
 S Y S T E M I C  L U P U S  E RY T H E M ATO S U S

Trauma and PTSD linked with SLE risk
In a longitudinal study of 54,763 women followed up over 
24 years, investigators found that the incidence of systemic 
lupus erythematosus (SLE) was higher in women with probable 
post-traumatic stress disorder (PTSD) (that is, reporting four 
to seven symptoms of PTSD) than in women not exposed to 
trauma (HR 2.87, 95% CI 1.31–6.28). They also found a strong 
association between trauma exposure, regardless of PTSD 
symptoms, and incident SLE (HR 2.87, 95% CI 1.31–6.28).
ORIGINAL ARTICLE Roberts, A. L. et al. Association of trauma and posttraumatic stress 
disorder with incident systemic lupus erythematosus (SLE) in a longitudinal cohort of 
women. Arthritis Rheumatol. http://dx.doi.org/ 10.1002/art.40222 (2017)

 J U V E N I L E  I D I O PAT H I C  A RT H R I T I S

Evidence of gut-driven inflammation in new JIA
A study that investigated links between juvenile idiopathic 
arthritis (JIA) and gut microorganisms found that circulating 
anti-lipopolysaccharide (anti-LPS) antibody concentrations 
were higher in patients with new-onset JIA, with no substantial 
intergroup differences between those with polyarticular 
JIA (n = 22), oligoarticular JIA (n = 31) or spondyloarthro-
pathies (n = 16), than in healthy controls (n = 34). Circulating 
concentrations of LPS-binding protein and α-1-acid 
glycoprotein were also increased in patients with JIA and 
correlated with C-reactive protein levels as well as juvenile 
arthritis disease activity score.
ORIGINAL ARTICLE Fotis, L. et al. Serologic evidence of gut-driven systemic 
inflammation in juvenile idiopathic arthritis. J. Rheumatol. http://dx.doi.org/10.3899/
jrheum.161589 (2017)

 S P O N DY LOA RT H R I T I S

Predictive factors of anti-TNF efficacy
Among 168 patients who were determined to have axial 
spondyloarthritis (axSpA) according to the clinical arm of the 
ASAS classification criteria, response to TNF inhibitor therapy 
was dependent on the presence or absence of objective signs 
of axSpA (such as arthritis, dactylitis, enthesitis, uveitis and 
others). Only 13.7% of patients with non-radiographic SpA 
and no objective signs achieved a 50% improvement in Bath 
Ankylosing Spondylitis Disease Activity Index (BASDAI 50) at 
3 months, compared with 45.1% of the group of patients with 
one or more objective signs.
ORIGINAL ARTICLE Vidal, C. et al. Poor efficacy of TNF inhibitors in non-radiographic 
axial spondyloarthritis in the absence of objective signs: a bicentric retrospective study. 
Joint Bone Spine http://dx.doi.org/10.1016/j.jbspin.2017.08.005 (2017)

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

Risk from silica exposure influenced by smoking
The risk of developing anti-citrullinated protein 
antibody-positive rheumatoid arthritis is high among current 
smokers exposed to silica (OR 7.5, 95% CI 4.2–13.2), with 
the two risk factors having a synergistic effect, according to 
findings from the Swedish Epidemiological Investigation of 
Rheumatoid Arthritis (EIRA) study. The additive interaction 
between silica exposure and smoking increased with pack-years 
of smoking, with the highest attributable proportion due to 
interaction (AP) seen with ≥28 pack-years of smoking (AP 0.7, 
95% CI 0.4–0.9).
ORIGINAL ARTICLE Zeng, P. et al. Amount of smoking, duration of smoking cessation and 
their interaction with silica exposure in the risk of rheumatoid arthritis among males: 
results from the Swedish Epidemiological Investigation of Rheumatoid Arthritis (EIRA) 
study. Ann. Rheum. Dis. http://dx.doi.org/10.1136/annrheumdis-2017-212145 (2017)
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New research demonstrates how an 
integrative analysis of multidimen-
sional data can provide insights into 
the immune alterations that underlie 
complex diseases such as systemic 
juvenile idiopathic arthritis (sJIA). 
By using a blood stimulation assay to 
capture gene expression profiles, cell 
subset-specific activation status and 
secreted protein responses, Cepika 
et al. found alterations in cytokine 
production and activation of leuko-
cyte subsets in blood from patients 
with sJIA.

Although sJIA is known to be 
driven by IL-1 and can be treated 
with therapies that block IL-1 or  

IL-6, the aetiology of 
this autoinflamma-

tory disease  
is unknown.  
A common 

approach for examining the state 
of the immune system in systemic 
autoimmune and inflammatory 
diseases is to analyse the ex vivo 
transcriptional profile of circulating 
leukocytes; however, as the study’s 
corresponding author Virginia 
Pascual explains, the transcriptional 
profile of patients with sJIA largely 
overlaps with that of several other 
infectious and inflammatory dis-
eases. “To reveal potential immune 
alterations more specific to sJIA, we 
decided to ‘exercise’ the immune 
system by stimulating leukocytes 
... with multiple pro-inflammatory 
ligands in vitro, assuming that 
differences between patients and 
healthy controls might be found in 
inducible pathways,” says Pascual. 
The researchers then characterized 

the responses using cDNA 
microarrays, multicolour 

flow cytometry and multi-
plex cytokine profiling. 
“Analytical integration 
of the results from these 
three platforms enabled 
us to link the activa-
tion of specific cell 
subsets and skewing 

of cytokine production 
to groups of functionally 

related genes,” Pascual 
reports.
The researchers focused 

their studies on cells obtained from 
patients with sJIA in remission, 
thereby avoiding potential confound-
ing of the experimental results by 
disease activity level or medication. 
In leukocytes from these patients, 
the assay revealed dysregulated 
transcriptional and cellular responses 
to stimulation with Toll-like receptor 

4 (TLR4), TLR7 and TLR8 ligands, 
compared with healthy controls.

Further examination of sJIA 
monocytes isolated from the patients 
in remission showed that these cells 
had increased production (though 
not secretion) of IL-1β and decreased 
expression of the gene encoding 
aryl hydrocarbon receptor (AHR), a 
regulator of IL-1β-mediated inflam-
mation and macrophage polarization. 
After confirming in an independent 
cohort that baseline expression of 
AHR is lower in sJIA monocytes 
than in those from healthy controls, 
Cepika et al. showed that sJIA 
monocytes predominantly differen-
tiate into macrophages, rather than 
dendritic cells, in vitro. “This bias 
toward macrophage differentiation 
might represent a link between sJIA 
and macrophage activation syndrome 
(MAS), a very serious and potentially 
lethal complication of the disease,” 
Pascual explains.

Further research is needed to 
determine the basis of the altered 
AHR expression in the cells of 
patients with sJIA. “We also need to 
understand how alterations in the 
AHR pathway might lead to IL-1 
dysregulation and, eventually, MAS,” 
says Pascual. “Ideally, understand-
ing the exact mechanism of IL-1 
dysregulation in sJIA could lead to 
the identification of at-risk children 
before they develop the disease, and 
provide the tools to prevent its onset 
and flares,” she concludes.

Sarah Onuora

 PA E D I AT R I C  R H E U M AT I C  D I S E A S E

Multi-pronged approach uncovers 
sJIA mechanisms

ORIGINAL ARTICLE Cepika, A. M. et al. A 
multidimensional blood stimulation assay reveals 
immune alterations underlying systemic juvenile 
idiopathic arthritis. J. Exp. Med. http://dx.doi.
org/10.1084/jem.20170412 (2017)
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As cells age, they develop a senescent 
phenotype characterized by the 
production of pro-inflammatory 
cytokines that is thought to contribute 
to several age-related comorbidities. 
Various cells in the bone micro-
environment become senescent over 
time, but the contribution of these 
cells to age-related bone loss was 
unknown. Now, new research shows 
that removing senescent cells, or 
blocking their secretory phenotype, 
results in a reduction in age-related 
bone loss in mice.

The new study was the result 
of collaboration between the labs 
of Sundeep Khosla and James L. 
Kirkland. “In previous studies, the 
Kirkland group had demonstrated 
that clearing senescent cells or inhib-
iting their inflammatory secretome 
(the senescence-associated secretory 
phenotype, SASP) improved cardio-
vascular function, insulin sensitivity, 
and frailty in ageing mice,” explains 
Khosla. “Given the importance of 
osteoporosis as an age-related mor-
bidity, we teamed up to address the 
question of whether targeting cellular 
senescence could prevent age-related 
bone loss in mouse models, with the 
goal of eventually translating these 
findings into humans.”

To achieve this goal, the researchers 
used INK-ATTAC transgenic mice, 
which harbour a ‘suicide’ transgene 
that enables AP20187-induced 
selective killing of cells expressing 
Cdkn2a (also known as P16ink4a), 
a gene upregulated in senescent cells. 
Administration of AP20187 to aged 
(20–22 months old) INK-ATTAC 
transgenic mice with established 

bone loss induced the production of 
caspase 8 in senescent cells, thereby 
selectively clearing these cells. 
AP20187-treated mice had fewer 
osteoclasts and less bone resorption 
than vehicle-treated control mice, 
without a concomitant reduction 
in bone formation. By contrast, 
treatment of young (12 months old) 
INK-ATTAC transgenic mice with 
AP20187 had no effect on the meas-
ured bone parameters (bone micro-
architecture, bone volume fraction 
and trabecular bone measurements).

The results observed in aged 
transgenic mice upon AP20187-
induced depletion of senescent cells 
were then replicated in aged C57BL/6 
mice by use of two pharmacologic 
approaches. In the first model, 
senescent cells were depleted in aged 
C57BL/6 mice using a combination 
of the senolytic agents dasatinib 
(a tyrosine kinase inhibitor) and 
quercetin (a flavanol). In the second 
model, components of the SASP 
(mainly IL-8, IL-6 and plasminogen 
activator inhibitor-1) were inhibited 
by administration of the Janus kinase 
inhibitor ruxolitinib to aged C57BL/6 
mice. Both approaches reduced 
the number of osteoclasts without 
reducing the number of osteoblasts, 
thereby ameliorating bone loss, 
compared with control mice.

“We targeted a fundamental age-
ing process that has the potential to 
improve not only bone mass but also 
to alleviate other age-related con-
ditions as a group,” states Kirkland. 
“Unlike current osteoporosis drugs 
that inhibit bone resorption and 
also concomitantly reduce bone 

formation, targeting senescent cells 
inhibited bone formation while 
maintaining or even enhancing bone 
formation,” he continues.

“Having established ‘proof-of-
concept’ with this study, we are now 
continuing to identify compounds 
that eliminate senescent cells or 
inhibit their secretome,” concludes 
Khosla.

Joanna Collison

 B O N E

Targeting old cells to protect old bones

ORIGINAL ARTICLE Farr, J. N. et al. Targeting 
cellular senescence prevents age-related bone 
loss in mice. Nat. Med. http://dx.doi.org/10.1038/
nm.4385 (2017)

…treated mice
had fewer 
osteoclasts 
and less bone 
resorption 
than vehicle-
treated 
control mice…
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The links between autoantibodies 
and rheumatoid arthritis (RA) are 
well established, but the role of 
antibody glycosylation is less well 
understood. Now, a new microfluidic 
chip technology is helping to uncover 
antibody glycosylation patterns as 
potential biomarkers for RA.

Glycosylation helps to regulate the 
specificity and activity of antibodies; 
however, analysis of the glycome 

has remained a challenge owing to 
the heterogeneity of glycosylation 
patterns and the lack of easy-to-use, 
high-throughput technologies. 

To address this technology prob-
lem, researchers developed a micro-
fluidic titanium dioxide−porous 
graphitized carbon chip to enable 
the enrichment of low-abundance 
acidic glycans from the complex mix 
of total glycans found on antibodies. 
“Our technology represents an auto-
matic, rapid, sensitive and accurate 
quantitation method for biologically 
important but low-abundance acidic 
glycans,” states corresponding author 
Zhi-Hong Jiang.

Using this new technology, Jiang 
and colleaques analysed serum sam-
ples from 90 patients with RA and 57 
healthy individuals. From this data 
set, the authors identified potential 
biomarkers for RA using a machine 
learning tool. In particular, two sul-
fated glycans were identified as good 
candidate biomarkers for RA.

Interestingly, both of these sul-
fated glycans were reliably present 
in patients with RA, regardless of 
seronegativity; results that were 
confirmed in a validation cohort of 
187 patients with RA and 84 healthy 
individuals. In addition, in patients 
with osteoarthritis or ankylosing 
spondylitis, these glycans were either 
not elevated above the levels seen in 
healthy individuals or were reduced, 
making them promising biomarkers 
for seronegative RA.

“We are now synthesizing the two 
sulfated glycans described in our arti-
cle for the preparation of a potential 
kit for the clinical diagnosis of RA,” 
says Jiang.

Joanna Collison

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

Seronegative RA-specific biomarkers identified

ORIGINAL ARTICLE Wang, J.-R. et al. A method to 
identify trace sulfated IgG N-glycans as biomarkers 
for rheumatoid arthritis. Nat. Commun. 8, 631 (2017)
FURTHER READING Seeling, M., Brückner, C. & 
Nimmerjahn, F. Differential antibody glycosylation 
in autoimmunity: sweet biomarker or modulator of 
disease activity? Nat. Rev. Rheumatol. 13, 621–630 
(2017)
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IL-6

B cell CD4+ T cell

Autoimmune
germinal centre

BCL-6

IL-6 production by B cells drives 
autoimmune germinal centre 
formation in a mouse model of 
systemic lupus erythematosus (SLE), 
promoting disease, according to a 
new study published in The Journal of 
Experimental Medicine. “Our findings 
emphasize the critical importance of 
B cells in the pathogenesis of SLE, and 
describe a new mechanism whereby 
B cells promote disease — namely via 
pro-inflammatory cytokine produc-
tion,” states co-corresponding author 
Shaun Jackson.

“Spontaneous, autoimmune ger-
minal centres have been identified as 
an important source of auto antibody-
producing plasma cells in SLE and 
other humoral autoimmune diseases,” 
remarks co-corresponding author 
David Rawlings. To study the B 
cell-intrinsic signals underlying spon-
taneous germinal centre formation 

and SLE pathogenesis, the researchers 
developed a novel chimeric mouse 
model of SLE in which B cells lack the 
expression of Wiskott–Aldrich syn-
drome (WAS) protein. “In this model, 
Was−/− B cells initiate spontaneous 
humoral autoimmunity characterized 
by germinal centre formation, class-
switched anti-nuclear antibodies 
and immune-complex glomerulo-
nephritis, thus recapitulating several 
cardinal features of human SLE,” 
describes Rawlings. 

Serum IL-6 levels were elevated 
in these mice, consistent with the 
high IL-6 levels typically observed 
in patients with SLE. B cell-specific 
deletion of IL-6 in this model abro-
gated T follicular helper (TFH) cell 
expansion and spontaneous germinal 
centre development, which resulted in 
a loss of class-switched autoantibod-
ies, and lupus nephritis. Furthermore, 
IFNγ promoted IL-6 production by 
both human and mouse B cells in 
vitro, an effect that was blocked by 
the JAK inhibitors ruxolitinib and 
tofacitinib, consistent with previous 
findings from the same group that 
demonstrated a key B cell-intrinsic 

role for IFNγ signals in autoimmune 
germinal cell formation.

 “We propose a model wherein  
B cell-derived IL-6 facilitates tran-
sient expression of the TFH cell master 
regulator B-cell lymphoma 6 protein 
(BCL-6) in cognate CD4+ T cells, 
resulting in TFH  cell differentiation 
and spontaneous germinal centre 
formation. This process is enhanced 
by IFNγ, likely derived locally from 
activated T helper 1 (TH1) cells,” 
explains Jackson. 

“In the future, we plan to study 
how genome-wide associatiation 
study-identified lupus polymor-
phisms might impact this process,” 
says Rawlings. “In the long-term, we 
hope that improved understanding of 
the cellular mechanisms underlying 
autoimmune germinal centre forma-
tion will allow the development of 
effective targeted therapies in SLE,” 
concludes Jackson. 

Jessica McHugh

 S Y S T E M I C  L U P U S  E RY T H E M ATO S U S

B cell-derived IL-6 promotes disease

ORIGINAL ARTICLE(S) Arkatkar, T. et al.  
B cell-derived IL-6 initiates spontaneous germinal 
center formation during systemic autoimmunity.  
J. Exp. Med. http://dx.doi.org/10.1084/
jem.20170580 (2017)
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New research demonstrates that 
SM04690, a small-molecule inhibitor 
of the Wnt signalling pathway, has 
potential as a disease-modifying 
osteoarthritis (OA) drug (DMOAD). 
“SM04690 was able to induce chon-
drocyte differentiation and regener-
ate and protect cartilage both in vitro 
and in an OA animal model,” reports 
corresponding author Yusuf Yazici. 
Following the promising results of 
the preclinical studies, SM04690 
is now being evaluated in human 
clinical trials.

“The Wnt pathway [has] a 
prominent role in OA 
joints, including cartilage 
catabolism and regener-
ation,” explains Yazici, 
“thus it is an attractive 
target for the develop-
ment of a DMOAD.” 
SM04690 was devel-
oped as a potent inhib-
itor of the Wnt pathway 
that has sustained local 
residence in the joint.

In bone marrow-derived human 
mesenchymal stem cells (hMSCs), 
SM04690 induced chondrocyte 
differentiation and, under conditions 
designed to mimic cytokine-induced 
cartilage degeneration during OA 
progression, protected chondrocytes 
from catabolic breakdown.

The in vivo effects of SM04690 
were then evaluated in rats with 
OA induced by acute cruciate 
ligament tear and partial medial 
meniscectomy (ACLT + pMMx). 
“The ACLT + pMMx model that we 
chose is a relatively severe model 

for OA in rats and therefore 
[has] a high bar for success,” 
says Yazici. In this model, 
a single intra-articular 
injection of SM04690 
promoted cartilage 
growth and improved 
joint morphology. 
Markers of matrix degra-
dation were also reduced 
in SM04690-treated 
rats compared with 

vehicle-treated animals, suggesting 
potential cartilage protective 
effects. Altered expression of Wnt 
pathway genes and inhibition of the 
nuclear localization of β-catenin in 
cartilage confirmed the functional 
inhibition of Wnt signalling in the 
in vivo model.

The investigators have further 
studies planned to evaluate the effects 
of the drug on chondrocytes derived 
from patients with OA. In clinical 
studies, SM04690 was safe and well 
tolerated in a phase I clinical trial; 
we now await data from a completed 
phase II trial.

Sarah Onuora

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

Wnt inhibitor shows potential as a DMOAD

ORIGINAL ARTICLE Deshmukh, V. et al.  
A small-molecule inhibitor of the Wnt pathway 
(SM04690) as a potential disease modifying agent 
for the treatment of osteoarthritis of the knee. 
Osteoarthritis Cartilage http://dx.doi.
org/10.1016/j.joca.2017.08.015 (2017)
FURTHER READING Yazici, Y. et al. A novel Wnt 
pathway inhibitor, SM04690, for the treatment  
of moderate to severe osteoarthritis of the knee: 
results of a 24-week, randomized, controlled, 
phase 1 study. Osteoarthritis Cartilage 25,  
1598–1606 (2017)
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Patients with rheumatoid arthritis 
(RA) are at a higher risk of herpes 
zoster (commonly known as shin
gles, caused by varicella zoster virus 
infection) than the general popula
tion. In two new studies published in 
Arthritis & Rheumatology, Winthrop 
et al. explore strategies for reducing 
this risk: avoiding the use of com
bination therapies and vaccinating 
patients prior to starting treatment.

Both the disease itself and 
treatments for RA, such as gluco
corticoids or the Janus kinase 
inhibitor tofacitinib, contribute to 
the increased risk of herpes zoster 
in patients with RA. In the first 
study, Winthrop et al. evaluated data 
from 19 clinical trials of patients 
with RA and found that the risk of 
herpes zoster is greater in patients 
receiving tofacitinib in combination 
with glucocorticoids than in patients 
receiving tofacitinib without gluco
corticoids. As tofacitinib treatment 
was similarly efficacious in phase III 
trials irrespective of being used 
alone or in combination, Winthrop 
and colleagues concluded that the 
use of tofacitinib monotherapy 
could be one way to reduce the risk 
of herpes zoster while still providing 
effective treatment.

Current recommendations 
suggest patients with RA should be 
vaccinated with the live zoster vac
cine prior to commencing treatment 
with a biologic drug or tofacitinib, 

with guidelines advising physicians 
to leave a 2–4 week gap before 
beginning treatment due to the 
potential risk of vaccine dissemina
tion in immunosuppressed patients. 
In the second study, Winthrop et al. 
evaluated the safety and immuno
genicity of live zoster vaccination in 
the setting of RA prior to starting 
tofacitinib therapy.

At 6 weeks postvaccination, 
patients who began tofacitinib 
treatment 2–3 weeks following 
vaccination had similar virusspecific 
humoral and cellmediated responses 
to patients receiving placebo, sug
gesting tofacitinib does not negatively 
affect the immune response to this 
vaccine. The vaccine seemed to 

be safe in the majority of patients; 
although one patient with no prior 
exposure to the virus developed 
cutaneous vaccine dissemination 
after beginning tofacitinib therapy, 
indicating the need to either screen 
patients for prior viral exposure 
before vaccinating or increase the gap 
between vaccinating and commencing 
tofacitinib treatment.

Jessica McHugh

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

Reducing the risk of herpes zoster

ORIGINAL ARTICLES Winthrop, K. L. et al. The 
safety and immunogenicity of live zoster 
vaccination in rheumatoid arthritis patients before 
starting tofacitinib: a randomized phase II trial. 
Arthritis Rheumatol. http://dx.doi.org/10.1002/
art.40187 (2017) | Winthrop, K. L. et al. Herpes 
zoster and tofacitinib: clinical outcomes and the 
risk of concomitant therapy. Arthritis Rheumatol. 
http://dx.doi.org/10.1002/art.40189 (2017)
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Glucocorticoids are widely administered to 
reduce inflammation, to treat various immune- 
mediated diseases and as an immuno-
suppressive therapy for organ transplant recipi-
ents1. However, glucocorticoid use is associated 
with a range of adverse effects, including 
glucocorticoid- induced osteo porosis (GIOP). 
As GIOP leads to increased risk of fractures, it 
is important to identify those patients at great-
est risk and who would benefit from appro-
priate treatment. Numerous medical societies 
have issued guidelines or other guidance for 
the management of patients receiving gluco-
corticoid therapy1, among which is the updated 
2017 ACR guideline2.

A decrease in bone mineral density (BMD) 
is evident soon after initiation of glucocorti-
coid therapy. Fracture risk also increases rap-
idly (within 3–6 months of oral glucocorticoid 
therapy initiation) and in a dose-dependent 

for the management of patients receiving 
glucocorticoid therapy are based on analy-
sis of the same studies and trials but differ 
in their interpretation of the evidence and 
in the context of local health economic con-
ditions. These differences lead to diverg-
ing recommended thresholds for initiating 
anti- osteoporotic intervention1. Such inter-
vention thresholds used to be based on 
glucocorticoid dose (with minimum daily 
doses proposed to be 5 mg or 7.5 mg), treat-
ment duration (consistently accepted as 
≥3 months) and on BMD (T-scores of -1.0 
or -1.5 have been suggested). More recently, 
the decision to initiate anti- osteoporotic 
treatment is increasingly based on a patient’s 
absolute risk of fracture, determined by use of 
tools such as FRAX3, which can be calibrated 
for regional fracture incidence and mortality. 
For patients exposed to high or low gluco-
corticoid doses, the probability of a major 
fracture might need to be adjusted upwards 
or downwards, accordingly5.

In terms of management, all guidelines 
agree on the use of glucocorticoid-sparing 
agents, limiting the dose of glucocorticoids 
whenever possible, considering alternative 
routes of glucocorticoid administration,  
and recommending well-balanced nutri-
tion and regular weight-bearing exercise for 
patients. Guidelines also highlight the need  
for fall prevention, particularly for elderly 
patients in whom glucocorticoid-induced 
muscle wasting contributes substantially to 
the risk of falls. Most guidelines concern GIOP 
management in postmenopausal women 
and men aged >50 years. Because evidence 
in premeno pausal women and men aged 
<50 years is limited, in these settings guide-
lines generally refer to individual treatment 
decisions based on clinical judgement.

The 2017 ACR guideline for the preven-
tion and treatment of GIOP2 first reminds 
the reader that the guideline provides recom-
mendations to be applied in accordance with 
a patient’s individual condition, and does not 
dictate management and care. The expert 
panel used the Grading of Recommendations 
Assessment, Development and Evaluation 
(GRADE) approach to evaluate the evi-
dence of efficacy and harms of GIOP man-
agement, then applied a group consensus 
process to determine the recommendations, 
which concerned not only adults receiving 

manner, independently of the underlying dis-
ease or the age or sex of the patient. Among 
adults treated with long-term glucocorticoid 
therapy, ~30–50% will experience an osteo-
porotic fracture1. Tellingly, current and past 
glucocorticoid use is considered an impor-
tant risk factor for fractures, independently  
of BMD or history of fracture, and is included 
in the FRAX 10-year fracture probability 
assessment tool3.

Despite accelerated bone loss and 
increased fracture risk, and the availability of 
efficacious anti-osteoporotic therapies, many 
patients receiving or starting long-term gluco-
corticoid therapy are not appropriately evalu-
ated and treated1. Only one-quarter of patients 
starting long-term glucocorticoid therapy 
receive BMD testing with dual-energy X-ray 
absorptiometry (DXA) or anti-osteoporosis 
treatment4. The various recommendations 
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Towards a better management of 
glucocorticoid-induced osteoporosis?
René Rizzoli

A new publication by the ACR provides clear recommendations for the 
prevention and treatment of osteoporosis in patients being treated with 
glucocorticoids, but will they improve the historically inadequate 
management of this patient population?

Refers to Buckley, L. et al. 2017 American College of Rheumatology guideline for the prevention and treatment of 
glucocorticoid-induced osteoporosis. Arthritis Care Res. (Hoboken) http://dx.doi.org/10.1002/acr.23279 (2017)
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long-term glucocorticoid treatment, but also 
special populations including children, organ 
transplant recipients, women of childbearing 
potential and patients receiving very high 
doses of glucocorticoids. The scope of the 
recommendations is the assessment and pre-
vention of osteoporosis and reducing the risk 
of fracture, the last being the most important 
outcome. The guideline applies to the care 
of children and adults taking ≥2.5 mg per 
day prednisolone-equivalent for ≥3 months. 
The recommendations were graded as strong 
when the panel was convinced that the 
expected benefits of an intervention would 
outweigh the harms, and conditional when 
the panel believed that the benefits would 
probably outweigh the harms. The panel also 
made ‘good practice’ recommendations when 
they strongly believed that the benefits far 
outweighed the harms despite only indirect 
supporting evidence.

Various criteria were applied to define high, 
moderate and low risk of fracture in adults, 
who were divided into two age categories, 
≥40 years and <40 years. The ACR panel rec-
ommended that initial fracture risk assessment 
should be performed within 6 months of glu-
cocorticoid treatment initiation. In both age 
categories, prior osteoporotic fracture was a 
contributing factor to a determination of high 
fracture risk. Initial testing should include 
BMD testing. Under chronic glucocorticoid 
therapy, fracture risk should be reassessed 
annually and BMD tested every 2–3 years for 
those at moderate and high risk of fracture, as 
a good practice recommendation.

Regarding preventive or therapeutic meas-
ures, all patients should have an optimized 
intake of calcium and vitamin D, together 
with appropriate lifestyle modifications, 
such as a well-balanced diet, regular weight- 
bearing physical activity and avoidance of 
alcohol and smoking, although the anti-
fracture efficacy of this regimen is limited1,6. 
Patients with moderate and high fracture 
risk should receive an oral bisphosphonate. 
If this treatment is considered inappropriate, 
an intravenous bisphosphonate formulation 
should be considered, and teriparatide if a 

bisphosphonate is not appropriate. These 
recommendations are fully in line with pre-
vious guidelines7. Bisphosphonates are the 
most commonly used treatment for GIOP 
and are generally well-tolerated6. A major 
issue in GIOP is reduced bone formation. 
Bone formation is stimulated by teriparatide 
therapy, which has been shown to produce 
superior BMD increases compared with oral 
bisphosphonates8. However, the evidence 
on anti-fracture efficacy of any treatment in 
GIOP is still limited. Poor evidence of frac-
ture risk reduction in GIOP should not be 
interpreted as anti- osteoporotic drugs being 
ineffective in reducing fracture risk.

The 2017 ACR treatment recommen-
dations were attributed different degrees of 
strengths in various situations such as patient 
age (that is, in adults below or above 40 years 
of age, or in children), pregnancy, use of high 
doses of glucocorticoids or patients having 
received an organ transplant. Upon gluco-
corticoid discontinuation, anti-osteoporosis 
medication can be stopped in patients at low 
risk of fracture, whereas it should be continued 
in high-risk patients.

In this 2017 guideline, robust methodology 
was applied for literature analysis and deter-
mining the strength of the recommendations2. 
Priority is given to the identification of patients 
at high risk of fracture, with fracture risk reduc-
tion being the most important outcome. Oral 
bisphosphonate is recommended as the first-
line therapy. Some specific situations are dis-
cussed, but one recognized limitation is that 
not all situations could be addressed, particu-
larly for populations with limited data regard-
ing fracture risk and lacking fracture prediction 
tools, such as patients <40 years of age. Thus for 
these populations, most of the recommenda-
tions are either ‘conditional’ or ‘good practice’.

