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The resolution of tissue fibrosis 
remains an unmet clinical need in 
patients with systemic sclerosis (SSc; 
also known as scleroderma), an 
autoimmune disease that produces 
damaging fibrotic tissue in multiple 
organs. Although the mechanisms by 
which fibrosis persists have been the 
focus of intense research, a unifying 
theory that links previous knowledge 
of fibroblast-to-myofibroblast 
transition, response to mechanical 
stimulation and apoptosis had not 
been proposed, until now.

In a study published in Science 
Translational Medicine, David Lagares 
and colleagues put forward a new 
theory of how myofibroblasts can 
sense the stiffness of the surrounding 
extracellular matrix and use these 
cues to regulate their readiness to 
undergo apoptosis in a process 
known as mitochondrial priming. 

“Mitochondrial priming 
measures the proximity of a cell 

to the apoptotic threshold and is 
determined by the relative balance 
between pro-apoptotic and anti- 
apoptotic members of the BCL-2 fam-
ily of proteins in a cell’s mitochondria,” 
states Lagares. “In this study we have 
demonstrated that the phenotypic 
transformation of quiescent fibro-
blasts into activated myofibroblasts 
driven by matrix stiffness increases 
the mitochondrial priming of these 
cells, effectively pushing them closer 
to the apoptotic threshold.”

The ability of myofibroblasts to 
sense their environment and trigger 
apoptosis is a key part of the tissue 
regeneration process. “During normal 
tissue repair, changes in the biophys-
ical properties of the extracellular 
matrix lead to increased mitochondrial 
priming in myofibroblasts, making 
them highly susceptible to apoptosis,” 
explains John Varga, who was not 
involved in this study. “A reduction 
in matrix stiffness, which occurs 
as the repair is completed, leads to 
the rapid elimination of these cells. 
When injury leads to a fibrotic scar, 
continued mechanosignalling leads to 
accumulation of pro-survival proteins, 
which prevent the myofibroblast from 
undergoing apoptosis. The persistent 
survival of activated myofibroblasts in 
turn leads to persistent matrix accu-
mulation and unresolving fibrosis,” 

says Varga.
Using a technique known 

as a BH3 profiling assay, in 
which the relative expression 

of multiple pro-apoptotic and 
anti-apoptotic factors are measured 
simultaneously, Lagares and col-
leagues identified the pro-survival 
factors necessary for the persistence 

of myofibroblasts in fibrotic tissue. 
“Mitochondria in activated myofibro-
blasts, but not quiescent fibroblasts, 
are primed by death signals such 
as the pro-apoptotic protein BIM, 
which creates a requirement for tonic 
expression of the anti-apoptotic 
protein BCL-xL to sequester BIM and 
ensure myofibroblast survival,” says 
Lagares. “In this ‘primed for death’ 
state, myofibroblasts become particu-
larly susceptible to apoptosis induced 
by ‘BH3 mimetic’ drugs that inhibit 
BCL-xL, such as ABT-263.”

To test this theory, the researchers 
examined the effects of ABT-263 in 
mice with bleomycin-induced dermal 
fibrosis. Once-daily oral administra-
tion of ABT-263 reduced established 
fibrosis after 28 days of treatment in 
this model compared with vehicle- 
treated animals. Histology of skin 
sections revealed a 74% reduction 
in the number of myofibroblasts in 
fibrotic skin at day 28 from mice 
treated with ABT-263 compared with 
vehicle-treated mice.

Interestingly, when the researchers 
performed BH3 profiling assays on 
fibroblasts from patients with SSc, 
they discovered interpatient variation 
with respect to the predominating 
anti-apoptotic BCL-2 family member 
proteins in these cells, suggesting 
that a personalized approach might 
be required to target apoptosis with 
BH3 mimetic drugs in patients with 
SSc. “Of note, these studies were per-
formed with ex vivo serially passaged 
skin fibroblasts in culture,” warns 
Varga. “So, although the clinical rele-
vance of the findings is still uncertain, 
future work might further validate 
the predictive value of BH3 profiling 
as a precision medicine tool in sclero-
derma, and further explore the safety 
and specificity of targeting activated 
myofibroblasts via disrupting mito-
chondrial priming,” he concludes.

Joanna Collison

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

Promoting apoptosis is  
key to reversing fibrosis

ORIGINAL ARTICLE Lagares, D. et al. Targeted 
apoptosis of myofibroblasts with the BH3 mimetic 
ABT-263 reverses established fibrosis. Sci. Trans. 
Med. 9, eaal3765 (2017)
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Chikungunya arthritis can persist for 
years following chikungunya virus 
infection. The frequency of chronic 
disease and viral persistence post- 
infection have treatment implica-
tions, but those implications have 
so far been unclear. The newly 
published results of two large-scale 
observational studies provide further 
insight into the long-term effects of 
chikungunya infection identified 
during the 2014–2015 epidemic in 
Colombia. 

In the first large-scale obser-
vational study of chikungunya 
performed in the Americas, Aileen 
Chang and colleagues assessed a 
cohort of 500 patients clinically 

diagnosed with chikungunya infec-
tion during the 2014–2015 epidemic. 
Of the 485 patients with serologically 
confirmed chikungunya infection, 
123 (25%) had persistent joint pain 
20 months post-infection. This fre-
quency was similar to that reported 
for previous outbreaks of the Asian 
strain of the virus, but lower than 
the predicted 48%. 

“Patients with persistent joint pain 
were those who had longer duration 
of initial symptoms, indicating that 
longer initial symptoms during acute 
viral infection might predispose 
patients to the development of 
chronic arthralgia,” remarks Chang, 
corresponding author of both studies. 
These findings highlight the impor-
tance of treatment for patients with 
acute chikungunya infection and 
might identify which patients should 
receive intensive therapy. 

“Patients with persistent arthritis 
after chikungunya infection are com-
monly treated with immunomodulat-
ing medications that might suppress 
the immune system,” explains Chang. 
“It was important to determine if 
viral persistence at later phases of 
arthritic disease would put a patient 
at risk of viral reactivation if they 
were to be treated with immunomod-
ulating medications.” To address this 
question, in the second observational 
study Chang et al. analysed synovial 
fluid from 33 patients infected 
with chikungunya virus during the 
2014–2015 epidemic who reported 

chronic arthritis post-infection for 
the presence of the virus. This Latin 
American cohort was the largest of its 
kind to undergo this type of analysis. 

Viral proteins and RNA were 
undetectable in the synovial fluid of 
these patients ~2 years (a median of 
22 months) post-infection, indicating 
either that chikungunya-related 
arthritis is caused by the induction 
of host autoimmunity, or that the 
virus persists at such low levels that 
it is undetectable in the synovial 
fluid. “This finding might provide 
some reassurance that treatment with 
immunosuppressant anti-rheumatic 
medications 2 years after infection is 
a viable treatment option.”

“Going forward, we intend to 
further investigate how chikungunya 
viral infection causes persistent 
arthritis,” explains Chang. “Currently, 
we are examining how chikungunya 
virus alters processes relevant to 
arthritis pathogenesis in other types 
of arthritis with the hope of identify-
ing targeted treatments for patients 
with late-stage chikungunya arthritis”

Jessica McHugh
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Long-term effects of chikungunya

ORIGINAL ARTICLE Chang, A. Y. et al. 
Frequency of chronic joint pain following 
chikungunya infection: a Colombian cohort 
study. Arthritis Rheumatol. https://doi.
org/10.1002/art.40384 (2017) | Chang, A. Y. et al. 
A cross-sectional analysis of chikungunya 
arthritis patients 22-months post-infection 
demonstrate no detectable viral persistence in 
synovial fluid. Arthritis Rheumatol. https://doi.
org/10.1002/art.40383 (2017)

These findings 
highlight the 
importance 
of treatment 
for patients 
with acute 
chikungunya 
infection

Science Photo Library/Alamy Stock Photo

R E S E A R C H  H I G H L I G H T S

NATURE REVIEWS | RHEUMATOLOGY  www.nature.com/nrrheum

Nature Reviews Rheumatology | Published online 24 Jan 2018; doi:10.1038/nrrheum.2017.223

©
 
2018

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.

https://doi.org/10.1002/art.40384
https://doi.org/10.1002/art.40384
https://doi.org/10.1002/art.40383
https://doi.org/10.1002/art.40383
http://dx.doi.org/10.1038/nrrheum.2017.223


 T H E R A P Y

Biologics and risk of second malignant neoplasm
In an analysis of DANBIO registry data, use of biologic DMARDs 
(bDMARDs) was not associated with an increased risk of a 
second malignant neoplasm among patients with rheumatoid 
arthritis and a history of a primary cancer diagnosis, compared 
with those not treated with bDMARDs (HR 1.11, 95% CI 
0.74–1.67). The result was similar whether bDMARDs were used 
before or after the first cancer, or both, and was independent of 
the type of bDMARD used. No clear conclusion could be drawn 
regarding the influence of bDMARD treatment on mortality in 
patients with a history of cancer.
ORIGINAL ARTICLE Dreyer, L. et al. Risk of second malignant neoplasm and mortality in 
patients with rheumatoid arthritis treated with biological DMARDs: a Danish population-
based cohort study. Ann. Rheum. Dis. http://dx.doi.org/10.1136/annrheumdis-2017-212086 
(2017)

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

Arthroscopy does not delay TKA for knee OA
Compared with conservative treatment, arthroscopy did not 
decrease or delay total knee arthroplasty (TKA) in a 5-year 
retrospective study of 382 patients with osteoarthritis (OA). Of 
the 214 patients treated with arthroscopy, 32 (15%) eventually 
underwent TKA, compared with 30 of the 168 patients (17.9%) 
treated conservatively (P = 0.20). WOMAC scores were lower in 
the arthroscopy group than in the conservative group at 1 year 
and 2 years, indicating that arthroscopy provided greater relief 
of knee OA symptoms at these time points. 
ORIGINAL ARTICLE Su, X. et al. Comparison of arthroscopic and conservative 
treatments for knee osteoarthritis: a 5-year retrospective comparative study. Arthroscopy 
http://dx.doi.org/10.1016/j.arthro.2017.09.023 (2017)
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Higher disease risk in children of women with RA
A nationwide cohort study based on the Danish health 
registries shows that children born to mothers with rheumatoid 
arthritis (RA) are more susceptible to developing RA and other 
chronic diseases compared with children born to women 
without RA. Children exposed to RA in utero were nearly three 
times more likely to develop RA (HR 2.89, 95% CI 2.06–4.05). 
The study additionally found that these children were also at an 
increased risk of developing thyroid diseases (HR 2.19, 95% CI 
1.14–4.21) and epilepsy (HR 1.61, 95% CI 1.16–2.25). 
ORIGINAL ARTICLE Jølving, L. R. et al. Children born by women with rheumatoid arthritis 
have increased susceptibility for selected chronic diseases – a nationwide cohort study. 
Arthritis Care Res. http://dx.doi.org/10.1002/acr.23461 (2017)
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Rituximab improves SLE disease activity
British Isles Lupus Assessment Group Biologics Register 
(BILAG-BR) data show that treatment with rituximab is 
associated with an improvement in disease activity in patients 
with refractory systemic lupus erythematosus (SLE). Among 
270 patients commencing biologic therapy for refractory SLE 
between September 2010 and September 2015, 261 received 
rituximab. Response was achieved in 49% of the patients, and 
glucocorticoid use was also reduced at 6 months (P < 0.001). 
Serious infections were more frequent in the first 3 months after 
rituximab therapy, and occurred in 26 (10%) of the patients, 
ORIGINAL ARTICLE McCarthy, E. M. et al. Short-term efficacy and safety of rituximab 
therapy in refractory systemic lupus erythematosus: results from the British Isles Lupus 
Assessment Group Biologics Register. Rheumatology http://dx.doi.org/10.1093/
rheumatology/kex395 (2017)
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The results of studies in mice with 
Nlrp3 mutations point to an impor-
tant and unexpected regulatory role 
for TNF in inflammasome-mediated 
disease. The findings could have 
therapeutic implications for patients 
with cryopyrin-associated periodic 
syndromes (CAPS), autoinflamma-
tory diseases arising from mutations 
in NLRP3 that result in an overactive 
inflammasome and IL-1β release.  

Most patients with CAPS are 
treated effectively with IL-1-targeted 
therapies, but in some cases the 
response to available treatments is 
incomplete, indicating that disease 
mechanisms other than IL-1 could be 
involved. Previous studies of Il1b–/–

Il18–/– mice support this idea, as these 
mice had substantial inflammation 
despite having disrupted IL-1 and 
IL-18 signalling. In the current study, 
McGeough et al. investigated  
disease-related inflammatory pathways 
using Nlrp3-knock-in mouse lines on 
various knockout backgrounds.

The researchers found that 
Nlrp3L351PIl1b–/–Il18–/– mice exhib-
ited systemic inflammation from 

6 months of age. This inflammation 
was dependent on caspase 1 and/or 
caspase 11, as it was not apparent in 
Nlrp3L351PCasp1/11–/– mice. Moreover, 
injection of Nlrp3L351PIl1b–/–Il18–/– 
mice with low-dose lipopolysaccha-
ride (LPS) led to markedly increased 
serum levels of TNF, which did 
not occur after LPS injection in 
Nlrp3L351PCasp1/11–/– mice or in 
Il1b–/–Il18–/– control mice. 

Further investigations of TNF in 
a less severe mouse model of CAPS 
revealed that the inflammatory 
phenotype of Nlrp3A350V mice was 
rescued by treatment with the TNF 
inhibitor etanercept or by breeding 
onto a Tnf–/– background. Notably, 
Nlrp3A350VTnf+/– mice had an inter-
mediate phenotype with respect to 
skin rash, inflammatory infiltrate and 
survival, suggesting a gene dosage- 
dependent effect of TNF expression.

Further studies are needed to clarify  
the mechanisms by which TNF 
drives NLRP3 inflammasomopathies, 
as well as the potential therapeutic 
role of TNF blockade. “The results of 
this paper suggest that combination 

therapy targeting TNF in addition 
to IL-1β could be useful in some 
patients with incomplete responses to 
IL-1 targeted therapy alone,” explains 
corresponding author Hal Hoffman. 
“However, the potential benefits 
would need to be weighed against 
the risk of increased infections as 
demonstrated in a previous combi-
nation therapy study in rheumatoid 
arthritis.”

Sarah Onuora

 A U TO I N F L A M M ATO RY  D I S E A S E S

TNF drives cryopyrinopathies in mice

ORIGINAL ARTICLE McGeough, M. D. et al.  
TNF regulates transcription of NLRP3 
inflammasome components and inflammatory 
molecules in cryopyrinopathies. J. Clin. Invest. 
http://dx.doi.org/10.1172/JCI90699 (2017)
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Pathological bone loss in inflamma-
tory arthritis is caused primarily by 
aberrant activation of osteoclasts. 
The findings of a new study suggest 
that the calcium-activated potassium 
channel KCa3.1 (encoded by Kcnn4) 
is a key mediator of osteoclast 
differentiation in the presence of 
pro-inflammatory cytokines, and 
that directly targeting KCa3.1 could 
be used to treat bone erosion in this 
setting. 

The research demonstrates  
that KCa3.1 has a major role in the 
formation of osteoclasts and in  
osteoclast-specific gene expression  
in both inflammatory and non- 
inflammatory conditions. “Potassium 
channels have an important role in the 
regulation of osteoclast differentiation 
and activity and might be exploited 
for therapeutic intervention not only 
for osteoporosis, but also to combat 
bone loss in inflammatory arthritis,” 
says the study’s corresponding author, 
Iannis Adamopoulos.

Microarray analysis showed that 
KCa3.1 is upregulated in isolated 

mouse bone marrow macrophages 
(BMMs) during receptor activator 
of NF-κB ligand (RANKL)-induced 
osteoclastogenesis. The expression 
of KCa3.1 in vivo was confirmed 
by immunofluorescence staining 
of multinucleated cells at the bone 
surface of inflamed joints from mice 
with inflammatory arthritis. 

In cultured mouse BMMs 
stimulated with RANKL and TNF, 
both genetic deletion of KCa3.1 and 
use of the specific KCa3.1 inhibitor 
TRAM-34 led to a decreased number 
of multinucleated cells compared with 
wild-type untreated control BMMs. 
Genetic and pharmacological inhi-
bition of KCa3.1 similarly reduced 
expression of the osteoclast-specific 
genes Mmp9, Ctsk and Acp5 in BMMs 
in the presence of RANKL and TNF. 

Live cell imaging of cultured 
BMMs revealed that stimulation with 
RANKL led to an acute, transient 
increase in calcium signalling. 
Inhibiting KCa3.1 by pretreatment 
with TRAM-34 did not reduce the 
number of responsive cells or the 

duration of the RANKL-induced 
calcium response, but did reduce 
the amplitude of the response. The 
researchers also found that KCa3.1 
inhibition prevented an increase  
in phosphorylation of calcium/ 
calmodulin-dependent protein 
kinase type IV (CaMKIV), a calcium- 
sensitive enzyme that modulates the 
activity of the transcription factor 
cAMP-responsive element-binding 
protein (CREB) during RANKL-
induced osteoclastogenesis. 

Further studies showed that 
KCa3.1 modulates protein expression 
and activity of NFATc1, the master 
regulator of osteoclastogenesis, 
through CREB and proto-oncogene 
c-Fos. Compared with wild-type  
control BMMs, Kcnn4–/– BMMs 
showed decreased phosphorylated 
CREB and reduced expression of 
Fos (a direct transcriptional target 
of phosphorylated CREB) follow-
ing stimulation with RANKL or 
co-stimulation with RANKL and 
TNF. Genetic deletion of KCa3.1 
subsequently led to reduced protein 
expression and transcriptional activ-
ity of NFATc1 in BMMs stimulated 
with RANKL or with RANKL in 
combination with TNF.

Sarah Onuora
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Potassium channel regulates 
osteoclastogenesis

ORIGINAL ARTICLE Grössinger, E. M. et al.  
Ca2+-dependent regulation of NFATc1 via KCa3.1 
in inflammatory osteoclastogenesis. J. Immunol. 
200, 749–757 (2018)

directly 
targeting 
KCa3.1 could 
be used to 
treat bone 
erosion in 
[inflammatory 
arthritis]

R E S E A R C H  H I G H L I G H T S

NATURE REVIEWS | RHEUMATOLOGY  www.nature.com/nrrheum

Nature Reviews Rheumatology | Published online 24 Jan 2018; doi:10.1038/nrrheum.2018.7

©
 
2018

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.

http://dx.doi.org/10.1038/nrrheum.2018.7


Nature Reviews | Rheumatology

Although synovial tissue macro
phages are a reliable biomarker 
of clinical response to treatment 
in rheumatoid arthritis (RA), the 
mechanism underlying the reduction 
of these macrophages following 
TNF inhibition is unknown. New 
research published in the Journal 
of Immunology suggests that the 
initial reduction of macrophages in 
response to infliximab is attributable, 
at least in part, to increased apop
tosis of macrophages and decreased 
chemokine secretion by the remain
ing macrophages.

The findings were some
what unexpected. “In RA it 
is thought that many 
of the macrophages 
in the joints are 
derived from circu
lating monocytes,” 
explains corresponding 
author Richard Pope. 
“Our hypothesis was 
that increased emi
gration from the joint 

was the cause of the reduction of 
macrophages. Using the human TNF 
transgenic mouse model of arthritis, 
we were not able to identify increased 
emigration. In fact, we found 
decreased migration of monocytes 
and increased macrophage apoptosis 
as the cause of the reduction of syno
vial tissue macrophages shortly after 
treatment with a TNF inhibitor.”

Treatment with the TNF inhibitor 
infliximab effectively controlled 
clinical symptoms of spontaneous 
arthritis in human TNF transgenic 
(hTNFtg) mice. Ly6C+ macrophages, 
but not granulocytes, dendritic cells, 
T cells or B cells, were decreased in 
the ankles of hTNFtg mice at day 3 
after infliximab treatment. Contrary 
to expectations, Ly6C+ macrophages 

were decreased in the draining 
popliteal lymph nodes, and 
there was no evidence of CCR7
mediated egress of macrophages 
from the joints.

Increased apoptosis of Ly6C+ 
macrophages was observed 

in both the ankles and the draining 
popliteal lymph nodes of infliximab 
treated hTNFtg mice in comparison 
with untreated mice at day 3. No dif
ference in necrotic cells was noted at 
either site, and there was no increase 
in apoptosis of circulating Ly6C+ 
macrophages. The researchers also 
documented decreased migration of 
monocytes, mediated by a reduction 
of the classical monocyte chemokine 
CCL2 in the ankles of hTNFtg mice 
following infliximab treatment. 

“Our data clearly demonstrated 
the novel observation that the 
reduction of macrophages in the 
joints of TNF transgenic mice shortly 
after starting infliximab was due to 
decreased migration of monocytes 
into the joints and to increased 
apoptosis,” concludes Pope.

Sarah Onuora

 E X P E R I M E N TA L  A RT H R I T I S

Anti-TNF kills the macrophage response

ORIGINAL ARTICLE Huang, Q.-Q. et al. The role 
of macrophages in the response to TNF inhibition 
in experimental arthritis. J. Immunol. 200, 130–138 
(2018)

Ly6C+ 
macrophages 
... were 
decreased in 
the ankles of 
hTNFtg mice 
at day 3 after 
infliximab 
treatment

Macm
illan Publishers Limited

R E S E A R C H  H I G H L I G H T S

NATURE REVIEWS | RHEUMATOLOGY  www.nature.com/nrrheum

Nature Reviews Rheumatology | Published online 24 Jan 2018; doi:10.1038/nrrheum.2017.207

©
 
2018

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.

http://dx.doi.org/10.1038/nrrheum.2017.207


For decades, research in the field of arthritis, 
specifically in rheumatoid arthritis (RA), has 
focused on the joint-related aspects of dis-
ease pathogenesis. Such research began with 
efforts to understand how an immune inflam-
matory reaction could target the peripheral 
joints. Collagen type II was proposed as a 
causative antigen because of its presence in 
cartilage (the target site of destruction), and 
because arthritis is induced in mice following 
collagen type II administration. Although the 
presence of joint-specific target antigens pro-
vides a simple (but maybe too simple) expla-
nation for RA pathogenesis, this research has 
not translated to new treatment approaches. 
Step by step, however, researchers are uncov-
ering alternative explanations by looking 
at similar mechanisms in different types of 
inflammation affecting diverse organs in 
different diseases. In 2017, research in multi-
ple fields outside of arthritis has contributed 
to our understanding of RA, including the 
cardio vascular1, infection2 and cancer fields3,4, 
providing insight not only into disease patho-
genesis but also into less frequently studied 
aspects of disease, such as RA comorbidities 
and the effects of new therapies (FIG. 1).

In the cardiovascular field, new results 
published in 2017 show that targeting pro- 
inflammatory cytokines in patients at high risk 
of cardiovascular disease protects against new 
cardiovascular events1. Patients with arthritis 
have a reduced life expectancy, owing in part 
to an increased frequency of cardiovascular 
events (namely myocardial infarction and, to 
a lesser extent, stroke). The major goal of RA 
treatment up until now has been to reduce, and 

The control of IL-1-driven inflammation 
reduced the incidence of cardiovascular events 
in these patients, independent of cholesterol 
level. Hence, the control of inflammation seems 
to be the key factor in reducing cardiovascular 
risk. Canakinumab mediated its effects through 
targeting circulating IL-1β, which confirms 
previous findings from many years ago that 
vessel-lining endothelial cells produce IL-1β7. 
In the CANTOS trial, the occurrence of lung 
cancer was also reduced in treated patients, 
indicating that cancer could also be linked to 
inflammation8. In line with the role of cytokines 
in host defence, however, patients treated with 
canakinumab also had an increased frequency 
of systemic infections.

In the field of infection, new findings from 
2017 provide further insight into RA patho-
genesis, suggesting that mechanical stimuli 
cooperate with buccal infections to induce 
anti-cyclic citrullinated peptide (anti-CCP) 
autoantibody production2. The causal role of 
infections in RA pathogenesis has been sus-
pected but never fully proved. Various explana-
tions have been proposed for this relationship. 
Currently, a popular concept to explain the 
occurrence of anti-CCP antibodies concerns 
the cross-reactivity of bacterial enzyme- 
modified protein antigens in the mouth, lung 
or gut with joint antigens. Interestingly, mas-
tication itself induces a local inflammatory 
reaction in the mouth, leading to periodonti-
tis2. Such local inflammation induces the pro-
duction of IL-6, which in turn is a key inducer 
of T helper 17 (TH17) cell differentiation. The 
net effect is a local activation of TH17 cells and 
other IL-17-producing cells, which contribute 

possibly prevent, joint destruction. Although 
investigating the protective effect of RA treat-
ment on cardiovascular events is complex, the 
current hypothesis is that treating inflamma-
tion as early as possible reduces the risk of 
cardiovascular events and at the same time 
better protects against joint destruction. For 
the general population, cardiovascular risk 
was originally thought to be a consequence 
of an altered lipid profile. This notion has led 
to massive efforts to target lipids, focusing on 
diet, salt intake and the use of statins to reduce 
the negative effect of lipids. However, patients 
with RA have a lipid profile normally associ-
ated with protective cardio vascular effects5. 
Paradoxically, controlling inflammation with 
one of a number of anti- inflammatory treat-
ments leads to a less protective lipid profile; 
for example, as highlighted in 2017 with IL-6 
inhibition5. Previous research into the mode 
of action of statins has provided some insight 
into this ‘lipid paradox’. Statins are thought 
to protect against cardiovascular disease by 
lowering cholesterol levels; but, in addition to 
having lipid-lowering properties, statins also 
have large anti-inflammatory effects through 
the cholesterol pathway6.

In the general population, the presence of 
any inflammation is a major cardiovascular 
risk factor. For example, a modest elevation in 
C-reactive protein level is strongly associated 
with an increased risk of cardiovascular events1. 
Based on this observation, patients with a pre-
vious myocardial infarction at high risk of 
another cardiovascular event were treated with 
an antibody against IL-1β (canakinumab) in a 
large double-blind trial (the CANTOS trial)1. 

 I N F L A M M AT I O N  I N  2 0 1 7

Connectivity to other fields brings 
new ideas
Pierre Miossec

Multiple scientific fields pertaining to inflammation, including the fields of 
cardiovascular, infection and cancer research, are increasingly contributing 
to our understanding of rheumatoid arthritis (RA). In 2017, such research has 
helped develop our understanding of RA comorbidity, the link between RA 
pathogenesis and infection, and the effects of new therapies. 

Key advances

• The occurrence of infection in combination 
with mechanical stress leads to increased 
local T helper 17 cell activation, which 
might ultimately result in the induction of 
anti-cyclic citrullinated peptide (anti-CCP) 
antibodies1.

• Inhibition of IL-1 protects against 
cardiovascular events in a population at 
high risk of cardiovascular disease but 
without arthritis2 .

• Induction of apoptosis in mesenchymal cells 
protects against arthritis4 but activation of 
T cells during cancer treatment might lead 
to arthritis3.
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to local bone resorption, with IL-17 amplify-
ing TNF, IL-1 and IL-6-driven inflammation 
and bone resorption. Researchers have pre-
viously implicated the TH17 pathway in the 
early induction of anti-CCP autoantibodies9. 
Hence, this mechanism might also amplify the 
induction of anti-CCP antibodies. However, 
the sequence and link between local infection, 
inflammation, autoantibodies and clinical RA 
remains to be established.

Whether T cells contribute to RA initiation 
and pathogenesis has been a subject of strong 
debate. Although the RA synovium contains a 
high number of T cells, the synovial levels of 
some T cell-derived cytokines can be difficult 
to detect. A 2017 cancer study, investigating 
checkpoint inhibitors in patients with various 

types of cancer, brings direct evidence to this 
debate3. Although checkpoint inhibitors are 
impressively efficacious in the treatment of 
some tumours, some of these treated patients 
developed arthritis and autoimmune diseases3. 
As these drugs function by activating cytotoxic 
T cells, such immune-related adverse events 
favour the role of T cells in arthritis induction.

In the field of cancer, the induction of can-
cer cell death is a key treatment goal. In chronic 
inflammation, epigenetic changes occur in resi-
dent mesenchymal cells (namely synoviocytes); 
following long periods of exposure to immune-
driven inflammation, these cells acquire molec-
ular changes that make them less sensitive 
to death signals. For example, these cells can 
acquire mutations in the gene encoding p53, 

which match the mutations found in inflam-
mation-induced cancer cells10. As in cancer, the 
induction of synoviocyte apoptosis might be of 
interest for the treatment of arthritis, especially 
in the later stages of disease when the disease is 
no longer immune-driven. Such patients usu-
ally do not respond to treatments targeting the 
immune system. In a 2017 preclinical study, 
transfer of the anti-apoptotic gene PUMA to 
synoviocytes treated with pro-inflammatory 
cytokines induced apoptosis of these cells 
in vitro; furthermore, intra- articular admin-
istration of a PUMA-expressing vector to rats 
decreased joint inflammation and protected 
against tissue destruction in an experimental 
model of arthritis4. Such an approach might also 
be used for the treatment of cancer.

