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The results of the PEXIVAS trial — 
the largest ever clinical trial in the 
field of vasculitis — suggest that 
the addition of plasma exchange 
to induction immunosuppressive 
therapy does not lower the incidence 
of death or end-stage kidney 
disease (ESKD) in patients with 
anti-neutrophil cytoplasmic antibody 
(ANCA)-associated vasculitis 
(AAV). The trial data also revealed 
that a reduced-dose glucocorticoid 
regimen was non-inferior to 
standard dosing and resulted in fewer 
infection-related complications. 
Given that plasma exchange and 
glucocorticoids have both been 
widely used in the treatment of AAV, 
the findings, now published in The 
New England Journal of Medicine, 
could prove to be practice changing.

Previous trials 
had suggested that 
plasma exchange 
might reduce organ 
damage by rapidly 
removing ANCAs, 
but whether adding 
this treatment to 
immunosuppressive 
therapy would 
have a benefit with 
respect to survival or 
ESKD was unclear. 

Moreover, despite being 
an effective therapy for 

AAV, the use of high-dose 
glucocorticoids is associated  

with dose-dependent adverse 
effects, and high-quality  
data regarding the rate at 
which glucocorticoid 

doses can be tapered in patients  
with AAV were lacking.

The PEXIVAS trial included  
704 patients from 16 countries 
who had severe, active AAV and 
symptoms of kidney injury  
(defined by an estimated glomerular 
filtration rate of <50 ml/min per 
1.73 m2 of body-surface area) or 
diffuse pulmonary haemorrhage. 
The trial used a two-by-two factorial 
design that enabled the separate 
evaluation of initial treatment  
with plasma exchange versus no  
plasma exchange and of standard- 
dose versus reduced-dose oral 
glucocorticoid therapy. All patients 
in the study received induction 
immunosuppressive therapy 
with either cyclophosphamide 
(intravenous or oral) or rituximab 
and were followed for up to  
7 years for the primary composite 
outcome of death from any cause  
or ESKD.

Contrary to expectations, the  
use of plasma exchange did not 
result in a lower inci dence of  
death or ESKD: the primary out-
come occurred in 28% of patients 
who received plasma exchange 
compared with 31% of those who 
did not (HR 0.86; 95% CI 0.65–1.13, 
P = 0.27). Secondary outcomes, 
including sus tained remission, inci-
dence of serious adverse events,  
incidence of infections and health- 
related quality of life outcome  
measures, also did not differ  
between the plasma exchange  
group and the control group.

For the comparison of the  
two glucocorticoid regimens,  
both groups received glucocorticoids 
for at least 52 weeks but the dose  

was tapered more rapidly in the 
reduced-dose group so that by 
6 months the cumulative dose  
in this group was <60% of that 
received in the standard-dose  
group. In the follow-up period,  
the primary outcome occurred in 
28% of patients in the reduced-dose 
glucocorticoid group and 26% in 
the standard-dose group (absolute 
risk difference 2.3%; 90% CI −3.4% 
to 8.0%). The results confirmed the 
hypothesis that the reduced-dose 
regimen was non-inferior to the 
standard-dose regimen with respect 
to the risk of death or ESKD. Notably, 
patients in the reduced-dose group 
had a lower risk of serious infections 
in the first year of treatment 
(incidence rate ratio 0.69; 95% CI 
0.52–0.93) but other secondary 
outcomes were similar across the  
two groups.

The findings suggest that the 
cost and inconvenience of plasma 
exchange is not warranted for the 
treatment of patients with AAV, 
and that use of a reduced dose of 
glucocorticoids could reduce the  
risk of adverse events. The results  
of the PEXIVAS trial, regarding 
both the use of plasma exchange and 
glucocorticoid dosing, are expected 
to have an influence on the standard 
of care for patients with AAV.

Sarah Onuora
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Plasma exchange fails to improve  
outcomes for ANCA-associated 
vasculitis

OrIgInAL ArTICLe Walsh, M. et al. Plasma 
exchange and glucocorticoids in severe ANCA- 
associated vasculitis. N. Engl. J. Med. 382, 622–631 
(2020)
reLATed ArTICLeS Derebail, V. K. & Falk, R. J. 
ANCA-associated vasculitis — refining therapy 
with plasma exchange and glucocorticoids.  
N. Engl. J. Med. 382, 671–673 (2020) | McClure, M. 
et al. B cell therapy in ANCA-associated vasculitis: 
current and emerging treatment options. Nat. Rev. 
Rheumatol. 14, 580–591 (2018)
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Abatacept no better than placebo for pSS
In the single-centre Abatacept Sjögren Active Patients phase III 
(ASAP-III) study, no difference was seen in disease activity 
(as measured by ESSDAI) in patients with primary Sjögren 
syndrome (pSS) treated with abatacept (n = 40) compared 
with those who received placebo (n = 39) after 24 weeks. 
Patient-reported symptoms (as measured by ESSPRI) also did 
not differ between the groups, although IgG and rheumatoid 
factor concentrations were decreased in the abatacept group 
at 24 weeks. Further studies are needed to evaluate the effects 
of abatacept on specific systemic manifestations of pSS.
OrIgInAL ArTICLe van Nimwegen, J. F. et al. Abatacept treatment for patients with early 
active primary Sjögren’s syndrome: a single-centre, randomised, double-blind, placebo-
controlled, phase 3 trial (ASAP-III study). Lancet Rheumatol. https://doi.org/10.1016/ 
S2665-9913(19)30160-2 (2020)
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Leflunomide plus glucocorticoids for IgG4-RD
In a 12-month, open-label, randomized, controlled trial, 
combination therapy with leflunomide and glucocorticoids was 
superior to glucocorticoid monotherapy in preventing relapse 
of IgG4-related disease (IgG4-RD). Patients who received 
the combination therapy (n = 33) also had a shorter time to 
complete response and a longer duration of remission than 
those who received glucocorticoid monotherapy (n = 33).  
The combination therapy resulted in a lower cumulative dosage 
of glucocorticoids, suggesting that leflunomide could be used 
as a steroid-sparing agent in the management of IgG4-RD.
OrIgInAL ArTICLe Wang, Y. et al. Additive effect of leflunomide and glucocorticoids 
compared with glucocorticoids monotherapy in preventing relapse of IgG4-related 
disease: a randomized clinical trial. Semin. Arthritis Rheum. https://doi.org/10.1016/ 
j.semarthrit.2020.01.010 (2020)

 PA I n

Tofacitinib alleviates pain in RA, PsA and AS
Post-hoc analysis of data from 3,330 patients who received 5 mg 
or 10 mg tofacitinib twice daily for the treatment of rheumatoid 
arthritis (RA), psoriatic arthritis (PsA) or ankylosing spondylitis 
(AS) in phase II and III studies reveals that tofacitinib treatment 
was associated with rapid and sustained alleviation of pain. 
Overall, improvements were seen in all pain assessments 
(including unidimensional pain measures and individual pain 
components of multidimensional measures) with tofacitinib 
treatment compared with placebo. Tofacitinib reduced pain 
at both dosages and regardless of inadequate response to 
previous treatments.
OrIgInAL ArTICLe Ogdie, A. et al. Efficacy of tofacitinib in reducing pain in patients 
with rheumatoid arthritis, psoriatic arthritis or ankylosing spondylitis. RMD Open 6, 
e001042 (2020)
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ABCG2 SNP associated with early-onset gout
Among 10 single nucleotide polymorphisms (SNPs) strongly 
associated with serum urate concentrations, only ABCG2 
rs2231142 was associated with early-onset gout (defined as 
symptom onset before 40 years of age). The association was 
present in people in New Zealand of European and Polynesian 
ancestry (in the Genetics of Gout in Aotearoa study) and  
was confirmed in two replication cohorts. Early-onset gout was 
associated with an increased frequency of flares.
OrIgInAL ArTICLe Zaidi, F. et al. Systematic genetic analysis of early-onset gout: ABCG2 
is the only associated locus. Rheumatology https://doi.org/10.1093/rheumatology/kez685 
(2020)

Aberrant activation of fibroblasts 
underlies the pathogenesis of fibrotic 
diseases such systemic sclerosis 
(SSc). New findings published in 
The Journal of Clinical Investigation 
support the contribution of epigenetic 
imprinting for maintaining the 
persistently activated pathological 
phenotype of fibroblasts in SSc.

“In this study, we link two core 
mechanisms of fibrosis: epigenetics 
and TGFβ–STAT3 signalling,” reports  
corresponding author Jörg Distler. 
Suppressor of cytokine signalling 3 
(SOCS3) is a negative regulator 
of TGFβ–STAT3 signalling that 
is normally induced as part of a 
negative-feedback response. “We 
demonstrate that persistent activation 
of TGFβ signalling induces the 
expression of DNA methyltransferases 
DNMT3A and DNMT1 to silence 
the expression of SOCS3,” explains 
Distler. “This mechanism further 
amplifies the stimulatory effects 
of TGFβ on STAT3 signalling and 
amplifies TGFβ-induced fibroblast 
activation and tissue fibrosis.”

Indeed, the expression of SOCS3 
was downregulated in the skin and 
in skin fibroblasts of patients with 
SSc compared with that of healthy 
individuals, and expression was also 
downregulated in the skin of mice with 
bleomycin-induced fibrosis or fibrosis 
caused by constitutive activation of 
TGFβ receptor type I (TBR1act mice). 
Treatment of fibroblasts from healthy 
individuals with the DNMT inhibitor 
5-azacitidine (5-aza) prevented 
TGFβ-mediated repression of SOCS3 
expression following prolonged 
stimulation in vitro.

Methylation-specific PCR and  
methylated DNA immunoprecipitation 
analysis suggested that TGFβ 

signalling induces the expression 
of DNMT3A and DNMT1 via the 
canonical TGFβ–SMAD pathway  
to promote hypermethylation of  
the SOCS3 promoter and silence 
SOCS3 expression.

Manipulating the expression 
of SOCS3 in fibroblasts in vitro 
using siRNA-mediated knockdown, 
incubation with 5-aza or forced 
overexpression of SOCS3 showed 
that SOCS3 limits TGFβ-dependent 
fibroblast activation (as measured 
by TGFβ-mediated expression of 
COL1A1 and COL12A2 mRNA, 
expression of α-smooth muscle  
actin, release of collagen protein  
and formation of stress fibres).

Notably, in vitro and in vivo 
findings confirmed that SOCS3 
inhibits JAK2–STAT3 signalling, 
and that 5-aza can restore 
SOCS3-mediated regulation of  
JAK–STAT signalling.

Fibroblast-specific deletion 
of SOCS3 in mice exacerbated 
bleomycin-induced or TBR1act- 
induced skin fibrosis. By contrast, 
treatment with 5-aza or fibroblast- 
specific deletion of DNMT3A 
ameliorated fibrosis in both models. 
Notably, 5-aza treatment not only 
prevented fibrosis, but also induced 
regression of pre-established 
bleomycin-induced skin fibrosis.

“We are currently evaluating 
options to transfer these findings 
from bench to bedside and are 
discussing options to run a clinical 
trial with DNMT inhibitors such  
as 5-aza,” says Distler.

Jessica McHugh

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

Epigenetic imprinting maintains 
profibrotic phenotype in SSc

OrIgInAL ArTICLe Dees, C. et al. TGFβ-induced 
epigenetic deregulation of SOCS3 facilitates 
STAT3-signaling to promote fibrosis. J. Clin. Invest. 
https://doi.org/10.1172/JCI122462 (2020)
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OrIgInAL ArTICLe Seto, N. L. et al. Neutrophil 
dysregulation is pathogenic in idiopathic 
inflammatory myopathies. JCI Insight https:// 
doi.org/10.1172/jci.insight.134189 (2020)

treatment of 
normal-density 
granulocytes 
with anti- 
MDA5 anti-
bodies… 
promoted NET 
formation

A distinct subset of neutrophils 
called low-density granulocytes 
(LDGs) contribute to the patho-
genesis of a number of systemic 
autoimmune diseases, including 
systemic lupus erythematosus, 
in part through the formation 
of neutrophil extracellular traps 
(NETs). New findings implicate 
aberrant NET formation by  
LDGs in idiopathic inflammatory 
myopathies (IIM).

“We found that the presence  
of LDGs and NETs associates with 
clinical features of IIM and that  
NETs are elevated in the circulation 
and various organs of patients  
with IIM,” reports Mariana Kaplan, 
corresponding author on the new 
study. Increased levels of circulating 
NETs were associated with disease 
activity as well as with the presence 
of certain myositis-associated 
antibodies — in particular, 

antibodies against melanoma 
differentiation-associated protein 5 
(MDA5). Notably, treatment  
of normal-density granulocytes  
with anti-MDA5 antibodies isolated 
from patients with IIM promoted 
NET formation in vitro.

RNA sequenc-
ing analysis iden-
tified a neutrophil 
gene signature in 
the skeletal muscle 
of patients with 
derma tomyositis  
(a subtype of IIM) 
that was associated 
with the expression of 
type I and type II  
interferon-regulated 
genes as well as indica-
tors of muscle damage.

To investigate the 
pathogenic role of NETs 
in IIM, the researchers 

 M YO S I T I S

NET formation 
implicated in myositis

looked at the effects of NETs on 
muscle myotubes (formed from 
precursor myoblasts in vitro).  
NETs isolated from patients  
with IIM impaired the viability  
of the skeletal myotubes in vitro, 
but did not reduce myoblast 
proliferation.

The damaging in vitro  
effects of NETs were mediated  
in part by citrullinated histones  
(a compo nent of NETs) and could  
be partially inhibited with an  
anti-histone H4 antibody. Impor-
tantly, treatment with citrullinated 
H4, but not treatment with  
native H4, was toxic to myotubes, 
recapitulating the effects of NETs 
in vitro.

“Our results implicate neutro phil 
dysregulation in the pathogenesis  
of adult and childhood-onset  
IIM and suggest that targeting  
pathways of NET formation could 
have therapeutic roles in this  
disease,” concludes Kaplan.

Jessica McHugh
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patients 
with SLE had 
less total 
plasma LDL 
than healthy 
individuals 
but a higher 
percentage 
of the L5 
subfraction

C
re

di
t:

 M
EH

A
U

 K
U

LY
K

/S
ci

en
ce

 P
ho

to
 L

ib
ra

ry

Patients with systemic lupus erythe-
matosus (Sle) have signs of early vas-
cular ageing and an increased risk of 
cardio vascular disease, but do not have 
increased concentrations of low-density 
lipoprotein (lDl) in their blood com-
pared with healthy individuals. lDl  
can be separated into five increasingly 
electronegative subfractions (l1–l5),  
of which l5 is known to be atherogenic. 
for the first time, researchers have exam-
ined the l5 subfraction from patients 
with Sle and investigated its role in 
Sle-associated cardiovascular changes.

In the new study, patients with Sle  
had less total plasma lDl than healthy  
individuals but a higher percentage of 
the l5 subfraction, which correlated  
with clinical measures of vascular age-
ing. The researchers tested the athero-
genic properties of lDl from patients 
with Sle by injecting it into Apoe–/–  
mice. These atherosclerosis-prone mice 
developed signs of vascular ageing and 

atherosclerosis in response to lDl from 
patients with Sle, but not in response  
to lDl from healthy individuals.

“We found a high content of lysophos-
phatidylcholine and platelet-activating 
factor in the total lDl preparations 
from patients with Sle, especially in 
the l5 subfractions,” say corresponding 
authors liang-Yin Ke, Jeng-Hsien 
Yen and Chu-Huang Chen. “These 
inflammatory mediators can lead to 
the differentiation of monocytes into 
pro-inflammatory CD16+ cells.”

CD16+ monocytes were present 
at increased numbers in the blood 
of patients with Sle compared with 
healthy individuals. Interestingly, both  
plasma concentrations of the chemo-
kine CX3Cl1 and expression of its  
receptor CX3CR1 on CD16+ monocytes 
were also increased in patients with  
Sle compared with healthy individuals.

“Through CX3Cl1–CX3CR1 inter-
actions, CD16+ monocytes adhere  

to the damaged endothelium,  
which facilitates their penetration  
into the subendothelium,” explains  
first author Hua-Chen Chan. “This 
cascade of events, induced by l5 lDl, 
contributes to endothelial dysfunction 
and vascular ageing, thereby providing 
a novel explanation for the early  
onset of atherosclerosis-associated  
complications in patients with Sle,”  
she concludes.

Joanna Clarke
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LDL subfraction linked to vascular  
ageing and heart disease in SLE

OrIgInAL ArTICLe Chan, H.-C. et al. Role of 
low-density lipoprotein in early vascular aging 
associated with systemic lupus erythematosus. 
Arthritis Rheumatol. https://doi.org/10.1002/
art.41213 (2020)
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OrIgInAL ArTICLe Kissel, T. et al. Antibodies 
and B cells recognising citrullinated proteins 
display a broad cross-reactivity towards other post- 
translational modifications. Ann. Rheum. Dis. https:// 
doi.org/10.1136/annrheumdis-2019-216499 (2020)

all the 
antibodies 
recognized  
at least two 
different types 
of PTM
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Autoantibodies that recognize post- 
translationally modified proteins 
(known as anti-modified protein 
antibodies (AMPAs)) are hallmark 
features of rheumatoid arthritis (RA). 
New findings published in Annals 
of the Rheumatic Diseases suggest 
that these antibodies have a broad 
specificity and cross-react with sev-
eral post-translational modifications 
(PTMs). “These results are highly 
relevant to further understand and 
define the antigens that could be 
recognized in inflamed joints or at 
other locations in the body that could 
be involved in the induction and  
evolution of autoimmunity,” says 
co-first author Theresa Kissel.

AMPAs are typically separated 
into autoantibody classes on the basis 
of the PTM they recognize, including 
citrullination (anti-citrullinated 
protein antibodies (ACPAs)), 
carbamylation (anti-carbamylated 
protein antibodies (ACarPAs)) and 

acetylation (anti-acetylated protein 
antibodies (AAPAs)).

In the new study, the researchers 
generated 14 monoclonal auto anti-
bodies using B cell receptor sequences 
of autoreactive B cells isolated from 
patients with RA using citrullinated 
or acetylated antigens. Notably, all 
the antibodies recognized at least two 
different types of PTM, and several 
of the antibodies recognized all three 
PTMs. “Most importantly, we show 
that citrullinated protein-reactive 
B cells are not only activated upon 
stimulation with citrullinated anti gens, 
but also after contacting peptides 
and/or proteins harbouring other 
modifications, such as acetylation or 
carbamylation,” explains Kissel.

On the basis of these findings,  
the researchers suggest that ACPAs, 
ACarPAs and AAPAs should not be 
categorized into different classes,  
but should be regarded as one 
dynamic group of AMPAs. Moreover, 

 r H e U M ATO I d  A rT H r I T I S

Cross-reactive autoantibodies  
in RA

they believe that the use of immuno-
assays that measure all three PTMs 
could improve the diagnosis and 
treatment of RA.

“For future research, it would 
be interesting to investigate the 
extent of cross-reactivity in different 
disease stages, ranging from health to 
arthralgia, undifferentiated arthritis 
and RA,” remarks co-first author 
Sanne Reijm. “It would also be rel-
evant to identify the PTM predom-
inantly inducing AMPA responses 
and/or driving inflammation in the 
synovial compartment in RA.”

Jessica McHugh

Intervertebral disc degeneration (IvDD), 
a leading cause of low back pain, is 
primarily mediated by inflammatory 
responses induced by pro-inflammatory 
cytokines such Il-1β. new findings 
suggest that Il-1β can promote its 
own expression in IvDD via a positive 
feedback loop involving the nlRP3 
inflammasome, which can be targeted 
therapeutically with melatonin.

The nlRP3 inflammasome is a  
known source of Il-1β and has been 
implicated in several inflammatory 
diseases. In the new study, Il-1β 
upregulated the expression of nlRP3 
and p20 (components of the  
NLRP3 inflammasome) in vitro in 
nucleus pulposus (nP) cells (cells that 
make up part of the intervertebral disc). 
furthermore, nlRP3 inflammasome 
activation (including the expression of 
nlRP3, p20 and Il-1β) was upregulated 
in the degenerative discs of patients 
with IvDD and in rats with annulus 
fibrosus puncture-induced IvDD  
(a rat model of IvDD).

further experiments found that Il-1β 
could induce both nlRP3 inflamma-
some priming and activation in nP 
cells by upregulating nuclear factor-κb 
(nf-κb) signalling. Indeed, treatment 
with an inhibitor of the nf-κb pathway 
(Sm7368) inhibited Il-1β-induced 
upregulation of nlRP3 expression.  
Il-1β could also promote the production 
of mitochondrial reactive oxygen  
species (mtROS) in these cells in vitro.

melatonin is a neuroendocrine 
hormone with various functions, 
including anti-inflammatory activities. 
In vitro treatment of NP cells with 
melatonin inhibited the positive 
feedback loop of Il-1β, including  
Il-1β -induced nf-κb signalling,  
nlRP3 inflammasome priming  
and activation, and mtRoS  
production.

notably, in the rat model of  
IvDD, treatment with melatonin  
also disrupted this positive feedback  
loop, alleviating the progression  
of IVDD and IVDD-related low  
back pain.

“We plan to knock down nlRP3 to 
further verify the mechanisms of Il-1β 
metabolism,” explains Jianru Wang, 
co-corresponding author of the study. 
“We think that melatonin could be a 
promising therapeutic strategy for 
patients with IvDD and low back pain,” 
continues co-corresponding author 
Zhaomin Zheng.

Jessica McHugh

 d e g e n e r AT I V e  d I S C  d I S e A S e

Targeting IL-1β expression in IVDD

OrIgInAL ArTICLe Chen, F. et al. Melatonin 
alleviates intervertebral disc degeneration by 
disrupting the IL-1β/NF-κB-NLRP3 inflammasome 
positive feedback loop. Bone Res. 8, 10 (2020)

melatonin 
inhibited 
the positive 
feedback loop 
of IL-1β

Credit: Panther Media GmbH/Alamy Stock Photo
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Since its discovery more than four decades 
ago, TNF has emerged as arguably one of the 
most intensely targeted cytokines for the treat-
ment of inflammatory diseases1,2. Indeed, the 
remarkable pleiotropy of TNF activity and its 
central role in pro- inflammatory signalling, 
including in pathways leading to autoimmun-
ity, has led to the development and approval 
of a range of biologics to treat many diseases, 
such as rheumatoid arthritis (RA), ankylos-
ing spondylitis, juvenile idiopathic arthritis, 
inflammatory bowel disease, psoriasis, pso-
riatic arthritis and hidradenitis suppurativa. 
The potential impact of efficacious therapeu-
tic targeting of TNF is undeniably large given 
the prevalence of RA in ~1% of the world’s 
population and the alarming rise in the inci-
dence of autoimmune inflammatory diseases3. 
A new study by O’ Connell et al.4 that iden-
tifies potent small- molecule TNF inhibitors 
is poised to stimulate and diversify efforts 
to provide innovative and efficacious modu-
lators of TNF activity beyond the existing 
approaches.

Therapeutic targeting of TNF has pre-
sented with intrinsic challenges relating to 
the fact that TNF- mediated signalling is ini-
tiated by the high- affinity binding of trimeric 
TNF, either in its soluble or transmembrane 
form, to three copies of one of its cell- surface 
receptors (TNFR1 or TNFR2). Cytokine–
receptor binding interfaces are generally 
characterized by their large and rather flat 
surfaces with many amino acids engaged in 
intricate and diverse interaction networks; 

upon binding to TNF, which suggested that  
their binding mode might be harnessing 
unique molecular features of trimeric TNF. 
Indeed, high- resolution structural studies  
by X- ray crystallography revealed that the  
candidate inhibitors bound deep within a  
cavity formed on the inside of the TNF homo-
trimer. This single allosteric binding site is 
structurally distinct from the three binding 
sites for TNF receptors, which are located 
on the surface of trimeric TNF. Notably, this 
inhibitor-bound form of TNF displays an  
asymmetric trimeric assembly that is only  
able to maxi mally recruit two out the three  
copies of TNFR1 necessary for establishing  
a signalling-competent complex (Fig. 1).

On the basis of these structural insights, 
O’ Connell et al. went on to expand upon the 
chemistry of the bound fragments to pro-
duce new chemical entities with affinities for 
TNF approximately three orders of magni-
tude higher than that of the initially identi-
fied chemical fragments. Importantly, these 
new compounds inhibited TNFR1 signalling 
and downstream phosphorylation of NF-κB 
in vitro to a similar extent as etanercept. After 
obtaining experimental support that the lead 
compound UCB-9260 was selective for TNF 
over other members of the TNF superfamily, 
the researchers went on to confirm that oral 
administration of this compound inhibited 
the functional effects of TNF in vivo in mice: 
in one model, UCB-9260 inhibited neutro-
phil recruitment following injection of TNF 
into the mouse peritoneal cavity, and in the 
collagen antibody- induced arthritis model, 
UCB-9260 reduced the arthritis clinical score.

Although it is not clear whether these find-
ings will pave the way for a clinical programme 
(or whether they have done so already), the 
new study provides novel mechanistic insights 
and proof of concept that the high- affinity 
protein–protein complex mediated by TNF at 
the cell surface in inflammation and disease 
can be inhibited by small- molecule drugs. 
Oligomeric cytokines, such as the TNF super-
family members, often obey assembly equilib-
ria that enable them to oscillate between fully 
and partially assembled oligomers as a func-
tion of cytokine concentration. Furthermore, 
the fully assembled oligomers can exist in a 
variety of conformational states. The study 
by O’Connell et al. has now revealed that 
trimeric TNF adopts asymmetric conforma-
tional states that can be specifically targeted 

together, such molecular landscape features 
render such protein–protein interactions, 
including the interfaces between TNF and its 
receptors, challenging to antagonize5. All cur-
rently approved anti- TNF drugs are protein- 
based therapeutics (biologics) that are either 
monoclonal antibodies or fragments thereof 
(infliximab, adalimumab, golimumab or 
certolizumab pegol) or a soluble TNFR2–Fc 
fusion protein (etanercept)1. The mode- of- 
action shared by these five approved biologics 
centres on their competitive binding to TNF 
at sites (known as orthosteric binding sites) 
that are also utilized for the recruitment of the 
cognate TNF receptors. As with many other 
therapeutic biologics, anti- TNF biologics have 
good clinical efficacy for the relatively small 
subset of the patient population that receive 
them, yet they are also subject to a number of 
intrinsic medical and socioeconomic restric-
tions, such as lack of efficacy in certain subsets 
of patients, adverse effects, immunogenicity, 
cost, the need for parental administration and 
the complexity of health- care supply- chain 
logistics across geographic regions.

In a new study, O’ Connell et al.4 report 
the discovery and development of small mol-
ecules that potently bind to a particular form 
of trimeric TNF, resulting in potent antago-
nism of TNF–TNFR signalling complexes 
in vitro and in vivo. By screening a library 
of 2,000 chemical fragments for their ability 
to bind to TNF, the researchers identified 
two chemically related molecules that dis-
played surprisingly slow dissociation rates 

P H A R M AC OT H E R A P Y

Small-molecule inhibitors get 
pro-inflammatory TNF into shape
Savvas N. Savvides and Dirk Elewaut

Newly discovered small- molecule TNF inhibitors serve as antagonists  
of pro-inflammatory TNF signalling by uniquely harnessing the 
conformational plasticity of trimeric TNF. The development of this 
approach could mark a resurgence of non- biologic modulators of clinically 
relevant protein–protein interactions in rheumatology.

Refers to O’Connell, J. et al. Small molecules that inhibit TNF signaling by stabilizing an asymmetric form of the trimer. 
Nat. Commun. 10, 5795 (2019).
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by small- molecule drugs without causing dis-
sociation of the TNF trimer, in contrast to pre-
vious approaches to TNF inhibition derived 
from the ability of a small-molecule inhibitor 
to dissociate trimeric TNF into an inactive 
dimeric form6.

Despite the promise of the new study, a 
number of questions remain. For instance, the  
prevalence of the molecular state targeted by 
such TNF inhibitors, especially as concentra-
tions of circulating TNF are low, is not clear. 
Furthermore, additional studies are needed 
to specifically investigate the effect of the 
two most potent reported inhibitors (com-
pounds UCB-5307 and UCB-9260) on the 
membrane- bound version of TNF, which is 
also intrinsically trimeric but signals through 
TNFR2 via cell–cell interactions to mediate 
primarily homeostatic roles. Nevertheless, the 
study by O’Connell et al. is expected to instil 
optimism regarding the relevance and promise 
of orally available small- molecule inhibitors of 
TNF activity for a wide range of indications. 
It is the first study to identify potent anti- 
TNF small- molecule inhibitors that bind with 
high affinities and show inhibitory effects in a 
mouse model of RA7. In this regard, the main 
advantage of the identified small molecules  
is that they engage with TNF at a different  

neurodegenerative diseases2 could prompt 
efforts to discover small- molecule modulators 
of TNF that can cross the blood–brain barrier, 
thereby overcoming the immense challenges 
associated with the delivery of biologics to 
the brain. The emergence of artificial intel-
ligence and machine- learning methods in 
drug discovery and development8,9, together 
with the integration of chemical, structural, 
biophysical, pharmacological, functional 
and clinical insights into concerted drug dis-
covery programmes, are set to catalyse such 
investigations. Finally, the promise shown by 
repurposing of drugs to improve and expand 
treatment options for rheumatic diseases 
suggests that innovative additions to the col-
lection of available biologic and non- biologic 
therapeutic agents can only be beneficial10.
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site than cognate TNF receptors and so do not 
compete head to head with those high- affinity 
receptors (Fig. 1). As well as highlighting the 
potential of structure- based approaches in  
the design of non- biologics, the findings could 
be synergistic to the fine- tuning of the mode 
of action of biologics, for instance, by inspiring 
the development of biologics that exploit the 
same molecular property of TNF or by testing 
combination therapies. In clinical practice, 
orally available anti- TNF agents would not only 
be convenient but might also provide an advan-
tage in the treatment of inflammatory bowel 
disease, where typically higher dosage regimens 
are needed than other indications such as RA, 
psoriatic arthritis and axial spondyloarthritis.

One thing is absolutely clear: given the 
centrality of TNF in pro- inflammatory signal 
transduction in many inflammatory diseases, 
small- molecule modulators of TNF activity 
such as the ones reported by O’Connell et al. 
are poised to facilitate further interrogation 
of the role of TNF in physiology and disease. 
From a clinical perspective, small molecules 
have a number of advantages over biologics, 
such as oral and/or topical administration, 
shorter half- lives and lower costs of produc-
tion and distribution. The increasingly recog-
nized role of TNF in brain inflammation and 

www.nature.com/nrrheum
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Fig. 1 | Mechanisms of action of TNF inhibitors. Anti- TNF biologics compete with TNF receptors 
(TNFR1 or TNFR2) for orthosteric binding sites, whereas small- molecule TNF inhibitors bind an 
allosteric site of TNF in a conformational state that precludes binding of TNF to its receptors.  
mAb, monoclonal antibody.
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The management of childhood rheumatic  
diseases is complex; optimal quality care 
involves a multi-disciplinary approach cover-
ing a diverse range of professional practices, 
knowledge domains and skills, including 
medicine, nursing, physiotherapy, occupa-
tional therapy, social work, psychology and 
school liaison1. Arguably, responsibility for the 
emotional wellbeing of these young patients is 
shared by all members of the rheumatology 
team; however, there is currently little clear 
evidence about long-term outcomes on which 
to base clinical practice. Psychological distress 
functions as an outcome of disease as well as 
a contributor to the broader health of that 
individual2.

The new agenda from the Childhood 
Arthritis and Rheumatology Research Alliance  
(CARRA) Mental Health Workgroup3, which 
outlines five broad priority domains of men-
tal health research, is to be welcomed. As well 
as orientating researchers towards important 
gaps in our current knowledge and practice, 
it provides a timely reminder to everyone 
involved in commissioning health services 
of the need to keep psychological wellbeing 
at the heart of care provision. However, it is 
important to consider the research and health- 
care context within which this new research 
agenda sits.

Research involving children and young 
people with chronic conditions faces very spe-
cific challenges, not least those that arise as a 
result of the major physical, intellectual, emo-
tional and social changes that occur during 
childhood and adolescence. These challenges 
are seen most clearly when trying to inter-
pret data from longitudinal cohort studies; 

Acquiring a sufficiently large cohort is partic-
ularly challenging for rare rheumatic dise-
ases and is further complicated when varied  
or complex treatment pathways need to be 
accounted for.

The first priority set out by the CARRA 
research agenda3 is to “determine the pre-
valence and incidence of mental health 
dis orders in pediatric patients with rheuma-
tological  disease”. Although some literature is 
available on the prevalence and incidence of 
psychol ogical distress in young people with 
rheumatic diseases, it is of limited quality and 
quantity. Existing studies are predominantly 
cross-sectional, rather than longitudinal, 
and tend to include individuals with only 
the more common inflammatory rheumatic 
diseases such as juvenile idiopathic arthritis 
(JIA). Even within JIA research, limitations 
include a failure to link the incidence of men-
tal distress with the rarer sub- types of JIA, 
where differences might be expected to arise. 
Characterizing the breadth of conditions is 
as important as characterizing the range of 
symptom severity within conditions and how 
they might or might not be associated with 
psychological distress. For example, paediat-
ric rheumatology encompasses the treatment 
and management of inflammatory condi-
tions, such as JIA, but also non- inflammatory 
conditions, such as hypermobility, complex 
regional pain syndromes and chronic back 
pain5. Research into psychological outcomes 
across inflammatory and non- inflammatory 
conditions will be crucial for the identi fica-
tion of those mechanisms that are specific to 
inflam matory processes, as well as those that 
are associated with symptoms common to all 
conditions, such as persistent pain or fatigue.

argu ably, one of the strongest methods avail-
able for paediatric rheumatology research. 
Additional methodological challenges relat-
ing to data collection from younger individ-
uals include the use of proxies such as parents, 
who report on behalf of children but who are 
only able to provide partial representations of 
the child’s wellbeing4, and a lack of data collec-
tion tools that are appropriate for the develop-
mental stage of the child or young person. 
Even if these issues can be addressed, there is 
still a need to establish and maintain research 
cohorts large enough to develop robust, pre-
dictive models that can take account of the 
many other influences on health outcomes. 