As mentioned above, a major issue in 
GIOP management is the low number of 
patients who are adequately evaluated and 
treated. By highlighting the limited data on 
fracture risk reduction with GIOP treat-
ment, and by favouring oral treatment reg-
imens, for patients who often already have 
gastro intestinal complaints related to their 

underlying disease or to glucocorticoid ther-
apy, one could wonder whether following this 
guideline2 will indeed increase the number 
of adequately treated patients. On the other 
hand, by fixing a 6-month upper time limit 
for fracture risk assessment and BMD imag-
ing, early preventive strategies might be intro-
duced only after high-magnitude, accelerated 
bone loss has occurred following gluco-
corticoid treatment initiation. In conclusion, 
the 2017 ACR guideline for the prevention 
and treatment of GIOP provides clear and 
evidence-based strong, conditional or ’good 
practice’ recommendations as a useful prac-
tical tool for the management of patients at 
high risk of fracture because of glucocorticoid 
therapy. The issue now will be the broad and 
systematic implementation of this guideline.
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The combined use of conventional syn‑
thetic DMARDs (csDMARDs) and bio‑
logic DMARDs (bDMARDs) as well as the 
application of the treat‑to‑target strategy 
has revolutionized the treatment of rheuma‑
toid arthritis (RA), and clinical remission or 
low disease activity (LDA) are now realistic 
targets. Sustained disease control in turn 
leads to good long‑term outcomes without 
any clinical flare of the disease, progres‑
sive joint destruction or functional impair‑
ment, but requires patient adherence and 
ensured safety. Accordingly, de‑ escalation 
of treatment in patients with established 
remission — including dose‑reduction strat‑
egies (that is, a tapering to withdrawal) or 
therapy discontinuation (immediate with‑
drawal) — is increasingly gaining traction. 
Indeed, EULAR recommends that tapering 
(either reduced dose or reduced frequency) 
a bDMARD can be considered if a patient is 
in persistent remission after having tapered 
glucocorticoids, in particular if a csDMARD 
is also being given1. The ACR guidelines 
include the possibility of tapering DMARDs 
and note that sustained remission should 
be present before tapering is commenced2. 
Although such a sequence seems reasonable 
from a clinical and economic perspective, no 
strategic trials have yet compared different 
modes of tapering bDMARDs. The exten‑
sion study of the DRESS (Dose Reduction 
Strategy of Subcutaneous TNF inhibitors) 
trial now reports the 3‑year effects of disease 

LDA after the discontinuation of TNF inhib‑
itors and withdrawal of treatment might 
only be possible if full remission (defined 
by composite measures such as the 28‑joint 
disease activity score with C‑reactive protein 
level (DAS28‑CRP)) is achieved5. Indeed, 
because clinical flare after withdrawal of TNF 
inhibitors is often experienced in those with 
established RA, dose reduction rather than 
therapy discontinuation might be more fea‑
sible. However, the ideal strategies of dose 
reduction and profiles of patients who can 
receive a reduced dose have remained unclear 
(FIG. 1). Furthermore, important questions 
with respect to long‑terms risks and benefits 
of dose reduction (including regarding disease 
activity, risk of major flare, structural damage, 
functional impairment and adverse events) 
remain undefined.

To address these questions, the DRESS 
study enrolled 180 patients with LDA and ran‑
domly assigned them to either dose reduction 
or usual care, stratified according to which 
TNF inhibitor they were using (adalimumab 
or etanercept) in the intervention phase 
(months 0–18)6. In the dose‑reduction group, 
a stepwise increase of the interval between 
treatment doses was implemented every 
3 months until treatment stopped. Disease 
activity was measured using DAS28‑CRP. 
In the extension phase (months 18–36), 

activity‑guided dose reduction of TNF inhib‑
itors, showing that dose reduction or even 
discontinuation of TNF inhibitors is feasible 
in some patients3.

Studies have indicated that more than half 
of patients with early‑stage RA could dis‑
continue TNF inhibitors without functional 
impairment once remission has been achieved 
using TNF inhibitors in combination with 
methotrexate4. By contrast, fewer patients 
with established RA sustain remission or 

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

DMARD de‑escalation — 
let the patient guide you
Yoshiya Tanaka

The DRESS study has shown that safety and efficacy were maintained for up 
to 3 years upon disease activity-guided dose reduction of TNF inhibitors. 
However, which patients are ideally suited for de-escalation remains  
to be investigated.

Refers to Bouman, C. A. et al. Long-term outcomes after disease activity-guided dose reduction of TNF inhibition in 
rheumatoid arthritis: 3‑year data of the DRESS study — a randomised controlled pragmatic non‑inferiority strategy 
trial. Ann. Rheum. Dis. http://dx.doi.org/10.1136/annrheumdis-2017-211169 (2017)

Figure 1 | The treatment of rheumatoid arthritis. Intensive treatment is required for inducing 
remission in rheumatoid arthritis, but subsequently maintaining remission with high adherence and 
safety is prerequisite for good long-term outcomes. De-escalation and drug holiday strategies to 
get patients off DMARDs while maintaining remission are actively being sought.

NATURE REVIEWS | RHEUMATOLOGY  www.nature.com/nrrheum

NEWS & VIEWS

©2017MacmillanPublishersLimited, partofSpringerNature. All rightsreserved.

http://dx.doi.org/10.1136/annrheumdis-2017-211169


treatment strategies in both groups converged 
to continuation of on‑protocol tight control 
(that is, maintaining DAS28‑CRP <3.2) and 
permitted dose optimization that included 
dose reduction for those in the usual care 
group at the discretion of the treating rheuma‑
tologist3. In both groups, treatment was 
changed if disease flare occurred (defined 
as a DAS28‑CRP increase of >1.2 compared 
with baseline, or a DAS28‑CRP increase 
of >0.6 and DAS28‑CRP ≥3.2 (short‑lived 
flare)). Major flare was defined as a flare per‑
sisting >12 weeks. Bridging treatment with  
glucocorticoids was allowed.

In the extension phase3, the cumulative 
incidence of major flares was 10% in the 
dose‑reduction group (17% over the course 
of the study), and 12% in the usual care 
group (14% over the course of the study). 
Cumulative incidences of short‑lived flares 
were, in the extension phase, 43% in the dose‑ 
reduction group (83% over the course of the 
study) and 35% in the usual care group (44% 
over the course of the study). DAS28‑CRP 
scores remained stable during the extension 
phase and were not significantly different 
between groups at any time point. In the 
dose‑ reduction group, 20% of patients success‑
fully discontinued bDMARDs by month 18,  
and 17% persisted being bDMARD‑free with 
maintained LDA at 36 months. In the usual 
care group, 39% of patients were success‑
fully treated with a reduced dose and 14% 
had discontinued bDMARD treatment at 
36 months. In the extension phase, no signifi‑
cant between‑group differences in csDMARD 
use, or mean radiographic progression score, 
were observed3. The cumulative incidence of 
adverse events during the extension phase was 
34% in the dose‑reduction group (90% over 
the course of the study) and 39% for the usual 
care group (95% over the course of the study). 
The authors concluded that both safety and 
efficacy of disease activity‑guided dose reduc‑
tion of TNF inhibitors were maintained up 
to 3 years and that the strategy of gradually 
widening the dosing interval was possible in 
patients with stable LDA.

These findings from the DRESS trial 
showed that some patients in remission are 
able to taper and/or withdraw treatment 
without experiencing disease flares and with‑
out losing control of disease activity. Other 
studies, including the IDEA7, PRESERVE8 
and RETRO9 trials, have also reported that 
more than half of patients could maintain a 
state of LDA without signs of joint damage 
after reducing doses of TNF inhibitors and 
that dose reduction was more successful than 
withdrawal of TNF inhibitors, particularly 
in patients receiving etanercept. However, 
concerns have been raised that dose reduc‑
tion might induce anti‑drug antibodies 
because effector immune responses are usu‑
ally induced by an antigenic discontinuity  
or reduction.

Taken together, dose reduction or even 
discontinuation of bDMARDs without flares 
is feasible in some patients and a desira‑
ble goal in terms of risk reduction and cost 
effectiveness. Even if treatment is stopped 
and a patient experiences a flare, the major‑
ity can recover their previous good out‑
come upon the reinstitution of therapy4,5. 
However, selecting patients for de‑escalation 
and which strategy to implement remains an 
open question. Schett et al.5 proposed that 
DMARD tapering should be considered if 
patients fulfil standardized clinical criteria 
for remission (DAS28‑CRP <2.6), show sus‑
tained remission for at least 6 months, have 
maintained stable DMARD treatment over 
the past 6 months and do not use gluco‑
corticoids to maintain their remission. Also, 
if the patient is negative for anti‑cyclic citrul‑
linated peptide antibodies, has achieved deep 
remission and/or shows absence of synovitis 
on ultrasonography, they might have a higher 
chance of success on a drug ‘holiday’5. Thus, 
studies to identify patients in remission at 
low or high risk of relapse after DMARD de‑ 
escalation using composite measures, serum 
biomarkers and imaging are needed. Indeed, 
more efforts are needed to fully character‑
ize the patient profile most likely to benefit 
from bDMARD de‑escalation to facilitate the 

decision‑making for patients and rheumatol‑
ogists, which is a crucial goal if we are ever 
to cure RA.
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Gout is now the most common cause of inflammatory 
arthritis, and its epidemiology worldwide points to an 
increase in incidence and prevalence in both developed 
and developing countries1. Gout is caused by hyper
uricaemia (serum urate levels >7 mg/l (420 μmol/l)) lead
ing to the formation and deposition of monosodium urate 
(MSU) crystals. Clinically, the disease is characterized by 
acute episodes of joint inflammation, usually affecting a 
single joint, interspersed with symptomfree periods of 
variable duration. If untreated, gout typically progresses 
to the formation of urate deposits (tophi) in soft tissues, 
recurrent attacks of arthritis affecting multiple joints and 
progressive joint destruction. Other complications include 
renal deposits of uric acid that can provoke renal failure 
and the formation of renal stones. These and other clinical 
features have been reviewed elsewhere2.

Gout is now regarded as a prototypical inflamma
tory disease driven by activation of the innate immune 
system. Gout has also been termed an autoinflammatory
disease3; however, this classification is misleading as, 
unlike hereditary autoinflammatory diseases, the acute 
trigger of gout is MSU crystals. Uric acid itself is an endo
genous and ubiquitous metabolite that is not considered 
to be proinflammatory, and MSU crystal formation is 
required to provoke clinically observed inflammation.

The study of the underlying mechanisms of gouty 
inflammation has led to remarkable insights into the con
trol of the inflammasome and proinflammatory cytokine 
release. Nevertheless, we must bear in mind some of the 
other distinguishing features of gout: firstly, that the attack 
is usually selflimiting and, secondly, that MSU crystals 

can be present without an inflammatory response. These 
observations suggest that regulatory mechanisms exists 
that modify the acute inflammatory response, and a 
thorough understanding of pro inflammatory as well 
as antiinflammatory pathways could help to develop 
new strategies for the treatment of gout. In this Review, 
we discuss advances over the past decade in the field of 
gout inflammation research and emerging therapeutic 
strategies to manage acute gout attacks.

Uric acid-mediated inflammation
IL1β–mediated inflammation is a key aspect of gouty 
inflammation. In gout, IL1β production is mediated 
by MSU crystals triggering the inflammasome, a multi
molecular complex whose dysregulation is central to 
many pathological inflammatory conditions.

Inflammasome activation by MSU crystals
MSU crystals trigger an inflammatory response from 
macrophages. The crystals are first taken up by macro
phages and promote the assembly and activation of the 
NLRP3 inflammasome4. Inflammasomes are cytosolic 
multiprotein complexes that can initiate inflammatory 
responses5,6.

Inflammasomes assemble when cytosolic pattern 
recognition receptors (PRRs) such as NLRP3 sense acti
vating signals that have reached the cytosol of the cell. 
This signalling leads to the oligomerization of the PRR 
and its recruitment to a complex of adaptor proteins and 
effector enzymes (FIG. 1). NLRP3 inflammasomes are 
formed by the recruitment of the adaptor protein ASC 
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Autoinflammatory disease
Inflammatory diseases not due 
to infections or injuries, mostly 
caused by malfunction in the 
innate immune system.

Inflammasome
A multiprotein cytoplasmic 
complex that activates one or 
more inflammatory caspases, 
such as caspase‑1, leading  
to the processing and secretion 
of the pro‑inflammatory 
cytokines IL‑1β and IL‑18, and 
the processing and activation 
of factors triggering pyroptosis 
such as gasdermin D.

Inflammation in gout: mechanisms 
and therapeutic targets
Alexander K. So1 and Fabio Martinon2

Abstract | The acute symptoms of gout are triggered by the inflammatory response to 
monosodium urate crystals, mediated principally by macrophages and neutrophils. Innate 
immune pathways are of key importance in the pathogenesis of gout, in particular the activation 
of the NLRP3 inflammasome, which leads to the release of IL‑1β and other pro‑inflammatory 
cytokines. The orchestration of this pro‑inflammatory cascade involves multiple intracellular and 
extracellular receptors and enzymes interacting with environmental influences that modulate 
the inflammatory state. Furthermore, the resolution of inflammation in gout is becoming better 
understood. This Review highlights recent advances in our understanding of both positive and 
negative regulatory pathways, as well as the genetic and environmental factors that modulate 
the inflammatory response. Some of these pathways can be manipulated and present novel 
therapeutic opportunities for the treatment of acute gout attacks.
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Pyroptosis
Inflammatory form of cell 
death mediated by 
inflammatory caspases such as 
caspase‑1 and caspase‑11 that 
results in the extracellular 
release of cellular content, 
including inflammatory 
mediators and danger signals.

and subsequent recruitment of caspase1. Following 
initial oligomerization within the inflammasome, 
ASC monomers can further autoassemble into high 
molecularweight oligomers. This process, referred to as 
‘prionlike’ polymerization, amplifies the signals sensed 
by the PRR and engages virtually all ASC molecules into 
one active cellular complex7. Recruitment and oligo
merization of caspase1 by this structure leads to the 
activation and proteolytic processing of its substrates.

Caspase1 activates the proinflammatory cytokines 
IL1β and IL18 by cleaving their respective pre
cursor proteins, proIL1β and proIL18. In gout, 
inflammasome mediated IL1βrelease triggers an impor
tant inflammatory response, with vasodilatation and rapid 
recruitment of neutrophils to the site of crystal deposition, 
and thereby drives acute inflammatory episodes8.

Additional caspase1 substrates, such as gasdermins, 
are emerging as downstream targets of inflammasome 
engagement9. Gasdermins promote cell death upon 
the activation of inflammatory caspases10,11. Caspase1 
and caspase11 can cleave gasdermin D to release its 
Nterminal portion that then polymerizes at the plasma 
membrane, forming cytotoxic pores. These pores alter 
cellular integrity and result in cell death by pyroptosis, 
which is mediated by inflammatory caspases and differs 
from cell death mediated by apoptotic caspases in that 
it results in the release of the cytosolic contents of cells, 
including a plethora of proinflammatory mediators 
and danger signals. Pyroptosis can therefore amplify 
the inflammatory response and facilitate the release of 
cytokines, including IL1β. Whether this pathway con
tributes to inflammation in gout remains to be estab
lished. Uric acid crystals have also been proposed to 
trigger necroptosis, another proinflammatory type 
of cell death that is mediated by the activation of the 
receptorinteracting serine/threonineprotein kinase 3 
(RIPK3) and mixed lineage kinase domainlike protein 
(MLKL) pathways12. Interestingly, disruption of cellular 
integrity during necroptosis can elicit NLRP3 inflamma
some assembly13. Thus, necroptosis and pyroptosis 
might cooperate to amplify the release of inflammatory 
mediators in gout.

Mechanisms of inflammasome engagement
Despite the fact that activation of IL1β production and 
the role of the NLRP3 inflammasome in gout is well 
described, the upstream pathway that links MSU crystals 
to NLRP3 activation is poorly understood. Inflammasome 
engagement can be dissected into two prerequisite steps: 
priming and activation. Reliance on two signals is a key 
feature of most inflammasomes and increases the speci
ficity of the response while avoiding inappropriate firing 
of the pathway. In gout, the nature of signal 1 is unclear but 
might rely on the activation of Tolllike receptors (TLRs)14. 
Signal 2 is provided by the interaction of MSU crystals 
with inflammasomecompetent cells15.

Signal 1 of inflammasome engagement primes cells for 
inflammasome assembly. Priming of the cell, also known 
as signal 116, controls the expression of all components 
required for the assembly and activation of the inflam
masome and contributes to the expression of the pre
cursor proteins that are the substrates of inflammatory 
caspases. This inflammasomecompetent stage, which is 
achieved as a result of an inflammatory milieu, can orig
inate by the engagement of innate immune receptors on 
the cell surface or as part of an autoamplification loop 
via IL1β itself.

Signalling pathways mediated by cellsurface recep
tors coordinate the innate immune response. The best 
known of these receptors are the TLR family, of which 
TLR2 and TLR4 in particular have been implicated in 
gouty inflammation. Work published in 2005 showed 
that mice deficient in TLR2 or TLR4 have an impaired 
neutrophil response to MSU crystals in the airpouch 
model of gout14. A direct interaction between MSU crys
tals and the TLRs was postulated, as macrophages defi
cient for these receptors did not take up MSU crystals as 
efficiently as wildtype macrophages; however, no clear 
evidence demonstrated that MSU crystals could directly 
activate TLRs. Subsequent data suggested that TLRs 
regulate gouty inflammation by recognition of ligands 
that prime monocytes and macro phages to produce 
proIL1β. Proteins S100A8 and S100A9 are endo
genous ligands of TLR4 and are secreted upon activa
tion of phagocytes. Patients with gout and mice injected 
with MSU crystals produced high levels of S100A8 
and S100A9, and genetic deletion of S100A9 reduced 
the response to MSU crystals in mice17. Another TLR 
ligand that might have a role in macrophage priming in 
gout is longchain free fatty acids (FFAs). In a murine 
model of gout, arthritis was only observed when mice 
were injected with both longchain FFAs and MSU 
crystals, whereas injection of MSU alone or longchain 
FFAs alone was not sufficient to elicit inflammation. 
Furthermore, it was demonstrated that TLR2 is the 
receptor that mediated the effects of longchain FFAs 
on macrophages18. The mechanisms by which TLRs can 
regulate inflammation have been reviewed elsewhere19.

Other factors such as granulocytemacrophage 
colony stimulating factor (GMCSF) and the comple
ment protein C5a have been proposed to affect cell prim
ing in gout. In monocytes from GMCSFneutralized 
mice, decreased levels of IL1β were observed following 

Key points

• Inflammatory cytokines, in particular IL‑1β, are the key mediators of gouty
inflammation

• The NLRP3 inflammasome is the major pathway by which MSU crystals trigger
the cellular inflammatory response

• Multiple regulatory pathways modulate the activity of the inflammasome 
and the release of IL‑1β; this may explain in part the clinical origins of gouty
inflammation

• Diet influences hyperuricaemia as well as the inflammatory state of macrophages
in gout

• Nutrients can modulate inflammasome activity and IL‑1β release and participate
in the regulation of pro‑inflammatory as well as anti‑inflammatory pathways 
in gout

• The resolution of gouty inflammation is regulated at the cellular level as well as at the
level of activation of the inflammasome; these pathways provide promising new 
avenues for therapeutic intervention
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ex vivo stimulation with MSU crystals. These mono
cytes also exhibited decreased expression of NLRP3 and 
proIL1β20. Conversely, treatment with C5a increased 
the expression of IL1β and IL18 and exacerbated MSU 
crystalmediated peritonitis in a mouse model of gout20,21.

Although priming is necessary for inflammasome 
assembly, this step is nonspecific and can result from 
various conditions and signals that promote an under
lining inflammatory response. Priming provides an envi
ronment for inflammasome engagement, but on its own 
is not sufficient to trigger the inflammasome pathway.

Signal 2 catalyses inflammasome assembly. A second 
signal, signal 2, is required for inflammasome activation. 
This signal is more specific than signal 1 and directly 
drives posttranscriptional and translational aggregation 
and polymerization of inflammasome components. The 
mechanisms by which MSU crystals trigger signal 2 to 
promote NLRP3 activation are still poorly understood. 
However, several steps commonly found upstream of 
NLRP3 activation are involved.

Perturbation of cellular ionic balances, in particular 
potassium efflux and calcium influx, is a characteristic 
feature of NLRP3 inducers22,23. This ionic perturbation 
is necessary for the generation of mitochondrial reactive 
oxygen species (ROS) upstream of NLRP3 inflamma
some assembly. ROS production is also an essential step 
for inflammasome formation, and is increased by MSU
mediated leukotriene B4 (REF. 24) and might contribute 
to engage Nek7, a member of the family of mammalian 
NIMArelated Ser/Thr (Nek) kinases. Nek7 directly binds 
NLRP3 and could be the common NLRP3activating 
ligand25–27. How Nek7 interacts with NLRP3 and the 
mechanisms by which MSU crystals promote the ionic 
changes that ultimately engage the NLRP3activating cas
cade are important unanswered questions.

Mediators of the inflammatory response
IL‑1β is a key cytokine in gout
IL1β is a cytokine that acts on multiple cell types to elicit 
inflammatory responses28. Promotion of vaso dilatation 
by IL1β leads to the recruitment of monocytes and 

Figure 1 | NLRP3 inflammasome activation by monosodium urate crystals. The NLRP3 inflammasome must be primed 
before activation. Priming (signal 1) is mediated by NF‑κB–activating pathways, such as those activated by a member of the 
Toll‑like receptor (TLR) family. This signalling cascade induces the expression of functional inflammasome components such 
as NLRP3. Monosdium urate (MSU) crystals provide signal 2, triggering the assembly of the inflammasome. The interaction 
of MSU crystals with the plasma membrane promotes a cellular response that is still poorly understood but includes 
hallmarks of NLRP3 activation, including potassium efflux through ion channels and mitochondrial perturbations leading to 
the production and release of mitochondrial reactive oxygen species (ROS) into the cytosol. NLRP3‑activating factors such 
as the mammalian NIMA‑related Ser/Thr (Nek) kinase Nek7 are then engaged, promoting NLRP3 oligomerization and 
inflammasome assembly. The adaptor protein ASC is recruited to the inflammasome and nucleates into prion‑like filaments. 
Caspase‑1 is recruited by ASC and oligomerizes along the ASC filaments, leading to the autoproteolytic activation of 
caspase‑1. Active caspase‑1 then promotes the proteolytic cleavage and maturation of pro‑IL‑1β into biologically active 
IL‑1β. Caspase‑1 also promotes the cleavage of gasdermin D to generate an N‑terminal cleavage product that oligomerizes 
at the plasma membrane, causing the formation of pyroptotic pores. These pores disrupt the integrity of the cellular plasma 
membrane, and might contribute to the release of inflammatory mediators including IL‑1β.
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neutrophils to sites of tissue insults, a response that 
is crucial in combating infection and restoring tissue 
homeostasis. However, sustained IL1β secretion can 
result in the production of matrixdegrading enzymes 
that break down cartilage and bone29. At the systemic 
level, IL1β elicits a fever response by acting directly on 
the hypothalamic temperatureregulation centre30.

IL1β is mainly produced by innate immune cells and 
signals to target cells by binding to IL1 receptor type 1 
(IL1R1). Once activated, IL1R1 and its coreceptor 
IL1 receptor accessory protein (IL1RAcP) recruit a 
signalling complex that shares components with TLR 
signalling pathways, leading to the activation of pro 
inflammatory transcription factors including nuclear 
factorκB (NFκB) as well as p38 cJun Nterminal 
kinase (JNK) (FIG. 2). These transcription factors in turn 
promote the transcriptional upregulation of chemokines 
and proinflammatory mediators that orchestrate the 
IL1mediated inflammatory response.

Although inflammasome activation is the best char
acterized mechanism leading to IL1β maturation in 
gout, it should be noted that, in addition to inflammatory 
caspases, other proteases can contribute to IL1 matura
tion31. In the absence of the inflammasome, neutrophils 
can process proIL1β by the activity of neutrophil 
derived serine proteases such as proteinase3 (PR3, 
also known as myeloblastin), neutrophil elastase and 
cathepsin G31,32. Other serine proteases can also process 
IL1β33. Some metallo proteinases and granzyme A have 
also been proposed to trigger the proteolytic activation 
of IL1β34,35. Whether these pathways function to amplify 
the inflammatory reaction, for example in tissues with 
robust neutrophil recruitment, or as backup mechanisms 
that maintain IL1β production in conditions in which  
inflammasome proteins are absent or inhibited, is unclear.

Although it is now widely accepted that IL1β is a 
pivotal cytokine in acute gout15, a role for IL1α cannot 
be ruled out. IL1α is released during crystalinduced 
inflammation, and mice with deletion of the Il1b gene 
are still capable of mounting a neutrophil response36.

The clinical relevance of IL1 is supported by data from 
a number of different studies of IL1 inhibition37. The clin
ical experience with different IL1 inhibitors, including 
the antiIL1β monoclocal antibody canakinumab and the 
synthetic IL1 receptor antagonist (IL1Ra) anakinra, in 
the treatment of gout is detailed in a later section.

Other contributing cytokines
IL8, also known as CXCchemokine ligand 8, is a 
macrophage secreted chemokine that acts principally 
on neutrophils. In a study published in 2015, data from 
three different cohorts of patients with gout showed that 
circulating levels of IL8 were increased during the acute 
phase of gout and, interestingly, also during the inter
critical phase of gout (that is, the interval between flares); 
high circulating levels of IL8 also predicted concomitant 
diabetes mellitus in patients with gout. By contrast, other 
comorbidities that are commonly seen in gout (such as 
cardiovascular disease and chronic kidney disease) were 
not significantly associated with high IL8 levels38. The 
mechanisms underlying these observations have not yet 
been elucidated, but suggest that neutrophil recruitment 
and neutrophil activation are key inflammatory pathways.

Soluble uric acid
In gout, it is the formation of MSU crystals that trig
gers acute inflammation, but data show that hyperuri
caemia can also modulate the inflammatory response. 
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Figure 2 | IL‑1 signalling links inflammasome activation with inflammatory 
cascades. Monosodium urate (MSU) crystals are detected by innate immune cells such 
as macrophages, monocytes or neutrophils that respond and produce active IL‑1 β.  
IL‑1β signals through the IL‑1 receptor complex, composed of IL‑1 receptor type 1 
(IL‑1R1) and its cofactor IL‑1 receptor accessory protein (IL‑1RAcP), leading to 
recruitment of the adaptor protein MyD88. The expression of IL‑1R1 is widespread, on 
leukocytes as well as on endothelial and synovial cells. IL‑1R1 expression results in the 
recruitment of effector proteins such as the IL‑1 receptor‑associated kinases (IRAKs) 
(mostly IRAK4) and TNF receptor‑associated factor 6 (TRAF6). This protein recruitment 
triggers the IκB kinase (IKK) complex and leads to the phosphorylation and degradation 
of the NF‑κB inhibitor IκB. Activation of NF‑κB turns on the transcription of cytokines and 
neutrophil‑recruiting chemokines, which will amplify the response and initiate a complex 
inflammatory cascade.
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Hyperuricaemia in the absence of MSU crystals is able 
to skew the leukocyte response towards an inflammatory 
pattern through epigenetic modifications such as histone 
methylation39. In patients with hyperuricaemia, this effect 
was shown by the enhanced production of IL1β and 
IL6, and the concomitant reduction of IL1Ra release39.

Dietary factors and the microbiome
Clinical observations indicate that dietary factors have 
a major role in gout, and the link between patterns of 
food consumption and hyperuricaemia and gout has 
long been established40. Moreover, the role of particular 
foods in triggering an acute attack has been raised, and 
findings from an Internetbased survey suggest that a 
purinerich diet increases the risk of an acute attack of 
gout fivefold41. However, which components of food are 
responsible and how they can lead to an attack remains 
to be determined. As mentioned earlier, longchain 
(C18) FFAs might have a role in priming macrophages 
to release IL1β upon phagocytosis of MSU crystals18.

The gut microbiome and how this affects inflamma
tion has been increasingly studied in the past few years. 
Using a mouse model of gout, Viera et al. showed that 
germfree mice showed attenuated MSU crystalinduced 
inflammation and that this effect was reproduced by anti
biotic treatment. They also showed that these effects were 
mediated by acetate, a shortchain FFA that is released by 
gut bacteria. Acetate acts via the macrophage receptor FFA 
receptor 2 (also known as GPR43) to modulate inflam
masome activation and IL1β production. Restoring the 
normal gut flora in germfree mice, or the administration 
of acetate, restored the inflammatory effects42. The same 
group further showed that a highfibre diet can attenuate 
arthritis severity in the same murine model of gout43. In 
this study, the increased production of acetate and other 
shortchain fatty acids resulting from the highfibre diet 
was proposed to regulate the resolution of inflammation, 
possibly by affecting neutrophils43. These studies suggest 
that environmental factors such as microbial metabolites 
can differentially regulate the cell types and pathways 
involved in gouty inflammation. Changes in the micro
biome in patients with gout have not been extensively 
studied; however, in one report, the bacterial flora of 
patients with gout was different from that of healthy indi
viduals and similar to that of patients with type 2 diabetes 
mellitus44. These findings need to be reproduced in larger 
cohorts before we can draw clear conclusions on how the 
microbiome modulates inflammation in gout.

Although interest in using diet to modulate hyper
uricaemia is high, its overall effect is modest45. However, 
dietary factors might influence gouty inflammation. 
Clinical data from a study published in 2016 suggest 
that higher dietary consumption of omega3 fatty acids 
is associated with a lower frequency of acute gout flares46. 
Experimentally, omega3 fatty acids (eicosapentaenoic 
acid and docosahexaenoic acid) can inhibit NLRP3 
inflammasome activation via a pathway that involves 
βarrestin2 and the Gprotein coupled receptors FFA 
receptor 4 (GPR120) and FFA receptor 1 (GPR40)47. 
These findings require confirmation by intervention 
trials using omega3 fatty acids in patients with gout.

Genetics of gouty inflammation
Genetic studies, including genomewide association 
studies (GWAS), have identified dozens of suscepti
bility loci associated with hyperuricaemia and gout48. 
These loci mostly influence uric acid levels by affecting 
pathways such as renal and gut excretion of uric acid. 
Although hyperuricaemia might influence oxidative 
stress and thereby have some effect on inflammatory path
ways, whether polymorphisms associated with hyper 
uricaemia and gout directly modulate inflammatory 
responses, beyond promoting uric acid crystallization, 
remains to be demonstrated.

Two studies demonstrated an association between 
gout and functional variants in the gene encoding 
caspase recruitment domaincontaining protein 8 
(CARD8)49,50. CARD8 is a potential negative regulator 
of the NLRP3 inflammasome; therefore, it is possible 
that these polymorphisms might increase inflammas
ome activity and thereby contribute to the intensity or 
duration of NLRP3 engagement in gouty episodes. In 
addition, there is genetic evidence for a role for TLR4 
in gout. Employing a candidategene approach, two 
studies, one performed in a Han Chinese population 
and the other in patients of European ancestry, found 
an association between the same genetic polymorphism 
of the TLR4 gene (rs2149356) and gout51,52. These poly
morphisms might affect the priming phase of inflam
masome engagement or might have a broader effect on 
the inflammatory responses in these patients.

Another study linked gout incidence with a poly
morphism within the PPARGC1B gene, encoding 
peroxisome proliferatoractivated receptor γ (PPARγ) co 
 activator 1β53, which increased NLRP3 and IL1β expres
sion. Because PPARγ coactivator 1β functions as a  
regulator of PPARγ, a master regulator of metabolism, 
this genetic evidence might link metabolic deregulation 
with gouty inflammation.

Resolution of inflammation
Monocytes and macrophages are the major cellular 
sources of IL1, but at the site of inflammation neu
trophils predominate. The major proinflammatory 
role of the neutrophil and the mechanisms of interac
tion between MSU crystals and the neutrophil have 
been reviewed elsewhere54. Interestingly, neutrophils 
probably also have a major role in the resolution of 
acute gout, through the formation of neutrophil extra
cellular traps (NETs). This process is favoured at high 
concentrations of neutrophils in experimental settings 
(>10 × 106 cells per ml), and results in the formation of 
cellular aggregates that contain cellular debris and DNA, 
as well as neutrophil proteases released into the NETs55. 
NET formation is dependent on the generation of ROS, 
and molecules that regulate necroptosis via the RIPK3 
pathway have also been implicated56. In the absence of 
RIPK3, NET formation was inhibited completely56. Once 
formed, cellular aggregates containing NETs can rapidly 
degrade a wide range of proinflammatory cytokines 
and, in experimental models, the inhibition of NET for
mation results in severe and persistent gouty inflamma
tion, whereas joint inflammation spontaneously resolves 
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after 3 days when NET formation is not impaired55. 
These results show that neutrophils have a dual role in 
gouty inflammation: in the initial phase, when inflam
mation is amplified by recruited neutrophils, and in the 
resolution of inflammation (FIG. 3). Currently, no thera
pies are available that can modulate NET formation or 
their activity.