In the past, clinical observations in other 
fields led to the introduction of methotrexate 
and rituximab as common treatment options 
for RA. Once again, 2017 has showed us how 
looking outside the field of arthritis can pro-
vide new ideas and valuable insights for RA 
research.
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Figure 1 | Contributions from the cardiovascular, infection and cancer fields to the rheuma-
toid arthritis field. Research in the fields of cardiovascular, infection, and cancer research in 2017 
has brought new insight to the understanding and treatment of rheumatoid arthritis (RA). A combi‑
nation of mechanical stimuli during mastication and bacterial infections in the mouth leads to 
inflammation and IL‑6 secretion. This effect favors local T helper 17 (TH17) cell differentiation and 
IL‑17 secretion, as well as the induction and production of anti‑cyclic citrullinated peptide  
(anti‑CCP) antibodies, through infection‑induced changes in protein structure. Cross‑reactivity of 
these antibodies with antigens in the joints leads to local joint inflammation. The very same 
cytokines involved in arthritis contribute to the increased risk of cardiovascular events. Inhibition of 
IL‑1 in patients at high risk of cardiovascular disease but without arthritis protects from recurrence 
of cardio vascular events. Chronic joint inflammation leads to apoptotic defects in synoviocytes. 
Local administration of the PUMA proapoptotic gene protects against arthritis and joint  
destruction. CRP, C‑reactive protein.
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The number of fractures related to osteo
porosis is expected to increase in the next few 
decades because of an increase in the number 
of frail elderly patients at high risk of falls and 
thus of fractures. Despite the availability of 
guidelines for the screening of patients at high 
risk of fracture, and for diagnosing and treat
ing osteoporosis, few patients receive appro
priate treatment for osteoporosis, even after a 
fracture. 2017 saw great strides in addressing 
this crisis in osteoporosis therapy, including 
further insight into the view of patients on 
therapy1, the unveiling of new information 
on drug safety2 and the highlighting of new 
treatments3 and treatment strategies4 (FIG. 1).

The crisis in the treatment of osteoporosis5 
is related to several factors, including the fears 
and beliefs that patients, as well as physicians6, 
hold about the adverse effects of current treat
ments. Pharmacological treatments for osteo
porosis are indicated only for patients with a 
high risk of fracture. An accurate perception 
of this risk is crucial for the optimal man
agement of patients. In 2017, Kalluru et al.1 
sought to assess the views of patients on their 
fracture risk and the benefits of osteoporosis 
treatments. Individuals aged >60 years who 
were referred for bone density measurements 
and were not taking any specific osteoporosis 
treatment were randomized to receive one of 
four different written and pictorial presenta
tions of their absolute risk of fracture, and the 
potential benefit they could expect to receive 
from osteoporosis treatment. The participants 
regarded a 5year fracture risk threshold of 
50–60% as high enough to consider taking 
medications to prevent fracture, which is much 
higher than the recommended risk threshold 

reduced new vertebral, hip and nonverte
bral fractures, compared with placebo. In the 
extension study published in 2017 (REF. 2), all 
participants (4,550 women, of whom 2,626 
completed followup) received openlabel 
denosumab for 7 years, representing a total of 
10 years of denosumab treatment for patients 
who had previously received denosumab (and 
7 years for those who had previously received 
placebo). No new adverse effects were detected 
during this longterm followup period, and 
the yearly incidence of adverse events of inter
est (hypo calcaemia, pancreatitis or erysipelas) 
was as low as that observed in the placebo 
controlled trial7 and stable throughout the 
extension period. Two cases of atypical femoral 
fracture (0.8 per 10,000 participantyears) and 
13 adjudicated cases of osteonecrosis of the jaw  
(5.2 per 10,000 participantyears) occurred 
during followup2. The annual incidence of new 
fractures (vertebral: 0.90–1.86%, non vertebral: 
0.84–2.55%) remained similar to the incidence 
observed during the placebo controlled study7; 
however, there was an increase in bone min
eral density in the lumbar spine and total hip 
(21.7% and 9.2%, respectively) over 10 years2. 
Thus, these data are reassuring for longterm 
use of this treatment, when appropriate, in 
fragile patients.

In patients with severe bone deterioration, 
a rationale exists for considering anabolic 
therapies rather than antiresorptive therapies. 
Although only one osteoanabolic therapy (ter
iparatide) is currently marketed worldwide, 
abaloparatide is a promising new therapy on 
the horizon. Daily subcutaneous administra
tion of abaloparatide for 18 months reduced 
the occurrence of new morphometric vertebral 
(0.58% versus 4.2%) and nonvertebral (2.7% 
versus 4.7%) fractures compared with placebo8. 
An extension study is ongoing with openlabel 

for commencing therapy. The median 5year 
risk initially estimated by the participants was 
20% for any fracture (which was higher than 
the calculated risk). Providing participants with 
written estimates of fracture risk and treatment 
benefits led to no or very small changes in the 
patient’s decision concerning treatment, mean
ing that participants did not believe the esti
mates they were given, or did not understand 
the concept of risk. Seeing the results of the 
bone density scan seemed to reinforce the par
ticipants’ preexisting views, regardless of the 
result. This study1 confirms previous qualitative 
studies and demonstrates the contradictions in 
patients’ views about fracture risk, which pose 
a huge challenge for practitioners.

Concern about the longterm safety of osteo  
porosis treatments is one of the key reasons for 
patients either not initiating, or discontinuing, 
treatments6. Given the chronicity of osteo
porosis, further information is needed on the 
longterm effects of such treatments. Clinical 
trials testing antifracture efficacy are nor
mally only placebo controlled for up to 5 years. 
Extension studies, which observe patients for 
much longer periods than standard clinical tri
als, are mandatory for safety assessment, even 
if efficacy cannot be assessed in such studies 
owing to the lack of a placebo group.

In this context, 10  years of data on 
denosumab were provided in 2017 (REF. 2). 
Denosumab is a fully human monoclo
nal antibody that binds to RANKL, thereby 
reducing the number and activity of osteo
clasts, resulting in decreased bone resorption. 
During a 3year placebocontrolled study7 of 
7,868 women, receiving denosumab treat
ment (60 mg subcutaneously every 6 months) 
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Addressing the crisis in the treatment 
of osteoporosis
Christian Roux and Karine Briot

A large number of patients with osteoporosis are not receiving appropriate 
treatment, due in part to concerns regarding drug safety. Great progress has 
been made to address this crisis in therapy in 2017, including highlighting the 
patients’ views, developing new therapies and treatment strategies and 
addressing these safety concerns.

Key advances

• The perception osteoporotic patients have 
of their risk of fracture differs from the 
measured risk1

• Data on the long-term safety of anti- 
osteoporotic treatments are now available2

• New osteoanabolic therapies are now 
available3 and a transitioning treatment 
approach (osteoanabolic treatment first, 
followed by an antiresorptive therapy) 
seems to be an effective novel strategy4
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alendronate (an antiresorptive therapy); in 
a 6month interim analysis, this transition
ing strategy (osteoanabolic treatment first, 
followed by an antiresorptive therapy) was 
effective in preventing any loss of bone min
eral density benefits gained through the initial 
abaloparatide treatment and was shown to have 
a persistent antifracture effect9.

In 2017, two studies3,4 were published that 
change the paradigm of clinical studies in 
osteoporosis; both studies are headtohead 
trials (that is, they compare two treatments that 
have a proven antifracture efficacy), and both 
have adequate power to consider fractures as a 
primary end point.

Kendler et al.4 compared the effectiveness 
of teriparatide (20 µg subcutaneous adminis
tration once daily) and the antiresorptive drug 
risedronate (35 mg oral administration once 
weekly) over 2 years in a randomized study 
involving 1,360 postmenopausal women with 
prevalent vertebral fractures and low bone 
density. Over 2 years, patients receiving rise
dronate had an increased incidence of new 
vertebral fractures compared with patients 
receiving teriparatide (12% and 5.4%, respec
tively), although the incidence of nonvertebral 
fractures was similar between the two groups. 

Adverse events were similar in the two groups, 
and no cases of osteonecrosis of the jaw or 
atypical femoral fracture were reported.

Romozumab is a monoclonal antibody that 
inhibits sclerostin, an osteocyte product that 
inhibits osteoblast activity and bone forma
tion. Romosozumab treatment demonstrated 
beneficial effects on bone mineral density and 
in preventing vertebral fracture in a placebo 
controlled study of postmenopausal women 
with osteoporosis10. In 2017, Saag et al.3 com
pared the effectiveness of two strategies: romo
sozumab therapy (210 mg subcutaneous once 
monthly; romosozumab group) or alendro
nate therapy (oral 70 mg once weekly; alen
dronate group) for 1 year (in a blinded fashion) 
followed by openlabel alendronate in both 
groups, in postmenopausal women (74 years of 
age on average) with a high risk of fracture. The 
incidence of new vertebral and non vertebral 
fractures was lower in the romosozumab group 
(6.2% and 8.7%, respectively) than in the alen
dronate group (11.9% and 10.6%, respectively). 
Bone mineral density increased by 15% and 7% 
at the spine and hip, respectively. During the 
open label period, two occurrences of osteo
necrosis of the jaw (one in each group) and 
six occurrences of atypical femoral fractures  

(two and four, respectively, in the romo
sozumab and alendronate groups) were 
recorded. An imbalance in adjudicated serious 
cardio vascular events was observed during the 
first year: 2.5% and 1.9% in the romosozumab 
and alendronate groups, respectively3. The 
involvement of sclerostin in vascular calcifica
tion might explain the apparent cardio vascular 
effects of romosozumab. However, such an 
imbalance was not reported in the previous 
placebocontrolled study of romosozumab10; 
thus the cause of the imbalance in the current 
study needs further evaluation.

These two therapeutic trials represent fun
damental advances in the field of osteoporosis. 
They are the first trials to suggest that we can go 
away from the ‘one treatment fits all’ approach 
(one bisphosphonate for every patient) to  
an individualized approach (an anabolic fol
lowed by an antiresorptive therapy). Careful 
selection of patients at high risk of fracture 
and selection of the best therapeutic strategy 
are strongly recommended, as the prevention 
of fragility fractures is within our reach.
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Figure 1 | Advances in osteoporosis in 2017. Multiple advances have been made in osteoporosis 
therapy in 2017, including new insights into the patient perception of fracture risk and treatment 
benefits, assessment of the long-term safety of drugs with an already proven efficacy and key 
advances in therapeutic approaches. 
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Paediatric rheumatic diseases prove chal-
lenging to clinicians and scientists seeking to 
improve standards of care and to ultimately 
cure these potentially devastating childhood 
disorders. The key to advances in under-
standing and treating these diseases has been 
to keep the child as the focal point of collab-
orative, multidisciplinary initiatives (FIG. 1). 
Indeed, despite paediatric rheumatology 
being one of the last paediatric subspecialities 
to develop, the rapid progress that has been 
made in translational research, clinical science 
and patient engagement is proving exemplary 
across paediatric specialties. In 2017, advances 
have been made in improving the health and 
well-being of children and young people with 
a range of systemic autoimmune and auto-
inflammatory diseases1, in understanding 
the complexity of juvenile idiopathic arthritis 
(JIA)2 and in treating comorbidities associated 
with JIA, including uveitis3.

All children have a right to take part in 
clinical research to improve our knowledge 
and understanding of paediatric diseases. The 
Single Hub and Access Point for Paediatric 
Rheumatology in Europe (SHARE) initiative 
was launched in 2012 and aimed to optimize 
and disseminate diagnostic and management 
regimens for children and adolescents with 
rheumatic diseases. In 2017, SHARE’s key 
recommendations for collaborative paediatric 
research, including recommendations for bio-
banking, set a robust international framework 
for the implementation of research across and 
beyond international borders1.

This international framework, the first of 
its kind, is underpinned by a structured and 
comprehensive evidence-based review process 

international collaboration within paediatric 
rheumatology. Using this cohort, Ombrello et al.2 
performed a genome-wide association study on 
770 children with sJIA and identified two loci 
that exceeded the threshold for genome-wide 
significance (P < 2.5 × 10−8). In addition to the 
previously recognized MHC locus, the authors 
also identified a novel locus on the short 
arm of chromosome 1 that includes 14 sJIA- 
associated single nucleotide polymorphisms 
(SNPs) that span 20.6 kb (REF. 2). A further 23 
novel loci were also putatively associated with 
sJIA (P < 5 × 10−8). Most importantly, none of the 
key loci identified intersected with susceptibility 
loci for other types of JIA8. These findings add 
weight to the feeling held among clinicians that 
sJIA is both clinically and genetically distinct 
from other types of JIA. The priority now will 
be to explore the functional significance of these 
loci and to identify therapeutic novel targets 
to specifically treat children with sJIA, which 
despite recent advances is still associated with 
a substantial degree of morbidity and mortality.

Children with JIA, particularly young 
children with mild forms of arthritis (such 
as oligoarthritis), are at high risk of develop-
ing uveitis. JIA-associated uveitis is associated 
with a large degree of morbidity. Almost half of 
those with JIA-associated uveitis develop visual 
impairment that leads to cataracts, glaucoma 
and loss of vision. Although there have been 
many clinical trials of novel biologic agents in 
JIA over the past few years, they have all spe-
cifically excluded children with active uveitis.

In 2017, the paediatric rheumatology 
community worked closely with parents 
and patients to develop a trial that sought to 
definitively answer the crucial question of 
whether anti-TNF therapy in children with 

and importantly, integrates the perspectives 
of the families of children and young people 
living with paediatric rheumatic diseases. 
Although formulated within a given geograph-
ical region and specific for paediatric rheu-
matic disorders, the approach of the SHARE 
initiative is transferrable to other collaborative 
research projects in rare paediatric diseases. In 
2017, four evidence-based or consensus-based 
sets of SHARE recommendations were pub-
lished. These recommendations set important 
minimal ‘standards of care’ for the diagnosis 
and treatment of juvenile dermatomyosi-
tis4, paediatric antiphospholipid syndrome5, 
childhood-onset systemic lupus erythemato-
sus6 and childhood lupus nephritis7. Together, 
these recommendations help to harmonize 
and optimize care and research to produce the 
best outcomes for all patients.

Systemic JIA (sJIA) has long been recog-
nized as different from other types of JIA in 
its clinical manifestations and the response 
of patients to medications such as metho-
trexate and anti-TNF therapies. Of all the JIA 
subtypes, sJIA is associated with the greatest 
degree of disease-related morbidity. Although 
deaths from JIA are rare, most are caused by 
macrophage activation syndrome, a com-
plication seen mainly in children with sJIA. 
In general, sJIA is considered to be an auto-
inflammatory condition that is driven by the 
innate immune system.

In 2017, Ombrello et al.2 provided fur-
ther evidence supporting this hypothesis. The 
International Childhood Arthritis Genetics 
(INCHARGE) consortium gathered data on 
982 children from nine countries in three 
continents2, exemplifying the great spirit of 
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Child-centred research is the key  
to progress
Michael W. Beresford and Athimalaipet V. Ramanan

The rarity, severity and complexity of paediatric rheumatic diseases make 
progress in treating these diseases a challenge. In 2017, a new series of 
recommendations for treatment, studies that unravel the complexity  
of juvenile idiopathic arthritis and clinical trials that tackle sight-threatening 
uveitis have helped to improve paediatric care.

Key advances

• Key recommendations set a robust 
international framework for collaborative 
research that crosses borders and ensures 
equity in access to care for the diagnosis and 
treatment of rare childhood rheumatic 
diseases1

• Systemic juvenile idiopathic arthritis (JIA) is 
clinically and genetically distinct from other 
types of JIA2

• Adalimumab with methotrexate is an 
effective treatment for children with 
JIA-associated uveitis3
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methotrexate- refractory JIA-associated uvei-
tis is effective3. In developing the SYCAMORE 
trial3, the randomized placebo phase with-
drawal design adopted by the majority of 
JIA trials was deemed to be unsatisfactory 
by both patients and clinicians. Working 
closely with patients’ families, a pragmatic 
but robust 2:1 randomized placebo-con-
trolled trial was designed. This design ensured 
rigorous trial methodology and appropri-
ate safeguards and ‘escape routes’ for chil-
dren with active, uncontrolled disease. The 
SYCAMORE trial was stopped early after 
recruitment of 90 patients (rather than the 
desired 114) by the Independent Data and 
Safety Monitoring Committee and demon-
strated highly significant results (P < 0.0001) 
in favour of treating uveitis with adalimumab 
and methotrexate compared with treating with 
methotrexate alone3.

The SYCAMORE trial excluded children 
with idiopathic uveitis; however, it is now 
widely acknowledged that children with idio-
pathic chronic anterior uveitis have essentially 
the same disease as children with JIA-associated 
uveitis9. The use of placebo meant that children 
who are intolerant of methotrexate (~30–40% 
of all children with JIA-associated uveitis) were 
not included in the SYCAMORE trial9, making 

any conclusions about the role of adalimumab 
as a mono therapy in the management of JIA-
associated uveitis difficult. However, this trial 
demonstrated that proactive engagement with 
patients and parents can successfully lead to 
clinical trials of novel agents that use method-
ologically robust designs and that can actually 
answer clinically important questions.

The success of the SYCAMORE trial 
confronts the position accepted by many 
that it is not feasible or possible to carry out 
placebo-controlled studies in children. The 
SYCAMORE trial is a paradigm for partnership 
between clinicians, the families of children and 
young people affected by rheumatic diseases, 
government agencies and charities in study-
ing rare diseases. Clinicians need to be able to 
directly address questions raised by children 
and parents such as ‘Which drug best works for 
me?’. To achieve this goal, researchers need to 
step away from conventional study designs and 
to include adaptive designs or head-to-head 
studies of new agents versus existing approved 
biologics10. The clinical community, children, 
families, industry and regulators need to work 
together to put the child at the centre of paedi-
atric research and to ensure that trials are not 
just meeting regulatory requirements but are 
answering life-changing questions.

The advances discussed above build on 
two decades of progress in our understand-
ing of the mechanisms that underlie rheu-
matic diseases, an explosion of new therapies 
underpinned by paediatric clinical trials and 
the introduction of new biologic agents to 
the routine armoury of medications used by 
clinicians. But progress requires continued 
commitment. The international community 
is encouraged to gather around and seek con-
structive ways to overcome the national, inter-
national, institutional, clinical and academic 
barriers that can limit progress.
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Figure 1 | Keeping the child at the centre of paediatric research. Key advances from 2017 are 
highlighted in the blue ring and major challenges that remain are shown in the red ring. To make 
progress in tackling rare and complex disorders that affect children and young people, we need to 
foster partnerships between multidisciplinary teams and collaborations with health-care and 
research funding bodies, industry and regulators to improve clinical trials, bench-to-bedside  
translation and standards of care.
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The development of anti-citrullinated pro-
tein antibodies (ACPAs) and the subsequent 
onset of ACPA+ rheumatoid arthritis (RA) 
are central to the pathogenesis of seropositive 
RA. Some individuals who have an increased 
genetic susceptibility to RA will develop 
ACPAs, of whom a proportion will go on to 
present symptomatically with arthralgia and 
early inflammatory arthritis, before being 
diagnosed with ACPA+ RA1. A growing list 
of environmental factors, including ciga-
rette smoke, inhaled particulates (such as 
silica), diet, hormones, medication use and 
infections can affect the transitions between 
these preclinical phases in the pathogenesis of 
RA2 (FIG. 1). Previous research has identified 
factors, in particular smoking, that acceler-
ate these transitions and increase the risk of 
developing ACPA+ RA2. Although the iden-
tification of smoking as an ACPA+ RA risk 
factor is of crucial importance, most patients 
with RA are non-smokers, and the incidence 
of RA seems to be stable despite a decrease in 
the number of individuals who smoke. Other 
environmental factors are therefore likely to 
be important contributors to RA risk. The epi-
demiological observations that consumption 
of omega-3 fatty acids3, a long-term healthy 
diet4 and use of oral contraceptives5 might 
protect against RA offer potential strategies 
to lower RA risk and to generate hypo theses 
concerning the biological mechanisms of 
these environmental factors.

In 2017, several studies have established 
the role of dietary factors in the patho genesis 
of RA. Gan et  al.3 investigated whether 

inflammatory arthritis once ACPAs are pres-
ent. By extension, these studies suggest that 
omega-3 fatty acids might decrease RA risk, 
although this hypothesis has yet to be proved. 
These small but provocative studies provide 
the rationale for prospective studies and 
clinical trials of omega-3 fatty acids for the 
prevention of RA.

In another dietary study, Hu et al.4 exam-
ined whether dietary quality was associated 
with the risk of RA in American women 
using the Alternative Healthy Eating Index 
(AHEI) and the prospective Nurses’ Health 
Studies cohorts. The AHEI was developed 
using expert opinion of foods and nutrients 
related to the risk of chronic diseases8. The 
AHEI uses 11 food and nutrient categories 
that cover healthy foods (fruits, vegetables, 
whole grains, nuts, omega-3 fatty acids, 
polyunsaturated fatty acids and moderate 
amounts of alcohol) and unhealthy foods 
(sugar-sweetened beverages, red or pro-
cessed meat, trans fats and sodium) to calcu-
late an overall score8. Hu et al.4 analysed the 
long-term quality of the participants’ diets 
as a cumulative average AHEI score using 
repeated food frequency questionnaires, and 
categorized women into AHEI quartiles. 
Those in the highest AHEI quartile were 
considered to have the highest dietary quality 
and those in the lowest AHEI quartile were 
considered to have the lowest dietary quality. 
In all, data from 169,989 women were ana-
lysed, of whom 1,007 developed RA during 
the 3.7 million person-years of follow-up4. 
Among women ≤55 years of age, the highest, 

omega-3 fatty acids are important in the pre-
clinical phases of RA on the basis of previous 
studies that associated fish6 or fish oil7 intake 
with a decreased risk of RA and favourable 
outcomes among patients with RA. Gan et al.3 
measured the composition of omega-3 fatty 
acids in erythrocyte membranes from 47 
ACPA+ individuals who did not have diag-
nosed RA, 10 of whom had undifferentiated 
inflammatory arthritis. High levels of total 
erythrocyte-bound omega-3 fatty acids were 
strongly associated with a reduced risk of 
having undifferentiated inflammatory arthri-
tis (OR 0.09, 95% CI 0.01–0.85 per increasing 
standard deviation)3. The authors then fol-
lowed 35 ACPA+ individuals who did not have 
inflammatory arthritis and found that high 
levels of docosapentaenoic acid at baseline 
protected against the development of inflam-
matory arthritis (HR 0.52, 95% CI 0.27–0.98) 
during a mean follow-up of 2.6 years3.

In addition to providing new insights 
into RA pathogenesis, these results offer 
ACPA+ individuals at high risk of developing 
RA a dietary modification that might help 
to lower that risk. These findings comple-
ment those of a previous study that showed 
that increasing levels of erythrocyte-bound 
total omega-3 fatty acids lowered the risk of 
ACPA positivity (OR 0.44, 95% CI 0.21–0.93) 
in 136 unaffected individuals at high risk of 
RA due to seropositivity or positivity for the 
HLA shared epitope3. Together, these studies 
demonstrate that omega-3 fatty acids might 
have dual actions: lowering the risk of devel-
oping ACPAs and preventing the onset of 
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Protective dietary and hormonal 
factors brought to light
Jeffrey A. Sparks and Karen H. Costenbader

Tremendous progress has been made in the identification of rheumatoid 
arthritis (RA) risk factors in 2017. The results of epidemiological studies 
highlighted dietary and hormonal factors that are associated with slowing 
the transition from one preclinical phase of RA to another, potentially 
protecting individuals from developing RA.

Key advances

• High levels of erythrocyte-bound omega-3 
fatty acids are associated with decreased 
progression to inflammatory arthritis 
among anti-citrullinated protein 
antibody-positive individuals who do not 
have rheumatoid arthritis (RA)3

• Compared with an unhealthy diet, 
long-term adherence to a healthy diet was 
inversely related to the risk of developing 
RA in individuals of 55 years of age or 
younger4

• Women who had ever used oral 
contraceptives had a lower risk of 
developing RA compared with those who 
had never used oral contraceptives5

YEAR IN REVIEW

©
 
2018

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.



and therefore healthiest, AHEI quartile had 
a reduced HR of 0.67 (95% CI 0.51–0.88) 
for RA compared with those with the lowest 
dietary quality (P = 0.002 for trends across 
quartiles)4. This protective effect was most 
pronounced for seropositive RA among those 
aged ≤55 years (HR 0.60, 95% CI 0.42–0.86, 
P = 0.003 for trend)4. However, the healthiest 
diet by AHEI score was not associated with 
RA among those >55 years of age4. Two AHEI 
components were particularly associated with 
a reduced risk of RA among those ≤55 years of 
age4: reduced intake of red or processed meat 
(HR 0.58, 95% CI 0.43–0.79) and moderate 
alcohol intake (HR 0.67, 95% CI 0.51–0.89)4. 
However, intake of omega-3 fatty acids was not 
associated with RA risk in this study4. Overall, 
these results provide further evidence that diet 
is an important risk factor for RA, and pro-
vide insight into potential dietary guidance for 
individuals at risk of developing RA.

The hormonal and metabolic changes that 
occur during menopause might explain why 
diet was only associated with RA that devel-
ops before 55 years of age4, but this association 
has not been firmly established9. However, 
hormones themselves might be associated 
with the risk of RA.

In 2017, Orellana et al.5 investigated the 
associations between oral contraceptive use 
and RA risk in women in a large Swedish 
case–control study. Women who had ever 
used oral contraceptives had a modestly 
decreased risk of RA (OR 0.87, 95% CI 0.78–
0.97) compared with those who had never 
used oral contraceptives5. This protective 
effect was present for ACPA+ RA (OR 0.84, 
95% CI 0.74–0.95), but not for ACPA− RA5. 
A long duration (≥7 years) of oral contracep-
tive use further lowered the risk of develop-
ing ACPA+ RA (OR 0.80, 95% CI 0.69–0.93)5. 
Ever smokers who had never used oral con-
traceptives had a particularly increased risk 
of developing ACPA+ RA (OR 2.34, 95% CI 
1.95–2.82) compared with those who had 
never smoked but had used oral contracep-
tives5. The hormonal components and doses 
of the oral contraceptives used varied during 
the study period, so the importance of par-
ticular hormones and their relative doses for 
RA risk are unclear5. Given the study design, 
it is uncertain during which phase of RA 
development hormones exert their protective 
effect. However, this study provides further 
evidence that hormones are important in 
the pathogenesis of ACPA+ RA, which is of 

particular interest given the predominance 
of RA in women and the differences in risk 
related to age and menopause4,9.

The development of RA is complex and is 
likely to differ between individuals, but the 
epidemiological advances made in 2017 elu-
cidate factors that potentially protect against 
RA. These findings provide a rationale for RA 
prevention strategies using dietary and hormo-
nal interventions. We are now closer to under-
standing the natural history of RA and how we 
might best intervene to delay or even prevent 
RA onset in the near future.
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Figure 1 | Preclinical phases of ACPA+ rheumatoid arthritis. Individuals at increased genetic risk 
of rheumatoid arthritis (RA) can develop anti-citrullinated protein antibodies (ACPAs). 
Environmental factors such as smoking increase the risk of ACPA production, whereas other envi-
ronmental factors, such as omega-3 fatty acid intake, might decrease the risk of ACPA production. 
ACPA+ individuals might then go on to develop arthralgias and undifferentiated inflammatory 
arthritis, which can progress to clinically apparent ACPA+ RA. Similar to the risk of ACPA production, 
smoking increases the risk of progression to inflammatory arthritis, whereas intake of omega-3 fatty 
acids might decrease this risk. A healthy diet and use of oral contraceptives might decrease the 
overall risk of RA, but the mechanisms and particular preclinical phases of RA affected by these risk 
factors are unclear.
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In the past few years, interesting advances have 
occurred in the field of osteoarthritis (OA) 
research — most notably in the development 
of sophisticated drug-delivery systems as well 
as new therapeutic agents. Developments in 
2017 included the approval by the FDA of an 
extended-release glucocorticoid formulation 
that uses a novel drug delivery system1, and the 
publication of a randomized controlled trial 
(RCT) describing the consequences of long-
term use of conventional intra- articular gluco-
corticoids in the treatment of OA2. Another 
RCT published within the past year suggested 
that a small-molecule inhibitor of the Wnt sig-
nalling pathway, SM04690, could have disease- 
modifying effects in OA, prompting a call for 
further clinical trials3 (FIG. 1).