 PA E D I AT R I C  R H E U M ATO LO GY

Can we implement the new 
research agenda for mental 
health?
Lis Cordingley   and Rebecca Rachael Lee  

Children and young people with rheumatic diseases face considerable 
challenges to their mental health, yet the research guiding prevention  
and intervention strategies is limited. A new research agenda provides  
an important step forward by highlighting important issues, but can these 
research priorities be addressed within the paediatric rheumatology 
health-care context?

Refers to Rubinstein, T. B. et al. Prioritized agenda for mental health research in pediatric rheumatology from the 
Childhood Arthritis and Rheumatology Research Alliance Mental Health Workgroup. J. Rheumatol. https://doi.org/ 
10.3899/jrheum.190361 (2020).
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The routine capture of psychological data, 
which would require consensus building 
across both the research and clinical commu-
nities in terms of which variables to collect and 
when, would be one way to start to address 
the considerable gaps in our understanding 
of psychological wellbeing in childhood rheu-
matic diseases. In paediatric rheumatology 
research, consensus is already being achieved 
about data collection for physical aspects of 
disease6. The emergence of new mobile and 
electronic health data collection methods will 
greatly enhance the availability of data for 
both research and clinical use.

Digital tools are often more acceptable to 
children and young people and less demand-
ing than interviews or paper-based question-
naires7. Such tools might reduce the need for 
proxy reporting by parents or clinicians, as 
children as young as 5 years of age are able 
to directly provide data using digital tools. 
Furthermore, remote data collection frees up 
precious clinical consultation time.

Screening forms another important domain 
in the CARRA research agenda3. In practice, 
screening for mental health disorders in pae-
diatric rheumatology varies considerably;  
some services use specific screening tools 
whereas others take a more general psycho-
social interview approach8. Whether either 
approach has advantages in terms of preven-
tion or identification of mental illness, or of 
other disease outcomes, is presently unclear. 
Importantly, mental health screening tools 
are not substitutes for conversations about 
mental health, and an approach that com-
bines these methods might prove to be best. 
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Health- care professionals working in paedi-
atric rheuma tology are uniquely placed to 
postulate potential links between physical 
manifestations of the rheumatic disease and 
substantial changes in the psychological well-
being of their patients; such changes are less 
likely to be picked up using generic mental 
health screening tools.

The nomenclature around mental health 
varies considerably between that used in 
the research literature and that used in clin-
ical set tings. Sometimes psychological dis-
tress is viewed as part of a broader concept, 
such as health-related quality of life9, and at 
other times specific disorders such as anxiety 
or depression are considered to be poten-
tial com orbidities of the rheumatic disease 
itself10. Again, further consensus development 
around routine data capture would be bene-
ficial; however, clarity is also needed about 
whether the focus should be on screening 
alone, or whether the research remit should 
be broadened to consider the pre ven tion of 
psychological distress. With regards to pre-
vention, the CARRA research agenda3 refers 
to “adjustment and coping inter ventions”, 
rather than suggesting an explicit focus on the 
psychological processes that might contribute 
to the development of poor mental health for 
children and young people with rheumatic 
diseases. However, for such adjustment and 
coping interventions to be successful, relevant 
behavioural, cognitive or other psychological 
targets need to first be identified.

Overall, the CARRA prioritized agenda for 
mental health research in paediatric rheum-
atology3 provides an important steer for the 
research community. We need a research 
evidence base that will guide the develop-
ment of interventions, not only to address the 
unmet mental health needs of young people 
with rheumatic diseases, but also to enhance 
management approaches that prevent mental 
illness and promote psychological resilience.

Importantly, mental 
health screening tools are not 
substitutes for conversations 
about mental health
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The tissues that connect muscle to bone (tendons) and 
bone to bone (ligaments) have evolved specialized bio-
chemical properties that enable the transmission of 
mechanical force between different parts of the musculo-
skeletal system. Tendons and ligaments have a fibrous 
composition and little cellular heterogeneity, character-
istics that are relatively consistent throughout the body. 
By contrast, biochemical and cellular differences occur 
longitudinally along individual tendons and ligaments, 
producing microenvironments at the myotendinous 
junctions (MTJs; the points at which muscle and tendon 
join) and at the entheses (the points at which tendons and  
ligaments connect to bone) (Fig. 1a) that differ from that at  
the midportion. Biomechanically, tissue failure that 
results in injury tends to occur at the point at which 
tissues of differing physical properties meet1. Such a 
structural mismatch in the presence of high levels of 
strain is particularly evident at the enthesis, where there 
is a 50-fold difference in tissue resistance to tensile load 
between the elastic tendon or ligament and the stiff bone 
it attaches to2. Once tissue failure has taken place in adult 
tendons and ligaments, the pre- injury tissue architec-
ture is never regained, making these structures prone 
to re- injury3,4. Indeed, in the USA, tendon and ligament 
injuries result in a high number of workplace injuries5 

and potentially account for the majority of musculoskel-
etal disorders globally through sprains and strains of the 
lower back6,7.

From the perspective of the rheumatologist, ten-
dons and ligaments are usually thought to belong to the 
remit of other medical specialists (such as orthopae-
dic surgeons) and are often ignored when considering 
the pathophysiology of joint diseases such as chronic 
inflammatory arthritis (encompassing rheumatoid 
arthritis (RA) and spondyloarthritis (SpA)). RA is char-
acterized by the presence of defined autoantibodies  
(in seropositive individuals) and arthritis that is generally  
restricted to the peripheral joints8. By contrast, a range 
of seronegative inflammatory arthritides are covered by 
the term SpA, the main forms of which are ankylosing 
spondylitis (AS) and psoriatic arthritis (PsA), which pre-
dominantly affect the axial and peripheral joints, respec-
tively9,10. Owing to the symptomatic overlap between AS 
and PsA, SpA is often simply defined as axial or periph-
eral, depending on the principal location of inflamma-
tion11,12. These forms of chronic inflammatory arthritis 
have prodromal periods with measurable extra- articular 
features, such as autoantibodies in RA and psoriasis or 
inflammatory bowel disease in SpA, but it has been 
unclear how systemic inflammation results in localized 

Force
A vector quantity that 
describes the action of  
one structure on another; 
measured in Newtons.

Strain
Deformation that occurs at  
a point in a structure under 
loading; measured as the 
percentage change in length 
from the resting state.

Load
The sum of all force 
components acting  
on an object or body.

Tendon and ligament mechanical 
loading in the pathogenesis of 
inflammatory arthritis
Eric Gracey1,2 ✉, Arne Burssens  1,3, Isabelle Cambré1,2, Georg Schett4,5, Rik Lories6, 
Iain B. McInnes7, Hiroshi Asahara  8,9 and Dirk Elewaut1,2 ✉

Abstract | Mechanical loading is an important factor in musculoskeletal health and disease. 
Tendons and ligaments require physiological levels of mechanical loading to develop and maintain 
their tissue architecture, a process that is achieved at the cellular level through mechanotransduction-  
mediated fine tuning of the extracellular matrix by tendon and ligament stromal cells. Pathological 
levels of force represent a biological (mechanical) stress that elicits an immune system- mediated 
tissue repair pathway in tendons and ligaments. The biomechanics and mechanobiology of tendons 
and ligaments form the basis for understanding how such tissues sense and respond to mechanical 
force, and the anatomical extent of several mechanical stress- related disorders in tendons and 
ligaments overlaps with that of chronic inflammatory arthritis in joints. The role of mechanical  
stress in ‘overuse’ injuries, such as tendinopathy , has long been known, but mechanical stress is  
now also emerging as a possible trigger for some forms of chronic inflammatory arthritis, including 
spondyloarthritis and rheumatoid arthritis. Thus, seemingly diverse diseases of the musculoskeletal 
system might have similar mechanisms of immunopathogenesis owing to conserved responses to 
mechanical stress.
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arthritis of the axial and/or peripheral skeleton in these 
diseases. However, there is now growing evidence that 
microtrauma to tendons and ligaments might function 
as a joint- focusing trigger in the progression of chronic 
inflammatory arthritis13.

In this Review, we introduce the cellular and molec-
ular mechanisms whereby tendons and ligaments sense 
mechanical force. This knowledge serves as a base for 
understanding how tendons and ligaments respond to 
mechanical stress to maintain homeostasis under healthy 
conditions, a process that is heavily dependent on the 
immune system. The field of orthopaedics has recog-
nized that mechanical stress- induced immune responses 
can go awry, resulting in primary tendinopathy14,15. We 
therefore draw parallels between the immunological 
events that occur in tendinopathy and in chronic inflam-
matory arthritis (specifically RA and SpA) to demon-
strate that tendons and ligaments are relevant tissues to 
consider in the pathophysiology of arthritis. As such, 
musculoskeletal diseases that initially seem diverse are 
potentially more similar than expected at the cellular and 
molecular levels owing to a shared anatomical basis in 
their pathophysiology.

Anatomy of tendons and ligaments
Generally, tendons and ligaments have a hierarchical 
anatomical structure14,16–18 (Fig. 1b). At the molecular 
scale, the building blocks of tendons and ligaments are 
tropocollagen monomers, which polymerize into chains 
of type I collagen. Three of these chains twist to form 
a triple helix, which crosslinks with adjacent chains to 
form fibrils. Fibrils coil to form fibres, at which point 

the structure moves from the molecular to the cellular 
scale. The fibres are bundled together by a sheath called 
the endotenon to define the unit known as the fascicle 
for either tendons or ligaments; the endotenon contains 
nerves and blood vessels to support the fascicle. Multiple 
fascicles bundle together to form a macroscopic tissue- 
level unit surrounded by a secondary sheath called the 
epitenon. Multiple epitenon- surrounded units bundle 
to form the complete organ that is itself enveloped by a 
tertiary sheath, which can be either a synovial sheath or  
a paratenon. Paratenon sheaths function as elastic sleeves  
to assist the free movement of the tendon against sur-
rounding tissues, whereas synovial sheaths serve as tun-
nels for tendons and ligaments at locations where they 
wrap around bony or fibrous processes. These synovial 
sheaths enable the tendon or ligament to withstand high 
levels of stress.

Although the main extracellular matrix (ECM) com-
ponent of tendons and ligaments is collagen, other ECM 
components are also required for their function19. The 
non- collagenous ECM of tendons and ligaments con-
sists of two main groups of molecules: proteoglycans 
and glycoproteins, which have protein and sugar cores, 
respectively20,21. Small proteoglycans, such as fibromodu-
lin, are essential in regulating collagen assembly, whereas 
large proteoglycans, such as aggrecan, have hydro-
philic properties and function to dampen compressive 
forces21,22. Glycoproteins can provide lubrication (such as 
lubricin), elasticity (such as elastin) or bind to inactive 
growth factors (such as tenascin C, which binds to latent 
transforming growth factor- β (TGFβ))20,23.

A range of cell types are found in healthy tendons 
and ligaments. Fibroblast- like stromal cells, commonly 
referred to as tenocytes, constitute 90–95% of the cells in 
a healthy tendon18. These cells are also commonly found 
in ligaments24–26, where they can be referred to as liga-
mentocytes, but they are less well characterized than their 
tendon counterparts. Tenocytes are interspersed among 
collagen fibres within fascicles and can be phenotypically 
identified by the transcription factors scleraxis (Scx) and 
mohawk (Mkx)27,28 (Box 1). However, although highly 
expressed by tenocytes, these markers are not tenocyte 
specific and can also be found in other tissues, including 
the heart and testis29,30. The primary function of teno-
cytes is to build tendons and ligaments by producing 
collagen, or to break them down via protease release14,31. 
Populations of tenocyte- like progenitor cells reside in  
the supportive tissue (the endotenon and epitenon) and 
can replace tenocytes as they die32–34. The endotenon 
might also contain resident immune cells such as M2-like 
macrophages35–38; however, it is unclear as to whether 
these cells are present under healthy conditions, as most 
studies have been performed in diseased tissue.

The basic anatomical and cellular information about 
tendons and ligaments outlined above enables the com-
parison of these two classes of load- transferring tissue. 
In general, ligaments are thought to have slightly less 
collagen content and a greater density of tenocytes than 
tendons39. For example, in the ligaments and tendons in 
the knee, the cruciate ligaments have a greater cell den-
sity, more glycosaminoglycans and a higher amount of 
type III collagen than the patellar and Achilles tendons40. 

Key points

•	mechanical loading is a biological stressor that elicits a homeostatic response  
to ensure the health and survival of the cells and/or tissues it is applied to.

•	Tissues that encounter high amounts of mechanical stress are prone to damage, 
especially the tendon and ligament entheses.

•	The immune system is crucial in responding to and orchestrating the repair  
of damaged tendons and ligaments.

•	mechanical loading is a well- defined factor in the immunopathology of tendon and 
ligament disorders such as tendinopathy.

•	mechanical loading is associated with the onset of chronic inflammatory arthritis, 
including spondyloarthritis (SpA) and rheumatoid arthritis (rA).

•	microdamage associated with mechanical loading potentially focuses systemic 
autoimmune disease on the joint in the initiating phases of SpA and rA.
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Mechanical stress
Mechanical load acting on  
cells or tissues as a physical 
stressor that elicits a biological 
response to ensure 
homeostasis.

Stress
The force per unit area that 
develops within a structure  
in response to externally 
applied loads; measured in 
Newtons per metre squared  
or Megapascals.
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However, the dominant mechanical forces exerted on a 
tendon or ligament are actually thought to be a more 
important promoter of tissue phenotype than the ana-
tomical distinction of connecting muscle to bone or 
bone to bone. For example, a detailed ultrastructural 
and biochemical analysis of knee tendons and ligaments 
revealed that the properties of these structures differed 
depending on their intra- articular or extra- articular 
location: the anterior cruciate ligament (ACL), which 
is intra- articular, had less compact collagen and more 

elastin, aggrecan and versican than extra- articular knee 
tendons and ligaments, an outcome attributed to the 
high compressive forces exerted on the ACL41.

Notably, non- classic tendons and ligaments also exist 
at specific locations in the body. As discussed above, the 
body of a tendon can wrap around bones to function as 
a pulley. At the point of contact with bone, such tendons 
lose their typical structure, widen to spread the force and 
become fibrocartilagenous, with woven rather than par-
allel collagen fibres22. Atypical ligaments also exist, such 
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Fig. 1 | The anatomy of tendons and ligaments in the peripheral and axial skeletons. a | A macroscopic overview of 
tendon structure and the fibrocartilaginous synovioentheseal complex at the bone insertion. b | A cross- sectional view  
of a tendon showing the hierarchical structure of the organ at the tissue and molecular levels. c | The anatomy of spinal 
ligaments and the intervertebral disc (IVD). AF, annulus fibrosus; MTJ, myotendinous junction.
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as the outer annulus fibrosis (AF) of the intervertebral 
disc (IVD) (Fig. 1c). Although the outer AF contains teno-
cytes that express Scx and Mkx24 and has organized type I  
collagen fibres and a sheath- like structure that contains 
progenitor cells with proliferative capacity, it does not 
have the hierarchical compartments that are typically 
found in ligaments25,42.

Anatomy of entheses and MTJs
Distinct cellular and molecular transitions are present at 
the MTJs and the entheses. At the MTJ, these changes are 
abrupt, and tenocytes directly interact with myocytes43. 
Although the transition zone between tissues is short at 
the MTJ, it is worth noting that ECM changes are pres-
ent, such as an increase in type VI collagen and other 
components, including laminin, relative to the tendon 
and the muscle44.

The changes at the enthesis are more substantial than 
at the MTJ; the complexity of these changes depends on 
whether the enthesis inserts directly into the bone, or 
indirectly, via the periosteum. These attachments can be 
distinguished by the amount of fibrocartilage present; 
indirect insertions have little fibrocartilage and are 
termed ‘fibrous entheses’, whereas direct insertions have 
more fibrocartilage and are thus termed ‘fibrocartilag-
inous entheses’4. Anatomically, tendons and ligaments 
that attach to the metaphyses or diaphyses have fibrous 
entheses. By contrast, those that attach to the epiphyses 
of long bones typically have fibrocartilaginous enthe-
ses4. Fibrous entheses, such as the deltoid, have straight 
insertions into the humerus that experience limited 
compressive or shear forces and are thus structurally less 
complex than curved fibrocartilaginous entheses, such 
as the Achilles tendon39,40.

At the microscopic level, the fibrocartilaginous enthe-
sis has defined strata and a collagen gradient (Box 2). 
Entheses are considered to be avascular at the point 
of attachment to bone because the presence of blood 
vessels conflicts with the requirements of load bearing 
and smooth movement at these locations45. The bulk of 
cells in the enthesis are tenocytes, although chondro-
cytes constitute up to 10% of entheseal cells46. Enthesis- 
resident immune cells are relatively rare. Resident 
lymphocytes have been reported in mouse and human 

tissues, including γδT cells and type 3 innate lymphoid 
cells47–49, and IL-23-producing CD14+ myeloid cells have 
been observed in human spinal ligament entheses50.

Biomechanics of tendons and ligaments
In the field of biomechanics, the fundamental principles 
of mechanics are applied to biological problems through 
the examination of the forces acting upon and within 
biological structures51. The amount of force exerted on 
tendons and ligaments is substantial: it is estimated that 
regular activity can induce forces of up to three times 
the weight of a body on the human Achilles tendon, 
whereas intense activities induce forces of ten times 
body weight52,53. Yet despite anatomy- imposed variations 
that occur between tendons and ligaments, all tendon 
and ligament tissues are remarkably resistant to mechan-
ical force (mechanoresistant). Although a detailed dis-
cussion of the biomechanics of tendons and ligaments at 
the cellular and molecular levels is beyond the scope of  
this Review, the basic types of force and the responses 
of tendons and ligaments to these forces are outlined in 
the following sections. Readers are referred to several 
excellent resources for further information16,31,54–57.

Types of mechanical force
The types of mechanical force that act on tendons and 
ligaments are not equivalent16 (Fig. 2a,b). Tensile force, 
the mechanical force generated as a result of stretching 
an object along its primary axis, is the dominant force 
exerted on tendons and ligaments, and as such, these tis-
sues have a high degree of resistance to it58. Compressive 
force, which is exerted on tendons and ligaments in a 
direction that is perpendicular to their primary axis, is 
high at the entheses and in wrap- around tendons59,60. 
Compressive force can also be exerted by the tertiary 
(paratenon or synovial) sheath in pathological condi-
tions such as trigger finger61. Shear force occurs between 
adjacent objects that are moving at different speeds or 
in different directions, such as when two fascicles slide 
past one another or when a tendon or ligament slides 
in its synovial sheath62. Additional types of mechanical 
force are unique to different anatomical locations. For 
example, the AF is resistant to axial rotation in addition 
to longitudinal compressive and tensile forces22. The 
AF can also withstand the hydrostatic force that occurs 
as a result of volumetric changes in the IVD, the water 
content of which can vary by 20% throughout the day63. 
Finally, it is important to note that these forces do not act 
alone, and it has been suggested that a combination of 
tensile and compressive forces can function as a trigger 
for the onset of tendon pathology60.

Resistance to mechanical stress
The ability of tendons and ligaments to resist mechani-
cal force lies in the biochemical properties of the ECM. 
In biomechanical studies, the strength of a tendon or 
ligament is often represented as a stress–strain curve 
(Fig. 2c), in which the stress is the force normalized to 
the cross- sectional area of the tissue it is being applied 
to, whereas the strain can be thought of as the ability of 
the tissue to stretch57. The slope of the stress–strain curve 
in the elastic region is the modulus, which can be used 

Box 1 | The developmental biology of tenocytes

A number of molecules have essential and non- redundant roles in tenocyte 
development, including transforming growth factor- β (TGFβ), mothers against 
decapentaplegic homologue 3 (SmAD3), the transcription factor egr1 and the 
transmembrane glycoprotein tenomodulin43; however, the transcription factors 
scleraxis (Scx) and mohawk (mkx) are the best characterized. Scx is thought to be 
upregulated at an early stage in tenocyte development during limb bud formation,  
in which it initiates tenocyte differentiation and tendon development208,209. Scx is also 
essential for the development of the enthesis210. By contrast, mkx is upregulated at a 
late stage during tenocyte development and is responsible for modifying the strength 
of a tendon once it has been formed211. Tenocytes are developmentally linked to other 
joint stromal cells, particularly chondrocytes and osteoblasts. Whereas Scx- expressing 
progenitor cells maintain some flexibility and can differentiate into chondrocytic  
cells given the right cues212, mkx strongly prevents the expression of the transcription 
factors Sox9 and runx2, which define chondrocytes and osteoblasts, respectively213,214. 
As both mkx and Scx are induced and/or activated by loading78,79, tenocyte 
development and survival depends on exposure to mechanical stress.

Periosteum
A fibrous tissue that envelops 
non- joint surfaces of bone and 
contains supportive tissue for 
the cortical bone, such as 
blood vessels and nerves.

Metaphyses
The flare (or cone- shaped) 
portion of long bones that 
connects the diaphysis to  
the growth plate.

Diaphyses
The conical shaft of long bones.

Epiphyses
The portion of bones above  
the growth plate that  
interfaces with other bones  
to form the joint.

Strength
The maximum amount of force 
that a material can absorb 
before failure.

Modulus
The ratio of stress to strain  
in the elastic region of a 
stress–strain curve.
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Such changes in the ECM composition subsequently 
affect the ability of the tissue to withstand mechanical 
stress. For example, biglycan and aggrecan protect the 
tendon against compression, but reduce its resistance to 
tension, injury and rupture71,72. The anatomical function 
of the tendon or ligament also has a direct effect on its 
biomechanical properties. Flexor tendons in the hand 
have a ‘grasping’ function and thus have a high stiffness, 
are resistant to failure and have a high energy storage 
capacity compared with extensor tendons in the hand, 
which function to straighten digits73. Similarly, ligaments 
in the knee that stabilize the tibiofemoral joint have a 
higher stiffness and resistance to failure than ligaments 
in the ankle that stabilize the tibiotalar joint owing to the 
high mechanical forces exerted on the knee ligaments 
during tibiofemoral joint stabilization74,75. Finally, resis-
tance to failure reduces as the tendon increases in age as 
a result of a reduction in cellularity and ECM component 
expression73,76.

Mechanotransduction
Mechanical stress, like any biological stress, has a physio-
logical range in which a tissue can mount a response 
to return it to its homeostatic set point. Tendons and 
ligaments adapt to mechanical stress by modifying 
their ECM to adjust their stiffness, as previously dis-
cussed16,31,77. However, it is the cells within tendons and 
ligaments that sense and orchestrate the response to 
mechanical stress. The tenocyte is thus the master regu-
lator in charge of transforming mechanical signals into 
adaptive responses in tendons and ligaments.

The tenocyte is particularly adept at mechanotrans-
duction, a process that utilizes a variety of cytokines, 
adhesion molecules and small molecules31 (Fig. 3). The 
transcription factors Scx and Mkx orchestrate mechano-
transduction in tenocytes both in vitro and in vivo78,79 by 
stimulating the expression of mechanical stress- activated 
genes, including those encoding ECM molecules, such 
as collagen, and adhesion molecules, such as integrins80. 
The molecular mechanisms by which Scx and Mkx 
are activated are poorly characterized. Scx is known to 
shuttle between the cytoplasm and nucleus in cell lines81 
and can be phosphorylated at serine residues82, thereby 
implicating cytoplasmic kinases in the activation of Scx. 
Once activated, Scx binds to the co- transcriptional fac-
tors E12 and E47, which enables Scx to bind to specific 
motifs in the DNA of genes that define tenocyte function, 
such as COL1A1 (reFs26,83). Less is known about the con-
trol of Mkx activity, although one study has shown that 
mechanical force can induce the activity of cytoplasmic 
GTF2IRD1, a transcription factor that can translocate to 
the nucleus and induce Mkx expression78.

But how then is mechanical force translated into 
chemical signals that induce a cellular response via such 
transcription factors? Research in the field of mechanobi-
ology has identified a number of mechanisms to achieve 
this translation of the physical into the chemical, either 
directly through cellular mechanosensors, or indirectly 
through mechanical stress- induced release of mole cules 
from the ECM. The following section introduces several 
mechanisms of mechanotransduction. A detailed dis-
cussion is beyond the scope of this Review, but readers  

Stiffness
The ratio of load to elongation 
in the elastic region of  
a stress–strain curve.

Mechanotransduction
The processes through which 
cells sense mechanical force 
and translate it into biological 
responses.

to describe the stiffness of the tissue. The shape of the 
stress–strain curve in tendons and ligaments is largely 
a result of the physical properties of collagen. In a rest-
ing state, collagen fibres assume a crimped orientation. 
Tension straightens out the collagen fibres, enabling the 
tissue to rapidly stretch from its crimped state, followed 
by a slower stretch as straightened fibres pull away from 
one another. Removal of this tension allows tendons 
and ligaments to return to their pre- stretched length, 
whereas an increase in tension leads to microdamage 
of the tissue (such as tearing of the collagen fibres)64. 
Multiple factors enable the return of tendons and lig-
aments to their pre- stretched length; for example, 
proteoglycan- mediated accumulation of water enables 
hydrostatic resistance to compression, and elastin mol-
ecules, which are highly organized around tenocytes65, 
can resist tensile stress66. However, this ‘elasticity’ is not 
limitless: tendons can only stretch up to 8% of their 
length before reaching their breaking point67, after 
which rupture occurs. By contrast, ligaments are able to 
resist greater stress than tendons due to a higher elastin 
content and can subsequently stretch up to 30% of their 
length before rupture68.

The response of a particular tendon or ligament to 
a specific mechanical load depends on many factors, 
including the type of mechanical stress, the anatomical 
function of the tendon or ligament and the age of the indi-
vidual. The type of mechanical stress involved can cause 
changes in the ECM; tensile stress induces the expression 
of decorin and versican, whereas biglycan and aggre-
can are induced in response to compressive stress21,69,70. 

Box 2 | The structural zones of the enthesis

When examined at a histological level, the fibrocartilaginous enthesis comprises four 
distinct zones (see the figure). Zone 1 contains a pure tendinous or ligamentous tissue 
with aligned type i collagen fibres and sparse tenocytes. Zone 2 is a region of uncalcified 
fibrocartilage with an increased tenocyte density and an increased amount of aggrecan 
compared with zone 1. A transition from type i collagen fibres to type ii and type iii 
collagen fibres occurs in zone 2. Zone 3 is a region of calcified fibrocartilage in which 
type ii collagen is dominant. in this zone, type ii collagen forms a mesh to anchor the 
tendons and ligaments to the bone215. morphologically, tenocytes transition from an 
elongated morphology in zone 1 to rounded ‘chondroid’ cells in zones 2 and 3. Finally,  
in zone 4, the bone is highly vascularized to provide nutrients to the avascular enthesis. 
The entire transition from tendon to bone occurs over ~0.5 mm of tissue215.
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are directed towards excellent in- depth reviews for 
further information31,84–87.

Focal adhesions. A dominant mechanism of direct 
mechanotransduction in tenocytes is through focal adhe-
sions, which consist of collagen- binding, membrane- 
embedded integrins and their intracellular adaptor 
proteins88 (Fig. 3). The intracellular domains of integrins 
are connected to the actin cytoskeleton via an intermedi-
ate protein called talin89. Through tensile force- induced 
rearranging of protein domains, talin can function 
as both a shock absorber90 and a molecular switch via 
tension- revealed binding sites for focal adhesion kinase  
(FAK)91 and focal adhesion stabilizing proteins such as 
vinculin92. Although not extensively studied in the context 
of tendon and ligament biology, parts of focal adhesion 
complexes are known to mediate mechanotransduc-
tion. Mechanical force applied to tendon- derived teno-
cytes in vitro causes an upregulation of focal adhesion 
components, particularly integrins80,93. Furthermore, in 
ligament- derived tenocytes, FAK recruitment to integrin 
clusters at the cell surface is associated with increased 
collagen expression94. Interestingly, in vitro stretching 
of mesenchymal stem cells induces the expression of a  
pattern of genes found in tenocytes, an upregulation that 
can be inhibited if parts of focal adhesion complexes, 
such as FAK, are specifically blocked95.

FAK can also activate the transcription factors YAP 
and TAZ96. These ubiquitous mechanical stress- sensing 
transcription factors can also be activated by changes to 
the nucleus- associated cytoskeleton that occur during 
nuclear deformation97. The activation of YAP and TAZ 

induces the expression of a range of genes, including 
those encoding focal adhesion complex components98 
and those that regulate apoptosis and cell proliferation99. 
The roles of YAP and TAZ in tendons and ligaments are 
not well defined; however, these transcription factors 
are known to be important in regulating muscle fibre 
size100 and in protecting against experimental osteoar-
thritis in mice by interfering with the transcription factor 
NF- κB101. Furthermore, nuclear deformation in tenocytes  
can occur during mechanical loading of tendons102, sug-
gesting that YAP and TAZ might be activated under such 
circumstances.

Mechanical stress- activated ion channels. Cells are able 
to directly sense mechanical stress through stretch- 
sensitive ion channels such as Piezo molecules, which 
are activated upon cell membrane deformation103. 
Mechanistically, Piezo molecules selectively allow cati-
ons such as calcium into the cytoplasm when activated. 
Although Piezo activity in tenocytes has yet to be studied, 
it is worth noting that Piezo molecules have an important 
role in chondrocyte mechanosensing104. Interestingly, 
individuals with PIEZO2 mutations develop joint con-
tractures and scoliosis105; however, it should be noted 
that this phenotype is probably caused by altered pro-
prioceptor function106. Transient receptor potential 
vanilloid 4 (TRPV4) is another stretch- activated ion 
channel that has a role in mechanical sensing via cal-
cium flux107; however, TRPV4 has also yet to be studied  
in tenocytes.

Calcium signalling itself, such as that facilitated by 
stretch- activated ion channels, probably has an important  
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Fig. 2 | Mechanical forces exerted on tendons and ligaments. The types of mechanical forces that are exerted on 
tendons and ligaments can be examined at the microscale, in which forces act on and between collagen fibres (a) and at 
the macroscale, in which forces act on the complete tendon or ligament (b). Whereas microscale mechanical forces are 
common to all tendons and ligaments, macroscale mechanical forces differ depending on the anatomical location (axial 
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linear elastic region represents the modulus of the tissue.
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role in tenocyte mechanotransduction108,109 (Fig. 3).  
A transient increase in intracellular calcium can be trans-
lated into molecular signals through calcium- binding  
molecules such as calmodulin110 and the calpain 
enzymes111, which can cleave molecules associated with 
focal adhesions112. Intracellular calcium flux can also 
be passively transmitted to adjacent cells through gap 
junction- mediated cytoplasm sharing113. In tenocytes, 
mechanical stress at physiological levels promotes gap 
junction permeability, whereas excessive mechanical 
stress is inhibitory114,115. The functional relevance of gap 
junctions in tenocytes is not yet clear, but the longitudi-
nal arrangement of inter- fascicle tenocytes suggests that 
cell–cell contact is important116.