The metabolic regulatory enzyme AMPactivated 
kinase (AMPK) contributes to the control of gout by 
its modulatory effects on IL1β and growthregulated 
α protein (also known as CXCL1) secretion by macro
phages, and might serve as a sensor that links metabolic 
changes to the inflammatory response in gout. AMPK 
levels are regulated by multiple factors including exer
cise and hypoxia, and affect cellular metabolism of 
lipids and glucose57. The addition of a pharmaco logical 
AMPK activator inhibited MSU crystal mediated 
inflammation both in macrophages and in mice58. 
Moreover, mice deficient for the αchain of AMPK had 
reduced inflammation compared with wildtype mice. 
AMPK levels were also increased by administration 
of lowdose colchicine in macrophages treated with 
MSU crystals, suggesting that the effects of colchicine 
on AMPK might contribute to its ability to inhibit the 
secretion of IL1β58.

Antiinflammatory cytokines also contribute to the 
resolution of the acute inflammatory process. In animal 
models, the addition of exogenous transforming growth 
factor β1 (TGFβ1) reduced experimental inflammation59; 
in patients with gouty arthritis, TGFβ1, IL10 and IL1Ra 
were increased in the synovial fluid and were associated 
with the spontaneous resolution of acute gouty arthri
tis60. Other factors might also contribute to the timely 
resolution of inflammation in gout. For example, the pro
tein annexin A1, a potential inhibitor of phospholipase 
A2, decreases inflammation and promotes resolution in 
mouse models of gout61.

Comprehensive studies interrogating host and environ 
mental factors influencing inflammation in humans have 
shown that seasonal variation in α1antitrypsin (AAT) 
concentration affects cytokine production in patients 
with gout62. AAT, a member of the serpin superfamily 
that inhibits many serine proteases, was found to inhibit 
IL1β production upon treatment with MSU crystals in  
mice63. Circulating levels of AAT are at their highest  
in February and their lowest in the summer months. By 
contrast, retrospective studies have shown that gout peaks 
in the spring and summer64, when AAT concentration is 
at the lowest and IL1β production is at the highest. These 
findings suggest that AAT is a negative regulator of gouty 
inflammation62. Understanding how this seasonally reg
ulated factor influences inflammation is an exciting new 
area of research. In particular, it would be interesting 
to understand how AAT influences the duration and  
intensity of gouty episodes.

Targeting inflammatory pathways
Treating gout requires two complementary approaches: 
one aimed at lowering levels of uric acid and the other 
aimed at reducing inflammation. NSAIDs, colchicine and 
glucocorticoids are commonly used and are effective in 
relieving the pain and inflammation of an acute attack; 
however, insights into the biology of inflammation open 
the way to new therapeutic strategies (FIG. 4).

Modulators of the NLRP3 inflammasome
As the NLRP3 inflammasome is a key component in 
the response to MSU crystals, strategies that impede 
its activation or affect its activity could reduce gouty 
inflammation. Interestingly, colchicine blocks MSU 
crystalmediated NLRP3 activity in macrophages15, 
probably by inhibiting microtubuledriven rearrange
ment of mitochondria following the engagement of 
NLRP3 with MSU crystals65.

Other molecules that target key steps in NLRP3 assem
bly affect inflammation. βHydroxybutyrate suppresses 
inflammasome activation in response to MSU crystals66. 
This ketone body is produced in the liver of mammals 
during nutrient deprivation. Hence, starvation attenu
ates caspase1 activation and IL1β secretion in mouse 
models of caloric restriction66. Similarly, a ketogenic diet 
protects rats from MSU crystalmediated gouty flares67. 
Mechanistically, βhydroxybutyrate has been proposed 
to inhibit potassium efflux upstream of NLRP3 and to 
directly affect inflammasome assembly66. However, a 
possible effect on priming has also been suggested67.
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Figure 3 | Checks and balances of gouty inflammation. Multiple regulatory pathways 
influence the acute inflammatory response to monosodium urate (MSU) crystals.  
The interaction between macrophages and neutrophils is important in the regulation of 
the acute inflammatory response. Modulators of NLRP3 inflammasome activation, 
including acetate, omega‑3 fatty acids and antioxidants, can dampen IL‑1β‑release. High 
concentrations of neutrophils will also favour the formation of neutrophil extracellular 
trap (NET) aggregates and NETosis, which contain proteases capable of degrading 
inflammatory cytokines. Finally, the release of transforming growth factor β (TGFβ) by 
macrophages also acts as a brake on the inflammatory response. FFA, free fatty acid; 
FFAR2, FFA receptor 2 (also known as G‑protein coupled receptor 43); ROS, reactive 
oxygen species; XO, xanthine oxidase.
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Multiple studies in gout highlight the beneficial effects 
of compounds that inhibit ROS production and decrease 
oxidative stress. Epigallocatechin gallate, a potent anti
oxidant polyphenol found in green tea, inhibits neutro
phil infiltration and IL1β secretion in a mouse model 
of MSU crystalmediated peritonitis68. Morin, a natural 
flavonol, impairs MSU crystalinduced inflammation in 
mouse macrophages69.The gastroprotective drug rebami
pide suppresses the MSU crystalmediated activation and 

release of IL1β in a human cell line70; further studies are 
required to interrogate possible application of this drug 
in gout. Xanthine oxidase inhibitors used in patients to 
decrease serum urate levels also directly affect mito
chondrial ROS production, thereby inhibiting MSU 
crystalmediated inflammasome activation71.

Inhibiting ROS production or potassium efflux are 
rather nonspecific strategies that could have undesirable 
effects. Identification of more specific NLRP3 inhibi
tors could, therefore, present more suitable therapeutic 
options for gout. For example, MCC950 (also known as 
CP456,773 or CRID3) has emerged as a potential drug 
of interest. This drug is a diarylsulfonylurea containing 
compound that was initially identified as an inhibitor 
of extracellular ATPmediated maturation of IL1β72. 
This discovery preceded the initial description of the 
inflammasome and the identification of NLRP3 as  
the main sensor of extracellular ATP signals. Subsequently 
it was demonstrated that MCC950 specifically inhib
its the NLRP3 inflammasome73. This drug blocks 
NLRP3induced ASC oligomerization in mouse and 
human macrophages without affecting the activation of 
NLRP1, AIM2 or NLRC4 inflammasomes. The effects  
of several NLRP3 activators, including MSU crystals, were 
inhibited by MCC95073,74, indicating that the drug might 
directly act on a conserved NLRP3activating mechanism; 
however, exactly how this drug affects NLRP3 activation 
is not yet clear.

Inhibitors of IL‑1β maturation
Considerable effort has been made to develop specific 
caspase1 inhibitors. VX765, an orally available pro
drug, is the best studied of these inhibitors. This drug is 
rapidly hydrolysed by plasma and liver esterases into a 
potent and selective inhibitor of caspase175. In a mouse 
model of collageninduced arthritis, VX765 ameliorated 
the severity and progression of disease76. The caspase1 
inhibitor pralnacasan also decreases IL1β production 
and cartilage damage in mice with streptococcal cell wall 
(SCW)induced arthritis, a model of chronic destructive 
joint inflammation77. However, the effects of caspase1 
inhibitors in gout have not been explored. Of particular 
importance will be the specificity of the inhibitor for 
caspase1, as caspases share a highly conserved catalytic 
core and offtarget inhibition of apoptotic caspases could 
cause undesirable consequences.

Consistent with the findings indicating that AAT 
inhibits inflammation in gout62, a recombinant human 
AAT–Fc fusion protein was found to be effective in a 
mouse model of gouty arthritis63. AAT can modulate 
inflammation at multiple levels, and whether the effects 
observed in the gout model are directly caused by the 
inhibition of IL1β processing is unclear. Nonetheless, 
these data indicate that AAT–Fc, and possibly other 
serine protease inhibitors, could be of interest for the 
treatment of gout attacks.

IL‑1 inhibitors
The evidence for the clinical efficacy of IL1 inhibition in 
acute gout has been reviewed elsewhere37. Two IL1 inhib
itors, canakinumab and anakinra, are currently available 

Figure 4 | Therapeutic targets in gouty inflammation. Pathways leading to IL‑1 signalling 
can be inhibited at many different steps. Examples of compounds and drugs that have 
been proposed to affect the various steps are shown. Whereas strategies that target 
potassium efflux or mitochondrial reactive oxygen species (ROS) production are quite 
unspecific, inhibitors of NLRP3 inflammasome assembly such as colchicine or inhibitors of 
IL‑1β and IL‑1 receptor (IL‑1R) have already been proven to be effective in gout.
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for clinical use, but only canakinumab is indicated for 
acute gout in Europe. The two drugs have different 
mechanisms of action: canakinumab is a specific inhib
itor of IL1β, and anakinra inhibits the binding of both 
IL1α and IL1β to IL1R1. The properties of these drugs 
are listed in TABLE 1.

IL1 inhibition can relieve the acute symptoms of 
gout in patients who have not responded to conventional 
treatments or in whom the use of NSAIDs, colchicine 
or glucocorticoidssteroids are contraindicated. Although 
IL1 inhibition is not recommended as a firstline anti 
inflammatory treatment, the results from clinical trials 
of canakinumab and cohort studies of patients who have 
received anakinra as treatment for acute flares showed 
a rapid onset of pain relief, with responses observed in 
nearly all treated patients37. Patients who had subsequent 
flares responded equally well when treated again with 
canakinumab78 and, in our personal experience, ana
kinra is also effective when given for recurrent flares. 
In patients with severe renal and cardiac impairment, 
a clinical situation that commonly makes the choice of 
acute therapy difficult, the use of IL1 inhibition has 
not been formally assessed in clinical trials; however, no 
severe adverse effects have been reported in case series37. 
In the clinical trials involving canakinumab, a significant 
reduction of gout flares was seen for up to 6 months, with 
canakinumab treatment also reducing gout flares at the 
start of uratelowering therapy; however, the drug is not 
registered to reduce gout flares on starting therapy. As 
antiIL1 drugs have not been tested in large numbers 

of patients, their use is restricted to patients who have 
‘difficult to treat’ disease and their safety with respect to 
infectious complications needs to be considered when 
they are prescribed.

Conclusions
The past 12 years have shown considerable progress in 
our understanding of the mechanisms of inflammation 
and the role of innate immune sensors in gout; however, 
several questions remain unanswered, with three areas 
being of particular interest. Firstly, the detailed specific 
mechanism by which NLRP3 is activated upon exposure 
to MSU crystals is still unclear. One emerging possibility 
is that NLRP3 acts as a guardian of cellular integrity by 
detecting perturbations triggered when innate immune 
cells attempt to engulf large particulates79. This concept 
would suggest that the size, and possibly the chemical 
nature and shape, of those particulates (including MSU 
crystals) could affect immune responses. Secondly, 
caspase1independent mechanisms of IL1 production, 
including which proteases are engaged and what triggers 
their activation, are still poorly understood. In this con
text it would be important to understand at what stage of 
the response these pathways contribute to the inflamma
tory phenotype and what are the cell types orchestrating 
this inflammasomeindependent response. Finally, the 
mechanisms that initiate gouty attacks in patients who 
have persistent MSU crystal deposits are a key area of 
interest. Whether specific initiating mechanisms contrib
ute to triggering the inflammatory reaction, possibly by 
acting on priming signalling, or whether a decrease in the 
negative regulation of NLRP3 engagement promotes the 
inflammatory cascade, remains unclear. A better under
standing of these processes might identify potential spe
cific therapeutic strategies that will make the prevention 
and management of gout more effective and specific. The 
study of this old disease has provided us with a greater 
understanding of inflammatory pathways; solving the 
remaining questions still bears enormous potential for 
new discoveries of pathways and treatments that might 
have implications in several inflammatory diseases.

Table 1 | Available IL‑1 blocking drugs

Drug name Mode of 
action

Terminal half 
life

Molecular 
weight

Route of 
administration

Anakinra IL‑1 receptor 
antagonist

4–6 hours 17.3 kDa Subcutaneous

Canakinumab Human 
anti‑IL‑1β 
monoclonal 
antibody

26 days 145 kDa Subcutaneous
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G protein-coupled receptors (GPCRs, also known as 
seven-transmembrane receptors) are the largest super-
family of integral membrane proteins in humans, with 
>1,000 different members1. GPCRs are expressed ubiq-
uitously in nonimmune cells (such as endothelial cells 
and fibroblasts), innate immune cells (such as neutro-
phils, monocytes, macrophages and dendritic cells), 
adaptive immune cells such as lymphocytes, or, more 
selectively, in specific tissues2. In evolutionary terms, 
the appearance of GPCRs in vertebrates was a key 
event that increased the organism’s biological com-
plexity and ability to maintain dynamic regulation of 
body homeostasis3. GPCRs respond to exogenous and 
endogenous factors by activating different intracellular 
signalling pathways that regulate the cytoskeleton and 
the expression of adhesion molecules such as integrins. 
Therefore, these receptors are involved in a wide range 
of biological processes, including cell trafficking and 
migration, neurotransmission and the function of exo-
crine and endocrine glands (FIG. 1). Altered expression of 
GPCRs and their ligands has been implicated in differ-
ent pathological conditions4. For example, a high expres-
sion of CXC chemokine receptor 3 (CXCR3) in CD4+ 
T cells from the blood and urine of patients with SLE is 

a biomarker for acute nephritis flares5. Type 1 T helper 
(TH1) cells from patients with rheumatoid arthritis (RA) 
express increased levels of CXCR3 in synovial tissue6. 
Furthermore, the number of CXCR3+ TH1 cells are 
increased in progressive multiple sclerosis lesions when 
compared to unaffected white matter from patients with 
multiple sclerosis and healthy controls7.

The concept of autoantibodies has expanded remark-
ably since the beginning of the 20th century when auto-
antibodies were first demonstrated to be associated with 
autoimmune diseases8. Whereas non-functional auto- 
antibodies trigger autoimmune diseases in an Fc receptor- 
dependent manner9, functional autoantibodies are able to 
bind cell receptors and activate (agonist auto antibodies) or 
inhibit (antagonist autoantibodies) intracellular signalling 
pathways that are normally triggered by endogenous lig-
ands to mediate a particular cellular function10,11. Notably, 
functional autoantibodies such as those targeting GPCRs 
are also present in the sera of healthy individuals, albeit in 
lower amounts than in sera of patients with autoimmune 
diseases12,13. Addressing the question of whether auto-
antibodies act synergistically with endogenous ligands to 
regulate human physiology is essential to understanding 
the biological functions of these molecules.
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Abstract | G protein-coupled receptors (GPCRs) comprise the largest and most diverse family 
of integral membrane proteins that participate in different physiological processes such as the 
regulation of the nervous and immune systems. Besides the endogenous ligands of GPCRs, 
functional autoantibodies are also able to bind GPCRs to trigger or block intracellular 
signalling pathways, resulting in agonistic or antagonistic effects, respectively. In this Review, 
the effects of functional GPCR-targeting autoantibodies on the pathogenesis of autoimmune 
diseases, including rheumatic diseases, are discussed. Autoantibodies targeting β1 and β2 
adrenergic receptors, which are expressed by cardiac and airway smooth muscle cells, 
respectively, have an important role in the development of asthma and cardiovascular diseases. 
In addition, high levels of autoantibodies against the muscarinic acetylcholine receptor M3 as 
well as those targeting endothelin receptor type A and type 1 angiotensin II receptor have 
several implications in the pathogenesis of rheumatic diseases such as Sjögren syndrome and 
systemic sclerosis. Expanding the knowledge of the pathophysiological roles of autoantibodies 
against GPCRs will shed light on the biology of these receptors and open avenues for new 
therapeutic approaches.
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The presence of functional autoantibodies was first 
reported in 1992 in a study showing that antagonistic 
autoantibodies from patients with rhinitis and asthma 
targeting the G protein-coupled β2-adrenergic receptor 
reduced receptor sensitivity by impairing ligand bind-
ing14. Subsequently, antiphospholipid antibodies have 
been shown to have agonistic activity and activate signal 
transduction pathways involved in reproductive failure15. 
The notion of functional autoantibodies, including those 
against GPCRs, has only strongly emerged in the past 
decade, with several studies reporting the presence of 
different functional autoantibodies targeting cell surface 
receptors associated with autoimmune diseases12,16–19. 
A seminal work published in 2006 demonstrated that 
agonist autoantibodies against platelet-derived growth 
factor receptor (PDGFR) from sera of patients with sys-
temic sclerosis (SSc) induced longer-lasting stimulation 
of fibroblasts, as indicated by reactive oxygen species 
induction, than that induced by the endogenous ligand 
PDGF. Furthermore, anti-PDGFR autoantibodies acti-
vated signalling pathways involving Ha-Ras and extra-
cellular signal-regulated kinase (ERK) 1/2 and increased 
the expression of type I collagen20.

Independent studies have shown that anti-GPCR 
autoantibodies modulate a variety of immunopatholog-
ical mechanisms in disorders such as asthma14, cardio-
vascular diseases21, allograft rejection19 and rheumatic 
diseases12,18. In this Review, we discuss the immuno-
pathological mechanisms triggered by functional 
autoantibodies against GPCRs and their contribution 
to the development of autoimmune diseases.

Functional autoantibodies against GPCRs
GPCRs bind to a wide range of ligands including pep-
tides, nucleotides, lipids, ions, photons and, as discussed 
above, functional autoantibodies1,22,23. In order to inte-
grate several biological processes, GPCRs activate dif-
ferent intracellular signalling pathways (FIG. 1). Despite a 
large number of GPCRs, few functional autoantibodies 
modulating GPCR-induced signalling pathways have 
been characterized to date (BOX 1and TABLE 1).

Autoantibodies against β1AR and β2AR. Autoantibodies 
targeting β1 and β2 adrenergic receptors (β1AR and 
β2AR), two highly similar GPCRs that are expressed by 

cardiac and airway smooth muscle cells, respectively24, 
have been extensively investigated. In response to nat-
ural ligands such as catecholamines (including adren-
aline and noradrenaline), βARs initiate metabolic and 
neuroendocrine immunological processes mostly via the 
activation of adenylyl cyclase, which results in increased 
levels of cyclic adenosine monophosphate (cAMP) and 
activation of protein kinase A (PKA)25–28.

In the lungs, stimulation of β2AR mediates relax-
ation of vascular and airway smooth muscle, leading 
to vasodilatation and bronchodilatation, respectively. 
The functional role of autoantibodies targeting β2AR 
(the first GPCR-targeting autoantibodies to be char-
acterized) has been investigated in the context of 
asthma, where the autoantibodies are able to pre-
vent the binding of iodohydroxybenzylpindolol, a 
high-affinity adrenergic receptor antagonist14 (FIG. 2). 
However, whether anti-β2AR autoantibodies are able 
to prevent the binding of endogenous ligands such as 
adrenaline and noradrenaline has not been investi-
gated. Autoantibodies targeting β2AR have been fur-
ther demonstrated to downregulate the expression of 
β2AR and inhibit the production of cAMP induced 
by isoprenaline, a β2AR adrenergic agonist29. Studies 
performed in the past 6 years have linked anti-β2AR 
autoantibodies to pathologies such as smoking-related 
emphysema, chronic fatigue syndrome30 and complex 
regional pain syndrome31. Nonetheless, the functional 
effects of these autoantibodies, including the signalling 
cascades involved, remain to be investigated.

Several studies have demonstrated the pathologi-
cal relevance of anti-β1AR autoantibodies in cardio-
myopathies and heart failure32–36 (FIG. 2). In cardiac cells, 
anti-β1AR autoantibodies can activate ERK1/2 through 
cAMP–PKA37. Furthermore, affinity-purified anti-β1AR 
autoantibodies obtained from rabbits immunized with 
a synthetic peptide corresponding to the second extra-
cellular loop of the β1AR increase the beating rate of 
cardiomyocytes in vitro38. Notably, the agonist effects  
of anti-β1AR autoantibodies depend on the concen-
tration of magnesium ions, which are required for the  
conformational active state of the receptor38,39.

Innate and adaptive immune cells also express 
βARs; these receptors have a major role in the interac-
tion between the nervous and the immune systems40–42. 
Autoantibodies targeting β1AR from patients with 
dilated cardiomyopathy induce T cell proliferation via 
activation of signalling molecules such as cAMP and 
PKA 43. In addition, anti-β1AR autoantibodies mod-
ulate the production of inflammatory cytokines by T 
cells, downregulating the production of IFNγ while 
increasing the release of IL-443. Anti-β1AR also influ-
ence the activity of innate immune cells by increasing 
the release of pro-inflammatory cytokines such as TNF 
from macrophages in a PKA-dependent manner42. Of 
note, a balanced production of cytokines such as IFNγ, 
IL-4, and TNF is essential for avoiding the development 
of several autoimmune diseases44,45. However, the causal 
role of anti-β1AR autoantibodies in the dysregulation of 
immune cells and development of autoimmune diseases 
has not yet been reported.

Key points

• Certain autoantibodies specific for G protein-coupled receptors (GPCRs) can 
regulate the function of these cell surface receptors and are known as functional
autoantibodies

• Functional autoantibodies targeting different GPCRs might influence the outcome of
autoimmune diseases 

• Growing evidence points to a pathological role of autoantibodies against endothelin
receptor type A (ETAR) and type 1 angiotensin II receptor (AT1R)

• Anti‑AT1R and anti‑ETAR autoantibodies can trigger the same signalling pathways as 
those  activated by endogenous ligands, ultimately regulating the same cellular 
events

• The concentration of anti-GPCR autoantibodies in the serum of healthy individuals is
usually lower than in that of patients with autoimmune disorders
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Autoantibodies against the muscarinic acetylcholine 
receptor M3. G protein-coupled muscarinic acetylcho-
line receptors are comprised of five members (M1–M5) 
that participate in a large number of neurophysiological 
mechanisms of autoimmune diseases46–48. The presence of 
autoantibodies that target the muscarinic receptors have 
been associated with clinical signs of chronic fatigue syn-
drome30, and studies of patients with Sjögren syndrome 
provide robust mechanistic evidence of the presence 
of functional autoantibodies that target M349–51. In the 
gastrointestinal system, cholinergic nervous terminals 

release acetylcholine into the myenteric plexus, thus 
triggering excitatory signals that control gastrointestinal 
motility via the muscarinic acetylcholine receptor M3 
(REFS 52–54). During this process, the dynamic changes 
in ion concentration, such as the influx and efflux of 
Ca2+ through ion channels present in the cell membrane, 
has a pivotal role in the contraction–relaxation cycles 
of visceral smooth muscle cells55. Patients with Sjögren 
syndrome have increased levels of antagonistic func-
tional autoantibodies that target the second extra cellular 
loop of M3 receptor. Anti-M3 autoantibodies impair 

Figure 1 | The role of GPCRs in the regulation of human physiology. Following the binding of ligands, G 
protein-coupled receptors (GPCRs) undergo conformational changes that promote the exchange of GDP with GTP on the 
α subunit of heterotrimeric G proteins (composed of α, β and γ subunits). This event causes the dissociation of Gα from  
the dimer Gβγ, leading to the activation of several downstream signalling pathways, involving, for example, second 
messengers (adenylyl and guanylyl cyclases and phosphatidylinositols), protein kinases (protein kinase G (PKG), protein 
kinase A (PKA) and protein kinase C (PKC)), phospholipases, Rho GTPases (for example, RHOA) and intracellular calcium 
ions (Ca2+). These mechanisms mediate different biological processes, ranging from vasodilatation and bronchodilation to 
neuroendocrine regulation of immune responses (shown in the coloured boxes). AT1R, type 1 angiotensin II receptor; 
β1AR, β1 adrenergic receptor; β2AR, β2 adrenergic receptor; cAMP, cyclic adenosine monophosphate; CaSR, 
calcium-sensing receptor; cGMP, cyclic guanosine monophosphate; DAG, diacylglycerol; ERK 1/2, extracellular 
signal-regulated kinase 1/2; ETAR, endothelin receptor type A; M3, muscarinic acetylcholine receptor 3; RHOGEF, Rho 
guanine nucleotide exchange factor; ROS, reactive oxygen species; TSHR, thyroid stimulating hormone receptor; 
VCAM1, vascular cell adhesion protein 1.
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cholinergic neurotransmission in the gastrointestinal sys-
tem, which is associated with the development of gastro- 
intestinal abnormalities such as reduced esophageal 
motor function, delayed gastric emptying and impaired 
colonic motility in patients with Sjögren syndrome50,56

(FIG. 2). IgGs from patients with Sjögren syndrome were 
also found to inhibit the frequency of colonic motor 
complex activity via the M3 receptor51. Furthermore, 
anti-M3 receptor antibodies from patients with Sjögren 
syndrome block the increase of intracellular Ca2+ levels 
induced by carbachol (an M3 receptor antagonist) in 
Chinese hamster ovary cells in vitro57.

Salivary and lacrimal glands also express the M3 
receptor, which regulates the secretion of saliva and tears 
in a Ca2+-dependent manner50. Anti-M3 receptor auto-
antibodies have been implicated in the pathogenesis of 
xerophthalmia (dry eyes) and xerostomia (dry mouth) in 
patients with Sjögren syndrome, which are both caused 
by glandular hypofunction50,57,58 (FIG. 2). Autoantibodies 
targeting the second extracellular loop of the M3 receptor 
antagonize the activation of human salivary gland cells by 
inhibiting the increase of intracellular levels of Ca2+ upon 
stimulation with cevimeline hydrochloride50. Notably, 

agonistic autoantibodies targeting the N-terminal region 
and the first extracellular loop of the M3 receptor have 
also been identified50. These agonistic anti-M3 receptor 
autoantibodies increase the intracellular levels of Ca2+ in 
human salivary gland cells. However, how agonistic and 
antagonistic functional autoantibodies targeting different 
epitopes of the M3 receptor determine the dysfunction 
of exocrine glands in patients with Sjögren syndrome is 
still unclear.

High serum levels of anti-M3 receptor auto antibodies 
that block cholinergic neurotransmission have also been 
associated with the development of gastrointestinal dys-
motility in patients with SSc59–61. These findings suggest 
that the presence of anti-M3 or other functional auto-
antibodies might explain the occurrence of similar clin-
ical manifestations in different autoimmune diseases (for 
example, SSc and Sjögren syndrome).

Autoantibodies targeting the vascular receptors ETAR 
and AT1R. Immune cells and non-immune cells such 
as vascular smooth muscle cells, endothelial cells and 
fibroblasts express endothelin receptor type A (ETAR) 
and type 1 angiotensin II receptor (AT1R, also known 
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Figure 2 | Pathological effects of anti-GPCRs autoantibodies interfering with neuronal transmission. Autoantibodies 
against the muscarinic acetylcholine receptor 3 (M3) block the secretion of saliva and tears in exocrine glands (upper left 
panel), as well as the neural transmission required for gastrointestinal motility 50,51 (upper right panel). Antagonistic 
autoantibodies targeting β2-adrenergic receptor (β2AR) impair vasodilatation and bronchodilatation, which are 
controlled by β2AR in intrapulmonary airways29 (lower left panel). Anti-β1 adrenergic receptor (β1AR)-specific 
autoantibodies can increase the beating rate of cardiomyocytes and hence are potentially involved in the pathogenesis of 
cardiomyopathies37–39 (lower right panel). GPCRs, G protein-coupled receptors.
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as AGTR1)62,63, which are activated by endothelin 1 
(ET1) and angiotensin II (Ang II), respectively. ET1 and 
Ang II are potent vasoconstrictors that increase actin 
polymerization, thus regulating cytoskeletal remodel-
ling in vascular smooth muscle cells or immune cells 
and controlling blood pressure and immune cell traf-
ficking throughout the body tissues64–69. Given that the 
immuno pathological mechanisms of SSc such as det-
rimental vasoconstriction and pro-inflammatory, pro-
liferative and profibrotic effects are well known to be 
mediated by Ang II and ET1 through AT1R and ETAR, 
respectively, it has been hypothesized that agonistic 
autoantibodies against these vascular receptors could 
also contribute to the patho genesis of SSc12. Indeed, we 
and others12,18,62,70–74  have shown that anti-AT1R and 
anti-ETAR functional autoantibodies trigger several 
cellular and systemic effects in the context of SSc, as 
discussed below. However, evidence for the involvement 
of these autoantibodies in other rheumatic diseases are 
only limited to clinical associations, such as in the case 
of patients with SLE75,76.

Ang II and ET1 directly induce the migration of 
myeloid cells such as neutrophils77–79 and monocytes80,81 
or indirectly regulate the production of cytokines and 
expression of adhesion molecules in different cell types, 
including human vascular smooth muscle cells82,83. 
Different kinases participate in the Ang II-induced 
and ET1-induced migration of myeloid cells, includ-
ing protein kinase G, proto-oncogene tyrosine- protein 
kinase Src, p38-mitogen-activated protein kinase 
(MAPK), and ERK 1/281,84, as well as pleiotropic tran-
scription factors including nuclear factor-kB (NF-kB) 
and activator protein 1 (AP-1). The indirect control of 
immune cell migration by ET-1 and Ang II is mediated 
by the production of chemokines such as monocyte che-
moattractant protein-1 (MCP-1) and cytokine- induced 
neutrophil chemoattractant-1 (CINC-1), as well as 
pro- inflammatory cytokines including IL-6 and TNF, 
thus allowing leukocyte accumulation in organs such 

as the lung, kidney and brain85–89. Similar to ET-1 and 
Ang II, autoantibodies targeting ETAR and AT1R are 
able to activate signal transduction pathways in non-im-
mune and immune cells12,19,62,90. Whereas the signalling 
molecules activated by anti-AT1R and anti-ETAR auto-
antibodies in non-immune cells19 such as endothelial and 
vascular smooth muscle cells are well characterized (for 
example, ERK1/2, MAPK kinases, NF-κB and AP-1) the 
signalling pathways modulated by these autoantibodies 
in immune cells remain to be determined.

In the skin of patients with SSc, myeloid cell adhesion 
is promoted via molecules such as the vascular cell adhe-
sion protein 1 (VCAM1)91. An important pathological 
role of ATIR-targeting and ETAR-targeting functional 
autoantibodies in these patients is their capacity to 
induce the expression of VCAM1 and production of 
IL-8 in endothelial cells, which lead to increased neutro-
phil migration to sites of inflammation63. Furthermore, 
anti-AT1R and anti-ETAR autoantibodies markedly 
induce the release of CC chemokine ligand 18 (CCL18) 
by peripheral blood mononuclear cells62. CCL18, which 
acts as a chemoattractant for T cells, B cells and nat-
ural killer cells, is one of the most highly expressed 
chemokines in patients with chronic inflammatory dis-
orders62,92–94. Furthermore, serum level of CCL18 is a pre-
dictive marker of lung disease progression and mortality 
in patients with SSc95. By promoting the recruitment of 
immune cells to inflamed tissues, anti-AT1R and anti-
ETAR autoantibodies could exacerbate the inflammatory 
response in patients with SSc.