Glucocorticoids are one of the most widely 
recommended treatments for knee OA, but 
clinical trials have shown that their analgesic 
effect declines within 2–4 weeks4. To overcome 
this limitation, new delivery systems such as 
poly(lactic-co-glycolic acid) (PLGA) micro-
spheres have been developed in an attempt 
to prolong the action of these drugs. FX006 
is an extended-release formulation of triam-
cinolone acetonide in PLGA microspheres, 
designed to maintain the concentration of 
this synthetic glucocorticoid in the joint for 
several months after a single dose. In a mul-
ticentre phase II randomized double-blind 
dose-finding study published in 2015 (REF. 5), 
a single intra-articular injection of 40 mg of 
FX006 performed comparably to 40 mg of 
immediate-release triamcinolone acetonide 
and provided greater pain relief from weeks 

cartilage volume in the triamcinolone ace-
tonide group than in the placebo group, with 
no significant difference in pain reduction 
between the two groups. Whereas negative 
anabolic effects of glucocorticoids have been 
documented in many laboratory studies, the 
absence of a long-term benefit for pain is per-
haps surprising given the short-term effects on 
knee pain that have been observed in numer-
ous clinical trials. The absolute increase in 
cartilage loss observed in the patients treated 
with triamcinolone acetonide translates to 
approximately 2% per year. This amount of 
cartilage loss is of concern, because each 1% 
increase in the rate of tibial cartilage loss cor-
responds to a 20% increased risk of under-
going total knee arthroplasty within 4 years7. 
Another study showed that the degree of joint 
space narrowing was positively associated 
with subsequent total knee arthroplasty within 
15 years (OR 5.0, 95% CI 2.6–9.9)8. Although 
the glucocorticoid-treated group did not have 
worse clinical outcomes than the placebo 
group in the trial, the observation of increased 
cartilage loss should be integrated into risk– 
benefit discussions with individual patients, as 
other work has shown that increased rates of 
cartilage loss predict the long-term need for 
arthroplasty.

OA is characterized by degradation of car-
tilage and thickening of subchondral bone. 
The Wnt signalling pathway stimulates the 
production of catabolic proteases that have 
been implicated in matrix degradation and 
modulates the differentiation of osteoblasts 
and chondrocytes. Animal models of OA and 
in vivo studies have provided evidence that 

5–10 post-treatment. A follow-up phase IIb 
study published in 2017, involving 306 
patients with knee OA6, showed that 32 mg of 
FX006 provided significant improvements in 
pain relief compared with placebo from weeks 
1–11 and at week 13; however, the study failed 
to achieve its primary end point of a signifi-
cant difference between FX006 and placebo at 
12 weeks. In a subsequent phase III study of 
484 patients with knee OA1, conducted in sup-
port of the FDA pre- market approval appli-
cation, FX006 demonstrated a statistically 
significant reduction in pain intensity versus 
placebo at 12 weeks, although this reduction 
was not statistically significantly different 
from that achieved with immediate-release 
triamcinolone acetonide. On the basis of this 
last study, FX006 was approved by the FDA 
for the management of knee OA. The active 
component drug is not new to the field, but 
the approval of FX006 represents a techno-
logical advance that provides a model for 
targeted delivery approaches to treating OA.

Although the short-term analgesic effects 
of glucocorticoids for knee OA are well- 
established, the benefits of their long-term use 
are questionable. A clinical trial published in 
2017 examined the effects of intra- articular tri-
amcinolone acetonide injected every 3 months 
over the course of 2 years on knee pain and the 
progression of cartilage loss in patients with 
OA2. In this study, 140 patients with knee OA 
with features of synovitis on ultrasonography 
were randomly allocated to receive either tri-
amcinolone acetonide or placebo. This study 
demonstrated a significantly greater loss in 
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Latest advances in the 
management of knee OA
Timothy E. McAlindon and Raveendhara R. Bannuru

Osteoarthritis research in 2017 provided new insights into the long-term 
effects of intra-articular glucocorticoids, and also led to the approval of  
a novel, longer-lasting glucocorticoid formulation. New drugs for the 
treatment of osteoarthritis also emerged this year, including a small-molecule 
inhibitor of the Wnt signalling pathway.

Key advances

• FX006, an extended-release triamcinolone 
acetonide, was approved by the FDA for  
the management of knee osteoarthritis  
(OA) pain1

• A clinical trial demonstrated that treatment 
with intra-articular glucocorticoids for 
2 years resulted in greater loss in cartilage 
volume than placebo in patients with 
symptomatic knee OA2

• SM04690, a small-molecule inhibitor of the 
Wnt signalling pathway, showed promise in 
initial clinical trials, in which it controlled 
clinical symptoms, preserved joint space 
width and was well-tolerated3

NATURE REVIEWS | RHEUMATOLOGY  www.nature.com/nrrheum

YEAR IN REVIEW

©
 
2018

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.



the Wnt pathway inhibitor SM04690 might 
cause cartilage regeneration and provide pro-
tection from cartilage catabolism9. A 24-week 
phase I study published in 2017 assessed the 
pharmacokinetics, safety and exploratory effi-
cacy of intra-articular SM04690 in moderate 
to severe knee OA3. This multi-centre RCT, 
which enrolled 61 patients with knee OA (50 
of whom received SM04690 and 11 placebo), 
demonstrated that SM04690 was safe and well 
tolerated, and no significant differences in bone 
mineral density were observed between the 
two groups. Patients who received SM04690 
showed improvements in all exploratory effi-
cacy measures — including pain, function 
and OMERACT–OARSI response measures 
— from baseline to 24 weeks. Additionally, a 
significant improvement in joint space width 
was observed in the SM04690 group versus 
the placebo group (P = 0.02). The results from 
a completed phase II trial are expected soon. 
Given that the effect of intra-articular saline 

placebo is about 1.6 times that of acetami-
nophen10, it is noteworthy that these intra- 
articular treatments (FX006 and SM04690) 
have demonstrated a significantly better effect 
than intra-articular saline placebo.

Although the OA research community has 
made exciting progress in the management of 
knee OA over the past year, these innovations 
are still emerging. More extensive clinical 
trial data exploring the benefits and harms of 
repeated injections of FX006 are necessary to 
develop a comprehensive safety and efficacy 
profile for this treatment, particularly in light 
of new data on the long-term effects of gluco-
corticoid use. Likewise, further research in the 
form of larger phase II trials are required to 
fully examine the effects of SM04690.
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Autoimmune rheumatic diseases, such as systemic 
lupus erythematosus (SLE) and rheumatoid arthritis 
(RA), can be difficult to diagnose owing to the com-
plex dynamic nature of these diseases and the variety 
in overlapping symptoms. The diseases can develop 
for many years before clinical manifestations become 
obvious to the patient or the patient becomes acutely 
ill. Early diagnosis is difficult as disease-defining mani-
festations commonly only become evident after damage 
has already begun to take its toll. Early treatment is key 
to limiting damage, and recognizing the disease early is 
therefore extremely important. However, a large num-
ber of patients (for example, those with undifferentiated 
connective tissue disease (UCTD)) remain undiagnosed 
for years.

The difficulty in diagnosing patients with auto-
immune rheumatic diseases is attributable in part to 
the similarities of these diseases, particularly during the 
early stages of disease. Affliction of the musculo skeletal 
tissues and the occurrence of both joint and systemic 
inflammation, together with the presence of acute 
inflammatory signs and symptoms that clinically might 
be very similar for various rheumatic autoimmune dis-
eases, provide little basis for an accurate early diagnosis. 
Laboratory tests improve the chances of reaching an 

accurate diagnosis, but the sharing of serum markers 
across these diseases still contributes to an unreliable 
diagnosis. The heterogeneous nature of these diseases 
and their nonlinear development, with flares of activ-
ity and subsequent remission, hinder our capacity to 
understand them. Economic factors and the relatively 
low prevalence of each disease has made the recruitment 
of patients with these diseases more difficult than, for 
example, recruiting patients with particular types of 
cancer, which has slowed the pace of our understanding.

Personalized medicine is a frequently used term 
in the field of clinical and scientific cancer research, 
where repositories exist, such as The Cancer Genome 
Atlas (TCGA)1, that enable the reclassification of dif-
ferent types of tumours2,3; this repository has ≥14,000 
patient samples with extensive molecular information 
(such as RNA sequencing (RNA-seq) and DNA methyl-
ation data) and numerous complex integrative analyses, 
although this information remains untapped for use in 
everyday clinical practice. To date, no study has inte-
grated multiple layers of molecular information across 
different clinical diagnoses in order to reclassify rheu-
matic autoimmune diseases. Such an approach would 
be the first step towards precision medicine for these 
disorders.
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Moving towards a molecular taxonomy 
of autoimmune rheumatic diseases
Guillermo Barturen1, Lorenzo Beretta2, Ricard Cervera3, Ronald Van Vollenhoven4 and 
Marta E. Alarcón-Riquelme1,5

Abstract | Autoimmune rheumatic diseases pose many problems that have, in general, already 
been solved in the field of cancer. The heterogeneity of each disease, the clinical similarities and 
differences between different autoimmune rheumatic diseases and the large number of patients 
that remain without a diagnosis underline the need to reclassify these diseases via new 
approaches. Knowledge about the molecular basis of systemic autoimmune diseases, along with 
the availability of bioinformatics tools capable of handling and integrating large volumes of 
various types of molecular data at once, offer the possibility of reclassifying these diseases. A new 
taxonomy could lead to the discovery of new biomarkers for patient stratification and prognosis. 
Most importantly, this taxonomy might enable important changes in clinical trial design to reach 
the expected outcomes or the design of molecularly targeted therapies. In this Review, we 
discuss the basis for a new molecular taxonomy for autoimmune rheumatic diseases. We 
highlight the evidence surrounding the idea that these diseases share molecular features related 
to their pathogenesis and development and discuss previous attempts to classify these diseases. 
We evaluate the tools available to analyse and combine different types of molecular data. Finally, 
we introduce PRECISESADS, a project aimed at reclassifying the systemic autoimmune diseases.
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In this Review, we introduce the current classifi-
cation and diagnostic criteria for these diseases and 
how these criteria have developed over the years. We 
then present studies that have attempted to classify the 
diseases individually or across a number of the dis-
eases with molecular tools. Bioinformatics is crucial 
for such approaches, and hence we explain the vari-
ous integration and clustering methods available, as 
well as their pros and cons. Finally, we briefly describe 
PRECISESADS, a European project aimed at reclassify-
ing the major systemic autoimmune diseases, including 
SLE, Sjögren syndrome, systemic sclerosis (SSc), RA, 
primary antiphospholipid syndrome (APS), mixed con-
nective tissue disease (MCTD) and UCTD, on the basis 
of underlying molecular mechanisms.

Previous classification attempts
The development of criteria for autoimmune rheumatic 
diseases has changed over the past few decades, as a 
result of improvements in the detection of autoanti-
bodies, the discovery of new autoantibody specificities 
and the accumulation of clinical experience (FIG. 1). 
Published criteria for RA and many other rheumatic 
diseases are typically presented as ‘classification criteria’ 
and not as ‘diagnostic criteria’. The distinction between 
the two is usually emphasized: classification criteria 
are not intended for diagnostic use, but rather for use 
in an epidemiological context, or in studies where 
homo geneity and comparability between patient pop-
ulations is of importance. Nevertheless, classification 
criteria are widely used as diagnostic criteria. For many 
physicians, the distinction between classification and 
diagnostic criteria is somewhat theoretical, and mostly 
the criteria serve as a theoretical framework for under-
standing the disease. Compared with the gold standard 
(the diagnostic impression formed by an experienced 
specialist) all sets of criteria perform reasonably well in 
diagnosing patients (85–95% specificity) but these cri-
teria can still result in false-positive and false- negative 
diagnoses if applied blindly. Therefore, physicians 
should avoid the blind application of clinical criteria 
and be aware that clinical expertise always overrules 

what is indicated by the criteria. In this section, we 
discuss the classification of SLE, Sjögren syndrome, 
SSc, RA, MCTD, and primary APS, as representative 
examples of autoimmune rheumatic diseases that are 
associated with different affected organs and over-
lap in their clinical and molecular features, as well as 
potentially in the molecular disease mechanisms. In 
this Review, we focus on rheumatic diseases; however, 
we believe that other autoimmune diseases, such as 
inflammatory bowel disease, multiple sclerosis and 
probably even asthma, also share molecular pathways 
with systemic rheumatic diseases. A major pitfall of 
past classification criteria is the lack of consideration 
of conditions usually seen by the general practitioner, 
such as infectious or metabolic rheumatic conditions. 
However, due to space and topic constraints, we focus 
on rheumatic diseases, which is also the focus of the 
PRECISESADS project.

Systemic lupus erythematosus
The ACR (then known as the American Rheumatism 
Association (ARA)) first proposed preliminary classifi-
cation criteria for SLE in 1971, which included 14 clin-
ical and laboratory criteria4. These criteria were revised 
in 1982 (REF. 5) and updated again in 1997 (REF. 6). The 
revised 1982 and 1997 ACR criteria consist of 11 items, 
five of which are composites of two or more abnor-
malities. These items can be considered serially or 
simultaneously, and four or more of the 11 items need 
to be present for a positive classification of SLE. The 
revised 1997 criteria include the presence of several 
auto antibodies (anti-double-stranded DNA (dsDNA), 
anti-Sm, antiphospholipid and antinuclear antibodies) 
and eight of the items require the absence of drugs or 
other medical conditions, such as uraemia, ketoacidosis 
or electrolyte abnormalities, in order to be considered. 
In neither the 1982 nor the 1997 criteria is a single item 
absolutely essential for a positive classification of SLE, 
not even the presence of autoantibodies (the hallmark 
of SLE). Currently, these criteria are widely accepted and 
used in all parts of the world.

However, some researchers have highlighted sev-
eral clinical and immunological problems with the 
revised 1997 criteria. The weighting of the criteria items 
is biased towards particular forms of the disease; for 
example, three criteria relate to cutaneous lesions (malar 
rash, discoid rash and photosensitivity), the clinical 
assessment of which is at times difficult, whereas the 
neurologic disorder criterion includes only two mani-
festations (seizures and psychosis), which are infrequent, 
generic and difficult to attribute solely to SLE. A fur-
ther problem is the lack of standardization of laboratory 
techniques for the detection of autoantibodies (such as 
antinuclear and antiphospholipid antibodies). The way 
in which autoantibody assay results are reported can 
also differ substantially, which leads to wide variations 
in the apparent incidence of these antibodies in different 
cohorts of patients. More importantly, the measurement 
of complement activation, a prominent measure of dis-
ease activity in clinical practice, is not included in any 
set of criteria.

Key points

• Current systemic autoimmune disease classification criteria are commonly used for 
diagnosing diseases and tend to be ambiguous, generic or difficult to assess, which 
might lead to misdiagnosis or leave patients undiagnosed

• Ample evidence demonstrates that rheumatic autoimmune diseases share molecular 
disease pathways

• Discriminating between diseases by comparing molecular profiles is a feasible 
approach that could be useful in clinical practice, if adequately implemented

• Disease stratification has previously been based on supervised methods and 
predefined clinical diagnoses

• Integration of multi-layered data with unsupervised clustering should provide 
valuable information about disease mechanisms and treatment responses by 
simultaneously considering multiple types of information

• Precision medicine of systemic autoimmune diseases should start with a new robust 
molecular classification of autoimmune disorders and the identification of biomarkers 
for use in routine clinical practice

R E V I E W S

76 | FEBRUARY 2018 | VOLUME 14 www.nature.com/nrrheum

©
 
2018

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved. ©

 
2018

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.



The existence of many ‘atypical’ patients who ful-
fil only three or fewer of the ACR criteria is a major 
problem in the classification of SLE. To improve SLE 
classification, new criteria were developed following 
a strict methodology, resulting in the Systemic Lupus 
International Collaborating Clinics (SLICC) classifica-
tion criteria for SLE in 20127. Compared with the ACR 
criteria, the SLICC classification criteria perform bet-
ter in terms of sensitivity, but have a lower specificity. 
Additionally, more patients with atypical SLE are posi-
tively identified as having SLE with the SLICC criteria 
than with the 1997 ACR criteria. Importantly, the SLICC 
criteria expands the neurologic criterion (to include 
mononeuritis multiplex, myelitis, peripheral or cranial 
neuropathy and acute confounding state), adds hypo-
complementemia, and a positive classification requires 
the presence of both clinical and serological criteria, 
implying that patients without autoantibodies or low 
complement cannot be classified as having SLE. Another 
important aspect of the new SLICC classification criteria 
is that biopsy-proven lupus nephritis, in the presence of 
antinuclear or anti-dsDNA antibodies, is now sufficient 
for a positive classification. Notably, neither the ACR nor 
EULAR have endorsed these criteria; a joint effort by 
both organisations is underway to prepare a new set of 
classification criteria for SLE.

Antiphospholipid syndrome
Preliminary classification criteria for APS were for-
mulated in 1998 (REF. 8) and revised in 2006 (REF. 9), to 
facilitate the study and treatment of this disease follow-
ing a lack of uniformity in previously proposed criteria 
and a need for consensus APS criteria. According to the 
2006 criteria, a patient can be classified as having APS 
if they fulfil at least one of the clinical criteria (vascular 
thrombosis or pregnancy morbidity) and at least one of 
the laboratory criteria (presence of lupus anticoagulant, 
anticardiolipin antibodies or anti-β2GPI antibodies, val-
idated on two or more occasions at least 12 weeks apart). 
Some APS-associated features, although discussed, were 
not included in these criteria, including cardiac valve 
involvement, livedo reticularis, thrombocytopenia, APS 
nephropathy and non-thrombotic central nervous sys-
tem manifestations, indicating a lack of consensus. The 
group who developed the criteria recommended strat-
ifying patients according to the laboratory criteria and 
strongly advised classifying patients with APS into one 
of the following categories: more than one laboratory 
criteria fulfilled; lupus anticoagulant present alone; 
anticardiolipin antibody present alone; and anti-β2GPI 
antibodies present alone. Unfortunately, this practice has 
been scarcely implemented either in the clinical practice 
or in research projects. 
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Figure 1 | Historical evolution of the clinical classification and 
diagnostic criteria for systemic autoimmune diseases. Classification and 
diagnostic criteria for various systemic autoimmune diseases including 
mixed connective tissue disease (MCTD), primary antiphospholipid 
syndrome (APS), rheumatoid arthritis (RA), Sjögren syndrome, systemic 
lupus erythematosus (SLE) and systemic sclerosis (SSc) have been 
developed, updated and refined over time. Detailed information on the 

criteria can also be found in Supplementary information S1 (figure). The 
information shown in these figures is to merely inform about the clinical 
criteria used for the diagnosis or classification of these diseases; further 
information on how to apply the criteria can be found in the original 
references. ARA, American Rheumatism Association; SICCA, Sjögren’s 
International Collaborative Clinical Alliance; SLICC, Systemic Lupus 
International Collaborating Clinics.
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Classification criteria for the most severe variant of 
this syndrome — catastrophic APS— were published in 
2003 (REF. 10) and later validated in 2005 (REF. 11). As with 
the previous criteria, the criteria for catastrophic APS 
also includes immunological items, such as the pres-
ence of lupus anticoagulant, anticardiolipin antibodies 
and anti-β2GPI antibodies, which are viewed as key 
biomarkers of APS. In a 2005 validation study, which 
analysed data from 176 patients from a web-based cata-
strophic APS registry, the 2003 criteria had a sensitivity 
of 90.3% and specificity of 99.4% (with positive and neg-
ative predictive values of 99.4% and 91.1%, respectively). 
Clearly, the combination of validated immunological 
criteria with clinical criteria improves classification and 
should be adopted.

Rheumatoid arthritis
In 1959, the ARA defined diagnostic criteria for RA12. 
Over the ensuing decades, these criteria were revised 
several times by the ACR, including the 1987 revised 
classification criteria (REF. 13). According to these defi-
nite classification criteria of RA, a definite diagnosis of 
RA requires the presence of inflammation for at least 
6 weeks in addition to the presence of at least four 
of the following seven items: at least three inflamed 
joints, inflamed joints in the hands, symmetric arthri-
tis, morning stiffness, positive test for rheumatoid fac-
tor, rheumatic nodules, and erosions on radiographs. 
These criteria are good at distinguishing established RA 
from osteoarthritis (OA), and from other well-defined 
conditions13. However, these criteria lack sensitivity 
for detecting early RA when the differential diagnosis 
includes entities such as self-limiting viral arthritis, reac-
tive arthritis or pain syndromes. The main purpose of 
these criteria was to distinguish the chronic inflamma-
tory and destructive disease from diseases such as OA 
and self-limiting arthritides, which explains why these 
criteria are rather restrictive, requiring at least 3 months 
of persistent symptoms, and place emphasis on some of 
the more notable long-term consequences of RA, such 
as erosions and nodules. With the advent of better ther-
apeutic options, including the introduction of biologic 
treatments in the 1990s and 2000s, a main criticism 
emerged: the criteria cannot identify early disease. At 
a time when early treatment was becoming increasingly 
recognized as an important determinant of favourable 
outcomes, a more thorough revision was needed. As a 
result, the ACR and EULAR jointly developed a com-
pletely new set of classification criteria in 2010 (REF. 14).

According to the 2010 ACR–EULAR criteria, a 
patient can be classified as having RA if at least one joint 
exhibits visible inflammation (swelling), and if one of 
two additional conditions are fulfilled: a radiograph 
shows unequivocal evidence of damage that is specific 
to RA, or the patient collects a sufficient number of 
points (six points or more) based on a set of weighted 
items14. The presence of joint inflammation contrib-
utes points based on the number of involved joints and 
whether they are large or small joints; the presence of 
specific auto antibodies — rheumatoid factor and/or 
anti- citrullinated peptide antibodies — also contribute 

points, as do elevated acute-phase reactants and symp-
tom duration. Rheumatoid factor was one of the first 
autoantibodies ever defined and continues to be an 
important diagnostic tool. These autoantibodies are 
found in 60–70% of patients with RA15, and therefore 
lack sensitivity for diagnosing RA but neatly divide RA 
into two meaningful subsets. Rheumatoid factor is also 
associated with other autoimmune diseases, chronic 
infections, and some malignancies. The new 2010 cri-
teria enable an earlier diagnosis compared with the pre-
vious sets of criteria. As a trade-off, these criteria could 
lead to an incorrect RA diagnosis (false-positive); for 
example, in patients with longstanding OA in multiple 
small joints. Thus, clinical skill is still needed to avoid 
incorrect diagnosis.

Mixed connective tissue disease
In 1971, Sharp et al.16 described a distinct group of 
patients with a clinical syndrome characterized by fea-
tures of both SLE and SSc and the presence of myositis, 
which was termed MCTD. These patients had remark-
ably high titres of newly-identified autoantibodies 
directed against ribonucleoprotein (anti-RNP anti-
bodies). The presence of anti-RNP antibodies was origi-
nally thought to be an important component of a specific 
clinical phenotype. Interestingly, anti-RNP antibodies 
sometimes occurred at exceptionally high titres in these 
patients. Although some methodological refinements 
have been made in the detection of anti-RNP antibodies 
(specifying, for instance, anti-U1RNP autoantibodies), 
no other specific antibodies have been linked directly to 
MCTD. The moniker “mixed connective tissue disease” 
was proposed16 and gained rapid acceptance. In retro-
spect, this term was a rather unfortunate choice, suggest-
ing the disease to be a mixed bag of various rheumatic 
manifestations rather than a specific and well- defined 
syndrome as was intended. Nevertheless, several groups 
of investigators have presented data to support the idea 
that MCTD is, indeed, a distinct disease entity and at 
least two sets of diagnostic or classification criteria have 
been proposed16,17.

In general, both proposed criteria sets focused on 
various combinations of clinical disease features pre-
senting together with the specific anti-RNP antibodies. 
For example, the Alarcon-Segovia criteria17 for MCTD 
required a high titre of anti-RNP antibodies in combi-
nation with three of the following five clinical criteria: 
hand oedema, synovitis, myositis, Raynaud phenome-
non and acrosclerosis. The Sharp criteria16 distinguished 
between ‘major’ and ‘minor’ clinical criteria, requiring 
four major criteria plus the presence of anti-RNP anti-
bodies for a definite diagnosis and three major criteria, 
or two major plus two minor criteria, plus the presence 
of anti-RNP antibodies for a probable diagnosis. The 
major criteria included myositis, pulmonary findings, 
Raynaud phenomenon, esophageal dysmobility, swol-
len hands or sclerodactyly, and high anti-RNP antibody 
levels without the presence of anti-Sm antibodies; the 
minor criteria were alopecia, leukopenia, anaemia, pleu-
ritis, pericarditis, arthritis, trigeminal neuralgia, malar 
rash, thrombocytopenia, mild myositis and history of 
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swollen hands. Both sets of criteria have been used in 
the clinic and perform reasonably well18. However, some 
researchers have questioned whether MCTD truly repre-
sents a unique disease subset rather than an example of 
the many varieties of concurrence of autoimmune symp-
toms, something that could be described as ‘undifferen-
tiated connective tissue disease’ in some patients and as 
an ‘overlap syndrome’ in others19. Until the pathophys-
iology of patients presenting with this syndrome, and 
more specifically the role of anti-RNP antibodies in the 
autoimmune process, is clearly resolved the controversy 
around MCTD will most likely endure.

Systemic sclerosis
The ARA first published classification criteria for SSc 
in 1980; at the time, fibrosis was recognized as a pivotal 
sign of this disease, whereas the circulatory and immuno-
logical aspects of the disease were mostly neglected owing 
to a lack of proper knowledge about these features20. These 
criteria required one major criterion (skin thickening 
proximal to the metacarpophalangeal joints) or any two 
of three minor criteria (digital pitting scars, sclerodactily 
or bibasilar pulmonary fibrosis on chest radiograph).

The 1980 classification criteria did not capture all 
aspects of the disease and lacked sensitivity for clas-
sifying patients with no or limited skin involvement. 
Subsequent work demonstrated that specific auto-
immune21 or microcirculatory22 alterations could pre-
dict the development of SSc in patients with Raynaud 
phenomenon. Hence, LeRoy and Medger proposed a set 
of criteria, for use in patients with Raynaud phenome-
non, for the classification of early SSc that incorporated 
the presence of SSc-specific autoantibodies and vascular 
changes on nailfold videocapillaroscopy23. These criteria 
were validated in a prospective study of 586 Canadian 
patients; in this study, estimates for progression from 
early SSc (as defined by the new criteria) to definite SSc 
were as high as 47% within 5 years, 69% in 10 years, 
and 79% in 15 years24. The researchers concluded that 
given enough time, most patients with early SSc prob-
ably develop definite SSc and that the presence of both 
SSc-specific autoantibodies and vascular changes on 
nailfold videocapillaroscopy at baseline indicated a very 
high probability of a patient with Raynaud phenomenon 
developing definite SSc. Furthermore, the incorporation 
of these features, along with other early features of SSc, 
proved effective in increasing the sensitivity and speci-
ficity of the 1980 classification criteria25. Acknowledging 
these aspects, the ACR and EULAR established a joint 
committee to propose new classification criteria for SSc, 
which were released in 2013; these criteria are based on a 
composite score, in which a classification of SSc is given 
for a score of ≥9 (REF. 26). Fibrosis contributes considera-
ble weight to the composite score; additionally, a patient 
with early SSc who has a score of 8 and any additional dis-
ease feature is also classified as having definite SSc. This 
approach increases the sensitivity to correctly classify 
patients with early or pre-fibrotic disease. Compared with 
the 1980 classification criteria, the 2013 classification cri-
teria have proven to have a greater sensitivity (91% versus 
75%) as well as a higher specificity (92% versus 78%)26.

