncotarget 9, 2895–2901 (2018).

315.	Bassoy, E. Y., Towne, J. E. & Gabay, C. Regulation and 
function of interleukin-36 cytokines. Immunol. Rev. 
281, 169–178 (2018).

316.	Boutet, M. A. et al. Distinct expression of interleukin 
(IL)-36α, β and γ, their antagonist IL-36Ra and IL-38  
in psoriasis, rheumatoid arthritis and Crohn’s disease. 
Clin. Exp. Immunol. 184, 159–173 (2016).

317.	Boutet, M. A. et al. IL-38 overexpression induces  
anti-​inflammatory effects in mice arthritis models and 
in human macrophages in vitro. Ann. Rheum. Dis. 76, 
1304–1312 (2017).

318.	Ciccia, F. et al. Interleukin-36α axis is modulated in 
patients with primary Sjögren’s syndrome. Clin. Exp. 
Immunol. 181, 230–238 (2015).

319.	Li, J. et al. New interleukins in psoriasis and psoriatic 
arthritis patients: the possible roles of interleukin-33 to 
interleukin-38 in disease activities and bone erosions. 
Dermatology 233, 37–46 (2017).

320.	Van De Veerdonk, F. L. et al. IL-38 binds to the IL-36 
receptor and has biological effects on immune cells 
similar to IL-36 receptor antagonist. Proc. Natl Acad. 
Sci. USA 109, 3001–3005 (2012).

321.	Mora, J. et al. Interleukin-38 is released from apoptotic 
cells to limit inflammatory macrophage responses.  
J. Mol. Cell Biol. 8, 426–438 (2016).

322.	Dehghan, A. et al. Meta-​analysis of genome-​wide 
association studies in >80 000 subjects identifies 
multiple loci for C-​reactive protein levels. Circulation 
123, 731–738 (2011).

323.	Mercurio, L. et al. IL-38 has an anti-​inflammatory 
action in psoriasis and its expression correlates  
with disease severity and therapeutic response to  
anti-​IL-17A treatment. Cell Death Dis. 9, 1104 (2018).

324.	Yang, N. et al. Elevated interleukin-38 level associates 
with clinical response to atorvastatin in patients with 
hyperlipidemia. Cell. Physiol. Biochem. 49, 653–661 
(2018).

325.	Chu, M. et al. Aberrant expression of novel cytokine 
IL-38 and regulatory T lymphocytes in childhood 
asthma. Molecules 21, e933 (2016).

326.	Xu, F. et al. Interleukin 38 protects against lethal 
sepsis. J. Infect. Dis. 218, 1175–1184 (2018).

327.	Rudloff, I. et al. Interleukin-38 exerts antiinflammatory 
functions and is associated with disease activity in 
systemic lupus erythematosus. Arthritis Rheumatol. 
67, 3219–3225 (2015).

328.	Sana, T. R., Debets, R., Timans, J. C., Bazan, J. F. & 
Kastelein, R. A. Computational identification, cloning, 
and characterization of IL-1R9, a novel interleukin-1 
receptor-​like gene encoded over an unusually large 
interval of human chromosome Xq22.2-q22.3. 
Genomics 69, 252–262 (2000).

329.	Takenaka, S. I. et al. IL-38: A new factor in rheumatoid 
arthritis. Biochem. Biophys. Rep. 4, 386–391 (2015).

330.	Lin, H. et al. Cloning and characterization of IL-1HY2, 
a novel interleukin-1 family member. J. Biol. Chem. 
276, 20597–20602 (2001).

331.	Bensen, J. T., Dawson, P. A., Mychaleckyj, J. C.  
& Bowden, D. W. Identification of a novel human 
cytokine gene in the interleukin gene cluster on 
chromosome 2q12-14. J. Interferon Cytokine Res. 21, 
899–904 (2001).

332.	De Graaf, D. M. et al. Human IL-38 reduces joint 
inflammation in a mouse model of gouty arthritis 
[abstract]. Ann. Rheum. Dis. 77 (Suppl 2), 135 (2018).