In vitro studies have demonstrated that anti-AT1R 
and anti-ETAR autoantibodies also participate in other 
biological processes such as the production of colla-
gen by skin fibroblasts, the release of reactive oxygen 
species by neutrophils, and endothelial repair; these 
processes lead to progressive fibrosis of the skin and 
internal organs (such as the lungs) as well as to vas-
culopathies that are responsible for organ damage in 
patients with SSc63,96. The passive transfer of anti-AT1R 

Box 1 | Autoantibodies that target GPCRs: methodological limitations, challenges and opportunities

Given that anti-GPCR autoantibodies are present at relatively low levels in sera from patients with autoimmune diseases, 
the purification of a particular antibody of interest38 is often difficult to achieve. Indeed, several reports have 
characterized the function of a specific anti-GPCR antibody in vitro and in animal model through indirect approaches 
consisting of using total IgG fractions either in the presence of selective antagonists or in knockout models. When 
investigating anti‑GPCRs autoantibodies, it is important to exclude molecules <5–10 kDa from IgG fractions, such as 
trace amounts of contaminating cytokines13, to guarantee that the results observed in the assays are really triggered by 
the IgG. Use of appropriate buffers that do not decrease the reactivity of GPCRs is also essential when isolating IgG57. 
Alternative strategies to using total IgG fractions include the use of immunogenic peptides to generate large amounts of 
specific autoantibodies through immunization of animal models38, and the production of monoclonal autoantibodies that 
mimick functional anti-GPCR autoantibodies22. Whereas the direct mechanisms triggered through the antigen-binding 
fragments (Fab) of functional anti-GPCR autoantibodies are beginning to be uncovered, the effects mediated through the 
interaction between the Fc region and the complement system remain to be determined9,119 . Different methodological 
approaches have been tested to detect the presence of functional anti-GPCR autoantibodies in sera; however, these 
bioassays have yielded conflicting results regarding the prevalence of functional autoantibodies in autoimmune 
diseases12,57,120,121. Although enzyme-linked immunosorbent assays (ELISAs) are widely used to determine the presence of 
functional GPCR-specific autoantibodies, such assays can neither determine the avidity and binding affinity of these 
autoantibodies to their target nor determine the function of the autoantibody. Moreover, this technique often employs 
recombinant antigens that lacking the native conformation of GPCRs. To determine whether autoantibody 
concentrations are related to agonistic or antagonistic functions, it is important to perform ELISA in parallel with other 
assays (such as functional bioassays or luminometric methods)19,57.
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and anti-ETAR IgG antibodies from patients with SSc 
into mice triggers pathological features that are similar 
to those observed in patients with SSc, such as oblitera-
tive vasculopathy and interstitial lung disease associated 
with increased neutrophil infiltration into the lungs63,97.

Autoantibodies targeting other GPCRs. In addition to the 
anti-GPCR antibodies discussed above, other functional 
autoantibodies that regulate GPCR-mediated responses 
include those that target the extracellular calcium-sensing 
receptor (CaSR)98,99 and thyrotropin receptor (TSHR)100. 
CaSRs are expressed on parathyroid cells and control the 
secretion of parathyroid hormone by sensing changes 
in serum calcium concentration101. Autoantibodies 
targeting CaSR trigger the accumulation of inositol- 
1-phosphate (IP1) and the phosphorylation of ERK1 
and ERK2. Therefore, anti-CaSR auto antibodies disturb 
the normal ‘perception’ of physiological variations of 
Ca2+ levels and induce the development of hypoparathy-
roidism98,99. Accordingly, patients with Sjögren syndrome 
who develop hypoparathyroidism also display high 
serum levels of agonistic anti-CaSR autoantibodies102. 
Nonetheless, although patients with other systemic auto-
immune diseases such as SLE and SSc also develop hypo-
parathyroidism103,104, the involvement of CaSR-specific 
autoantibodies in these conditions remains unclear. In 
addition, anti-TSHR auto antibodies induce the activation 
of TSHR, thus contributing to the development of thyroid 
autoimmune diseases such as Graves disease100. Given that 
patients with systemic autoimmune diseases, including  
those with rheumatic diseases, also frequently develop 
Graves disease105, the involvement of anti-TSHR auto-
antibodies in the pathogenesis of thyroid autoimmune  
diseases in these patients deserves further investigation.

Potential therapeutic opportunities
Normalizing levels of autoantibodies in patients with auto-
immune diseases to levels observed in healthy subjects is 
a challenging therapeutic approach. Immunoapheresis, 
which consist of removing immuno globulins and immune 
complexes from the circulation, seems to be a valuable 
therapy for patients with autoantibody- mediated dis-
eases, including epidermolysis bullosa acquisita, myas-
thenia gravis, dilated cardiomyopathy and Guillain-Barré 

syndrome106. Nonetheless, this technique has proven 
unsuccessful in the treatment of systemic autoimmune 
diseases and is not indicated for patients with SSc107 and 
SLE108. For instance, patients with SSc are refractory to 
immunoapheresis, and the production of auto antibodies 
(including those against AT1R and ETAR) increases 
shortly after immunoapheresis discontinuation107. In the  
past year, advances in apheresis technology includes  
the employment of a new class of molecules called aptam-
ers, which consist of single strands of short DNA or RNA 
molecules directed against specific targets and are used as 
binders in apheresis columns. For instance, the success-
ful employment of the aptamer BC007 for neutralizing 
anti-GPCRs autoantibodies adrenergic receptors109 opens 
new avenues for clearing functional autoantibodies from 
the blood of patients.

Several therapeutic approaches have been investigated 
that involve interfering with the conformational state of 
GPCRs. For example, a novel strategy that could inhibit 
the pathological effects of high levels of autoantibodies 
against GPCRs is based on the concept of ‘biased ligand 
signalling’ (REFS 1,110). Biased ligands have been shown 
to change the conformation of GPCR to a state that pref-
erentially induces the activation of β-arrestin instead of 
G-proteins. Given that β-arrestin can mediate receptor 
desensitization by uncoupling G-proteins from GPCRs, 
several efforts have been made to exploit biased ligand sig-
nalling in order to design new agents that reduce patho-
logical AT1R-mediated vasoconstriction in patients with 
acute heart failure111–113.

Although GPCRs comprise almost one-third of all 
current drug targets114, their clinical application for 
the treatment of systemic autoimmune diseases is still 
limited. Agents that block ETAR or AT1R, which have 
been approved by the FDA and the European Medicines 
Agency (EMA) for the treatment of various autoimmune 
diseases, have been successfully used to treat clinical 
complications related to vasculopathies such as pulmo-
nary arterial hypertension (PAH) in patients with SLE 
and SSc115–117. The clinical improvements in patients with 
PAH treated with ETAR and AT1R antagonists seems to 
be due to the effects of these agents on endothelial cells, 
whereas the effect on inflammatory cell recruitment to 
the lungs remains to be determined.

Table 1 | Autoantibodies against GPCRs in pathological conditions

Autoantibodies against GPCRs Gene Disease Refs

β2 adrenergic receptor ADRB2 Asthma 14,29,30

β1 adrenergic receptor ADRB1 Cardiomyopathies, CFS 32–36

Type 1 angiotensin II receptor AGTR1 Hypertension, SSc 12,19

Endothelin 1 receptor EDNRA SSc, SLE 12

Muscarinic acetylcholine receptor M3 CHRM3 pSS, SSc 49–51

Muscarinic acetylcholine receptors M1–M4 CHRM1, CHRM2,  
CHRM3, CHRM4

CFS 30

Extracellular calcium-sensing receptor CASR pSS, hypoparathyroidism 98,99,102

Thyrotropin receptor TSHR Graves disease 100

CFS, Chronic fatigue syndrome. pSS, primary Sjögren syndrome; SLE, systemic lupus erythematosus; SSc, systemic sclerosis.
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Conclusions
Despite advances in our understanding of the function 
of autoantibodies against GPCRs, their effects on other 
processes such as haematopoiesis, maturation of immune 
cells, and the regulation of macrophages and dendritic 
cells remain to be investigated. Determining the mech-
anisms that influence the expression of GPCRs and con-
trol the homeostatic production of autoantibody levels is 
important, as well as identifying the endogenous (such 
as alarmins, cytokines, hormones and neurotransmitters) 
and/or exogenous factors (such as bacterial, viral and/or  

fungal infections, diet, physical exercise and sleep) 
involved. In this context, investigating the serum levels 
and variety of autoantibodies that target GPCRs118 in 
healthy individuals according to sex, age and environmen-
tal factors would provide valuable insights. In conclusion, 
considering the relevance of GPCRs for human physiology 
and pathophysiology, a comprehensive examination of 
functional autoimmunity targeting these receptors might 
open new avenues for understanding the mechanisms of 
body homeostasis and provide new therapeutic targets for 
improving the outcome of autoimmune diseases.
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Dysregulation of gene expression can cause or contribute 
to human disease development. Non-coding RNAs func-
tion as regulators of gene expression, have an important 
role in regulating various signalling pathways and are 
thought to contribute to the patho genesis of multiple 
diseases. Long non-coding RNAs (lncRNAs) are a class 
of RNA molecules defined as non-protein-coding RNAs 
that are >200 nucleotides in length1. Similar to protein- 
coding RNAs, lncRNAs are generally transcribed by 
RNA polymerase II (Pol II), are encoded by multiple 
exons and undergo canonical RNA splicing2; however, 
these molecules do not display the potential to encode 
proteins. The definition of lncRNA is obscure and unre-
lated to the function of these molecules, in contrast to 
more established families of non-coding RNAs, such 
as tRNAs, ribosomal RNAs, small nuclear RNAs, small 
nucleolar RNAs and microRNAs3, and serves to distinguish 
lncRNAs from other small non-coding RNAs.

Through the application of high throughput techno-
logies, such as genome tiling array technology and deep 
sequencing, genetic studies have revealed tens of thou-
sands of genetic loci in mammals that express lncRNA 
transcripts4,5. As such, the number of listed lncRNAs in 
NONCODE (an interactive database that collects and 
annotates non-coding RNAs, especially lncRNAs) have 
increased from 210,831 to 527,336 in the past 3 years6. 
The numbers of lncRNAs identified in humans and in 
mice currently stand at 167,150 and 130,558, respec-
tively6, vastly outnumbering the number of identified 
canonical proteins (~19,000 in humans)7, with these 
numbers expected to continue to rise. Initially, lncRNAs 
were thought to be byproducts of Pol II transcription 
with no biological function7; as lncRNAs have relatively 
low levels of evolutionary conservation2,8,9 and expres-
sion, some researchers suggested that they represent 

‘transcriptional noise’ (REF. 1) and are of no biological rele-
vance. However, the distinct lncRNA expression patterns 
observed at various developmental stages10 and in a vari-
ety of tissue types and disease states11,12 provide strong 
evidence for the functional relevance of these molecules. 
LncRNAs have now been implicated in multiple bio-
logical processes, including the regulation of imprint-
ing13, dosage compensation14, cell cycle15, pluripotency16 
and telomere length17,18; however, the function of the 
vast majority of lncRNAs has yet to be characterized. 
In this Review, we discuss the definition and function 
of lncRNAs, the importance of lncRNAs in the innate 
and adaptive immune systems and their contribution to 
rheumatic diseases.

LncRNA classification and mechanisms
LncRNAs can be classified into seven categories based 
on the genomic location from which the RNA transcript 
originates (FIG. 1). For example, long intergenic lncRNA 
(lincRNA) transcripts originate from regions within 
protein- coding genes, whereas intronic lncRNA tran-
scripts originate from introns of protein-coding genes. 
This grouping is unrelated to the function of lncRNAs, 
and there can be overlap between groups. Classifying 
lncRNAs by function is more difficult, as they are 
involved in all aspects of gene expression regulation, and 
one lncRNA can have multiple functions.

Since the discovery that H19, the first well-studied 
lncRNA, regulates gene expression through its RNA 
transcript form, our understanding of the biological role 
of lncRNAs has grown19. The central dogma of molec-
ular biology states that genetic information encoded 
in DNA is transcribed to mRNA by RNA polymerases 
and subsequently translated to protein by ribosomes20. 
LncRNAs serve as remarkably versatile regulators of 
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Abstract | Long non-coding RNAs (lncRNAs) have emerged as key epigenetic regulators that 
govern gene expression and influence multiple biological processes. Accumulating evidence 
demonstrates that lncRNAs have critical roles in immune cell development and function. In this 
Review, the molecular mechanisms of gene expression regulation by lncRNAs are described and 
current knowledge of the role of lncRNAs in immune regulation and inflammation are presented, 
highlighting strategies for defining the roles of lncRNAs in the pathogenesis of multiple 
rheumatic diseases. Finally, research progress in understanding the role of lncRNAs in rheumatic 
diseases is discussed.
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Non-coding RNAs
RNA molecules that are not 
translated into proteins.

microRNAs
Small non-coding RNA 
molecules of approximately 
22 nt in length.

Transcriptional noise
A hypothesis explaining 
pervasive transcription, in 
which RNA polymerase II 
randomly initiates transcription 
throughout the genome.

gene expression and function at multiple stages in this 
process, including at the levels of epigenetic modifica-
tion, transcription, post-transcription, translation and 
post-translation (FIG. 2). LncRNAs regulate gene expres-
sion by interacting with RNA, DNA or proteins via com-
plementary base-pairing and/or structural interactions; 
these molecules then function by either recruiting regu-
latory complexes, acting as bridges between molecules or 
blocking interactions21–23.

Epigenetic regulation. LncRNAs can regulate gene 
expression transcriptionally and post-transcription-
ally, depending, to a great extent, on their subcellular 
localization. In the nucleus, lncRNAs can epigeneti cally 
modulate gene expression by binding to chromatin- 
modifying proteins and recruiting the catalytic activity 
of these proteins to specific genomic sites, leading to the 
modulation of chromatin states (such as histone mod-
ifications and DNA methylation) and changes in the 
expression of target genes. The epigenetic-related func-
tions of lncRNAs first came to light in studies of the now 
well- characterized lncRNAs X-inactive specific tran-
script (XIST)24 and HOX transcript antisense intergenic 
RNA (HOTAIR)2. XIST functions in cis (influencing the 
transcription of genomically neighbouring genes) to 
promote X chromosome inactivation by interacting with 
and recruiting various proteins, resulting in the activa-
tion of histone deacetylase 3 (HDAC3), the deacetylation 
of histones and the exclusion of Pol II from the X chro-
mosome25. By contrast, HOTAIR functions in trans 
(interacting with chromatin and/or transcription factors 
and specifically targeting multiple distal genes) and reg-
ulates gene expression by recruiting polycomb repressive 
complex 2 (PRC2; a histone methyltransferase) to target 
gene loci, leading to histone H3 lysine 27 trimethylation 
(H3K27me3) and gene silencing26.

LncRNAs can also physically interact with DNA 
methyltransferases (DNMTs) to regulate DNA methyl-
ation. For example, a lncRNA arising from the CEBPA 
gene locus, termed ecCEBPA, is critical in regulating 
DNA methylation and functions via its interactions with 
DNMT127. Additionally, another lncRNA, DACOR1, 
recruits DNMT1 to target genomic loci by interact-
ing with both the chromatin and DNMT128. In a RNA 
immunoprecipitation sequencing (RIP-seq) analysis of 
HCT116 cells, 148 lncRNAs were found to interact with 
DNMT128. Furthermore, the lncRNA Dum silences its 

neighbouring gene, DPPA2, in cis by recruiting DNMT1, 
DNMT3a and DNMT3b to the DPPA2 promoter 
region29. These studies demonstrate that lncRNAs can 
regulate site-specific DNA methylation by interacting 
with DNMTs, thereby contributing to the establishment 
of genomic methylation patterns.

Transcriptional regulation. LncRNAs can regulate tran-
scription by recruiting proteins and/or complexes and 
guiding them to specific target DNA sequences30; the ini-
tiation of transcription is partly determined by lncRNAs, 
which can interact with transcription factors involved in 
the formation of the preinitiation complex31 and/or Pol II 
(REF. 32) to either activate or inhibit transcription33–35. 
Enhancer lncRNAs can function as transcriptional 
enhancers and positively regulate gene expression by regu-
lating chromatin looping36. In 2016, two studies indicated 
that the process of transcribing lncRNAs, rather than the 
actions of lncRNA transcripts, is also important in fine 
tuning the expression of neighbouring protein-coding 
genes37,38. Hence, lncRNAs can regulate gene expression 
in either a lncRNA sequence-dependent manner39, or in 
a lncRNA transcript-independent manner37.

Post-transcriptional regulation. Post-transcription 
regulation includes the regulation of splicing, polyade-
nylation and mRNA stability40. Alternative splicing of pre- 
mRNAs is a key step in the regulation and diversification 
of gene function. Serine/arginine splicing factors regu-
late tissue- specific or cell-specific alternative splicing in a 
concentration- dependent and phosphorylation- dependent 
manner. The highly conserved lncRNA metastasis associ-
ated lung adenocarcinoma transcript 1 (MALAT1; also 
known as NEAT2) has a role in regulating pre-mRNA 
splicing. MALAT1 interacts with serine/arginine proteins 
and influences the distribution of these and other splicing 
factors in nuclear speckle domains41. LncRNAs have also 
been reported to regulate mRNA stability by interacting 
with the 3ʹ-untranslated regions (3ʹUTRs) of mRNAs. 
For example, a group of lncRNAs termed half-  STAU1-
binding site RNAs (½-sbsRNAs) form imperfect base-
pairs with target mRNAs (encoding the double-stranded 
RNA-binding protein Staufen homolog 1 (STAU1)) and 
mediate mRNA decay through the recruitment of proteins 
that regulate mRNA stability42. 

LncRNAs can also associate with the translational 
apparatus to regulate mRNA translation. For example, 
ubiquitin carboxy-terminal hydrolase L1 antisense RNA 1  
(UCHL1-AS1) binds to and activates the polysomes 
that translate UCHL1 mRNA as a result of the associa-
tion of the overlapping sense protein-coding mRNA43. 
Additionally, lncRNA GAS5 interacts with both eukar-
yotic translation initiation factor 4E (eIF4E) and MYC 
mRNA to regulate MYC mRNA translation44. By con-
trast, certain lncRNAs can inhibit mRNA translation by 
recruiting translational repressors to target mRNAs. For 
example, the lincRNA tumour protein p53 pathway core-
pressor 1 (TRP53COR1; also known as lincRNA-p21) 
pairs with target mRNAs and represses translation by 
recruiting the translation repressor DEAD box protein 6  
(DDX6; also known as RCK)45,46. The lncRNA nuclear 

Key points

• Long non-coding RNAs (lncRNAs) regulate gene expression at multiple levels by
interacting with DNA, RNA or protein

• Evidence points to a role for lncRNAs in immune cell development, activation
and function

• A number of lncRNAs are dysregulated in rheumatic diseases, which could be a cause
or consequence of these diseases

• The majority of susceptible single-nucleotide polymorphisms associated with 
rheumatic diseases in genome-wide association studies are located in non-coding
regions of the human genome

• LncRNAs have potential as novel highly specific biomarkers of rheumatic diseases
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paraspeckle assembly transcript 1 (NEAT1) regulates gene 
expression through paraspeckle-mediated relocation 
of transcriptional repressors from gene promoters47,48. 
However, this lncRNA can also inhibit translation by 
binding to and retaining mRNA in paraspeckles, thereby 
decreasing their translation in the cytoplasm48.

Finally, cytoplasmic lncRNAs and microRNAs can 
regulate each other via their ability to compete for bind-
ing sites on protein-coding transcripts49. Additionally, 
lncRNAs harbouring multiple binding sites for microR-
NAs can function as microRNA ‘sponges’ (REFS 49–51). For 
example, H19 contains functional binding sites for the 
microRNA let-7 and modulates let-7 availability52.

Post-translational regulation. Post-translational mod-
ifications of cytoplasmic proteins such as the addition 
or removal of chemical entities (for example, phosphate 
groups) or protein modules (such as ubiquitin) com-
monly occur in signal transduction pathways53,54. For 
example, phosphorylation of a protein can regulate its 
activation status, and ubiquination of a protein can target  
that protein for degradation. LncRNAs modulate sig-
nalling pathways through direct interactions with key  
signalling pathway components. For example, nuclear- 
enriched abundant transcript 1 (NKILA), a lncRNA 
upregulated by nuclear factor-κB (NF-κB) signalling, 
functions as a critical negative-feedback modulator 
of the NF-κB signalling circuit55. NKILA binds to the 
NF-κB–inhibitor of NF-κB (IκB) complex and directly 
masks phosphorylation sites in IκB, inhibiting IκB kinase 
(IKK)-induced IκB phosphorylation and NF-κB activa-
tion55. Furthermore, lnc-DC (also known as WFDC21P), 
a lncRNA that is exclusively expressed in human con-
ventional dendritic cells (DCs), directly binds to signal 
transducer and activator of transcription 3 (STAT3) in 
the cytoplasm and promotes STAT3 phosphorylation 
by preventing its binding and dephosphorylation by 
SH2 domain-containing protein tyrosine phosphatase 1 
(SHP1; also known as PTPN6)56.

Micropeptides. Although lncRNAs were originally 
thought to lack protein-coding potential, ribosome- 
profiling data from the past 2 years indicate that some 
lncRNAs contain short open reading frames that can 
interact with the translation machinery, leading to 
the production of functional micropeptides57–60. Such 
lncRNAs preferentially localize to the cytoplasm; 
the translation efficiency of cytoplasmic lncRNAs is 
nearly comparable to that of mRNAs, suggesting that 
these lncRNAs are engaged by the ribosome and trans-
lated61,62. For example, a muscle-specific lncRNA that 
encodes a functional peptide comprised of 34 amino 
acids, named dwarf open reading frame (DWORF), is 
involved in enhancing muscle contractility63. Another 
muscle- specific lncRNA encodes myoregulin (MLN), 
an important regulator of skeletal muscle physiology64. 
These studies highlight the possibility that additional 
‘non- coding’ RNAs could actually encode micro-
peptides. Hence, lncRNAs might exert their biological 
activity as both an RNA molecule and as a micro-
peptide. However, there is a developing consensus that 

Figure 1 | The classification of long non-coding RNA. Long non-coding RNAs 
(lncRNAs) can be grouped according to the genomic location from which they are 
transcribed. Intergenic lncRNAs (lincRNAs) are transcribed from non-coding DNA 
sequences located between protein-coding genes, whereas intronic lncRNAs are 
transcribed from the introns of protein-coding genes. Enhancer lncRNAs originate from 
enhancer regions and promoter-associated lncRNAs are transcribed in the opposite 
direction to the protein-coding transcript from regions of close proximity to a promoter. 
Sense lncRNAs and natural antisense lncRNAs are transcribed from the sense and 
antisense strands, respectively, of protein-coding genes, which can overlap with one or 
several introns and/or exons of the sense sequence. Untranslated region overlapping 
lncRNAs are transcribed from DNA sequences overlapping the 3ʹUTR or 5ʹUTR region of 
a protein-coding gene in the sense strand. 
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Figure 2 | The functions of long non-coding RNAs in the nucleus and 
cytoplasm. Long non-coding RNAs (lncRNAs) regulate gene expression 
through multiple mechanisms. a | LncRNAs can regulate gene expression at 
the epigenetic level by recruiting chromatin modifiers to specific sites on 
chromatin. Recruitment of histone methyltransferases leads to 
trimethylation of chromatin, whereas recruitment of DNA methylases and 
demethylases changes the methylation status of DNA. Modulating the 
methylation status of histones and DNA alters the accessibility of genes to 
DNA-binding proteins such as RNA polymerase II and can hence inhibit or 
promote transcription. b | LncRNAs can regulate transcription by directly 
binding and regulating transcription factors, either by directly regulating 
their activity or blocking DNA binding. c | Enhancer lncRNAs can bind to 
the enhancer and promoter regions of a gene, forming a loop to enhance 

the transcription of the gene. d | Certain lncRNAs can regulate the 
formation and function of subnuclear structures, such as paraspeckles, and 
promote transcription by excluding transcriptional repressors from genes 
through relocating them to these paraspeckles. e | LncRNAs can regulate 
the stability of mRNA by recruiting proteins involved in mRNA degradation. 
f | LncRNAs can repress mRNA translation by recruiting translational 
repressors to target mRNAs and can also promote mRNA translation by 
interacting with the polysome. g | LncRNAs can bind to microRNAs, 
functioning as sponges to inhibit the function of the microRNAs. h | lncRNAs 
can modulate signalling pathways through regulating the post-translational 
modification of proteins. i | Some lncRNAs contain small open reading 
frames and are themselves translated into small functional peptides 
(micropeptides), which might carry out functions of their own.
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Paraspeckle
An irregularly shaped 
compartment of the cell, 
approximately 0.2–1 μm in 
size, found in the 
interchromatin space of  
the nucleus.

microRNA ‘sponges’
LncRNAs have multiple 
microRNA binding sites within 
their transcript, which can 
interact with microRNA via 
base-pairing, thus inhibiting 
the function of microRNA.

the function of a lncRNA is the biological activity of the 
RNA molecule itself, rather than that of the translated 
product65. 

As described above, a wide variety of functions have 
been found for lncRNAs, although for the vast majority of 
lncRNAs, their function has not yet been characterized. 
Dysregulation of lncRNAs contributes to cancer66–68, dia-
betes69, viral infection70,71 and other human diseases72,73. 
Growing evidence indicates that lncRNAs have an impor-
tant role in the immune system47,74–76, and lncRNAs are 
now emerging as key molecules in the pathogenesis of 
rheumatic diseases.

LncRNAs in immunity
The immune system has an important role in defending 
the body against infection, and an aberrant immune sys-
tem can lead to various bacterial, viral or fungal infec-
tions, cancer and/or autoimmune diseases. The immune 
system consists of two main branches: the innate and 
adaptive immune responses. Haematopoietic stem cells 
(HSCs) are a rare population of cells that give rise to all 
cells in both the myeloid and lymphoid lineages. The 
common myeloid progenitor cell gives rise to the myeloid 
lineage (including macrophages, monocytes, neutrophils 
and DCs), whereas the common lymphoid progenitor 
cell gives rise to the lymphoid lineage (including T cells 
and B cells)77. H19 is highly expressed in long-term HSCs 
(LT-HSCs) and maintains long-term HSC quiescence 
and self-renewal78, whereas XIST-deficient HSCs show 
aberrant markers of maturation and self-renewal79.

Current studies have also identified innate lymphoid 
cells (ILCs) as a distinct arm of the innate immune sys-
tem, consisting of three groups: group 1 ILCs (ILC1s), 
group 2 ILCs (ILC2s) and group 3 ILCs (ILC3s)80. 
Growing evidence demonstrates that lncRNAs are 
expressed in a stage-specific or lineage-specific manner 
in immune cells76,81 and advances in 5 years suggest that 
certain lncRNAs have a role in immune cell development, 
activation and effector function (FIG. 3).

LncRNAs in innate immune responses
The innate immune system is critical in the immediate 
immune defence response against infection, and various 
lncRNAs have been implicated in the development and 
function of innate immune cells.

Lnc-DC. The most potent antigen-presenting cells of 
the mammalian immune system are DCs82. In a micro-
array and RNA sequencing (RNA-seq) analysis using 
an accepted in vitro model of human DC differenti-
ation, Wang et al.56 revealed that lnc-DC is exclusively 
expressed in conventional DCs. Knocking down lnc-DC 
during human DC development in this model had broad 
functional consequences including diminished expres-
sion of surface receptors critical for T cell activation, 
impairment of antigen uptake and decreased IL-12 pro-
duction after stimulation with lipopolysaccharaide (LPS). 
Lnc-DC promoted STAT3 signalling by interacting with 
the C terminus of STAT3 (residues 583–770) to prevent 
dephosphorylation of STAT3 Tyr705 by SHP156, thereby 
partially explaining this in vitro phenotype.

MORRBID. Specific lncRNAs can regulate the lifespan 
of immune cells. Through analysing multiple RNA-
seq datasets to discover lncRNAs that are preferen-
tially expressed in mature short-lived myeloid cells, 
Kotzin et al.83 found that the lincRNA myeloid RNA 
regulatory of BIM-induced death (MORRBID), which 
is conserved across multiple species, is highly and spe-
cifically expressed in mature eosinophils, neutrophils 
and classical monocytes (also known as inflammatory 
monocytes). MORRBID regulates the transcription 
of its neighbouring pro-apoptotic gene BCL2L11 by 
interacting with PRC2 to promote H3K27me3 mod-
ifications at the BCL2L11 promoter, maintaining this 
gene in a poised state83. Hence, changes in MORRBID 
levels in response to extra cellular signalling enables the 
rapid control of apoptosis in these cells.

HOTAIRM1. HOXA transcript antisense RNA, myeloid-  
specific 1 (HOTAIRM1), an antisense lncRNA tran-
scribed from the HOXA gene locus, was the first lncRNA 
to be implicated in myeloid cell development15,84. 
HOTAIRM1 is selectively expressed in myeloid cells 
and is upregulated during the terminal differentia-
tion of granulocytes from myeloid progenitor cells84. 
Knockdown of HOTAIRM1 results in reduced expres-
sion of HOXA1 and HOXA2, as well as CD11b and 
CD18 (which are crucial for myeloid cell differentiation 
and activation)85. HOTAIRM1 regulates the expression 
of HOX genes via modulation of the 3D structure of 
chromatin at the HOXA gene cluster, thereby promoting  
gene activation86.

LincRNA-EPS. LincRNA erythroid prosurvival (lincRNA- 
EPS; also known as Ttc39aos1) was originally identified 
as a regulator of erythrocyte differentiation87. LincRNA-
EPS is highly expressed in resting macro phages, is 
downregulated following Toll-like receptor ligation and 
regulates the expression of genes related to the immune 
response88. In mice, lincRNA-EPS deficiency increases 
inflammation and lethality following endotoxin chal-
lenge compared with littermate controls88. LincRNA-EPS 
negatively regulates the expression of immune response 
genes in macrophages by interacting with heterogeneous 
nuclear ribonucleoprotein L (HNRNPL). The HNRNPL– 
lincRNA-EPS complex localizes to regulatory regions 
of such genes to control nucleosome positioning, pro-
moting a repressed chromatin state and suppressing 
transcription88.