Although the ACR–EULAR classification criteria 
can define patients with SSc with a reasonable certainty, 
these criteria do not provide any clinical insight about 
disease severity. Subset classification criteria for SSc, 
based on the extent of skin fibrosis, were proposed in 
1988 (REF. 27), and proved useful in assessing the severity 
of SSc. Patients with diffuse cutaneous SSc (dcSSc) are 
more prone than individuals with limited cutaneous SSc 
(lcSSc) to have internal organ involvement, including 
lung fibrosis or scleroderma renal crisis, and have lower 
rates of survival28–31. By contrast, patients with lcSSc 
often have an indolent, slowly progressing disease and 
higher rates of pulmonary hypertension than patients 
with dcSSc. Despite these clear distinctions, each sub-
set is still very heterogeneous and a better prognostic 
distinction can be made either by considering the auto-
antibody profile32 or by integrating all clinical infor-
mation in complex prediction models33. A minority of 
patients test negative for SSc-specific autoantibodies; 
hence, other serological or biological markers are needed 
to better stratify patients. Using biopsy-obtained skin 
samples, researchers found a molecular signature that 
quantifies lung34 or skin disease severity and predicts 
responses to therapy35, as discussed in a later section. 
These studies demonstrate the advantage of reclassify-
ing SSc based on molecular mechanisms; however, such 
findings only apply to patients with established fibrotic 
disease and skin biopsies might not be widely performed 
on all patients with SSc for practical or ethical reasons.

An issue in SSc reclassification that has been neglected 
so far is the capability of building a model that captures 
the whole spectrum of the disease. As clearly demon-
strated by the early SSc and ACR–EULAR classification 
paradigm, SSc is not a static disease, but rather a con-
tinuum, developing from a paucisymptomatic disease to 
a full-blown, often devastating, disease. Genetic and/or  
serological factors can determine the rate of disease pro-
gression36, prompting efforts to reclassify this disease 
by focusing on disease severity: for example, to iden-
tify those patients in whom disease is bound to evolve 
and determining how fast the disease evolution will be. 
However, the serological or biological markers that might 
be of use for such classification are currently unknown.

Sjögren syndrome
The diagnosis and classification of Sjögren syndrome 
previously relied on the demonstration of various clin-
ical and immunological aspects that were acknowledged 
by the American-European Consensus Group (AECG) 
Criteria for Sjögren syndrome (the 2002 AECG crite-
ria)37. According to the AECG criteria, a formal classifica-
tion can be made following the demonstration of specific 
activation of the immune system, either via the detec-
tion of specific autoantibodies (SSA/Ro and/or SSB/La 
autoantibodies) or via histopathological examination of 
the minor salivary glands, and following the demonstra-
tion of functional or architectural damage of the secretory 
glands via the presence of specific secondary signs and 
symptoms. The 2002 AECG criteria have a higher sen-
sitivity than the older (yet never validated) criteria pro-
posed in 1986 (93% versus 91%)38; however, overall both 
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Next-generation sequencing
A group of massive parallel 
technologies that enable the 
sequencing of millions of DNA 
or RNA fragments in a short 
period of time. Also known as 
high-throughput sequencing.

criteria perform similarly in classifying patients, with a 
concordance rate as high as 0.81 (REF. 39). Nonetheless, 
researchers have argued that both rely on subjec-
tive symptoms, non-validated physiologic measures  
and/or interchangeable measures that have different sen-
sitivities and specificities. Importantly, the AECG criteria 
have a low sensitivity in classifying paucisymptomatic or  
asymptomatic patients.

To provide more consistent and objective defini-
tions, the Sjögren’s International Collaborative Clinical 
Alliance (SICCA) proposed a new set of criteria that was 
provisionally approved by the ACR and published in 
2012 (REF. 40). These criteria are simpler and exclusively 
based on three objective tests (at least two of which are 
required for a classification of Sjögren syndrome): posi-
tive serum anti-SSA/Ro and/or anti-SSB/La antibodies; 
positive minor labial salivary gland biopsy; and kerato-
conjunctivitis sicca with ocular staining score ≥3. These 
criteria perform similarly to the AECG criteria when all 
the objective tests are available but were suggested to be 
particularly suitable in situations where misclassification 
might increase health risk, and in general in clinical trials 
and registries. Overall, there is no evidence to suggest 
that the SICCA criteria offer any advantages over the 
AECG criteria in daily clinical practice or research proto-
cols. In 2012, the SICCA team and the EULAR Sjögren’s 
Task Force formed the International Sjögren’s Syndrome 
Criteria Working Group to develop classification criteria 
for primary Sjögren syndrome, which were subsequently 
published in 2016 (REF. 41); these criteria combine fea-
tures of both the ACR and AECG criteria and apply to 
patients with symptoms of ocular or oral dryness (on 
the basis of AECG-defined questions). These composite 
criteria are based on objective findings of autoimmunity 
(the most heavily weighted items in the composite index) 
and of ocular and/or oral alterations. A major difference 
between the 2016 ACR–EULAR criteria and the 2012 cri-
teria is the exclusion of anti-SSB/La positivity as an item 
in the 2016 criteria; this exclusion was based on group 
discussions and on published data. A major advantage 
of the new criteria is that they incorporate new knowl-
edge about the disease and new diagnostic tests, and  
the approach used allows for revisiting and amending the 
criteria in the future.

Irrespective of the classification criteria used, Sjögren 
syndrome is a heterogeneous disease with a wide range 
of clinical phenotypes and varying rates of disease pro-
gression. Current classification criteria barely capture all  
these disease aspects and most likely only capture the 
disease in the well-established and advanced stages. 
Various ‘omics’ studies have highlighted a number of 
candidate pathways, the dissection of which might pro-
vide novel insights into the pathogenesis and prognosis 
of Sjögren syndrome42.

Molecular stratification
The advent of new technologies has provided a path 
towards the development of classification criteria for 
autoimmune rheumatic diseases that are based on 
disease mechanisms and molecular pathways, which 
should complement current clinical criteria. Molecular 

stratification analysis is just beginning and should be 
aimed at identifying usable and extensively validated 
markers that can be translated into the clinic. Here, we 
present evidence highlighting the importance of jointly 
analysing these diseases and the studies that have already 
used molecular data for disease stratification. We also 
discuss how some data might be used in the future for 
patient stratification.

Genetic evidence
Genetic factors contribute, although not exclusively, to 
the aetiology of disease. The heritability of autoimmune 
rheumatic diseases is still unclear, with heritability indi-
ces varying from 0.2 for SLE to 0.7 for juvenile idiopathic 
arthritis (JIA) in paediatric patients43; as an example, 
<10% of patients with SLE have a first or second degree 
relative with the disease44 and concordance rates between 
monozygotic twin pairs are low across these diseases 
(11.1% for SLE45, 12.3% for RA46 and 4.2% for SSc47). 
However, having members of the same family affected 
by different systemic autoimmune diseases is relatively 
common, which suggests that the mechanisms by which 
these diseases are initiated are closely shared. With an 
increasing number of genome-wide association studies 
(GWASs) being published, more genetic markers that are 
associated with multiple systemic autoimmune diseases 
are being identified. According to the GWAS Catalog48, 
tens of different association analyses have been per-
formed for the most frequent of these diseases (SLE, RA, 
Sjögren syndrome and SSc), and nearly 300 loci robustly 
associated with any of these diseases (that is, reaching 
genome-wide significance, defined as P <5 × 10−8) have 
been identified, replicated and verified. Determining how 
these associated genes relate to specific phenotypes, such 
as whether altered expression or regulation of the gene 
is involved, should help determine the pathways through 
which a given individual develops the disease. Many of 
the loci are shared between two or more of the systemic 
auto immune diseases. The sharing of genetic factors 
clearly suggests that molecular pathways are also shared. 
Although researchers are still a long way from defining the 
routes through which a given person develops a disease, 
the close relationship between autoantibody specificities 
and various HLA alleles, as discussed below, suggests that 
these alleles could be used for clustering individuals.

HLA associations. The MHC (or HLA) locus, discov-
ered almost 40 years ago, was the first locus identified 
to have an association with two systemic autoimmune 
diseases, SLE and RA49,50. This association has since been 
replicated in GWASs of autoimmune diseases and, of  
all the disease-associated loci identified so far, this loci 
has the strongest association with disease. However, pin-
pointing the causal alleles within the MHC locus has been 
challenging owing to the long-range linkage disequilib-
rium and the highly polymorphic nature of this region. 
New techniques, such as those using fine-mapping 
platforms (for example, ImmunoChip51), large MHC 
reference panels52, specific imputation algorithms53,54  
and/or next-generation sequencing strategies, are helping 
to investigate the complexity of the MHC locus.
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In fine-mapping studies, HLA class II genes have 
been widely associated with systemic autoimmune dis-
eases (TABLE 1). The proteins encoded by HLA class II 
genes are responsible for presenting antigens and 
autoantigens to T cells, directing the immune response 
towards the production of specific antibodies. Genetic 
variation in HLA class II genes, including HLA‑DQA1, 
HLA‑DQB1, and HLA‑DRB1, has been associated with 
SLE, RA, Sjögren syndrome and SSc55–65. HLA class I 
genes, such as MICB, and some HLA class III genes 
(TNXB, SKIV2L) have also been associated with SLE58.

Similarities and differences exist across different 
systemic autoimmune diseases with regard to the asso-
ciated HLA genetic markers and alleles (TABLE 1), and 
some stratification within each clinical diagnosis is 
possible. Such stratification is exemplified in a HLA 
fine-mapping analysis performed by Mayes et al.61, 
which investigated two mutually exclusive groups of 
patients with SSc: patients with anti-centromere anti-
bodies and patients with anti-topoisomerase antibodies, 
which are usually associated with limited cutaneous SSc 
(lcSSc) and diffuse cutaneous SSc (dcSSc), respectively. 
In this study, HLA‑DQA1 and HLA‑DOA were asso-
ciated with patients with anti-centromere antibodies, 
whereas HLA‑DPB1 was associated with patients with 
anti-topoisomerase antibodies. Both anti-centromere 
antibodies and anti-topoisomerase autoantibodies have 
also been observed in patients with SLE66,67. Despite the 
low percentage of patients with SLE who were identified 
as being anti-centromere positive (<6%), Nakano et al. 
proposed that such patients might represent a new sub-
group of SLE66. This group of patients with SLE showed 
differences in clinical manifestations, such as older age 
at disease onset and a higher frequency of Raynaud 
phenomenon compared with patients negative for 

anti-centromere antibodies66. Interestingly, these two 
clinical manifestations are more related to patients with 
SSc, who generally present with disease at a later age and 
have a higher incidence of Raynaud phenomenon than 
patients with SLE68. On the other hand, patients with 
SLE and with anti- topoisomerase antibodies (~25%) 
have an increased risk of developing pulmonary hyper-
tension and nephritis, forming another clinical sub-
group67. The strong genetic associations between HLA 
and autoantibody specificities indicate a potential causal 
relationship. Thus, clinically, the HLA alleles can define 
different groups of patients that might overlap across 
diseases and could predict the type of manifestations a 
given individual is prone to developing.

Non-HLA associations. Additional genetic markers 
outside of the HLA region have been associated with 
autoimmune diseases, and although the HLA locus is 
probably the main genetic trigger of autoimmunity, 
non-HLA factors could be important modifiers of these 
diseases. The substantial differences in the number of 
risk loci identified for various diseases (FIG. 2a) is due in 
large part to the differences in the number of GWASs 
published for each disease, as well as the different study 
populations and cohort sizes recruited; tens of GWASs 
have been performed for RA and SLE but only three and 
five studies for Sjögren syndrome and SSc, respectively48. 
Nevertheless, Sjögren syndrome and SSc share >60% of 
their risk loci, whereas SLE and RA have ~50% shared 
loci, despite more and larger-sized studies having been 
performed for the latter two diseases. Moreover, of all 
the risk loci identified so far for these diseases, 35% are 
associated with at least two of these diseases (FIG. 2b) and 
18 loci (13%) are associated with at least three of the dis-
eases. These loci are distributed throughout the genome 

Table 1 | MHC loci in systemic autoimmune diseases

Genes RA SLE SSc Sjögren syndrome

HLA class I alleles

HLA‑A ND ND ND *01:01

HLA‑B *08:01, *40:02 ND *13, *62, *65 *08:01

HLA‑C ND ND ND *07:01

HLA class II alleles

HLA‑DOA Risk variants described‡ ND Risk variants 
described‡

ND

HLA‑DPB1 *02:01, *02:02, *04:01, *04:02, 
*05:01, *16:01, *19:01, *23:01

ND *03:01, *13:01 *01:01

HLA‑DQA1 *03:01 *01:02 *05:01 *01:01, *01:03, 
*03:01, *05:01

HLA‑DQB1 *03:02 *02:01, *03:03, 
*04:02, *06:02, *08:01

*02:01, *03:01, 
*06:02

*02:01, *04:01, 
*06:01

HLA‑DRB1 *01:01, *01:02, *04:01, *04:02, 
*04:03, *04:04, *04:05, *04:07, 
*04:08, *09:01, *10:01, *14:02, 
*16:01

*03:01, *03:04, 
*07:01, *08:01, 
*08:02, *08:03, 
*09:01, *15:01, 
*15:02, *16:02

*08:04, *11:04, 
*15:02,*16:02

*03:01, *04:05, 
*05:01,*08:03, 
*15:01, *80:32

Only class I and II genes are included in the table from association studies for RA, SLE, SSc, and Sjögren syndrome. Available HLA 
classical allele nomenclature is included for each risk variant. ‡classical HLA allele nomenclature not available; ND, not described; 
RA, rheumatoid arthritis; SLE, systemic lupus erythematosus; SSc, systemic sclerosis.
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(FIG. 2a) and most loci are linked to either T cell and B cell 
function and signalling, immune complex processing, 
phagocytosis, inflammatory response, apoptosis, nuclear 
factor-κB signalling, Toll-like receptor signalling or 
interferon production pathways (FIG. 2a). A comparison 
of various common disorders found that autoimmune 
disorders form a separate cluster in which 69% of the risk 
loci for each disease are shared with other autoimmune 
diseases69. These findings indicate that autoimmune dis-
eases have more pathogenic pathways in common with 
each other than with any other types of diseases.

The first GWAS for obstetric APS was published in 
2017 (REF. 70). In this study, only one out of seven non-
HLA risk loci (GATA3) was shared with RA or SLE. To 
date, no GWAS has been published for MCTD or UCTD, 
probably owing to the difficulty of recruiting appropri-
ately sized cohorts and the highly heterogeneous group 
of conditions included in these ‘diagnoses’.

Cross-disease genetic meta-analysis. To further inves-
tigate the similarities and discrepancies between dif-
ferent systemic autoimmune diseases, researchers have 

performed meta-analyses that combine GWASs of 
different diseases in the same analysis. This approach 
enables a direct comparison of these diseases and 
increases the sample size, which enables the detection 
of low-effect risk variants. To date, three pairwise GWAS 
meta- analysis have been published for the main auto-
immune rheumatic diseases71–73 and one meta-analysis 
that included ten paediatric autoimmune disorders74, 
including two systemic autoimmune diseases (SLE and 
JIA). Although these pairwise meta-analyses did not 
identify a large number of new risk loci, this kind of 
analysis is valuable in unveiling the pleiotropy across 
these autoimmune diseases. Only a small number of 
loci reported in these studies had opposite allelic effects 
in different diseases. In the meta-analysis of paediat-
ric autoimmune disorders by Li et al.74, eight loci were 
significantly associated with either SLE or JIA but only 
one of these loci was associated with both, enabling dif-
ferentiation between these two diseases. Interestingly, 
five of the loci associated with JIA were also reported 
in a previous GWAS of non-paediatric systemic auto-
immune diseases74. Despite the small overlap observed 

Figure 2 | Shared genetic loci in systemic autoimmune diseases. a | The risk loci that have been identified in four major systemic autoimmune diseases 
(namely rheumatoid arthritis (RA), systemic sclerosis (SSc), Sjögren syndrome and systemic lupus erythematosus (SLE)) are depicted here according to their 
location in human chromosomes. Loci shared by at least three diseases are annotated. Loci included in the comparative analysis were taken from the GWAS 
Catalog48 (as of September 2017). b | A number of genetic loci have been identified that are shared among different systemic autoimmune diseases, as 
indicated by this Venn diagram.
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Type I interferon signature
An increased expression of 
type I interferon regulated or 
inducible genes, which have a 
major role in the activation of 
both the innate and adaptive 
immune systems.

between SLE and JIA, of the 27 loci that were associ-
ated with any of the ten paediatric autoimmune diseases 
investigated in the GWAS meta-analysis, 87% were asso-
ciated with at least two of these diseases. Moreover, in 
order to further investigate the relationship between 
autoimmune diseases across a wider range of diseases 
than those included in their analysis, Li et al.74 statisti-
cally quantified pairwise genetic sharing across robust 
risk-loci for 18 autoimmune disorders recorded in the 
web-based resource ImmunoBase (including RA, SSc, 
Sjögren syndrome and five additional autoimmune dis-
eases that were not in the paediatric dataset). The results 
revealed a closer association between the major systemic 
autoimmune diseases (SLE, RA, Sjogren syndrome and 
SSc, excluding JIA) than with other autoimmune diseases 
(such as Crohn’s disease, ulcerative colitis and psoriasis, 
among others): RA overlapped considerably with SSc 
but not with SLE or Sjögren syndrome, whereas SLE, 
Sjögren syndrome and SSc had considerable genetic over-
lap. However, only a low number of GWASs have so far 
been performed for Sjögren syndrome. As more GWASs 
with different populations and/or larger cohorts are per-
formed, new risk alleles could arise, which might modify 
the correlations across these systemic autoimmune dis-
eases. The studies discussed here71–74 support the idea that 
common pathogenic pathways are shared among various 
diseases, even if the diseases appear clinically different, 
and provide further support for combined molecular 
analysis when classifying these diseases.

Overall, this data indicates that the current classifica-
tion of these diseases, which is based exclusively on clin-
ical criteria, might erroneously result in similar groups 
of patients; these patients might instead be stratified 
according to molecular mechanisms into clinically more 
meaningful subsets, regardless of clinical diagnoses.

Transcriptomic evidence
The study of the transcriptome (transcriptomics) is 
more complex than simply looking at genetic variation 
between individuals, owing to the wide range of cells 
and tissues in which the transcriptome can be differen-
tially regulated during disease. Transcriptomic analysis 
can be performed with cells (such as immune cells or  
tissue-derived fibroblasts) or tissues (such as blood  
or affected tissues) that are implicated in diseases pro-
cesses; for example, SSc skin samples75,76 or RA synovial 
fibroblasts77,78. Despite the increasing complexity and cost 
of transcriptomic studies, such analysis is of great inter-
est in complex disorders such as systemic autoimmune 
diseases. These disorders are associated not only with 
genetic factors, but also with epigenetic and environmen-
tal factors, which might impinge at the gene transcrip-
tion level. Therefore, transcriptomics can provide further 
insight into the pathological pathways of these diseases.

Targeted tissue analysis. Transcriptomic analyses of 
disease-affected tissues provide valuable insight in the 
study of autoimmune diseases and their underlying 
hetero geneity. For example, studies have revealed that 
these diseases can be divided into different subgroups 
on the basis of particular transcriptomic profiles (FIG. 3).

Using transcriptomic analysis of RA synovial tis-
sue78, three distinct groups of patients with RA have 
been described: two groups (RA-Ia and RA-Ib) had 
high expression of immune-related genes, including an 
increased expression in immunoglobulin genes com-
pared with patients in a third group (RA-II), and could 
be distinguished from each other via the expression of 
genes involved in other adaptive immune responses, 
classical complement pathway activation and synovial 
extra cellular matrix metabolism (which had higher 
expression values in group RA-Ib than in RA-Ia). 
The RA-II group had increased expression of fibro-
blast de-differentiation genes, but low expression of 
immune-related genes, compared with groups RA-Ia and 
RA-Ib. Further findings have confirmed the existence of 
subgroups of patients with RA that have overexpressed 
or under-expressed genes related to inflammatory pro-
cesses within their synovial tissue; the group with over-
expressed inflammatory genes had more severe disease 
of a shorter duration. However, the investigators were 
unable to identify a biomarker within peripheral blood 
samples that could distinguish these groups77.

By analysing skin samples from patients with SSc, 
Milano et al.75 characterized three major subgroups of 
SSc: two groups were exclusively made up of patients 
with dcSSc or patients with lcSSc, and a third group 
contained both patients with dcSSc and patients with 
lcSSc. The third group was characterized by a notable 
increase in inflammatory response genes compared with 
the other two groups of patients. By contrast, the dcSSc 
group was characterized by an increased expression of 
genes related to cell proliferation, and decreased expres-
sion of genes related to fatty acid and lipid biosynthesis 
mechanisms, whereas the lcSSc group had low expres-
sion levels of genes related to cell proliferation pathways 
and inflammatory responses but a number of highly 
expressed genes with heterogeneous functions. In 2015, 
another study76, which had a larger cohort of patients, 
also identified different subgroups of patients with SSc; 
although none of the subgroups had enrichment of 
genes involved in proliferation, the findings of a group 
of patients with increased inflammatory response genes 
and increased severity was replicated.

The majority of patients with Sjögren syndrome have 
high interferon activity in their salivary glands, which 
correlates with the clinical phenotype79, indicating that 
these patients might also be stratified via peripheral 
and histopathological interferon signatures. Moreover, 
those patients with an interferon signature have been 
also stratified according to the predominant interferon 
type: predominantly type I, predominantly type II, and 
mixed type I and type II interferon activity. However, 
these groups did not present with different clinical mani-
festations, except for the labial salivary gland focus score, 
which was highest in the type II predominant group79.

SLE is a particularly heterogeneous autoimmune dis-
ease, involving a variety of different organs; a number of 
different affected tissues have been shown to have a type I 
interferon signature, including the glomeruli80, synovium81, 
skin82 or bone marrow83, and hence a number of tissues 
can be analysed in the study of this disease. Patients with 
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lupus nephritis can be stratified into two subgroups80: 
one subgroup with a high expression of genes related 
to fibrosis and pathological evidence of glomeruloscle-
rosis, and the other subgroup with a type I interferon 
signature. However, the relevance of the stratification is 
questionable because of the non-comparable features of 
each of the two subgroups80. Glomerulosclerosis is an 
advanced clinical feature of lupus nephritis, and long-
term longitudinal analysis is needed to verify if some 
patients are indeed prone to developing glomerulo-
sclerosis and if these patients express fibrosis-related 
genes during the early stages of disease.

Despite the wide variety of tissues affected in SLE, 
and hence an overlap with other autoimmune diseases 
with regard to the tissues affected, only one study has so 
far compared the gene expression of a specific disease- 
affected tissue in SLE with that of another disease81. By 
comparing synovial tissues from patients with either 
RA or SLE, Nzeusseu Toukap et al.81 observed distinct 
gene expression patterns in both diseases. The SLE syn-
ovium had increased expression of interferon signalling 
genes and decreased expression of extracellular matrix 
homeo stasis genes compared with the RA synovium. 
Despite these differences, some patients with RA had 

similar expression profiles to the SLE group, but the small 
number of patients included in the study prevented any 
stratification approach.

Blood analysis. Fortunately, the majority of cell types 
implicated in autoimmune pathology (for example, 
monocytes, B cells and T cells) can be easily obtained 
from blood samples using non-invasive procedures. 
Although some of the tissue-specific expression patterns 
described in the previous section cannot be detected in 
blood samples77, some of these patterns can be detected 
in the blood80,84.

A type I interferon signature is detectable in mono-
cytes from patients with either Sjögren syndrome85 
or SSc86. In patients with Sjögren syndrome this sig-
nature is associated with disease severity85, whereas 
in patients with SSc the prevalence of this signature 
depends on the SSc clinical subgroup (78.9% in early 
SSc, 100% in definite SSc, 42.9% in lcSSc and 70.0% 
in dcSSc)86. Although disease severity in the different 
SSc subgroups was not tested in the latter study, other 
studies have associated the presence of interferon- 
inducible chemokines with SSc severity87. Interestingly, 
some interferon-related biomarkers, such as sialic 

Figure 3 | Transcriptome studies performed in the target tissues of 
autoimmune rheumatic diseases and the groupings obtained. 
Various studies have attempted to stratify patients with either systemic 
sclerosis (SSc)75, lupus nephritis80, rheumatoid arthritis (RA)78, 81 or systemic 
lupus erythematosus (SLE)81 into subgroups using transcriptomic data 
obtained from samples from various tissue sources. These studies 
demonstrated clear differences between different subgroups of patients 
with the same disease diagnosis in the levels of expression of groups of 

genes associated with particular functions, suggesting different 
molecular mechanisms behind the same clinical diagnoses. These 
groups of genes, and their corresponding expression levels in patient 
subgroups (high, low or medium), are displayed. These patterns are very 
informative in terms of highlighting the complexity and heterogeneity 
of autoimmune diseases. Some of these patterns were not replicated in 
blood samples, diminishing their usefulness for diagnostic purposes. 
ECM, extracellular matrix.
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SLE versus RA (synovial tissue)

Groups Interferon ECM homeostasis

SLE High Low

RA Medium Medium

SSc (skin)

Groups Immune and 
inflammatory 

response

Proliferation Fatty acids and
lipid biosynthesis

mechanisms

Heterogenous
functions

Disease severity

dcSSc Low High Low Medium Low

lcSSc Low Low Medium High Low

dcSSc and lcSSc High Low Medium Medium High
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Gene expression modules
Sets of genes with highly 
correlated expressed patterns 
(co-expressed).

acid binding Ig like lectin1 (SIGLEC1), might dis-
criminate patients with Sjögren syndrome with and 
without extra-glandular involvement88. Other poten-
tial and more accessible biomarkers are currently 
being investigated89 (for example, microRNAs (mi R-
NAs), long non-coding RNAs or methylation sites). 
Transcriptomic analysis of purified T cells has enabled 
the subgrouping of patients with SLE in whom particu-
lar T cell expression patterns correlated with disease 
severity90. In a 2016 study, Banchereau et al.91 used a 
novel approach of longitudinally analysing total blood 
gene expression data for the purposes of SLE stratifi-
cation; they identified seven groups of patients with 
SLE with distinct gene expression modules91. Such results 
have important implications if validated; a longitudinal 
approach can provide valuable insight into the mecha-
nisms of disease progression, and also identify possible 
mechanisms to explain why some patients are refrac-
tory to treatment. Such stratification could enable tar-
geted treatment of individuals according to their gene 
expression profiles.

In addition to subgrouping within individual diseases, 
discriminating between different diseases by comparing 
disease profiles is a feasible approach that could be use-
ful in routine clinical practice. For example, paediatric 
patients with SLE or JIA have distinct expression pat-
terns in their blood; patients with SLE have increased 
expression of interferon-related or granulocyte-specific 
genes compared with patients with JIA92, suggesting a 
possible approach for differentially diagnosing these dis-
eases. Furthermore, a clear relationship has been shown 
between SLE and RA; in one study, both diseases could 
be classified into three groups with specific profiles that 
overlapped between the two diseases93. The association 
between SLE and RA has been reported in later studies94, 
although these particular subgroups were not replicated, 
perhaps due to the small sample size of the initial study. 
Patients with early RA group better with patients with SLE 
than with patients with established RA95, suggesting that 
the two diseases share similar features during the early 
stages of disease, before progressing towards tissue or 
organ damage. Furthermore, the shared genetic signa-
ture of these two diseases includes genes involved in B cell 
function96, suggesting that therapies targeting B cells could 
be effective for these individuals. These findings suggest 
that the study of early disease using inception cohorts is 
essential for understanding these diseases and identifying  
molecular biomarkers of early disease.

In comparison with healthy individuals, 62% of genes 
differentially expressed in the blood of patients with SSc 
are also differentially expressed in patients with SLE97. 
These genes are enriched for those involved in the type I 
interferon-inducible pathways and JAK–STAT signal-
ling pathways, as well as pathogen-associated molecular 
pattern (PAMP) recognition. Some patients with SSc 
could be grouped together with patients with SLE due 
to having ‘lupus-like’ gene expression patterns, includ-
ing increased expression of type I interferon-inducible 
genes and genes involved in the functionality of plasma 
cells97. This shared expression pattern was also observed 
when reanalyzing skin biopsies from a previous study84. 

Increased expression of interferon-inducible genes was 
associated with disease activity in patients with either 
disease, and positively correlated with the presence of 
antinuclear antibodies84, confirming previous findings97. 
The type I interferon signature has also been observed 
in subsets of patients with RA, in whom it was also asso-
ciated with high levels of disease activity98. Hence, dif-
ferential gene expression between systemic auto immune 
diseases and healthy individuals, and across these dis-
eases, is common, and primarily, but not exclusively, 
involves genes of the interferon signalling pathway. Such 
data has important clinical implications and highlights 
the potential of anti-interferon receptor therapy (such 
as anifrolumab) in the treatment of patients with SLE 
or Sjögren syndrome, and possibly also in subsets of 
patients with RA or SSc99,100.