Mechanical stress- induced cytokines. Another method 
of relaying mechanical stress signals between adjacent 
cells is through the release of cytokines and signalling 
molecules, such as prostaglandin E2 (PGE2), TNF and 
TGFβ117. For example, the tenocyte stem cell phenotype 

is reinforced by low concentrations of PGE2, whereas 
high concentrations promote transition to an osteo-
blast phenotype118. In vitro, TNF reduces collagen 
protein expression in human tenocytes while increas-
ing the expression of genes encoding matrix metallo-
proteinases (MMPs)119. Furthermore, TNF induces the 
expression of integrins and pro- inflammatory cytokines 
(such as IL-6 and IL-8) in cultured human tenocytes120. 
In tenocytes, Mkx and Scx control the expression of 
TGFβ, which is incorporated into the ECM in an inac-
tive form43 (Fig. 3). TGFβ can be released and activated 
by exposure to proteases, interaction of integrins with 
the ECM or by mechanical shearing of the ECM19,121. 
Physiological concentrations of TGFβ reduce tenocyte 
proliferation and promote collagen expression at the 
gene and protein levels and SCX expression in rabbit 
and rat tenocytes in vitro122,123. TGFβ receptor signal-
ling can also activate integrins to promote their adhe-
sion to the ECM121. By contrast, high concentrations of 
TGFβ promote tenocyte death79, which occurs within 
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Fig. 3 | Proposed tenocyte response mechanisms to mechanical stress. 
The mechanical loading of collagen fibres in tendons and ligaments is sensed 
by tenocytes, which mount a biological response to alter the extracellular 
matrix (ECM) composition of the surrounding tissue. In the unloaded state 
(left), collagen fibres are crimped, and tenocytes receive minimal internal  
and external mechanical stress signals. Inactive integrins do not form focal 
adhesion complexes, and active integrins do not initiate mechanotransduc-
tion. As a result, mechanical stress- related transcription factors are either 
destroyed, such as YAP and TAZ, or fail to enter the nucleus, such as scleraxis 
(Scx). The result is a catabolic programme to reduce tenocyte and tendon 
strength in an effort to maintain homeostatic tension. At physiological levels 
of mechanical stress (centre), internal and external mechanisms of mech-
anotransduction are engaged, resulting in increased formation and activation 
of focal adhesions and the buffering of internal mechanical stress by talin. 
Actin tension is converted to the activation of YAP and TAZ, whereas Scx is 

activated via post- translational modification to induce the expression of a 
tenocyte- defining transcriptional programme. Transforming growth factor- β 
(TGFβ) promotes a tenocyte phenotype and integrin activation, potentially 
through the proximity of integrins and TGFβ receptor, mediated by 
tenascin C. Calcium might also enter the cells through stress- activated ion 
channels such as Piezo and transient receptor potential vanilloid 4 and might 
subsequently be transmitted to adjacent cells via gap junctions. Excessive 
mechanical stress (right) results in ECM damage and a rapid loss of 
mechano transduction in the tenocyte. The result is cell death and the release 
of danger- associated molecular patterns (DAMPs) and inflammasome- 
activated cytokines such as IL-1β. These molecules can propagate cell 
death in adjacent tenocytes and can promote the recruitment of pro- 
inflammatory cells, which perpetuate the inflammatory cycle by releasing 
pro- inflammatory molecules such as TNF, IL-6, IL-17 and prostaglandin E2 
(PGE2). MMPs, matrix metalloproteinases; TLRs, Toll- like receptors.
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hours of tendon transection in vivo and within one day 
of tendon microdamage (induced by low- level load-
ing ex vivo)79,124. Mechanical stress- induced tenocyte  
cell death causes the release of a range of potent cell  
activators, including IL-1β, probably through inflam-
masome activation125 (Fig. 3). Indeed, both tenocytes 
exposed to mechanical stress and tendinopathic tis-
sues express inflammasome components and active 
IL-1β126–128. Interestingly, IL-1β can function in a par-
acrine manner to trigger an anabolic response in adja-
cent tenocytes129–131. Cell death can also release Toll- like 
receptor (TLR)-activating danger- associated molecu-
lar patterns (DAMPs). The DAMP HMGB1 is found 
in damaged tendons and can induce the expression 
of inflammatory molecules including IL-1β, IL-6 and 
CCL2 (reF.23). Relevant to chronic inflammatory arthri-
tis, monosodium urate (MSU) crystals are another class 
of DAMP that can be found at the enthesis in patients 
with gout132 and can induce new bone formation in 
mice133. MSU crystals rupture cell membranes, causing 
cell death, inflammasome activation and the subsequent 
release of IL-1β134.

ECM- mediated tenocyte activation. Mechanical stress 
can also indirectly activate tenocytes through altera-
tions in the ECM. Fibronectin is a collagen- associated, 
mechanosensitive ECM component that is found in ten-
dons and ligaments and is upregulated with injury135–137. 
DAMPs can be released from fibronectin via enzyme- 
mediated degradation, and mechanical stress can expose 
cryptic integrin binding sites on collagen fibres that 
promote cell adhesion to the ECM19 (Fig. 3). Tenascin C 
is less well characterized than fibronectin but is highly 
expressed in healthy and injured tendons and liga-
ments138. Tenascin C contains integrin- binding fibronec-
tin domains and TGFβ- binding motifs, and fragments 
of tenascin C are potent activators of TLR4 (reFs138,139). 
Hypothetically, ECM molecules such as tenascin C func-
tion in part to concentrate cytokines and DAMPs at the 
tenocyte cell surface140.

Such indirect responses of tenocytes to mechanical 
stress, similar to direct responses, function to elicit a 
homeostatic response. If mechanical stress exceeds the 
physiological upper or lower thresholds in tendons and 
ligaments, tenocyte death can occur within hours32, 
which will subsequently initiate tissue repair processes.

Tendon and ligament repair processes
Generic tissue repair follows a conserved process141,142: 
trauma- associated cell death and tissue damage causes 
the rapid recruitment of immune cells, particularly 
neutro phils and monocytes, to maintain sterility and clear 
debris. After the initial insult, macrophages coordinate  
the deposition of a temporary matrix with the resident 
stromal cells, which in turn enables a return of tissue to 
its pre- injury state through stromal cell differentiation.  
It is worth highlighting the prominent role of the macro-
phage in the healing process and its capacity to tran-
sition through a range of phenotypes depending on the 
inflammatory milieu143. The tissue healing process is 
dependent on immune cell polarization; excessive inflam-
mation mediated by T helper 1 (TH1) cells and/or TH17  

cells causes necrosis, and excessive TH2 cell- mediated 
inflammation causes fibrosis141. Damage to the tendons 
and ligaments can effectively be considered sterile inflam-
mation, a process characterized by DAMP- induced  
IL-1β release144.

As with generic tissue repair, injured tendons and 
ligaments follow a prescribed tissue repair process16,145 
(Fig. 4). Initially, 1 to 5 days after injury, an inflammatory 
response occurs in which haematoma and neutro phil 
infiltrates are common. Following this stage, fibro-
blastic proliferation occurs between 6 days and 6 months  
after injury, during which time new collagen (pre-
dominantly type III collagen) is synthesized. Finally, 
collagen remodelling takes place 6 to 12 months after 
injury. This repair pathway is potentially perturbed in 
systemic inflammatory conditions such as RA and SpA;  
however, no evidence currently exists to support or reject  
this hypothesis.

Tendon and ligament healing is initiated by fascicle 
damage. Acute or chronic tendon injuries cause the 
unloading of tenocytes through rupture or microdam-
age, respectively16. Tenocyte death occurs within hours 
of unloading32,79,146. As discussed above, cell death is 
associated with the release of pro- inflammatory factors 
such as PGE2, IL-1β, IL-6 and TNF, which can in turn 
activate a pro- inflammatory and phagocytic response in 
myeloid cells14,37,147. In wound healing, resident myeloid 
cells function as sentinels of tissue damage and are rap-
idly activated by such pro- inflammatory molecules148. 
However, whether resident myeloid cells truly exist in 
healthy tendons and ligaments is not yet clear owing to 
a scarcity of studies on healthy tissue.

The recruitment of immune cells and aqueous ele-
ments of blood creates a haematoma, thereby marking 
the early stage of wound healing. This stage is charac-
terized by monocyte and neutrophil influx, mediated in 
part by CCL2. Indeed, running- exacerbated peripheral 
arthritis is mediated by CCL2 (reF.13), and IVD expres-
sion of CCL2 strongly correlates with oedema and fatty 
lesions in patients with degenerated discs149. These 
recruited myeloid cells are activated by DAMPs and 
cytokines in the damaged tissue, triggering the removal 
of debris via phagocytosis147. Activated myeloid cells 
further promote the degradation of damaged ECM 
through MMP release and stimulate the deposition of a 
temporary matrix of type III collagen32 and fibronectin135 
to facilitate tissue healing. During this stage, a positive 
feedback cycle probably exists between tenocytes and 
immune cells, which promotes the conversion of mono-
cytes and/or macrophages into a pro- inflammatory, 
M1-like phenotype120.

Compared with myeloid cells, the role of lympho-
cytes in tendon and ligament healing is poorly defined. 
Enthesis- resident populations of lymphocytes exist 
in mice and humans47,48,150, and lymphocytes are also 
recruited during injury to tendons and ligaments151. 
One possibility is that resident or recruited lymphocytes 
fine- tune the immune response in tendon and ligament 
repair through their known role in macrophage acti-
vation152. It is also important to highlight the role that 
tissue- resident lymphocytes have in tissue repair and 
homeostasis, specifically through their promotion of 
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stromal cell function153–155. One possibility is that such 
a function could be carried out by enthesis- resident 
lymphocytes; however, this hypothesis has yet to be 
explored.

During the intermediate stage of tendon and liga-
ment healing, days to weeks after injury, tenocyte pro-
genitor cells differentiate and migrate from the sheath 
into the damaged tissue following acute rupture32 or 
chronic overloading156. TGFβ and Scx are crucial for the 
promotion of tenocyte phenotype during this phase79. 
Failure of Scx induction in tenocyte progenitor cells 
promotes a chondrogenic or osteoblastic phenotype43 
and, ultimately, ossification at tendon wound sites32. 
Immunologically, the intermediate phase is charac-
terized by a transition of macrophages from a pro- 
inflammatory, M1-like phenotype to a pro- resolving, 
M2-like phenotype35. Pro- resolving macrophages have 
an increased phagocytic capacity, which enables them to 
remove collagen, potentially through mannose receptors 
such as CD206 (reF.157). These macrophages also have an 
increased capacity for promoting ECM production com-
pared with pro- inflammatory macrophages143. Interest-
ingly, CD206, a marker of pro- resolving macrophages,  

is highly expressed in patients who are free of pain 
following tendon surgery, supporting a role for these  
macrophages in tendon and ligament repair37.

Finally, the tendon and ligament tissue repair pro-
cess ends with the late remodelling stage, which is char-
acterized by the replacement of the temporary type III 
collagen matrix with a long- term type I collagen matrix, 
as well as a reduced cellularity of repaired tissue. In 
adults, this repaired tissue never regains its pre- damage  
architecture despite regaining some function16,158,159.

Mechanical stress in disease
The field of musculoskeletal research has used knowl-
edge of the mechanobiology and of the healing pro-
cess of tendons and ligaments to make advances in the 
understanding of the basic biology of tendon and liga-
ment disorders. These disorders cover a spectrum from 
those of an acute, self- resolving nature, such as strains, 
to chronic conditions involving tendon and ligament 
failure (Box 3). The pathophysiology of chronic tendon 
or ligament inflammation, however, such as in tendinop-
athy, is less well understood, in part owing to limitations 
of current in vivo models16,145.
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Immediate (hours)
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Late (months)

Collagen 
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MMP release and
collagen digestion

Tenocyte precursor
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• Persistent fibrovascular scar
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transition
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Type III
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Fig. 4 | The tendon and ligament tissue repair process. Tenocyte death occurs following unloading of tendons, which 
happens after rupture and microdamage, causing the release of cytokines and damage- associated molecular patterns 
(DAMPs). This death results in the rapid activation of adjacent stromal cells and, potentially , tissue- resident immune cells, 
propelling the injured tissue into a state of repair. The early phase of tendon and ligament repair is an inflammatory phase, 
characterized by myeloid cell recruitment, the transition of monocytes to pro- inflammatory (M1) macrophages and the 
removal of apoptotic tenocytes and extracellular matrix (ECM) debris by phagocytosis. Tenocytes and myeloid cells work 
together to ensure an adequate catabolic response. The intermediate phase of tendon and ligament repair is characterized 
by a resolution of inflammation and an increase in pro- resolving (M2) macrophages. During this stage, tenocyte precursor 
cells are recruited into the lesion to assist with ECM repair through the deposition of a temporary type III collagen matrix.  
In the late phase, this temporary matrix is slowly remodelled to a permanent, type I collagen- dominated matrix. The 
recovered tissue in adult tendons and ligaments never regains its pre- injury architecture and is frequently scar- like in 
appearance. MMP, matrix metalloproteinase.
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In this section, we focus on mechanical stress and 
immune aspects of tendon and ligament failure of the 
peripheral and axial skeletons, namely tendinopathy 
and IVD degeneration, respectively. Lessons from these 
examples are juxtaposed to forms of chronic inflam-
matory arthritis, in which evidence is emerging for 
mechanical stress as an environmental trigger for the 
onset of arthritis, thereby demonstrating the relevance of 
tendons and ligaments in the pathophysiology of arthri-
tis. Before diving into the discussion, it is prudent to note 
that although mechanical stress is an important factor 
for triggering tendinopathy and inflammatory arthritis, 
it is not the only factor. Inflammatory arthritis has clear 
genetic and microbial associations160, whereas factors 
such as inappropriate innervation and vascularization 
have been proposed as triggers for tendinopathy161.

Tendon and ligament disorders
Tendinopathy versus inflammatory arthritis. The role 
of mechanical stress in tendinopathies has been com-
prehensively characterized by basic research. Broadly, 
trauma causes a shift in collagen isotype expression and 
tertiary structure in tendons, as well as the rounding of 
stromal cells162. In animal models of tendinopathy, adult 
tendons fail to regain full function and do not regain 
their pre- injury architecture158. The failure of tendons 
in humans to completely heal after injury potentially 
explains why patients with tendinopathy are at risk of 
re- injury and why surgical intervention for tendinopathy 
often fails4,159. Abnormal cartilage and bone formation 
occurs in response to injury or excessive stress in the 
axial and peripheral skeletons of mice deficient in Mkx 
or Scx24,163, highlighting the important role of the teno-
cyte in tendon and ligament homeostasis. Likewise, in 
human tendinopathy, hardening of the tendons and lig-
aments often occurs and can vary in presentation from 
cartilaginous metaplasia164 to ossification165.

By contrast, less is known about the role of mechani-
cal stress in chronic inflammatory arthritis. Mechanical 
loading can induce measurable signs of tendon and lig-
ament inflammation, albeit often at a subclinical level; 
assessments of healthy individuals undergoing intense 
physical activity, such as athletes or military recruits, 
often reveal sacroiliac joint lesions on MRI similar to 
those seen in patients with SpA166,167. Epidemiologically, 
physical trauma is associated with the onset of PsA168, 
and physical workload increases the risk of developing 
RA169. Indeed, enthesitis is a well- established prodro-
mal symptom in patients with SpA170, and tenosyno-
vitis can be predictive of the development of RA171. 
Importantly, although both RA and SpA involve bone 
erosion localized to points of enthesis insertion, only 
SpA presents with coincident bone formation at these 
locations. In RA, bone erosions of the small joints 
of the peripheral skeleton have traditionally been 
described as ‘peri- articular’172, although a study from 
the past year has linked the site of erosions to enthe-
seal insertions13. In SpA, new bone formation occurs 
at peripheral entheses, such as at the Achilles tendon 
and metacarpophalangeal joint insertions, and at axial 
entheses, such as the sacroiliac joint, vertebral facet 
joints and between vertebral bodies173,174. Peripheral 
and axial entheses are considered to be a principal site 
of clinical symptoms and pathological changes in SpA, 
despite the presence of systemic perturbations to the 
immune system175,176.

Evidence from genetic studies and animal models, 
and current therapeutic strategies, suggest an impor-
tant role for systemic inflammation in SpA117 and RA177. 
Although some inflammatory pathways (such as TNF 
signalling) seem to be involved in both RA and SpA, 
other inflammatory pathways seem to be specific for 
one disease or the other. For example, the IL-17–IL-23 
pathway has a role in active joint inflammation in SpA, 
whereas it seems to be involved only in the early stages 
of RA, prior to the onset of arthritic symptoms178. This 
discrepancy is reflected in the efficacy of IL-17 inhibi-
tors in treating SpA179,180 but not RA181. Notably, IL-23 
seems to be important in peripheral SpA182 but its 
involvement in axial SpA is uncertain183. In the patho-
genesis of RA, IL-6, IL-1β and B cells have well- defined 
roles, as reflected by the success of therapeutics block-
ing these cytokines and cells184. However, these systemic 
inflammatory components do not explain why these dis-
eases affect particular anatomical locations in the axial 
and peripheral joints.

Although a few studies have explored the genet-
ics of tendinopathy, little progress has been made in 
comparison to the genetic understanding of chronic 
inflammatory arthritis. Large genetic studies have yet 
to be performed in patients with tendinopathy to con-
nect common genetic variants to disease. Small- scale 
studies have linked a few genetic variants to tendinop-
athy, particularly in genes encoding ECM- related mol-
ecules such as collagen, and pro- inflammatory or tissue 
remodelling molecules such as IL-1β and MMPs185. 
However, the functional relevance of such variants 
is unknown. At the transcriptomic level, microarray 
analyses of tendinopathy tissue samples have revealed 

Box 3 | Types of tendinopathy

Tendinopathy is a broad term to describe pain and decline of tendon and ligament 
function associated with overuse. Classic examples of tendinopathy include those of 
moderate severity, including tennis elbow and Achilles tendon inflammation, and more 
serious injuries, such as tears or ruptures of the rotator cuff. on the basis of available 
evidence, it can be assumed that the repair process in tendinopathy is similar to acute 
tendon injury healing, as pro- inflammatory cell types, fibroblast proliferation and  
type iii collagen turnover are present, but for reasons that are poorly understood, the 
repair process fails to enter the resolution phase, resulting in long- term inflammation 
and fibrosis151,216.

The two main categories of tendinopathy (or ligament injury) are classified according 
to their anatomical location52: insertional tendinopathies occur at the entheses, whereas 
non- insertional tendinopathies occur at the midportion of tendons (for example,  
2 to 6 cm proximal to the enthesis of the Achilles tendon)217. in an epidemiological 
investigation of 1,394 non- athletes presenting at an orthopaedic clinic, Achilles 
tendinopathy was found in 5.6% of individuals with a roughly equal presentation of 
insertional and non- insertional types218. insertional tendinopathy tends to occur more 
frequently in active individuals, whereas when controlling for confounding factors, 
non- insertional tendon injury tends to occur in older, less active and overweight 
individuals219. By contrast, the majority of ligament injuries seem to occur in the 
midportion220,221; however, certain ligaments, such as the medial collateral ligament, 
more commonly fail at the insertion222. These differences in location are seldom 
addressed in studies, and it is unknown whether mechanisms of pathogenesis differ 
between insertional and non- insertional tendinopathy or ligament injury.
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changes in the expression of genes related to ECM 
molecules and ECM- interacting molecules such as 
integrins, as well as TGFβ and components of IL-1β 
signalling pathways186.

Despite the suggestions of immune involvement 
from these genomic studies149,150, and the known role 
of the immune system in tendon healing (outlined in 
the previous section), the contribution of the immune 
system to tendinopathy is not well understood. A 2018 
meta- analysis of tendinopathy reviews concluded that 
over the previous 5 years, a paradigm shift has occurred 
in the field of basic tendinopathy research regarding 
ideas about a bona fide immune contribution to the dis-
ease, rather than tendinopathy being viewed purely as a 
degenerative disorder15. The studies behind this para-
digm shift examined haematopoietic cell subsets using 
general cell markers such as CD68 for macrophages 
or CD3 for T cells187, which revealed the presence of 
immune cells in damaged tendons, but few studies 
have involved a deeper level of immunological analysis. 
Persistent activation of NF- κB in tenocytes is thought 
to promote tendinopathy37,188,189; however, it is unclear 
exactly what is activating this transcription factor, as 
it can be activated by many pro- inflammatory stimuli, 
including IL-1β, TNF and IL-17. In early rotator cuff 
injury, evidence suggests a role for IL-17, which is pres-
ent in macrophages and mast cells and causes tenocytes 
to produce IL-6, IL-8 and CCL2 (reF.151). In addition, 
a shift in tenocyte phenotype has been identified in 
tendinopathy, whereby integrins and angiogenic mark-
ers are upregulated and the cells become hypersensitive 
to IL-1β stimulation38,188. In summary, immunologi-
cal studies have shown remarkable similarity between 
chronic inflammatory arthritis and tendinopathy in 
terms of their molecular mediators. Despite this sim-
ilarity, research in the two fields has been relatively 
independent.

Lessons from IVD degeneration. Notably, the pathology 
of spinal ligament injury is biologically comparable to 
that of tendinopathy. Mechanical stress can be a trig-
ger for IVD degeneration through damage to the outer 
AF25,190, resulting in severe back pain191. As with tendin-
opathy, injury to the IVD involves ECM degradation and  
an appreciable immune contribution, with IL-1β  
and TNF being strongly implicated191. AF stromal cells, 
like classic tenocytes, also die in response to mechanical 
stress in the IVD192. In support of a role for inflammation 
in IVD degeneration, mice that express human TNF and 
mice that cannot negatively regulate IL-1β both develop 
spontaneous inflammatory disc degeneration193,194. 
Mice that lack Mkx also have spontaneous disc degen-
eration and ectopic bone formation between vertebrae, 
which can be expedited by exerting mechanical stress 
on the axial skeleton through prolonged bending of the 
tail24. Interestingly, new bone growth between verte-
bral bodies in patients with AS seems to occur in areas 
associated with the outer AF, and not with longitudinal 
ligaments195–197. In fact, studies estimate that over 40% 
of patients with axial SpA have signs of IVD degener-
ation198,199, and end- stage disease in SpA is character-
ized by complete fusion of the axial skeleton, making 

a discussion of IVD degeneration and the outer AF  
particularly relevant for this disease.

Tendons and ligaments in arthritis
Evidence from mouse models of inflammatory arthri-
tis is generally supportive of tendon and ligament 
involvement. Although some models have mild ten-
don and ligament inflammation, such as aged DBA1 
mice200, LysM- cre.A20 mice (which have a conditional 
knockout of A20 in myeloid cells)201, TNF∆ARE mice202 
(which have a dysregulation of TNF mRNA, result-
ing in systemic TNF overexpression) and mice with 
collagen antibody- induced arthritis (CAIA)150, other 
models have severe entheseal inflammation, such as 
SKG mice203 and B10.RIII mice with plasmid- induced 
overexpression of IL-23 (reF.150). In addition to revealing 
the important roles of cytokines such as TNF and IL-23 
in tendon- associated and ligament- associated arthritis, 
studies in mouse models of disease also led to the dis-
covery of a population of enthesis- resident γδT cells47. 
Studies from the past few years have also demonstrated 
that mechanical stress can exacerbate inflammatory 
arthritis in some of these mouse models. Hindlimb 
unloading to relieve mechanical stress in TNF∆ARE mice  
and in mice with collagen- induced arthritis (CIA) 
limited enthesitis in these animals13,204. By contrast, 
increasing mechanical stress by allowing mice to 
undergo voluntary running accelerated the onset and 
worsened the severity of arthritis in mice with CIA, 
mice with CAIA and TNF∆ARE mice13. Notably, these 
studies do not report an effect of mechanical stress on 
systemic immunity, as reflected by equivalent autoan-
tibody titres with or without mechanical loading in 
mice13. However, surprisingly, RAG knockout mice, 
which are deficient in T cells and B cells, still developed 
mechanical stress- exacerbated arthritis13,204, ruling out 
a role for adaptive immune cells in the initiating phases 
of disease.

Given the importance of tenocytes in responses to 
mechanical stress, questions arise as to the extent of ten-
don and ligament stromal cell involvement in inflamma-
tory arthritis. Currently, few data are available to address 
this question. An elegant study involving TNF receptor 
type I (TNFR1) deficiency in non- haematopoietic cells 
revealed an essential role for TNF in stromal cells in the 
onset of arthritis in TNF∆ARE mice202. However, this study 
did not specifically address tenocytes, as the authors used 
a type VI collagen- Cre system to delete TNFR1 in a range 
of stromal cells, including those in bone, cartilage and 
muscle205. Further evidence of altered tendon and liga-
ment stromal cells in inflammatory arthritis comes from 
the observation that CCL2 is induced in mechanically 
stressed tendons13. CCL2 is also induced by mechanical 
stress of tenocytes in vitro13. Finally, mice with CAIA 
undergoing voluntary running developed arthritis in the 
absence of a lipopolysaccharide boost, which is usually 
required after anti- collagen antibody administration13. 
This result suggests that mechanical stress- induced 
activation of complement206, or release of DAMPs, 
such as HMGB1, from injured tendons23,126 might 
contribute to the focusing of systemic inflammation  
at the tendons and ligaments.
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To fully address the question of how mechanical 
stress- induced inflammation is diverted from resolution 
of injury to joint destruction in inflammatory arthritis 
(Fig. 5), it is important to highlight that the dominant loca-
tion of articular inflammation differs by disease: in SpA, 
inflammation is predominantly entheseal, whereas in RA 
it is synovial207. This difference in location suggests that 
the underlying immune perturbations in SpA and RA 
promote different mechanisms of pathogenesis in each 
disease. In SpA, mechanical stress- induced microdamage 
might fail to completely heal owing to systemic increases 
in IL-17–IL-23-mediated immunity, resulting in ectopic 
bone formation as the tissue fails to adapt to subsequent 
mechanical loading. In RA, tendon and ligament dam-
age could trigger the deposition of autoantibodies in the 
synovioentheseal complex, after which epitope spreading  
could facilitate the transition of inflammation to the syno-
vium. Such a provocative hypothesis requires mechanis-
tic studies that interface immunology and biomechanics 
to fully understand the relationship between mechanical 
loading and chronic inflammatory arthritis.

Conclusions
Musculoskeletal disorders are a substantial burden to 
society5–7. Therefore, it is paramount that the mechano-
biology of tendons and ligaments be understood. Tools 

and knowledge are being developed in the fields of bio-
mechanics, cellular biology and immunology that, when 
combined, will provide great insight into musculoskele-
tal diseases of seemingly diverse origins, such as tendin-
opathy and chronic inflammatory arthritis. Homeostatic 
responses to mechanical stress is a fundamental con-
cept in biology: a concept that involves elements of the 
immune system. Although an appreciation of immune 
involvement in mechanical stress- associated disorders of 
tendons and ligaments of the peripheral and axial joints 
is emerging, the underlying immunopathogenesis is 
poorly understood in comparison with that of inflamma-
tory arthritis, which could serve as inspiration for future 
tendinopathy research. Similarly, mechanical stress is an 
important cofactor that should be considered in future 
studies of inflammatory arthritis, especially during the 
initiating phases. In vitro and in vivo models of mechani-
cal stress that are used routinely in tendinopathy research 
could be leveraged to properly understand the interac-
tion between perturbed immunity and mechanical stress 
in the onset of arthritis. Undoubtedly, future research 
will shed new light on responses to mechanical stress 
in musculoskeletal diseases, which will uncover novel 
therapeutic opportunities.
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Fig. 5 | Proposed model of the relationship between mechanical stress and inflammatory arthritis. Chronic 
inflammatory arthritis, including rheumatoid arthritis (RA) and spondyloarthritis (SpA), has defined genetic and 
environmental risk factors, but the relative contribution of these factors to the onset of systemic inflammation differs 
between diseases. Smoking is a well- recognized environmental risk factor for both SpA and RA , as are bacterial infections 
of barrier surfaces, albeit at different anatomical locations in RA and SpA. Genetic and environmental risk factors synergize 
to promote systemic inflammation that has both shared and distinct features in RA and SpA. The normal healing process 
that occurs after mechanical stress- induced microdamage at entheseal sites is hijacked by perturbed systemic immunity 
resulting in sustained entheseal inflammation and aberrant tissue healing. In RA , the result is bone erosion, probably as a 
result of protracted osteoclast activation in the subchondral bone adjacent to the enthesis. In SpA , subchondral bone 
erosion occurs coincident with entheseal fibrosis and subsequent ossification, possibly owing to persistent tenocyte 
activation through the IL-17–NF- κB axis. IBD, inflammatory bowel disease.
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Systemic sclerosis (SSc) is a complex connective tissue 
disease that is characterized by autoimmunity, progres-
sive generalized obliterative vasculopathy and wide-
spread aberrant tissue fibrosis1,2. Digital vascular disease 
(vasculopathy) occurs in almost all patients with SSc 
and can range in severity from symptoms of Raynaud 
phenom enon to irreversible ischaemic tissue injury caus-
ing ulceration and, potentially, gangrene. Although SSc is 
a heterogeneous disease, Raynaud phenomenon occurs 
in most patients and is the most common symptom and 
clinical sign of the disease2,3. Whereas in primary or 
‘idiopathic’ Raynaud phenomenon, tissue ischaemia is 
transient or reversible, in secondary Raynaud phenom-
enon (such as SSc- associated Raynaud phenomenon) 
persistent tissue ischaemia can occur, resulting in dig-
ital ulceration and/or gangrene. However, only limited  
data exist to suggest an association between the sever-
ity of Raynaud phenomenon and the presence of  
digital ulcers4, which probably reflects the complexity  
of vascular (and skin) involvement in SSc.

In this Review, we discuss the full spectrum of 
Raynaud phenomenon and digital ulcers in SSc, includ-
ing relevant epidemiology, pathophysiology, diagnosis, 
classification and management. We highlight when 
to suspect SSc in the setting of Raynaud phenom-
enon and discuss how to assess a patient with Raynaud 

phenomenon to identify ‘red flags’ that indicate potential 
SSc. We also cover current unmet needs and research 
priorities in Raynaud phenomenon and digital ulcers 
and discuss the concept of a unified vascular phenotype, 
for which therapy that affects the vasculature could be a 
disease- modifying strategy.

Epidemiology
Endothelial injury is an important initiating event in SSc 
that often manifests clinically as Raynaud phenomenon. 
Registry analyses suggest that ~95% of patients with SSc 
will develop Raynaud phenomenon3; the remaining 5% 
might not fulfil strict definitions of Raynaud phenom-
enon (which often necessitate at least a bi- phasic dig-
ital colour change) but digital microangiopathy is 
usually still evident in these individuals by the pres-
ence of abnormal capillary morphology at the nailfold.  
In patients with limited cutaneous SSc, Raynaud 
phenom enon can pre- date the diagnosis of SSc by many 
years, whereas in patients with diffuse cutaneous SSc, 
Raynaud phenomenon typically develops closer in time 
to the onset of skin sclerosis5.

Digital ulcers are common in patients with SSc and 
are one of the main causes of disease- related pain and  
morbidity6, with a point prevalence of 5–10%7–11. 
Approximately 50% of patients with SSc will develop 
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digital ulcers at some stage during the disease course, 
although some studies have shown higher or lower rates. 
For example, in a study using the European Scleroderma 
Trials and Research (EUSTAR) cohort database, the 
probability of developing digital ulcers was 70% at 
the end of the 10- year observation period12. Patients 
often develop ulcers on multiple digits simultaneously, 
including on the fingertips and the extensor aspect of the 
digits13. Some studies have shown a higher prevalence 
of fingertip ulcers than extensor ulcers13–15, whereas in 
another study extensor ulcers had a similar prevalence to 
fingertip ulcers and were similarly disabling11, although 
reasons for the discrepancies between these results are 
unclear. Despite the availability of a number of advanced 
therapies to prevent and treat digital ulcers, recurrent 
ulceration can develop in around one third of patients 
with SSc16.

Clinical presentation
Raynaud phenomenon is a highly variable symptom 
complex that results from aberrant digital perfusion. 
Digital colour changes are the cardinal symptom of 
Raynaud phenomenon (Fig. 1), although other body 
sites and vascular beds can be affected, including the 
toes, lips, ears, nose and nipples17. The stereotypical 
series of colour changes that occurs during an episode 
of Raynaud phenomenon is an initial white or pallor 
(caused by vasoconstriction or occlusion of pre- capillary 
arterioles) followed by blue or purple (indicating 

cyanosis from the deoxygenation of sequestered blood) 
and finally, red (caused by post- ischaemic hyperaemia)17. 
Digital ischaemia also results in considerable pain and 
paraesthesias.

In general, the majority of patients with primary 
Raynaud phenomenon will develop symptoms by 
30 years of age, whereas Raynaud phenomenon is almost 
always secondary if symptoms develop after 40 years of 
age17. Patients with SSc can identify different theoretical 
patterns in their Raynaud phenomenon, which might 
evolve over time and reflect the progression of vasculo-
pathy; for example, established disease is associated with 
persistent features of tissue ischaemia18. Cold exposure is 
an important trigger for episodes of Raynaud phenom-
enon; however, most patients with SSc will experience 
symptoms of Raynaud phenomenon throughout the 
year owing to their typically low threshold for cold 
sensitivity19. Another important trigger of episodes in 
individuals with either primary or secondary Raynaud 
phenomenon is emotional stress17. A number of classi-
fication and diagnostic criteria for Raynaud phenom-
enon have been proposed20–24. In general, most of these 
proposed criteria are based on patient- reported episodic 
digital colour changes in response to cold exposure and 
require at least a two- colour change to diagnose or 
classify a patient as having Raynaud phenomenon.

Approximately 75% of patients with SSc will develop 
their first digital ulcer within 5 years of their first 
symptom other than Raynaud phenomenon7 (Fig. 2). 
Moreover, progressive vasculopathy in patients with SSc 
can progress to critical ischaemia and gangrene (Fig. 2f), 
which affects 1.5–9.0% of patients and can necessitate 
digital amputation25,26. Digital ulcers in patients with 
SSc are associated with considerable pain11,27, increased 
analgesia requirements28, reduced health- related quality 
of life29 and increased hand- related disability (including 
a negative effect on occupation- related activity)8,27,30,31. 
Data from the Digital Ulcers Outcome (DUO) registry 
show that patients with ‘chronic’ and ‘recurrent’ digital 
ulcers have an increased rate of impairment in activi-
ties, including those related to their occupation, and an 
increased need for both paid and unpaid help to perform 
daily tasks and activities compared with other patients 
from the registry16. In addition, these patients also have 
the greatest need for interventions such as hospitali-
zation and analgesia16. In the EU, the estimated mean 
annual cost per patient of SSc- associated digital ulcers is 
€20,533, increasing to €24,295 if there are complications, 
such as osteomyelitis or gangrene, and approximately 
10% of this total cost per patient is a result of lost work 
productivity from patients and/or their caregivers32. 
The availability of non- proprietary medications should 
enable this cost to fall in the future.

SSc- associated digital ulcers are also typically very 
slow to heal. In an observational study that included 1,614 
digital lesions, the mean time to healing for ‘pure’ (ischae-
mic) digital ulcers was 76.2 days (range 7–810 days) and 
for calcinosis- derived digital ulcers was 93.6 days (range 
30–388 days)15. The characteristics of digital ulcers that 
were associated with a delay in ulcer healing included the 
presence of fibrin, wet or dry necrosis, eschar, gangrene 
and the exposure of bone and tendon15. Digital ulcer 

Key points

•	vascular injury and raynaud phenomenon are the earliest manifestations of systemic 
sclerosis (SSc).

•	patients with raynaud phenomenon need careful assessment to identify secondary 
causes such as SSc using investigations including nailfold capillaroscopy and 
autoantibody detection.