LncRNAs in adaptive immune responses
The adaptive immune response has an important role 
in mediating humoral immunity (involving B cells) and 
cell-mediated immunity (involving CD4+ and CD8+ 
T cells) to a variety of pathogens89. Currently, little evi-
dence is available for the role of lncRNAs in B cells. 
Hence, the below discussion focuses on the role of lncR-
NAs in the differentiation and function of T cells. Upon 
activation, naive CD4+ T cells differentiate into effector 
T cells, including T helper 1 (TH1) cells, TH2 cells, TH17 
cells and regulatory T (Treg) cells. TH1 cells function 
in antiviral and antimicrobial immunity, as well as in 
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cell-mediated immunity, whereas TH2 cells have a role  
in immune responses to extracellular parasites. TH17 cells 
protect mucosal epithelial barriers and are characterized 
by their production of IL-1786. Treg cells are important for 
mediating immune suppression and are charactererized 
by their expression of the key transcription factor fork-
head box P3 (FOXP3)90. T cell differentiation is tightly 
regulated by transcription factors, in addition to other 
regulators such as lncRNAs.

NRON. Nuclear factor of activated T cells (NFAT) is a cal-
cium-dependent transcription factor that is a critical reg-
ulator of T cell activation91. The lncRNA NRON represses 
the transcriptional activation of NFAT-responsive genes. 
NRON, together with a scaffold protein IQ motif con-
taining GTPase activating protein (IQGAP) and three 
NFAT kinases, forms a protein complex that sequesters 
phosphorylated NFAT and restricts inappropriate activa-
tion of CD4+ T cells91,92. In 2016, Li et al.93 found that high 
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Figure 3 | Long non-coding RNAs in immune cell development and function. Multiple long non-coding RNAs 
(lncRNAs) have been implicated in the development and function of immune cells. H19 and X-inactive specific 
transcript (XIST) are highly expressed in long-term haematopoietic stem cells (HSCs) and maintain long-term HSC 
(LT-HSC) quiescence and self-renewal78. The expression of HOXA transcript antisense RNA, myeloid-specific 1 
(HOTAIRM1) is highly specific for maturing myeloid cells and is critical for the development of common myeloid cell 
progenitors (CMPs) into granulocyte-macrophage progenitors (GMPs)15. LincRNA erythroid prosurvival (LincRNA-EPS) 
is a repressor of inflammatory responses, with an important role in the regulation of inflammatory response in 
monocytes and macrophages88. Finally, myeloid RNA regulator of BIM-induced death (MORRBID) tightly controls 
turnover of myeloid cells by regulating the transcription of BCL2L11 (REF. 82). In dendritic cells (DCs), lnc-DC can bind 
to signal transducer and activator of transcription 3 (STAT3), preventing dephosphorylation by dephosphorylation by 
SH2 domain-containing protein tyrosine phosphatase 1 (SHP1; also known as PTPN6)79. In lymphocytes, non-protein 
coding RNA, repressor of NFAT (NRON) restricts inappropriate activation of CD4+ T cells by sequestering 
phosphorylated transcription factor NFAT in the cytoplasm in a large protein complex70. The enhancer-like lncRNA 
IFNG antisense RNA 1 (IFNG-AS1) regulates the production of effector cytokine IFNγ in CD8+ T cells and CD4+  
T helper 1 (TH1) cells100. Linc-MAF4 expression skews T cell differentiation into the TH1 cell lineage94; whereas 
lincRNA-CCR2-5ʹAS, together with the transcription factor GATA3, is essential for TH2 cell differentiation95. Lnc-RMRP 
mediates the interaction between the transcription factor RORγt and DEAD-box protein 5 (DDX5) to regulate 
downstream effector functions and pathogenicity of TH17 cells97, whereas FLICR fine-tunes FOXP3 expression in cis 
through the modification of chromatin accessibility98, hence regulating regulatory T (Treg) cell differentiation. Finally, 
lncKDM2B is expressed at high levels in group 3 innate lymphoid cells (ILC3s) and regulates their maintenance and 
function101. ILC, innate lymphoid cells; CLT, cytotoxic T lymphocytes; CLP, common lymphoid progenitor; MPP, 
multipotent progenitor; ST-HSC, long-term HSC.
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concentrations of NRON in resting CD4+ T lymphocytes 
also function as a barrier for the transcriptional activa-
tion of provirus HIV-1 by promoting the ubiquitylation 
and degradation of the viral transactivator Tat.

Linc-MAF4. Using RNA-seq analysis, Ranzani et al.94 
found that the expression of a chromatin-associated TH1 
cell-specific lncRNA, termed linc-MAF4, is inversely 
correlated with transcription factor MAF, the latter 
of which is associated with TH2 cells. RNA immuno-
precipitation assays revealed that linc-MAF4 functions 
as a scaffold to recruit enhancer of zeste homologue 2  
(EZH2; the catalytic subunit of PRC2) and the histone- 
modifying enzyme lysine-specific histone demethylase 1A  
(LSD1) to the MAF promoter and modulates the enzy-
matic activity of EZH2 (REF. 94), thus regulating MAF 
transcription and skewing T cell differentiation toward 
a TH2 cell phenotype.

LincR-CCR2-5ʹAS. LincRNAs exhibit stage and lin-
eage specificity during T cell development and differ-
entiation. Importantly, many lncRNAs are bound and 
regulated by the key T cell transcription factors T-bet, 
GATA-3, STAT4 and STAT6. The GATA-3-regulated lin-
cRNA, lincR-CCR2-5ʹAS, a lncRNA transcribed from 
the antisense strand of CCR2, is selectively expressed in 
TH2 cells. Knockdown of this lncRNA does not affect 
the development of mouse TH2 cells in vitro, but leads 
to impaired expression of Ccr1, Ccr2, Ccr3 and Ccr5 
(which encode chemokine receptors important for TH2 
cell migration), indicating that linc-CCR2-5ʹAS posi-
tively regulates the expression of these genes95. Loss of 
linc-CCR2-5ʹAS in these cells does not seem to affect 
H3K4me3 modifications, DNase accessibility or Pol II 
binding to these genes. Linc-CCR2-5ʹAS is therefore 
thought to function at the post-transcriptional level in 
this context; however, the exact molecular mechanism 
is currently unclear.

Lnc-RMRP. TH17 cells have an important role in pro-
tecting mucosal epithelial barriers against bacterial and 
fungal infections, but have also been implicated in the 
development of autoimmune diseases96. In activated TH17 
cells, the RNA helicase DEAD-box protein 5 (DDX5) 
associates with transcription factor retinoic acid-related 
orphan receptor γt (RORγt) to coordinate transcription 
of effector TH17 cell genes97. Lnc-RMRP is a binding 
partner of both DDX5 and RORγt; experimental evi-
dence suggests that lnc-RMRP forms a complex with 
DDX5 and recruits RORγt to a subset of chromatin tar-
get sites in TH17 cells, contributing to TH17 cell- mediated 
inflammatory pathologies in mice97.

FLICR. Treg cells have a central role in immune toler-
ance and in the control of autoimmune diseases, infec-
tions and cancer. The transcription factor FOXP3 is the 
main orchestrator of Treg cell differentiation, stability 
and function; however, a combination of transcription 
factors, enhancers and epigenetic marks determine 
the expression of FOXP3 in Treg cells98. In a 2017 study, 
researchers found the lincRNA FOXP3 long intergenic 

non-coding RNA (FLICR) adds an additional layer of 
complexity to FOXP3 regulation98. FLICR, situated near 
the FOXP3 locus, is conserved and specifically expressed 
in human Treg cells, in which it fine-tunes FOXP3 expres-
sion in cis by modifying chromatin accessibility at the 
conserved non-coding sequence 3 (CNS3)–accessible 
region 5 (AR5) region of FOXP3 (REF. 98). CNS3 is an 
enhancer element of FOXP3 that is important for Treg cell 
differentiation99; however the molecular mechanism of 
this control requires further clarification.

IFNG-AS1. CD8+ T cells produce cytokines that assist 
in immune defense. The enhancer-like lncRNA IFNG 
antisense RNA 1 (IFNG-AS1; also known as NEST), 
has been implicated in cytotoxic T lymphocyte func-
tion. IFNG-AS1 is transcribed from a region adjacent 
to IFNG in humans and Ifng in mice. The IFNG-AS1 
allele derived from SJL/J mice confers higher lncRNA 
expression and increased IFNγ abundance in activated 
CD8+ T cells compared with that derived from B10.S 
mice100. IFNG-AS1 binds to WD repeat-containing pro-
tein 5 (WDR5), a core subunit of particular histone H3 
lysine 4 methyltransferase complexes in humans, and 
increases H3K4me3 at the IFNG locus in both total 
splenic cells and in CD8+ T cells, conferring an active 
chromatin state to the gene and increasing IFNγ expres-
sion. IFNG-AS1 expression increases Theiler’s virus 
persistence and decreases Salmonella enteric patho-
genesis in mice100. This study demonstrates that lincR-
NAs can act in immune effector cells to regulate the 
outcome of infections by regulating the expression of 
immune response genes.

Lnc‑KDM2B
All ILC lineages are derived from common lymphoid 
progenitor cells80. ILCs communicate with other 
haemato poietic and non-haematopoietic cells to regu-
late immunity, inflammation and homeostasis and are 
known to reside at mucosal surfaces and to promote 
immune responses, maintain mucosal integrity and assist 
lymphoid organogenesis80. In a 2017 study, Liu et al.101 
implicated the lncRNA lnc-KDM2B in the regulation 
of ILC development and function. Lnc-KDM2B is tran-
scribed divergently from KDM2B, is expressed at high 
levels in ILC3 and intrinsically regulates ILC3 mainte-
nance in vitro. Liu et al. found an uncharacterized tran-
scription factor, zinc finger protein 292 (ZFP292), that 
was preferentially expressed in ILC3s. Further experi-
ments demonstrated that ZFP292 deficiency impairs 
ILC3 maintenance and that lnc-KDM2B directly binds 
to the DNA-binding protein SATB1, a chromatin organ-
izer, in the nucleus and recruits SATB1 and the nuclear 
remodeling factor (NURF) complex onto the promoter 
of Zfp292 to trigger transcription of this protein for the 
maintenance of ILC3 cells101.

LncRNAs in rheumatic diseases
Rheumatic diseases are chronic inflammatory auto-
immune diseases that are caused by perturbations 
of the innate immune system, the adaptive immune 
system and the activity of tissue cells, which result in 
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substantial inflammatory responses and subsequent 
tissue damage102,103. Several lncRNAs are differentially 
expressed in patients with rheumatic diseases and have 
been implicated in the pathogenesis of these diseases 
(TABLE 1); however future studies with larger sample 
sizes and replication cohorts are still needed to support  
these findings.

To delineate the contribution of lncRNAs to rheu-
matic diseases, disease-related lncRNAs first need to be 
identified. Researchers normally select candidate lncR-
NAs following one of three strategies: microarray and 
whole transcriptome sequencing can be used to identify 
lncRNAs that are differentially expressed in patient sam-
ples compared with healthy controls; functional lncR-
NAs that already have an identified role in the immune 
system or disease-causing inflammatory pathways can 
be investigated by quantitative PCR approaches to 
examine whether they are dysregulated in specific cells 
or tissues from patients or disease models; and lncRNA 

genes containing disease- associated single nucleotide 
polymorphisms (SNPs) identified by genome-wide asso-
ciation studies (GWAS), particularly those likely to affect 
the expression or function of a lncRNA, can be investi-
gated. This third approach has drawn the most attention 
from researchers; however, the differential expression 
of a lncRNA during disease does not necessarily mean 
the involvement of the lncRNA in pathogenesis. Once 
identified, gene perturbations of candidate lncRNAs in 
experimental models can reveal the molecular, cellular 
and pathological functions of these molecules (BOX 1). 
After confirmation of their roles in pathogenesis, iden-
tification of interaction partners can provide further 
information on the molecular mechanism of functional 
lncRNAs (BOX 2).

LncRNAs have the potential to serve as highly specific 
biomarkers for rheumatic diseases. More than 90% of dis-
ease-associated SNPs are located in non-coding regions104 
and 75% of SNPs affecting lincRNA expression are specific 

Table 1 | Long non-coding RNAs implicated in rheumatic diseases

LncRNA Sample Number of samples 
(patients/healthy 
individuals)

Chromosome locus 
(hg38)

Disease 
expression

Implicated function Refs

Systemic lupus erythematosus

GAS5 CD4+ T cells, 
B cells

• T cells:10/8
• B cells:9/7

Chr1: 
173865818-173868882

Down-regulated Regulates cell apoptosis 119

NEAT1 PBMCs, 
monocytes

• PMBCs: 29/40
• Monocytes: 10/10

Chr11: 
65422774-65445540

Up-regulated Promotes secretion of cytokines 
such as IL-6

111

Linc0949 PBMCs 102/76 Chr15: 
41284005-41306534

Down-regulated Expression correlates with 
SLEDAI, complement protein 
C3 levels and lupus nephritis

115

Rheumatoid arthritis

HOTAIR Synovial fluid, 
PBMCs, serum 
exosome, 
osteoclasts, 
synoviocytes

28/10 Chr12: 
53962308-53974956

Up-regulated Promotes recruitment of 
macrophages to target tissue. 
Increases expression of MMPs, 
causing breakdown of the 
bone and cartilage matrix

126

H19 Synovial tissue 26/15 Chr11: 
1995176-2001470

Up-regulated Increases NF-κB, IL-6 and TNF 
expression, contributing to 
inflammatory status

125

TRP53COR1 T cells 8/9 Chr17: 
29057473-29078961

Down-regulated Potentially functions through 
binding to mRNAs that encode 
proteins critical for NF-κB 
transcriptional activity

130

Sjögren syndrome

IFNG-AS1 CD4+ T cells 25/25 Chr12: 
67989444-68021327

Up-regulated Expression correlates with 
anti-SSA, serum IgG, ESR and 
influences the proportion of 
TH1 cells in response to T-bet

133

MIAT Parotid glands 17/18 Chr22: 
26646428-26851957

Up-regulated Alters splicing of transcripts 134

Systemic Sclerosis

TSIX Serum, Skin • Serum: 36/12
• Skin: 13/5

ChrX: 
73012040-73049066

Up-regulated Stabilizes type I collagen mRNA 137

ESR, erythrocyte sedimentation rate; GAS5, growth arrest specific 5; hg38; human genome build 38 (human reference genome 38); HOTAIR, HOX transcript 
antisense RNA; IFNG-AS1, IFNG antisense RNA 1; lncRNA, long-non-coding RNA; MIAT, myocardial infarction associated transcript; MMP, matrix 
metalloproteinases; MSC, mesenchymal stem cells; NEAT1, nuclear paraspeckle assembly transcript 1; PBMC, peripheral blood mononuclear cell; SLEDAI, Systemic 
lupus erythematosus Disease Activity Index; SSA, syndrome-related antigen A; SNP, single nucleotide polymorphism; NF-κB, nuclear factor-κB; TH1 cells;  
T helper 1 cells; TSIX, TSIX transcript; TRP53COR1, tumor protein p53 pathway co-repressor 1
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to lincRNAs alone and do not affect the expression of 
neighbouring protein-coding genes104. LncRNAs show 
more tissue-specific expression patterns than mRNAs105 
and as such might also show greater disease specificity106. 
Thus, analysis of lncRNAs in patients and dissection of 
their roles in disease development might unveil novel 
biomarkers and treatment targets for the diagnosis and 
treatment of patients with rheumatic diseases.

Systemic lupus erythematosus
Systemic lupus erythematosus (SLE) is an autoimmune 
disease characterized by multiple organ involvement, the 
production of a variety of autoantibodies and low lev-
els of complement proteins107,108. SLE has a complicated 
aetiology; abnormal activation of the interferon path-
way, stimulation of the Toll-like receptor pathway and 
defective apoptosis are all suggested to contribute to the 
initiation and maintenance of this disease109. Although 
lncRNAs are reported to be differentially expressed in 
patients with SLE110, comparisons of lncRNA expression 
in specific cell subtypes from patients with SLE com-
pared with healthy individuals, and investigation of the 
role of lncRNAs in SLE pathogenesis are limited.

NEAT1 expression is significantly upregulated in 
peripheral blood mononuclear cells (PBMCs) (P < 0.0001) 
and monocytes (P = 0.0288) from patients with SLE com-
pared with those from healthy individuals. NEAT1, 
an early LPS response gene, regulates the expression of 
pro-inflammatory chemokines and cytokines. In patients 
with SLE, NEAT1 levels positively correlate with disease 

activity, as well as with the expression of a number of 
pro-inflammatory cytokines and chemokines, indicating 
that increased expression of NEAT1 might contribute to 
the elevated expression of these molecules in patients 
with SLE111. Moreover, NEAT1 promotes type I interferon 
(IFN) responses by acting as a positive feedback regula-
tor of retinoic acid-inducible gene I (RIG-I; a well-known 
regulatory of type I IFN production112) signalling113, indi-
cating that NEAT1 might also be involved in the abnormal 
activation of the type I IFN pathway in SLE111.

Linc0949 is differentially expressed following innate 
activation of the pro-monocytic cell line THP1, and 
regulates the induction of pro-inflammatory cytokines, 
such as TNF and IL-6 (REF. 114). Linc0949 expression is 
significantly decreased in PBMCs from patients with 
SLE (P < 0.001) and was associated with SLE Disease 
Activity Index (SLEDAI) score, levels of complement 
component C3 and incidence of lupus nephritis115. In 
three patients with severe disease flare, the expression 
of linc0949 was significantly increased (P < 0.05) fol-
lowing treatment with immunosuppressive agents, 
indicating that linc0949 expression might be responsive 
to therapy. Moreover, PBMCs from patients with SLE 
were unable to induce linc0949 expression following 
stimulation with palmitoyl-3-cysteine-serine-lysine-4 
(PAM3CSK4), unlike PBMCs from healthy individuals, 
suggesting a cell-intrinsic immune defect in regulating 
linc0949 expression in patients with SLE. These results 
suggest that linc0949 could serve as a novel biomarker 
to monitor disease progression and guide therapy in 
SLE115. However, identifying the reason for aberrant 
expression of linc0949 in patients with SLE, and the 
underlying biological mechanisms involved, requires 
further investigation.

In 2009, Suarez-Gestal et al. identified a new SLE 
susceptibility locus on chromosome 1q25.1, a region in 
which the gene encoding lncRNA growth arrest-specific 
transcript 5 (GAS5) resides116,117. Six SNPs have been 
identified in the promoter region of GAS5 in BXSB 
mice, a spontaneous mouse model of lupus nephritis, 
that might explain the 11-fold decrease in GAS5 expres-
sion in these mice; the presence of these SNPs corre-
lated with nephritis susceptibility118. Levels of GAS5 are 
lower in CD4+ T cells and B cells from patients with SLE 
than in healthy individuals; however, this difference in 
expression is not seen in whole blood leukocytes. In 
mice, GAS5 expression decreases in metabolically active 
tissue such as the muscle following fasting, whereas 
GAS5 expression in immune tissue remains high, sug-
gesting that GAS5 might be under differential control 
in immune cells and have cell type-specific functions119. 
The exact role of GAS5 in disease-targeted tissues and 
immune cell subtypes needs further clarification. The 
GAS5 transcript contains two glucocorticoid response 
element (GRE)-mimic sequences that competitively bind 
to the DNA-binding domain of the glucocorticoid recep-
tor; this competitive binding inhibits glucocorticoid- 
mediated gene transcription, and subsequently affects 
the cell’s metabolic status and increases cell suscepti-
bility to apoptosis. GAS5 also binds to other hormone 
receptors such as progesterone receptors and androgen 

Box 1 | Strategies for interrogating the function of long non-coding RNAs

RNA interference
RNA interference (RNAi) has been a crucial method in studying long non-coding RNA 
(lncRNA) function. The application of short hairpin RNA (shRNA) or small interfering 
RNA (siRNA) directed against individual genes can reveal the functional roles of 
lncRNAs in cellular pathways and phenotypes92. However, lncRNA-targeting RNAi 
can be hindered by several factors, including the nuclear localization of many 
lncRNAs and by the more structured nature of lncRNAs compared with mRNAs.

Antisense oligonucleotides
Antisense oligonucleotides (ASOs) are synthetic nucleic acid derivatives that can 
silence genes by binding to nascent RNA transcripts and triggering RNase H 
mediated degradation of these transcripts in the nucleus. ASOs can target nuclear 
lncRNAs with higher efficiency than siRNAs139; however, unlike shRNA, ASOs cannot 
be used in established stable cell lines to screen on a genome-wide scale.

Genetic knockout or knockin models
Traditional mutagenesis is less likely to inactivate the function of a lncRNA compared 
with a coding gene because lncRNAs lack features (nonsense, missense, and frameshift 
mutations) that can lead to the inactivation of coding genes. The CRISPR/Cas9 system, 
a revolutionary genome editing tool, can be successfully applied to generate 
knockouts for lncRNAs in mice140 and in human cell lines141. The nuclease-deficient 
Cas9 mutant (termed dCas9) retains its RNA-dependent DNA-binding activity and can 
modulate gene expression in an RNA-guided manner when fused to transcriptional 
repressor domains (known as CRISPR interference or CRISPRi) or activator domains 
(known as CRISPR activation or CRISPRa)142–144. This system is highly specific, non-toxic 
and can be used as a tool for loss-of-function or gain-of-function studies to identify 
the function of lncRNAs145. Because the targeted lncRNA gene locus might function as 
a regulatory element or structural unit of chromatin, the limitations of this system 
need to be taken into account to obtain relevant and biologically significant results for 
the targeted lncRNAs. To avoid false positives, RNAi and/or ASOs should be used to 
complement CRISPR-based experiments.
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receptors, but not estrogen receptor α117. Whether mod-
ifying the endogenous expression of GAS5 influences 
patient responses to glucocorticoid treatment remains 
to be seen.

Studies have also linked other lncRNAs with SLE120,121, 
but direct evidence for their involvement is still needed. 
For example, computational methods have shown that 
the lncRNA CYP2C91 interacts with CCR1, macrophage 
scavenger receptor types I and II (MSR1) and transcrip-
tion factor PU.1 (SPI1), which are all implicated in SLE 
pathogenesis120; however, the involvement of CYP2C91 
in SLE requires experimental verification. Both X chro-
mosome inactivation and the IFN signalling pathway 
are implicated in SLE pathogenesis, hence, lncRNAs that 
regulate these processes might also be involved in this 
disease. X chromosome dosage influences SLE suscepti-
bility; for example, women with only one X chromosome 
(Turner syndrome) have a low risk of developing SLE122, 
but men with an extra X chromosome (Klinefelter 
syndrome) have a 14-fold increased risk of develop-
ing SLE123. The lncRNAs XIST and TSIX (a lncRNA 
transcribed from a gene antisense to XIST) promote 
and inhibit X inactivation, respectively121, which might 
have a role in X chromosome dosage in lupus mor-
bidity24. Wang et al. demonstrated that fluctuations in 

the association of XIST with the inactive X chromsome 
might lead to its partial reactivation, which can increase 
biallelic expression of autoimmune-associated genes such 
as CD40LG and TLR7 (REF. 121). The precise role of these 
lncRNAs, and others, in SLE requires further investi-
gation, starting with measurement of the expression of 
these lncRNAs in patients with SLE.

Rheumatoid arthritis
Rheumatoid arthritis (RA) is a chronic autoimmune 
disease characterized by symmetrical synovitis of the 
small joints. Pathological changes include immune- cell- 
mediated cartilage and subchondral bone damage, which 
can lead to joint deformities124. Release of cytokines such 
as IL-6, TNF and IL-1β, regulated by immune cell signal-
ling pathways such as the NF-κB pathway, are thought to 
contribute to RA pathogenesis124.

Studies have reported differential expression of sev-
eral lncRNAs, including HOTAIR and H19, in the syno-
vium and PBMCs of patients with RA125,126. HOTAIR 
expression is induced in synovial fibroblasts and PBMCs 
following TNF stimulation and is highly expressed in 
these cells and in serum exosomes of patients with RA, 
but is conversely expressed at low levels in other cell 
types, including osteoclasts and synoviocytes, compared 
with healthy individuals. HOTAIR functions as a scaf-
fold for different histone modifying protein complexes, 
initiating distinct histone modification of target genes 
and silencing genes such as those encoding matrix 
metalloproteinases (MMPs)127. Increased HOTAIR 
expression in exosomes might enhance the recruit-
ment of macrophages to target tissues in RA126, whereas 
decreased HOTAIR levels in osteoclasts and syno-
viocytes can increase MMP2 and MMP13 expression, 
which disintergrate the bone and cartilage matrix and, 
when overproduced, can lead to joint destruction126.

H19 overexpression in the human bladder carci-
noma cell line T24P promotes the expression of pro- 
 inflammatory cytokines TNF and IL-6, as well as 
NF-κB128. Intriguingly, H19 expression was signifi-
cantly higher in the synovial tissue of patients with RA 
(P = 0.000) and osteoarthritis (OA) (P = 0.009) than in 
healthy individuals or individuals with joint trauma. 
The expression of H19 was increased in these cells upon 
the induction of stress by serum starvation in vitro, an 
action which is greater in cells from patients with RA 
than those from patients with OA125. Thus, H19 might 
have a role in regulating inflammation and promoting 
joint damage via a positive feedback loop.

PBMCs from patients with RA have lower levels of 
the lncRNA TRP53COR1 than healthy individuals129. 
Intriguingly, TRP53COR1 expression can be induced 
in patients with RA following treatment with metho-
trexate, one of the most commonly prescribed DMARDs 
for RA129. Experiments in the human Jurkat T cell and 
THP-1 cell lines demonstrated that metho trexate induces 
TRP53COR1 via the activation of DNA-protein kinase 
catalytic subunit (DNA-PKcs) and inhibition of the 
NF-κB signalling pathway130. In a 2014 microarray-based 
experiment using monocytes isolated from patients 
with RA before and after anti-IL-6R (tocilizumab) or 

Box 2 | Strategies for characterizing long non-coding RNA interactions 

Understanding the mechanism(s) of action of long non-coding RNAs (lncRNAs) often 
relies on identification of their interaction partners by RNA–protein (crosslinking 
immuno precipitation (CLIP) and RNA pulldown assays), RNA–RNA (crosslinking analysis 
of synthetic hybrids (CLASH)146–150) or RNA–DNA (capture hybridization analysis of RNA 
targets (CHART) 151–153 and chromatin isolation by RNA purification (ChIRP)154) 
interaction assays.

CLIP
CLIP is a platform in which UVB irradiation is used to induce the formation of covalent 
bonds between proteins and RNA in situ, resulting in protein–RNA complexes, which 
enables the purification of the complex by immunoprecipitation and subsequent 
amplification and sequencing of the bound RNA149,150.

RNA pulldown
RNA pulldown assays enable the identification of proteins that specifically interact with 
an RNA molecule of interest. RNA-binding proteins recognize and bind to a synthesized 
biotinylated RNA. Bound proteins are then pulled down using streptavidin-coated 
beads and identified by western blotting or mass spectrometry analysis153.

CLASH
CLASH is a high-throughput technique for mapping RNA–RNA interactions. CLASH 
relies on the purification of RNA–RNA duplexes bound to a protein, the ligation of the 
two strands of RNA duplexes to form chimeric RNAs, reverse transcription of these 
chimeric RNAs, high-throughput sequencing of the resulting cDNAs and bioinformatic 
analysis of the sequence data to annotate chimeric reads146.

CHART
CHART allows for the identification of genomic DNA and proteins crosslinked to the 
RNA of interest using complementary, biotinylated capture oligonucleotides152.

ChIRP
ChIRP is a technique for studying lncRNA–chromatin interactions. Formaldehyde or 
glutaraldehyde are used to crosslink RNA and chromatin in vivo, and the chromatin is 
then solubilized by sonication. Biotinylated antisense DNA oligonucleotides are 
subsequently used to capture the target lncRNA–chromatin complex. 
Co-precipitated DNA can then be purified and analysed by quantitative PCR or 
high-throughput sequencing154.
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anti-TNF (adalimumab) therapy, researchers found that 
a restricted number of lncRNAs (1.1% of the total 7,419 
lncRNAs measured) responded to IL-6 or TNF inhibi-
tion. None of the lncRNAs were regulated by both IL-6 
and TNF, suggesting that the regulation of lncRNAs by 
cytokines is highly specific131.

Sjögren syndrome
Sjögren syndrome occurs predominantly in middle-aged 
women and is characterized by functional defects of 
the exocrine glands, including the salivary and lacri-
mal glands, which is attributed to the local infiltration 
of lymphocytes132. IFNG-AS and myo cardial infarction 
associated transcript (MIAT; also known as RNCR2) 
are upregulated in patients with Sjögren syndrome133,134. 
IFNG-AS1 expression positively correlates with levels of 
antibodies directed against Sjögren syndrome-related 
antigen A (SSA; also known as Ro), serum IgG levels 
and the erythrocyte sedimentation rate133. IFNG-AS1 
is transcriptionally regulated by T-bet via epigenetic 
mechanisms that enable the recruitment of inducible 
transcription factors to both its promoter and the gene135. 
Levels of TBX21 (encoding T-bet) and IFNG mRNA are 
upregulated in CD4+ T cells from patients with Sjögren 
syndrome compared with healthy individuals133. These 
findings suggest a role for IFNG-AS1 in Sjögren syn-
drome development. Sjögren syndrome has a relatively 
high morbidity among all the autoimmune diseases132; 
hence the roles of lncRNAs in the pathogenesis of Sjögren 
syndrome is worth further investigation.

Systemic sclerosis
Systemic sclerosis (SSc) is an immune-mediated rheu-
matic disease that is characterized by fibrosis of the skin 
and internal organs and by vasculopathy. Dermal fibro-
blasts from the skin of patients with SSc produce exces-
sive amounts of various extracellular matrix proteins 
in vitro, mainly type I collagen136. Wang et al.137 found 
that TSIX is increased in the serum and dermal fibro-
blasts of patients with SSc compared with both patients 
with SLE and healthy individuals. The overexpression 
of TSIX might result from activated endogenous trans-
forming growth factor-β (TGFβ) signalling, a pathway 
thought to have a central role in SSc pathogenesis138. 
Knockdown of TSIX by small interfering RNA (siRNA) 
reduced the mRNA expression of type I collagen in 
dermal fibroblasts form patients with SSc and healthy 

individuals, hence TSIX might contribute to the regula-
tion of type I collagen mRNA137. TSIX might therefore 
serve as a potential biomarker or therapeutic target in 
this disease, although further research is still needed. 
So far there is limited evidence for the involvement of 
lncRNA in other rheumatic diseases.

Conclusions
Although some lncRNAs are predominantly expressed in 
specific immune cell subtypes, only a few lncRNAs have 
confirmed roles in immune responses or immune cell 
differentiation. The vast majority of lncRNAs expressed 
in immune cells remain ill-defined. The challenge going 
forward will be to identify the lncRNA- based mecha-
nisms that regulate immune responses, and to dissect the 
specific functional sequences and domains that execute 
the biological functions of lncRNAs. New technologies 
are being developed and applied to study the biochem-
istry of lncRNAs, their structures and their interaction 
partners, which will advance research in this field.