Epigenomic evidence
Environmental factors have been clearly associated 
with the development of systemic autoimmune diseases 
through changes in an individual’s epigenetic marks. 
DNA methylation is considered the most characteris-
tic epigenetic mark101. The presence or absence of DNA 
methylation in different regulatory regions of the genome 
has been associated with changes in gene transcription, 
chromosomal stability or the regulation of alternative 
splicing102. Aberrant patterns of DNA methylation have 
been implicated in multiple pathologies103, tumours104 
and autoimmune disorders105. Despite the importance of 
epigenetic patterns in systemic auto immune diseases, few 
genome-wide epigenetic studies have been performed, 
and even fewer comparisons between different systemic 
autoimmune diseases have been made. Epigenetic pat-
terns might provide a more complete picture of these 
diseases, enable the stratification of patients and elabo-
rate on the mechanisms behind transcriptome patterns. 
The importance of epigenetic studies is exemplified by 
the finding that naive CD4+ T cells from patients with 
SLE are poised to express type I interferon-inducible 
genes owing to hypomethylation of these genes106.These 
results imply that methylation markers could be a marker 
of early disease.

Both patients with RA or SLE demonstrate similar 
patterns of global hypomethylation in their T cells, syn-
ovial tissue, synovial mononuclear cells and peripheral 
blood107,108, compared with healthy individuals. Such 
global T cell hypomethylation has also been observed 
in patients with SSc or Sjögren syndrome109,110, but not 
in those with other inflammatory diseases, such as 
dermatomyositis110. B cells, monocytes, dermal fibro-
blasts and total lymphocytes derived from patients 
with either SLE, SSc or Sjögren syndrome also have a 
hypomethylated pattern111–113. Such patterns correlate 
with a decrease in the expression of the DNA methyl-
ation machinery genes DNMT1, DNMT3B or MBD4 
(REF. 113). In SLE and Sjögren syndrome, hypometh-
ylated genes are enriched for genes of the type I inter-
feron pathway109,111,114. Methylation machinery genes are 
dependent on dietary folates115,116, which underscores the 
potential importance of environmental factors, in this 
case diet, in the development of autoimmune diseases. 
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Umbrella trial
A trial intended to study 
multiple targeted therapies in 
the context of a single disease 
or multiple diseases.

Quantitative trait loci
Loci whose allelic variation is 
associated with the variation of 
a quantitative feature, such as 
gene expression (expression 
quantitative trait loci (eQTL)) or 
methylation (methylation QTL 
(mQTL)).

Folates deficiency could directly disrupt the methyla-
tion machinery, reducing the methylation levels across 
the entire genome and leading to a predisposition to 
increased gene expression.

The CD40 ligand (CD40L) gene promoter, which 
is located on the X chromosome, is hypomethylated in 
patients with RA, SLE or SSc117–119; this hypomethylation 
might account for the overexpression of CD40 seen in 
females patients with these diseases and explain, at least 
partly, the female predominance of these diseases. The 
promoter of IFI44L, a type I interferon signature gene, 
is also hypomethylated in patients with SLE120. Although 
the IFI44L promoter is also hypomethylated in patients 
with RA and Sjögren syndrome, the methylation lev-
els of IFI44L can be used to distinguish between these 
three diseases120. In another study, which compared 
DNA methylation in monozygotic twin pairs discord-
ant for any one of three diseases (SLE, RA or dermato-
myositis), 49 genes were differentially hypomethylated 
between twins discordant for SLE, but no differences 
were observed for the other two diseases113.

To date, only one study has used methylation data 
to compare patients with dcSSc and lcSSc. Of the dif-
ferentially methylated CpG sites identified (between 
patients and healthy individuals), only 5% were shared 
between these two disease subgroups112, showing a clear 
differentiation.

In summary, epigenomic markers can be detected in 
the blood and various cell types of patients with different 
autoimmune diseases and have provided some insight 
into mechanisms behind the development of these dis-
eases; the integration of transcriptomic and epigenomic 
data should provide further information and enable the 
stratification of these patients into functional groups.

Towards molecular taxonomy
Attempts to integrate molecular data
The multiple factors that drive complex diseases such as 
rheumatic autoimmune diseases can function at multiple 
levels; for example, genetic factors predispose individ-
uals to disease and environmental factors, evidenced 
by epigenetic marks such as methylation, modulate or 
even trigger this genetic predisposition. Consequently, 
both genetic and epigenetic factors must be present for 
disease to develop. Thus, analyses performed at a single 
level, such as genetic or transcriptomic analyses, capture 
only a small aspect of these complex pathologies. To 
obtain biological knowledge and move towards a realistic 
approach for personalized medicine, analysing multiple 
types of datasets — in other words, analysing layers of 
information as a bundle — is imperative.

Reanalyzing published datasets. Dataset repositories, 
such as Gene Expression Omnibus121 (GEO) or European 
Genome-Phenome Archive122 (EGA), store and maintain 
varied molecular information from multiple types of dis-
eases and provide an opportunity to reanalyze published 
datasets in different ways. However, differences in the 
experimental designs across studies must be taken into 
account when selecting the datasets, in order to avoid  
batch effects that would prevent accurate interpretation 

of the results. The lack of studies with either multiple sys-
temic autoimmune diseases or sufficiently sized samples 
makes it almost impossible to directly compare dataset 
profiles across diseases without avoiding the undesir-
able batch effect. Some studies have been performed 
using other publicly available datasets; for example, one 
meta-analysis compared the gene expression profiles of 
three major systemic autoimmune diseases (SLE, RA and 
Sjögren syndrome)99. In this study, the healthy controls 
included in each of the initial studies were used to assess 
the gene expression variation across batches and, once 
normalized, allowed for comparison of the gene expres-
sion variation between diseases. Although reanalyzing 
different datasets together could be informative of the 
pleiotropy between different diseases, the data cannot 
be used to directly compare the molecular profiles of 
the diseases. Moreover, the inclusion of multiple layers 
of molecular information from different sets of patients 
increases the batch effect complexity. Therefore, to 
minimize these effects, studies should be performed 
using coordinated protocols, with the diseases studied 
simultaneously and analysed using a centralized molec-
ular platform. Therapeutic trials could be an excellent 
opportunity to perform longitudinal time series analysis 
potentially combined with drug response analyses, par-
ticularly those trials using a design guided by molecular 
stratification (that is, an umbrella trial design123).

QTL analysis. Investigators have mainly used integrative 
analyses to interpret the functionality of variants identi-
fied in GWASs. Such analyses are unveiling the complex 
nature of these diseases and, despite the limitations of 
this approach, interesting information has arisen. For 
example, several risk loci identified by GWASs are asso-
ciated with non-coding transcripts124 or are implicated 
in alternative-splicing events125, and a high number 
of non-coding risk variants are within epigenetically  
regulated immune cell enhancers69.

Quantitative trait loci (QTL) analysis can help identify 
the location of genetic risk variants and determine the 
effects of these variants on the expression of various 
genes. For instance, a risk variant might decrease the 
expression of a nearby gene by modifying the sequence 
of a CpG site within a gene promoter, hence modifying 
the methylation status of the promoter. To date, most 
QTL analyses have been performed using transcriptomic 
or epigenomic data from healthy individuals69,124–127. 
However, in a 2016 study, by using samples from affected 
individuals the researchers identified double the num-
ber of expression QTLs compared with studies that only 
used samples from healthy individuals. Blood samples 
from patients with RA might contain a larger propor-
tion of relevant cell types than healthy blood samples. 
Furthermore, the conditions present in RA are the result 
of context-specific gene regulation and result in eQTLs 
not present in healthy individuals128.

Integrative analyses in rheumatic diseases. Researchers 
have already integrated DNA methylation and transcrip-
tomic data in the study of rheumatic autoimmune dis-
eases. In one study129, both the methylation and expression 
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patterns observed in RA fibroblast-like synoviocytes 
differed depending on the affected joint from which the 
cells were isolated (for example, knee versus hip). These 
findings indicate that such clinical features probably 
result from different mechanisms and might explain the 
diversity seen in patients in their response to drugs, sug-
gesting the need to use different treatments depending 
on the joint affected. Similar integrative analysis has been 
performed on peripheral blood mono nuclear cells from 
patients with SLE. Only a small number of genes were 
differentially regulated between patients with SLE with 
or without nephritis, but a high percentage of these dif-
ferentially expressed genes were associated with modified 
methylation patterns130, suggesting that a large number of 
patients are prone to developing nephritis due to mod-
ified DNA methylation patterns in the kidneys. These 
findings support the argument that monitoring the epig-
enome might enable detection of nephritis development 
at early stages, but such an approach would require a non- 
indicated biopsy. Of interest is whether these individuals 
carry risk variants within genes that are involved in these 
epigenetic changes and, if so, whether these variants are 
associated with nephritis development131. Future research 
should also focus on identifying blood biomarkers  
associated with this epigenomic kidney pattern.

In Sjögren syndrome, researchers have jointly ana-
lysed gene expression and proteomic data from blood 
and serum samples to identify transcriptional and pro-
teomic signatures related to disease activity132. The tran-
scripts with the strongest correlation with disease activity 
(transcriptional module) were enriched for interferon- 
associated genes, whereas the proteomic module was 
enriched for metalloproteinase substrates; despite these 
differences, both modules contained interferon- regulated 
genes, including interferon- induced chemokines. Both 
the transcriptomic and proteomic modules correlated 
with numbers of memory CD8+ T cells. This result was 
validated using purified CD8+ cell transcriptomes. Thus, 
the interferon pathway links changes in the epigenome 
with changes in the proteome in CD8+ T cells; the dif-
ferences observed between these two modules could 
signify a disease process that does not involve methyl-
ation changes. Nevertheless, the methylation changes 
that occur in memory CD8+ T cells during disease could  
regulate the function of these cells.

The main problem with integrative analysis is the dif-
ficulty in obtaining enough samples to assess statistical 
significance. For example, in an integrated analysis of 
transcriptomic and methylomic data from purified CD4+ 
T cells of patients with either RA, SLE or SSc133, research-
ers identified only 33 genes that were both differentially 
methylated compared with healthy individuals and 
expressed in all patients. Presumably due to the small 
cohort recruited, the researchers were obliged to relax 
the statistical significance threshold to continue with the 
interpretation and integration of the results. Despite this 
limitation, common pathways associated with all three 
diseases were observed133, supporting the usefulness of 
jointly analysing systemic autoimmune diseases, and 
highlighting the importance of obtaining enough samples 
to give statistically meaningful and robust results.

Data integration and clustering methods
Integrative clustering of individuals is useful not only for 
combining multiple layers of molecular datasets and 
classifying individuals according to the patterns found, 
but also for discovering new molecular mechanisms, 
predicting outcomes and estimating survival rates or 
therapeutic efficacy. Integrative clustering commonly 
relies on supervised analysis techniques in which pre-
vious knowledge (such as the clinical diagnosis of the 
patients) is required and used during the analysis; for 
example, patients with a particular diagnosis are com-
pared with healthy individuals to obtain biomarkers 
for that diagnosis. However, reclassification of systemic 
autoimmune diseases should ideally be addressed in a 
semi-blind fashion, limited to whether or not an indi-
vidual has a systemic autoimmune disease (that is, con-
sidering the diseases as one unique diagnosis), in order 
to reduce bias.

Unsupervised analysis approaches are not new, and 
have been used to cluster and/or stratify many differ-
ent diseases such as pancreatic cancer134, autism135 and 
SLE91. However, unsupervised stratification of diseases 
using multiple molecular datasets is not yet widely 
used. The most ambitious approach so far has been per-
formed in cancer2. Hoadley and colleagues2 identified 
new stratification patterns by combining six different 
molecular profiles from 12 different types of cancer in 
an unsupervised clustering analysis. A possible next step 
in cancer studies is the analysis of prospective cohorts, 
for which there is very little published information. For 
systemic autoimmune diseases, a similar approach (an 
initial unsupervised cross-sectional analysis, followed 
by longitudinal analysis) is desirable. Longitudinal data 
analysis or time series are of great interest because they 
could be used to validate the cross-sectional model, and 
might also allow for the development of models to pre-
dict response to drug therapy, by taking into account the 
effect of treatments over time on particular groups of 
patients stratified according to underlying disease mech-
anisms (for instance, in umbrella clinical trials). Such 
findings should inform future therapeutic decisions.

In this section, we discuss a selection of integra-
tive algorithms used for unsupervised cross- sectional 
clustering out of the large number currently available 
(TABLE 2). Such integrative algorithms for unsupervised 
clustering can be classified according to how they man-
age and combine the multiple layers of information 
(FIG. 4).

Concatenation versus non-catenation algorithms. 
Concatenation algorithms combine all layers of informa-
tion before modelling or transforming the datasets. The 
major strength of this approach is that the relationship 
between the layers of information is assessed directly, 
which could result in the discovery of correlations that 
would otherwise be missed. For example, some pro-
cesses might be regulated by both methylation and 
mi RNAs; although a disruption in either process might 
lead to a pathological condition, considering each pro-
cess separately might reveal only weak associations with 
the pathological situation, whereas considering both 

Integrative clustering
A statistical method in which 
heterogeneous datasets are 
combined (data integration) 
and samples are grouped by 
similarity (clusters).

Supervised analysis
Comparative analysis where 
prior biological and/or 
classification knowledge  
is required.

Unsupervised analysis
In contrast to supervised 
analysis, no prior biological 
information and/or 
classification is required;  
the goal is to obtain new 
information based only on 
molecular information.

Concatenation algorithms
A type of data integration 
algorithm where the different 
layers of information are 
analysed together before any 
data modelling or 
transformation is performed.

R E V I E W S

NATURE REVIEWS | RHEUMATOLOGY  VOLUME 14 | FEBRUARY 2018 | 87

©
 
2018

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved. ©

 
2018

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.



processes together might reveal truncated pathways that 
are deregulated sometimes due to changes in methylation 
and sometimes due to changes in miRNA regulation.

Feature selection is an important consideration for 
concatenation and non-concatenation algorithms, 
as high-throughput molecular analysis can include a 
greater number of features than the number of samples, 
causing overfitting of data. In concatenation algorithms, 
feature selection steps are usually performed over all 
the datasets at the same time, minimizing the chance of 
discarding relevant features from a particular layer. The 
most difficult challenge for concatenation algorithms is 
the integration of different types of datasets in a mean-
ingful way; for example, integrating binary clinical infor-
mation (such as case versus control), genotype data (0, 
1 or 2) or quantitative data. Despite this limitation, once 
integration is solved, any statistical algorithm can be easily 
applied to the combined dataset (TABLE 2).

By contrast, non-concatenation algorithms transform 
and model each dataset independently. Any data can be 
analysed without the type or scale of that data affecting 
the integration. However, correlations between the dif-
ferent datasets might not be picked up as each dataset is 
analysed separately. The strength of non- concatenation 
methods resides in the late integration of the different 

datasets. For example, some available algorithms per-
form an independent clustering analysis for each indi-
vidual dataset and subsequently combine the results 
(such as the iterative integration done by similarity net-
work fusion (SNF)136). In this way, overweighting of any 
one dataset in the final clustering is avoided.

Model-based algorithms. A model-based algorithm 
extracts useful information from the input datasets using 
predefined mathematical models. Most model-based 
algorithms use Bayesian statistics to model data. Such an 
approach is widely used because the resulting informa-
tion is easy to interpret, can account for the uncertainty 
of the results and prior information can be incorporated 
into the model. Moreover, Bayesian models can make 
assumptions for individual datasets (such as assuming 
that the molecular information summarized by the model 
is related to the pathology), and also make assumptions 
on the interactions between multiple layers, such as the 
type of relationship between the different types of data-
sets (for example, how methylation and genetic variation 
can regulate the same gene, and how these two processes 
might interact). Thus, Bayesian methods are a useful 
approach for combining different datasets. In general, 
parametric methods (such as iClusterPlus137) outperform 

Table 2 | Integrative algorithms for unsupervised clustering of multiple types of datasets

Software Statistical method Feature selection Software 
availability

Additional features

Model-based integration algorithm (non-catenation)

iClusterPlus Bayesian Lasso penalty R NA

MDI Bayesian None MatLab, C++ Time series support§; 
Biological modules 
discovery||

BCC Bayesian None R NA

Transformation-based integration algorithm (non-catenation)

rMKL-LPP Multiple kernel learning* Dimensionality 
reduction

Available upon 
request

NA

SNF Network fusion‡ None R, MatLab Outcomes prediction

MCIA Multiple dimensionality 
reduction*

Dimensionality 
reduction

R Biological modules 
discovery||

Model-based integration algorithm (concatenation)

Prob_GBM Bayesian None Not available Biological modules 
discovery||

PSDF Bayesian Informative likelihood 
score

MatLab Biological modules 
discovery||

Transformation-based integration algorithm (catenation)

iPF Multiple dimensionality 
reduction*

Low mean and 
SD filtering 
Dimensionality 
reduction

R Biological modules 
discovery||

Multiplex Multiple networks‡ none Not available Biological modules 
discovery||

Concatenation Multiple dimensionality 
reduction*

Dimensionality 
reduction

Web tool NA

*Statistical methods that intrinsically implicate a feature selection procedure where the number of dimensions of the data are 
reduced (dimensionality reduction). ‡Statistical methods that are based on network theory and transform the datasets into similarity 
networks. §Algorithm supports longitudinal datasets ||Algorithms support correlation analysis between different datasets in order to 
discover new functional modules that describe the subgroups. NA, not applicable; SD, standard deviation.

Feature selection
A type of dimensionality 
reduction technique, which 
consists of selecting a subset of 
the most relevant features (for 
example, genes).

Overfitting
When a statistical model fits 
random error or noise, instead 
of the real features of the 
datasets; overfitting can occur 
if the number of variables in 
the model is much higher than 
the number of observations.

Dimensionality reduction
The process of reducing the 
number of variables (features) 
of a dataset; it can be divided 
in feature selection and feature 
extraction.

Model-based algorithms
A type of data integration 
algorithm that fits data to a 
statistical model in order to 
infer or predict some features 
from the general population.

Bayesian statistics
A mathematical method for 
calculating posterior 
probabilities (Bayesian 
probability) based on prior and 
current information.
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non-parametric ones (such as multiple dataset integra-
tion (MDI)138, Bayesian consensus clustering (BCC)139, 
Prob_GBM140 and patient-specific data fusion (PSDF)141), 
in terms of sensitivity and specificity, when the data fit 
the prior probability distributions. However, in mul-
tilayer analysis all input datasets might not follow the 
same distribution. In Bayesian models, the noisy nature 
of the molecular data can be taken into consideration 
from the start of the analysis. The models can be mod-
ified to model longitudinal datasets across time (as with 
MDI138). Such analysis of longitudinal datasets is valua-
ble for the analysis of systemic autoimmune diseases, as 
these diseases are associated with flares and remissions 
over time, which introduces broad variability to the 
molecular information. Despite their advantages, most 
model- based algorithms are limited in terms of the types 
of input data that can be analysed. PSDF, for example, is 
limited to two types of data inputs: copy number variants 
and gene expression.

Transformation-based algorithms. Transformation-based 
algorithms transform the multiple layers of information 
into a common feature space; this approach facilitates the 
integration of the data and, providing that the method 
of transformation has been properly selected, preserves 
the properties of the data in the resulting outcome (that 
is, the transformed values). However, transforming data 
can disrupt valuable patterns of correlation between dif-
ferent layers. Most types of transformations are based 
on either network theory (SNF136 and Multiplex142), which 
take advantage of correlations within and between 
layers, or multiple dimensional reduction techniques 
(MCIA143, iPF144 and Concatenation145, and rMKL-
LPP146). Within transformation based-algorithms, 
network-based algorithms are the most promising 
approach for integrating multiple datasets. Networks 
can summarize very complex relationships and inter-
actions on the basis of multiple metrics within the same 
layer or between multiple layers142.

Figure 4 | Types of integrative approaches for unsupervised clustering analysis. Integrative clustering approaches can 
be divided into four types, depending on whether a concatenation method or non-concatenation method is used, and 
whether the approach is based on statistical modelling (model-based) or on the transformation of data into a common 
feature space (transformation-based). Concatenation or non-concatenation approaches differ in the point in which the 
layers of information are combined (at an early stage of the process or at the very end stage, respectively). Transformation 
or model-based methods are statistically methods that are defined based on how the key clustering information is 
captured from the different datasets. The model-based methods model the data mathematically, whereas the 
transformation- based methods reduce the information down to features that summarize the original information.
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Parametric methods
A group of statistical 
techniques that assume that 
the datasets come from 
populations that follow  
a probability distribution 
defined by fixed parameters.

Longitudinal datasets
Sets of repeated observations 
of the same variables at 
multiple points in time.

Transformation-based 
algorithms
A type of data integration 
algorithm, which applies  
a mathematical function to 
each point of the datasets, 
transforming all the different 
types of data into a common 
feature space.

Feature space
A set of values which 
summarize any kind of 
information (for example gene 
expression values for 
transcriptomic information); 
different data types can share 
a common feature space if 
transformed to have the same 
dimensions and the same 
range of values 

Network theory
The study of graphs as  
the representation of the 
relationship between  
the features of multiple 
observations; for example, 
networks could be defined as 
graphs with the nodes 
representing individuals and 
the lines between nodes  
(the edges) representing 
connections in gene  
expression profiles.
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In the past 5 years, a large number of algorithms 
for data clustering have been developed (TABLE 2). 
However, there are multiple problems to consider 
when using integrative clustering algorithms (BOX 1) 
and there is still scope for developing improved algo-
rithms in terms of their ability to capture the rela-
tionship between layers and deal with the increasing 
complexity of datasets that are produced by use of new 
advanced experimental techniques, such as single-cell 
analysis.

The PRECISESADS project
PRECISESADS is a project aimed at reclassifying sys-
temic autoimmune diseases on the basis of molecular 
features determined using various omics platforms. 
In this project, 2,500 patients with various systemic 
autoimmune diseases (including the six diseases dis-
cussed here: SLE, Sjögren syndrome, SSc, RA, primary 
APS and MCTD) will be analysed cross-sectionally, 
and a prospective inception cohort of 200 patients are 
also being followed longitudinally. One of the aims 
of the project is to obtain biomarkers and develop 
kits to detect these biomarkers in the clinic; as such, 
most measurements are obtained from whole blood, 
although some patients are being studied in greater 
detail by also separately analysing major cell popula-
tions. The analytic platforms being used include flow 
cytometry for detecting multiple cell types147, RNA 
sequencing for gene expression analysis, methylation 
arrays for determining epigenetic features and liquid- 
chromatography–mass spectrometry, as well as nuclear 
magnetic resonance (NMR), combined with measure-
ments of cytokines, autoantibodies and other serum 

analytes for proteomic estimations. Clinical data is also 
being captured for all diseases. Following completion 
of the study, both the data and samples will be made 
available to external groups.

PRECISESADS is the first project to pursue the idea 
that systemic autoimmune diseases can be molecularly 
classified regardless of the clinical diagnosis. Still, many 
of the diseases are already diagnosed and many diag-
noses are only reached following years of disease devel-
opment, when clear and defined clinical criteria are 
met. At this point, severe symptoms have often already 
developed. Longitudinal studies that follow patients 
from the early stages of disease, in addition to during 
bouts of disease activity and remission, should help in 
understanding the mechanisms of disease progression. 
To our knowledge, no other projects of a similar kind 
to PRECISESADS have been, or are currently being, 
performed. Although information has already been 
gained from specific stratification of each diagnosis, 
the combined analysis of these diseases will likely reveal 
broader similarities between them. For example, the 
mechanisms of disease onset are probably similar for 
different autoimmune rheumatic diseases, whereas the 
later development of inflammation and damage, which 
is the result of the chronic inflammatory process of the 
disease, might be more variable.

Conclusions
Studies have revealed extensive clinical and genetic sim-
ilarities among rheumatic autoimmune diseases. We 
hypothesize that the molecular mechanisms of these 
diseases are also very similar. For example, a type I inter-
feron signature is evident across many of these diseases. 
Obtaining and analysing multiple types of data from the 
same patients simultaneously, including various types of 
molecular, protein or cellular data, is important but has 
yet to be accomplished for rheumatic autoimmune dis-
eases. Such an approach should use standardized proto-
cols for recruitment, sample taking and analysis to obtain 
stratified results that are certain, stable and reproducible. 
Clinical classifications are limited, but might be comple-
mented by biomarkers that clearly stratify the diseases 
into groups that are therapeutically relevant. That is, 
clinical trials should be designed taking into consid-
eration disease stratification, so that patient response 
or non-response to therapy is taken into account to 
advance our understanding of disease mechanisms. 
This approach should broaden our current understand-
ing. As described in this Review, state-of-the-art meth-
ods are available for disease stratification, clustering and 
integration of multi-layered data, but these approaches 
should be used with care so that the literature is not 
filled with ill-designed studies. The access to funding 
for stratification studies with or without clinical trials 
is very important for our future understanding of the 
diseases, and the term autoimmunity should be taken 
broadly, as cancer is, and not divided into individual 
small entities. The stratification of patients into groups, 
signifying a new taxonomy based on disease mecha-
nisms, should make personalized treatment approaches 
more realistic.

Box 1 | Additional considerations for data integration and clustering

Many studies have demonstrated that integrative analysis of multiple types of 
molecular datasets leads to better and more robust results than analysis of one type 
of dataset; for example, quantitative trait loci (QTL) analyses are unveiling the 
complex relationship between genetics and other molecular information obtained by 
use of high-throughput techniques. However, every algorithm has limitations. 
Researchers should test a number of these algorithms on in-house datasets before 
selecting one. Despite the careful development and robust statistics behind these 
algorithms, several issues should be addressed before trying to integrate the 
information: every dataset should be normalized depending on the technical 
platform used to generate the data; the experimental designs should be adequately 
selected with representative cohorts; and issues arising from batch variation effects 
must be handled. Moreover, increasing the number of types of datasets also increases 
the complexity and the dimension of the features to be analysed, which could lead to 
an increased number of false positives or to overfitting. In order to avoid these 
pitfalls, an appropriate feature selection step is recommended. Lastly, every 
high-throughput analysis must be validated to obtain robust results. In genomic 
analyses, results can be validated using independent cohorts. However, in situations 
where recruitment of patients is complicated, other kinds of validation can instead be 
performed such as internal-validation or subsampling approaches (cross-validation), 
which are less robust than independent cohorts. Validation using previously 
well-known biological information might also be useful and might serve as a control. 
Another important issue in integrative analysis is the availability of algorithms for 
users with no background knowledge of informatics. In this regard, a web-friendly 
user interface was released in 2016 [REF 145], which implements some of the most 
commonly used algorithms (iClusterPlus and SNF).
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Rheumatoid arthritis (RA) is an inflammatory joint 
disorder that affects 0.5–1% of the population world-
wide1,2. Despite major advances in our understanding 
of RA pathogenesis, important unmet clinical needs 
remain for a large proportion of patients, whose dis-
ease is refractory to current treatments3,4. Although 
autoantibodies have long been implicated in RA, it is 
now broadly accepted that environmental and epige-
netic factors are also critical in the development and 
pathogenesis of joint disease5. Moreover, the aetiol-
ogy of seronegative RA is not well understood6. An 
additional relatively under-recognized mechanism, 
altered lymphatic function, has the potential to mod-
ulate disease activity and the clinical course of RA via 
multiple pathways. Herein, we provide an overview 
of the synovial lymphatic system in the context of 
joint homeo stasis and inflammatory arthritis, review  
the experimental and clinical evidence that support the 
central importance of the lymphatic system in the pro-
gression and resolution of inflammatory arthritis, and 
introduce the concept that the lymphatic vasculature 
is a potential clinical diagnostic biomarker and novel 
therapeutic target in RA.

The lymphatic system
Structure and function
In general, the peripheral lymphatic system has two pri-
mary functions: immune cell surveillance and interstitial 
fluid balance7. The lymphatic system maintains inter-
stitial fluid balance by shifting fluid from the periph-
ery through vessels that connect to a series of draining 
lymph nodes,which empty into final ducts (for exam-
ple, the right lymphatic duct and thoracic duct) where 
the lymph is returned to the vascular supply via the 
subclavian veins8.