•	raynaud phenomenon and ischaemic complications such as digital ulcers are the 
main causes of disease- related morbidity in patients with SSc.

•	The classification and assessment of digital ulcers can be challenging, although 
progress has been made in understanding the pathogenesis of ulcers, in improving 
patient experiences and in ulcer definition.

•	A number of treatments are available to both prevent and heal digital ulcers, 
including vasoactive drug therapies and ulcer debridement.

•	The concept of a unified vascular diagnosis could herald the onset of a potential 
disease- modifying effect in SSc of therapies that affect the vasculature.
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Hyperaemia
A relative increase in tissue 
perfusion or blood flow.

Paraesthesias
Abnormal sensory symptoms, 
for example tingling and 
numbness.

Eschar
Necrotic ulcer tissue that is 
often dark coloured or black 
and that is fully adherent to the 
ulcer base.

NATure reviewS | RheuMAToloGy

R e v i e w s

  volume 16 | April 2020 | 209



infection (Fig. 2e) is also associated with delayed ulcer 
healing, as well as with osteomyelitis33,34. The most com-
mon organism to cause infection in SSc- associated digital 
ulcers is Staphylococcus aureus (~50% of cases)33,34. Enteric 
organisms such as Escherichia coli and Enterococcus  
faecalis have also been reported in ~25% of patients with 
SSc- associated digital ulcers33, highlighting the need 
for patient education about the importance of meticu-
lous wound care. Infection is associated with increased 
tissue perfusion (as assessed by imaging) to both the cen-
tre of the ulcer and the surrounding area and is highly  
negatively correlated with time to healing35.

Pathophysiology
Primary Raynaud phenomenon is considered an isolated 
functional vasospastic condition, whereas the aetio-
pathogenesis of SSc- associated Raynaud phenomenon 
includes factors such as: endothelial cell injury (possibly 
autoantibody mediated); an imbalance between 
vasoconstrictor and vasodilator molecules (such as 
endothelin 1 and nitric oxide, respectively); structural 
microvascular changes from progressive microangio-
pathy; and intravascular events that lead to luminal 
occlusion and increased vasoconstriction, including 
platelet activation and impaired fibrinolysis (reviewed 
elsewhere2,36).

Fingertip ulcers are generally considered to be 
ischaemic in origin, whereas extensor ulcers (particu-
larly those on the small joints of the hands) can also be 
related to recurrent trauma at exposed sites and poten-
tially caused by increased skin tension37 (Fig. 3). Patients 
with SSc can also develop digital ulceration at sites of 
underlying subcutaneous calcinosis6,15. The pathogenesis 
of calcinosis- associated ulcers is thought to differ from 
that of ischaemic ulcers, with potential roles for local 
mechanical and inflammatory phenomena7. By contrast, 
relatively little (if anything) is known about the patho-
physiology of ulcers that occur at less frequently affected 
sites, such as at the base of the nail and on the lateral 
aspect of the digits.

Whether SSc- associated digital ulcers can be consid-
ered the consequence of ‘severe Raynaud phenomenon’ 

is debatable, but digital ulcers are generally considered 
to be a manifestation of advanced vasculopathy. In one 
study, patient- reported severity of Raynaud phenom-
enon was higher in patients with active digital ulcers 
than in those without digital ulcers4. SSc- associated 
microangiopathy as assessed by capillaroscopy (namely 
capillary dropout) is also strongly associated with a 
number of clinical outcomes in SSc, including the occur-
rence of new digital ulcers38–41. However, irrespective of 
the underlying cause, skin ulcers can result in substan-
tial irreversible tissue loss. For example, lower- limb 
macro vascular involvement is well recognized, particu-
larly in patients with limited cutaneous SSc who have 
anti- centromere antibodies42,43. Cutaneous ulceration 
of the lower limbs has not been studied as comprehen-
sively as that of the digits in patients with SSc, and the 
diverse clinical appearance (Fig. 4) and aetiopathogenic 
factors involved in lower- limb ulceration (such as arte-
rial and venous macrovascular disease and lymphatic 
abnormalities) warrant further study44,45.

Assessment
Early recognition of SSc- associated Raynaud phenom-
enon is important to facilitate the early diagnosis and 
management of other SSc- associated disease manifes-
tations. Clinicians should be aware of a number of red 
flags (Box 1) that are strongly suggestive of secondary 
causes of Raynaud phenomenon such as SSc. Important 
red flags for SSc also feature in the proposed EUSTAR 
Very Early Diagnosis of SSc (VEDOSS) criteria, which 

Fig. 1 | Clinical presentation of Raynaud phenomenon. 
Smartphone photographs of episodes of Raynaud phenom-
enon in a patient with primary Raynaud phenomenon and 
established peripheral nerve damage from entrapment  
neuropathies. The images show pallor (index, middle and 
little fingers) and cyanosis or bluish colouration (ring finger) 
with sparing of the thumb, which is suggestive of primary 
Raynaud phenomenon155.
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Fig. 2 | Clinical presentation of digital ulcers in systemic 
sclerosis. a | An ischaemic digital ulcer on the tip of the 
ring finger. b | Ischaemic digital ulcers on the volar aspect 
of the digits. c | Digital ulcers on the extensor aspect of the 
hands overlying the small joints. d | Calcinosis- associated 
digital ulcers on the fingertips. e | An infected digital ulcer. 
f | Critical digital ischaemia (gangrene) of the middle finger.
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include Raynaud phenomenon, puffy fingers and posi-
tive antinuclear antibody (ANA) staining46; further val-
idation of these criteria is ongoing. A second objective of 
patient assessment is to determine the effect of Raynaud 
phenomenon, including the development of persistent 
tissue ischaemia, on quality of life and function.

Important investigations used in the assessment of 
patients with Raynaud phenomenon in whom secondary 
Raynaud phenomenon is suspected include the detection 

of autoantibodies and nailfold capillaroscopy, which 
are strong independent predictors of progression from 
isolated Raynaud phenomenon to SSc47. In a large pro-
spective study of 586 patients with Raynaud phenome-
non who were followed up over 3,197 patient years, 
12.6% developed definitive SSc47. Multivariate analysis 
revealed that predictors of progression to definitive SSc 
included the detection of ANAs by indirect immuno-
fluorescence (IIF) (HR 5.67, 95% CI 1.87–17.10), the 

Silent phase

Early ulcer

Established ulcer

• Progressive microangiopathy
• Proximal (large) vessel disease
• Skin sclerosis
• Hand contractures
• Calcinosis
• Smoking
• Vasoactive therapies
• Systemic vasculopathy?

Healing ulcer

Healed ulcer

Infection

Reperfusion injury?

Focal ischaemia

Increased blood flow
to surrounding ulcer

Central
ischaemia

Promotes
tissue
ulceration

Trauma

Digital
pitting scar

No ischaemic
tissue loss

Fig. 3 | The pathogenesis of systemic sclerosis-associated digital ulcers. Several factors are thought to be involved  
in the silent phase of digital ulcer development. In patients with these risk factors, focal ischaemia and trauma can promote 
the loss of tissue integrity and initiate ulceration. As the ulcer develops, a central core of tissue ischaemia enlarges, which  
is often surrounded by inflammation or erythema in the non- ulcerated skin. The mechanisms and implications of this 
inflammation are currently unknown, but it might be evidence of increased blood flow from neoangiogenesis, which  
could promote ulcer healing. However, excessive blood flow could just as easily result in a form of reperfusion injury and 
exacerbate further tissue injury. In addition, infection is also associated with peri- ulcer inflammation. As the ulcer heals, 
the tissue is either restored or evidence remains of persistent digital ischaemic tissue loss. Digital pitting scars can also 
occur without prior ulceration.
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presence of SSc- specific autoantibodies (HR 4.70, 95% 
CI 2.48–8.90) and detection of the SSc pattern (Fig. 5) on 
nailfold capillaroscopy (HR 4.50, 95% CI 2.70–7.50)47. 
In the following section, we discuss the clinical investi-
gations (including laboratory tests) and various clinical  
imaging techniques that are used to assess Raynaud  
phenomenon and vascular function in SSc, followed by the 
definition, classification and assessment of digital ulcers.

Clinical investigations
In patients with Raynaud phenomenon, a detailed exam-
ination of the hands should be performed to look for 
evidence of SSc skin involvement (such as sclerodactyly), 
signs of persistent digital ischaemia (such as digital pit-
ting scars and ulcers) and other stigmata of SSc (such as 
telangiectasia and calcinosis). The number, size and dis-
tribution of digital ulcers should be assessed, and signs of 
infection (such as discharge and erythema) and deeper 
progression (such as exposure of underlying tendons 
and bone) should be recorded. Asymmetry in Raynaud 
phenomenon symptoms and/or digital ulcers might 
indicate proximal (large) vessel involvement, which 
could be amenable to therapeutic intervention.

Routine investigations also include a full blood 
count and testing the erythrocyte sedimentation rate 
or C- reactive protein concentration48. Routine bio-
chemistry (such as renal and liver function) and thyroid 
function tests can suggest alternative secondary causes 
of Raynaud phenomenon48. Other investigations are 
guided by the circumstances and clinical presentation 
of each individual patient and can include testing of cre-
atine phosphokinase, complement proteins C3 and C4, 
immunoglobulins with serum protein electrophoresis, 
fasting lipid profile (in patients at risk of atherosclerosis) 
and chest radiography to exclude (a bony) cervical rib48.

As previously described, autoantibodies can help 
identify those patients who are at the greatest risk of 
developing autoimmune rheumatic diseases, including 
SSc. Therefore, testing for autoantibodies should be 
part of the initial assessment of patients with Raynaud  
phenomenon, including individuals with symptoms 
and/or signs of an underlying autoimmune connective 

tissue disease. The standard primary method for detect-
ing ANAs is by IIF, and the presence of anti- centromere 
antibodies is often confirmed by the IIF staining pattern 
alone49. SSc- specific antibodies can target a number of 
ubiquitously expressed nuclear and cytoplasmic pro-
teins, including centromere proteins, topoisomerase 1,  
RNA polymerases I–III and U3RNP. Some frequently used 
SSc- specific antibodies include anti- centromere antibod-
ies, anti- Scl70 antibodies, anti- RNA polymerase (I–III)  
antibodies, anti- U3RNP antibodies, anti- Th/To rib-
onucleoprotein antibodies and anti- EIF2B antibod-
ies. Some of these antibodies are routinely available in 
most hospital laboratories (such as anti- centromere 
antibodies), whereas others require the use of research 
techniques such as protein immunoprecipitation (such 
as anti- EIF2B antibodies). SSc overlap syndromes 
can occur in association with anti- U1RNP antibodies  
(overlap with myositis and/or systemic lupus erythe-
matosus), anti- Ku antibodies (overlap with rheumatoid 
arthritis), anti- Nor90 antibodies (overlap with rheuma-
toid arthritis) or anti- PM/Scl antibodies (overlap with 
myositis), and other overlap features can sometimes 
be associated with anti- RuvBL1/2, anti- SSA/Ro60 
and anti- Ro52 antibodies49. SSc can also sometimes 
occur in the presence of anti- synthetase antibodies, 
such as anti- Jo1, anti- PL7 and anti- PL12 antibodies50. 
Commercially available solid- phase assays to detect 
SSc- associated antibodies, such as line blots, can some-
times yield a false- positive result; therefore, a high 
index of suspicion should be maintained. The results 
of such tests should be correlated with IIF staining pat-
terns where applicable (for example, nucleolar stain-
ing for anti- U3RNP antibodies or cytoplasmic staining 

Fig. 4 | The heterogeneity of lower-limb cutaneous ulcer 
disease in SSc. Variation in ulcer appearance reflects 
differences in aetiopathogenesis, including macrovascular 
arterial and/or venous involvement and other factors such 
as lymphatic abnormalities.

Box 1 | Red flags for SSc in Raynaud phenomenon

The presence of certain symptoms and test results 
(so- called red flags) can indicate that a patient with 
raynaud phenomenon might have underlying systemic 
sclerosis (SSc) and are listed below. Some of these red 
flags (indicated by an asterisk) are suggestive of a 
diagnosis of very early SSc, which can be confirmed  
by either the presence of SSc- specific autoantibodies 
and/or the SSc pattern on nailfold capillaroscopy46.

Cutaneous symptoms
•	puffy fingers*

•	Sclerodactyly and/or proximal skin thickening

•	Digital ulcers

•	Digital pitting scars

•	Telangiectasia

Gastrointestinal symptoms
•	Gastro- oesophageal reflux disease*

•	Abnormal oesophageal manometry

•	imaging evidence of gastrointestinal motility 
abnormalities

Immunological findings
•	positive antinuclear antibody test*

•	SSc- specific autoantibodies

Vascular findings 
•	Abnormal capillary morphology

Telangiectasia
Cutaneous dilated blood 
vessels.
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for anti- synthetase antibodies), and further confirmatory  
tests (such as protein immunoprecipitation assays) should  
be considered in patients with Raynaud phenomenon 
who have possible SSc51.

Vascular investigations
A range of non- invasive imaging methods can be used 
to assess vascular structure and function in patients with 
actual or suspected SSc. Microvascular alterations are 
important in the early pathogenesis of SSc, as well as 
in many of the later disease complications, including 
digital ulcers. In addition, a strong need exists to assess 
the macrovascular system of patients with SSc as some 
can develop disease- related macroangiopathy, whereas 
others can develop macroangiopathy related to athero-
sclerosis52,53, particularly when classic cardiovascular 
risk factors are present. Furthermore, SSc involvement 
of the ulnar artery is strongly predictive of future digital 
ulcers54,55. Doppler ultrasonography and angiography, 
techniques used to investigate the macrovasculature, 
are therefore discussed towards the end of this section.

Nailfold capillaroscopy. Nailfold capillaroscopy is a 
non- invasive imaging technique by which the micro-
circulation can be visualized in situ, enabling the exam-
ination of capillary morphology and architecture. The 
importance of performing nailfold capillaroscopy in  
the assessment of patients with suspected SSc is reflected 
by the inclusion of capillaroscopy in the 2013 American 
College of Rheumatology (ACR)–EULAR classifica-
tion criteria for SSc56. Nailfold capillary abnormalities 
are also predictive of future digital ulcers and other 
manifestations of SSc38–40,57.

Capillaroscopy is performed at the nailfold, where 
the capillaries of the distal row lie parallel to the sur-
face of the skin and can be visualized in their entirety. 
Nailfold capillaroscopy can be performed using 
low- magnification or high- magnification devices. Low- 
magnification devices58,59, such as the dermatoscope,  
stereomicroscope and ophthalmoscope, enable a 
wide- field assessment of the whole nailfold area. 
Assessment at low magnification allows the determina-
tion of whether the nailfold capillaries and architecture 
are broadly normal or abnormal. In the future, the avail-
ability of low- cost, low- magnification USB- connecting 
microscopes could broaden access to capillaroscopy. 
High- magnification (×200–600) videocapillaroscopy 
is considered the ‘gold standard’ and enables detailed 
examination of individual capillaries. Semi- quantitative 
and quantitative assessment, such as measurement of 
the number and diameter of capillaries, can also be per-
formed, and nailfold capillaroscopy has been proposed 
as a promising future tool and/or biomarker to assess 
disease activity and, possibly, as an outcome measure for 
therapeutic trials of SSc- associated vasculopathy60.

In healthy individuals, nailfold capillaries have a 
homogeneous, ‘hairpin’-like appearance with a regular 
distribution (Fig. 5a,b). In individuals with SSc spec-
trum disorders, the SSc capillaroscopic pattern includes 
enlarged (including ‘giant’) capillaries, capillary loss 
(known as loop dropout) and microhaemorrhages61 
(Fig. 5c,d). Characteristic microvascular alterations can 

also be identified in other connective tissue diseases, 
such as dermatomyositis61 (Fig. 5e,f). Subdivision of the 
SSc pattern into ‘early’, ‘active’ and ‘late’ changes has been 
proposed62. Initially, patients with SSc have few giant 
capillaries and microhaemorrhages (early), which sub-
sequently increase in number, along with moderate loss 
and mild disorganization of capillaries (active). Finally, 
severe loss of capillaries occurs with gross disorganiza-
tion of the capillary architecture, extensive avascular 
areas and marked evidence of aberrant neovasculariza-
tion (late)62. A fast- track decision algorithm that enables 
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Fig. 5 | Non-invasive imaging in the assessment of 
digital vasculopathy. a,b | Nailfold capillaroscopy in 
primary Raynaud phenomenon. The low- magnification 
image (a ×50) and high- magnification image (b ×200) of  
the same nailfold show uniformly spaced and sized hairpin 
capillary loops. c,d | Nailfold capillaroscopy in limited 
cutaneous systemic sclerosis. The low- magnification  
image (c) of the nailfold shows visible giant capillaries and 
the high- magnification image (d) shows giant capillaries 
and capillary dropout. e,f | Nailfold capillaroscopy in 
dermatomyositis. The low- magnification image (e) and 
high- magnification image (f) show characteristic ramified 
or ‘bushy’ capillaries. g,h | Infrared thermography can  
be used with a local cold challenge to show delayed 
reperfusion associated with Raynaud phenomenon. 
Thermal image of the hands of a patient with eosinophilic 
fasciitis, a condition that can mimic systemic sclerosis, 
5 minutes after local cold challenge revealing a healthy-  
looking preserved positive longitudinal gradient in the 
early stages of re- warming not consistent with Raynaud 
phenomenon (g). Thermal image of the hands of a patient 
with Raynaud phenomenon 5 minutes after local cold 
challenge showing a negative longitudinal gradient 
consistent with delayed reperfusion (h).
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even an examiner with relatively little capillaroscopic 
experience to successfully differentiate between SSc pat-
terns and non- SSc patterns has also been developed and 
externally validated, with excellent reported reliability63.

Microvascular structural abnormalities as assessed by 
nailfold capillaroscopy have been associated with func-
tional microvascular disease in patients with SSc64,65. 
However, the agreement between objective non- invasive 
microvascular imaging and subjective patient- reported 
assessment of digital vascular function is poor, and 
explanations for such findings have not yet been fully 
elucidated66. Research is required to assess the potential 
benefit of combining the assessment of microvascular 
structure and function as a combined outcome meas-
ure for use in future clinical trials of SSc- associated 
vasculopathy.

Laser- based imaging techniques. Laser Doppler imag-
ing (LDI) has been widely used to investigate the patho-
physiology of Raynaud phenomenon and SSc67,68. LDI 
and other laser Doppler- based techniques make use of 
the Doppler effect, in which changes in the wavelength 
of light that occur upon interaction with a moving 
object can be measured. Unlike laser Doppler flowmetry, 
which can be used to measure perfusion at a single point, 
LDI can be used to measure blood flow over an area 
and to build a regional map of perfusion. LDI has also 
been used in a number of therapeutic trials in patients 
with SSc and Raynaud phenomenon to assess treatment 
responses in a laboratory- based setting69,70.

Laser speckle contrast imaging (LSCI) is an emerging 
imaging technique that enables the constant measure-
ment of perfusion over a large area and has higher spatial 
and temporal resolution than laser Doppler- based tech-
niques71. Evidence suggests that LSCI is a highly relia-
ble method to assess peripheral blood perfusion, both 
in patients with SSc and in healthy individuals71,72. By 
contrast, laser speckle flowmetry measures perfusion at 
a single point and requires further research to examine 
the discriminatory capacity of the technique73: for exam-
ple, discriminating between primary and secondary 
Raynaud phenomenon.

Infrared thermography. In infrared thermography, a cam-
era is used to assess skin surface temperature as an indi-
rect measure of tissue perfusion by small and large blood 
vessels74 (Fig. 5g,h). Relative to healthy individuals, patients 
with Raynaud phenomenon often have fingertips that are 
cooler than the dorsal aspect of their hands, and thermo-
graphic assessment can be used to successfully distinguish 
between primary and secondary Raynaud phenom-
enon74. Some thermography protocols also include a 
dynamic assessment, such as a cold challenge or ionto-
phoresis of vasoactive substances, to aid the identifica-
tion of primary and secondary Raynaud phenomenon66,75.  
A subsequent rewarming challenge during thermographic 
assessment has also been trialled. In one study, at 30 °C, a 
difference of >1 °C between the fingertips and the dorsum 
of the hand was used to differentiate between primary  
and secondary Raynaud phenomenon76.

The use of infrared thermography has tradition-
ally been limited to specialist centres owing to the 

historically high costs of thermographic cameras and 
the need to use a temperature- controlled laboratory to 
perform provocation tests. However, the availability of 
relatively low- cost smartphone- based thermographic 
imaging devices could facilitate wider access to infra-
red thermography for use under ambient conditions72. 
Furthermore, substantial differences exist in thermo-
graphy imaging protocols between centres, and interna-
tionally agreed protocols or consensus would facilitate 
the use of thermography in large multicentre studies 
of SSc- associated vasculopathy and its potential future 
incorporation into routine clinical practice.

Doppler ultrasonography. Doppler ultrasonography 
is a useful tool that can be used to identify substantial 
macrovascular disease of the upper and lower limbs77. 
Doppler ultrasonography is a relatively simple, non- 
invasive, reproducible test; however, specialist train-
ing is required for investigators to make the necessary 
measurements43,77. The ankle brachial pressure index is 
an example of a measurement that can be made using 
Doppler ultrasonography and is calculated as the ratio 
of the systolic blood pressure in the upper limbs to that 
in the lower limbs, which can indicate the presence of 
substantial lower- limb ischaemia77. Abnormal colour 
and power Doppler ultrasonography assessments of the 
hand are associated with previous and new digital ulcers 
in patients with SSc78,79.

Angiography. Angiography is indicated in the pres-
ence of confirmed large- vessel pathology (for example, 
by Doppler ultrasonography) to define the anatomy of 
the causative vascular lesions80. Imaging techniques for 
angio graphy include digital subtraction angiography 
(DSA), CT angiography and MRI angiography. DSA is 
invasive, but endovascular procedures can be performed 
at the same time if necessary80. By contrast, CT and MRI 
angiography do not require intra- arterial access, but 
provide only poor visualization of the distal limb vessels80.

Assessment of digital ulcers
At present, the assessment of digital ulcers in both clinical 
practice and research relies on the distinction between 
healed and unhealed ulcers and on the experience- based 
judgement of clinicians. The Digital Ulcer Clinical 
Assessment Score (DUCAS) for SSc is a proposed clini-
cal score that incorporates the number of digital ulcers, 
evidence of new digital ulceration, the presence of gan-
grene, the need for a surgical approach (above stand-
ard of care), infection of the digital ulcer, unscheduled 
hospitalization for digital ulcers and analgesics needed 
to control digital ulcer pain81. Preliminary data show 
that the DUCAS has good face and content validity and 
construct validity and suggest that the DUCAS warrants 
further investigation for use in clinical practice81. In a 
2019 DeSScipher–EUSTAR survey of EUSTAR centres 
that included complete responses from 84 centres, three 
items were considered essential for digital ulcer evalu-
ation82: the number of digital ulcers (defined as loss of 
tissue), the presence of recurrent digital ulcers and the 
number of new digital ulcers. Furthermore, similar to 
the previously described study from the DUO registry16, 

Laser Doppler flowmetry
A single- point measurement of 
blood flow or perfusion.
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80% of the centres also favoured categorization of digital 
ulcers as ‘episodic’, ‘recurrent’ or ‘chronic’82.

Another potential approach to the assessment of dig-
ital ulcers involves the use of photographs. A 2018 pilot 
study demonstrated that it is feasible for patients with SSc 
to monitor their own ulcers by taking photographs with a 
smartphone camera over an extended period of weeks83. 
Furthermore, computer- assisted digital planimetry has 
been applied to photographs of SSc- associated digital 
ulcers with excellent intra- rater and inter- rater reliability, 
either by fitting an ellipse to the shape of the ulcer, or by 
tracing the ulcer exterior freehand84. Ultrasonography 
has also been used to assess SSc- associated skin ulcers. 
This technique enables the objective measurement of 
ulcer morphology and extent, including the depth of the 
ulcer, and could provide novel insights into ulcer patho-
genesis85–87. In a pilot study in which high- frequency 
ultrasonography was used to assess fingertip, extensor 
and calcinosis- associated digital ulcers, the average 
width and depth of an ulcer was 6 mm and 1 mm, respec-
tively, highlighting the potential challenge of assessing 
ulcers by means of visual inspection alone85.

Not only is the assessment of digital ulcers challeng-
ing, a real need also exists to accurately define and classify 
SSc- associated digital ulcers to inform therapeutic deci-
sion making in clinical practice and for the development 
of new treatments6,88. Several studies have found that the 
inter- rater reliability of expert SSc clinicians in defin-
ing digital ulcers is poor to moderate at best89–91. This 
observation is concerning for the design of multicentre 
clinical trials and highlights the need for multiple ulcer 
assessments to be performed by the same clinician across 
multiple centres. Furthermore, the agreement between 
individual patients and clinicians regarding the classifi-
cation of digital ulcers is low, irrespective of the addition 
of real- world clinical contextual information such as the 
severity of associated pain and the presence of discharge90. 
A range of ulcer definitions have been used in multicentre 
clinical trials of drug therapies for SSc- associated digital 
ulcers92–96. Current initiatives to develop digital ulcer defi-
nitions have been undertaken by the World Scleroderma 
Foundation (WSF) and the UK Scleroderma Study 
Group91,97. Both sets of definitions include a loss of epi-
thelium and state that if ulcer debridement is likely to 
confirm the presence of a digital ulcer (for example, by 
enabling direct visualization of the ulcer surface), then 
the lesion should be deemed an ulcer91,97. Although both 
definitions have good intra- rater reliability (0.90 for the  
WSF definition, 0.71 for the UK Scleroderma Study 
Group definition), the inter- rater reliability was sub-
stantially higher for the WSF definition (0.51)97 than for 
the UK Scleroderma Study Group definition (0.15)91. 
However, no studies have yet compared the reliability of 
different definitions using the same image bank.

Management
General approach
Patient education is crucial to the management of 
SSc- associated Raynaud phenomenon and digital ulcers 
and should be delivered by a dedicated multidisciplinary 
team that should include specialist rheumatology nurses. 
Care should be taken by patients to avoid unnecessary 

trauma to the digits to prevent potential tissue ulceration, 
to protect against the cold and to avoid emotional stress. 
Patients should be counselled about the importance of 
smoking cessation, because smoking promotes vasocon-
striction and is associated with severe digital vascular 
disease98,99, and supported in their efforts to quit.

Patients should seek medical advice quickly about new 
and/or worsening ulcers, especially if there are possible 
signs of infection. The development of persistent digital 
ischaemia should prompt the patient to seek emergency 
medical advice, and in cases of infection, there should 
be a low threshold for prescribing appropriate antibiotic 
therapy. Digital ulcers can also be exceptionally painful, 
and therefore sufficient analgesia is required, often in the 
form of opioid- based analgesia. Critical digital ischae-
mia or gangrene is a medical emergency that requires 
prompt assessment and treatment100. Gangrene can 
occur as a result of both SSc- related (non- inflammatory 
angiopathy) and non- SSc- related (smoking) causes100,101. 
Thorough investigation is required because some of these 
causes are potentially modifiable, such as large- vessel  
disease and embolic disease (Fig. 6).

Non- pharmacological interventions
Patients with SSc- associated Raynaud phenomenon and 
digital ulcers should be managed by an expert multidis-
ciplinary team that should include specialist rheumatol-
ogy nurses, physiotherapists and occupational therapists 
who can provide education on lifestyle modification 
and functional adaptations (such as keeping warm and 
protecting the fingers to avoid traumatic ulcers)102,103. 
Furthermore, meticulous wound care is mandatory for 
all ulcers to prevent infection and to minimize further 
tissue damage or loss104 (Fig. 6). The ulcer wound bed 
should be closely examined for signs of inflammation 
or infection, hyper- proliferation around the wound 
edges, evidence of exposure of the deeper structures 
(bone and tendon) and hydration status. For example, if 
the ulcer is ‘wet’ then appropriate dressings that contain 
hydrogels and hydrocolloids should be selected with the 
aims of reducing moisture and drying the wound48. As 
previously described, clinicians should actively exclude 
proximal (large) vessel involvement at an early stage in 
the assessment of digital ischaemia and ulceration, as 
such proximal vessel involvement might be amenable to 
therapeutic intervention.

Some clinicians perform non- surgical digital ulcer 
debridement, either physically with a scalpel or chem-
ically using autolytic dressings. Digital ulcer debride-
ment removes necrotic material and can release pus, 
both of which can promote ulcer healing105. Appropriate 
local analgesia is essential for successful digital ulcer 
debridement106. However, at present the evidence to 
support digital ulcer debridement in SSc is not strong, 
and further research is required. Furthermore, consid-
erable geographical variation exists in the use of digi-
tal ulcer debridement. For example, in a survey that 
included responses from 137 rheumatologists, 85% of 
the 48 North American responders reported that they 
never or rarely debrided digital ulcers, compared with 
only 37% of 71 European responders107. Work is cur-
rently underway to better understand the barriers to 

Digital planimetry
Tracing or measurement of 
surface dimensions using 
computer- assisted techniques.
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digital ulcer debridement among clinicians in rheuma-
tology105. Another non- pharmacological intervention 
that has been trialled is the provision of hyperbaric 
oxygen in patients with refractory digital ulcers108,109, 
which was shown to produce some positive outcomes in 
patients with digital ulcers that were refractory to other 
interventions.

Pharmacological interventions
A wide range of treatments to prevent and treat or heal 
digital ulcers are available, some of which are also used 
for Raynaud phenomenon (Fig. 6). Primary Raynaud 
phenomenon usually requires no pharmacological treat-
ment and is managed by general lifestyle changes such as 
cold avoidance and keeping warm17. Secondary Raynaud 
phenomenon is managed by relatively mild, oral vasodi-
latory drug therapies, whereas secondary Raynaud phe-
nomenon with digital ulceration can be managed with 
several different combinations of therapies, including 

specific vasoactive therapies. Drug treatments for digital 
ulcers should be tailored to the individual, as there might 
be an overlap with, or additional treatment benefit for, 
other vascular- based complications such as pulmonary 
arterial hypertension. Although a number of drug ther-
apies have been explored for SSc- associated digital ulcers 
and Raynaud phenomenon, including statins, antioxi-
dants, anti- platelet agents and anticoagulants110–114, 
in this Review, we focus on the most commonly used  
vasoactive drug therapies.

Vasoactive therapies attempt to address the under-
lying factors that are implicated in the pathogenesis of 
SSc- associated digital ulcers (and Raynaud phenom-
enon). Calcium channel blockers (CCBs) are often used 
as a first- line therapy, although clinicians are increas-
ingly using phosphodiesterase type 5 (PDE5) inhibi-
tors early on in the treatment of SSc- associated digital 
vasculopathy, commonly in combination with CCBs48. 
Vasodilatory adverse effects are not uncommon with 

Digital vasculopathy in SSc
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• Identify any treatable
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• Digital sympathectomy
and/or botulinum toxin
injection
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• Stopping smoking
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(e.g. large-vessel disease
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• Phosphodiesterase type 5
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• Endothelin receptor
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Intravenous
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• Ulcer debridement
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Fig. 6 | Management of Raynaud phenomenon and digital ulcers in systemic sclerosis. A general approach to the 
management of Raynaud phenomenon and digital ulcers in systemic sclerosis (SSc) includes patient education, which 
should be delivered by a dedicated multidisciplinary team. Non- pharmacological treatments include avoiding trauma  
to the digits, avoidance of cold and emotional stress, and smoking cessation. A number of drug therapies can be used  
for the treatment of both Raynaud phenomenon and digital ulcers in patients with SSc. The potential benefits and risks  
of adjunctive therapies must be considered on an individual patient basis. For example, anti- platelet therapies and 
anticoagulants could be potentially hazardous in patients with SSc owing to the potential for gastrointestinal bleeding 
from gastric antral vascular ectasia, and statins can have adverse effects on the muscles in patients with SSc- associated 
myopathy. Surgical intervention is indicated for severe Raynaud phenomenon and refractory digital ulcers. Indications 
include severe pain, infected ulcers and the presence of calcinosis that could be removed. There is also increasing 
experience in the use of digital (periarterial) sympathectomy and interest in botulinum toxin injection. The information  
in this figure was taken from the consensus best practice pathway of the UK Scleroderma Study Group48.
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vasoactive therapies (such as headaches and lower- limb 
oedema) and are more common in patients receiving 
higher possible doses than lower possible doses and, 
potentially, in those receiving combinations of drug 
therapies115. Treatment with vasodilator therapy is asso-
ciated with a reduction in the development of digital 
ulcers7. In particular, data suggest that treatment with 
PDE5 inhibitors is associated with a reduction of ~30% 
in digital ulcer development94. Some evidence suggests 
that PDE5 inhibitors can also improve the healing of 
ulcers116; however, in a placebo- controlled trial of the 
PDE5 inhibitor sildenafil, no difference in ulcer healing 
was observed between placebo and sildenafil94.