Although evidence clearly supports the involvement of 
lncRNAs in the pathogenesis in human diseases, lncRNA 
research in rheumatic diseases is very much a nascent 
field. Future studies will undoubtedly uncover additional 
and novel insights into the functions of lncRNAs in  
immunity and rheumatic diseases. Studying lncRNAs that 
are differentially expressed in immune cell subtypes or 
damaged tissues between patients and healthy individu-
als should provide further insights into the pathogenesis 
of rheumatic diseases and further elucidate the molecu-
lar mechanisms of candidate lncRNAs in the regulation 
of immune responses and inflammation. SNPs within  
lncRNA-encoding genes might affect the expression or 
function of lncRNAs; for example, Castellanos-Rubio et al.66  
demonstrate that the function of lnc13 is impaired follow-
ing a change in its RNA sequence caused by the disease- 
related SNP (rs917997). Further investigation is needed 
to unveil how these lncRNA-related loci contribute to 
pathogenesis, and will enhance our understanding of 
these diseases. Advances in genome-editing technologies 
such as CRISPR/Cas9 should enable researchers to deter-
mine the involvement of a given lncRNA-related SNP in 
patho genesis. We believe that disease-related functional 
lncRNAs have potential as disease biomarkers and ther-
apeutic targets, and that research in this area should help 
the development of novel diagnostic and therapeutic 
approaches to treat rheumatic diseases. 
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The Wnt family is a diverse family of secreted glyco
proteins that is comprised of 19 members in mammals. 
These proteins have a wide range of functions that can 
be observed from embryonic development and post
natal growth through to tissue homeostasis and dis
ease in adult life1. The socalled canonical Wnt signalling
pathway is dependent on intracellular accumulation of 
βcatenin and is the best studied Wnt signalling cascade. 
The key roles for canonical Wnt signalling in skeletal 
development, and particularly in embryonic joint for
mation2, have triggered the arthritis research community 
to study their potential involvement in joint destruction 
and repair. These efforts have largely focused on the role 
of Wnts in the context of osteoarthritis (OA), the most 
common chronic joint disease.

The current paradigm states that a finetuned balance 
of canonical Wnt activity is essential for cartilage and joint 
homeostasis3. In different animal models, both excessive 
activation and lack of Wnt signalling in the joint results in 
cartilage breakdown and OA4,5. In addition, interactions 
between Wnt signalling components and components of 
inflammatory signalling cascades suggest that Wnts also 
have a role in inflammationdriven joint diseases such 
as rheumatoid arthritis (RA)6 and spondylo arthritis7. In 
2013, the effect of Wnts on bone and joint health was 
extensively reviewed3. At that time, it was concluded that 
many important questions regarding these fascinating 

molecules remained open, and that further insights into 
this pathway would be essential to gain an in depth under
standing of the role of Wnts in joint disease to facilitate the 
development of precise therapeutic interventions targeting 
this pathway. Novel data provide further support for the 
concept that Wnt signalling is essential for joint develop
ment, homeostasis and the prevention of disease. However, 
excessive activation of the canonical Wnt pathway is harm
ful for joint health and is associated with OA. Thus, canon
ical Wnt signalling needs to be carefully regulated and its 
activity buffered. In this context, the first clinical trials with 
Wnt modulators are now being undertaken8.

In this Review, we discuss current progress in our 
understanding of the diverse mechanisms that tightly 
regulate canonical Wnt signalling in articular cartilage. 
Discussions on the effect of canonical Wnt signalling in 
the other tissues of the joint and the effects of alternative 
Wnt signalling cascades are not within the scope of this 
Review, and are only briefly touched upon. In line with 
the concept that excessive canonical Wnt pathway activa
tion is frequently observed in OA3, we present the cumu
lative evidence that suggests strategies that limit aberrant 
Wnt pathway activation in the cartilage are effective in 
safeguarding joint health. We thereby aim to discuss the 
rationale for developing interventions that modulate 
canonical Wnt signalling for the prevention and treatment  
of joint diseases.
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Canonical Wnt signalling 
pathway
The best-characterized 
signalling cascade triggered by 
Wnts that functions through 
regulation of intracellular 
β-catenin levels.

Cushioning the cartilage: a canonical 
Wnt restricting matter
Silvia Monteagudo1 and Rik J. Lories1,2

Abstract | Wnt signalling pathways have key roles in joint development, homeostasis and disease, 
particularly in osteoarthritis. New data is starting to reveal the importance of tightly regulating 
canonical Wnt signalling pathway activation to maintain homeostasis and health in articular 
cartilage. In addition to the presence of different Wnt antagonists that limit pathway activation in 
articular cartilage, the reciprocal crosstalk between the canonical and non-canonical cascades 
and competitive antagonism between different Wnt ligands seem to be critical in restraining 
excessive Wnt pathway activation. Changes in transcriptional complex assembly upon Wnt 
pathway activation, epigenetic modulation of target gene transcription, in particular through 
histone modifications, and complex interactions between the Wnt signalling pathway and other 
signalling pathways, are also instrumental in adjusting Wnt signalling. In this Review, the cellular 
and molecular mechanisms involved in fine-tuning canonical Wnt signalling in the joint are 
updated, with a focus on the articular cartilage. The interventions for preventing or treating 
osteoarthritis are also discussed, which should aim to limit disease-associated excessive 
canonical Wnt activity to avoid joint damage.

NATURE REVIEWS | RHEUMATOLOGY  ADVANCE ONLINE PUBLICATION | 1

REVIEWS

©2017MacmillanPublishersLimited, partofSpringerNature. All rightsreserved.

mailto:Rik.Lories@kuleuven.be
http://dx.doi.org/10.1038/nrrheum.2017.171


Non-canonical Wnt 
signalling pathways 
Alternatively activated 
signalling cascades that 
function via Wnt–frizzled 
receptor interactions resulting 
in activation of mitogen 
activated protein kinases such 
as c-Jun N-terminal kinase and 
in intracellular calcium release.

Joint interzone
The area in the developing limb 
where the joints will be formed; 
joint interzone cells are 
progenitors of the cells of the 
synovium, articular cartilage 
and ligaments.

Superficial zone 
chondrocytes
Flat-appearing 
lubricin-producing cells in  
the superficial zone of the 
articular cartilage.

Articular chondrocytes
A unique population of 
chondrocytes in the articular 
cartilage, embedded in  
a self-produced water-rich 
extracellular matrix.

Activation of Wnt signalling
Wnt ligands can activate a number of different sig
nalling cascades by binding to and signalling through 
receptors such as the frizzled family of cell surface recep
tors1 (FIG. 1). The canonical Wnt pathway is centred on 
the signalling molecule βcatenin. In the absence of an 
upstream Wnt–Wnt receptor interaction, cytoplasmic 
βcatenin is targeted for proteolysis and degraded by 
the proteasome. Upon Wnt ligand, frizzled receptor 
and lipoprotein related protein (LRP) 5 and LRP6 co 
receptor assembly, βcatenin is protected from deg
radation. Thus, βcatenin can accumulate within the 
cytoplasm and subsequently translocate to the nucleus 
where it regulates the transcription of target genes. The 
non-canonical Wnt signalling pathways have been less well 
studied9. In these pathways, the binding of Wnts to friz
zled receptors causes intracellular calcium release and 
activates downstream kinases such as mitogen activated 
kinases, including cJun Nterminal kinase (JNK), and 
protein kinase C9 (FIG. 1). Noncanonical Wnt signalling 
pathway activation often leads to cytoskeletal rearrange
ments and changes in cell motility, rather than leading to 
a classical transcriptional response9.

Frizzled receptors and Wnt ligands seem to lack spec
ificity; an individual ligand can bind multiple receptors 
and vice versa1. The way in which Wnt and Wnt–(co)
receptors assemble into complexes might depend on 
the cellular and tissue microenvironment. Canonical 
or noncanonical pathway activation by Wnts likely 
depends on the receptors expressed by the target cells 
and on the ligand–receptor complex assembly, rather 
than on the individual characteristics of the ligands10, 
thereby complicating our understanding of cellular 
responses to Wnts. Furthermore, the chemical charac
teristics of Wnts (glycoproteins covalently modified by a 
fatty acid lipid chain) have limited their use as recombi
nant proteins and thus hampered insights into individual 
ligand–receptor relationships. These chemical charac
teristics also limit the diffusion of Wnts; extra cellular 
matrix molecules and cellsurface molecules such as 

heparan sulfaterich proteoglycans can bind to Wnts 
and thereby influence their diffusion within tissues11. 
The effects of secreted Wnts seem to be largely autocrine 
and paracrine, and to depend upon the establishment 
of local concentration gradients12. Hence, the spatio
temporal regulation of Wnt signalling is more likely to 
be determined by the local concentration gradients of 
Wnts than by their absolute levels.

Wnt ligands and joint lubrication
Among the individual Wnt ligands, Wnt16 is the best stud
ied in the context of OA13–15. In a study by Dell’Accio et al., 
screening for Wnt ligand mRNA in human articular car
tilage explants demonstrated the constant expression of 
Wnt2b, Wnt3, Wnt5a, Wnt5b, Wnt10a and Wnt10b in 
cartilage14. However, only Wnt16 expression seemed to 
be rapidly upregulated by acute in vitro cartilage injury14. 
Wnt16 is also expressed in mice in the developing joint
interzone16 and after birth in the superficial layers of the 
articular cartilage17. Expression of WNT16 is higher in 
the affected regions of cartilage samples from patients 
with osteoarthritis than in preserved regions, which 
parallels increases in βcatenin levels and gene expres
sion changes that indicate activation of the canonical  
Wnt pathway14.

In 2017, the specific role of Wnt16 in OA was inves
tigated by Nalesso et al.13 in the destabilization of the 
medial meniscus (DMM) mouse model of osteo arthritis. 
Protein and mRNA levels of Wnt16 were upregulated 
in wildtype mice following DMM surgery, most 
strongly in the upper layers of cartilage cells, known 
as superficial zone chondrocytes. The investigators used 
Wnt16‑knockout mice that, if bred on a 129/Sv back
ground, did not show a spontaneous joint or bone 
phenotype. Remarkably, mice deficient in Wnt16 pre
sented with more severe OA in this model than wild
type animals, suggesting that Wnt16 has a homeostatic 
role after induction of joint instability. Mechanistically, 
Wnt16deficient mice failed to upregulate lubricin (also 
known as proteoglycan 4 or superficial zone protein) fol
lowing surgical induction of OA13. Lubricin is a proteo
glycan that acts as a joint lubricant and is produced by 
superficial zone chondrocytes. Cartilage lubrication pro
vides near to no friction upon contact between the joint 
surfaces and is essential in protecting the integrity of the 
cartilage and supporting smooth joint movement. Mice 
deficient in lubricin develop spontaneous OA and this 
phenotype is associated with chondrocyte apoptosis18. 
Wnt16deficient mice similarly had increased apoptosis 
in the superficial layer of cartilage and a loss of expres
sion of molecular markers typically associated with 
these superficial zone cells13. Hence, the data reported 
by Nalesso et al. suggest that reactive and protective 
lubricin production in the injured joint is dependent on  
Wnt16 expression13.

Strong activation of canonical Wnt signalling in bovine 
articular chondrocytes, either by recombinant Wnt3a or by 
inhibition of βcatenin degradation, inhibits the produc
tion of lubricin in vitro19, in keeping with the concept 
that excessive activation of the Wnt signalling cascades 
is deleterious for cartilage (FIG. 2). By itself, Wnt16 is able 

Key points

• Wnt signalling is essential for joint health: loss of and excessive activation of the
canonical signalling pathway are both deleterious for articular cartilage

• In cartilage, Wnt ligands have distinct effects on the activation of downstream
cascades; Wnt16 seems to be a partial agonist that protects against excessive 
cascade activation

• Ligand–receptor, ligand–antagonist and receptor–antagonist interactions, 
as well as the establishment of concentration gradients by cell surface and 
extracellular matrix molecules, all contribute to the regulation of Wnt 
pathway activation

• Intracellularly, β‑catenin forms complexes with the T cell factor and lymphoid
enhancer-binding factor family of transcription factors, and the composition of these
complexes determines the resulting transcriptional response

• Histone modifications further regulate the activity of canonical Wnt signalling in
cartilage; DOT1L limits excessive activation of Wnt signalling and protects the 
cartilage against osteoarthritis

• Increasing insights into specific mechanisms that regulate Wnt signalling in the joint
such as histone modification might reveal unexpected opportunities in achieving 
tissue-specific effects and developing targeted therapies
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to activate the canonical Wnt cascade in chondrocytes 
in vitro, but to a far lesser extent than Wnt3a. Moreover, 
Wnt16 antagonizes Wnt3atriggered activation of 
canonical Wnt signalling in these cells13. Thus, Wnt16 
is proposed to be a regulator Wnt13 that maintains the 
superficial cell layer and contributes to lubrication of the 
joint and, at the same time, prevents excessive canonical 
Wnt activation that would result in cartilage breakdown.

The findings from the study by Nalesso et al.13 sug
gest that Wnt16 acts as a partial agonist of the canon
ical Wnt cascade, functioning as an antagonist when 
expressed alongside other, more potent, Wnt ligands 
by competing with them to bind receptors and thereby 
limiting their strong receptor activation capacity. In 
this manner, Wnt16 is likely to buffer excessive activa
tion of the canonical Wnt signalling pathway and the 
associated deleterious effects this signalling has on  
the articular cartilage that can trigger the development 
of OA (FIG. 2). In addition to this liganddependent reg
ulation of Wnt canonical signalling activation, an earlier 
study from Dell’Accio’s group also demonstrated that the 
canonical and noncanonical Wnt signalling pathways 
reciprocally antagonize each other20, suggesting the 
existence of additional liganddependent regulatory 

mechanisms. This  group found that specific inhibitors 
of the calcium dependent noncanonical Wnt cascade 
increased the activation of the βcatenindependent 
pathway in human articular cartilage, and vice versa20.

Alternative Wnt agonists
Activation of the Wnt signalling cascade can also 
be specifically amplified through the actions of 
other Wnt agonists, such as the Rspondin family  
of secreted proteins. The Rspondin family members 
(Rspondins 1–4) function as agonists of the canonical 
Wnt–βcatenin signalling pathway by binding to their 
receptors, leucine rich repeatcontaining Gprotein
coupled receptor 4 (LGR4), LGR5 and LGR6, on the cell 
surface, as well as binding to E3 ubiquitin protein ligase 
ZNRF3 (ZNRF3) and E3 ubiquitinprotein ligase RNF43 
(RNF43)21. In the absence of Rspondins, the intra 
cellular RINGtype E3 ligase domain of the ZNRF3–
RNF43 complex binds to and causes the ubiquityla
tion of frizzled receptors22. By inhibiting this activity, 
Rspondins reduce the turnover of Wnt receptors and 
potentiate the Wnt–βcatenin signalling pathway. 
Studies have so far investigated Rspondins 1 and 2 in 
the context of joint biology.

Figure 1 | Ligand-dependent activation of the Wnt signalling cascade. In the absence of Wnt, frizzled receptor and 
lipoprotein related protein (LRP) co-receptor complex assembly at the cell surface, intracellular signalling molecule 
β-catenin is caught in an enzymatic destruction complex and removed by ubiqutinylation and proteasomal degradation. 
Upon ligand-induced Wnt receptor–co-receptor complex assembly, the destruction complex is inactivated and β-catenin 
can accumulate within the cell, translocate to the nucleus and activate the canonical Wnt signalling pathway. Different 
Wnt ligands might activate non-canonical signalling pathways, resulting in intracellular calcium release or the activation 
of mitogen-activated kinases such as c-Jun N-terminal kinase (JNK). The canonical and non-canonical Wnt cascades can 
also reciprocally inhibit each other (not shown). APC, adenomatous polyposis coli; CK1α, caseine kinase 1α; GSK3β, 
glycogen synthase kinase 3β. Fz,  frizzled receptor; Ub, ubiquitin.
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Recombinant Rspondin  1 protects against 
inflammation driven bone and cartilage destruc
tion in the human transgenic TNF overexpression 
mouse model of RA23. In mouse osteoblasts in vitro, 
Rspondin 1, in synergy with Wnt3a, promotes the pro
duction of osteoprotegerin24, a decoy receptor that antag
onizes osteoclast differentiation, which might explain 
the protective effect of Rspondin 1 on bone. How 
Rspondin 1 also protects the cartilage remains unclear, 
but Rspondin 1 treatment is associated with increased  
β catenin levels in the articular cartilage of mice23, 
which contrasts with the overall view that strong acti
vation of Wnt signalling is deleterious for cartilage 
health. More in line with the latter concept, detailed 

investigations utilizing mice lacking Rspondin 2 and 
in  vitro chondro progenitor differentiation models 
with knocked down or overexpressed Rspondin 2, 
demonstrate that Rspondin 2 has a regulatory role in 
early chondrogenesis. inhibiting the differentiation of  
chondroprogenitor ATDC5 cells by augmenting the 
canonical Wnt signalling pathway25. Hence, increased 
levels of Rspondins could be deleterious for adult 
articular cartilage. However, the direct effects of the 
Rspondins on mature articular chondrocytes are still 
uncharacterized and are an area for future research. Of 
note, Rspondin 1 has been suggested to regulate cross
talk between the canonical and noncanonical Wnt 
signalling cascades26. In mouse muscle, the absence of 
Rspondin 1 inhibits βcatenindependent signalling 
and augments a RASrelated C3 botulinum toxin sub
strate (RAC1)dependent noncanonical signalling cas
cade26. Deletion of Rspondin 1 in mice hinders muscle 
regeneration following injury, with these mice showing 
increased muscle cell fusion and larger myotubes in vivo 
compared with littermate controls.

Wnt co-receptors
The specific interactions of Wnt ligands and receptors 
in the joint and their effects on the activation of canon
ical and noncanonical Wnt signalling cascades remain 
largely unexplored. New data on the roles of Wnt co 
receptors in OA are now emerging, albeit with sometimes 
conflicting results.

LRP5. In a study by Lodewyckx et al.27 mice deficient in 
the canonical Wnt signalling coreceptor LRP5 showed 
decreased bone mass and increased cartilage degradation 
in the medial tibia compared with littermate controls in 
the DMM model of OA, but not in the papaininduced 
or collagenaseinduced models of OA. The authors 
proposed that a decrease in subchondral bone density 
in the DMM model might be a key contributing factor 
to the development of OA, but could not explain why 
this effect was specific to this model. Lodewyckx and 
colleagues hypothesized that the relatively slow devel
opment of OA in the DMM model, as opposed to other 
models, which are characterized by fast, direct cartilage 
damage, is strongly dependent on mechanical loading in 
the joint. Effectively, when using meniscal instability and 
subsequent suboptimal joint kinetics as a driver for OA 
development, the biomechanical characteristics of the 
cartilage−bone unit in the joint, which are responsible 
for buffering the joint during loading stress, are likely to 
contribute to the development of OA, potentially making 
this model more sensitive to changes in bone mass than 
other models.

A 2014 study by Shin et al. came to an opposite con
clusion with regards to the effects of Lrp5 deficiency 
on OA development28. Mice with both complete, and 
cartilagespecific, deletion of Lrp5 seemed to be pro
tected from OA development. Mice with complete 
Lrp5deficiency were not only protected in the DMM 
model, but also seemed to be protected against disease 
development upon ageing28 (representing spontaneous 
OA development). Of note, levels of LRP5 were also 
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Figure 2 | Tight regulation of canonical Wnt signalling is critical to maintaining 
cartilage health. In the healthy joint, low levels of active canonical Wnt signalling are 
necessary to maintain cartilage and subchondral bone homeostasis. However, different 
mechanisms exist to restrain this pathway, as excessive activation triggers joint disease. 
The superficial zone of cartilage is exposed to the synovial cavity and seems to have an 
important role. The superficial layer is home to cells with chondrocyte progenitor 
properties that can contribute to cartilage repair. These cells also produces Wnt16, an 
autocrine factor that increases the production of lubricin, the main joint lubricant that is 
essential for joint health. In the articular cartilage, activity of antagonists such as 
secreted frizzled-related protein 3 (sFRP3, also known as FRZB), and the reciprocal 
inhibition of canonical and non-canonical Wnt signalling maintains a healthy balance. 
Upon joint injury or damage, the production of Wnt16 increases as a protective 
mechanism, competitively antagonizing other Wnts that are considered stronger 
activators of the canonical cascade than Wnt16. By contrast, levels of sFRP3 rapidly 
decrease. The net effect is excessive activation of canonical Wnt signalling. The 
increased levels of tissue destructive enzymes such as matrix metalloproteinases (MMPs), 
induces terminal differentiation of articular chondrocytes towards hypertrophic cells 
that produce the typical calcified matrix rich in collagen type X, and stimulates bone 
remodelling in the subchondral bone
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increased in cartilage from STR/ort mice, a strain that 
is prone to the accelerated development of spontane
ous OA28. In mouse articular chondrocytes, the absence 
of Lrp5 was associated with increased type II collagen 
production and inhibition of matrix metalloproteinase 
(MMP) expression. Moreover, Schumacher et al. also 
reported no striking abnormalities in the articular car
tilage of chondrocytespecific Lrp5knockout mice29, 
although these mice were not studied in any OA model 
by these researchers.

LRP4. LRP4 is another member of the lipoprotein receptor 
family. Although precisely how LRP4 functions remains 
to be fully elucidated, LRP4 can interact with the Wnt 
antagonists sclerostin and dickkopfrelated protein 1 
(DKK1), potentiating their inhibitory interactions with 
the LRP Wnt coreceptors. Agrin is a ligand for LRP4 that, 
together with LRP4, forms a complex with muscle, skeletal 
receptor tyrosineprotein kinase (MUSK, also known as 
musclespecific kinase receptor) in the neuromuscular 
junction, the formation of which induces the aggregation 
of acetylcholine receptors, affecting downstream signal
ling by these receptors30. The formation of this complex 
can be modulated both positively and negatively by dis
tinct Wnt ligands30. Agrin is also expressed in human 
articular cartilage at lower levels in patients with OA than 
in healthy individuals31. In vitro experiments with artic
ular chondrocytes have further revealed that silencing of 
agrin is associated with decreased extracellular matrix for
mation and downregulation of the master chondrocyte 
transcription factor SOX9, suggesting that agrin interacts 
with components of the Wnt signalling cascades31. Hence, 
the interaction between agrin and LRP4 in cartilage is 
proposed to modulate the activation of the canonical 
Wnt signalling cascade, as overexpression of LRP4 itself 
can inhibit Wnt signalling in vitro and in vivo32. However, 
further research is needed to understand the interactions 
between agrin, LRP4, Wnt receptors and Wnt antagonists.

Modulation of Wnt signalling
Secreted Wnt modulators
A number of different extracellular proteins can negatively 
regulate Wnt activity and thereby function as Wnt signal
ling pathway antagonists. Secreted frizzled related pro
teins (sFRPs) and Wnt inhibitor factors (WIFs) can bind 
Wnt ligands directly, thus preventing their interaction 
with frizzled receptors. By contrast, DKK family mem
bers and sclerostin bind to the LRP Wnt co receptors and 
inhibit ligand–receptor complex assembly1. Our under
standing of the biological roles of these Wnt antagonists 
has evolved. Whereas co receptor binding molecules 
such as sclerostin and the DKK family members can 
still be defined as traditional antagonists, the function 
of sFRPs seems to be more complex. Originally identi
fied as extracellular ligandbinding inhibitors of the Wnt 
signalling cascade, current data suggest that sFRPs have 
a broad range of biological activities, including both neg
ative and positive modulation of Wnt signalling33,34 and 
the interaction with and regulation of other molecules, 
unrelated to Wnt signalling35 (FIG. 3). Given their antago
nistic properties, sFRP3 (also known as Frizzledrelated 

protein 1, FRZB) and DKK1 were suggested to function 
as natural breaks on the hypertrophic differentiation of 
articular cartilage during skeletal development, thereby 
regulating the loss of the specific molecular programme 
of articular chondrocytes that is essential for articular 
cartilage health36,37. Indeed, gene expression levels of 
these antagonists or modulators are strongly decreased 
in affected cartilage from patients with OA and, to a 
lesser extent, in macroscopically preserved areas of car
tilage from these patients compared with healthy con
trols36. In vitro, the expression of these antagonists seem 
to be regulated by Wnts, bone morphogenetic proteins 
(BMPs) and mechanical loading, as well as by the pro 
inflammatory cytokine IL1 (REF. 36). The expression 
levels of WIF1 have also been studied in OA and are 
negatively correlated with severity of disease38.

sFRP3 and sFRP1. Although not consistently repro
duced, the genetic association between polymorphisms 
in the gene encoding sFRP3, FRZB, and OA remains 
intriguing39,40, as the functional aspects of these poly
morphisms are still unknown. sFRP3 has a broad 
range of functions in addition to Wnt modulation, 
also suppressing the enzymatic activity of a disintegrin 
and metallo proteinase domaincontaining protein 17 
(ADAM17, also known as TACE), a metalloproteinase 

Nature Reviews | Rheumatology

Increases
subchondral bone
remodelling

Increases
cartilage
damage

Inhibition of
ADAM17

Stimulation of TH17
cell differentiation

Wnt
signalling

sFRP3

sFRP1

Effect of sFRP-deficiency in mouse models of osteoarthritis
Wnt signalling independent roles
Regulation of Wnt

Figure 3 | Diverse effects of secreted frizzled-related 
proteins sFRP1 and sFRP3. Secreted frizzled-related 
protein 1 (sFRP1) and sFRP3 are secreted antagonists of the 
Wnt signalling cascade that bind to Wnts and prevent Wnt 
ligand–receptor interactions. Deletion of FRZB (encoding 
sFRP3) in genetically modified mice results in increased 
cartilage damage in different models of osteoarthritis. By 
contrast, the absence of SFRP1 results in increased 
subchondral bone remodelling in a mouse model of 
osteoarthritis. Both sFRP3 and sFRP1 seem to have 
additional Wnt-independent effects that might also have a 
role in joint disease. sFRP3 inhibits a disintegrin and 
metalloproteinase domain-containing protein 17 
(ADAM17, also known as TACE), an enzyme that has an 
important role in releasing membrane-bound molecules 
such as TNF and IL-6 receptor from the cell surface. sFRP1 
stimulates the differentiation of T helper 17 (TH17) cells, an 
immune cell population with key roles in IL-17-mediated 
diseases such as spondyloarthritis.
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that has a role in regulating the transition from cartilage 
to bone during endochondral ossification41 (FIG. 3). In 
OA, such a mechanism could have a role in the main
tenance of the identity of articular chondrocytes, as a 
phenotypic shift from normal articular chondrocytes 
towards hypertrophic cells in the boneadjacent deeper 
layers of the articular cartilage is a characteristic mech
anism of OA pathogenesis42. By inhibiting ADAM17, 
sFRP3 reduces IL6 receptor shedding43 and, potentially, 
the shedding of other cytokines such as TNF. Moreover, 
an alternative form of sFRP3 encoded by a rare double 
genetic variant that predisposes individuals to OA fails 
to suppress ADAM17 and could therefore be associated 
with increased cytokine production, inflammation and 
severe OA43.

Mice deficient in sFRP1 and sFRP3 have different 
bone phenotypes (FIG. 3). sFRP1deficient mice have 
increased trabecular bone mass and density44, whereas 
sFRP3 deficient mice have increased cortical bone mass45, 
compared with wildtype controls. These remarkable 
differences also have effects on the disease phenotypes 
observed in models of OA. Using the DMM instabil
ity model, Thysen et al. demonstrated that sFRP3 and 
sFRP1 modulate joint homeostasis in different ways 
and in two distinct compartments of the joint46. When 
compared with littermate controls, cartilage OA sever
ity scores were increased in sFRP3deficient mice but 
not in sFRP1deficient mice. By contrast, the subchon
dral bone plate thickness of mice lacking sFRP1 was 
considerably increased compared to controls, thereby 
negatively affecting the biomechanical properties of 
the joint46. STR/ort mice have reduced expression  
of sFRP1, which is associated with the presence of poly
morphisms in SFRP1 that might modulate its expression, 
suggesting a role for sFRP1 in the early development of 
osteo arthritis47. Similar to sFRP3, sFRP1 might also 
have unexpected properties that could contribute to 
arthritis development: sFRP1 levels have been linked  
to the generation of T helper 17 (TH17) cells, a subset of  
pro inflammatory T cells that produce IL17 (REF. 48).

Sclerostin. Sclerostin is a critical regulator of bone mass. 
Although sclerostin was originally suggested to only be 
expressed by osteocytes, this molecule clearly has a role 
beyond bone (extensively reviewed in REF. 49), and can 
also be found in articular cartilage50–53. Previous findings 
demonstrated that sclerostindeficient mice show no dif
ferences in OA severity upon ageing compared with wild
type mice50, and antisclerostin treatment has no effect on 
the severity of surgicallyinduced OA in rats50. In a base
line evaluation by Bouaziz et al., the articular cartilage of 
sclerostindeficient mice seemed to be normal; however, 
upon induction of OA following DMM surgery, more 
severe cartilage damage was observed in the genetically 
modified animals54. In this study, sclerostin was shown to 
modulate both canonical and noncanonical Wnt signal
ling pathways in cartilage, resulting in a chondro protective 
effect54. The different phenotypes observed in the differ
ent models have currently not been explained. In the  
absence of sclerostin, DKK seems to be upregulated,  
the increased expression of which could at least partially 

compensate for the loss of Wnt inhibition55. Nevertheless, 
the findings of Bouaziz et al. have been corroborated by 
studies of human tissues and cells56. Data from these stud
ies confirm that inhibition of canonical Wnt signalling by 
sclerostin protects healthy cartilage from degradation but 
not osteoarthritic cartilage56.

The expression of sclerostin in cartilage is regulated 
by BMP signalling and by DNA methylation. A tran
scription factor complex containing transcription fac
tors SMAD1, SMAD5 and SMAD8, which are regulated 
downstream of BMP signalling, binds to CpG islands 
in the promoter region of the gene encoding sclerostin, 
SOST, and is thought to regulate sclerostin expression52. 
Hypomethylation of this region following drug treatment 
increases BMP2mediated induction of sclerostin in nor
mal chondrocytes. Interestingly, this CpG island is also 
hypomethylated in the cartilage of patients with OA52.

Taken together, the different types of extracellular 
modulators of Wnt signalling (including receptor antag
onists) strongly contribute to the maintenance of joint 
health by modulating and controlling activation of the 
Wnt signalling cascade.

Transcription factor complexes 
βCatenin is the focal point of the canonical Wnt cas
cade. Activation of this cascade typically results in accu
mulation of intracellular βcatenin that translocates to 
the nucleus and regulates the transcriptional program 
of the cell (FIG. 1). βcatenin itself has no DNAbinding 
domain, but can control gene expression by binding to 
transcription factors in transcriptional complexes that 
can then bind to the DNA. T cell factor (TCF) and lym
phoid enhancerbinding factor (LEF) proteins are asso
ciated with such βcatenincontaining complexes (FIG. 4). 
The TCFs and LEFs constitute a group of DNA binding 
molecules that belong to the high mobility group box 
family. In mammals, four different members of this fam
ily have been identified: transcription factor 1 (TCF1, 
also known as HNF1A; encoded by TCF7), transcription 
factor E2α (TCF3; encoded by TCF7L1), transcription 
factor 4 (TCF4; encoded by TCF7L2) and lymphoid 
enhancerbinding factor (LEF1; encoded by LEF1).