Interstitial fluid becomes lymph when it enters the 
initial lymphatics or lymphatic capillaries that are present 
in most tissues, including the synovium (FIG. 1a). These 
vessels are lined by a single layer of lymphatic endothelial 
cells (LECs) with specialized button-like junctions that 
are highly permeable to solutes and macro molecules, 
which physically attach to the extracellular matrix by 
anchoring filaments9–14 (FIG. 1b). LECs overlap, creating 
primary valves that prevent the backflow of fluid into 
the tissue12,13 (FIG. 1c). Entry of fluid into the lymphatic 
vessels takes place when external compressive forces 
are higher than the intraluminal fluid pressure, thereby 
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      Targeting lymphatic function as  
a novel therapeutic intervention  
for rheumatoid arthritis
Echoe M. Bouta1, Richard D. Bell1,2, Homaira Rahimi1,3, Lianping Xing1,2, Ronald 
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Abstract | Although clinical outcomes for patients with rheumatoid arthritis (RA) have greatly 
improved with the use of biologic and conventional DMARDs, approximately 40% of patients do 
not achieve primary clinical outcomes in randomized trials, and only a small proportion achieve 
lasting remission. Over the past decade, studies in murine models point to the critical role of the 
lymphatic system in the pathogenesis and therapy of inflammatory-erosive arthritis, presumably by 
the removal of catabolic factors, cytokines and inflammatory cells from the inflamed synovium. 
Murine studies demonstrate that lymphatic drainage increases at the onset of inflammatory- erosive 
arthritis but, as inflammation progresses to a more chronic phase, lymphatic clearance declines and 
both structural and cellular changes are observed in the draining lymph node. Specifically, chronic 
damage to the lymphatic vessel from persistent inflammation results in loss of lymphatic vessel 
contraction followed by lymph node collapse, reduced lymphatic drainage, and ultimately severe 
synovitis and joint erosion. Notably, clinical pilot studies in patients with RA report lymph node 
changes following treatment, and thus draining lymphatic vessels and nodes could represent a 
potential biomarker of arthritis activity and response to therapy. Most importantly, targeting 
lymphatics represents an innovative strategy for therapeutic intervention for RA.
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pushing fluid, macromolecules and cells into the initial 
lymphatics15,16. These external forces are generated by 
skeletal muscle contractions, ambulation or other joint 
movement.

The initial lymphatics converge to form larger col-
lecting lymphatic vessels. These vessels are less per-
meable than the initial lymphatics owing to their tight 
zipper-like junctions between adjacent LECs14. In addi-
tion, collecting lymphatics contain secondary bicuspid 
valves, which help prevent backflow, and one or more 
layers of lymphatic muscle cells (LMCs), which allow 
for vessel contraction to move lymph against the force 
of gravity9,10,17–19 (FIG. 1d). LMCs have a myosin and actin 
cytoskeletal architecture with characteristics of both 
smooth muscle (SMA and SMB myosin heavy chain 
isoforms) and striated muscle (β-myosin heavy chain)20. 
Thus, these cells possess characteristics of both vascu-
lar smooth muscle and cardiac striated muscle, facili-
tating the generation of tone as well as strong, phasic 
contractions20–22. These contractile components respond 
to a tightly controlled cascade of signalling molecules 
that balances myosin light chain kinase, smooth muscle 
(MLCK) and myosin light chain phosphatase (a holo-
enzyme comprising three subunits: PP1c, a catalytic 
subunit of type 1 phosphatase; a target subunit, termed 
myosin phosphatase target subunit; and M20, a smaller 

subunit of unknown function23) activity to produce 
the tone and contractile events (reviewed elsewhere10). 
Briefly, contractions can be generated by stretch- 
mediated, L-type or T-type calcium channels that gen-
erate an influx of Ca2+ ions, which bind to calmodulin24. 
Calmodulin, in turn, activates MLCK, phosphorylating 
myosin light chain and shortening its length. LMCs 
are relaxed by nitric oxide (NO), which is synthesized 
by LECs and derived from various sources, including 
inducible nitric oxide synthase (iNOS), produced either 
directly or indirectly from immune cells travelling along 
the lumen of the vessel, and shear-stress-dependent acti-
vation of endothelial nitric oxide synthase (eNOS)25. NO 
translocates to the LMCs, where it activates soluble gua-
nylyl cyclase and downstream cyclic GMP-dependent 
protein kinase (cGK-1, also known as protein kinase G),  
which blocks MLCK, enabling dephosphorylation of 
myosin light chain by its phosphatase and subsequent 
vessel relaxation26 (FIG. 1e).

Fluid courses through the lymphatic vessels until 
it enters a series of lymph nodes, which are highly- 
organized organs containing immune cells and where 
adaptive immune responses are generated. Antigenic 
stimuli travel directly through the lymph, or are cap-
tured by antigen-presenting cells in the periphery and 
transported to the lymph nodes. Finally, lymph enters 
the sinuses via the afferent lymphatic vessel, exits in the 
efferent lymphatic vessel, and moves to the next lymph 
node, eventually returning to the circulation through 
the great veins. The pathways that lead to generation 
of an immune response are reviewed comprehensively 
elsewhere27–31 and are beyond the scope of this Review. 
Whereas much is known about antigen transport and 
immune interactions in the peripheral lymph nodes, 
understanding of the specific processes that lead to 
lymph generation and lymphatic contraction in human 
joints is extremely limited, and studies that elucidate 
the synovial lymphatic system are at the forefront of 
this field.

Effects of inflammation on lymphatics
The lymphatic system and immune function are closely 
connected because antigen-presenting cells enter lym-
phatic vessels to travel to the lymph nodes where they 
initiate adaptive immune responses. Dendritic cells 
(DCs), neutrophils and macrophages travel through 
these vessels32–36. The importance of this lymphatic 
network is highlighted in mice lacking dermal lym-
phatics, which show decreased humoral immunity37. 
Interestingly, immune cells travelling adjacent to and 
within lymphatics can substantially alter the vessels by 
releasing factors that induce lymphangiogenesis and/or  
alter lymphatic vessel functions (such as contraction  
or permeability), and can also damage the vessel wall38.

Lymphangiogenesis, or the growth of lymphatic 
vessels, is a primary response during inflammation, 
and disruption of this process leads to a variety of dis-
eases39. Vascular endothelial growth factor C (VEGF-C), 
and its cognate receptor VEGF receptor 3 (VEGFR-3), 
expressed on LECs, are the master regulators of lym-
phangiogenesis39. Macrophages are a well-known source 
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Key points

• Dramatic changes in lymphatic vessel contraction and in the lymph nodes that drain 
inflamed joints are associated with disease progression and response to therapy in 
murine models of rheumatoid arthritis (RA)

• During mild to moderate experimental arthritis, lymphatic vessels and nodes that 
drain the joint undergo an initial ‘expansion’ phase that facilitates efficient lymphatic 
clearance and lymphatic vessel contractions

• In preclinical models, the expansion phase is followed by a ‘collapsed’ phase, in which 
B cells in the draining lymph node translocate from the follicles to lymphatic sinuses 
and the lymph node collapses

• The collapsed phase is characterized by lymphatic vessel structural damage, loss of 
contraction, and reduction in lymphatic clearance

• Pilot clinical studies indicate that alterations in lymph node volume and/or lymphatic 
flow could serve as biomarkers of treatment response with the potential to predict RA 
flare

• Several lymphatic system-modulating therapies show promise in preclinical models of 
inflammatory arthritis and RA
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Figure 1 | Structure and function of the synovial lymphatic system. 
a | The synovial lymphatic system of arthrodial joints includes initial 
lymphatics interspersed throughout the synovium, which join to form 
collecting lymphatics that lead to joint-draining lymph nodes and, 
eventually, to the thoracic or right lymphatic duct, which joins the venous 
supply. b | Initial lymphatics are composed of a network of lymphatic 
endothelial cells (LECs) with anchoring filaments to the basement 
membrane. c | Overlapping portions of LEC membranes create button-like 
junctions that act as primary valves to enable macromolecules, cells and 
fluid to enter the initial lymphatic system. d | Collecting lymphatic vessels 
comprise a single layer of LECs joined together by impermeable zipper-like 
junctions and one or more layers of continuous lymphatic muscle cells 

(LMCs). e | Contractions in LMCs are triggered by calcium signalling, which 
is inhibited by nitric oxide (NO) signalling through soluble guanylyl cyclase 
and downstream cyclic GMP (cGMP)-dependent protein kinase G (PKG), 
which blocks MLCK (myosin light chain kinase, smooth muscle), enabling 
dephosphorylation of myosin light chain (MLC) by its phosphatase (MLCP) 
and subsequent vessel relaxation26 (FIG. 1e). Under homeostatic conditions, 
NO produced by endothelial nitric oxide synthase (eNOS) in adjacent LECs 
inhibits LMC contractions to allow the lymphatic vessels to relax and fill. In 
the setting of inflammation, the cycle of lymphatic vessel contractions can 
be disrupted by ‘squelching’ NO produced from inducible nitric oxide 
synthase (iNOS) expressed in adjacent LECs and/or immune cells, such as 
activated-adherent macrophages. CaM, calmodulin.
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of VEGF-C and are abundant in inflamed tissues40,41. 
Importantly, activated macrophages and T cells coop-
erate to enhance expression of VEGF-C42. During 
inflammation, VEGFR-3 also regulates LEC expres-
sion of CC-chemokine 21 (CCL21), a potent chemo-
tactic signal for DCs32,43. These complex interactions 
reveal the presence of a coordinated system controlling  
lymphangiogenesis and immune cell migration.

Immune cell regulation of lymphatic contraction is 
facilitated primarily through cytokine-mediated NO sig-
nalling, as demonstrated by the reduced lymphatic con-
traction in a model of sterile inflammation; this reduced 
lymphatic contraction was not observed in iNOS- 
knockout mice44. The reduction in lymphatic contraction 
frequency and ejection fraction was shown to be depend-
ent on iNOS-expressing CD11b+Gr1+ cells that surround 
collecting lymphatic vessels44. Additionally, direct 
application of TNF and IL-1β in vivo can decrease lym-
phatic contraction frequency, which is mediated though 
iNOS45. This finding was confirmed in ex vivo studies 
in which lymphatic contraction was inhibited by direct 
application of TNF to mesenteric lymphatic vessels, and 
restored by antagonizing iNOS and guanylate cyclase46. 
The mechanism of this impairment is known to be 
partially dependent on arachidonic acid metabolites;  
the subject has been reviewed elsewhere10,47–49.

From ex vivo cannulation experiments, it is known 
that lymphatics respond to a variety of mechanical cues, 
including pressure, flow, and stretch50–53. The increased 
fluid load traversing lymphatics during inflammation 
can increase all three of these factors. Contraction fre-
quency increases in response to elevated transmural 
pressure, owing in part to increased shear that results 
in production of more NO50,52,54,55. However, it should 
be noted that there seems to be a Gaussian relationship 
between pressure and flow, as contraction frequency 
reduces at high pressures52. When fluid load is lowered, 
and thus transmural pressure decreases, homeostatic con-
traction frequency returns. Therefore, whether a reduc-
tion in lymphatic contraction is mechanically and/or 
cytokine-mediated is difficult to determine from in vivo 
experiments.

Both initial and collecting lymphatics have an inherent 
permeability that is integral to their function. However, 
during inflammation, barrier integrity can be breached, 
leading to leakage of lymph into the interstitium. In the 
initial lymphatics, unidirectional flow facilitates the entry 
of fluid, cells, and macromolecules into the lymphatic sys-
tem9–14. During acute inflammation, permeability of the 
initial lymphatics increases, and tracer molecules flow 
back into the interstitium56. True measurements of initial 
lymphatic permeability are rare, but many groups have 
reported increased leakiness of the initial lymphatics in the 
presence of inflammation, which is a prospective sign of  
increased permeability57–59. Similarly, in a murine model 
of psoriasis, permeability increased in the initial dermal 
lymphatics of psoriatic plaques, but not in adjacent unin-
volved skin60. In the collecting lymphatics, their inherent 
permeability is beneficial as it enables antigen sampling 
by macrophages and DCs in the surrounding adipose 
tissue, which facilitates downstream T cell responses61. 

DCs regulate collecting lymphatic vessel permeability 
via CC-chemokine receptor 7 (CCR7)-dependent mech-
anisms62. Diabetic mice, and mice that have had a pre-
vious bacterial infection, also have increased collecting 
lymphatic permeability63,64. Mechanistically, TNF and 
IL-1β can both increase LEC monolayer permeability 
in vitro65,66. Thus, in contrast to the blood vasculature, 
permeability of lymphatic vessels is a highly regulated and 
dynamic process that changes during normal physiology 
and pathologic conditions.

Lymphatic phenotypes in RA
Evidence from mouse models
Although several animal models of inflammatory erosive 
arthritis exist, none precisely recapitulates the pathophysi-
ology of RA67. As such, they are broadly divided into mod-
els of autoimmunity, which are characterized by sudden 
onset of disease, and models of general joint inflamma-
tion, which display a more stochastic progression. K/B×N68 
and TNF transgenic (TNFtg)69 mice are representative 
examples of these different RA models, respectively, and 
have distinct aetiologies of inflammatory erosive arthri-
tis. Because joint pathogenesis is a dynamic process, one 
approach to study arthritic changes has focused on lon-
gitudinal imaging studies using contrast enhanced MRI 
(CE-MRI), power Doppler ultrasonography (PDUS), 
near-infrared indocyanine green (NIR-ICG) imaging, 
and in vivo micro-CT (μCT)59,70–73. With the use of these 
longitudinal imaging modalities, we found that K/B×N 
mice demonstrated a marked increase in lymphatic vessel 
contraction frequency during the acute phase of synovitis, 
which in the chronic phase of arthritis returns to levels sim-
ilar to those seen in wild-type mice59. By contrast, the slow 
onset of inflammatory arthritis in TNFtg mice enabled us 
to identify that ankle and knee arthritis progresses by two 
distinct mechanisms, as illustrated in FIGURE 2. During the 
initial stages of arthritis and inflammation in the ankle 
joints of TNFtg mice, increased lymphangiogenesis main-
tains lymphatic drainage from the joint without a detect-
able increase in lymphatic vessel contractions compared 
with wild-type littermates (Supplementary information 
S1 (video))74. This phase of arthritic progression is termed 
the ‘expansion’ phase because the popliteal lymph node 
enlarges in size owing to increased lymphangiogenesis, 
increased pressure from afferent vessels, and infiltration 
of IgM+CD23+CD21hiCD1dhi B cells59,75–81. Interestingly, 
this subset of B cells is distinct from marginal zone and 
follicular B cells in the lymph node, suggesting they are 
a unique population of B cells in inflamed lymph nodes, 
which we therefore named ‘Bin’ cells79,82. The increase in 
lymphatic vessel contraction frequency in K/B×N mice, 
and lymphangiogenesis in both K/B×N and TNFtg 
mice, represent a compensatory response that enhances 
the removal of inflammatory cells and catabolic factors 
from the synovium. Functionally, this process limits joint 
inflammation and focal erosion in the expanding phase. 
In these models, however, this compensatory mechanism 
is incomplete because synovial inflammatory cells and 
catabolic factors directly damage LECs and LMCs when 
they pass through afferent lymphatic vessels and draining 
lymph nodes83.
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Figure 2 | Overview of lymphatic phenotypes in normal (healthy), expanding and collapsed lymph nodes in mice. 
a | The distal lymphatic vessels drain the footpad to the popliteal lymph node (PLN), and the proximal lymphatic vessels 
drain lymph from the PLN and knee synovium to the iliac lymph node (ILN). Inset: In contracted and dilated lymphatic 
vessels, tight connections exist between lymphatic endothelial cells (LECs) and lymphatic muscle cells (LMCs) during 
transport of lymph. At homeostasis, these lymphatic vessels contract 0.5–2 times per min (see also Supplementary 
information S7 (video)). b | The initiation of inflammatory arthritis is followed by an ‘expansion’ phase, in which 
lymphangiogenesis in the synovium facilitates removal of inflammatory cells and lymph to the draining lymph nodes, which 
expand up to 10-fold in volume owing to lymphangiogenesis, excess lymphatic flow, and an accumulation of B cells. Inset: 
CD11b+ macrophages are present in contracted and dilated lymph vessels and travel at great speed (~0.2 mm/s). In models 
of autoimmune arthritis, lymphatic vessel contractions increase to ~5 contractions per min at initiation of autoimmunity 
before stabilizing at ~1 contraction per min in the chronic phase of inflammatory arthritis. c | During chronic synovitis, 
ipsilateral PLNs and ILNs simultaneously collapse via poorly understood mechanisms. Lymphatic contractions are absent or 
rare in this ’collapsed’ phase (see also Supplementary information S2 (video)). PLNs and ILNs decrease in size owing to fluid 
loss, and B cells translocating from B cell follicles into the lymphatic sinuses effectively ’clog’ the lymphatic vessels. A lack of 
lymphatic transport results in a sudden, severe exacerbation of synovitis. Anti-CD20 therapy removes B cells and restores 
passive lymphatic flow from the joint. Inset: Although the initiating event(s) of the collapsed phase are not known, several 
pathologic features of the degenerated lymphatic vessel suggest the involvement of intersecting mechanisms. d | and 
e | Still images from Supplementary information S7 (video) and S2 (video) show near-infrared indocyanine green (NIR-ICG) 
images of the lower limb of a wild-type mouse and in the collapsed phase described in parts a and b.

R E V I E W S

98 | FEBRUARY 2018 | VOLUME 14 www.nature.com/nrrheum

©
 
2018

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved. ©

 
2018

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.

http://www.nature.com/articles/nrrheum.2017.205#supplementary-information
http://www.nature.com/articles/nrrheum.2017.205#supplementary-information
http://www.nature.com/articles/nrrheum.2017.205#supplementary-information
http://www.nature.com/articles/nrrheum.2017.205#supplementary-information
http://www.nature.com/articles/nrrheum.2017.205#supplementary-information


Following the expansion phase in the TNFtg model, 
the popliteal lymph node reduces in volume and power 
Doppler signal decreases, indicating reduced blood flow; 
these changes mark what has been termed the ‘collapsed’ 
phase of arthritic progression70,72. This collapse coincides 
with several pathologic processes, including increased 
synovial hyperplasia, poor lymphatic clearance, lym-
phatic vessel damage with subsequent increased 
leakiness and loss of contractions (Supplementary infor-
mation S2 (video)), leukocyte stasis within lymphatic 
vessels, translocation of Bin cells from the lymph node 
follicles to the lymph node sinuses, and reduction in 
draining lymph node volume with increased fluid pres-
sure70,73–75,79,81. Interestingly, the lymph node collapse is 
asymmetrical, and occurs along the ipsilateral axis of the 
lower limb74. Although a direct cause and effect relation-
ship between the altered lymphatic dynamics outlined 
above and arthritic processes is not firmly established, 
the sequence of events fits with a unifying model to 
explain the collapsed phase (FIG. 2). In this model, 
increased inflammatory cells, cytokines, chemokines 
and catabolic factors generated during persistent inflam-
mation pass through the afferent lymphatic vessels, and 
damage LECs and underlying LMCs. Concomitantly, 
these catabolic factors trigger LECs to express high 
levels of iNOS, resulting in ‘NO squelching’ of eNOS- 
mediated contractions. Thus, lymphatic vessel structural 
damage and NO production by LECs results in loss of 
lymphatic vessel contractions owing to constitutive 
activation of soluble guanylyl cyclase and downstream 
cGK-1- mediated inhibition of calcium signalling in 
LMCs (FIG. 1e). At the same time, activated macrophages 
become static in the vessel lumen because of the loss of 
contractions. These cells also express iNOS, which fur-
thers inhibition of lymphatic vessel contraction due to 
NO squelching. Additionally, activated macrophages 
in the draining lymph nodes express the potent B cell 
chemotactic factor CXC-chemokine 13 (CXCL13)84. 
A decrease or absence of lymphatic flow from afferent 
lymphatic vessels enables a CXCL13 gradient to form, 
increasing CXCL13 levels in the lymph node sinuses, 
which drives the migration of Bin cells from the follicles 
into the sinuses. As a result, these Bin cells accumulate 
and clog the lymphatic vessel. Both active and passive 
lymphatic transport from the inflamed joint is conse-
quently markedly reduced or abolished, and is followed 
by progressive joint inflammation and destruction.

Lymph node collapse in RA
Although lymph node involvement and lymphadenop-
athy in patients with RA was first described in 1896 
by Chauffard and Ramond85,86, follow-up studies have 
been hampered by the absence of reliable clinical out-
come measures and biomarkers to assess lymphatic 
function, and to monitor disease progression and 
response to therapy. Knowledge of human lymphatics 
has advanced considerably in the past 10 years, based 
on recent pioneering studies using cadaveric dissection, 
which have mapped the lymphatic anatomy of the upper 
limb in detail87,88. Moreover, clinical imaging strategies 
(CE-MRI, PDUS and NIR-ICG)89–96 have provided the 

first evidence that the lymphatics draining inflamed 
joints can serve as biomarkers of arthritis and response 
to therapy93. Additionally, ex vivo histopathology and 
immuno fluorescence analyses of popliteal lymph node 
tissues harvested from patients undergoing total knee 
replacement surgery or lower limb amputation have 
confirmed the presence of B follicular hyperplasia and 
histological alterations in lymph nodes, and the exist-
ence of Bin-like B cells, in tissue from patients with RA, 
findings not observed in tissues from patients with other 
(non-RA) severe lower limb diseases80.

The next critical question is whether the phases of 
lymph node changes identified in murine studies are rel-
evant to lymph node changes in RA. To address this ques-
tion, Manzo and colleagues designed a proof-of-concept 
pilot study to formally examine whether RA is associ-
ated with alterations in the joint-draining lymph nodes96. 
Clinical and PDUS examination revealed hypertrophy 
of the lymph node cortex in the absence of clinical lym-
phadenopathy in seven out of ten patients with active 
disease, but there were no lymph node aberrations in the 
five patients in clinical remission or five healthy controls. 
Moreover, PDUS signal was amplified in the cortical and 
hilar regions of lymph nodes at baseline but returned to 
normal levels after 3 months of anti-TNF and/or metho-
trexate therapy96. In a follow-up study of 40 consecutive 
patients with RA refractory to treatment with DMARDs 
and 20 healthy individuals95, PDUS demonstrated con-
siderable alterations of RA lymph node morphology and 
volume following anti-TNF treatment, and a degree of 
concordance of these alterations with synovitis activity 
in peripheral joints. Interestingly, low PDUS signal in the 
lymph nodes (which has also been observed in collapsed 
murine lymph nodes)70,72 at baseline was strongly asso-
ciated with a poor clinical response to anti-TNF ther-
apy. These studies provide initial evidence that lymph 
node dynamics, including changes in volume and PDUS 
signal, a marker of blood flow, are associated with joint 
pathology and responsiveness to treatment, and thus 
are a biomarker of RA disease activity and response  
to therapy.

Advances in RA flare assessment
The murine models outlined above demonstrate a strong 
temporal association between altered lymphatic flow and 
progressive joint inflammation and damage. A major 
question that emerges from these studies is whether the 
lymphatic dynamics contribute to joint inflammation 
in RA. Joint flare, a prevalent but poorly understood 
process in inflammatory arthritis, provides an oppor-
tunity to examine a potential relationship between the 
lymphatics and arthritis exacerbation.

In spite of aggressive treatment approaches based on 
combination therapies of conventional and biological 
DMARDs, one of the perplexing problems in RA care 
is the loss of response to therapies over time, and the 
well-recognized phenomenon of periods of episodic 
worsening of disease activity, often referred to as disease 
flare. Ongoing research has advanced our understand-
ing of the descriptive characterization of flares from the 
perpsectives of patients and health care providers, yet 
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we lack insight into the central pathophysiological cor-
relates. Moreover, we lack the biomarkers of impending 
flare that are needed to facilitate early recognition and 
targeted intervention. As outlined in this Review, the 
discovery that altered lymph node dynamics and lym-
phatic flow precedes exacerbated arthritis in murine 
models provides critical clues to the existence of alterna-
tive pathways responsible for acute and chronic synovial 
inflammation, which might have relevance in patients 
with RA.

Inflammatory flares of RA are a well-recognized fea-
ture of the underlying disease. Some flares are self-lim-
ited, mild in nature, and resolve without intervention, 
whereas others persist and worsen, and ultimately rep-
resent the failure of a previously effective therapy and 
necessitate a change in treatment. Work ongoing over a 
number of years by multiple groups has sought to bet-
ter characterize flares in RA. To facilitate research in the 
area, the Outcome Measures in Rheumatology Clinical 
Trials (OMERACT) group proposed to define the con-
cept of RA flare as “worsening of signs and symptoms 
of sufficient intensity and duration to lead to change 
in therapy” (REFS 97,98), and further identified events 
that characterized flares along their continuum of 
severity99. This framework led to the development of a 
set of core domains to assess flare in RA, which included 
standard assessments of RA disease activity (swollen and 
tender joints, laboratory markers), patient and physician 
global assessments of disease activity, patient pain rat-
ings, and assessment of physical function100. Additional 
assessments including fatigue, stiffness, and partici-
pation in life activities were subsequently added and 
validated100–103.

Demonstrating that patient reports and clinical assess-
ments actually reflect events in the synovial microenviron-
ment are important for linking clinical phenomenology 
with pathobiology. Ultrasonography and MRI have been 
used for such evaluations93. Ultrasonography is a power-
ful tool that provides point-of-care testing and objective 
evidence of active inflammation including the presence 
of joint effusions, synovial hypertrophy, and bone ero-
sions104,105. However, the utility of ultrasonography is lim-
ited by operator proficiency and the inability to visualize 
deeper anatomical structures106,107. Compared with ultra-
sonography, MRI can image deep structures with high 
resolution, and therefore provide greater detail regarding 
disease activity, although its use is limited by cost, feasibil-
ity, and availability107,108. Therefore, both imaging modal-
ities are currently applied in a complementary fashion to 
evaluate arthritic disease.

Although limited in number, studies investigating 
the relationship between imaging outcomes and instru-
ments assessing the OMERACT core domains have 
helped refine our understanding of the progression of 
RA flare. Applying the OMERACT definition of flare, 
Saleem and colleagues showed that some patients in 
clinical remission demonstrated power Doppler signals 
in the upper extremities (wrist and hand) that were pre-
dictive of subsequent flare109. Furthermore, in a cohort of 
patients with RA in clinical remission (n = 427), imaging 
of the hand, wrists and associated tendons by PDUS110–112 

detected tenosynovitis in 22.7% (95% CI 0.19–0.27), 
and these patients had an increased likelihood of flare 
as determined by the self-reported Flare Assessment in 
Rheumatoid Arthritis (FLARE) questionnaire (OR 1.95; 
95% CI 1.17–3.26). These studies suggest that in clinically 
asymptomatic patients, ultrasonography (PDUS in par-
ticular) can reveal unstable or fluctuating inflammation 
that develops into flares.

MRI has also been used to evaluate synovial inflam-
mation and its ability to assess or predict flare113–116. 
Gaffney et al. used dynamic contrast-enhanced MRI 
(DCE-MRI), a method to assess ‘wash in’ and ‘wash 
out’ of contrast dye, to compare changes in knee 
synovial contrast enhancement to histological syno-
vial changes via synovial biopsies in 20 patients with 
RA114. They found good correlation (r = 0.63, P <0.01) 
between histology and imaging. However, they were 
unable to correlate MRI synovial enhancement with 
flare as determined by clinical findings and use of 
the Health Assessment Questionnaire (HAQ, global 
assessment), or by the modified Ritchie Articular 
Index (local assessment). In a study performed in a 
cohort of patients with juvenile idiopathic arthritis, 
those who subsequently experienced a disease flare 
(12 of 32 patients), as defined by no longer meeting 
Wallace criteria for remission, had significantly differ-
ent maximal enhancement of synovium on DCE-MRI 
at baseline compared with patients in remission over 
the course of the study (P = 0.05); a higher maximal 
enhancement was suggestive of flare potential117. The 
applicability of these findings to adults with RA requires 
confirmation, but this study suggests the potential  
usefulness of DCE-MRI for flare prediction.

Taken together, the efforts to define flare by use of 
questionnaires or imaging have provided valuable tools 
for diagnosis and possible intervention, yet the mech-
anisms that underlie this sudden alteration in joint 
inflammation remain enigmatic.