Several other types of drug for the treatment of 
Raynaud phenomenon and digital ulcers have been 
trialled. Despite a strong therapeutic rationale for ther-
apies that target the renin–angiotensin system (such 
as angiotensin- converting enzyme (ACE) inhibitors 
and angiotensin receptor blockers)117, no convincing 
evidence exists for their use in treating SSc- associated 
Raynaud phenomenon or digital ulcers. For example, in 
a multicentre, randomized, placebo- controlled trial of 
the ACE inhibitor quinapril that included 210 patients 
with limited cutaneous SSc or autoimmune Raynaud 
phenom enon (defined as patients with Raynaud phenom-
enon who tested positive for an SSc- associated autoan-
tibody), after 2–3 years of treatment there were no 
differences in the rate of occurrence of new digital ulcers 
or other vascular complications, Raynaud phenomenon 
or pulmonary artery pressure93. Bosentan, an endothe-
lin receptor antagonist that is licensed in Europe for 
the treatment of digital ulcers, reduces the number of 
new digital ulcers but does not affect digital ulcer heal-
ing92,118. In a double- blind, placebo- controlled trial that 
included 188 patients with at least one digital ulcer, treat-
ment with bosentan for 20 weeks was associated with a 
30% reduction in new digital ulcers, but not with digital 
ulcer healing92. By contrast, in clinical trials, macitentan, 
another endothelin receptor antagonist, did not reduce 
the occurrence of new digital ulcers over 16 weeks95, 
possibly owing to differences in study populations, prior 
interventions and study design119. Intravenous pros-
tanoids given over 3–5 days also reduce the number of 
new digital ulcers, can encourage ulcer healing120–122 and 
can be used in the context of critical digital ischaemia. 
As yet, no studies have specifically assessed combina-
tion vasoactive therapies; however, the combination of 
PDE5 inhibition and endothelin receptor blockade is a 
powerful treatment for digital vasculopathy123,124.

Other treatments
Surgical intervention is indicated for severe Raynaud 
phenomenon and digital ulcers refractory to medical 
management125. Indications for surgery include severe 
pain suggestive of tissue necrosis, infected ulcers and the 
removal of underlying calcinotic material125. Worldwide, 
experience in performing digital periarterial sympa-
thectomy is increasing, and such intervention at an 
early stage might be beneficial in patients with severe 
Raynaud phenomenon and early digital ischaemia126–129. 
Interest is also increasing in botulinum toxin injections, 
which promote local arterial vasodilation130,131; however, 

at the present time, the evidence base for this treatment 
is limited and further research is needed in this area. 
For example, in a double- blind, placebo- controlled, 
laboratory- based clinical trial, local injections of bot-
ulinum toxin did not produce a statistically significant 
improvement in blood flow to the hands in patients with 
SSc- associated Raynaud phenomenon132. Furthermore, 
although improvements were reported in a number 
of secondary clinical outcomes, such as the Raynaud’s 
Condition Score, cold sensitivity and pain scores, 
these results were of questionable clinical benefit132. 
Autologous fat grafting and stem cell transplantation 
are other novel treatment approaches that might also 
benefit digital ulcer healing133–136; however, more stud-
ies are needed to explore these and other locally acting 
approaches to the treatment of digital ulcers.

Unmet needs
Several important clinical needs and research prior-
ities for SSc- associated Raynaud phenomenon and 
digital ulcers are still unmet. Improved approaches to 
the assessment and treatment of Raynaud phenom-
enon and digital ulcers are urgently needed. Treatment 
of Raynaud phenomenon is seldom fully effective137, 
and approximately one third of patients with SSc have 
refractory digital ulcer disease16, despite the availability 
of advanced vascular therapies. Treatments for Raynaud 
phenomenon and digital ulcers can be poorly tolerated 
owing to vasoactive adverse effects, and well- tolerated, 
effective treatments are needed. One approach could be 
to develop locally acting vascular approaches to treat-
ment, which would probably be well tolerated as they 
would not cause systemic vasodilation.

An important barrier to such drug development 
is the suitability of existing outcome measures of effi-
cacy. Serious concerns have been raised over the cur-
rent methods available to assess treatment efficacy 
in Raynaud phenomenon, including the Raynaud’s 
Condition Score diary138. An important issue is that 
current outcome measures do not fully capture the com-
plex, multifaceted patient experience of either Raynaud 
phenomenon or digital ulcers139,140. For example, a 2018 
multinational qualitative research study identified seven 
interrelated themes and subthemes of the patient expe-
rience of SSc- associated Raynaud phenomenon that 
comprised physical symptoms, emotional impact, trig-
gers and exacerbating factors, constant vigilance and 
self- management, impact on daily life, uncertainty 
and adaptation141. These themes are not fully captured by 
existing outcome measures. International collaborative 
research is ongoing to develop novel patient- reported 
outcome instruments for both Raynaud phenomenon 
and digital ulcers141,142.

Three main factors that complicate the design of clin-
ical trials (and clinical practice) in patients with Raynaud 
phenomenon and digital ulcers are the weather, the lack 
of a robust ‘target’ akin to a ‘treat- to- target’ approach 
in inflammatory arthritis and heterogeneity in the nat-
ural history of digital ulcer healing. For example, in a 
randomi zed, placebo- controlled study of sildenafil for 
digital ulcers, the primary end point of time to ulcer 
healing compared with placebo was not reached94. 
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The authors speculated that this failure to reach the 
primary end point might have been caused by the 
unexpectedly high healing rate in the placebo group94. 
Furthermore, the contrasting findings of the clinical tri-
als of the endothelin receptor antagonists bosentan and 
macitentan119 and the results of the trial of the promis-
ing treatment selexipag (a non- prostanoid prostacyclin 
receptor agonist)143 were disappointing. Innovative study 
design, including novel measures of treatment efficacy, 
should hopefully facilitate future clinical trials of treat-
ments for Raynaud phenomenon and digital ulcers in 
patients with SSc.

Theoretically, all types of digital ulcers could have 
a potentially treatable ischaemic component, so could 
be included in clinical trials of treatments for digital 
ulcers37. Previous clinical trials92,94,95,118 of drug ther-
apies for SSc- associated digital ulcers have generally 
focused on fingertip ulcers, on the premise that such 
digital ulcers are primarily caused by tissue ischae-
mia and are the most likely to benefit from vascular 
therapies. However, studies have shown that both fin-
gertip and extensor ulcers have a relatively ischaemic 
core (as assessed by LDI) compared with surrounding 
non- ulcerated skin, and that there is a reduction in 
ischaemia with ulcer healing144,145. In a double- blind, 
randomized, crossover, placebo- controlled study, the 
microvessels in the ischaemic centre of digital ulcers 
were responsive to topical glyceryl trinitrate, which led 
to an increase in perfusion and had a similar effect in 
both fingertip and extensor digital ulcers146. In addition, 
microangiopathic SSc- type capillary abnormalities such 
as enlargement and neoangiogenesis can occur in areas 
immediately adjacent to the skin surrounding both fin-
gertip and extensor digital ulcers, which could suggest 
that microangiopathy contributes to the pathogenesis of 
both ulcer types147. Macrovascular involvement poten-
tially reduces whole- hand perfusion and could also 
promote the development of all types of SSc- associated 
digital ulcers37,55.

Generalized vascular disease is a cardinal feature  
of SSc and might be responsible for the development of 
many of the organ- based complications associated with 
the disease. Biomarker studies support the presence of 
systemic vasculopathy in patients with SSc, and autopsy 
studies have revealed silent vascular involvement of the 
lung and kidney148. Similar nailfold and pulmonary vas-
cular abnormalities have been reported in patients with 
SSc, which correlate with the progression of interstitial 
lung disease149,150. Digital ulcers are also associated with 
a worse disease course and prognosis, even in patients 
with early disease151. Furthermore, in a study from the 
EUSTAR database, the use of CCBs was associated with 
a statistically significant decrease in the prevalence 

of a left ventricular ejection fraction of less than 55%  
(OR 0.41)152. Therefore, confirmation of a unified, gener-
alized vascular phenotype in SSc could herald the use of 
therapies that affect the vasculature as disease- modifying 
agents, particularly in patients with early SSc before 
the onset of major skin fibrosis and organ dysfunc-
tion. Such an approach would necessitate the success-
ful identification of patients with the earliest forms of 
SSc, which would probably involve the use of Raynaud 
phenom enon as an entry symptom. Patients, includ-
ing those with Raynaud phenomenon, are increasingly 
using mobile health technology to monitor their symp-
toms, which could be a powerful method to encourage 
timely engagement with health- care professionals153,154 
and could help identify patients at an early stage  
of disease.

Conclusions
Raynaud phenomenon is a cardinal feature of SSc 
and is usually the first manifestation of the disease, so 
could potentially be useful in the early diagnosis of SSc. 
The main investigations for determining if Raynaud 
phenomenon is linked to SSc include the detection of 
autoantibodies and performing nailfold capillaroscopy. 
Structural and vascular imaging is also important in 
both the diagnosis and management of peripheral vas-
cular disease in patients with SSc. Digital ulcers are 
a visible ischaemic manifestation of the SSc disease 
process that are present in patients with secondary 
Raynaud phenomenon and digital vascular compro-
mise. Digital ischaemia resulting in digital ulcers and 
gangrene are serious complications that require prompt 
assessment and initiation of treatment. Patients should 
be managed by an expert multidisciplinary team using 
non- pharmacological interventions such as patient edu-
cation as first- line treatment, followed by pharmacolog-
ical and surgical interventions. A range of vasodilator 
treatments can both prevent and treat digital ulcers and 
Raynaud phenomenon; however, a number of patients 
continue to experience refractory digital vascular dis-
ease despite treatment, and several clinical and research 
needs relating to Raynaud phenomenon and digital 
ulcers are still unmet. One such need is to establish 
measures of treatment efficacy in clinical trials, although 
good progress is being made towards this goal through 
international collaborative research. In the future, the 
developing concept of a unified vascular phenotype, 
coupled with improvements in the early diagnosis of SSc, 
might facilitate a paradigm shift in which therapies that 
affect the vasculature could be judiciously deployed as a 
means of disease modification.
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What defines autoinflammation, and which disorders 
fit under the umbrella of systemic autoinflammatory 
diseases, are subjects of intense debate that do not have 
easy answers. In part, this difficulty arises from our 
ever-increasing appreciation of the complex interplay 
between the innate and adaptive immune systems and 
of the intricate connection of immunity with other cel-
lular processes, such as metabolism, cytoskeletal rear-
rangements and endoplasmic reticulum (ER) stress, 
among many others1,2. Thus, it is not entirely surpris-
ing that an ‘autoinflammatory signature’ might also be 
identified in other disease entities (that is, other than 
autoinflammatory diseases) in which the predominant 
immune dysfunction might manifest either as a primary  
immunodeficiency, autoimmunity or even allergy.

Various attempts to classify systemic autoinflamma-
tory diseases have been met with difficulties. Grouping 
these diseases according to genetic causes, clinical fea-
tures, response to treatment or predominant molecular 
abnormalities has always resulted in some exceptions. 
For example, familial Mediterranean fever (FMF)3,4 and 
pyrin-associated autoinflammation with neutrophilic der-
matosis (PAAND)5 are both caused by gain-of-function 

mutations in MEFV, yet the clinical manifestations and 
response to therapy of these two conditions differ con-
siderably. Considering the response to therapy, FMF is 
more like TNF receptor (TNFR)-associated periodic 
syndrome (TRAPS), as these two conditions both show a 
more consistent response to IL-1-blocking therapy than 
does PAAND6,7.

A classification scheme was proposed in 2006 
whereby the majority of inflammatory conditions can 
be placed along an immunological disease continuum, 
with monogenic autoinflammatory disorders at one end 
and monogenic autoimmune disorders at the oppo-
site end8; this classification helped to bring the term 
autoinflammation to a wider audience and into main-
stream medical thinking. However, including primary 
immuno deficiency disorders with autoinflammatory 
features, for example, within this scheme has proven 
to be quite challenging. A 2018 consensus proposal 
for taxonomy and definition of the autoinflammatory 
diseases refined the definition of these disorders and 
provided guidelines for naming them, focusing mainly 
on monogenic auto inflammatory diseases9. The expert 
group that devised the taxonomy stringently adhered to 
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the original definition of autoinflammation by exclud-
ing several conditions from the taxonomy that had been 
considered as autoinflammatory diseases, including 
PLCG2-associated antibody deficiency and immune 
dysregulation (PLAID) or haem-oxidized IRP2 ubiquitin 
ligase 1 (HOIL-1) deficiency, as some of these conditions 
also have autoimmune features (mainly autoantibody 
production). This new classification (taxonomy) is 
mostly limited to monogenic diseases, whereas in this 
Review, we also make reference to complex, multifac-
torial disorders, such as rheumatoid arthritis (RA), in 
which a surprising number of patients exhibit an innate 
immune myeloid signature as an RA pathotype, defined 
by synovial histology10.

The aim of this Review is not to produce a new clas-
sification of systemic autoinflammatory diseases or to 
redefine the term autoinflammation, but to illustrate 
the complex interplay between the molecular mecha-
nisms and systems that are central to many monogenic 
and polygenic conditions with autoinflammatory fea-
tures. Previously adopted gene-centric classifications 
of disease have often been somewhat restrictive, and 
a move towards a systems-based classification is likely 
to be beneficial both for improving our understand-
ing of these diseases and for effective therapeutic tar-
geting. Technical advances, such as next-generation 
sequencing (also known as high-throughput sequenc-
ing), with associated bioinformatics have enabled the 
recognition of an ever-increasing range of conditions. 
In this Review, we describe the molecular pathogene-
sis of some of the monogenic autoinflammatory con-
ditions and attempt to develop a holistic concept of 
the synergistic contributions of various convergent 
pathways towards the autoinflammatory process, 
including pyrin activation and the actin cytoskeleton, 
protein misfolding, NF-κB dysregulation and inter-
feron activation. We also discuss the search for novel 
therapies for the broad range of autoinflammatory  
conditions.

Pyrin and the actin cytoskeleton
Among the numerous mechanisms implicated in mono-
genic systemic autoinflammatory diseases, the activa-
tion of inflammasomes and of associated inflammatory 

signalling pathways are central constituents of the auto-
inflammatory phenotype (Box 1). A steadily increasing 
number of inflammasome complexes, built around a 
range of different proteins including NLRP3, NLRC4, 
AIM2, NLRP6 and pyrin, have been recognized. These 
large, multimeric protein complexes link the sensing 
of microbial products and metabolic stress to the pro-
duction of pro-inflammatory cytokines and associated 
autoinflammatory pathologies.

Pyrin-related autoinflammatory diseases. Pyrin, encoded 
by MEFV, is an intracellular pattern recognition receptor 
that assembles the pyrin inflammasome complexes in 
response to pathogenic infections (Fig. 1). As mentioned 
earlier, FMF, the most common monogenic autoinflam-
matory disease, is caused by gain-of-function mutations 
in MEFV11–13, as is PAAND, a condition first described 
within the past few years. The pathogenesis of PAAND 
is a result of p.S242R, p.S208T, p.S208C and E244K 
substitutions in pyrin5,7,14, which disrupt pyrin phos-
phorylation at these amino acid residues and prevent 
binding of the inhibitory 14-3-3 protein. The resultant 
constitutive activation of the pyrin inflammasome cul-
minates in the release of IL-1β and IL-18 and, ultimately, 
caspase 1-dependent inflammatory cell death, known 
as pyroptosis13,15. By contrast, constitutive activation  
of the pyrin inflammasome is not seen in FMF, but rather  
the activation threshold is lowered16 (as demonstrated 
by the robust reaction of the pyrin inflammasome to low 
doses of Clostridioides difficile toxin B17), which is likely 
to contribute to the heightened inflammatory response 
in patients with FMF.

Although these conditions are both born of muta-
tions within the same gene, patients with FMF and 
PAAND differ in their clinical phenotypes, disease 
severity and response to treatment7. Whereas patients 
with FMF almost universally respond to colchicine and 
anti-IL-1 therapy, patients with PAAND have a more 
severe disease, and their treatment response to these 
two medications is less predictable, indicating a more 
complex pathogenesis, including excessive pyroptosis 
and a role for other pro-inflammatory cytokines such 
as TNF7. Mevalonate kinase deficiency (MKD), caused 
by loss-of-function mutations in MVK18,19, is another 
monogenic systemic autoinflammatory disease that 
has a complex pathogenesis, in part because of loss 
of pyrin inhibition, and a less predictable response to 
anti-IL-1 therapy compared with FMF13. Mevalonate 
kinase-mediated production of geranylgeranyl phos-
phate, which is required for the prenylation of small 
GTPases, ensures the localization of the GTPase RhoA at 
the cell membrane20. Here, RhoA can activate the serine– 
threonine kinases PKN1 and PKN2, which phospho-
rylate serine residues at positions 208 and 242 of pyrin, 
mediating binding of the inhibitory protein 14-3-3 and 
thereby suppressing pyrin function. The prenylation 
deficiency in MKD results in RhoA inactivity and sub-
sequent constitutive pyrin inflammasome activation13. 
Although most patients with MKD respond to anti-IL-1 
therapy, like those with PAAND, some patients with 
MKD show a better response to anti-TNF or anti-IL-6 
therapy21–23.

Key points

•	The definition of autoinflammatory disease has evolved since its original description, 
with increasing awareness of the influence of various processes in the pathogenesis, 
including metabolism, cytoskeletal perturbation and infection.

•	The scope of what is considered autoinflammation is widening and now includes  
not only monogenic periodic fever syndromes but also polygenic conditions and 
disorders with autoimmune and immunodeficiency components.

•	Gene-centric classifications of disease have often been quite restrictive, and a move 
towards systems-based classifications would be beneficial in the investigation and 
management of these disorders.

•	many autoinflammatory disorders arise, either partly or fully, because of ‘collateral 
damage’ caused by the innate immune system striving to maintain cellular 
homeostasis, such as in pyrin-linked cytoskeletal imbalance.

•	Appreciation of the complex overlap between the manifold systems related to 
autoinflammation, autoimmunity and immunodeficiency can enable the exploration 
of therapeutic interventions that were not previously considered.

Pattern recognition receptor
A protein that recognizes 
conserved molecular structures 
either found in pathogens,  
such as bacteria and viruses 
(pathogen-associated 
molecular patterns), or 
released by damaged cells 
(damage-associated molecular 
patterns).

NATure reviewS | RheuMAToloGy

R e v i e w s

  volume 16 | April 2020 | 223



Pyrin–actin interactions. Pyrin inflammasome acti-
vation is also dependent on the actin cytoskeleton 
and microtubular network via the interaction of pyrin 
with both actin and the adaptor protein ASC to enable 
NLRP3 inflammasome assembly24 (Fig. 1). Pyrin–ASC 
interactions occur at sites of actin polymerization25, and 
microtubule dynamics are vital for ASC recruitment  
and oligomerization15,16; disturbances of this actin–pyrin 
network can result in autoinflammation.

Further evidence for the role of actin cytoskeleton 
in pyrin activation comes from the observation that a 
massive influx of myeloid cells, primarily neutrophils, is 
seen during acute inflammatory attacks in FMF26. Cell 
migration is regulated by cytoskeletal reorganization, 
which results in net displacement of the cells during 
their effector functions27. These properties explain the 
efficacy of colchicine, the primary treatment for FMF, 
the therapeutic activity of which has been attributed to 
its ability to bind to tubulin, causing microtubule disrup-
tion and depolymerization with subsequent inhibition 
of the cytoskeletal changes required for pyrin inflam-
masome assembly and neutrophil migration28. Similarly, 
a unifying feature of systemic autoinflammatory dis-
orders, discussed in the following paragraph, is the 
presence of actin dysregulation, with subsequent weak-
ening of the cytoskeleton of the cell leading to cellular  
instability and lysis.

Pyogenic arthritis, pyoderma gangrenosum and 
acne (PAPA) syndrome, which is caused by mutations 
in proline–serine–threonine phosphatase-interacting 
protein 1 (PSTPIP1)29,30, is the first condition in which 

a pyrin–ASC interaction was reported. The PSTPIP1 
protein is involved in cytoskeletal organization via its 
regulation of the ratio of podosomes and filopodia in 
macrophages31. Mutated forms of PSTPIP1 are hyper-
phosphorylated and consequently bind with a higher 
affinity to the autoinhibitory B-box domain of pyrin 
compared with non-mutated forms29,30. The resulting 
constitutive activation of the pyrin inflammasome leads 
to increased IL-1β production, which is a key constituent 
of the autoinflammatory phenotype32.

Actin cytoskeleton dysregulation has also been 
implicated in a syndrome of autoinflammatory peri-
odic fevers, immunodeficiency and thrombocytopenia 
(PFIT) associated with mutations in the gene encoding 
WD40 repeat protein 1 (WDR1). WDR1 is a ubiqui-
tously expressed negative regulator of filamentous actin 
(F-actin), and the mutated form of WDR1 promotes 
actin filament disassembly33. In a mouse model of 
PFIT, autoinflammatory complications were linked to 
pyrin-dependent IL-18 production34. In 2019, defects 
in actin polymerization arising from biallelic muta-
tions in ARPC1B were described in another condition 
with a complex phenotype that includes combined 
immunodeficiency, bleeding tendencies and vari-
ous combinations of autoinflammatory, autoimmune 
and allergic complications35. The protein encoded by 
ARPC1B, actin-related protein 2/3 complex subunit 1B 
(ARPC1B), is a component of the actin-related pro-
tein 2 (ARP2)–ARP3 complex, which is essential for 
branching of F-actin. In patients with ARPC1B muta-
tions, defective actin polymerization has been shown 
to negatively affect platelet function (impaired plate-
let spreading), T cell number and function (impaired 
immune synapse formation and reduced regulatory 
T cell function) and effective chemotaxis35. Although 
a direct mechanistic link between these immunolog-
ical abnormalities, inflammasome activation and the 
autoinflammatory complications seen in these cases of 
ARPC1B deficiency, including macrophage activation 
syndrome, inflammatory bowel disease (IBD), arthri-
tis and leukocytoclastic vasculitis, has not yet been 
defined, such connections may not be easily estab-
lished given the multitude of cellular functions that 
rely on the actin cytoskeleton. However, a link between 
defective autophagy and dysregulated inflammasome 
activation, with autoinflammatory complications, 
has been clearly demonstrated in Wiskott–Aldrich 
syndrome, caused by mutations in the gene encoding 
Wiskott–Aldrich syndrome protein (WASp); as with 
the ARPC1B protein, WASp interacts with the ARP2–
ARP3 complex, and Wiskott–Aldrich syndrome has a 
phenotype similar to that seen in patients with ARPC1B  
deficiency36.

It is evident from these examples that the pyrin 
inflammasome has a central role in an evolutionarily 
important inflammatory response pathway. Pyrin activ-
ity is integrated with many different cellular functions, 
and it is therefore not entirely surprising that many 
autoinflammatory complications, which occur, to vary-
ing degrees, in a seemingly disparate group of disorders, 
might result from dysregulated pyrin inflammasome 
activation.

Box 1 | What are inflammasomes?

A fundamental element of the innate immune response is inflammasome activation. 
inflammasomes are multimeric complexes consisting of various cytosolic proteins, 
which assemble in response to a range of pathogenic or physiological stimuli, including 
damage-associated molecular patterns (endogenous signals released as a result of cell 
or tissue damage) and pathogen-associated molecular patterns (molecules such as 
lipopolysaccharide that are largely produced by microorganisms)127. These stimuli  
are detected by sensors known as pattern recognition receptors, which include 
nucleotide-binding domain-like receptors (Nlrs), absent in melanoma 2-like receptors 
(Alrs) and pyrin128. These pattern recognition receptors combine with other structural 
components to make up the inflammasome; typically, the other components are the 
adaptor protein ASC (apoptosis-associated speck-like protein containing a caspase 
activation and recruitment domain (CArD)) and the cysteine protease pro-caspase 1. 
inflammasome activation leads to the oligomerization of ASC into large protein 
complexes known as ‘specks’, which engage pro-caspase 1 and convert it into caspase 1 
via proximity-induced autocatalytic cleavage. The active caspase 1 subunits p10  
and p20 then cleave the inactive cytokine precursors pro-il-1β and pro-il-18 to 
produce the mature pro-inflammatory cytokines il-1β and il-18 (reF.129). The active 
inflammasome also results in pyroptosis, a specific form of inflammatory cell death 
promoted by the pore-forming protein gasdermin D130,131.

The prototypic inflammasome, Nlrp3, consists of the sensor Nlrp3 (NoD-, lrr- and 
pyrin domain-containing protein 3), ASC and pro-caspase 1. The Nlrp3 inflammasome 
is the most widely studied inflammasome, partly owing to the nature of its response  
to a wide range of different stimuli but also because of its involvement in disease 
states132,133. Nlrp3 inhibition has been found to be disrupted in NLRP3-associated 
autoinflammatory disease (formerly referred to as cryopyrin-associated periodic 
syndromes (CApS)); this group of autoinflammatory disorders is caused by 
gain-of-function mutations in NLRP3 and is one example of the important role that 
inflammasomes may have in disease in general134. various syndromes that are related  
to dysregulation of the different inflammasomes, including the NlrC4 and pyrin 
inflammasomes, are described in depth elsewhere in this review.

Filamentous actin
(F-actin). Actin is the most 
abundant protein in eukaryotic 
cells and can be present in 
either a linear polymeric form 
or as filamentous actin.

Autophagy
A highly regulated process  
of ‘self-eating’ whereby cell 
organelles and their contents 
can be repurposed for other 
uses.
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Protein misfolding and cellular stress
The unfolded protein response (UPR) is an intracellu-
lar homeostatic signalling response related to ER stress 
that can be induced by the accumulation of misfolded or 
unfolded proteins in the ER. Various mechanisms have 
evolved in cells to maintain intracellular protein homeo-
stasis and prevent the spread of inflammation (Fig. 2). 
Such mechanisms include the degradation of specific 
pro-inflammatory protein complexes such as ubiquiti-
nated and oxidized proteins, which can accumulate in 
the cytoplasm in the case of immunoproteasome defects 
as, for example, found in chronic atypical neutrophilic 
dermatosis with lipodystrophy and elevated temper-
ature (CANDLE) syndrome, usually owing to PSMB8 
mutations. Another disorder, described in 2018, arising 
from dysregulated protein homeostasis is POMP-related 
autoinflammation and immune dysregulation disease 
(PRAID)37. POMP encodes proteasome maturation pro-
tein, an essential factor in the assembly and folding of 
various proteasome subunits38. The PRAID phenotype 

has some clinical similarities to CANDLE but is not a 
direct phenocopy owing to the presence of overlapping 
autoimmunity and immunodeficiency components in 
individuals with truncating POMP variants that are not 
found in CANDLE syndrome37. Thus, this syndrome 
further emphasizes the overlapping incidence of auto-
immunity, immunodeficiency and autoinflammation in 
many autoinflammatory diseases.

Other mechanisms to maintain protein homeosta-
sis include tightly regulated protein translation and 
autophagy. For instance, mutations in TRNT1, encod-
ing mitochondrial CCA tRNA nucleotidyltransferase 
1 (TRNT1), cause aberrant tRNA processing and an 
autosomal recessive autoinflammatory syndrome of 
congenital sideroblastic anaemia, B cell immunode-
ficiency, periodic fevers and developmental delay39,40. 
These mutations disrupt normal autophagy in specific 
cells, and the subsequent accumulation of unprocessed 
or misfolded proteins can cause ER stress that acti-
vates the UPR signalling network in TRNT1-deficient 
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cells with resulting TNF production, which is partly  
responsive to TNF inhibition41.

Oxidative stress has also emerged as an important trig-
ger of intensified inflammatory responses in autoinflam-
matory conditions. The UPR can be co-opted by Toll-like 
receptor (TLR) signalling and mitochondrial reactive 
oxygen species (ROS) generation to induce inflamma-
tory responses in monogenic conditions such as TRAPS 
and cystic fibrosis42,43. Defective protein homeostasis and 

ROS-mediated inflammation are also associated with the 
pathogenesis of several polygenic conditions with auto-
inflammatory features, such as type 2 diabetes mellitus, 
Parkinson disease and Alzheimer disease44–46.

Dysregulation of NF-κB activation
Although the term NF-κB originates from the initial dis-
covery of this transcription factor in 1986 (reFs47,48) as the 
main driver of κ-chain expression in B cells, subsequent 
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studies revealed that NF-κB is expressed in almost all 
cell types, has a role in diverse cellular functions and 
regulates the expression of hundreds of thousands of 
genes49,50. One of its critical roles is in mediating a range 
of immunological functions, particularly inflammatory 
responses51. In this context, NF-κB can be activated by a 
host of mediators and cellular events including, but not 
limited to, cytokines (such as IL-1β and TNF)52–54, path-
ogens (via pattern recognition receptors such as TLRs), 
cell lysis products (for example, damage-associated 
molecular patterns such as ATP)55, physiological insults 

(ER and oxidative stress)56 and physical stress (ultraviolet 
light and cold temperatures)57.

The activation of NF-κB via canonical (TNFR or IL-1 
receptor (IL-1R)), non-canonical (CD40) and atypical 
(genomic stress) pathways has been mapped out in 
detail58 (Fig. 3). It is beyond the scope of this Review to 
describe these pathways in detail, but it is important  
to emphasize that a series of ubiquitinating, deubiquiti-
nating and phosphorylation events can converge, at the 
level of IκB kinases (IKKs), to eventually release NF-κB 
homodimers or heterodimers from IκB inhibition, 
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leading to translocation of the transcription factor to 
the nucleus59.

Phenotypes that are predominantly immunodeficient, 
with some autoinflammation. One of the first immuno-
logical conditions to be associated with dysregulation of 
the NF-κB pathway and linked with autoinflammatory 
complications is NF-κB essential modulator (NEMO) 
deficiency60. NEMO is also known as IKKγ and func-
tions as a regulatory component of the IKK complex61. 
The IKK complex contains two kinases, IKKα and 
IKKβ, which are activated by self-phosphorylation 
when brought into complex with NEMO, leading to 
subsequent phosphorylation of IκB. IκB then becomes 
a target for ubiquitination and proteasomal degra-
dation. NEMO is encoded by IKBKG located on the  
X chromosome62. Mutations resulting in complete loss of 
NEMO function are typically lethal, in utero, in males. 
Hypomorphic mutations, however, result in a complex 
phenotype with up to 77% of affected males present-
ing with anhidrotic ectodermal dysplasia, but invariably 
all have some degree of immunodeficiency63. A sim-
ilar phenotype to NEMO deficiency was described in 
a male infant who had a heterozygous mutation in the 
gene encoding IκBα that prevented phosphorylation of  
the mutant IκBα64. In this patient, a substitution at serine 
32 of IκBα, one of two serine residues that are targets 
for IKK phosphorylation and are critical for ubiquitina-
tion and degradation of phosphorylated IκBα, resulted 
in a dominant gain-of-function inhibitor of NF-κB. The 
non-immunological manifestations in these genetic dis-
orders of NF-κB activation are attributable to the ina-
bility of the ectodysplasin A receptor (a TNFR family  
member that is distributed in ectodermal tissues) to 
induce NF-κB activation following ligation65.

In the largest case series of male patients with muta-
tions in the gene encoding NEMO reported to date, up 
to 23% of the patients developed autoinflammatory 
complications, the most common being non-infectious 
colitis64. Colitis was associated with variants such as 
L153R, which results in a more profound loss of NEMO 
function than other mutations. This association is in 
keeping with mouse studies in which specific ablation of 
NEMO in intestinal epithelial cells resulted in increased 
cell apoptosis and microbiota-driven chronic inflam-
mation in the colon66–68. Interestingly, a combined defi-
ciency of the NF-κB family members p65 (also known 
as RelA), RelB and proto-oncogene c-Rel resulted in 
increased intestinal epithelial cell death, but not colitis, 
and this latter complication (that is, colitis) could be 
prevented by inhibition of receptor-interacting protein 
kinase 1 (RIPK1)67. These findings suggest that NEMO 
has a gut-protective function independent of ΝF-κΒ, 
and that RIPK1 could be a useful target in treating IBD67.

However, a 2018 report of human RIPK1 defi-
ciency described four patients from three unrelated 
families who presented with a combination of primary 
immunodeficiency and systemic autoinflammatory 
features, including early-onset IBD and progressive 
polyarthritis69. Functional studies showed a partial 
reduction in NF-κB activation with a marked decrease 
in p38 mitogen-activated protein kinase and AP-1 

phosphorylation, resulting in reduced production of 
IL-6, TNF and IL-12. At the same time, IL-1β production 
was preserved or increased in studies using various cell 
sources (whole blood and monocytes) and stimuli such 
as phytohaemagglutinin and lipopolysaccharide. This 
imbalance seems to result from increased necroptosis 
and IL-1β release as a result of diminished pro-survival 
signals that are necessary to sustain the cells during 
immune activation. During the writing of this Review, 
two papers were simultaneously published describing a 
novel autoinflammatory disorder, without features of 
immunodeficiency, due to heterozygous mutations in 
RIPK1 (reFs70,71). Two groups independently identified 
families and sporadic cases of an early (childhood)-onset 
disorder characterized by episodic high fevers, lymphad-
enopathy, splenomegaly, oral ulceration and respon-
siveness to IL-6 blockade. All cases had a heterozygous 
mutation in RIPK1 resulting in the inability of caspase 8 
to cleave the mutated protein and, therefore, terminate 
the RIPK1-mediated inflammatory response70,71.

A dysregulation of immune responses and a related 
clinical picture is also seen in patients with linear 
ubiquitin chain assembly complex (LUBAC) deficien-
cies. LUBAC consists of HOIL-1-interacting protein 
(HOIP; encoded by RNF31) and two accessory proteins: 
HOIL-1 (encoded by RBCK1) and SHANK-interacting 
protein-like 1 (SHARPIN; encoded by SIPL1)72,73. After 
receptor engagement, LUBAC attaches linear ubiqui-
tin chains to target proteins, such as NEMO, RIPK1, 
IL-1R-associated kinases and MyD88, to stabilize var-
ious receptor signalling complexes associated with 
TNFR1, TLRs, IL-1R and CD40 (reF.74). Disruption of 
LUBAC results in a disorganized and disjointed immune 
response, as evidenced by the inability of stimulated 
fibroblasts and B cells from patients with LUBAC defi-
ciencies to upregulate NF-κB activity, with exaggerated 
responsiveness to IL-1 stimulation and excessive produc-
tion of IL-6 and CCL3 by the fibroblasts and peripheral  
blood mononuclear cells of patients74.