333.	Chu, M. et al. In vivo anti-​inflammatory activities of 
novel cytokine IL-38 in Murphy Roths Large (MRL)/lpr 
mice. Immunobiology 222, 483–493 (2017).

334.	Rossi-​Semerano, L. et al. Tolerance and efficacy of  
off-​label anti-​interleukin-1 treatments in France:  
a nationwide survey. Orphanet. J. Rare Dis. 10,  
19 (2015).

335.	Vitale, A. et al. A snapshot on the on-​label and  
off-​label use of the interleukin-1 inhibitors in Italy 
among rheumatologists and pediatric rheumatologists: 
a nationwide multi-​center retrospective observational 
study. Front. Pharmacol. 7, 380 (2016).

336.	Vitale, A., Cantarini, L., Rigante, D., Bardelli, M. & 
Galeazzi, M. Anakinra treatment in patients with gout 
and type 2 diabetes. Clin. Rheumatol. 34, 981–984 
(2015).

337.	Abbate, A., Canada, J. M., Van Tassell, B. W.,  
Wise, C. M. & Dinarello, C. A. Interleukin-1 blockade 
in rheumatoid arthritis and heart failure: a missed 
opportunity? Int. J. Cardiol. 171, e125–e126 (2014).

338.	Ruscitti, P. et al. IL-1 inhibition improves insulin 
resistance and adipokines in rheumatoid arthritis 
patients with comorbid type 2 diabetes: an 
observational study. Medicine 98, e14587 (2019).

339.	Ruscitti, P. et al. Anti-​interleukin-1 treatment in 
patients with rheumatoid arthritis and type 2 
diabetes (TRACK): a multicentre, randomised, open, 
prospective, controlled, parallel-​group trial. PLOS. 
Med. in the press (2019).

340.	Economides, A. N. et al. Cytokine traps: multi-​
component, high-​affinity blockers of cytokine action. 
Nat. Med. 9, 47–52 (2003).

341.	Kucuksahin, O. et al. Anti-​interleukin-1 treatment in 
26 patients with refractory familial Mediterranean 
fever. Mod. Rheumatol. 27, 350–355 (2017).

342.	Haviv, R. & Hashkes, P. J. Canakinumab investigated 
for treating familial Mediterranean fever. Expert Opin. 
Biol. Ther. 16, 1425–1434 (2016).

343.	Ozdogan, H. & Ugurlu, S. Canakinumab for the 
treatment of familial Mediterranean fever. Expert Rev. 
Clin. Immunol. 13, 393–404 (2017).

344.	de Koning, H. D. et al. Sustained efficacy of the 
monoclonal anti-​interleukin-1β antibody canakinumab 
in a 9-month trial in Schnitzler’s syndrome. Ann. Rheum. 
Dis. 72, 1634–1638 (2013).

345.	de Koning, H. D. et al. The role of interleukin-1 beta  
in the pathophysiology of Schnitzler’s syndrome. 
Arthritis Res. Ther. 17, 187 (2015).

346.	Krause, K. et al. Efficacy and safety of canakinumab  
in Schnitzler syndrome: a multicenter randomized 
placebo-​controlled study. J. Allergy Clin. Immunol. 
139, 1311–1320 (2017).

347.	Alten, R. et al. Efficacy and safety of the human  
anti-​IL-1β monoclonal antibody canakinumab in 
rheumatoid arthritis: results of a 12-week, phase II, 
dose-​finding study. BMC Musculoskelet. Disord. 12, 
153 (2011).

348.	Solomon, D. H. et al. Relationship of interleukin-1beta 
blockade with incident gout and serum uric acid levels. 
Ann. Intern. Med. 169, 535–542 (2018).

349.	Gul, A. et al. Interleukin-1β-​regulating antibody  
XOMA 052 (gevokizumab) in the treatment of acute 

exacerbations of resistant uveitis of Behcet’s disease: 
an open-​label pilot study. Ann. Rheum. Dis. 71, 
563–566 (2012).