Lymphatic alterations in flare
The association between arthritic flare and lymph node 
dynamics is poorly understood. To explore this associa-
tion, we performed a pilot clinical study to investigate the 
relationship between arthritic flare and popliteal lymph 
node volume by use of CE-MRI in 10 patients with RA, 
before and after anti-TNF therapy90. Knee flare in patients 
with chronic arthritis (disease duration >20 years) 
demonstrated advanced synovitis adjacent to focal bone 
erosions and small popliteal lymph nodes. In keeping 
with the findings in preclinical studies75, all patients with 
detectable lymph nodes on CE-MRI showed decreased 
lymph node volume after 16 weeks of anti-TNF ther-
apy (mean decrease 37%; P = 0.002)90. Also, a significant 
improvement in knee pain was observed, as determined 
by the Rheumatoid and Arthritis Outcome Score118, 
which inversely correlated with a decrease in popliteal 
lymph node volume (r2 = 0.94; P <0.05). In aggregate, 
these results suggest that patients with RA in whom 
draining lymph node volume is maintained during 
anti-TNF therapy experience the greatest amelioration  
of pain in flaring joints.
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To formally establish quantitative biomarkers for 
draining lymphatics in RA, several human NIR-ICG 
imaging studies are ongoing. An example of this pio-
neering work comes from Sevick-Muraca and col-
leagues, who evaluated lymphatic vessels in patients 
with lymphoedema119–121. This group was the first to 
demonstrate lymphatic vessel contraction rates in 
healthy individuals122. An example of this experimen-
tal NIR-ICG imaging technology and its potential as a 
clinical diagnostic tool is presented in BOX 1 (see also 
Supplementary information S3 (video), Supplementary 
information S4 (video) and Supplementary information 
S5 (video)). Although no NIR-ICG imaging studies 
have been reported in patients with RA to date, open 
clinical protocols are actively enrolling participants123, 
and it is likely that data will be forthcoming in the next 
few years.

Lymphatic-modulating treatments for RA
The findings in murine models of arthritis coupled with 
imaging findings in patients with RA strongly implicate 
the synovial lymphatic system in the events that promote 
exacerbation of arthritis. The next important challenge 
is to address therapeutic strategies to restore lymphatic 
flow (TABLE  1). Therapeutic options — both FDA-
approved RA therapies and novel lymphatic-modulating 
interventions — should be considered. It is fascinating to 
note that despite the efficacy of current targeted biolog-
ics, the mechanisms that promote resolution of synovitis 
remain enigmatic. Studies have focused on unique path-
ways that are interrupted by anti-TNF agents124–126 and 
antibody-independent effects of anti-CD20 B cell deple-
tion therapy127,128. In particular, the marked reduction 
in synovial macrophage numbers following anti-TNF 
therapy does not result from apoptosis129,130 or altered 

Box 1 | Near-infrared imaging of lymphatic vessels in humans

Visualization and quantification of lymphatic function with near-infrared (NIR) imaging provides a unique opportunity 
to examine the role of lymphatic contraction and flow in human disease119,120. Following intradermal injections of a NIR 
dye, usually indocyanine green (ICG), images are captured by cameras sensitive to the NIR spectrum where ICG emits 
(peak of ~825 nm) to reveal lymphatic vessel anatomy and function. From cadaveric studies, we know that all areas of the 
dorsal hand drain through the major collecting vessels that initiate at the mid-dorsal aspect and cross the wrist, 
primarily running adjacent to the basilic or cephalic veins87,88,169. It is therefore likely that the metacarpal joints are also 
drained by these collecting vessels. Experimental NIR-ICG imaging (as described by Rahimi et al.93) has been used for the 
analysis of human lymphatic flow in a study in which ICG was injected into the four web spaces of the hands of a healthy 
volunteer following informed consent123. a | In the NIR-ICG image on the left-hand side (a still image from 
Supplementary information S3 (video)), the major veins of the hand appear as dark vessels and lymphatic vessels (which 
fill with ICG) appear white. ICG signal is also apparent at the injection sites (*). The collecting lymphatic network is 
adjacent to the dorsal venous arch (arrowhead), and further joins together forming larger vessels adjacent to the basilic 
(dashed white arrow) and cephalic (solid white arrow) veins. b | Also shown is a schematic representation of these veins 
and lymphatic vessels. c | The graph  
(a still image from Supplementary 
information S3 (video)) quantifies 
lymphatic vessel contractions in the 
hand during a 10-minute imaging 
session, by plotting the signal intensity 
in a region of interest over time; spikes 
in signal intensity (white arrows) are 
scored as lymphatic contractions. 
Contraction frequency changes over 
time during inflammatory arthritis in 
mice25,38,59,73, and could prove to be an 
important biomarker or outcome 
measure in human disease44,45,83.  
d | In the NIR-ICG image of the forearm 
from the same person in panel a 
(obtained in the same session as the 
hand image), the lymphatic vessels 
that drain the web spaces flank the 
cephalic and basilic veins across the 
mid-forearm and the antecubital fossa. 
e | Also shown is a schematic 
representation of these veins and 
lymphatic vessels. f | The graph (a still 
image from Supplementary 
information S5 (video)) presents 
quantification of the cephalic 
lymphatic vessel contraction 
frequency at the antecubital fossa, 
achieved through region of interest 
analysis.
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monocyte influx into the synovium131. Rather, anti-TNF 
therapy restores lymphatic vessel contractions, attributed 
to lymphatic vessel repair and the restoration of con-
tractions promotes leukocyte migration and egress from 
inflamed joints, as determined by transmission electron 
microscopy83.

The pathways leading to joint inflammation and 
damage in the TNFtg murine arthritis model are 
lymphocyte- independent132, providing an ideal setting 
to assess the antibody-independent efficacy of B cell 
depletion121. With this in mind, the results of a study in 
which B cells were depleted in TNFtg mice before and 
after the onset of arthritis demonstrated that anti-CD20 
prophylactic treatment prevented knee flare79, and ther-
apeutic treatment of flaring mice with collapsed pop-
liteal lymph nodes ameliorated inflammatory-erosive 
arthritis73. Moreover, longitudinal NIR-ICG imaging 
and immuno fluorescent intravital microscopy before 
and after anti-CD20 treatment demonstrated that B cell 
depletion restores passive lymphatic flow and leukocyte 
migration in lymphatic vessels without restoring con-
tractions73. Given that anti-CD20 treatment removes 
Bin cells from the lymphatic sinuses in draining lymph 
nodes73, we conclude that B cell depletion maintains 
lymph node expansion by preventing Bin cell influx, 
and ameliorates arthritic flare by unclogging draining 
lymphatic vessels and restoring passive lymphatic flow. 
However, it should be noted that, although these B cells 
are polyclonal and do not seem to have the ability to 
express pro-inflammatory cytokines79, they can reduce 
inflammation or induce lymphangiogenesis by alternative 
mechanisms, as has been described elsewhere133.

Promoting lymphangiogenesis and drainage
Lymphangiogenesis is a compensatory response to 
joint inflammation, and inhibition of lymphatic vessel 
formation during arthritic progression considerably 
exacerbates disease77. Therefore, an intervention for RA 
that enhances lymphatic drainage from affected joints 
has therapeutic potential. An initial proof-of-concept 
study examining this potential found that injection of 
VEGF-C adeno-associated virus into inflamed murine 
joints reduced synovitis, bone erosion, cartilage loss and 
the number of infiltrating macrophages134. Interestingly, 
a 2014 study demonstrated that VEGF-C–VEGFR-3 
signalling also inhibits macrophage activation via the 
regulation of the Toll-like receptor 4–nuclear factor-κB 
pathway135. Thus, VEGF-C might serve a dual thera-
peutic function in RA by improving lymphatic vessel 
function and inhibiting inflammation. Although gene 
therapies for arthritis have proven to have major clin-
ical challenges136, it is of interest that a clinical trial of 
VEGF-C gene therapy for lymphoedema following 
mastectomy is currently ongoing137.

Traditional Chinese medicines appeal to many 
patients, on the basis of their perceived safety and efficacy, 
coupled with the high costs and attendant risks associated 
with newer therapies. Indeed, traditional Chinese med-
icine is a mainstay therapy for arthritis worldwide138. To 
test if traditional Chinese medicines have direct effects 
on lymphatic dysfunction, TNFtg mice with established 
arthritis were treated with Du-Huo-Ji-Sheng-Tang 
(DHJST)139 and its purified active compound ferulic 
acid25 for 3 months. The treated mice showed reduced 
joint inflammation and bone and cartilage erosion25.  

Table 1 | Potential lymphatic-modulating therapies and their mechanisms of action

Therapy Target Mechanism(s) of action Potential adverse effects Refs

VEGF-C gene therapy VEGFR-3 Increases lymphangiogenesis Unknown 134,135

TNF antagonists TNFR Reduces inflammation to 
restore lymphatic vessel 
contraction

Skin reaction at injection site, 
risk of infection (including 
tuberculosis) and cancer 
(including skin cancer and 
lymphoma)

83

B cell depletion 
therapy

CD20 Unclogs lymphatic sinuses Mucocutaneous reactions 
(Stevens–Johnson syndrome, 
infections (rarely), 
progressive multifocal 
leukoencephalopathy)

73,79

L-NIL iNOS Reduces nitric oxide that 
keeps vessels dilated

Unknown, possible hypertension 25,141,143

PDE5 inhibitors PDE5 Dilates lymphoid vessels 
and sinuses to encourage 
lymphatic rerouting and 
B cell removal, respectively

Flushing, headache, visual 
disturbance

Unpublished 
data*

Ferulic acid VEGFR-3 • Increases VEGF-C 
production

• Reduces inflammation 
and restores lymphatic 
contraction

• Reduces nitric oxide 
production by LECs

Unknown 25,138,139

*E.M.B, L.X., R.W.W., C.T.R. and E.M.S, unpublished data. Abbreviations: iNOS, inducible nitric oxide synthase; LEC, lymphatic 
endothelial cell; L-NIL, L-N6-(1-iminoethyl)lysine 5-tetrazole-amide; PDE5, phosphodiesterase 5; TNFR, TNF receptor; VEGF-C, 
vascular endothelial growth factor C; VEGFR, vascular endothelial growth factor receptor.

R E V I E W S

102 | FEBRUARY 2018 | VOLUME 14 www.nature.com/nrrheum

©
 
2018

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved. ©

 
2018

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.



Of particular relevance, DHJST and ferulic acid pro-
moted lymphatic drainage from affected joints to 
draining lymph nodes while restoring lymphatic vessel 
contraction25,139. Mechanistically, ferulic acid increased 
the expression levels of contraction-related genes in 
LMCs, and inhibited TNF-induced NO production 
by LECs25. DHJST and ferulic acid also increased lym-
phatic thoracic duct formation in zebrafish139. Another 
traditional Chinese medicine, Panax notoginseng, pro-
moted LEC migration, tube formation, and VEGF-C 
expression140. Collectively, these findings suggest that 
traditional Chinese medicines regulate lymphatic ves-
sel draining function by affecting LECs and LMCs, and 
might have DMARD activity.

Targeting lymphatic function
As described above, NO is a central regulator of lym-
phatic vessel contractions, and excessive iNOS- derived 
NO inhibits lymphatic vessel contractions in inflamed 
tissues (FIG. 1e). Thus, there is a strong rationale for 
selective iNOS inhibition as a novel RA therapy. 
Indeed, a selective iNOS inhibitor (GW274150) was 
evaluated in a phase IIA clinical trial for early RA, and 
showed a trend towards reduction in synovial thick-
ness (33%; P = 0.072) and synovial vascularity (42%; 
P = 0.075) compared with placebo at 28 days as shown 
by PDUS141. However, preclinical data suggest that 
expanding lymphatics predominate in early RA (FIG. 2), 
and therefore that selective iNOS inhibition would 
have greater effects on advanced RA (collapsed phase), 
although this idea remains speculative. To test this 
hypothesis in TNFtg mice, we evaluated the effects of 
L-N6-(1-iminoethyl)lysine 5-tetrazole-amide (L-NIL), 
a moderately selective inhibitor of iNOS that does not 
affect eNOS activity142 and reduces adjuvant-induced 
arthritis in rats143. Remarkably, we found that a single 
injection of L-NIL into the footpad of TNFtg mice 
with collapsed lymph nodes significantly increased 
dye uptake and restored lymphatic contractions within 
300 s of administration, whereas injection of saline had 
no effect25. In another cohort of TNFtg mice, treatment 
with L-NIL, but not with saline or with the non specific 
NOS inhibitor Nω-nitro-l-arginine methyl ester 
(L-NAME), significantly increased lymphatic contrac-
tion in TNFtg mice, demonstrating that the recovery of 
lymphatic function was attributable to iNOS inhibition. 
Furthermore, no changes in lymphatic contractions 
were observed in wild-type mice treated with L-NIL, 
L-NAME or saline25. These proof-of-concept studies 
indicate that agents that selectively inhibit iNOS or 
iNOS-mediated downstream signals could represent 
new therapies for RA by regulating lymphatic vessel 
function.

Screening for lymphatic-modulating drugs using 
NIR-ICG imaging in wild-type mice revealed that a 
short-acting phosphodiesterase 5 (PDE5) inhibitor, 
sildenafil, induces lymphatic rerouting (Supplementary 
information S6 (video)) whereas placebo control does 
not (Supplementary information S7 (video)) (E.M.B, 
L.X., R.W.W., C.T.R. and E.M.S, unpublished data). 
This finding suggests a novel alternative intervention for 

collapsed lymphatics, in which dysfunctional lymphatic 
vessels can be circumvented by dilation of collateral lym-
phatic vessels; this approach warrants investigation in 
animal models of inflammatory arthritis. PDE5 in vas-
cular smooth muscle cells hydrolyses cGMP and inhibits 
vessel relaxation. Therefore, we hypothesize that PDE5 
inhibitors, such as sildenafil and tadalafil, promote LMC 
relaxation and could therefore reduce lymphatic con-
traction (FIG. 1e). Future studies are necessary to validate 
these preliminary findings and confirm the mechanism 
of action of PDE5 in lymphatics.

Lymphatic drug targets in other disease states
The lymphatic system is now a major research focus 
owing to the central importance of lymphatic tran-
sit in homeostasis and evidence for its involvement in 
many disease processes, including Alzheimer disease, 
glaucoma, hypertension, myocardial infarction, lymph-
oedema, chronic bronchitis, and cancer144–149. Although 
this research is still in its early stages, it has catalysed the 
need to understand basic lymphatic physiology (FIG. 1) 
and potential treatments targeting lymphatics.

Secondary lymphoedema is a prevalent conventional 
lymphatic disease, but effective therapies are not availa-
ble. It often occurs when lymph nodes are removed dur-
ing cancer therapy and can lead to impaired lymphatic 
transport. Therefore, treatments that increase lymphang-
iogenesis show promise. As mentioned above, VEGF-C 
gene therapy150–153 is being studied in a phase I clinical 
trial in patients with lymph node transplant and breast 
cancer-associated lymphoedema137. In a study published 
in 2017, bestatin, a leukotriene A4 hydrolase antagonist, 
alleviated experimental lymphoedema by improving 
lymphatic anatomy and promoting lymphangiogen-
sis154; this drug is currently under evaluation in a phase II 
clinical trial in patients with secondary lymphoedema of 
the lower limb155. Similarly, investigators have set out to 
improve lymphangiogenesis in other models with lym-
phatic insufficiencies. Treatment with VEGF-C reduced 
intraocular pressure and restored heart function after 
myocardial infarction in mouse models145,147.

Lymphangiogenesis can also be pathological. The cor-
nea is avascular, but during cornea transplants there is 
often both angiogenesis and lymphangiogenesis, which 
is considered a poor prognostic factor156. In preclinical 
models, blocking lymphangiogenesis in a corneal graph 
improved the survival of the transplant157,158. In this case, 
the regenerating lymphatics in cornea grafts deliver 
immune infiltrates that orchestrate graft rejection159.

It is now well-established that lymphatic dysfunc-
tion is an important factor in many disease states, and 
advances in imaging have allowed for the functional 
assessment of lymphatics, both preclinically and clin-
ically. Preclinically, lymphatic contraction is inhibited 
in obesity160 and inflammation44. Clinically, Dercum 
disease (adiposis dolorosa)161, chronic venous insuffi-
ciency162, and lymphoedema163 demonstrate lymphatic 
contraction deficiencies. Moreover, in intestinal inflam-
mation, a model of inflammatory bowel disease, lym-
phatic contraction can be restored with glibenclamide, 
which targets potassium channels located on LMCs164.
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The preponderance of research is centered on under-
standing how lymphatics respond to a disease state or 
condition such as inflammation, whereas other investi-
gations focus on how lymphatic dysfunction can drive 
disease. The most notable example of lymphatic dys-
function driving pathology and dysfunction is primary 
lymphoedema, which arises from a genetic mutation 
associated with loss of function in some component of 
the lymphatic vessel (such as the valves165 or VEGFR-3 
(REF. 166)). However, preclinical work has shown that, at 
least in murine models, lymphatic malformations can 
lead to consequences other than lymphoedema. For 
instance, mice with haploinsufficiency in a gene essen-
tial for induction of the LEC phenotype (Prox1) were 
found to be a model for both lymphatic dysfunction 
and adult-onset obesity. Prox1+/− mice have tortuous and 
leaky lymphatic vessels and manifest increased fat stores 
in lymphatic-rich regions; furthermore, lymph collected 
from Prox1+/− mice promoted adipogenesis in vitro167. 
Similarly, Chy mice that are Vegfc haploinsufficient 
have lymphatic insufficiency, increased cutaneous fat 
deposition, chylous ascites and lymphoedema168.

Conclusions
Although lymphatics have long been recognized as 
important in the pathogenesis of inflammatory arthritis, 
this area of research has only in the past 10 years been 

enabled by longitudinal imaging, as described above. A 
high priority is investigation of the synovial lymphatic 
system, which originated from research aimed at eluci-
dating the nature of the waxing and waning joint pathol-
ogy characteristic of relapsing flare in RA127,128. Mounting 
evidence demonstrates that lymphatic dysfunction 
exacerbates arthritic flare and disease progression in 
RA. Murine models have demonstrated that dramatic 
changes in lymphatic vessel function occur during the 
pathogenesis of inflammatory arthritis; these changes 
include an initial compensatory expanding phase in 
which the lymph node expands in size and lymphatic 
contraction and clearance are proficient, followed by 
a collapsed phase in which lymph nodes decrease in 
volume and there is a loss of the intrinsic lymphatic 
contraction. This dichotomy is mirrored by joint inflam-
mation, where knee inflammation is not apparent until 
the collapsed phase, suggesting that targeting lymphatic 
function could be a potential treatment option and a 
promising area for future research.

Initial studies in patients demonstrate that alterations 
in the lymph nodes and lymphatic vessel function occur 
in RA. Moreover, NIR-ICG imaging can quantify lym-
phatic vessel function in patients, and permits identi-
fication of those who are likely to respond to specific 
treatments. Thus, we anticipate that therapies targeting 
lymphatic function will prove efficacious in RA.
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Although Behçet syndrome is increasingly being recog-
nized, investigated and effectively managed, its aetiology 
remains unclear. Indeed, the difficulty in developing uni-
versal classification criteria stems from the geographical 
variation in prevalence and disease expression in addi-
tion to the accumulating evidence that Behçet syndrome 
has several clinical subsets. Paradoxically, the more we 
learn, the more difficult our task of understanding 
Behçet syndrome becomes. Perhaps for this very rea-
son, we prefer, contrary to the prevailing view, to refer 
to Behçet’s as a syndrome rather than a disease. Here, we 
discuss the emerging, most-recent evidence on the aetiol-
ogy, manifestations and epidemiology of this syndrome. 
We also include updated information on prognosis and 
management for practicing rheumatologists.

Disease definition and differential diagnosis
As virtually no unique histological or laboratory fea-
tures have been identified to help in diagnosis, clinical 
features are instead used to define and diagnose Behçet 
syndrome (TABLE 1). Although the International Study 
Group Criteria for Behçet Disease (ISBD) criteria1 are 
the most widely used criteria, two important limitations 
should be noted. Firstly, of the patients with Behçet syn-
drome who were used to formulate the criteria, close 
to 80% of patients were from the Middle East (where 
associated gastrointestinal involvement is infrequent2). 
Furthermore, the control group mainly comprised 
patients with various connective tissue diseases and 
not with Crohn’s disease or ulcerative colitis; this might 

have occurred owing to simple oversight or because 
distinguishing Behçet syndrome from Crohn’s disease 
is difficult. Secondly, the ISBD criteria did not consider 
symptom prevalence or syndrome prevalence, which 
is important given the settings in which these criteria 
were going to be used. To address these issues, a new set 
of criteria for classification and/or diagnosis of Behçet 
syndrome has been developed3, but, like the ISBD cri-
teria, does not take into consideration the baseline 
probability of any one person having Behçet syndrome 
in the geographical region where these criteria will be 
used. This fact is important because Behçet syndrome 
shows marked geographical differences in prevalence  
(see below, Epidemiology). Importantly, referring to 
disease criteria as classification criteria rather than 
diagnostic criteria does not solve the issue of pre-test 
probabilities. We argue that separate classification and 
diagnostic criteria are unrealistic because a diagnosis 
is nothing more than the application of classification 
criteria in an individual patient4.

Behçet syndrome, like all other syndromes, is a con-
struct and we propose this construct has both strong 
and weak elements (TABLE 2). We define a strong element 
as a feature that attempts to define Behçet syndrome as 
a distinct nosological entity — that is, a pathological 
condition with a unique pathogenesis and more or less 
unique features that distinguish it from other pathological 
conditions. By contrast, the weak elements are those fea-
tures that point to more than one common pathogenetic 
mechanism5. In addition, contrary to the strong elements, 
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view
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Abstract | The presence of symptom clusters, regional differences in disease expression and 
similarities with, for example, Crohn’s disease suggest multiple pathological pathways are 
involved in Behçet syndrome. These features also make formulating disease criteria difficult. 
Genetic studies have identified HLA‑B*51 to be the important genetic risk factor. However, the 
low prevalence of HLA‑B*51 in many patients with bone fide disease, especially in non-endemic 
regions, suggests other factors must also be operative in Behçet syndrome. This consideration is 
also true for the newly proposed ‘MHC-I-opathy’ concept. Despite lacking a clear aetiological 
mechanism and definition, management of manifestations that include major vascular disease 
(such as Budd–Chiari syndrome and pulmonary artery involvement), eye disease and central 
nervous system involvement has improved with the help of new technology. Furthermore, even 
with our incomplete understanding of disease mechanisms, the prognoses of patients with 
Behçet syndrome, including those with eye disease, continue to improve.
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the value of weak elements in differential diagnosis might 
differ. Although the presence of subgroups are among the 
weak elements we list in TABLE 2, they can be useful in diag-
nosis. For example, the sudden onset of severe headache 
in a patient with inferior vena caval thrombosis in Behçet 
syndrome should immediately alert us to the possibility of 
the presence of a dural sinus thrombosis6.

Strong elements
Behçet syndrome is rarely present in the absence of a his-
tory of recurrent oral ulceration1. As such, it is an essen-
tial element of the construct because its absence strongly 
suggests another diagnosis. Three other strong elements 
have become apparent during the formal data analyses 
for the ISBD criteria1 in which the presence of genital 
ulcers, pathergy (whereby a skin prick a develops into 
a papule or a pustule) and eye involvement have shown 
highest numerical discriminatory value to be included in 
the criteria set. Furthermore, a subsequent factor analy-
sis7 revealed that eye disease by itself without other vari-
ables was disease-defining for Behçet syndrome among  
13 other variables examined. Indeed, eye disease as a 
strong element was also recently supported by a study 
from Tugal-Tutkun et al.8 in which ophthalmologists 
examining retinal photographs from patients and suita-
ble diseased controls could identify ocular signs of Behçet 
syndrome that could be considered diagnostic even in 
the absence of other clinical information. Recurrent 
genital ulcerations had the highest discriminatory value 
in the ISBD criteria. Morphologically, they are similar to 
oral ulcers, but are deeper, larger and can take longer to 
heal. Genital scarring is usually strong evidence of the 
presence of Behçet syndrome. Interestingly, these lesions 
specifically locate on the scrotum in men and in the labia 
in women9, but are more-severe in men10. Finally, recent 
evidence suggests that testosterone increases neutrophil 
activity in Behçet syndrome11.

We also consider major vascular disease12–14 and 
parenchymal neurological involvement as strong ele-
ments. These manifestations are relatively rare compared 
with skin and mucosal lesions and eye disease, but owing 
to their unique features have substantial value in differ-
ential diagnosis. For example, pulmonary or peripheral 
arterial aneurysms in a young man (<45 years of age) in 
an endemic area is very suggestive of Behçet syndrome15. 
In addition, extensive lesions involving the brainstem, 
basal ganglia or isolated brainstem atrophy are quite 
unique to and diagnostic of Behçet syndrome16–18.

Weak elements
Gastrointestinal involvement in Behçet syndrome is 
one of the four weak elements of the construct (TABLE 2). 
Distinguishing Behçet syndrome from other inflamma-
tory bowel diseases can be extremely difficult19 unless 
other pathologies are present. For example, a study of 
pathergy in our centre revealed ~10% of patients with 
inflammatory bowel disease who also had features of 
Behçet syndrome tested positive to the pathergy skin 
test, showing how difficult it can be to differentiate 
Behçet syndrome from inflammatory bowel diseases 
in general20. Additionally, an Immunochip gene- 
association study among Turkish, Japanese and Iranian 
patients with Behçet syndrome identified significant 
risk loci in common with Crohn’s disease21, supporting 
a common disease mechanism. Accordingly we pro-
pose gastrointestinal manifestations are weak elements 
in the diagnosis.

Another weak element of the construct of Behçet syn-
drome is the marked geographic variation in its prevalence 
and severity. Usually, less-severe disease expression is 
observed in non-endemic areas (see below, Epidemiology 
section). Although this variation could be the result of 
differing environmental and/or genetic factors affecting 
disease expression, the possibility of different disease 
mechanisms causing similar phenotypes cannot be ruled 
out given what we understand about Behçet syndrome.

We had previously divided Behçet syndrome into 
disease clusters or subtypes5 based on the tendency of 
certain features to cluster together. Two such clusters 
are acne–arthritis–enthesitis and vascular disease sub-
sets. The acne–arthritis–enthesitis subset22 could have 
been the main reason for the initial inclusion of Behçet 
syndrome among the seronegative spondyloarthriti-
des23 by the virtue of some shared clinical features. More 
recently, interest in this subset has reemerged24 (see below, 
MHC-I-opathy section). The vascular disease subset has 
received increased attention perhaps owing to a wider 
use of imaging to assess patients. Although vascular 
manifestations tend to cluster together during the disease 
course13, which suggests more than one common patho-
genetic mechanism, these can be helpful in diagnosing 
Behçet syndrome. For example, the onset of haemoptysis 
in a patient with suspected Behçet syndrome alerts to the 
presence of a pulmonary artery aneurysm rather than 
pulmonary emboli, which are not common in Behçet 
syndrome probably owing to the adherent nature of the 
venous thrombi seen in this condition12.

Finally, we consider the different response to various 
drugs as weak element in our construct. The effectiveness 
or ineffectiveness of a certain agent to control various 
manifestations of a disease can give us clues about the 
underlying disease mechanisms25. For example, colchi-
cine is useful for arthritis and erythema nodosum but not 
particularly effective for skin-mucosa ulcers26 whereas 
thalidomide is good for oral ulcers but can exacerbate 
the erythema nodosum27. In addition, etanercept is 
excellent for treating oral ulcers but has no effect on the 
pathergy reaction28. We consider these varying responses 
as another indicator of our proposal that more than one 
disease mechanism is operative in Behçet syndrome.

Key points

• Both the disease presentation and evidence from basic studies suggest more than one 
pathogenetic mechanism is involved in Behçet syndrome. Recognized vascular 
manifestations in Behçet syndrome include venous claudication, bronchial arterial 
collaterals (causing haemoptysis) and ‘silent’ Budd–Chiari syndrome

• The diagnostic specificity of certain manifestations, such as eye disease or vascular 
involvement, might be more pathognomonic than other manifestations, such as 
gastrointestinal ulcerations

• In considering the clinical and the basic science findings in Behçet syndrome, the 
weight of evidence suggests Behçet syndrome should not to be grouped with other, 
seemingly related, conditions
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As is perhaps true in any other disease of unknown 
aetiology, more information is needed before we are able 
to develop precise classification or diagnostic criteria. In 
the meantime, we propose that the weak elements of the 
construct of Behçet syndrome tell us we should continue 
to evaluate emerging aetiological clues carefully.

Aetiology and pathogenesis
As for many other inflammatory rheumatological diseases 
of unknown aetiology, Behçet syndrome had been consid-
ered an autoimmune disease for many years. Supportive 
of this notion were data showing T cell responses to heat 
shock proteins of Streptoccus spp. and Mycobacterium 
tuberculosis as well as autoantibodies against endo thelial 
cells, enolase and retinal S-antigen. However, these events 

were generally considered to only be related to tissue 
injury and not directly to the disease pathogenesis29. 
Some clinically important differences between Behçet 
syndrome and other autoimmune diseases have also been 
noted, including sex differences in disease expression and 
a lack of comorbidities with other autoimmune diseases30. 
Interestingly, antibodies to human and mouse neurofibrils 
that crossreact with Streptococcus spp. and M. tuberculosis 
heat shock proteins have recently been shown in Behçet 
syndrome31, bringing revived consideration of an adap-
tive immune response in the pathogenesis — as one 
would expect in an autoimmune disease.