Phenotypes that are predominantly autoinflammatory. 
A more selective, inflammatory-only phenotype is seen 
in patients with OTULIN-related autoinflammatory 
syndrome (ORAS, or otulipenia)75. Ubiquitin thioester-
ase OTULIN, encoded by OTULIN, is a deubiquitinase 
that acts as a negative regulator of LUBAC. The first four 
patients identified with ORAS were found to have rare 
homozygous mutations in OTULIN that led to loss of 
protein function, with an early-onset, severe, multisystem 
autoinflammatory disorder affecting the skin, gastro-
intestinal tract and joints75. In a subsequently reported 
case, a patient with a homozygous c.841G>A variant in 
OTULIN died at 8.5 months of age after developing sys-
temic inflammatory illness and pulmonary oedema76. As 
anticipated from what is known about OTULIN func-
tion, peripheral blood mononuclear cells and fibroblasts 
from patients with ORAS had increased degradation  
of IκBα and increased phosphorylation of IKKα, IKKβ 
and IκBα compared with cells from healthy individuals, in 
keeping with NF-κB pathway activation that resulted 
in increased production of a multitude of cytokines75. 
OTULIN deficiency is associated with cell-type-specific 

Hypomorphic mutations
Types of mutation that cause a 
partial loss of gene function or 
in which the wild-type gene 
product is expressed at a 
reduced level.

Anhidrotic ectodermal 
dysplasia
A form of ectodermal dysplasia 
characterized by abnormal 
development of ectodermal 
tissues including the skin, hair, 
teeth and sweat glands, 
resulting in an inability to sweat 
(anhidrosis).
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LUBAC degradation, dysregulated TNF signalling  
and cell death76. Both the IL-1R antagonist anakinra and 
anti-TNF therapy have been shown to be effective in this 
condition77, and haematopoietic stem cell transplantation  
is potentially curative in severe cases76.

Heterozygote carriers of OTULIN mutations are 
asymptomatic75, which suggests that reduced protein 
expression of OTULIN can be tolerated and might 
not be critical for maintenance of immune homeosta-
sis. However, this is not the case for A20 (also known 
as TNF-induced protein 3), another protein with deu-
biquitinating activity74. A20 is encoded by TNFAIP3, a 
highly conserved gene with poor tolerance to genetic 
variation, in particular to loss-of-function mutations78. 
A20 is known as a negative regulator of NF-κB79. A20 
has combined ubiquitinating and deubiquitinating (E3 
ligase) functions. The ovarian tumour protease/deubiq-
uitinase (OTU/DUB) domain of A20 catalyses hydrolysis 
of Lys63-linked polyubiquitin chains, thus destabilizing 
receptor signalling complexes, while A20 simultaneously 
adds Lys48-linked polyubiquitin chains to target proteins 
such as RIPK1 and IκBα for proteasomal degradation80. 
Haploinsufficiency of A20 (HA20) due to heterozygous 
mutations in TNFAIP3, principally resulting in reduced 
(50%) expression of the protein, has been associated with 
a broad range of inflammatory conditions46. In addition 
to the initially reported Behçet-like disease, phenotypes 
resembling autoimmune lymphoproliferative syndrome, 
systemic lupus erythematosus, RA, juvenile idiopathic 
arthritis, adult-onset Still disease and cases of complex 
undifferentiated systemic autoimmune or autoinflam-
matory disorders have all been described in associa-
tion with HA20 (reFs81,82). The stimulation of cells from 
patients with HA20 leads to increased NF-κB activation 
associated with increased production of a plethora of 
pro-inflammatory cytokines81, which is clinically rele-
vant as no single treatment strategy is effective for all 
patients. Furthermore, genome-wide association stud-
ies have found associations between low-penetrance 
variants of TNFAIP3 and a wide range of autoimmune 
and inflammatory conditions. Altogether, these findings 
suggest that, unlike other monogenic conditions in this 
group of NF-κB-associated disorders, the full clinical 
phenotype of HA20 might be more dependent on addi-
tional genetic and environmental factors. Furthermore, 
making a clinical diagnosis of HA20, or developing a 
set of diagnostic criteria for this condition, would be  
exceptionally difficult.

Heterozygous mutations in RELA (encoding p65) 
have, since 2017, been shown to produce an autoinflam-
matory condition, named RELA haploinsufficiency, that 
resembles HA20 in many ways83. The patient in the first 
reported case was found to have a heterozygous muta-
tion in RELA that resulted in a premature stop codon and 
a reduction in RELA mRNA expression by 50% (com-
pared with non-mutated RELA). The clinical pheno-
type of recurrent mouth ulceration, fevers, vomiting,  
acute ileitis and elevated markers of inflammation is 
thought to result from a dysregulated response to TNF. 
In the context of reduced p65 levels, engagement of the 
TNF signalling pathway results in enhanced cell apop-
tosis, hence the development of mucosal ulcers in RELA 

haploinsufficiency. The systemic inflammatory response 
was thought to be secondary to the effects of the local 
intestinal microbiome, with the ulcerated mucosa stim-
ulating further TNF release. As with HA20, the sec-
ond case of RELA haploinsufficiency presented with  
entirely different clinical features, which resembled 
auto immune lymphoproliferative syndrome rather than 
Behçet syndrome84.

Mixed immunodeficient and inflammatory phenotypes. 
NFKB1 heterozygous mutations have been shown to 
produce a range of diverse clinical phenotypes in a 
mutation-specific manner. NFKB1 in effect encodes 
two transcription factors with diverse effects. The 
full-length protein product, p105, inhibits NF-κB sig-
nalling by preventing nuclear entry of p65, c-Rel and 
p50 (reF.85). The short form, p50, which is generated by 
proteasomal degradation of p105, can heterodimerize 
with c-Rel or RelA to activate canonical NF-κB signal-
ling or to form homodimers that function as repressors 
of pro-inflammatory gene expression. In one case series, 
patients with a heterozygous NFKB1 p.I553M variant 
predominantly showed antibody deficiency and multi-
organ autoimmunity, the p.H67R variant was associated 
with autoinflammatory complications resembling Behçet 
syndrome, and patients with a p.R157X stop-gain variant 
showed increased NLRP3 inflammasome activation and 
experienced hyperinflammatory responses to surgery86. 
Functional studies demonstrated that the p.R157X 
mutation resulted in loss of both short and full-length 
variants, the p.I553M mutation predominantly affected 
the stability of p105, and the p.H67R mutation caused 
reduced nuclear entry of p50 (reF.86).

Considering the plethora of upstream signalling path-
ways that converge at the point of NF-κB activation, the 
many cellular functions governed by this transcription 
factor and the complex network-regulatory factors con-
trolling this process, it is not surprising that a range of 
immunological conditions with overlapping phenotypes 
arises from monogenic defects affecting this pathway. 
In the context of a hierarchy of signalling defects, those 
that are upstream, for example, RIPK1 deficiency, seem 
to result in more severe and wide-ranging abnormalities 
compared with downstream signalling defects. Likewise, 
conditions in which there is complete or near-complete 
loss of a protein, such as NEMO and LUBAC deficiency 
syndromes and ORAS, are associated with more severe 
disease than conditions arising from partial loss of 
protein expression. However, considering the varying 
effects of partial loss of expression on the delicate bal-
ance between pro-inflammatory, apoptotic and survival 
signals, all of which are governed by the NF-κB pathway, 
the phenotypes associated with partial loss of protein 
expression, such as HA20, are harder to predict.

Dysregulated type I interferon signalling
The presence of foreign DNA or self-DNA in the cyto-
plasm of mammalian cells is a danger signal that trig-
gers a potent innate immune response in the host that 
is characterized by the release of type I interferons87.  
A complex biochemical mechanism (biomedical machin-
ery) has therefore evolved to prevent inappropriate 

Stop-gain variant
A mutation resulting in a 
premature termination codon 
(that is, a stop was gained), 
which signals the end of 
translation and results in a 
shortened protein product.

NATure reviewS | RheuMAToloGy

R e v i e w s

  volume 16 | April 2020 | 229



activation in response to self-DNA and to prompt the 
recognition of nucleic acids of microbial origin (Fig. 4).  
A great deal of what we have learned about this protec-
tive system comes from the study of rare disorders col-
lectively named interferonopathies. There are currently 
26 monogenic conditions that are in some way linked to 
dysregulated type I interferon signalling and considered 
to belong to this group of conditions; however, a direct 
link between high levels of interferon and the pathogen-
esis of these disorders remains to be established88. It is 
beyond the scope of this Review to discuss all of these 
conditions in detail; a summary can be found in TABle 1 
and an in-depth discussion is published elsewhere82. 
Evidence for the role of type I interferon in these diseases 

comes from observations that these disorders are linked 
with monogenic defects leading to altered nucleic acid 
processing and recognition, or to impaired control of 
expression of interferon-stimulated genes (ISGs). These 
conditions also have overlapping clinical phenotypes 
resulting from different genotypes, and accumulating 
evidence indicates that therapeutic strategies targeting 
interferon signalling (with inhibitors of Janus kinase 1 
(JAK1) and JAK2) are efficacious in some patients89–91.

Notably, an interferon signature is also frequently 
found in autoimmune conditions such as systemic lupus 
erythematosus92,93 as well as in various systemic auto-
immune rheumatic diseases in which the signature might 
be present but is usually less prominent than the signature  
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Table 1 | Monogenic autoinflammatory syndromes by main biological systems involved

Disease Gene Protein Inheritance Main symptoms or signs Main therapy

Inflammasomopathies

FMF MEFV Pyrin AR or AD Peritonitis, joint attacks, joint pain Colchicine,  
IL-1 blockade

PAAND MEFV Pyrin AD Neutrophilic dermatosis 
(pyoderma gangrenosum), 
arthralgia, myalgia

IL-1 blockade,  
TNF blockade

MKD MVK Mevalonate kinase AR Lymphadenopathy , abdominal 
and joint pain, diarrhoea, skin 
rashes, headache

NSAIDs, 
glucocorticoids, 
IL-1 blockade,  
TNF blockade

NLRP3-AID NLRP3 NLRP3 ADa Conjunctivitis, general malaise, 
headaches, rash, joint pain

IL-1 blockade

NLRP12-AIDb NLRP12 Monarch 1 AD Skin rash, lymphadenopathy , 
aphthous ulcers, abdominal 
complaints

IL-1 blockade, 
glucocorticoids

NLRC4-AID NLRC4 NLRC4 AD Infantile enterocolitis, 
macrophage activation syndrome

IL-1 blockade,  
IL-18 blockadec

NLRP1-AIDb NLRP1 NLRP1 AD Dyskeratosis, arthritis Acitretin, IL-1 
blockade

Actinopathies (actin cytoskeleton dysregulation)

PAPA 
syndrome

PSTPIP1 CD2-binding protein 1 AD Juvenile-onset arthritis, painful 
ulcers, acne

Glucocorticoids, 
IL-1 blockade,  
TNF blockade

PFIT WDR1 WD repeat protein 1 AR Autoinflammatory periodic 
fevers, immunodeficiency , 
thrombocytopenia

Unknown

ARPC1B 
deficiency

ARPC1B Actin-related protein 2/3 
complex subunit 1B

AR Combined immunodeficiency , 
bleeding tendencies and 
autoinflammatory , autoimmune 
and allergic complications

Unknown

Interferonopathies

Aicardi–
Goutières 
syndrome

TREX1, RNASEH2A, 
RNASEH2B, RNASEH2C, 
SAMHD1

Exonuclease, subunits of RNase 
H2 endonuclease complex,  
SAM domain and HD domain 1

AD or AR Encephalopathy , 
hepatosplenomegaly , skin lesions

Symptomatic 
treatment, JAK 
inhibition, reverse 
transcriptase 
inhibitors

DNase2 
deficiencyb

DNASE2 Deoxyribonuclease AR Neonatal anaemia, deforming 
arthropathy , glomerulonephritis, 
liver fibrosis

Unknown

PRAAS, 
CANDLEb

PSMB3, PSMB4, PSMB8, 
PSMB9, POMP

Proteasome AR Skin eruptions, 
progressive lipodystrophy , 
hepatosplenomegaly , myositis

Oral 
glucocorticoids, 
JAK inhibition

SAVI TMEM173 STING AD Vasculopathy , skin lesions 
(leading to ulcers and necrosis), 
Raynaud phenomenon

JAK inhibition

Other 
interferono-
pathies

POL A1, ADAR1, IFIH1, 
RIG1, SKIV2L, PNTP1, 
NGLY1, ATM, DCLRE1C, 
ISG15, UPS18, ACP5, C1q

Proteins related to RNA sensing, 
editing and metabolism, 
DNA synthesis and repair, 
inhibition of ISG transcription, 
phosphatase activity , alternative 
complement pathway activity

X-linked 
recessive, 
AR or AD

Complex mixture (reviewed 
elsewhere82)

JAK inhibition is 
efficacious in some 
patients

NF-κB dysregulation

HA20 TNFAIP3 A20 ADa Oral, gastrointestinal and genital 
ulcers, arthralgia

Colchicine, 
systemic 
gluco corticoids, 
IL-1 blockade,  
IL-6 blockade,  
TNF blockade

Biallelic 
RIPK1 
mutations

RIPK1 Receptor-interacting protein 
kinase 1

NA Early-onset inflammatory bowel 
disease, progressive polyarthritis

HSCT successful  
in one patient
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in interferonopathies, such as primary Sjögren syn-
drome94, systemic sclerosis95 and also in a subset of patients 
with RA95,96. Distinct interferon signatures have also been 
reported to stratify inflammatory myopathies97; dermat-
omyositis can present with a strong type I interferon 
(IFNα and IFNβ) signature, whereas anti-synthetase syn-
drome and inclusion body myositis are more commonly  
associated with a type II IFNγ signature.

SAVI phenotypes with autoinflammation and immuno-
deficiency. The challenge of delineating the various 
pathways and biological processes involved in the 

pathogenesis of these conditions associated with dys-
regulated type I interferon signalling is illustrated by 
a condition called STING-associated vasculopathy 
with onset in infancy (SAVI)98,99. This autoinflamma-
tory disorder is caused by gain-of-function mutations 
in TMEM173, encoding stimulator of interferon genes 
protein (STING), which lead to constitutive activation 
of the protein. STING is typically activated by bind-
ing of cyclic GMP-AMP (cGAMP), which is produced 
by cGAMP synthase (cGAS) after cGAS binds to DNA 
of microbial or host origin. Consequently, activated 
STING transmigrates from the ER membrane to the 

Disease Gene Protein Inheritance Main symptoms or signs Main therapy

NF-κB dysregulation (cont.)

HOIL-1 
or HOIP 
deficiency

HOIL1, HOIP LUBAC components (HOIP, 
HOIL-1, SHARPIN)

AR Amylopectinosis, increased 
susceptibility to viral and 
bacterial infections

HSCT

ORAS OTULIN OTULIN (deubiquitinator 
protease)

AR Panniculitis, diarrhoea, swollen 
joints

TNF blockade

REL A 
haploin-
sufficiency

REL A REL-associated protein (also 
known as p65)

AD Abdominal pain, mucocutaneous 
ulceration, vomiting, leukocytosis

TNF blockade

Protein misfolding and endoplasmic reticulum stress

TRAPSb TNFRSF1A TNF receptor 1 AD Skin rash, abdominal pain, 
myalgia

Glucocorticoids, 
IL-1 blockade,  
TNF blockade

Cystic 
fibrosis

CFTR Cystic fibrosis transmembrane 
conductance regulator

AR Recurrent lung infections (mainly 
Pseudomonas aeruginosa and 
Burkholderia cepacia), poor 
growth, salty tasting skin

Antibiotics, CFTR 
chaperones and 
potentiators, 
mucolytic agents

PRAAS, 
CANDLEb

PSMB3, PSMB4, PSMB8, 
PSMB9, POMP

Proteasome AR Skin eruptions, 
progressive lipodystrophy , 
hepatosplenomegaly , myositis

Oral 
glucocorticoids, 
JAK inhibition

SIFDb TRNT1 tRNA nucleotidyltransferase 1 AR Delayed psychomotor 
development, variable 
neurodegeneration,  
recurrent fevers

Unknown

Othersb

DADA2 CECR1 Adenosine deaminase 2 AR Mottled rash (livedo reticularis), 
anaemia, joint pain, fatigue

TNF blockade, 
HSCT

DIRA IL1RN IL-1RA AR Painful joint swelling, pustular 
rash, hepatosplenomegaly

IL-1 blockade

L ACC1- 
mediated 
monogenic 
Still disease

L ACC1 NSAIDs AR Quotidian fever, characteristic 
rash

Unknown

IL1RN 
variation 
(systemic JIA)

IL1RN IL-1RA AR Homozygous IL1RN 
high-expression alleles correlated 
with lack of response to anakinra 
therapy

IL-6 blockade, 
IL-1 blockade, 
glucocorticoids

DITRA IL36RN IL-36RA AR Pustular psoriasis, asthenia IL-1 blockade,  
TNF blockade

Main clinical features aside from apparent high fever are included in the table. Key references used to construct this table: reFs82,83,99,143–146. AD, autosomal dominant; 
AID, associated inflammatory disease; AR , autosomal recessive; CANDLE, chronic atypical neutrophilic dermatosis with lipodystrophy and elevated temperature; 
DADA2, deficiency of adenosine deaminase 2; DIRA , deficiency of IL-1RA ; DITRA , deficiency of IL-36 receptor antagonist; FMF, familial Mediterranean fever ;  
HA20, haploinsufficiency of A20; HSCT, haematopoietic stem cell transplantation; IL-1RA , IL-1 receptor antagonist; IL-36RA , IL-36 receptor antagonist; ISG, interferon- 
stimulated gene; JAK , Janus kinase; JIA , juvenile idiopathic arthritis; LUBAC, linear ubiquitin chain assembly complex; MKD, mevalonate kinase deficiency ; NA , not 
applicable; ORAS, OTULIN-related autoinflammatory syndrome; PAAND, pyrin-associated autoinflammation with neutrophilic dermatosis; PAPA , pyogenic arthritis, 
pyoderma gangrenosum and acne; PFIT, periodic fevers, immunodeficiency and thrombocytopenia; PRAAS, proteasome-associated autoinflammatory syndrome; 
SAVI, STING-associated vasculopathy with onset in infancy ; SIFD, sideroblastic anaemia, B cell immunodeficiency , periodic fevers and developmental delay ; TRAPS, 
TNF receptor-associated periodic fever syndrome. aReports of sporadic cases as well. bThese diseases are included for informational purposes, but are not discussed  
in this Review; the reader is encouraged to research these pathways in the literature. cAnti-IL-18 therapy is currently in clinical trials and not routinely available.

Table 1 (cont.) | Monogenic autoinflammatory syndromes by main biological systems involved
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Golgi where it activates the kinases IKK and serine/
threonine-protein kinase TBK1 and, eventually, inter-
feron regulatory factor 3 (IRF3), resulting in the expres-
sion of ISGs and the production of type I interferons100. 
Patients harbouring pathogenic STING mutations 
present with a severe inflammatory disorder charac-
terized by interstitial lung disease, peripheral vascular 
inflammation and severe ulceration and necrosis of the 
skin. Although most of these clinical manifestations are 
considered to be attributable to the effects of high lev-
els of interferon activity, a mouse model revealed that 
animals with the N153S STING mutation develop lung 
disease independently of type I interferon but requiring 
the involvement of T cells101. A similar observation was 
made previously in another mouse study102. Relevant to 
these findings, STING signalling is known to modulate 
adaptive immunity and affect T cell priming103,104. This 
requirement for fully functioning adaptive immunity 
to achieve complete disease penetrance is also sug-
gested by the identification of stromal interaction mol-
ecule 1 (STIM1) as a negative regulator of STING105,106. 
STIM1 is involved in T cell activation, proliferation and 
cytokine production via its role in activation of calcium 
release-activated calcium channels on T cells, and loss 
of function or reduced expression of STIM1 can result 
in combined immunodeficiencies of varying severity107. 

STIM1 is usually located at the ER membrane, where 
it serves as an intracellular calcium sensor to regulate 
plasma membrane calcium channel activation. However, 
STIM1 is also able to retain STING within the ER to 
regulate its activation. Pathogenic mutations associa-
ted with SAVI interfere with STING–STIM1 interac-
tions, with subsequent release of STING from the ER 
and its constitutive activation105. Interestingly, patients 
with STIM1 deficiency also have highly elevated concen-
trations of type I interferon and ISG expression, but their 
clinical phenotype is unusual as none of those studied 
had substantial lung disease and only one had cutaneous 
manifestations suggestive of SAVI106. Moreover, all of the 
patients had demonstrable deficiencies in T cell activa-
tion but remarkably did not get many infections106. In 
the setting of STIM1 deficiency, therefore, high concen-
trations of type I interferon seem to provide protection 
against common infections, while deficient T cell func-
tion might prevent development of the inflammatory 
complications typical of SAVI. However, this interpre-
tation might oversimplify a complex interplay between 
the molecular pathways involved in STING activation 
and downstream signalling. For example, lymphopenia 
has been described both in patients with SAVI99,108 and in 
a mouse model102 of the disease. In addition, reports exist 
of patients with clinical features of immunodeficiency 
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associated with reduced T cell activation and yet who 
went on to develop inflammatory complications typical 
of SAVI109,110.

Towards a systems-based classification
Classification of autoimmune and autoinflammatory 
disorders has been moving gradually from a gene-centric 
view towards more systems-based classifications111,112 
(Fig. 5), with the ultimate goal of providing personalized 
diagnoses and medicine for each patient. In the 2018 
taxonomy9, autoinflammatory disorders are defined as 
“clinical disorders caused by defect(s) or dysregulation 
of the innate immune system, characterized by recurrent 
or continuous inflammation (elevated acute phase reac-
tants (APR)) and the lack of a primary pathogenic role 
for the adaptive immune system (autoreactive T cells or 
autoantibody production)”. However, when taking into 
consideration the complex interplay between the innate 
and adaptive immune systems, a number of condi tions  
do not fit readily into this taxonomy. Numerous inter-
feronopathies, for example, have features of autoimmunity  
and autoinflammation, with overlapping phenotypes 
from different genotypes113. An alternative approach, 
using a systems approach to examine signalling pathway 
dysregulation profiles in autoimmunity and autoinflam-
mation111, found that, although all of the diseases studied 
involved activation of certain common inflammatory 
processes, disease-specific variation in the relative rep-
resentations of these inflammatory processes was also 
identified. For instance, there is increasing evidence, 
particularly from genome-wide association studies and 
transcriptomic analyses, that innate immune-mediated 

inflammation has an essential role in the pathogenesis of 
some of the more common chronic systemic conditions, 
such as Crohn’s disease114, type 2 diabetes mellitus115 and 
a myeloid pathotype of RA116 (see Box 2). However, our 
understanding of how these different disease categories 
develop and progress remains very incomplete.

One recommendation has been the development of 
a multidimensional immunological continuum, with 
diseases being ordered along gradients of measura-
ble variables, to include first-line variables that reflect 
innate immune involvement, such as levels of the 
acute-phase reactants (for example, C-reactive protein 
and serum amyloid A), in addition to first-line varia-
bles of the adaptive immune system, such as levels of 
serum β2-microglobulin and total lymphocyte count112. 
Furthermore, individual axes for discrete properties, 
such as the presence of inflammatory amyloid A amy-
loidosis, could also be incorporated in such a continuum 
to enable the location of each individual patient’s disease 
signature within the resulting multidimensional space 
and a diagnosis specific to the individual in question. 
A real-life example of this might be the classification of 
RA (a particularly complex, heterogeneous disorder with 
an innate immune-mediated subtype) in an individual 
patient based on a series of parameters, including HLA 
genotype, the presence or absence of shared epitope 
alleles, seropositivity for anti-citrullinated protein anti-
bodies and/or rheumatoid factor, synovial histology (to 
determine if the inflammatory cell infiltrate is predom-
inantly myeloid or lymphoid), radiological changes and 
other investigations relevant to the patient’s presentation. 
The logical progression and conclusion of this approach 
is that each patient would emerge with a specific diag-
nosis unique to their condition and an associated ther-
apeutic regimen adapted to their individual needs — in 
other words, personalized or individualized medicine.

Implications for new therapies
Each discovery in the field of autoinflammation increases 
the possibility of developing better treatments to target 
specific components of the innate immune system that 
might be overactive in systemic autoinflammatory dis-
eases117 (Fig. 6). With the recognition of the various signal-
ling defects involved, it is likely that drugs, such as targeted 
small-molecule therapeutics, will be developed to block 
the various dysregulated signals that trigger inflammation 
mediated by innate immune cells. For example, inhibition 
of mitochondrial ROS production within dopaminergic 
neurons is already one of the neuroprotective strategies 
currently being studied for the management of Parkinson 
disease118, and improved understanding of these complex 
systems is also likely to result in the use of specific ROS 
inhibitors as adjunct therapies in autoinflammation. 
Furthermore, the recognition that itaconate is an impor-
tant anti-inflammatory metabolite119 highlights its poten-
tial as a metabolic reprogrammer120 to restore homeostasis 
in specific cells of the innate immune system, for instance 
by driving pro-inflammatory M1 macrophages towards 
an anti-inflammatory M2 phenotype120,121. Finally, micro-
bial modulation of the gut microbiome is another promis-
ing therapeutic avenue for treating autoinflammation, but 
these approaches are still in their infancy122,123.

Box 2 | Autoinflammation in complex disorders

Although the main focus of this review is monogenic diseases, evidence is increasing 
that immune-mediated inflammation has an essential role in the pathogenesis of some 
chronic systemic conditions, such as Crohn’s disease114, type 2 diabetes mellitus115 and a 
myeloid pathotype of rheumatoid arthritis (rA)116. much of the evidence supporting this 
suggestion has come from genome-wide association studies, and several such studies 
investigating groups of patients with rA have provided support for the existence of a 
myeloid subtype of rA. Two studies from Japan that interrogated whole-blood gene 
expression data as a source of biomarkers to predict drug response in patients with  
rA found innate immune signatures135,136. in a study that categorized patients into 
remission and non-remission groups, the expression of both neutrophil-specific and 
natural killer cell-specific genes was upregulated in patients treated with abatacept in 
the non-remission group135. A multiomics study identified highly upregulated gene 
transcripts in neutrophils of patients with rA136, which is consistent with a 2016 study of 
paediatric patients with systemic lupus erythematosus, in which a neutrophil signature 
was associated with disease progression to active nephritis92.

Further to these studies is the burgeoning concept of osteoarthritis (oA) as an example 
of a mechanically driven disease that could be considered as an autoinflammatory 
disease137,138. oA pathogenesis results from mechanical stress activating cells, primarily 
joint cells such as chondrocytes and osteocytes, via mechanoreceptors139. This results  
in innate immune activation, which ultimately results in activation of kinases, such  
as mApK, and a subsequent increase in the expression of reactive oxygen species, 
pro-inflammatory cytokines and metalloproteinases140,141. This immune response is 
exacerbated by the metalloproteinase-induced release of matrix fragments such as 
fibronectin into the synovial fluid, causing activation of the innate immune system in the 
synovium142. As such, an autoinflammatory component can be seen in oA, which has in 
the past been considered primarily a mechanically driven disease138.

Together, these reports underline the central role of the innate immune system in 
both the pathogenesis of these complex polygenic conditions and the diversity of 
systems that can converge to result in an autoinflammatory response.

Itaconate
A derivate of the tricarboxylic 
acid cycle, which has a key  
role in the regulation of 
macrophage function; it has 
been shown to decrease 
production of pro-inflammatory 
mediators in lipopolysaccharide- 
treated macrophages and to 
ameliorate sepsis and psoriasis 
in animal models, revealing a 
novel biological action beyond 
its regular roles in antimicrobial 
defences.
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Conclusions
Twenty years have elapsed since the term autoinflam-
mation was introduced to encompass some of the 
distinct clinicopathological features of the hereditary 
periodic fevers, which are characterized by recurrent 
episodes of inflammation without high-titre autoanti-
bodies or antigen-specific T cells124. During that time, 
it has become increasingly apparent that dysregulation 
of innate immune responses lies at the heart of these 
disorders125. More than 30 monogenic diseases are cur-
rently listed in the Infevers database of autoinflamma-
tory disorders, with a vast range of clinicopathological 
entities falling under the umbrella of autoinflammatory 
disorders126. This diverse group of disorders has already 
provided many unique insights into the biological 

mechanisms and treatment of inflammation, and it 
seems plausible that many other conditions remain to 
be discovered.

In this Review, we have attempted to show how the 
field of autoinflammation is moving towards a systems- 
based concept and description of innate immune- 
mediated disease. With the application of current and 
emerging technological advances, the complex mecha-
nisms involved in initiation, progression and disease 
resolution will be further defined, with the potential to 
enable the prevention, diagnosis and treatment of these 
conditions in the form of personalized medicine in the 
near future.

Published online 27 February 2020

Oral 
glucocorticoids

Reverse
transcriptase

inhibitors

PRAAS

CANDLE

SAVI AGS

JAK
inhibitors

NLRP1-AID

NLRP12-AID

MKD

TRAPS

PAAND

ORAS

RELA haplo-
insufficiency 

PAPA

HA20b

DADA2

HOIL-1/HOIP
deficiency 

Biallelic RIPK1
mutations 

NLRP3-AID, MWS
CINCA/NOMID, FCAS

DIRA
Colchicine

HSCT

Acitretin Glucocorticoids

Anti-TNFAnti-IL-1FMF

NLRC4-AID

Anti-IL-18a

Fig. 6 | The overlapping therapeutic options in autoinflammatory disease. The diseases described in this Review and 
found in TABle 1 can be classified by the predominant therapies used in their treatment. Diseases are shown in white 
boxes and therapies are shown in coloured boxes. aAnti-IL-18 therapy is currently in clinical trials and is not routinely 
available. bOther anti-cytokine therapies (anti-IL-1 and anti-IL-6) can also have therapeutic benefit in selected cases.  
AGS, Aicardi-Goutières syndrome; AID, associated inflammatory disease; CANDLE, chronic atypical neutrophilic 
dermatosis with lipodystrophy and elevated temperature; CINCA/NOMID, chronic infantile neurological, cutaneous and 
articular syndrome/neonatal-onset multisystem inflammatory disease; DADA2, deficiency of adenosine deaminase 2; 
DIRA , deficiency of IL-1 receptor antagonist; FCAS, familial cold autoinflammatory syndrome; FMF, familial Mediterranean 
fever ; HA20, haploinsufficiency of A20; HSCT, haematopoietic stem cell transplantation; JAK , Janus kinase; MKD, 
mevalonate kinase deficiency ; MWS, Muckle-Wells syndrome; ORAS, OTULIN-related autoinflammatory syndrome; 
PAAND, pyrin-associated autoinflammation with neutrophilic dermatosis; PAPA , pyogenic arthritis, pyoderma 
gangrenosum and acne; PRAAS, proteasome-associated autoinflammatory syndrome; SAVI, STING-associated 
vasculopathy with onset in infancy ; TRAPS, TNF receptor-associated periodic syndrome.

1. Pathak, S., McDermott, M. F. & Savic, S. 
Autoinflammatory diseases: update on classification 
diagnosis and management. J. Clin. Pathol. 70, 1–8 
(2017).

2. Beck, D. & Aksentijevich, I. J. F. Biochemistry of 
autoinflammatory diseases: catalyzing monogenic 
disease. Front. Immunol. 10, 101 (2019).

3. The International FMF Consortium. Ancient missense 
mutations in a new member of the RoRet gene family 
are likely to cause familial Mediterranean fever.  
Cell 90, 797–807 (1997).

4. French FMF Consortium et al. A candidate gene for 
familial Mediterranean fever. Nat. Genet. 17, 25–31 
(1997).

5. Masters, S. L. et al. Familial autoinflammation  
with neutrophilic dermatosis reveals a regulatory 

mechanism of pyrin activation. Sci. Transl Med. 8, 
332–345 (2016).

6. De Benedetti, F. et al. Canakinumab for the  
treatment of autoinflammatory recurrent fever 
syndromes. N. Engl. J. Med. 378, 1908–1919 
(2018).

7. Moghaddas, F. et al. A novel pyrin-associated 
autoinflammation with neutrophilic dermatosis 
mutation further defines 14-3-3 binding of pyrin  
and distinction to familial Mediterranean fever.  
Ann. Rheum. Dis. 76, 2085–2094 (2017).

8. McGonagle, D. & McDermott, M. F. A proposed 
classification of the immunological diseases.  
PLoS Med. 3, e297 (2006).

9. Ben-Chetrit, E. et al. Consensus proposal for 
taxonomy and definition of the autoinflammatory 

diseases (AIDs): a Delphi study. Ann. Rheum. Dis. 77, 
1558–1565 (2018).

10. McGonagle, D., Watad, A. & Savic, S. J. Novel 
immunological based classification of rheumatoid 
arthritis with therapeutic implications. Autoimmun. Rev. 
11, 1115–1123 (2018).

11. Ozen, S. & Bilginer, Y. A clinical guide to 
autoinflammatory diseases: familial Mediterranean 
fever and next-of-kin. Nat. Rev. Rheumatol. 10, 
135–147 (2014).

12. Xu, H. et al. Innate immune sensing of bacterial 
modifications of Rho GTPases by the pyrin 
inflammasome. Nature 513, 237–241 (2014).

13. Park, Y. H. et al. Pyrin inflammasome activation and 
RhoA signaling in the autoinflammatory diseases  
FMF and HIDS. Nat. Immunol. 17, 914–921 (2016).