In human cartilage, TCF4 is the most abundantly 
expressed of these proteins, followed by TCF3 and LEF1 
(REF. 57). Ma et al. found that TCF4 mRNA expression 
is higher in osteoarthritic cartilage than in healthy car
tilage57. In this study, TCF4 overexpression in osteoar
thritic human chondrocytes increased MMP1, MMP3 
and MMP13 expression and activity. By contrast, 
over expression of LEF1 and TCF3 yielded the oppo
site effects in these cells, suggesting that the interplay 
between specific transcription factors and βcatenin 
on gene promoters is another way of regulating the 
downstream effects of the Wnt cascade (FIG. 4). Despite 
the fact that putative Wntresponsive elements (WRE) 
are found in the promoter regions of the human genes 
encoding MMP1 and MMP13, and that these promoter 
regions are essential for TCF4linked increases in gene 
expression, mutation of these WREs does not influence 
promoter activity, suggesting that the consensus WRE 
is not involved in the regulation of MMP expression in 
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human chondrocytes57. Instead TCF4 increases nuclear 
factorκB (NFκB) activity and MMP expression by 
directly interacting with the p65 subunit of NFκB57.

Hypoxiainducible factors are transcription factors 
expressed in cells exposed to low oxygen conditions, 
such as chondrocytes, and regulate growth and survival58. 
In a study investigating the role of hypoxia inducible  
factor 1α (HIF1α) in a mouse model of OA, genetic 
deletion of HIF1α increased MMP13 expression58. This 
effect occurred through modulation of Wnt signalling via 
TCF4: HIF1α lowered the transcriptional activity of TCF4 
by interacting with βcatenin and displacing TCF4 from 
the MMP13 gene, thus inhibiting MMP13 expression 
(FIG. 4a). HIF1α expression is reduced is the absence of 
transcriptional regulator polycomb repressive complex 2 
(PRC2)59 and deficiency of PRC2 in chondrocytes results 
in kyphosis and growth defects associated with reduced 
HIF1α expression59. Some features of this phenotype are 
linked to hyperactivation of the Wnt signalling pathway 
whereas others are better explained by overactivation of 
transforming growth factorβ (TGFβ) signalling59.

The regulation of transcription by TCFs and LEFs is a 
complex and intriguing system for controlling the down
stream effects of the Wnt cascade60. Researchers are only 
beginning to understand the complexity of this regula
tion, as alternative promoters and splicing variants create 
different isoforms with potentially specialized functions. 
The role of such isoforms in health and disease is an area 
for further research.

Epigenetic regulation of Wnt signalling
Epigenetic mechanisms are key regulators of biological 
processes61. Epigenetic modulation of gene expression is 
essentially a tool to modulate transcriptional programs 
in response to changes in the environment. Increasing 
evidence supports the view that epigenetic changes 
have a crucial role in ageing, and therefore also in age 
associated diseases such as OA. Three main mechanisms 
of epigenetic gene regulation have been identified61: 
DNA methylation, covalent histone modifications such 
as methylation and acetylation, and noncoding regula
tory RNAs, including microRNAs and long noncoding 
RNAs. The first two mechanisms regulate gene expres
sion at the transcriptional level, whereas microRNAs 
function posttranscriptionally. Long noncoding RNAs 
can regulate the transcriptional machinery, as well as 
mRNA processing.

DNA methylation can be studied by genomewide 
and targeted gene approaches (extensively reviewed else
where62). Methylome studies reduce bias, but currently 
available assays are limited by incomplete coverage of the 
genome and a relative lack of power, as a large amount 
of methylation sites are tested simultaneously. Targeted 
approaches are unlikely to find novel genes associated 
with OA, and in both approaches positive results require 
replication62. Longitudinal analyses are required to deter
mine the direction of causality between the methylation 
of specific sites and OA; nevertheless, one advantage of 
using articular cartilage in DNA methylation analysis is 
that this tissue contains only one cell type62.
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Figure 4 | Transcriptional and epigenetic regulation of Wnt signalling in articular 
cartilage. a | β-Catenin is the critical signalling molecule in the canonical Wnt 
signalling pathway, but is not transcriptionally active. Instead, β-catenin associates with 
the T cell factor (TCF) and lymphoid enhancer-binding factor (LEF) family of 
transcription factors. Increasing evidence suggests that deleterious activation  
of canonical Wnt signalling is mediated by TCF4. By contrast, binding of TCF3 and LEF1 
to specific promoters could be protective. The interaction between TCF4 and β-catenin 
is further inhibited by hypoxia-inducible factor 1α (HIF1α). b | Enhancer of zeste 
homologue 2 (EZH2)  and DOT1L are histone methyltransferases linked to Wnt 
signalling in cartilage. EZH2 increases Wnt signalling by reducing the expression of  
the Wnt antagonist secreted frizzled related protein 1 (sFRP1). DOT1L, part of the 
TCF–β-catenin complex, interacts with SIRT1 and negatively regulates Wnt  
signalling by inhibiting SIRT1-mediated recruitment of transcriptional activators  
to Wnt target genes LEF1 and TCF1. Me, methyl group; PRC2, polycomb repressive 
complex 2. 
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Kyphosis
Abnormal curvature of  
the spine.

Differential DNA methylation in OA. With regards 
to Wnt signalling, the increase in sclerostin expression 
in osteoarthritic chondrocytes compared with healthy 
chondrocytes is associated with hypomethylation of 
the promoter region of SOST (as discussed above)52. 
Differences in the DNA methylation status of several 
Wntrelated genes have also been reported63 when com
paring osteoblasts derived from patients with either  
a hip fracture or OA. This list of genes includes FZD10 
(encoding frizzled10), SFRP4 (encoding Wnt antagonist 
sFRP4), WNT8A, the kinaseencoding genes CSNK1E 
and CSNK1A1L, and TBL1X (encoding the signalling 
molecule transducin βlike protein 1X)63. Increased 
methylation of these genes correlated with a reduction 
in Wnt activity in patientderived osteoblasts, the latter 
of which was lower in osteoblasts derived from patients 
with a hip fracture than those from patients with OA63. 
Genomewide approaches have demonstrated clear 
differences between knee and hip OA in regard to the 
methylation status of genes encoding cytokines such as 
TNF, IL1 and IL6, as well as the genes encoding tissue 
destructive enzymes such as MMP13 and ADAMTS5 
(summarized elsewhere62). So far, no striking evidence 
for the regulation of the Wnt pathway by DNA methyl
ation in cartilage has been been identified, but genome
wide methylation studies in this area are still in their 
early days.

Regulation by histone modifications. The histone 
methyl transferases DOT1L and enhancer of zeste homo
logue 2 (EZH2) are thought to have a role in cartilage 
biology and OA and, interestingly, have both been 
implicated in the regulation of Wnt signalling (FIG. 4b).

DOT1L specifically methylates histone H3 lysine 79  
(H3K79)64 and functions as a positive mediator of gene 
transcription and DNA repair and as a regulator of the 
cell cycle64. Polymorphisms in DOT1L have been asso
ciated with changes in cartilage thickness and with hip 
OA65. In the ATDC5 mouse chondroprogenitor cell line, 
DOT1L interacts with components of the canonical Wnt 
signalling cascade during chondrogenic differentiation65 
and is part of a molecular complex that also includes 
TCF transcription factors65. However, the specific role 
of DOT1L in joint homeostasis and disease remained 
unclear until 2017, when the effects of DOT1L activ
ity were studied in primary human articular chon
drocytes66. Inhibition of DOT1L activity by a specific 
chemical inhibitor EPZ5676 shifted the molecular pro
file of healthy human articular chondrocytes towards 
an OAlike profile and accelerated dedifferentiation 
of these cells in vitro66. The results of a transcriptome 
based pathway analysis suggested an involvement of 
Wntsignalling in these processes. EPZ5676 treat
ment or silencing of DOT1L in these cells resulted in 
increased activation of the canonical Wnt signalling cas
cade66. In vivo intraarticular injection of EPZ5676 into 
mice triggered OA, a feature that could be prevented 
by coadministration of the Wnt inhibitor XAV939 
(REF. 66). Mechanistically, the restrictive effect of DOT1L 
on Wnt signalling activation could be explained by 
the direct binding and inhibition of Sirtuin1 (SIRT1;  

a deacetylating enzyme that has many substrates and 
thus influences multiple pathways67) by DOT1L. Loss 
of DOT1L function results in SIRT1mediated binding 
of transcriptional activators peroxisome proliferator 
activated receptor gamma coactivator 1alpha 
(PPARGC1A) and histone acetyltransferase KAT2A 
(KAT2A) to genes encoding the Wnt signalling com
ponents LEF1 and TCF1 (REF. 66). These data provide 
strong evidence that DOT1L safeguards the articular 
cartilage and protects the joint against the development 
of OA by limiting excessive Wnt activation.

EZH2 is the catalytic unit of the aforementioned 
PRC2 complex and inhibits target gene expression 
through the methylation of histone H3 lysine 27 
(H3K27). EZH2 expression levels are increased in 
chondrocytes from patients with OA compared with 
those from healthy controls68. Increased EZH2 activity 
increases the expression of tissuedestructive enzymes 
and hypertrophy markers and decreases the expression 
of SOX9, changes reminiscent of increased Wnt pathway 
activation. EZH2 activity seems to increase active canon
ical Wnt signalling by causing an increase in H3K27 
methylation on the promoter of the gene encoding 
sFRP1, resulting in lower levels of this Wnt modulator. 
Intraarticular injection of an EZH2 inhibitor delays the 
development of OA in mice following cruciate ligament 
transsection68.

Regulation by microRNAs. MicroRNAs are also key reg
ulators of gene expression and translation. When screen
ing for differentially expressed microRNAs, investigators 
demonstrated an increased expression of miR29 family 
members during earlystage OA in the DMM mouse 
model69. This finding was validated in a mouse model 
of cartilage injury, and was also observed in patients 
with endstage OA when compared with patients with 
fractured femoral neck69. Members of the miR29 fam
ily are suppressed by the chondroprotective molecules 
SOX9 and TGFβ, upregulated by anabolic IL1β, and can 
negatively regulate SMAD, NFκB and canonical Wnt 
signalling pathways, so might have complex effects on 
cartilage health that need to be further investigated69.

The rapidly accumulating data on epigenetic reg
ulation of Wnt signalling in the joint highlights the 
importance of these mechanisms in finetuning Wnt 
pathway activation. Further research should focus on 
the specificity of these mechanisms for the cells and tis
sues studied, as this approach might identify interesting 
therapeutic targets.

Regulation by other signalling pathways
Components of the Wnt signalling pathways interact with 
components of many other signalling cascades in the cell. 
Ultimately such interactions determine the characteristics, 
behaviour and responses to stress of the cell.

GDF5 signalling. Growth/differentiation factor 5 
(GDF5) is a member of the BMP family of proteins. 
During development, GDF5 is expressed in the joint 
interzone and GDF5expressing cells are considered to 
be the progenitors of many jointassociated cell types, 
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including articular chondrocytes70. A gainoffunction 
polymorphism in GDF5 protects individuals against 
OA71,72, whereas lossoffunction and dominant nega
tive mutations in GDF5 lead to severe skeletal and joint 
malformations73,74; however, the mechanisms by which 
GDF5 protects individuals against OA remain largely 
unknown. Observations from mice haploinsufficient 
for GDF5 suggest that GDF5 regulates joint stability, 
as well as subchondral bone density and architecture, 
but provide no evidence for a specific role for GDF5 in 
articular chondrocytes75. However, in vitro, GDF5 inhib
its the expression of tissuedegrading enzymes such as 
MMP13 and a disintegrin and metalloproteinase with 
thrombospondin motifs 4 (ADAMTS4), and promotes 
the expression of anabolic factors such as aggrecan and 
SOX9 (REF. 76). This mechanism seems to mostly act indi
rectly and to be mediated by increased expression of the 
Wnt modulators sFRP3 and DKK1, thereby resulting in 
decreased activation of the Wnt signalling cascade. The 
protective effect of sFRP3 on Wntassociated MMP pro
duction has also been confirmed in a cartilage explant 
study77. Thus, some of the protective effects of GDF5 
against OA development could potentially be mediated 
by Wnt antagonists.

Hedgehog signalling. The crosstalk between the Wnt and 
Hedgehog signalling pathways is complex and occurs 
during skeletal and joint development, as well as post
natally. Hedgehog signalling induces the expression of a 
dominantnegative isoform of TCF4, resulting in reduced 
expression of canonical Wnt target genes and delayed 
chondrocyte differentiation and maturation that affects 
both joint development and growth plate maturation78. 
The activation of the Hedgehog signalling pathway also 
triggers cartilage damage postnatally in mice, an effect 
mediated by inhibition of β catenindependent expres
sion of fibroblast growth factor 18 (FGF18) that can be 
rescued with constitutive activation of βcatenin78. Thus, 
interactions between Hedgehog and βcatenindependent 
Wnt signalling and the balance between these two path
ways has a vital role in regulating both joint development 
and disease.

IFT80 signalling. Intraflagellar transport protein 80  
homologue (IFT80) has a role in cilia formation. 
Mutations in the gene encoding IFT80 cause thoracic 
dystrophy79 and a polydactyly syndrome that is associated 
with abnormalities of the ribcage80. IFT80deficiency in 
mouse bone marrow derived stromal cells impairs cilia 
formation in vitro and inhibits Hedgehog signalling, but 
promotes activation of the Wnt signalling cascade, result
ing in inhibition of chondrogenesis81. IFT80silencing 
also inhibits Hedgehog signalling during osteoblast dif
ferentiation82,83. Mice with a cartilagespecific deletion 
of IFT80 have chondrodysplasia as well as a postnatal 
growth phenotype associated with structural abnor
malities in the growth plate83, whereas mice with a post
natal cartilagespecific gene deletion of IFT80 instead 
had thickened articular cartilage compared with control 
mice83. These findings confirm ITF80 signalling has a role 
in the cartilage, most likely by inhibiting Wnt signalling.

Pro-inflammatory cytokine signalling. Proinflammatory 
cytokines such as TNF and IL1 negatively affect the 
health of articular cartilage, a process potentially medi
ated through regulation of Wnt signalling pathways. 
Circumstantial evidence from a study of explanted mouse 
fetal metatarsals suggests that canonical Wnt signalling 
has a role in the expression of MMPs that is triggered by 
such cytokines84. By contrast, the suppression of cartilage 
anabolic genes by these cytokines occurs independently 
of Wnt signalling. Proinflammatory alarmins can induce 
canonical Wnt signalling in the knee joints of mice and 
thereby contribute to the development of experimental 
OA85. Indeed, intraarticular injection of the alarmin pro
tein S100A8 in mice triggers the expression of canon
ical Wnt signalling pathway components in synovial 
macrophages85.

The prevention of deleterious cartilage responses upon 
traumatic articular cartilage injury is a major challenge. In 
this context, nanoparticlebased intra articular delivery 
of NFκB small interfering RNA (siRNA) in mice sup
presses NFκB activity (a cascade downstream of pro 
inflammatory cytokines IL1 and TNF) and reduces both 
chondrocyte apoptosis as well as synovial inflammation in 
response to joint injury86. One underlying mechanism of 
this therapy was suppression of Wnt–βcatenin activity86.

Taken together, interactions between Wnt signalling 
components and other growth factors, as well as inflam
matory cytokine cascades, confirm the complexity of 
signalling in the joint and support the view that Wnt 
signalling needs to be tightly regulated to maintain joint 
homeostasis and health.

Beyond cartilage
The concept that OA is a disease of the whole joint 
that affects not only the articular cartilage but also the 
subchondral bone and the synovium is now well estab
lished87. Thus, Wnt activation is thought to also have a 
role in the synovial cells and subchondral bone cells of 
the joint.

Wnt signalling in the synovium. Synovial overexpression 
of either of the Wnt agonists, Wnt8a or Wnt16, or the 
downstream effector protein Wnt1induciblesignalling 
pathway protein 1 (WISP1) in vivo, leads to increased 
protease activity and cartilage damage in mice88. These 
effects could be attributable to increased canonical Wnt 
signalling activation, as specific blocking of Wnt signal
ling with DKK1 reduces the induced cartilage damage. 
By contrast, overexpression of Wnt5a in the synovium 
does not increase Wnt activation or result in increased 
number of cartilage lesions88, despite the observation 
that Wnt5a can induce expression of tissuedestructive 
MMPs in human articular chondrocytes by activating 
non canonical downstream pathways89. Previous observa
tions demonstrated that WISP1 is strongly overexpressed 
in both the cartilage and synovium of patients with OA, 
as well as in mouse models of OA90. To investigate the role 
of endogenous WISP1, Van den Bosch et al. looked at the 
effect of WISP1 deficiency in a number of murine models 
of OA91. No difference in the amount of joint damage was 
observed between aged WISP1deficient mice and aged 

R E V I E W S

NATURE REVIEWS | RHEUMATOLOGY  ADVANCE ONLINE PUBLICATION | 9

©2017MacmillanPublishersLimited, partofSpringerNature. All rightsreserved. ©2017MacmillanPublishersLimited, partofSpringerNature. All rightsreserved.



wildtype mice. However, WISP1deficient mice did have 
decreased cartilage degeneration compared with wild
type mice following induction of OA by intra articular 
collagenase injection, destabilization of the medial 
meniscus or anterior cruciate ligament transection91. 
In addition, lower levels of MMP3, MMP9, ADAMTS4 
and ADAMTS5 were observed in WISP1deficient mice 
compared with wildtype mice in these models91. Both 
synovial and cartilaginous expression of WISP1 might 
therefore contribute to OA.

Wnt signalling in the subchondral bone. Further evidence 
that the effects of Wnt signalling on OA are not limited to 
the articular cartilage was provided in an interesting study 
by FunkBrentano et al.92. Using a menisectomy model of 
OA in Wntreporter mice, activation of the canonical Wnt 
cascade was shown in the synovium, cartilage and osteo
phytes at 4 weeks, and in osteocytes of the subchondral 
bone at 6 weeks after OAinduction. Overexpression of 
DKK1 in bone resulted in lower OA severity scores and 
in decreased levels of vascular endothelial growth factor in  
osteo blasts, leading to decreased expression of MMPs  
in chondrocytes92, supporting a Wntmediated role for the 
subchondral bone in OA.

Canonical Wnt signalling promotes bone cell differ
entiation. This process is reciprocally regulated by Wnts 
and their receptor antagonist sclerostin, the latter of which  
is produced mostly by osteocytes. A feedback loop that is 
sensitive to changes in mechanical load regulates the nor
mal bone remodelling cycle and is dependent on the activity 
of both osteoblasts and osteoclasts93. Osteocytes sense the  
mechanical load imposed on the bones and regulate  
the secretion of sclerostin to modulate Wnt signalling in 
response to these loads. Increased mechanical loading 
results in downregulation of sclerostin and increased 
Wnt signalling activity in bonebuilding osteoblasts. 
Abed et al. further explored this molecular mechanism 
in osteo arthritic subchondral bone osteoblasts94. In this 
study, expression levels of sclerostin were considerably 
higher in the subchondral bone osteoblasts from patients 
with OA than those from non osteoarthritic controls, and 
these levels correlated with levels of TGFβ (hypothesized 
to trigger sclerostin production by bone cells). Low levels 
of SIRT1 in the subchondral bone might also contribute 
to changes in the subchondral bone as SIRT1 represses 
sclerostin expression in normal and osteoarthritic osteo
blasts94. Inhibition of SIRT1 increases cell mineralization 
by decreasing sclerostin, thereby stimulating activation of 
the canonical Wnt cascade94.

Overall, in keeping with the concept that OA is a disease 
of the whole joint87, increased Wnt signalling in the syn
ovium and the subchondral bone is likely to contribute to 
disease development, again emphasizing the need for tight 
regulation of Wnt pathway activation in the joint.

Translational implications
Increasing evidence indicates that the Wnt pathway is a 
potential target in OA. Notably, one of the main trans
lational challenges in understanding the relationship 
between Wnt signalling and OA is the potential effect 
of ageing. Most studies that provide evidence that tight 

regulation of Wnt signalling is essential for joint homeo
stasis and health are based on models of posttraumatic 
or inflammatory OA. Spontaneous development of OA 
during ageing has only seldomly been studied, for exam
ple when looking at the roles of WISP1 (REF. 91), sFRP3 
(REF. 95) and LRP5 (REF. 28). Therefore, one future research 
challenge is to understand the interactions between senes
cence, epigenetic changes upon ageing and the activation 
of Wnt signalling. 

Small molecule Wnt inhibitors. In 2017, the results of 
a randomized controlled phase I study on the novel 
Wnt pathway inhibitor SM04690 were reported96. The 
trial aimed to assess the safety and pharmacokinetics 
of SM04690 in patients with knee OA, administered by 
single intraarticular injection in escalating dosages and 
followed up after 24 weeks. The injection did not result 
in measurable systemic exposure to the drug and seemed 
to be safe. Although this type of trial is not designed to 
evaluate efficacy, exploratory analyses suggested some 
improvements in clinical parameters following treat
ment, but more extensive studies will be required to 
demonstrate a clinical or radiological effect on disease 
progression96. These initial clinical data are supported by 
preclinical studies in rats97. Earlier preclinical work had 
already suggested that the small molecule inhibitors of 
canonical Wnt signalling, PKF115584, PKF118310 and 
CGP049090, can block IL1induced and TNFinduced 
cartilage degradation84. Furthermore, the specific 
Wnt inhibitor XAV939 promotes the regeneration of  
damaged cartilage98.

In a screening for marketapproved drugs that can 
induce sFRP3 expression in chondrocytes, verapamil, 
a calcium channel blocker used for many years to treat 
hypertension, was identified99. Downstream effects of 
verapamil on the expression of anabolic factors such as 
aggrecan and collagen type II and catabolic factors such 
as MMPs, as well as of Wnt targets such as Axin, con
firmed that verapamil exerts its chondroprotective effects 
by inhibiting Wnt signalling. Moreover, intra articular 
injection of verapamil reduced the severity of OA and 
active Wnt signalling in a rat model99.

Alternative therapies. Tetrandrine is a herbal alkyloid 
that has been evaluated for its effects on chondrocytes and 
OA, both in vitro and in vivo100. Data from a rabbit cruciate 
ligament resection model of OA suggest that tetrandrine 
has chondroprotective effects by reducing active Wnt sig
nalling and the expression of MMPs100. Polysaccharides 
from the roots of Achyranthis bidentatae are herbal drugs 
used in traditional Chinese medicine for the treatment 
of OA101. Paradoxically, in vitro studies have linked the 
chondroprotective effects of these poly saccharides with 
activation of the Wnt cascade101. Berberin is another 
herbal alkaloid that has effects on chondrocytes in vitro102. 
This drug seems to stimulate canonical Wnt signalling, 
which is again associated with a beneficial effect in a rat 
model of OA102. αLipoic acid and palmatine have also 
been suggested to inhibit the Wnt signalling cascade in 
models of OA, both in vitro and in vivo103,104. In addition, 
molecular hydrogen (H2, also known as dihydrogen and 
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hydrogen gas) might act as a signalling modulator and  
could suppress the canonical Wnt signalling pathway 
by promoting the phosphorylation of βcatenin105. 
Interestingly, oral intake of molecular hydrogen also pro
tects against cartilage degradation in an surgeryinduced 
rat model of OA by inhibiting βcatenin accumulation105.

Overall, excess Wnt activation is deleterious to the 
joint, but low levels of active Wnt signalling are required 
for chondrocyte survival5. Thus, interventions to keep 
the cartilage healthy should aim to finetune Wnt sig
nalling activity. Taking into account the broad effects of 
Wnts in different tissues and organs, local treatments 
in the joint seem to be the most appropriate approach. 
However, a better understanding of the tissuespecific 
regulatory mechanisms involved might lead to better 
targeted, more specific and easier to use strategies. Given 
its key role in joint health, targeting Wnt signalling 
merits the focus of further drug development, in par
ticular for OA, where no structuremodifying drugs are 
currently available.

Conclusion
Canonical Wnt signalling is essential for the development, 
growth and homeostasis of the skeleton and particularly 
the joints. Activation of this cascade needs to be tightly 
controlled. Excessive Wnt signalling is clearly deleterious 
for joint health and is associated with the production of 
tissue destructive enzymes and a loss of the molecular sig
nature of articular chondrocytes. Regulatory mechanisms 
exist at the tissue, cellular and nuclear level; for instance, 
in interactions between ligands and receptors, compe
tition between ligands and in changes in transcription 
factor complex assembly. Signalling cascade activation is 
also intracellularly finetuned by epigenetic mechanisms 
such as histone methylation. Novel strategies that target 
and control these different levels of regulatory mecha
nisms could potentially result in the preservation of car
tilage or healing of a diseased joint. Buffering the Wnt 
pathway therefore remains a major challenge but shows 
promise in the treatment of patients with OA, as well as 
with other diseases.
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Anti-neutrophil cytoplasmic antibodies (ANCAs), such 
as those directed towards proteinase 3 (PR3) and myelo-
peroxidase (MPO), are associated with a distinct form of 
small-vessel vasculitis, known as ANCA-associated vas-
culitis (AAV), a term that encompases granulomatosis 
with polyangiitis (GPA) and microscopic poly angiitis 
(MPA). Screening for the presence of ANCAs is a com-
monly used diagnostic test for AAV. According to an 
international consensus statement issued in 1999 (REF. 1), 
indirect immunofluorescence (IIF) should be used as 
the initial screening method to detect the presence of 
ANCAs. Samples that test positive by IIF should then be 
tested by immunoassays to detect ANCAs specific for 
PR3 and MPO. Although this testing algorithm is still 
widely applied, the position of IIF is being questioned.

Over the past 15 years, the performance of enzyme-
linked immunosorbent assays (ELISAs) have improved 
and novel, sensitive and automated technologies, such 
as fluoroenzyme immunoassays, chemiluminescence 

assays and multiplexed flow immunoassays, have been 
introduced. Additionally, assay setup (antigen pres-
entation) has advanced with the development of sec-
ond generation (capture-based) and third generation 
(anchor-based) assays. In general, currently available 
assays for PR3-ANCAs and MPO-ANCAs are highly 
sensitive and specific for diagnosing GPA and MPA 
(reviewed elsewhere2).

The availability of reliable antigen-specific immuno-
assays has raised doubts as to whether the two-stage 
diagnostic strategy currently recommended for ANCA 
detection is the best approach2,3. The use of antigen- 
specific assays as the initial and/or only step has been 
suggested as an alternative approach to screening by 
IIF (REFS 4,5). In a 2016 large multicentre study by the 
European Vasculitis Study Group (EUVAS), the diag-
nostic performance of antigen-specific immunoassays 
was confirmed to equal or even to exceed the diagnostic 
performance of IIF (REF. 6).
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Abstract | Anti-neutrophil cytoplasmic antibodies (ANCAs) are valuable laboratory markers used 
for the diagnosis of well-defined types of small-vessel vasculitis, including granulomatosis with 
polyangiitis (GPA) and microscopic polyangiitis (MPA). According to the 1999 international 
consensus on ANCA testing, indirect immunofluorescence (IIF) should be used to screen for 
ANCAs, and samples containing ANCAs should then be tested by immunoassays for proteinase 3 
(PR3)-ANCAs and myeloperoxidase (MPO)-ANCAs. The distinction between PR3-ANCAs and 
MPO-ANCAs has important clinical and pathogenic implications. As dependable immunoassays 
for PR3-ANCAs and MPO-ANCAs have become broadly available, there is increasing 
international agreement that high-quality immunoassays are the preferred screening method for 
the diagnosis of ANCA-associated vasculitis. The present Consensus Statement proposes that 
high-quality immunoassays can be used as the primary screening method for patients suspected 
of having the ANCA-associated vaculitides GPA and MPA without the categorical need for IIF, and 
presents and discusses evidence to support this recommendation.
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Given the improvements in antigen-specific 
immuno assays, the international consensus on the test-
ing of ANCAs in small-vessel vasculitis seems in need 
of updating7–10. In this manuscript, a revised 2017 inter-
national consensus is proposed by a group of international 
experts (from North and Central America, Australia, 
Europe and Asia) in the ANCA field. This Consensus 
Statement highlights the value of ANCA testing as a tool 
for diagnosis (but not follow-up) of GPA and MPA and 
gives a historical perspective of ANCAs in small-vessel 
vasculitis. This Consensus Statement does not, however, 
present evidence-based guidelines or a meta-analysis.

Methods
This Consensus Statement was prepared by a group 
of experts from four European laboratories (X.B., J.D., 
N.R., J.W.C.T. and E.C.) in person and by correspond-
ence. The draft was circulated to each contributor and 
modified, and the resulting document was distributed by 

e-mail to 16 experts from four continents, selected based 
on their expertise and knowledge in clinical and/or lab-
oratory aspects of AAV. This revised document resulted 
in a second round of discussions and revisions. The final  
document was returned to all contributors for ratification.

The Consensus Statement is based on the results of a 
multicentre European Vasculitis Study Group (EUVAS) 
evaluation of the value of IIF versus antigen-specific 
immunoassays for ANCA detection6,11,12. This study, 
which showed a large variability between different 
IIF methods and a good diagnostic performance of 
PR3-ANCA and MPO-ANCA immunoassays6, indicated 
that the 1999 international consensus on ANCA testing 
for AAV needed revision. When the consensus was put 
together, the topics that were discussed encompassed IIF 
versus immunoassays for ANCA detection in GPA and 
MPA, diagnostic strategies, clinical indications for ANCA 
testing, value-added reporting of ANCA test results and 
ANCAs in conditions other than GPA and MPA.

Historical perspective
First discoveries in ANCA detection. The history of 
ANCAs in AAV is depicted in FIG. 1 and has been pre-
viously described elsewhere13,14. Although ANCAs were 
initially discovered in 1959 in patients with chronic 
inflammatory disorders15, the association between vascu-
litis (in particular glomerulonephritis) and autoantibodies 
reacting with cytoplasmic components of neutrophils only 
became apparent in 1982 (REF. 16). In 1985, van der Woude 
et al. detected such anti-cytoplasmic antibodies by IIF in a 
mixed Dutch–Danish cohort of patients with GPA17, not-
ing that these antibodies produced a cytoplasmic staining 
pattern (C-ANCA). Following description of C-ANCA, 
autoantibodies that produce a perinuclear staining pat-
tern (P-ANCA) by IIF were also reported in patients with 
systemic arteritis and glomerulonephritis18,19; the relevant 
autoantigens for C-ANCA and P-ANCA were identified 
as PR3 and MPO, respectively18,20,21,22. ANCAs have sub-
sequently been associated with other small-vessel vascu-
litides, including MPA, eosinophilic granulomatosis with 
polyangiitis (EGPA) and idiopathic necrotizing crescentic 
glomerulonephritis 2,3,13,14.