350.	Cardiel, M. H. et al. A phase 2 randomized, double-​blind 
study of AMG 108, a fully human monoclonal antibody 
to IL-1R, in patients with rheumatoid arthritis. Arthritis 
Res. Ther. 12, R192 (2010).

351.	Lacy, S. E. et al. Generation and characterization of 
ABT-981, a dual variable domain immunoglobulin 
(DVD-​IgTM) molecule that specifically and potently 
neutralizes both IL-1α and IL-1β. MAbs 7, 605–619 
(2015).

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

353.	Tak, P. P., Bacchi, M. & Bertolino, M. Pharmacokinetics 
of IL-18 binding protein in healthy volunteers and 
subjects with rheumatoid arthritis or plaque psoriasis. 
Eur. J. Drug Metab. Pharmacokinet. 31, 109–116 
(2006).

354.	US National Library of Medicine. ClinicalTrials.gov 
https://clinicaltrials.gov/ct2/show/NCT03512314 
(2019).

355.	Striz, I. Cytokines of the IL-1 family: recognized  
targets in chronic inflammation underrated in  
organ transplantations. Clin. Sci. 131, 2241–2256 
(2017).

356.	US National Library of Medicine. ClinicalTrials.gov 
https://clinicaltrials.gov/ct2/show/NCT02345928 
(2017).

357.	Towne, J. E. & Sims, J. E. IL-36 in psoriasis. Curr. Opin. 
Pharmacol. 12, 486–490 (2012).

358.	Gay, N. J. & Keith, F. J. Drosophila Toll and IL-1 
receptor. Nature 351, 355–356 (1991).

359.	Heguy, A., Baldari, C. T., Macchia, G., Telford, J. L.  
& Melli, M. Amino acids conserved in interleukin-1 
receptors (IL-1Rs) and the Drosophila Toll protein are 
essential for IL-1R signal transduction. J. Biol. Chem. 
267, 2605–2609 (1992).

360.	Opal, S. M. et al. Effect of eritoran, an antagonist  
of MD2-TLR4, on mortality in patients with severe 
sepsis: the ACCESS randomized trial. JAMA 309, 
1154–1162 (2013).

361.	Dinarello, C. A. & Van Der Meer, J. W. Treating 
inflammation by blocking interleukin-1 in humans. 
Semin. Immunol. 25, 469–484 (2013).

362.	Hoffman, H. M. Rilonacept for the treatment of 
cryopyrin-​associated periodic syndromes (CAPS). 
Expert Opin. Biol. Ther. 9, 519–531 (2009).

363.	Petryna, O., Cush, J. J. & Efthimiou, P. IL-1 Trap 
rilonacept in refractory adult onset Still’s disease.  
Ann. Rheum. Dis. 71, 2056–2057 (2012).

364.	Ruperto, N. et al. A phase II, multicenter, open-​label 
study evaluating dosing and preliminary safety and 
efficacy of canakinumab in systemic juvenile idiopathic 
arthritis with active systemic features. Arthritis Rheum. 
64, 557–567 (2012).

365.	Kosloski, M. P. et al. Pharmacokinetics and tolerability 
of a dual variable domain immunoglobulin ABT-981 
against IL-1α and IL-1β in healthy subjects and patients 
with osteoarthritis of the knee. J. Clin. Pharmacol. 56, 
1582–1590 (2016).

Acknowledgements
The work of C.A.D. is supported by NIH Grant AI-15614. 
C.A.D. thanks P. Libby, A. Rubartelli, J.-M. Dayer, L. A. B. 
Joosten, M. Netea, M. Donath, T. Mandrup-​Poulsen, D. B. 
Skouras, T. L. Jansen, M. Janssen, G. Cavalli, G. Kaplanski and 
D. Novick for helpful discussions and for providing information 
and feedback in the preparation of this manuscript.

Competing interests
C.A.D. serves as chair of the SAB of Olatec Therapeutics, LLC, 
which develops the NLRP3 inhibitor OLT1177 (Dapansutrile).