NATure reviewS | RheuMAToloGy

R e v i e w s

  volume 16 | April 2020 | 235



14. Hong, Y. et al. Autoinflammation due to homozygous 
S208 MEFV mutation. Ann. Rheum. Dis. 78, 
571–573 (2019).

15. Gao, W. et al. Site-specific phosphorylation and 
microtubule dynamics control pyrin inflammasome 
activation. Proc. Natl Acad. Sci. USA 113, 
4857–4866 (2016).

16. Van Gorp, H. et al. Familial Mediterranean fever 
mutations lift the obligatory requirement for 
microtubules in pyrin inflammasome activation.  
Proc. Natl Acad. Sci. USA 113, 14384–14389 (2016).

17. Jamilloux, Y. et al. Familial Mediterranean fever 
mutations are hypermorphic mutations that 
specifically decrease the activation threshold of the 
pyrin inflammasome. Rheumatology 57, 100–111 
(2017).

18. Drenth, J. P. et al. Mutations in the gene encoding 
mevalonate kinase cause hyper-IgD and periodic fever 
syndrome. International Hyper-IgD Study Group.  
Nat. Genet. 22, 178–181 (1999).

19. Houten, S. M. et al. Mutations in MVK, encoding 
mevalonate kinase, cause hyperimmunoglobulinaemia D 
and periodic fever syndrome. Nat. Genet. 22, 
175–177 (1999).

20. Seabra, M. Membrane association and targeting  
of prenylated Ras-like GTPases. Cell Signal. 10, 
167–172 (1998).

21. Ozen, S. et al. International retrospective chart review 
of treatment patterns in severe familial Mediterranean 
fever, tumor necrosis factor receptor-associated 
periodic syndrome, and mevalonate kinase deficiency/
hyperimmunoglobulinemia D syndrome. Arthritis Care 
Res. 69, 578–586 (2017).

22. ter Haar, N. M. et al. The phenotype and genotype of 
mevalonate kinase deficiency: a series of 114 cases 
from the Eurofever registry. Arthritis Rheum. 68, 
2795–2805 (2016).

23. Lachmann, H. J. Periodic fever syndromes. Best Pract. 
Res. Clin. Rheumatol. 31, 596–609 (2017).

24. Waite, A. L. et al. Pyrin modulates the intracellular 
distribution of PSTPIP1. PLoS One 4, 6147 (2009).

25. Waite, A. L. et al. Pyrin and ASC co-localize to cellular 
sites that are rich in polymerizing actin. Exp. Biol. 
Med. 234, 40–52 (2009).

26. Manukyan, G. et al. Activated phenotype of  
circulating neutrophils in familial Mediterranean  
fever. Immunobiology 218, 892–898 (2013).

27. Vicente-Manzanares, M. & Sanchez-Madrid, F. Role of 
the cytoskeleton during leukocyte responses. Nat. Rev. 
Immunol. 4, 110–122 (2004).

28. Alghamdi, M. Familial Mediterranean fever, review  
of the literature. Clin. Rheumatol. 36, 1707–1713 
(2017).

29. Wise, C. A. et al. Mutations in CD2BP1 disrupt 
binding to PTP PEST and are responsible for PAPA 
syndrome, an autoinflammatory disorder. Hum. Mol. 
Genet. 11, 961–969 (2002).

30. Yeon, H. B. et al. Pyogenic arthritis, pyoderma 
gangrenosum, and acne syndrome maps to 
chromosome 15q. Am. J. Hum. Genet. 66, 
1443–1448 (2000).

31. Starnes, T. W. et al. The F-BAR protein PSTPIP1 
controls extracellular matrix degradation and 
filopodia formation in macrophages. Blood 123, 
2703–2714 (2014).

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

33. Pfajfer, L. et al. Mutations affecting the actin regulator 
WD repeat-containing protein 1 lead to aberrant 
lymphoid immunity. J. Allergy Clin. Immunol. 142, 
1589–1604 (2018).

34. Kim, M. L. et al. Aberrant actin depolymerization 
triggers the pyrin inflammasome and autoinflammatory 
disease that is dependent on IL-18, not IL-1β.  
J. Exp. Med. 212, 927–938 (2015).

35. Volpi, S. et al. A combined immunodeficiency with 
severe infections, inflammation, and allergy caused  
by ARPC1B deficiency. J. Allergy Clin. Immunol. 143, 
2296–2299 (2019).

36. Lee, P. P. et al. Wiskott–Aldrich syndrome protein 
regulates autophagy and inflammasome activity  
in innate immune cells. Nat. Commun. 8, 1576 
(2017).

37. Poli, M. C. et al. Heterozygous truncating variants in 
POMP escape nonsense-mediated decay and cause a 
unique immune dysregulatory syndrome. Am. J. Hum. 
Genet. 102, 1126–1142 (2018).

38. Fricke, B. et al. The proteasome maturation protein 
POMP facilitates major steps of 20S proteasome 

formation at the endoplasmic reticulum. EMBO Rep. 
8, 1170–1175 (2007).

39. Chakraborty, P. K. et al. Mutations in TRNT1  
cause congenital sideroblastic anemia with 
immunodeficiency, fevers, and developmental  
delay (SIFD). Blood 124, 2867–2871 (2014).

40. Wiseman, D. H. et al. A novel syndrome of congenital 
sideroblastic anemia, B-cell immunodeficiency, 
periodic fevers, and developmental delay (SIFD). Blood 
122, 112–123 (2013).

41. Giannelou, A. et al. Aberrant tRNA processing causes 
an autoinflammatory syndrome responsive to TNF 
inhibitors. Ann. Rheum. Dis. 77, 612–619 (2018).

42. Dickie, L. J. et al. Involvement of X-box binding  
protein 1 and reactive oxygen species pathways in  
the pathogenesis of tumour necrosis factor receptor- 
associated periodic syndrome. Ann. Rheum. Dis. 71, 
2035–2043 (2012).

43. Scambler, T. et al. ENaC-mediated sodium influx 
exacerbates NLRP3-dependent inflammation in cystic 
fibrosis. eLife 8, e49248 (2019).

44. Agyemang, A. F. et al. Protein misfolding and 
dysregulated protein homeostasis in autoinflammatory 
diseases and beyond. Semin. Immunopathol. 37, 
335–347 (2015).

45. Cherubini, M. & Wade-Martins, R. Convergent 
pathways in Parkinson’s disease. Cell Tissue Res. 373, 
79–90 (2018).

46. Lenart, N., Brough, D. & Denes, A. Inflammasomes 
link vascular disease with neuroinflammation and 
brain disorders. J. Cereb. Blood Flow Metab. 36, 
1668–1685 (2016).

47. Sen, R. & Baltimore, D. J. Multiple nuclear factors 
interact with the immunoglobulin enhancer sequences. 
Cell 46, 705–716 (1986).

48. Sen, R. & Baltimore, D. J. C. Inducibility of  
κ immunoglobulin enhancer-binding protein NF-κB  
by a posttranslational mechanism. Cell 47, 921–928 
(1986).

49. Mussbacher, M. et al. Cell type-specific roles of NF-κB 
linking inflammation and thrombosis. Front. Immunol. 
10, 85 (2019).

50. Tak, P. P. & Firestein, G. S. NF-κB: a key role in 
inflammatory diseases. J. Clin. Invest. 107, 7–11 
(2001).

51. Lawrence, T. The nuclear factor NF-κB pathway in 
inflammation. Cold Spring Harb. Perspect. Biol. 1, 
a001651 (2009).

52. Croston, G. E., Cao, Z. & Goeddel, D. V. NF-κB 
activation by interleukin-1 (IL-1) requires an IL-1 
receptor-associated protein kinase activity. J. Biol. 
Chem. 270, 16514–16517 (1995).

53. Rea, I. M. et al. Age and age-related diseases: role of 
inflammation triggers and cytokines. Front. Immunol. 
9, 586 (2018).

54. Beg, A. A. & Baldwin, A. S. Activation of multiple 
NF-κB/Rel DNA-binding complexes by tumor necrosis 
factor. Oncogene 9, 1487–1492 (1994).

55. Newton, K. & Dixit, V. M. Signaling in innate immunity 
and inflammation. Cold Spring Harb. Perspect. Biol. 4, 
3 (2012).

56. Kabe, Y. et al. Redox regulation of NF-κB activation: 
distinct redox regulation between the cytoplasm and 
the nucleus. Antioxid. Redox Signal. 7, 395–403 
(2005).

57. Devary, Y. et al. NF-κB activation by ultraviolet light 
not dependent on a nuclear signal. Science 261, 
1442–1445 (1993).

58. Jarosz-Griffiths, H. H. et al. TNF receptor signalling  
in autoinflammatory diseases. Int. Immunol. 31, 
639–648 (2019).

59. Hayden, M. S. & Ghosh, S. Regulation of NF-κB by 
TNF family cytokines. Semin. Immunol. 26, 253–266 
(2014).

60. Zonana, J. et al. A novel X-linked disorder of immune 
deficiency and hypohidrotic ectodermal dysplasia is 
allelic to incontinentia pigmenti and due to mutations 
in IKK-gamma (NEMO). Am. J. Hum. Genet. 67, 
1555–1562 (2000).

61. Israel, A. The IKK complex, a central regulator of 
NF-κB activation. Cold Spring Harb. Perspect. Biol. 2, 
1–14 (2010).

62. Jin, D. Y. & Jeang, K. T. Isolation of full-length cDNA 
and chromosomal localization of human NF-κB 
modulator NEMO to Xq28. J. Biomed. Sci. 6, 
115–120 (1999).

63. Kere, J. et al. X-linked anhidrotic (hypohidrotic) 
ectodermal dysplasia is caused by mutation in a  
novel transmembrane protein. Nat. Genet. 13, 
409–416 (1996).

64. Courtois, G. et al. A hypermorphic IκBα mutation is 
associated with autosomal dominant anhidrotic 

ectodermal dysplasia and T cell immunodeficiency.  
J. Clin. Invest. 112, 1108–1115 (2003).

65. Orange, J. S. & Geha, R. S. Finding NEMO: genetic 
disorders of NF-κB activation. J. Clin. Invest. 112, 
983–985 (2003).

66. Nenci, A. et al. Epithelial NEMO links innate immunity 
to chronic intestinal inflammation. Nature 446, 
557–561 (2007).

67. Vlantis, K. et al. NEMO prevents RIP kinase 
1-mediated epithelial cell death and chronic  
intestinal inflammation by NF-κB-dependent  
and -independent functions. Immunity 44, 553–567 
(2016).

68. Zaph, C. et al. Epithelial-cell-intrinsic IKK-β expression 
regulates intestinal immune homeostasis. Nature 
446, 552–556 (2007).

69. Cuchet-Lourenco, D. et al. Biallelic RIPK1 mutations  
in humans cause severe immunodeficiency, arthritis, 
and intestinal inflammation. Science 361, 810–813 
(2018).

70. Tao, P. et al. A dominant autoinflammatory disease 
caused by non-cleavable variants of RIPK1. Nature 
577, 109–114 (2020).

71. Lalaoui, N. et al. Mutations that prevent caspase 
cleavage of RIPK1 cause autoinflammatory disease. 
Nature 577, 103–108 (2020).

72. Boisson, B. et al. Immunodeficiency, autoinflammation 
and amylopectinosis in humans with inherited  
HOIL-1 and LUBAC deficiency. Nat. Immunol. 13, 
1178–1186 (2012).

73. Ikeda, F. et al. SHARPIN forms a linear ubiquitin ligase 
complex regulating NF-κB activity and apoptosis. 
Nature 471, 637–641 (2011).

74. Aksentijevich, I. & Zhou, Q. NF-κB pathway in 
autoinflammatory diseases: dysregulation of protein 
modifications by ubiquitin defines a new category of 
autoinflammatory diseases. Front. Immunol. 8, 399 
(2017).

75. Zhou, Q. et al. Biallelic hypomorphic mutations in a 
linear deubiquitinase define otulipenia, an early-onset 
autoinflammatory disease. Proc. Natl Acad. Sci. USA 
113, 10127–10132 (2016).

76. Damgaard, R. B. et al. OTULIN deficiency in ORAS 
causes cell type-specific LUBAC degradation, 
dysregulated TNF signalling and cell death. EMBO 
Mol. Med. 11, 3 (2019).

77. Aksentijevich, I. & McDermott, M. F. Lessons from 
characterization and treatment of the autoinflammatory 
syndromes. Curr. Opin. Rheumatol. 29, 187–194 
(2017).

78. Zhou, Q. et al. Loss-of-function mutations in TNFAIP3 
leading to A20 haploinsufficiency cause an early-onset 
autoinflammatory disease. Nat. Genet. 48, 67–73 
(2016).

79. Shembade, N. & Harhaj, E. W. Regulation of NF-κB 
signaling by the A20 deubiquitinase. Cell. Mol. 
Immunol. 9, 123–130 (2012).

80. Wu, Y. et al. Ubiquitination regulation of inflammatory 
responses through NF-κB pathway. Am. J. Transl Res. 
10, 881–891 (2018).

81. Aeschlimann, F. A. et al. A20 haploinsufficiency 
(HA20): clinical phenotypes and disease course of 
patients with a newly recognised NF-κB-mediated 
autoinflammatory disease. Ann. Rheum. Dis. 77, 
728–735 (2018).

82. Lawless, D. et al. A case of adult-onset Still’s disease 
caused by a novel splicing mutation in TNFAIP3 
successfully treated with tocilizumab. Front. Immunol. 
9, 1527 (2018).

83. Badran, Y. R. et al. Human RELA haploinsufficiency 
results in autosomal-dominant chronic mucocutaneous 
ulceration. J. Exp. Med. 214, 1937–1947 (2017).

84. Faruqi, A. J. et al. RELA/p65 haploinsufficiency as a 
novel cause of primary immune disorder. J. Immunol. 
198, 59.17 (2017).

85. Liu, T. et al. NF-κB signaling in inflammation. Signal 
Transduct. Target. Ther. 2, 17023 (2017).

86. Kaustio, M. et al. Damaging heterozygous  
mutations in NFKB1 lead to diverse immunologic 
phenotypes. J. Allergy Clin. Immunol. 140, 782–796 
(2017).

87. Alnemri, E. S. Sensing cytoplasmic danger signals by 
the inflammasome. J. Clin. Immunol. 30, 512–519 
(2010).

88. Uggenti, C., Lepelley, A. & Crow, Y. J. Self-awareness: 
nucleic acid-driven inflammation and the type I 
interferonopathies. Ann. Rev. Immunol. 37, 247–267 
(2019).

89. Sanchez, G. A. M. et al. JAK1/2 inhibition with 
baricitinib in the treatment of autoinflammatory 
interferonopathies. J. Clin. Invest. 128, 3041–3052 
(2018).

www.nature.com/nrrheum

R e v i e w s

236 | April 2020 | volume 16 



90. Briand, C. et al. Efficacy of JAK1/2 inhibition in the 
treatment of chilblain lupus due to TREX1 deficiency. 
Ann. Rheum. Dis. 78, 431–433 (2019).

91. McLellan, K. E. et al. JAK 1/2 blockade in MDA5 
gain-of-function. J. Clin. Immunol. 38, 844–846  
(2018).

92. Banchereau, R. et al. Personalized immunomonitoring 
uncovers molecular networks that stratify lupus 
patients. Cell 165, 1548–1550 (2016).

93. Baechler, E. C. et al. Interferon-inducible gene 
expression signature in peripheral blood cells of 
patients with severe lupus. Proc. Natl Acad. Sci. USA 
100, 2610–2615 (2003).

94. Hjelmervik, T. O. R. et al. Gene expression profiling  
of minor salivary glands clearly distinguishes primary 
Sjögren’s syndrome patients from healthy control 
subjects. Arthritis Rheum. 52, 1534–1544 (2005).

95. Higgs, B. W. et al. Patients with systemic lupus 
erythematosus, myositis, rheumatoid arthritis and 
scleroderma share activation of a common type I 
interferon pathway. Ann. Rheum. Dis. 70, 2029–2036 
(2011).

96. van der Pouw Kraan, T. C. et al. Rheumatoid arthritis 
subtypes identified by genomic profiling of peripheral 
blood cells: assignment of a type I interferon signature 
in a subpopulation of patients. Ann. Rheum. Dis. 66, 
1008–1014 (2007).

97. Rigolet, M. et al. Distinct interferon signatures stratify 
inflammatory and dysimmune myopathies. Rheum. 
Musculoskelet. Dis. 5, e000811 (2019).

98. Li, T. & Chen, Z. J. The cGAS–cGAMP–STING pathway 
connects DNA damage to inflammation, senescence, 
and cancer. J. Exp. Med. 215, 1287–1299 (2018).

99. Liu, Y. et al. Activated STING in a vascular and 
pulmonary syndrome. N. Engl. J. Med. 371, 507–518 
(2014).

100. Ablasser, A. & Chen, Z. J. cGAS in action: expanding 
roles in immunity and inflammation. Science 363, 
eaat8657 (2019).

101. Luksch, H. et al. STING-associated lung disease  
in mice relies on T cells but not type I interferon.  
J. Allergy Clin. Immunol. 144, 254–266 (2019).

102. Warner, J. D. et al. STING-associated vasculopathy 
develops independently of IRF3 in mice. J. Exp. Med. 
214, 3279–3292 (2017).

103. Sivick, K. E. et al. Magnitude of therapeutic STING 
activation determines CD8+ T cell-mediated anti-tumor 
immunity. Cell Rep. 25, 3074–3085 (2018).

104. Cerboni, S. et al. Intrinsic antiproliferative activity  
of the innate sensor STING in T lymphocytes. J. Exp. 
Med. 214, 1769–1785 (2017).

105. Srikanth, S. et al. The Ca2+ sensor STIM1 regulates  
the type I interferon response by retaining the 
signaling adaptor STING at the endoplasmic 
reticulum. Nat. Immunol. 20, 152–162 (2019).

106. Rice, L. et al. A report of novel STIM1 deficiency and  
6 year follow up of two previous cases associated with 
mild immunological phenotype. J. Clin. Immunol. 3, 
249–256 (2018).

107. Feske, S., Picard, C. & Fischer, A. Immunodeficiency 
due to mutations in ORAI1 and STIM1. Clin. Immunol. 
135, 169–182 (2010).

108. Jeremiah, N. et al. Inherited STING-activating 
mutation underlies a familial inflammatory syndrome 
with lupus-like manifestations. J. Clin. Invest. 124, 
5516–5520 (2014).

109. Konno, H. et al. Pro-inflammation associated with  
a gain-of-function mutation (R284S) in the innate 
immune sensor STING. Cell Rep. 23, 1112–1123 
(2018).

110. Saldanha, R. G. et al. A mutation outside the 
dimerization domain causing atypical STING-associated 
vasculopathy with onset in infancy. Front. Immunol. 9, 
1535 (2018).

111. Arakelyan, A. et al. Autoimmunity and 
autoinflammation: a systems view on signaling 
pathway dysregulation profiles. PLoS One 12, 1–21 
(2017).

112. Grateau, G. et al. How should we approach classification 
of autoinflammatory diseases? Nat. Rev. Rheumatol. 
9, 624–629 (2013).

113. Savic, S. & McDermott, M. F. Clinical genetics in 2014: 
new monogenic diseases span the immunological 
disease continuum. Nat. Rev. Rheumatol. 11, 67–68 
(2015).

114. Savic, S., Dickie, L. J., Wittmann, M. &  
McDermott, M. F. Autoinflammatory syndromes  
and cellular responses to stress: pathophysiology, 
diagnosis and new treatment perspectives. Best Pract. 
Res. Clin. Rheumatol. 26, 505–533 (2012).

115. Donath, M. Y. & Shoelson, S. E. Type 2 diabetes as an 
inflammatory disease. Nat. Rev. Immunol. 11, 98–107 
(2011).

116. Dennis, G. Jr et al. Synovial phenotypes in rheumatoid 
arthritis correlate with response to biologic 
therapeutics. Arthritis Res. Ther. 16, R90 (2014).

117. Liston, A. & Masters, S. L. Homeostasis-altering 
molecular processes as mechanisms of inflammasome 
activation. Nat. Rev. Immunol. 17, 208–214 (2017).

118. Yan, M. H., Wang, X. & Zhu, X. Mitochondrial  
defects and oxidative stress in Alzheimer disease  
and Parkinson disease. Free Radic. Biol. Med. 62, 
90–101 (2013).

119. Mills, E. L. et al. Itaconate is an anti-inflammatory 
metabolite that activates Nrf2 via alkylation of 
KEAP1. Nature 556, 113–117 (2018).

120. O’Neill, L. & Artyomov, M. N. Itaconate: the poster 
child of metabolic reprogramming in macrophage 
function. Nat. Rev. Immunol. 19, 273–281 (2019).

121. Lara-Reyna, S. et al. Metabolic reprogramming of 
cystic fibrosis macrophages via the IRE1a arm of the 
unfolded protein response results in exacerbated 
inflammation. Front. Immunol. 10, 1789 (2019).

122. Lukens, J. R. et al. Dietary modulation of the 
microbiome affects autoinflammatory disease.  
Nature 516, 246–249 (2014).

123. Fishman, J. & Thomson, A. Clinical implications of 
basic science discoveries: immune homeostasis and 
the microbiome—dietary and therapeutic modulation 
and implications for transplantation. Am. J. Transplant. 
15, 1755–1758 (2015).

124. McDermott, M. F. et al. Germline mutations in the 
extracellular domains of the 55 kDa TNF receptor, 
TNFR1, define a family of dominantly inherited 
autoinflammatory syndromes. Cell 97, 133–144 
(1999).

125. McDermott, M. F. & Aksentijevich, I. The 
autoinflammatory syndromes. Curr. Opin. Allergy  
Clin. Immunol. 2, 511–516 (2002).

126. Sarrauste de Menthière, C. et al. INFEVERS:  
the registry for FMF and hereditary inflammatory 
disorders mutations. Nucleic Acids Res. 31, 282–285 
(2003).

127. Tang, D. et al. PAMPs and DAMPs: signal 0s that  
spur autophagy and immunity. Immunol. Rev. 249, 
158–175 (2012).

128. Takeuchi, O. & Akira, S. J. C. Pattern recognition 
receptors and inflammation. Cell 140, 805–820 
(2010).

129. Martinon, F. et al. The inflammasome: a molecular 
platform triggering activation of inflammatory 
caspases and processing of proIL-β. Mol. Cell 10, 
417–426 (2002).

130. Lamkanfi, M. & Dixit, V. M. Inflammasomes and their 
roles in health and disease. Annu. Rev. Cell Dev. Biol. 
28, 137–161 (2012).

131. Strowig, T. et al. Inflammasomes in health and disease. 
Nature 481, 278–286 (2012).

132. Vanaja, S. K. et al. Mechanisms of inflammasome 
activation: recent advances and novel insights.  
Trends Cell Biol. 25, 308–315 (2015).

133. Sutterwala, F. S. et al. Mechanism of NLRP3 
inflammasome activation. Ann. N. Y. Acad. Sci.  
1319, 82–95 (2014).

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

135. Nakamura, S. et al. Identification of baseline gene 
expression signatures predicting therapeutic 
responses to three biologic agents in rheumatoid 
arthritis: a retrospective observational study.  
Arthritis Res. Ther. 18, 159 (2016).

136. Tasaki, S. et al. Multi-omics monitoring of drug 
response in rheumatoid arthritis in pursuit of 
molecular remission. Nat. Commun. 9, 2755 (2018).

137. Konttinen, Y. et al. Osteoarthritis as an 
autoinflammatory disease caused by chondrocyte- 
mediated inflammatory responses. Arthritis Rheum. 
64, 613–616 (2012).

138. Berenbaum, F. Osteoarthritis as an inflammatory 
disease (osteoarthritis is not osteoarthrosis!). 
Osteoarthr. Cartil. 21, 16–21 (2013).

139. Gilbert, S. J. & Blain, E. J. in Mechanobiology in 
Health and Disease (ed. Verbruggen, S.) 99–126 
(Elsevier, 2018).

140. Kalaitzoglou, E. et al. Innate immune responses and 
osteoarthritis. Curr. Rheumatol. Rep. 19, 45 (2017).

141. Nefla, M. et al. The danger from within: alarmins in 
arthritis. Nat. Rev. Rheumatol. 12, 669–683 (2016).

142. Geyer, M. & Schönfeld, C. Novel insights into the 
pathogenesis of osteoarthritis. Curr. Rheumatol. Rev. 
14, 98–107 (2018).

143. Rigante, D., Vitale, A., Lucherini, O. M. & Cantarini, L. 
The hereditary autoinflammatory disorders uncovered. 
Autoimmun. Rev. 13, 892–900 (2014).

144. Berteau, F. et al. Autosomic dominant familial Behçet 
disease and haploinsufficiency A20: a review of the 
literature. Autoimmun. Rev. 17, 809–815 (2018).

145. Cowen, E. W. & Goldbach-Mansky, R. DIRA, DITRA, 
and new insights into pathways of skin inflammation: 
what’s in a name? Arch. Dermatol. 148, 381–384 
(2012).

146. Rossi-Semerano, L. et al. First clinical description  
of an infant with interleukin-36-receptor antagonist 
deficiency successfully treated with anakinra. 
Pediatrics 132, 1043–1047 (2013).

Acknowledgements
The authors are supported by the EU Horizon 2020 research 
and innovation programme (ImmunAID; grant agreement 
number 779295). The authors thank T. Scambler,  
F. Berenbaum and S. Lara-Reyna for critical reading of the 
manuscript.

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

Competing interests
S.S. declares that he has received a travel grant and hono-
raria from SOBI and Novartis. The other authors declare no 
competing interests.

Peer review information
Nature Reviews Rheumatology thanks I. Touitou, M. Gattorno, 
T. Vogel and S. Masters for their contribution to the peer review 
of this work.

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

© Springer Nature Limited 2020

NATure reviewS | RheuMAToloGy

R e v i e w s

  volume 16 | April 2020 | 237



Glucocorticoids are used to treat many 
patients for a variety of conditions and are 
arguably the most important, and most 
frequently used, class of immunosuppressive 
drug worldwide. In fact, a 2017 study 
reported that one in five adults enrolled  
in a commercial insurance plan in the 
USA were prescribed short- term oral 
glucocorticoids for any indication within  
a 3-year period (2012–2014)1.

Rheumatology, in particular, is a 
discipline in which many patients require 
the use of glucocorticoids for successful 
treatment, although attitudes towards 
glucocorticoids have not always been 
favourable.

Just over 70 years ago, on 19 April 1949, 
Philipp Hench and colleagues published 
ground- breaking work on the successful 
treatment of 14 patients with rheumatoid 
arthritis (RA) with compound E (now 
known as cortisone)2. In 1955, the first 
synthetic glucocorticoids, prednisone and 
prednisolone3, were approved for medical use, 
followed swiftly by methylprednisolone and 
dexamethasone (Fig. 1). However, in the early 
1950s, it was already becoming clear that the 
long- term use of glucocorticoids, especially 
at high doses, could lead to adverse effects, 
including osteoporosis, arterial hypertension, 
an increased infection rate, type 2 diabetes 

position themselves more in favour or more 
against treatment with glucocorticoids, but 
in general, it seems that we have reached 
an age of convergence in opinions on 
glucocorticoid therapy. In this Perspectives 
article, I present the current converging 
views on the optimal use of glucocorticoids 
in RA, polymyalgia rheumatica (PMR) 
and large vessel vasculitis, describe the 
complex interplay of inflammation and its 
dampening by glucocorticoids (with a focus 
on bone), and discuss emerging strategies 
for glucocorticoid sparing, developments in 
objectively measuring glucocorticoid toxicity 
and the current status of glucocorticoid 
receptor ligands in development.

Attitudes to glucocorticoids
RA is a chronic systemic inflammatory 
disease that affects 0.5–1.0% of adults in 
developed countries13. Yet, despite advances 
in the development of targeted therapies 
for RA, glucocorticoids are still often 
used in treatment. For other rheumatic 
diseases, glucocorticoids are still the first- 
line treatment, including giant cell arteritis 
(GCA), the most frequent form of primary 
vasculitis, with an incidence of 18 per 
100,000 persons, and PMR, which affects  
up to 113 out of 100,000 persons of northern 
European descent aged 50 years or older14. 
As high- quality, up- to-date management 
recommendations exist for these diseases, 
I use them as examples to illustrate the 
current attitudes towards the use of 
glucocorticoids in rheumatology.

Rheumatoid arthritis
Current recommendations. A letter15 
published in 2012 justifiably criticized 
both the 2008 American College 
of Rheumatology (ACR) treatment 
recommendations for RA16 and the 2012 
update17 for failing to properly address the 
place of glucocorticoids. As a consequence, 
the 2015 ACR recommenda tions for the 
treatment of RA18 incorporated information 
on the suggested use of glucocorticoids, 
stating that glucocorticoids should  
be used at the lowest possible dose for the  
shortest possible duration to provide  
the best benefit-to-risk ratio for the  
patient. In particular, a recom mendation 
was made to consider adding low-dose 
glucocorticoids (≤10 mg/day of prednisone 

mellitus, weight- gain and cushingoid habitus4. 
Much effort has since been made to optimize 
treatments with these drugs: definitions of 
dosages and treatment regimens, guidelines 
and recommendations for the use of gluco-
corticoids to manage various diseases and 
tools for monitoring toxicity are being 
continuously developed and refined5–7; 
several different glucocorticoid- sparing 
strategies are being tested; and innovative 
glucocorticoids or glucocorticoid receptor 
ligands that have better benefit- to-risk ratios 
than conventional glucocorticoids are being 
developed8–11. A particularly important 
advance was made in 2007, when it became 
clear that glucocorticoids have disease- 
modifying therapeutic effects; glucocorticoids  
not only reduce clinical signs and symptoms 
of inflammation but also retard the 
radiographic progression of disease in 
patients with RA12.

Without doubt, glucocorticoids have 
excellent therapeutic effects, but they 
also have a high potential for triggering 
adverse effects. For this reason, opinions on 
glucocorticoid use have fluctuated between 
strong approval and pronounced rejection; 
however, the amplitude of these fluctuations 
has decreased as more data about the 
benefit- to-risk profile for these drugs has 
accumulated. Some doctors and patients still 

Views on glucocorticoid therapy in  
rheumatology: the age of convergence
Frank Buttgereit  

Abstract | After decades of sometimes fierce debate about the advantages and 
disadvantages of glucocorticoids, an age of convergence has been reached. 
Current recommendations for the management of diseases such as rheumatoid 
arthritis (RA), polymyalgia rheumatica and large vessel vasculitis reflect the current 
consensus that as much glucocorticoid as necessary , but as little as possible, should 
be used. Over the past few years, a range of glucocorticoid- sparing strategies have 
been developed, as have tools to improve the management of this therapy.  
A comprehensive view of glucocorticoid- induced osteoporosis has also emerged 
that recognizes that bone fragility is not solely determined by the dose and duration 
of glucocorticoid treatment. Nevertheless, open questions remain around whether 
long- term use of very low doses of glucocorticoids is a realistic option for patients 
with RA and whether the search for innovative glucocorticoids or glucocorticoid 
receptor ligands with improved benefit- to-risk ratios will ultimately be successful.
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or equivalent) to the treatment regimen 
when starting DMARDs in patients  
with RA with moderate or high disease 
activity, or in patients who did not  
respond to treatment with conventional 
synthetic DMARDs (csDMARDs) or 
biologic DMARDs (bDMARDs). Short-term 
use of glucocorticoids (defined as <3 months  
of treatment) was also recommended  
for consideration for the treatment of  
disease flares18.

The current EULAR recommendations 
for the use of glucocorticoids in RA6  
are similar to those of the ACR18, but  
have a somewhat different history. The  
2010 EULAR recommendations for  
the management of RA19 with csDMARDs 
and bDMARDs stated that, on the basis 
of the aforementioned 2007 study12, 
glucocorticoids not only have anti- 
inflammatory properties but are also 
disease- modifying. Therefore, the  
2010 EULAR recommendation was to use 
glucocorticoids as an initial short- term 
treatment at low to moderately high doses in 
conjunction with csDMARD monotherapy 
(or a combinations of csDMARDs), but 
to taper the glucocorticoids as rapidly as 
clinically feasible (within 3–6 months) and, 
ultimately, to stop their use19. This wording 
reflected the fact that both long- term and 
intermediate- term use of glucocorticoids 
in the treatment of patients with RA can 
lead to adverse events, although it should be 
noted that analysing data of such events can 
be difficult (Box 1). The tapering wording 
was kept in the 2013 (reF.20) and 2016 (reF.6) 
updates to the EULAR recommendations, 
but other parts of the glucocorticoid 
recommendations were described with 

greater precision in these updates. 
The 2016 update6 clarified that several 
administration strategies are used for 
glucocorticoid bridging therapy, including 
oral doses of up to 30 mg prednisone 
equivalent daily, a single intramuscular 
injection of 120 mg methylprednisolone, 
or a single intravenous pulse therapy of 
250 mg methylprednisolone. This update6 
also made it clear that glucocorticoids 
should be considered a bridging therapy 
when initiating or changing csDMARDs, 
meaning that they should be administered 
for as long as it takes for the csDMARD to 
achieve its maximum effect. Conversely, 
this recommendation implies that 
glucocorticoids are not needed as a bridging 
therapy when bDMARDs or targeted 
synthetic DMARDs are used, as these 
treatments usually have a rapid onset of 
action and can have additive effects on the 
risk of infection. The 2016 update6 also 
replaced the phrase ‘up to 6 months’ with 
the phrase ‘short- term glucocorticoids’, as it 
was felt that no evidence existed to support 
the previous recommendation20. Notably, 
‘short term’ currently has no clear definition 
in terms of weeks or months. What is clear, 
however, is that doses above 5 mg/day 
should be avoided for long- term use  
(3–6 months or longer)4 owing to the 
potential safety risks21,22.