At first, ‘in-house’ ELISAs were used for the detection 
of MPO-ANCAs and PR3-ANCAs. However, following a 
recognized need for standardization, international efforts 
were undertaken to develop and standardize solid- phase 
ANCA assays23,24 (discussed below). In 1998, 15 clin-
ical centres evaluated such standardized assays for the 
detection of ANCA in patients with idiopathic systemic 
vasculitis25 (TABLE 1), concluding that the diagnostic value 
of ANCA detection by IIF could be greatly enhanced by 
combining this test with an antigen-specific ELISA. In 
this study, Hagen et al. showed that ANCA detection 
by IIF was sensitive for GPA, MPA and renal-limited 
vasculitis (sensitivities of 81–85%) but had a low spec-
ificity (76%). Combining IIF with an ELISA (PR3-ANCA 
and MPO-ANCA) increased the specificity to 98% and 
decreased the sensitivities to 67–82%25. The results of this 
multicentre study were the basis of the 1999 interna-
tional consensus statement on the testing and reporting 
of ANCAs1. This 1999 consensus statement states that 
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ANCAs are best demonstrated by using a combination 
of IIF and immunoassay (PR3-ANCA or MPO-ANCA) 
and that IIF must be performed on all serum samples 
of patients suspected of having AAV1. Serum samples 
containing ANCAs by IIF should then be tested for 
PR3-ANCAs and MPO-ANCAs1. The testing algorithm 
proposed by this consensus was validated in 2002 in a 
meta-analysis study, leading to the conclusion that com-
bining results obtained by IIF and ELISA (combining 
either C-ANCA and PR3-ANCA or P-ANCA and MPO-
ANCA findings) optimizes the diagnostic performance  
of ANCA testing for AAV26.

Incorporation of ANCA tests in clinical decisions. In 
the early 1990s, classification criteria and nomenclature 
for the small-vessel vasculitides were assigned by the 
American College of Rheumatology27,28 and the Chapel 
Hill Consensus Conference (CHCC), respectively29. 
These criteria were based on clinical manifestations and 
hallmark pathological features of tissue biopsy samples, 
but did not incorporate ANCA testing. Small-vessel vas-
culitides were originally considered to be only ANCA-
associated, but subsequent animal model studies showed 
that ANCAs also have pathogenic potential30,31, which 
was clearly demonstrated for MPO-ANCAs in 2002 
(REF. 32), and later indirectly for PR3-ANCAs33. The fact 
that different approaches were needed to demonstrate the 
pathogenic potential of MPO-ANCAs and PR3-ANCAs 
in these studies increased the awareness that instead of 
distinguishing between patients with GPA, MPA and 
EGPA, differentiating between patients with MPO-
ANCAs or PR3-ANCAs might be more clinically rel-
evant34–37. This notion was underscored in 2012 by the 
finding that these autoantibodies can be used to differ-
entiate between genetically distinct subsets of patients 
with AAV38. The combined potential pathogenic role of 
these auto antibodies32,33 and the good test performances 
of the ANCA-assays26, formed the basis for incorporating 
ANCAs into nomenclature criteria; in the 2012 CHCC 
update on the nomenclature of the vasculitides, AAV was 
included as a category of vasculitis39. Importantly, CHCC 
is a nomenclature system, not a classification system or 
a diagnostic system, and at present there are no vali-
dated diagnostic criteria for AAV. ANCA detection was 
included as part of a consensus methodology developed in 
2007 for the classification of AAV and polyarteritis nodosa 
in epidemiological studies40, and EULAR have pointed to 
considering ANCA in diagnostic and classification criteria 
for systemic vasculitis41.

Novel technical developments in ANCA detection. 
Since the description of the first commercial ANCA 
ELISA in 1990 (REF. 42), an increasing number of com-
mercial ANCA assays have become available. ELISAs 
have evolved in the way in which antigens are cou-
pled to the carrier: from direct antigen binding (first 
generation ELISA) to capture-based antigen binding 
(second generation ELISA) and anchor-based antigen 
binding (third generation ELISA)2,3,43–48. Similarly, IIF 
has also undergone technical innovations: neutrophil 
substrates have been combined with antigen-specific 

Figure 1 | Historical landmarks of ANCA-testing in small vessel vasculitis. In the 
past 25 years, substantial progress has been made in the development of assays for 
detecting anti-neutrophil cytoplasmic antibodies (ANCAs). Achievements have been 
made in antigen characterization (indicated in green), in the standardization of ANCA 
assays (indicated in blue), in incorporation of ANCAs in nomenclature and 
classification proposals (indicated in pink) and in ANCA technology (indicated in grey). 
Consensus statements on ANCA testing are indicated in orange. In this timeline,  
the dates for the distinct assays formats concern the publications of commercially 
available immunoassays. CHCC, Chapel Hill Consensus Conference; C-ANCA, 
cytoplasmic ANCA staining pattern; ELISA, enzyme-linked immunosorbent assay;  
GPA, granulomatosis with polyangiitis; IIF, indirect immunofluorescence; MPO, 
myeloperoxidase; PR3, proteinase 3; P-ANCA, perinuclear ANCA staining pattern. 
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biochip and microbead technology49,50, and automatic 
pattern recognition devices have become available to 
support the evaluation of IIF (REFS 51,52). However, inno-
vations in ANCA detection have not only been limited 
to IIF and ELISAs; alternative solid-phase assays are also 
now being marketed, including dot and line immuno-
assays53, fluorescent-enzyme immunoassays (FEIA)54,55, 
addressable- laser-bead immunoassays (ALBIA)56,57,58,59 
and chemiluminescent immunoassays (CLIA)60,61. Many 
of these assays are reliable methods for ANCA detection, 
and such advances have challenged the role of IIF in 
ANCA testing and in the testing algorithm recommended 
by the 1999 international consensus6.

Harmonization and standardization of ANCA testing. 
A standard procedure for ANCA IIF was released in 
1988 (REF. 62), prescribing the use of a mixture of neu-
trophils and other white blood cells smeared on glass 
slides and fixed with ethanol to differentiate between 
C-ANCA and P-ANCA, and to determine the ANCA 
titre of a sample. The result is considered ‘not determina-
ble’ if the serum contains antinuclear antibodies (ANAs), 
as detected on human epithelial type 2 (HEp-2) cells, at a 
similar titre to that determined for P-ANCA. At present, 
most clinical laboratories use commercial cell substrates 
for ANCA detection by IIF and, in many cases, neutro-
phils are used on their own rather than in a mixture with 
other cells.

Efforts in harmonizing ANCA detection began in 
1993 with an international study on the standardization of  
ANCA assays23. In this multicentre study, the value  
of IIF and solid-phase techniques (ELISAs) for ANCA 
detection was evaluated23. The IIF test results across 
different centres were comparable for sera containing 
high ANCA titres (even when different methods were 
used), whereas the results indicated that the ELISAs for 
PR3-ANCAs were not well-standardized, except when 
purified PR3 was used as the antigen preparation23. For 
the MPO ELISAs, various antigen preparations revealed 

only minor discrepancies in results, with the researchers 
concluding that all of these MPO preparations could be 
used in ELISAs for the detection of MPO-ANCAs23.

An addendum to the 1999 international consensus was 
released in 2003 recommending the use of internal and 
external quality control procedures in ANCA testing63. 
In 2007, the first human reference sera for MPO-ANCAs 
and PR3-ANCAs became available via the Centers for 
Disease Control and Prevention (CDC). These samples 
were prepared under the auspices of the International 
Union of Immunological Societies (IUIS). Each refer-
ence preparation was obtained by plasmapheresis from 
a single donor and was confirmed to be monospecific 
for either MPO or PR3. To our knowledge, at least four 
companies currently calibrate their ANCA assays against 
the IUIS-CDC reference sera: the second generation 
ANCA ELISAs of Wieslab (Euro-Diagnostica), a third 
generation ANCA FEIA (Thermo-Fisher), a cytobead 
IIF assay (Medipan) and a CLIA (Inova). In 2016, the 
Institute for Reference Materials and Measurements 
(IRMM) released certified reference material for MPO-
ANCAs (ERM-DA476/IFCC)64. This reference material 
is based on a plasmapheresis sample from a single patient 
with vasculitis. A similar approach for developing cer-
tified reference material for PR3-ANCAs is currently 
in progress64. Although the use of a certified reference 
material will reduce variability between ANCA results 
obtained with different assays, it should be noted that 
auto antibodies are not a uniform analyte. This caveat 
holds true for patient sera, as well as for the reference anti-
body preparations. Antibodies differ in terms of their IgG 
subclass composition as well as the avidity, glycosylation 
and epitope specificity of the antibodies65–74. In particular,  
epitope specificity might affect standardization of different 
assay formats, as the accessibility of epitopes might differ 
between different assay formats. Therefore, the feasibility 
of using reference antibody preparations for standardi-
zation of autoantibody assays (that is, MPO-ANCA and 
PR3-ANCA assays) remains to be established12.

Table 1 | Comparison of the specificity and sensitivity for different ANCA assays

Study population IIF Immunoassay

C-ANCA P-ANCA PR3-ANCA MPO-ANCA

Specificity in disease controls

Hagen et al. (n = 184) 95% 81% 86–89% 91%

Damoiseaux et al. (n = 924) 97–98% 81–96% 98–99% 96–99%

Sensitivity in ‘newly diagnosed’ GPA

Hagen et al. (n = 97) 64% 21% 65–67% 24%

Damoiseaux et al. (n = 186) 65–77% 11–15% 77–81% 9–12%

Sensitivity in ‘newly diagnosed’ MPA

Hagen et al. (n = 44) 23% 58% 25–27% 58%

Damoiseaux et al. (n = 65) 5–6% 85–89% 5–9% 71–88%

This table compares the specificity and sensitivity of indirect immunofluorescence (IIF) and antigen-specific immunoassays for 
newly diagnosed patients with granulomatosis with polyangiitis (GPA) and microscopic polyangiitis (MPA) as reported by Hagen 
et al. (the basis for the 1999 consensus)25 and Damoiseaux et al. (the basis for the revised 2017 consensus)6. Hagen et al.25 used one 
IIF method, three different proteinase 3 (PR3)-anti-neutrophil cytoplasmic antibody (ANCA) enzyme-linked immunosorbent assays 
(ELISAs) and one myeloperoxidase (MPO)-ANCA ELISA, whereas Damoiseaux et al.6 performed IIF using two methods at two 
different sites and eight different PR3-ANCA and eight different MPO-ANCA antigen-specific enzyme immunoassays. AAV, 
ANCA-associated vasculitis. C-ANCA, cytoplasmic ANCA staining pattern; P-ANCA, perinuclear ANCA staining pattern.
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Pre-test probability
Probability of an individual 
having a disease without prior 
knowledge of the results of 
laboratory tests.

Rationale for a new consensus
In a 2016 multicentre EUVAS evaluation, the perfor-
mance of manual and automated IIF was compared 
with the performance of various antigen-specific 
immunoassays for ANCA detection6,11. Four European 
centres contributed samples and clinical data from 
newly diagnosed patients with GPA (n = 186) and 
MPA (n = 65) and relevant disease controls (n = 924)6,11. 
Because ANCA levels might change during treatment, 
only newly diagnosed patients were included. Eight 
different antigen-specific immunoassays (from seven 
manufacturers, encompassing different technological 
platforms) and four different IIF assays (including two 
automated assays) were evaluated6,11. As illustrated in 
FIG. 2, the results of the study revealed a large amount of 
variability between IIF methods. Moreover, the pattern 

assignment between IIF methods also varied11. By con-
trast, immuno assays for PR3-ANCAs and MPO-ANCAs 
had a high diagnostic performance6. This study, which 
was performed on diagnostic samples obtained from 
patients who had not received any immunosuppressive 
treatment, did not reveal consistent differences between 
different assay generations and formats. Hence, in con-
trast to expectations, the improvements in test character-
istics were independent of the assay principle. Notably, 
some patients tested negatively by both IIF and immuno-
assay, or by either immunoassay or IIF. Depending on 
the assay, 11−17% of patients with AAV were negative 
by IIF and 9−16% by immunoassay6. Hence, antigen- 
specific immunoassays might detect antibodies that are 
missed by IIF and vice versa6.

When compared with the assays used by Hagen et al.25, 
the antigen-specific immunoassays used in the EUVAS 
study performed much better, with a higher specific-
ity, demonstrating the marked improvements that have 
been made to these assays (TABLE 1). Of note, however, 
the composition of the control groups differed between 
the two studies. For example, Hagen et al.25 included 
patients with inflammatory bowel disease (IBD), 
whereas Damoiseaux et al. did not6, using instead rel-
evant disease controls for AAV (that is, patients for 
whom the clinician considered the possibility of AAV 
and requested ANCA testing, but for whom AAV was 
eventually excluded), as well as cohorts of patients with 
a systemic rheumatic disease.

Given the large variability between IIF methods and 
poor performance of some IIF methods (manual as well 
as automated), in addition to the good performance of 
the immunoassays evaluated, the authors of the EUVAS 
study concluded that screening with IIF and follow-up 
testing with antigen-specific immunoassay was not nec-
essary for maximal diagnostic accuracy6. These results 
indicated that the 1999 international consensus on 
ANCA testing for AAV needed revision7–10.

New recommendations
In this Consensus Statement, we recommend the use 
of high-quality immunoassays as the preferred first 
screening method for GPA and MPA, and put forward 
a new testing algorithm (recommendations 1–6). These 
recommendations are visually represented in FIG. 3 and 
displayed in BOX 1.

To determine if ANCA testing is advisable, adherence 
to a strict gating strategy, based on clinical manifesta-
tions defined in the 1999 consensus1 (BOX 2), is recom-
mended. This strategy strongly reduces the number of 
ANCA test requests and improves the diagnostic perfor-
mance of ANCA testing, with fewer false positive results 
(recommendation 1)75–77.

Based on the results of this consensus initiative, 
there is substantial international agreement that high- 
quality antigen-specific immunoassays are the preferred 
screening methodology for the diagnosis of AAV (rec-
ommendation 2). IIF is no longer deemed suitable as the 
first screening test, and adds little additional benefit to 
antigen- specific assays in the diagnosis of AAV when the 
pre-test probability for the disease is high6.
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Figure 2 | Comparison of the receiver operating 
characteristics curves for different ANCA assays. This 
graph depicts the receiver operating characteristics (ROC) 
curves for different methods of anti-neutrophil cytoplasmic 
antibody (ANCA) detection by indirect 
immunofluorescence (IIF) and by myeloperoxidase 
(MPO)-specific and proteinase 3 (PR3)-specific 
immunoassays. The figure demonstrates the substantial 
variation between the IIF methods and the good 
performance of antigen-specific immunoassays. IIF was 
performed with ethanol-fixed neutrophils using either the 
manual Copenhagen approach (blue line) or automated 
Aklides platform (orange line). IIF was also performed with 
ethanol-fixed neutrophils in combination with additional 
tests on formalin-fixed neutrophils and HEp-2 cells using 
either the manual Bad Bramstedt approach (red line) or 
automated EuroPattern platform (purple line). 
Immunoassays were performed using a third generation 
PR3-ANCA and first generation MPO-ANCA enzyme-linked 
immunosorbent assays (ELISAs) from Euroimmun (green 
line). This figure was adapted with permission obtained 
from Csernok, E., et al. Evaluation of automated 
multi-parametric indirect immunofluorescence assays to 
detect anti-neutrophil cytoplasmic antibodies (ANCA) in 
granulomatosis with polyangiitis (GPA) and microscopic 
polyangiitis (MPA). Autoimmun. Rev. 15, 736–741 (2016). 

C O N S E N S U S  S TAT E M E N T

NATURE REVIEWS | RHEUMATOLOGY  ADVANCE ONLINE PUBLICATION | 5

©2017MacmillanPublishersLimited, partofSpringerNature. All rightsreserved. ©2017MacmillanPublishersLimited, partofSpringerNature. All rightsreserved.



Likelihood ratios
The probability of a specific 
result occuring in a group of 
patients divided by the 
probability of the same result 
occuring in a group of controls.

Post-test probability
Probability of an individual 
having a disease with prior 
knowledge of the results of 

laboratory tests.

Single immunoassays never have a sensitivity and 
specificity of 100%. In patients where there is a high 
degree of clinical suspicion and negative ANCA test 
results, testing by another method can be useful to 
increase sensitivity (recommendation 3). False-positive 
results do occur with immunoassays, mainly in samples 
with a low degree of positivity78. Therefore, performing 
a second assay or IIF can marginally increase the spec-
ificity in cases of low-positive test results10. When new 
assays are introduced (including assays not included in 
the EUVAS study6), the diagnostic performance of such 
assays should be checked based on samples from patients 
with GPA or MPA and relevant disease controls.

A diagnosis of AAV cannot be excluded for ANCA-
negative patients (recommendation 4) and biopsies of 
the affected organs should be performed in seronegative 
patients6. Although ANCAs are helpful in the diagnosis 
of AAV, the diagnosis of AAV should be based on clinico-
pathological features (recommendation 5).

Interpretation of test results can be improved by the 
application of appropriately designed reference ranges 
(and test result intervals) for antibody levels (rec-
ommendation 6). The concept of test result interval- 
specific likelihood ratios is explained in the next section.

The specific role of IIF testing in ANCA testing algo-
rithms should be determined individually by diagnostic 
laboratories on the basis of the specific clinical need and 
circumstances of the laboratory. If a laboratory prefers 
to use IIF as a screening assay in locally determined 
best-testing algorithms, then the laboratory needs to 
ensure that the IIF operates at a high level of sensitivity, as 
the performance of IIF varies greatly between laboratories.

Improving clinical interpretations
As immunoassays are expected to be increasingly used to 
screen for AAV, retrieving the maximum amount of clin-
ically useful information from PR3-ANCA and MPO-
ANCA test results is important. Traditionally, a single 
cut-off value is employed to predict clinically- relevant 
reactivity. However, a lot of information is lost when 
only binary results (positive or negative) are considered, 
whereas the likelihood for AAV increases with increasing 
levels of PR3-ANCAs and MPO-ANCAs79.

The likelihood ratio helps to describe the clinical 
value of a test result. This ratio can be defined for differ-
ent test result intervals of an assay and is independent of 
the disease prevalence and pre-test probability. A like-
lihood ratio of 1 indicates no difference in pre-test to 
post-test probability, whereas likelihood ratios of >10 or 
<0.1 indicate large, often clinically important differences 
in pre-test to post-test probability79,80,81.

A detailed analysis of the large dataset from the multi-
national EUVAS study6 exemplified and confirmed that 
the likelihood ratio for AAV increases with increasing 
levels of PR3-ANCAs and MPO-ANCAs for all immuno-
assays included in the study78. For example, the likelihood 
ratio for AAV was calculated to be 0.1, 1.2, 10.2, 64.6, 
and ∞ for test result intervals of 0–12 CU, 12–24 CU, 
24–78 CU, 78–1,050 CU, and 1,050–3,500 CU, respec-
tively, when using the PR3-ANCA and MPO-ANCA 
QuantaFlash CLIA (Inova)78.

Knowledge of test result-specific likelihood ratios 
can help clinicians and laboratory professionals to bet-
ter interpret results. Having the likelihood ratios enables 
the calculation of the post-test probability for a disease 

Figure 3 | Visual representation of the 1999 recommendations and revised 2017 recommendations. a| In the 1999 
consensus document, the recommended approach for anti-neutrophil cytoplasmic antibody (ANCA) detection was to 
screen for ANCA by indirect immunofluorescence (IIF) and to test for proteinase 3 (PR3)-ANCAs and myeloperoxidase 
(MPO)-ANCAs in IIF-positive samples; the ideal approach was to perform IIF and immunoassay on all samples. b| In the 2017 
consensus, the use of high-quality immunoassays is recommended as the preferred first screening method for ANCA 
detection in patients suspected of having the ANCA-associated vaculitides granulomatosis with polyangiitis (GPA) and 
microscopic polyangiitis (MPA). ANCA detection for non-ANCA-associated vasculitis conditions is not included in this 
consensus. *A second PR3-MPO-ANCA or IIF can be considered for negative results in patients with a high clinical suspicion 
(to increase sensitivity) or in case of low antibody levels (to increase specificity). Take antibody level into account.

a 1999 consensus

Ideal approach

b 2017 consensus
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Odds
The conversion of probability 
to odds is carried out using the 
equation odds = probability/
(1−probability). 

when the pre-test probability is known using the formula: 
post-test odds = pre-test odds × likelihood ratio78. FIGURE 4 
illustrates the post-test probability for AAV as a function 
of the pre-test probability (using the formula mentioned 
above) for different test result intervals. Such graphical 
representation is a better way to help the interpretation 
of a test result than describing the sensitivity and spec-
ificity of an assay82 and enables the post-test probability 
to be estimated from the assay test result without the 
need for a calculation. However, an estimate of the pre-
test probability is first required; the pre-test probabilities 
for AAV associated with particular clinical presentations 
can be obtained from the literature26,83,84 and have been 

previously summarized78. For instance, the pre-test prob-
ability for AAV in adult patients presenting with hae-
maturia, proteinuria and creatinine levels of 1.5–3 mg/
dL is 7%84. If ANCA testing reveals a test result with a 
likelihood ratio of 60 (for example, a test result between 
78–1,050 CU by QuantaFlash), then the post-test prob-
ability for AAV will be 82%. By contrast, the post-test 
probability of a test result with a likelihood ratio of 10.2 or 
0.1 will be, respectively, 47% and 0.7%. Such knowledge 
might add value to a specific test result and help in the 
clinical interpretation of the result.

Contraindications and considerations
The consensus recommendations proposed in this manu-
script are for detecting ANCAs in AAV, in particular GPA 
and MPA. However, ANCAs can also be found in several 
other conditions. In this section, we give an overview of 
these conditions to further help with clinical interpretation 
of ANCA test results.

ANCAs in other small-vessel vasculitides. ANCAs are 
also found in 30–38% of patients with EGPA85, a dis-
ease characterized by asthma, eosinophilia and gran-
ulomatous inflammation, and in 20–35% of patients 
with anti-glomerular basement membrane (anti-GBM) 
disease86. The majority of these ANCA-positive patients 
have MPO-ANCAs87. As the phenotypes of patients with 
EGPA are heterogeneous, EGPA was not included in this 
Consensus Statement.

ANCAs in gastrointestinal disorders. In addition to vas-
culitis, ANCAs are found in patients with gastrointestinal 
disorders such as IBD88, primary sclerosing cholangitis89 
and inflammatory liver diseases (such as autoimmune 
hepatitis, primary biliary cirrhosis and chronic viral hep-
atitis)90. These diseases are associated with a slightly aber-
rant P-ANCA pattern that is often referred to as atypical 
P-ANCA or X-ANCA88.

In gastrointestinal disorders, P-ANCA is mainly 
observed in patients with ulcerative colitis (50–67%), but 
is also seen in patients with Crohn’s disease (6–15%), and 
to a lesser extent in disease controls (<11%)88. Combining 
P-ANCA with anti-Saccharomyces cerevisiae antibody 
(ASCA) measurements might improve the clinical utility 
of this marker. ASCAs are found in 40–60% of patients 
with Crohn’s disease, 4–14% of patients with ulcerative 
colitis and <5% of controls88. The combination of an 
ASCA-positive and P-ANCA-negative test result is asso-
ciated with Crohn’s disease, whereas the combination of an 
ASCA-negative and P-ANCA-positive test result is asso-
ciated with ulcerative colitis. However, the clinical useful-
ness of ANCAs in IBD has been questioned. Given the 
limited sensitivity of ANCA detection in ulcerative colitis, 
a European evidence-based consensus on the diagnosis 
and management of ulcerative colitis concluded that rou-
tine use of ANCA detection for diagnosis and therapeutic 
decisions was not clinically justified91. 

In the past few years, studies have also reported 
that sensitive immunoassays can detect PR3-ANCAs 
in patients with ulcerative colitis50,92,93 and primary  
sclerosing cholangitis94. 

Box 1 | Recommendations for ANCA testing

The following new international recommendations should be considered for 
anti‑neutrophil cytoplasmic antibody (ANCA) detection in the small‑vessel vasculitides 
granulomatosis with polyangiitis (GPA) and microscopic polyangiitis (MPA):

Recommandation 1
A gating policy for requesting an ANCA test is advisable and adherence to clinical 
guidelines for ANCA testing (BOX 2) is recommended.

Recommandation 2
High‑quality antigen‑specific assays for proteinase 3 (PR3)‑ANCAs and myeloperoxidase 
(MPO)‑ANCAs should be used as the primary screening method for ANCA.

Recommandation 3
If results for both PR3‑ANCAs and MPO‑ANCAs are negative, and there is still a strong 
suspicion of small‑vessel vasculitis, then use of other immunoassays and/or indirect 
immunofluorescence (IIF), or referral to an experienced laboratory is recommended. 
Performing a second assay or IIF can also marginally increase the specificity in cases of 
low‑positive test results.

Recommandation 4
A diagnosis of ANCA‑associated vasculitis (AAV) cannot be excluded on the basis of 
negative PR3‑ANCA and MPO‑ANCA results.

Recommandation 5
A positive PR3‑ANCA and/or MPO‑ANCA result only contributes to the diagnostic 
work‑up for AAV and is not diagnostic by itself.

Recommandation 6
Taking into account antibody levels improves clinical interpretation.

Box 2 | Clinical indications for ANCA testing

In order to assure appropriate anti‑neutrophil cytoplasmic antibody (ANCA)‑test usage 
to support the diagnosis of ANCA‑associated vasculitis (AAV), ANCA should be 
requested for patients with the following clinical indications. 

• Glomerulonephritis, especially rapidly progressive glomerulonephritis

• Pulmonary haemorrhage, especially pulmonary renal syndrome

• Cutaneous vasculitis with systemic features

• Multiple lung nodules

• Chronic destructive disease of the upper airways

• Long‑standing sinusitis or otitis

• Subglottic tracheal stenoses

• Mononeuritis multiplex or other peripheral neuropathy

• Retro‑orbital mass

• Scleritis

Reproduced and adapted with permissions from Judy Savige, et al. International consensus 
statement on testing and reporting of antineutrophil cytoplasmic antibodies (ANCA) (1999) 
American Journal of Clinical Pathology 111 (4); 507–513 (1999). Published online at:  
https://academic.oup.com/ajcp/article/111/4/507/1758310
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Our consensus recommendations are applicable to 
AAV, but not to gastrointestinal disorders. As ANCAs 
can be found in gastrointestinal disorders, we advise 
differentiating between requesting ANCA tests in the 
context of AAV and in the context of gastrointestinal dis-
orders (FIG. 3). The coexistence of AAV with IBD has been 
described in some patients, but is rare95,96. In this context, 
IBD usually precedes AAV by several years96.

ANCAs in systemic inflammatory and malignant  
diseases. ANCAs have also been reported in systemic 
diseases such as rheumatoid arthritis and systemic lupus 
erythematosus (reviewed elsewhere97). A rare asso-
ciation of AAV with malignant haemopathy (mainly 
non- Hodgkin lymphoma and myelodysplasia) has  
additionally been described98.

ANCAs and infection. Evidence suggests that infections 
have a central role in the formation of ANCAs and that 
chronic infections mimic AAV99; infective endocarditis 
can mimic ANCA-associated glomerulonephritis and 

patients with infective endocarditis can develop ANCAs. 
Langlois et al.100 reported ANCAs by IIF in 12 out of 50 
patients (24%) with infective endocarditis; four patients 
had PR3-ANCAs, one patient had MPO-ANCAs and 
two patients had both PR3-ANCAs and MPO-ANCAs. 
Mahr et al.101 reported ANCA by IIF in 20 out of 109 
patients (18%) with infective endocarditis (14 patients 
were positive for C-ANCA and six were positive for 
P-ANCA); of these, three patients had C-ANCA and 
PR3-ANCAs, two patients had C-ANCA and MPO-
ANCAs, one patient had P-ANCA and MPO-ANCAs, 
one patient had just PR3-ANCAs and one patient had 
just MPO-ANCAs. Misdiagnosis of sub-acute bacterial 
endocarditis as AAV and initiation of inappropriate 
immunosuppressive therapy can have devastating con-
sequences102. Thus, infections such as infective endo-
carditis, hepatitis C infection and tuberculosis should 
be excluded before establishing a diagnosis of AAV 
and starting immunosuppressive therapy. The EUVAS 
multicentre study was performed in Europe, where 
the prevalence of infections such as malaria, leprosy 
and tuberculosis is low compared with regions such 
as India or Mexico, where positive ANCA results have 
been reported in patients with such infections103,104. 
Controversy still exists over ANCA positivity in patients 
with tuberculosis103–105.

Drug-induced AAV. Levamisole-adulterated cocaine and 
drugs such as hydralazine, propylthiouracil and mino-
cycline can cause secondary forms of AAV (reviewed 
elsewhere106,107). Vasculitis, MPO-ANCAs, PR3-ANCAs, 
human neutrophil elastase (HNE)-ANCAs and ANAs 
can all be found in patients with levamisole-adulterated 
cocaine-induced AAV107.

In a series of 30 patients with AAV associated with 
cocaine use, all patients had MPO-ANCA and 50% had 
PR3-ANCAs108; double positivity for MPO-ANCAs  
and PR3-ANCAs is a characteristic of this disease108. In 
patients with hydralazine-induced AAV, MPO-ANCAs 
can be found together with HNE-ANCAs, lactoferrin- 
ANCAs and ANAs107. In patients with propylthiouracil- 
mediated AAV, high titres of MPO-ANCAs are usually 
found107. Of note, a substantial fraction (32–41%) of 
propyl thiouracil-treated patients develop ANCAs 
(PR3-ANCAs and HNE-ANCAs) without symptoms106,109. 
In minocycline-induced AAV, P-ANCA is frequently 
found (~80% of individuals) with antibody reactivity 
against either MPO, HNE, bactericidal permeability 
increasing protein (BPI), lactoferrin or cathepsin G110–113.  
Patients are also frequently positive for ANAs.

Taken together, most patients with drug-induced 
AAV have MPO-ANCA, which can be found in combi-
nation with antibodies to other neutrophil cytoplasmic 
proteins and ANAs.

Conclusion
In the past 25 years, PR3-ANCA and MPO-ANCA 
assays have evolved from home-made assays (using 
crude extracts) that have low levels of  specificity, to 
commercially available assays with improved sensitivity 
and specificity that can be run on automated platforms. 
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Figure 4 | Post-test probability as a function of pre-test probability for different 
test result interval-specific likelihood ratios. The figure exemplifies how a graph 
can be used in practice to help in the interpretation of test results. The graph shows 
the post-test probability for anti-neutrophil cytoplasmic antibody (ANCA)-associated 
vasculitis (AAV) as a function of the pre-test probability for test results with a 
likelihood ratio of 0.1, 1, 10, 60 and ∞. In a previous study78, ANCA test result intervals 
that have a similar spread of likelihood ratios were delimited for several commercial 
assays. The equations to calculate post-test probability based on pre-test probability 
and likelihood ratio are: post-test odds = pre-test odds x likelihood ratio; 
odds = probability/(1−probability); probability = odds/(1+odds). The graph shows that 
for a patient with a pre-test probability of AAV of 7%, the post-test probability will be 
0.7%, 7%, 43%, 82% and 100% for a test result with a likelihood ratio of 0.1, 1, 10, 60 
and ∞, respectively.
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