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

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

Supplementary information
Supplementary information is available for this paper at 
https://doi.org/10.1038/s41584-019-0277-8.

www.nature.com/nrrheum

R e v i e w s

632 | OCTOBER 2019 | volume 15	

https://clinicaltrials.gov/ct2/show/NCT03512314
https://clinicaltrials.gov/ct2/show/NCT03512314
https://doi.org/10.1038/s41584-019-0277-8

	571
	Rethinking articular cartilage regeneration based on a 250-year-old statement

	Acknowledgements



	573
	574
	575
	576
	577
	578
	581
	Mechanisms of lung disease development in rheumatoid arthritis

	The lung in the development of RA

	Lung disease in RA

	Epidemiology and classification

	Screening


	Pathogenesis of lung disease in RA

	Cigarette smoking

	Which cigarette smoke toxin?
	Cigarette smoke and DCs

	Gene–environment associations

	Oral and airway dysbiosis

	ACPAs


	Similarities to IPF

	Shared genetic risk factors

	Shared immune mechanisms

	Cell senescence


	Therapy and prevention

	Conclusions

	Fig. 1 The natural history of RA-​associated lung disease.
	Fig. 2 The spectrum of RA-​associated lung disease.
	﻿Fig. 3 Proposed mechanism of RA-​associated lung disease development.
	Table 1 Phenotypes, risk factors and prevalence of RA-​associated lung disease.
	Table 2 Genetic variants associated with RA-​associated lung disease.


	597
	Rheumatic manifestations of chikungunya: emerging concepts and interventions

	Disease manifestations of chikungunya

	Diagnosis of chikungunya

	Acute chikungunya

	Atypical acute chikungunya

	Severe acute chikungunya

	Severe symptoms of acute chikungunya

	Chronic disease and sequelae

	Disease in infants and children

	Mother-​to-child infections


	Comorbidities and co-​infections

	Comorbidities

	Co-​infections


	Immunopathology

	Antiviral versus arthritic responses

	Mechanisms of immunopathology

	Macrophages and monocytes
	CD4 T cells
	NK cells and NK T cells
	Non-​haematopoietic cells

	Chronic arthropathy


	Treatments and vaccines

	Anti-​inflammatory therapy

	Antiviral treatments

	Vaccine development

	Mosquito control measures


	Conclusions

	Acknowledgements

	Fig. 1 Emergence and spread of the 2004–2019 CHIKV epidemic.
	Fig. 2 Joints affected by chikungunya arthralgia.
	﻿Fig. 3 Potential mechanisms of arthritic immunopathology in chikungunya.
	Table 1 Typical symptoms of acute chikungunya.
	Table 2 Atypical symptoms of acute chikungunya.


	612
	The IL-1 family of cytokines and receptors in rheumatic diseases

	Biology of the IL-1 family

	IL-1 family cytokines

	IL-1 family receptors

	Similarities between IL-1R and TLR signalling


	IL-1 subfamily

	IL-1α

	IL-1α in osteoarthritis
	IL-1α in Kawasaki disease
	IL-1α in other rheumatic diseases

	IL-1β

	Synthesis, processing and release of IL-1β
	IL-1β in hereditary autoinflammatory diseases
	IL-1β in gout
	IL-1β in systemic-​onset juvenile idiopathic arthritis and adult-​onset Still’s disease
	IL-1β in osteoarthritis

	IL-33


	IL-18 subfamily

	IL-18

	IL-18 in macrophage activation syndrome
	IL-18 in rheumatic diseases

	IL-37


	IL-36 subfamily

	IL-36 cytokines

	IL-38


	Targeting IL-1 family members

	IL-1α and IL-1β

	Other IL-1 family members


	Conclusions

	Acknowledgements

	Fig. 1 IL-1 cytokine subfamilies and receptors.
	Fig. 2 IL-1 receptor signalling.
	Fig. 3 Expression, synthesis, processing and release of IL-1β.
	Fig. 4 Systemic manifestations of adult-​onset Still’s disease.
	Fig. 5 IL-1 family members in macrophage activation syndrome.
	Table 1 Treatments for rheumatic diseases that target IL-1 family m­em­be­rs­.