Alternative views. Some rheumatologists — 
including myself — consider the long-term 
use of very low doses of glucocorticoids 
(ideally doses of between 2 mg/day and 
4 mg/day) a realistic therapeutic option for 
patients with RA23. This view is supported 
by real- world cohort data. For example, 

in a study of the tolerability profile of 
glucocorticoids for patients with early RA 
(<6 months disease duration), 386 out  
of 602 patients (64.1%) received low-dose 
prednisone (mean 3.1 ± 2.9 mg/day) for the 
entire follow- up (median of 7 years)24.  
The authors used a composite of death, 
cardiovascular disease (including  
myocardial ischaemia, cerebrovascular 
accident and heart failure), severe infection 
and fracture to evaluate the safety profile  
of glucocorticoids in this patent population 
and reported a good safety profile for very 
low-dose glucocorticoids in early active RA.  
Similarly, data from 669 patients with 
RA from a German early arthritis cohort 
(CAPEA) showed that 77% of patients 
were initially treated with glucocorticoids 
at starting doses ranging from <7.5 mg 
to >20 mg of prednisolone per day, and that 
47% of patients remained on glucocorticoid 
treatment after 2 years25. In a study of adult 
patients with RA identified in the Australian 
Rheumatology Association Database, a 
registry that collects long- term outcome 
data from patients with inflammatory 
arthritis, data from 3,699 patients were 
analysed26. In this cohort, the probability 
of oral glucocorticoid use decreased over 
time, from 55% between 2001 and 2005 to 
39% between 2012 and 2015. Interestingly, 
between 2008 and 2015, glucocorticoid use 
only reduced by 3%26, which might indicate 
that a plateau has almost been reached with 
current therapeutic options.

However, not only has the percentage of 
patients taking glucocorticoids constantly 
decreased but the mean daily dosage has 
also shifted towards the minimum needed 
for effective therapy. For example, 48.3% of 

First publication on 
treatment success 
with compound E 
(cortisone) in 
patients with RA 2

Glucocorticoids 
retard radiological 
progression in RA 12

Development of a 
Glucocorticoid Toxicity Index7

EULAR recommendations on 
glucocorticoids for the 
management of RA 6

Tocilizumab as a 
glucocorticoid-sparing agent 
in giant cell arteritis42

Fosdagrocorat —
first-in-class DAGR 
compound for the 
treatment of RA11

Glucocorticoid 
nomenclature5

Modified release  
prednisone in RA8

Update of the EULAR 
recommendations for 
the management of 
large vessel vasculitis31

Prednisone shown to be 
effective in RA3

(1955–1961) Methylprednisolone (1955) 
and dexamethasone (1961) approved 
for medical use

(1950s onwards) 
Reports about 
adverse effects of 
glucocorticoids

1949 1950 1955 1961 2002 2007 2008 2017 2018 2019

Fig. 1 | Important developments in glucocorticoid use in rheumatology. The broad introduction of glucocorticoids into clinical medicine has its origins 
in the first publication on the successful use of cortisone in patients with rheumatoid arthritis (RA). Since then, various findings on the benefits and risks of 
these drugs have shaped treatment recommendations regarding their optimal use. DAGR , dissociated agonist of the glucocorticoid receptor.
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8,084 patients from the national database  
of the German Collaborative Arthritis 
Centres received glucocorticoids with a total 
mean dose of 5 mg prednisone equivalent 
per day (8.5% were treated with daily doses 
of <5 mg, 37.7% with 5–7.5 mg and only 
2.1% with >7.5 mg)27, in line with current 
recommendations6,18.

Collectively, these analyses23–27 highlight 
two main facts. First, the approach of 
tapering glucocorticoids to zero or to the 
lowest effective dose is widely used, and 
second, a certain percentage of patients with 
RA are still being more or less constantly 
treated with glucocorticoids. These facts 
prompt the questions of whether physicians 
and patients are not trying hard enough 
to eliminate glucocorticoids and whether 
combination therapy with DMARDs and 
low- dose glucocorticoids is more effective 
than DMARDs alone in the long term. The 
jury is still out, although some answers can 
be derived from the preliminary analysis 
of data from the steroid elimination in 
RA (SEMIRA) trial28 (see section on 
glucocorticoid- sparing strategies below).

Vasculitis
Polymyalgia rheumatica. The current 
2015 EULAR–ACR recommendations 
for the management of PMR state that 
glucocorticoids should be used as first- 
line therapy in patients with PMR rather 
than NSAIDs, unless short- term use of 
NSAIDs is needed for treating pain related 
to other conditions29. This recommendation 
underlines the important role that 
glucocorticoids have in the treatment of 
this disease14. More specifically, the panel 
recommended using the minimum effective 
individualised duration of glucocorticoid 
therapy (assuming at least 12 months),  
and a minimum effective glucocorticoid 
dose within a range of 12.5–25 mg 
prednisone equivalent daily as the initial 
treatment29. A dose towards the higher end 
of the suggested range can be considered 
for patients with a low risk of adverse events 
and a high risk of relapse. In patients with 
comorbidities, such as diabetes, osteoporosis 
or glaucoma, or other risk factors for 
glucocorticoid- related adverse effects, a 
lower dose might be preferred. For the initial 
tapering, after 4–8 weeks of treatment the 
oral dose should be 10 mg/day prednisone 
equivalent. Once remission has been 
achieved, the dosage should be tapered more 
gradually. Specific recommendations were 
also provided for the treatment of relapses 
with glucocorticoids14,29 (TaBle 1).

Notably, these recommendations29 
collectively reflect the approach of choosing 

the minimum effective, patient- specific 
dose and duration of glucocorticoid 
treatment to balance benefit against harm. 
The actual decision on such patient- 
specific parameters for glucocorticoid 
therapy requires the assessment and 
consideration of disease activity, risk factors 
for glucocorticoid- related adverse events, 
comorbidities, concomitant medications, 
relapses and prolonged therapy. The 
consistent following of this approach  
might explain why, with the exception 
of cataracts, the rates of morbidities 
linked to glucocorticoid therapy were 
not more common in 359 patients with 
PMR than in 359 age- matched and 
sex-matched individuals without PMR 
in a population-based inception cohort30.

Large vessel vasculitis. Large vessel 
vasculitides, such as GCA and Takayasu 
arteritis, have the potential to cause severe 
complications including blindness, aortic 
aneurysms and vascular stenoses. Rapid 
diagnosis and treatment is therefore 
necessary, and glucocorticoids have an 
important role in the management of these 
diseases. The EULAR recommendations 
for the management of large vessel 
vasculitis were updated in 2018 with the 
aim of rapidly facilitating the translation of 
current knowledge into clinical medicine to 
improve disease management and outcomes 
for patients31. Patients usually show a 
good response to therapy with high- dose 
glucocorticoids; thus, immediate treatment 
with 40–60 mg/day prednisone equivalent 
is recommended to induce remission in 
patients with active GCA or Takayasu 
arteritis (TaBle 1). In patients with GCA who 
have acute visual loss or amaurosis fugax, 
the use of very high glucocorticoid dosages 
(0.25–1 g intravenous methylprednisolone 
daily for up to 3 days) should be considered31. 
These very large dosages ensure that all 
glucocorticoid receptors are occupied; 
therefore, a maximum genomic effect  
(or glucocorticoid receptor- mediated 
effect) can be expected5. In addition, the 

occurrence of so- called ‘non- genomic 
effects’32 potentially contributes to 
therapeutic success, whereby, at high doses, 
additional therapeutic benefits are thought 
to be obtained by mechanisms such as 
non- specific interactions of glucocorticoids 
with cellular membranes and non- 
genomic effects mediated by both cytosolic 
and membrane- bound glucocorticoid 
receptors33. As soon as disease control has 
been achieved, tapering of the glucocorticoid 
dose is recommended31. The aim should be 
to achieve a target dose of 15–20 mg/day 
within 2 to 3 months, and ≤5 mg/day and 
≤10 mg/day for GCA and Takayasu arteritis, 
respectively, after 1 year (TaBle 1).

These recommendations31 should be 
seen as a trade- off between the risk of 
relapse and the risk of glucocorticoid- related 
adverse events. Notably, the creation of 
such recommendations is not easy, as there 
is a lack of data that supports unequivocal 
suggestions. For example, in GCA, relapses 
often occur once the glucocorticoid dose 
has been tapered (in 34–75% of patients)31. 
Thus, although treatment with a high dose 
of glucocorticoids over a long time might 
reduce the relapse rate, it will also increase 
the risk of glucocorticoid- related adverse 
events. By contrast, tapering too quickly 
increases the risk of relapses that require 
the reinstitution of, or an increase in dose 
of, glucocorticoids, resulting in higher 
cumulative glucocorticoid exposure, which 
also increases the risk of glucocorticoid- 
related adverse events. In the light of such 
difficulties, any decisions about treatment 
with glucocorticoids have to be patient- 
specific, and recommendations should 
be seen as providing a general framework 
and information about the most current 
therapeutic approaches at the time.

Attitudes to adverse effects
The clinical examples given above 
clearly illustrate the continued need for 
glucocorticoids in rheumatology clinical 
practice. However, uncertainties about the 
actual benefit- to-risk ratio of these drugs 

Box 1 | Problems with reporting glucocorticoid toxicity in clinical studies

most studies on the toxicity of glucocorticoids are of low quality and short duration19,53. in fact, 
randomized clinical trials (rCTs) on this subject are scarce and are usually designed and powered 
to measure the benefit of therapy; thus, they are too short or include too few participants to 
properly assess glucocorticoid- induced adverse effects. observational studies are often not of 
high quality and have a high risk of bias. of particular importance to consider when interpreting 
the results of observational studies is confounding by indication, as it is usually patients with very 
active disease who are treated with the highest doses of glucocorticoids53–55. The documentation 
of glucocorticoid exposure (which should ideally cover both mean daily and cumulative doses) is 
usually incomplete in both rCTs and observational studies and the models of risk attribution used 
often differ between individual studies53. overall, these differences might lead to contradictory 
results between studies, with interpretations being biased either for or against glucocorticoids.
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might prevent the optimal treatment of 
patients for whom glucocorticoid therapy is 
indicated23. Such scenarios can have negative 
effects for the patient that can only be 
overcome by the development of strategies 
to facilitate the implementation of existing 
treatment recommendations. An example of 
such a strategy is the work of a EULAR task 
force to define conditions in which long- 
term glucocorticoid treatment would have 
an acceptably low level of harm (discussed  
in the following section)4. Fortunately, we are 
now in a position in which many important 
questions about glucocorticoid therapy have 
been answered, although some uncertainties 
remain. In the following sections, I focus on 
some of these uncertainties.

Is there a safe dose? The widespread use 
of glucocorticoids raised the question of 
whether a safe dose could be found for long- 
term use in patients with rheumatic diseases. 
To this end, a multidisciplinary group of 
experts and patients with rheumatic diseases 
was brought together by EULAR4 to analyse 
the four most troubling glucocorticoid- 
related adverse effects for both patients and 
physicians34: bone loss, hyperglycaemia 
and/or diabetes, cardiovascular disease and 
infection. In 2016, the EULAR Task Force4 
concluded that the risk of harm for the 
majority of patients receiving long- term  
(3–6 months or longer) glucocorticoids 
is low at doses of ≤5 mg/day prednisone 
equivalent, but is increased at doses 
of >10 mg/day. At doses between 5 and 
10 mg/day, patient- specific characteristics 
(such as age, sex, genetic pre- disposition, 
comorbidities, co- medication and lifestyle) 
determine the actual and future risk of  
harm. For example, the administration  
of 7.5 mg/day prednisone for more than 
6 months to a 72-year- old woman with 
PMR would carry a low risk of affecting her 
bone health if she had sufficient vitamin D 
and calcium intake, performed muscle 
strengthening exercises and was treated 
with a bisphosphonate or an osteoanabolic 

drug. By contrast, the risk of the same dose 
of glucocorticoids affecting her bone health 
would be high if she had a family history of 
osteoporosis, a low body weight, low bone 
mineral density and prevalent fractures, and 
if she refused to take vitamin D and anti- 
osteoporotic drugs. Notably, the report from 
the EULAR Task Force4 extensively lists both 
general and glucocorticoid- associated risk 
factors and protective factors that should 
be considered when evaluating the actual 
and future risk of long- term glucocorticoid 
therapy for an individual.

The results of the EULAR Task Force 
report4 are in line with data derived from 
a retrospective cohort study that included 
16,762 patients with RA, from which all-cause 
and cause- specific mortality were analysed 
in association with glucocorticoid therapy35. 
The results of this cohort study showed that 
a current glucocorticoid dose of below 5 mg 
per day (prednisolone equivalent dose) was 
not associated with an increased risk of death, 
although a dose–response association did 
occur for higher dose categories35. Despite 
these findings, I still consider the question 
of a safe long- term dose to be a matter of 
uncertainty owing to the lack of robust 
evidence on the risk of harm of long- term 
glucocorticoid therapy; study results are often 
either missing, contradictory or carry a high 
risk of bias4 (Box 1). The consistent application 
of the Glucocorticoid Toxicity Index (GTI)7, 
a tool for assessing glucocorticoid- related 
toxicity in clinical trials, in future studies 
might help to address these concerns  
(see section on future approaches).

What about glucocorticoid- induced 
osteoporosis? In my opinion, the term 
glucocorticoid- induced osteoporosis is  
often used misleadingly. It is appropriate  
in experimental settings; for example,  
one study found that 5 mg/day prednisone 
reduced bone repair or renewal in healthy 
postmenopausal women, thereby affecting 
bone mass and/or bone strength36. However, 
such findings are of little relevance for 

clinical medicine and, indeed, can be 
somewhat misleading because healthy 
individuals are not normally treated 
with glucocorticoids. For example, in the 
rheumatology clinic, glucocorticoids are 
used to help to reduce the inflammation 
associated with rheumatic diseases, which 
presents a more complex scenario than that 
in a healthy individual.

In current clinical practice, patients 
with RA, peripheral spondyloarthritis, 
systemic lupus erythematosus, vasculitis 
and other inflammatory diseases often 
receive glucocorticoids, which can have 
deleterious effects on bone. Glucocorticoids 
compromise bone formation by having 
direct inhibitory effects on osteoblasts, 
and also stimulate osteoclasts, negatively 
affect osteocytes and indirectly alter 
functions of the gonadal and neuromuscular 
systems37. Therefore, early and sometimes 
rapid bone loss can occur upon treatment 
with glucocorticoids, which increases 
fracture risk37. However, there is also 
growing agreement that the inflammation 
associated with such rheumatic diseases 
is also an important determinant of bone 
fragility38,39. The mechanisms involved in 
inflammation- related bone fragility have 
been comprehensively reviewed elsewhere38, 
but overall, inflammatory disease activity, 
together with other well- known risk factors, 
seems to promote the development of 
osteoporosis in patients with inflammatory 
rheumatic diseases. However, a complex 
situation exists in most individuals, who 
have a mix of risk factors and preventive 
factors, in which glucocorticoid use 
features prominently as both a risk factor 
and a preventive factor (Fig. 2). Given this 
background, it is mostly inappropriate 
to use the term glucocorticoid- induced 
osteoporosis, as there are several other 
important factors that determine 
osteoporosis- related bone fragility in 
patients with inflammatory diseases. 
Moreover, the dampening of systemic 
inflammation and concomitant increases 

Table 1 | Current recommendations for the use of glucocorticoids in vasculitis

Type of therapy Polymyalgia rheumatica Giant cell arteritisa Takayasu arteritisb

Induction 
therapy

Start glucocorticoids at an oral dose  
of 12.5–25 mg/day

Start glucocorticoids at 40–60 mg/day Start glucocorticoids at 40–60 mg/day

Glucocorticoid 
taper

Taper glucocorticoid dose to 10 mg/day 
within 4–8 weeks, and then by 1 mg every 
4 weeks until discontinuation

Taper glucocorticoids to 15–20 mg/day  
within 2–3 months and then to  
≤5 mg/day after 1 year

Taper glucocorticoids to 15–20 mg/day 
within 2–3 months and then to ≤10 mg/day 
after 1 year

Relapse therapy Increase glucocorticoids to pre- relapse 
dose; taper within 4–8 weeks to dose at 
which the relapse occurred

Increase glucocorticoids to  
40–60 mg/day (major relapse) or to  
the last effective dose (minor relapse)

Increase glucocorticoids to 40–60 mg/day 
(major relapse) or to the last effective dose 
(minor relapse)

Data based on Buttergereit et al.14 and Hellmich et al.31. All dosages refer to mg prednisone equivalent. aSpecific recommendations exist for patients with giant cell 
arteritis- related visual symptoms and for treatment phase II of the EUL AR recommendations31. bSpecific recommendations exist for treatment phase II of the 
EUL AR recommendations31.
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in physical activity might outweigh — at 
least to some extent — the inherent negative 
effects on bone when the lowest effective 
dose of glucocorticoids is administered. 
TaBle 2 summarizes the results of large, 
high- quality studies from the past 5 years 
that describe aspects of glucocorticoid- 
mediated effects on bone in patients with 
inflammatory rheumatic diseases.

As an aside, it should be stressed that 
similar considerations can be applied to 
other inflammation- induced comorbidities. 
Thus, persistently high inflammatory 
activity not only has negative effects on 
bone, but also on the cardiovascular system 
and energy metabolism40. Similarly, the 
increased infection risk in patients with RA 
can only be explained by considering the 
pathobiology of the disease, the effect of 
comorbidities and glucocorticoid treatment 
collectively41. Although these considerations 
are somewhat complex, they support the 
ultimate message of convergence. When 
treating patients with the lowest effective 
dose of glucocorticoids, physicians are 
utilizing the beneficial anti- inflammatory 
and immunomodulatory effects of 
glucocorticoids to reduce the signs and 
symptoms of the underlying disease, while 
at the same time minimizing inflammation- 
induced comorbidities, such as osteoporosis, 
accelerated atherosclerosis and unwanted 
metabolic effects, and reducing the inherent 
but dose- dependent adverse effects induced 
by glucocorticoids.

Future approaches
Despite advances in our understanding of 
glucocorticoids, the question still remains as 
to how we can further optimize treatments 
with these drugs. This question can currently 
be addressed in three ways. First, we are 
living in a time when the thorough trialling 
of glucocorticoid- sparing approaches is an 
important focus of clinical research. Both 
the SEMIRA28 and the GiACTA42 trials 
are prominent examples of such studies 
and have provided results that are still to 
be fully implemented in clinical practice. 
Second, an important goal is to objectively 
assess glucocorticoid toxicity to ensure that 
a correct description of the benefit- to-risk 
ratio of this treatment is available in the 
future. The GTI7 might serve as a suitable 
instrument for achieving this goal. Third, 
novel glucocorticoid receptor ligands are 
currently at different stages of development 
in an effort to create a drug with an 
improved benefit- to-risk ratio compared 
with conventional glucocorticoids. These 
three approaches are discussed in more 
detail in the following section.

Glucocorticoid- sparing strategies
Several different studies in the field of 
rheumatology are currently addressing the 
important question of how glucocorticoid 
use can be reduced. In the following 
discussion, I focus on two examples,  
the SEMIRA study28 on patients with  
RA and the GiACTA study42 on patients  
with GCA.

Rheumatoid arthritis. The SEMIRA trial  
is a randomized placebo- controlled 
phase IIIb/IV clinical trial that was conducted  
to inform clinicians about the benefits and 
risks of glucocorticoid tapering in RA, the 
preliminary results of which were presented 
at the EULAR Congress in 2019 (reF.28).  
In this study, patients who had achieved 
low disease activity (LDA) or remission on 
the IL-6 receptor inhibitor tocilizumab in 
conjunction with csDMARDs and long- 
term prednisone at 5 mg/day were randomly 
assigned to taper their prednisone from 
5 mg/day to 0 mg/day over 24 weeks (with 
a 1 mg/day reduction every 4 weeks) or to 
continue receiving 5 mg/day prednisone 
for 24 weeks. In the preliminary findings, 
continued glucocorticoids provided better 
disease control than tapered glucocorticoids 
(although the overall difference in means 
between the disease activity scores was small),  
and 77% of patients assigned to continued 
prednisone but only 65% of patients 
assigned to tapered prednisone achieved 
the main secondary end point of treatment 
success (maintaining LDA with no disease 
flare and no confirmed adrenal insufficiency 

requiring replacement therapy). In addition, 
patients in the tapered glucocorticoids 
group experienced more treatment- 
emergent adverse events than those in 
the continued glucocorticoids group, 
although the overall safety was similar, with 
no reports of clinically manifest adrenal 
insufficiency or deaths.

Overall, the initial results of the SEMIRA 
study suggest that continuing prednisone 
at 5 mg/day provides safe and better disease 
control than tapering glucocorticoids, which 
might influence future recommendations on 
optimal glucocorticoid use in patients with 
RA. However, it is already clear that these 
results have the potential to improve shared 
decision- making between physicians and 
patients around glucocorticoid tapering. 
I predict that, in the future, although 
many patients with RA will be able to stop 
glucocorticoid therapy as soon as they find 
an effective DMARD therapy, a proportion 
of patients will remain who will require 
co- medication with a very low dose of 
prednisone (or equivalent) every day. The 
rationale for the effectiveness of such very 
low doses is simple: 2.5 mg prednisone is 
equivalent to ~10 mg endogenous gluco-
corticoid43; therefore, taking 2.5 mg/day of 
prednisone increases the total amount of 
glucocorticoids available in a human adult 
from ~10 mg (reF.44) to ~20 mg. In other 
words, treatment with a dose of 2.5 mg/day 
of prednisone increases the total available 
glucocorticoids by 100%, which might 
explain the therapeutic success of these  
very low doses.

Risk factors

•�Glucocorticoids (owing to their
deleterious effects on bone)

•�Inflammatory disease activity
•�Increasing age
•�Lack of hormones
•�Serological factors
 (e.g. ACPA in RA)
•�Medications (e.g. PPI)
•�Genetic factors

Preventive factors

•�Glucocorticoids (owing to their
anti-inflammatory effects)

•�Treatment of underlying disease and   
 osteoporosis   
•�Regular (weight-bearing) exercise
•�Good nutrition (sufficient intake of protein,  
 calcium and vitamin D)
•�Vitamin D and calcium
 supplementation (if necessary)
•�Avoidance of tobacco use and alcohol abuse

Fig. 2 | Factors that influence osteoporosis- related bone fragility in rheumatic diseases. Most 
individuals have a complex mixture of risk factors and preventive factors that affect osteoporosis- 
related bone fragility in rheumatic diseases. Glucocorticoid use features prominently as both a risk 
factor and a preventive factor. ACPA, anti- citrullinated protein antibody ; PPI, proton- pump inhibitor ; 
RA , rheumatoid arthritis.
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Notably, with the exception of the 
SEMIRA study, evidence from randomized 
controlled trials (RCTs) to guide tapering 
strategies for oral glucocorticoids in RA 
is lacking. However, one trial is currently 
underway in which glucocorticoid tapering 
(decreasing the daily dose by 1 mg every 
month after remission or LDA is achieved) 
is being compared with hydrocortisone 
replacement therapy (replacing gluco-
corticoids with hydrocortisone 20 mg daily  
for 3 months, reduced to 10 mg daily for  
3 months and then stopped as soon as 
remission or LDA is achieved) in patients 
with RA45. The scientific question of 
this trial is whether hydrocortisone 
replacement therapy increases the success 
rate of glucocorticoid withdrawal at 1 year 
compared with glucocorticoid tapering.  
The community is eagerly awaiting 
these results because they might enable 
the development of clinically relevant 
recommendations for the best possible 
procedure for glucocorticoid tapering.

Vasculitis. The GiACTA trial was designed 
to primarily study the effect of tocilizumab 
on relapse rates in patients with GCA  
during glucocorticoid tapering42,46.  
In this RCT, 251 patients were randomly 
assigned to receive either tocilizumab 
(162 mg subcutaneous weekly or bi- weekly) 
or placebo in combination with prednisone 
that was tapered over either 26 or 52 weeks. 
The rates of sustained glucocorticoid- free 

remission at week 52 were compared among 
the four different treatment regimens as the 
primary and main secondary end points. 
Remission was defined as the absence of 
flare, adherence to the prednisone taper 
and normalization of C- reactive protein 
concentrations. Overall, sustained remission 
occurred in more than 50% of patients in both 
tocilizumab groups compared with less than 
20% of patients in both placebo groups. The 
other striking result was that the cumulative  
median prednisone dose over the study 
period of 52 weeks was approximately 
halved by the addition of tocilizumab 
compared with placebo: 1,862 mg in each 
tocilizumab group as opposed to 3,296 mg 
(placebo plus 26-week prednisone taper) and 
3,818 mg (placebo plus 52-week prednisone 
taper). This result is impressive and points 
to a considerable glucocorticoid- sparing 
potential with this therapeutic approach 
(tocilizumab plus glucocorticoids). However, 
the study duration might have been too 
short to clearly demonstrate whether 
this glucocorticoid- sparing translates 
into a reduction in clinically relevant 
glucocorticoid- induced adverse events.

Glucocorticoid Toxicity Index
Research into glucocorticoid therapy 
has been disadvantaged by the fact that 
a comprehensive instrument for the 
assessment of glucocorticoid toxicity did  
not exist, partly because the toxicity of  
these drugs was simply seen as a fact  

of life for patients with immune- mediated 
diseases47. To better assess glucocorticoid- 
related morbidity and the glucocorticoid- 
sparing ability of other therapies in 
prospective RCTs in which glucocorticoids 
are used according to a protocol or to the 
investigators’ best medical judgement, a 
group of experts have developed a reliable 
tool, the GTI7. The development process for 
the GTI had ten milestones and included a 
literature review, group consensus methods, 
a multi- criteria decision analysis and 
an evaluation step using sample clinical 
scenarios. The total GTI comprises  

Table 2 | The effects of glucocorticoids on bone in patients with inflammatory rheumatic diseases

Study Scientific approach Results Comments Ref.

Ozen et al. (2019) 11,412 patients with RA without prior 
fracture in a longitudinal observational 
registry were assessed for osteoporosis- 
related site fractures (n = 914)

Glucocorticoid therapy is 
associated with an increased 
vertebral and non-vertebral 
fracture risk in patients with RA

The glucocorticoid dose was only very 
roughly divided into none, <7.5 mg/day 
and ≥7.5 mg/day groups; patients were 
not randomly assigned to the assessed 
medication; co- variables (including 
disease activity) were obtained from  
self- reported questionnaires

39

Blavnsfeldt et al. 
(2018)

Systematic literature search to assess 
the effect of predniso(lo)ne on BMD in 
patients with RA in randomized, double- 
blinded, placebo-controlled studies

No difference in BMD change 
between patients treated 
with glucocorticoids versus 
placebo over 24 months in 
data from 7 published studies

The suppression of inflammation by 
glucocorticoids might counterbalance 
their adverse effects on bone remodelling

56

Mendoza-Pinto et al. 
(2018)

Data from prospective longitudinal and 
cross- sectional studies were used to 
compare BMD between 3,442 patients 
with SLE and 6,198 healthy individuals 
to evaluate the relationship between 
BMD and glucocorticoid therapy and 
vertebral fractures in SLE

Patients with SLE have lower 
BMD than healthy individuals, 
but the data did not show that 
therapy with glucocorticoids 
has an effect on BMD

Therapy with glucocorticoids did not have 
measurable effects on BMD in SLE;  
the assumed reason is that glucocorticoids 
dampen systemic inflammation and  
help to increase physical activity, which 
might outweigh the negative effects  
of glucocorticoids on bone

57

Petri et al. (2015) Using the UK Clinical Practice Research 
Datalink as a data source, the authors 
analysed the incidence of GCA , 
cumulative use of glucocorticoids  
and comorbidities most associated  
with GCA

Osteoporosis is strongly 
associated with GCA 
(RR = 2.9, 95% CI 2.3–3.7)

The authors assume that glucocorticoid 
therapy contributes to osteoporosis, but 
were unable to ascertain causality

58

BMD, bone mineral density; CI, confidence interval; GCA, giant cell arteritis; RA, rheumatoid arthritis; RR, relative risk; SLE, systemic lupus erythematosus.

Glossary

Amaurosis fugax
a painless temporary loss of vision in one or both eyes.

Bridging therapy
The use of glucocorticoids in patients who initiate 
conventional synthetic DMarD treatment or need to be 
switched to another such drug to bridge the period until 
treatment with the new agent has become effective.

Chronobiology
a branch of biology concerned with cyclical 
physiological phenomena.

Cushingoid habitus
a physique that resembles that observed in individuals 
with Cushing disease (a condition in which the pituitary 
gland releases too much adrenocorticotropic hormone), 
but is caused by treatment with synthetic glucocorticoids.

Pulse therapy
Treatment with >250 mg prednisone equivalent daily 
for 1 or a few days.
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a composite GTI and a specific list. The 
composite GTI is the primary instrument 
and quantifies common toxicities, which 
are sensitive to differing cumulative 
glucocorticoid doses over the period of a 
typical clinical trial (6–36 months). To do 
so, the composite GTI measures changes  
in glucocorticoid toxicity, rather than absolute 
glucocorticoid toxicity, to account for the 
effects of previous glucocorticoid therapy 
and for the background rate of adverse 
events. Therefore, the different items of the 
composite GTI, which are arranged into 
nine domains (BMI, glucose tolerance, 
blood pressure, lipids, bone density, steroid 
myopathy, skin toxicity, neuropsychiatric 
toxicity and infections), need to be 
evaluated at two separate time points before 
being weighted to measure both decline 
and improvement. The specific list was 
designed to capture glucocorticoid toxicity 
that was not included in the composite 
GTI in an effort to maximize usability. The 
last development step for the GTI was an 
initial evaluation of the composite GTI by 
the experts involved in its development and 
external testers, in which it demonstrated 
excellent reliability and validity7. Therefore, 
it is likely that the GTI will be used in future 
clinical studies that assess glucocorticoid- 
related morbidity as the primary or a 
secondary outcome.

Drug development
The acknowledgement that chronobiology 
has a prominent role in RA13 has led to 
the development of chronotherapy with 
modified- release (or delayed- release) 
prednisone, which has been successfully 
introduced as a treatment for patients 
with RA. This medication optimizes the 
timing of glucocorticoid therapy to reduce 
the nocturnal increase in blood IL-6 
concentrations, which results in a reduction 
in morning stiffness and pain compared 
with the same glucocorticoid dose taken 
in the morning8–10,48–50. Another approach 
to improving glucocorticoid therapy is the 
development of glucocorticoid receptor 
agonists with a better benefit- to-risk ratio 
than conventional glucocorticoids, such as 
liposomal glucocorticoids and innovative 
glucocorticoid receptor ligands32,51,52.  
In 2019, fosdagrocorat (PF-04171327),  
a first- in-class, oral, selective, high- affinity 
dissociated agonist of the glucocorticoid 
receptor (DAGR) was evaluated in a 
12-week phase II RCT11. In 323 patients 
with moderate to severe RA, fosdagrocorat 
at doses of 10 mg or 15 mg had similar 
efficacies to 10 mg of prednisone and 
similar safety profiles to 5 mg of prednisone. 

These results11 generally support the view 
that DAGRs might have similar efficacy 
to conventional glucocorticoids, while 
reducing adverse effects. However, the 
authors of a 2017 systematic review51  
on the efficacy and safety of oral selective 
glucocorticoid receptor modulators 
compared with glucocorticoids in 
all forms of arthritis concluded that, 
overall, there was limited evidence that 
selective glucocorticoid receptor targeting 
leads to superiority over conventional 
glucocorticoids with regard to the benefit- to- 
risk ratio. The authors also noted that 
the development of many of these drugs 
is halted during a preclinical phase51. 
Therefore, further research and efforts from 
pharmaceutical and clinical partners are still 
needed to develop improved glucocorticoids 
and glucocorticoid receptor ligands.

Conclusions
In rheumatology, we have succeeded in 
smoothing out the fluctuations in opinion 
about treatment with glucocorticoids  
after years of debate. In the current age  
of convergence, there is broad agreement 
that glucocorticoids are valuable drugs that 
need to be handled with great care. Where 
necessary, glucocorticoids should be used, 
but the use of every milligram, especially 
over long periods of time, must always be 
questioned and justified. A dose should not 
be continued without questioning whether 
it is possible to reduce it further. Studies 
from the past few years26,28,43 have shown 
that it is possible to reduce glucocorticoid 
use and thus reduce the occurrence of 
potential adverse effects. These research 
findings should be quickly transferred 
into clinical practice. Ways of reducing the 
use of glucocorticoids in clinical practice 
will continue to be a focus of research in 
the future, as will the search for improved 
glucocorticoids or glucocorticoid receptor 
ligands. However, in all likelihood, 
conventional glucocorticoids will continue 
to be part of therapeutic regimens for many 
inflammatory rheumatic diseases for the 
foreseeable future, particularly at very 
low doses. The potential adverse effects of 
very low- dose glucocorticoid therapy are 
either addressable or clinically insubstantial 
compared with the clinical benefit; at a 
dose range below 5 mg/day prednisone 
equivalent, the positive effect of dampening 
inflammation is considered to outweigh the 
potential negative effects of glucocorticoids 
in most patients, even during long- term 
therapy. The consistent application of the 
GTI in clinical studies should provide  
proof of whether the previous statement  

is true; thus, the GTI has the potential to 
improve safety in clinical practice when 
prescribing conventional glucocorticoids  
as long-term therapy.
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