Behçet syndrome has also been considered an auto-
inflammatory disease32. It is reasonable to consider 
Behçet syndrome as a polygenic autoinflammatory 

Table 1 | Features helpful in the differential diagnosis of Behçet syndrome

Feature Frequently confused with In Behçet syndrome

Oral ulcers Recurrent apthous stomatitis • More-painful, more-frequent and multiple ulcers
• Occasional major ulcerations (>1 cm in diameter), sometimes with involvement of 

the soft palate and oropharynx

Papulopustular lesions Acne vulgaris • Present on upper torso and on the extremities
• Persistent at older age (>40 years of age)

Genital ulcers Reactive arthritis and Herpes 
simplex virus infection or other 
sexually transmitted infections

• Scar-forming
• More-frequent on the scrotum and labia
• Rarely occur on the penis shaft, glans penis, cervix or vagina

Erythematous nodular 
lesions

Erythema nodosum due to a 
variety of causes

• Multiple, painful and recurrent lesions
• Occur in atypical areas (for example, face, buttocks, neck and forearms)
• Leave residual pigmentation
• Show evidence of vasculitis on histology

Non-granulomatous 
uveitis

Other causes of infectious and 
non-infectious uveitis

• Patients are more likely to be male and young (20–30 years of age)
• Bilateral and recurrent episodes that mainly involve the posterior pole with isolated 

anterior segment involvement in ~10% of patients85

• Characterized by smooth-layered hypopyon, superficial retinal infiltrate with 
retinal haemorrhages and branch retinal vein occlusion with vitreous haze

Lower extremity vein 
thrombosis

Idiopathic thrombosis, venous 
insufficiency and thrombophilia

• Patients are more likely to be male and young (20–30 years of age)
• Bilateral involvement with more-frequent relapses with incomplete recanalization 

and more collateral formation
• Both superficial and deep veins are involved
• Post-thrombotic syndrome and venous claudication are frequent

Budd–Chiari syndrome Idiopathic, associated with 
pregnancy or post-partum 
and associated with 
myeloproliferation

• Patients are more likely to be male and young (20–30 years of age)
• Frequent occlusion of the inferior vena cava rather than isolated occlusion of the 

hepatic veins
• ‘Silent’ presentation without ascites
• Vascular interventions are unsuccessful

Cerebral venous sinus 
thrombosis

Idiopathic, Crohn’s disease and 
associated with pregnancy or 
delivery

• Patients are mostly male and young (20–30 years of age)
• Subacute clinical onset is common
• Manifests less often with focal deficits and seizures
• Venous infarcts are rare

Parenchymal CNS 
involvement

Multiple sclerosis, sarcoidosis, 
lymphoma and tuberculosis

• Brainstem and/or basal ganglia are predominantly involved
• Lesions are large and confluent, extending from the brainstem to the diencephalon 

and basal ganglia
• Brainstem atrophy is almost pathognomonic

Pulmonary artery 
involvement (PAI), 
peripheral arterial 
or abdominal aortic 
aneurysms*

Takayasu arteritis or giant cell 
arteritis

• Patients are more likely to be male and young (<50 years of age) especially when 
associated with PAI

• Uniformly thrombosed
• Mostly multiple (PAI)
• Usually solitary (for peripheral or abdominal aneurysms)
• Associated with fever and increased acute phase response
• Occlusions are usually thrombotic
• Stenosis or occlusions owing to homogeneous concentric wall thickness are not 

compatible with Behçet syndrome
• Pulmonary arterial aneurysms are almost pathognomonic for Behçet syndrome
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disease when Crohn’s disease is considered as such. For 
example, pro-inflammatory IL-1β is increased in active 
Behçet syndrome, including in the aqueous humour33. 
Additionally, variants of MEFV (encoding pyrin, muta-
tions in which play a central part in inflammation in 
familial Mediterranean fever) as well as mutations in 
genes encoding the Toll-like receptors, which are impor-
tant in innate immunity34, are also present in a minority 
of patients with Behçet syndrome. However, the pro-
posed clinical similarities between Behçet syndrome and 
monogenic autoinflammatory diseases such as familial 
Mediterranean fever are not quite convincing35. Indeed, 
two paramount differences are that almost all autoin-
flammatory diseases begin in childhood whereas Behçet 
syndrome frequently begins after puberty and that 
prominent vasculitis is not a common feature of autoin-
flammatory conditions whereas at least in a major subset 
of those with Behçet syndrome patients display vascular 
involvement. Furthermore, IL-1β blockade, which has 
been quite successful in treating auto inflammatory dis-
eases, has not been convincingly successful in Behçet 
syndrome36.

Here, we propose that because a common and dom-
inant pathological factor for Behçet syndrome has not 
been identified, and that it is possible that there is no 
single common denominator, referring to Behçet’s as 
a syndrome rather than a disease is preferable. That is, 
the current evidence for disease definition and disease 
mechanisms in Behçet’s suggests ‘splitting’, in which 

searching for what is unique about Behçet’s, will be more 
fruitful than ‘lumping’ in which likeness with other con-
ditions is sought. We will briefly elaborate on ‘lumping’ 
in discussing attempts to consider Behçet syndrome as 
a MHC-I-opathy.

MHC‑I‑opathy?
The concept of seronegative spondyloarthritides (SpA) 
was introduced in 1974 to describe rheumatoid factor 
negative inflammatory arthritis, which predominantly 
involves the axial skeleton and sacroiliac disease. Patients 
with this group of diseases are also frequent carriers of 
HLA‑B*27. Initially, Behçet syndrome had been included 
in this group23; however, it was soon realized that patients 
with Behçet syndrome were carriers of HLA‑B*51 rather 
than HLA‑B*27 and that axial skeletal arthritis was not 
prominent in these patients, leading to the removal of 
Behçet’s from the SpA concept37. Recently, the debate on 
whether this classification was correct has been rekin-
dled, owing to two observations24. Firstly, important data 
have emerged that some of the inflammatory pathways 
considered operative in the seronegative SpA anky losing 
spondylitis (AS) and psoriatic arthritis (PsA), such as 
the IL-10 and IL-23–IL-17 pathways, have also been 
observed in Behçet syndrome24,38. Secondly, as men-
tioned, acne and arthritis commonly occur in patients 
with Behçet syndrome and these patients also commonly 
have enthesitis22, which is a phenotypic feature related to 
the SpA.

Table 2 | Strong and weak elements* to discriminate Behçet syndrome

Elements Explanation

Strong

Oral ulcers Absence strongly suggests another diagnosis

Eye disease • A top discriminatory finding in a formal analysis in formulating disease criteria1

• A disease-defining factor in a factor analysis 7
• Unique findings found by ophthalmologists masked to disease at other sites 8

Genital ulceration A top discriminatory finding in a formal analysis in formulating disease criteria1

Major vascular 
involvement

Pulmonary arterial aneurysms are almost unique to Behçet syndrome15

Parenchymal 
neurological disease

As shown in a comparative and masked study, isolated brainstem atrophy and lesions 
extending from the brainstem to basal ganglia are quite suggestive of Behçet syndrome16

Weak

Geographical variation 
in disease expression

• Gastrointestinal disease is more frequent in far-east Asia, especially in Japan, but rather 
infrequent in Turkey.

• By contrast, vascular disease is less common in far-east Asia than in Turkey and other 
Middle Eastern countries

• Milder disease has been reported among patients from non-endemic areas, such as the 
United States123

Association with Crohn’s 
disease

Difficult to distinguish from Crohn’s disease if extraintestinal manifestations are not 
present19

Distinct disease subsets • Vascular disease and acne–arthritis–enthesitis clusters are two important subsets5

• Presence of these subsets suggests that more than one common pathogenetic mechanism 
is operative

Different response to 
various drugs

Varying responses to immunosuppressive treatments could be another indicator of more 
than one disease mechanism in Behçet syndrome

*A strong element is defined as a feature that attempts to define Behçet syndrome as a distinct nosologic entity with a unique 
pathogenesis and more or less unique disease features. A weak element points to more than one common pathogenetic 
mechanism.
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Evidence in support of Behçet syndrome being 
related to AS and PsA also stems from the most impor-
tant genetic risk factor for Behçet syndrome, HLA‑B*51 
(REF. 24), which is an MHC class I allele. The gene was 
found to be epistatic with ERAP1, which encodes endo-
plasmic reticulum aminopeptidase 1 — a molecule in 
the endoplasmic reticulum that prepares (trims) pep-
tides for presentation to effector cells by MHC class I 
molecules38–40. Importantly, polymorphisms in ERAP1 
have also been reported as important as susceptibility 
loci for PsA and AS41,42. Mechanistically, altered trim-
ming of either exogenous (such as microbial) or endo-
genous peptides by the ERAP1 variants might render 
them disease- promoting or disease-preventing.

Given that Behçet syndrome, AS and PsA are asso-
ciated with variants in HLA genes encoding MHC 
class I, it is interesting to note that variants in these 
genes are also either disease-promoting (in AS) or 
disease-preventing (in Behçet syndrome24). This 
observation has led to the concept of ‘MHC-I-opathy’ 
(REF. 24), and is supported by the following observa-
tions. Firstly, the different HLA allele associations 
determine disease tissue-localized manifestations; for 
example, HLA‑B*51 is associated with eye or skin dis-
ease in Behçet syndrome, HLA‑C*0602 is associated 
with skin lesions and increased disease severity in PsA 
and HLA‑B*27 is associated with enthesitis and eye 
involvement in AS. Secondly, localized areas of stress, 
such as the entheses in AS and Behçet syndrome, or the 
skin, such as in the pathergy phenomenon in Behçet 
syndrome and the Koebner phenomenon in psoriasis 
are important in triggering innate immunity. Thirdly, 
the immune and inflammatory responses in these dis-
eases all share elements of both innate and adaptive 
pathways.

In the MHC-I-opathy concept, more weight is 
given to the innate immune response than to the adap-
tive immune response, suggesting that the adaptive 
response facilitates the induction of inflammation 
rather the inflammation driving the disease24. This 
emphasis is similar to that which has been placed on 
the innate immune response as central in the pathogen-
esis of AS and PsA43. The adaptive immune response 
aspect of the MHC-I-opathy concept is mediated by 
cytotoxic T cells, in which putative antigens presented 
by the MHC class I molecules activate T helper 1 (TH1) 
and TH17 cell pro-inflammatory activity24. However, 
other cell interactions might be culpable in the patho-
genesis of Behçet syndrome. For example, although 
altered antigen presentation by the MHC encoded by 
HLA‑B*51 in patients not carrying protective ERAP1 
polymorphisms is indeed important in causing tissue 
injury, the mechanism might not rely on cytotoxic 
T cells44. Instead, antigen presentation might occur 
mainly to natural killer cells44. Additionally, the pres-
ence of HLA‑B*51 does not readily explain the cytokine 
polarization profile observed in the condition44.

Not restricted to a discussion of the MHC-I-opathy 
concept, which does not seemingly assign a specific role 
to HLA‑B*51 in cytokine polarization44, a consideration 
of the mechanisms of cytokine control is also needed. 

In Behçet syndrome, the Janus kinase (JAK) and signal 
transducer and activator of transcription (STAT) path-
way is important45; Tulunay and colleagues investigated 
this canonical pathway in peripheral blood mononuclear 
cells from those with Behçet syndrome using whole- 
genome microarray profiling46. They observed increased 
JAK–STAT signalling in both CD 4+ T cells and CD4+ 
monocytes compared with the healthy controls. The 
authors speculated this signalling stems from activity 
of TH1 and TH17-type cytokines, such as IL-2, IFNγ, 
IL-6, IL-17 and IL-23, and not through TH2 cell activa-
tion as one would expect in an MHC class II-associated 
autoimmune disease.

A microbial trigger?
As in other inflammatory conditions of unknown aetiol-
ogy, interest in finding a microbial cause for Behçet syn-
drome has been pursued47. However, thus far no single 
pathogen has emerged as a likely candidate. Oral infec-
tions, which had originally been proposed by Behçet 
himself to be a trigger48, have continued to be proposed 
as disease-inciting49. A collaborative study, the first for-
mal microbiome study in Behçet syndrome50, proposed 
a distinct salivary signature. This study revealed less bac-
terial diversity in individuals with Behçet syndrome than 
among healthy controls; in a subset of patients, perio-
dontal treatment corrected the oral health issues but 
not the bacterial distribution. Whether these findings in  
the oral flora are causative of Behçet syndrome or a  
consequence of the condition is unclear51.

The intestinal microbiota are also beginning to be 
studied in Behçet syndrome and a proposal for a spe-
cific microbiome signature — namely, a paucity of 
genera Roseburia and Subdoligranulum along with a 
decrease in butyrate production — has been made and, 
more recently, an abundance of bifidobacteria has been 
described52,53. In line with these findings, mutations in 
FUT2, which encodes the fucosyltransferase 2 present  
in intestinal and oral epithelial cells, has been reported in 
Behçet syndrome54 — similar to what has been reported 
in patients with Crohn’s disease55. Epithelial α1,2-fucose 
molecules formed by the enzymatic action of fucosyl-
transferase 2 are important to bacterial symbiosis in the 
gut and also form a barrier against pathogenic bacteria56; 
mutations in FUT2 impair this barrier.

Epigenetics
Epigenetic information is becoming increasingly avail-
able in Behçet syndrome. For example, differential 
methyl ation of genes associated with cytoskeletal remod-
elling and cell adhesion in circulating CD4+ T cells and 
monocytes have been identified in patients with Behçet 
syndrome57. Importantly, these changes revert to normal 
after treatment, particularly for genes involved in micro-
tubule structure (KIFA2 and TPPP)58, suggesting that, 
with further validation, methylation patterns might be 
useful as biomarkers or theurapeutic targets.

Micro RNAs, another main form of epigenetic 
influence have also been studied. TH17 cell effects have 
attracted particular attention in the light of miR-155 
expression; however, the work is still in its nascent state 

R E V I E W S

NATURE REVIEWS | RHEUMATOLOGY  VOLUME 14 | FEBRUARY 2018 | 111

©
 
2018

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved. ©

 
2018

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.



and the results are somewhat conflicting58. In brief, 
epigenetic influences are particularly important and 
deserve more attention in Behçet syndrome in that they 
might be instrumental in explaining the geographical 
and envorinmental differences that are prominent in  
this condition59.

Summary
As we try to outline above, there is more to know 
about the disease mechanisms in Behçet syndrome. 
Importantly, we currently have much better insight about 
how HLA‑B*51, the most established risk factor for 
Behçet syndrome, might be operative in patho genesis. 
On the other hand, the frequency of HLA‑B*51 is ~60% 
even in areas where Behçet syndrome is endemic60 and 
is much lower in other regions. This frequency certainly 
implies the HLA B*51 association cannot wholly explain 
what we call Behçet’s today. Furthermore, none of the 
data discussed adequately address important manifes-
tations of Behçet syndrome, such as thrombosis (with 
its resistant thrombi61) or the unique parenchymal brain 
disease. Taken together, we consider the current evi-
dence supporting the notion that Behçet’s is a syndrome 
rather than a disease.

Epidemiology
Further underlying the complexity of classification and 
definition of Behçet syndrome are regional differences 
in disease expression. Behçet syndrome is sometimes 
referred to as the Silk Route disease because of its fre-
quency in the Middle East and far-east Asia (FIG. 1); these 
regions have traditionally been considered the endemic 
areas for the condition62. However, increasing aware-
ness of the condition along with the recent increases 
in human migration is changing this view. For exam-
ple, Behçet syndrome was traditionally viewed as very 
rare among black individuals, but a study from Dakar, 
Senegal, reported a case series of 50 patients with Behçet 
syndrome with a proposed yearly incidence of 3.84 per 
100,000 population63. Another study showed that 70% 
of patients in southern Sweden were of non-Swedish 
ancestry64; studying immigrant populations in tradition-
ally non-endemic areas can provide useful insights into 
gene–environment interactions and enable us to identify 
environmental and perhaps modifiable risk factors.

For example, both Germany and the Netherlands 
have sizeable Middle-Eastern immigrant populations65,66. 
In both countries, the prevalence of Behçet syndrome 
among immigrants is lower than that reported in 
their countries of origin, but higher than that among 
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China
14.0

Japan
11.9

Saudi Arabia
20.0

Turkey
370.0

United States
5.2

France
• Overall 7.1
• European descent 2.4
• North African descent 34.6
• Asian descent 17.5
• Sub-Saharan African descent 5.1
• Non-continental French 6.2

Germany
• German descent 1.5
• Non-German European

descent 26.6
• Turkish descent 77.4

Portugal 1.5
Spain 6.4

United
Kingdom

0.64

Iraq
17.0

Iran
80.0

Egypt
7.6

Israel 
• Overall 15.2
• Druze descent 146.4
• Arabic descent 26.2
• Jewish descent 8.6

Italy
• Northern Italy 3.8
• Southern Italy 15.9

Figure 1 | The prevalence of Behçet syndrome. Prevalence (shown as people per 100,000 population) of Behçet 
syndrome is higher along the ancient Silk Route (for example, Turkey, Iran, Japan and Korea) than in other parts of the 
world123. Prevalence also increases from north to south, with much lower figures in the United Kingdom than in Italy and 
Spain. Immigration patterns also seem to have an increasing influence on Behçet syndrome prevalence in Europe and 
have provided interesting insights. For example, studies from Germany and the Netherlands have shown that although 
prevalence is higher in immigrant populations than the general German or Dutch populations, this prevalence is 
somewhat lower than that in the countries of origin65,66.
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native Germans and Dutch65,66. The Dutch study  
from Rotterdam reported that a minority of patients from 
immigrant backgrounds (14 out of 72 patients, 19%) 
were indeed born in the Netherlands66. Accordingly, it 
would be of interest to know the prevalence among those 
who had recently migrated to the Netherlands compared 
with second-generation or third-generation immigrants 
to better understand the role of environment factors in 
pathogenesis.

In contrast with the German and Dutch studies, data 
from immigrants living in Paris, France, have indicated 
that the frequency of Behçet syndrome is not different 
than that in the countries of origin67, which would pro-
vide another avenue for understanding the influence 
of environmental factors on prevalence. However, the 
study was a survey-based report in socially under- 
privileged areas of Paris, which raises the possibility of 
socio economic factors influencing the results. 

In the United States, an estimated prevalence of 5.2 
per 100,000 population was reported between 1996 and 
2005 (REF. 68). Contemporary US data has been collected 
in New York, New York, since 2005 (REF. 69). Among 313 
consecutive patients, those with a northern European 
background had more gastrointestinal disease (81 out of 
172 patients, 47%) compared with the group of patients 
who were ethnically from endemic areas (40 out of 141 
patients, 28%); this difference was statistically signifi-
cant (P = 0.001)69. For the whole New York cohort, less 
eye disease and vascular involvement than other centres 
from Turkey and Japan was reported69. Approximately 
one-third of patients had eye disease in each group; 
interestingly with only one blind eye in total. Similarly, 
milder disease has also been reported among patients 
from other non-endemic areas70.

Clearly, more comparative epidemiology work is 
needed in Behçet syndrome to guide us in diagnosis, 
for fair allocation of resources and perhaps decipher 
the disease mechanisms in this very complex condition. 
Perhaps in comparative formal hospital- based surveys, 
which use the frequencies of other diseases, such as 
rheumatoid arthritis, that do not have apparent differ-
ences in frequency across different geographies, Behçet’s 
can be of help71.

Clinical manifestations
Clinical manifestations in Behçet syndrome are variable 
and characterized by unpredictable periods of recur-
rences and remissions, although the frequency and 
severity tend to abate with time. Skin-mucosa lesions 
are the most common manifestation and are usually 
the presenting symptoms, whereas ocular, vascular and 
neurological involvement are less common but more 
serious10,12,14,17,18. The overall mortality rate of patients 
with Behçet syndrome is significantly increased among 
younger men (<25 years of age) and early in the disease 
course among those with major organ involvement. In 
a 20 year follow-up study of a large inception cohort in 
our dedicated clinic (n = 428, of which 286 were male 
and 142 were female), a total of 42 (39 male, 3 female) 
patients had died at the end of the survey10. Age-matched 
standardized mortality ratios were specifically increased 

among young males (that is, the 14–24 years of age 
and 25–34 years of age groups) whereas older males 
(35–50 years of age) and females had a normal lifespan. 
Furthermore, the mort ality rate was highest early after 
disease onset (the first 7 years) and had a tendency to 
decrease with time. Major causes of mortality were 
large vessel disease and parenchymal central nervous 
system (CNS) disease. Later, a French group showed 
a mortality rate of 5% during a median follow-  up of 
8 years in a cohort of 817 patients72. Factors associ-
ated with mortality in this study were similar to what  
we observed10.

Quality of life is impaired in Behçet syndrome, with 
fatigue being an important problem that is correlated 
with quality of life, disease activity, depression, anxiety 
and physical functioning73–76. Suicidal ideation is more 
frequent among patients with major organ involvement; 
pain, impaired quality of life, depression, CNS involve-
ment and past prednisolone use have been shown to be 
independent predictors of suicidal ideation77.

Oral ulceration
Oral ulcerations are usually the first as well as the most 
frequent symptoms. Minor aphthous ulcers (<10 mm in 
diameter) are the most common type. Although quite 
similar to recurrent aphthous stomatitis, oral ulcers in 
Behçet syndrome could be multiple, more painful and 
more frequent. Local trauma, certain types of food, 
menstruation and cessation of smoking are described as 
triggering factors78. The frequent occurrence of attacks 
of oral ulceration during early Behçet’s was found to pre-
dict the development of major organ involvement among 
male patients79. Oral ulcers continue to develop for many 
years after disease onset80, but all other manifestations 
usually resolve10.

Eye involvement
Lesions — such as a smooth-layered hypopyon (a leu-
kocytic exudate in the anterior chamber of the eye), 
superficial retinal infiltrates with retinal haemorrhages 
and branch retinal vein occlusion with vitreous haze — 
were identified as pathognomonic for Behçet syndrome 
uveitis as indicated above8. Specialized imaging tech-
niques such as optical coherence tomography (OCT) 
and fluorescein angiography are becoming useful tools 
in the diagnosis and assessment of disease activity81–83. 
Additionally, central foveal thickness has been suggested 
as a non-invasive measure to assess inflammatory activ-
ity in early uveitis82 and localized non-glaucomatous ret-
inal nerve fibre layer defects, as an indicator of posterior 
pole involvement83.

The prognosis of eye disease has improved in recent 
years. For example, Chung et al.84 reported that mean 
visual acuity was better among patients whose first 
visit to a dedicated Behçet syndrome clinic in Korea 
was between 2004 and 2010, than those who registered 
between 1994 and 2000. Similarly, Cingu et al.85 reported 
that the risk of losing useful vision was lower in patients in  
Turkey who presented between 2000 and 2004 than  
in patients who presented between 1990 and 1994. They 
observed that the risk of having loss of useful vision at 
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3 years of follow-up decreased from 27.6% (43 out of 
156 eyes) in the 1990s to 12.9% (26 out of 201 eyes) in 
the 2000s. In line with this finding, risk of having loss of 
useful vision was 13% at 10 years of follow-up in a study 
by Taylor et al.86 in the United States and 14.4% at 1-year 
of follow-up in a study by Accorinti et al.87 in Italy.

Vascular involvement
Except for non-pulmonary arterial disease, which occurs 
at a later age (≥40 years of age), 75% of patients with 
Behçet syndrome experience their first vascular event 
within 5 years of disease onset13. Additionally, the cumu-
lative relapse rate of vascular events was found to be 23% 
at 2 years and 38% at 5 years13. In the vascular subset 
(see above and TABLE 2), several types of vascular man-
ifestation tend to occur in the same individual, creating 
statistically significant associations across all patients; 
for example, cerebral venous sinus thrombosis and pul-
monary artery involvement (PAI) tend to co-occur, as 
do intracardiac thrombosis and PAI, and Budd–Chiari 
syndrome and inferior vena cava syndrome12–14.

Lower extremity vein thrombosis (superficial and 
deep) is the most common form of vascular involve-
ment and leads to severe post-thrombotic syndrome and 

venous claudication88 (FIG. 2a). PAI can manifest as pul-
monary arterial aneurysms and single in situ pulmonary 
arterial thromboses12 (FIG. 2b). A wide range of pulmo-
nary parenchymal lesions such as nodules, consolidations 
and cavities are also part of the vascular manifestations12. 
Mild elevation of pulmonary arterial pressure can be 
associated with PAI89 and bronchial arterial collaterals 
emerge as another cause of haemoptysis in patients with 
Behçet syndrome who are in remission90. Aneurysms 
or thromboses can regress in ~70% of patients with 
immuno suppressive treatment12. The relapse rate is ~20% 
and mortality rate is ~25% at 7 years, despite tight control 
of disease activity, frequent medical visits and aggressive 
management12. Increased diameter of the aneurysms 
and high pulmonary arterial pressures at presentation 
are poor prognostic factors for survival12.

Budd–Chiari syndrome mostly involves the inferior 
vena cava (the suprahepatic and hepatic segments) and 
the hepatic veins. In patients who present with ascites 
(FIG. 2c), the mortality rate is ~60% within a median of 
10 months after diagnosis14. However, in some patients, 
Budd–Chiari syndrome develops gradually without 
ascites. Imaging studies using ultrasonography or CT 
show that these individuals have efficient collateral for-
mations. These ‘silent’ patients have more favourable 
outcomes, with <10% expected mortality at 7 years14.

CNS involvement
CNS disease occurs in 5–10% of patients with Behçet 
syndrome, mostly in the form of parenchymal brain 
involvement. Brainstem involvement is the most char-
acteristic type of involvement. Pyramidal signs, hemi-
paresis, behavioural–cognitive changes, sphincter 
disturbances and/or impotence are the main clinical 
manifestations of CNS involvement. Psychiatric problems 
might also develop in some patients91.

Sometimes, the clinical presentation of CNS disease 
in Behçet syndrome can be taken for multiple sclero-
sis, in which case MRI findings are helpful91. In contrast 
to the large extensive lesions of CNS involvement in 
Behçet syndrome, multiple sclerosis has more discrete 
and smaller brainstem lesions. Optic neuritis, sensory 
symptoms and spinal cord involvement, which are com-
mon in multiple sclerosis, are seldom observed in Behçet 
syndrome. White matter lesions are also different: in 
multiple sclerosis, lesions tend to be supratentorial and 
periventricular with corpus callosum involvement, 
whereas in Behçet syndrome, lesions are small, bihemi-
spheric and subcortical. The cerebrospinal fluid patterns 
also differ: pleocytosis is more prominent in multiple 
sclerosis, whereas oligoclonal band positivity (that is, 
the gold-standard test for multiple sclerosis) is rarely 
observed in Behçet syndrome91.

Compared with patients with multiple sclerosis, 
patients with Behçet syndrome who have CNS involve-
ment have poorer performance on several measures of 
cognitive status92. Moreover, a subgroup of patients with 
Behçet syndrome may present with multiple sclerosis- 
like features on MRI93. These patients were more likely 
to be female, to have increased number of neurological 
attacks, to have a higher rate of oligoclonal band and to 
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Figure 2 | Vascular involvement in Behçet syndrome. Vascular involvement is an early 
and relapsing event in Behçet syndrome and occurs in up to 40% of patients. 
a | Ulceration on the distal tibia in a 34‑year‑old male patient. Superficial and deep 
femoral vein thromboses were the initial symptoms, which recurred despite 
immunosuppressive treatment. Eventually, post-thrombotic syndrome with ulceration, 
oedema, induration, hyperpigmentation and superficial skin collaterals developed. 
b | Bilateral, multiple pulmonary arterial aneurysms (arrows) on a CT scan of a 28‑year‑old 
male with Behçet syndrome who presented with haemoptysis, chest pain, dyspnoea and 
fever. Additionally, mural thrombosis inside the aneurysms can be observed. c | Thorax of 
a 26-year-old male with juvenile-onset Behçet syndrome who presented with ascites, 
abdominal pain and fever. The hepatic segment of the inferior vena cava and all three 
hepatic veins were occluded with thrombi. Intensive immunosuppressive treatment 
resolved most of the symptoms, although he subsequently developed bilateral 
gynaecomastia and diffuse abdominal collaterals, which can be ascribed to residual mild 
liver insufficiency.

R E V I E W S

114 | FEBRUARY 2018 | VOLUME 14 www.nature.com/nrrheum

©
 
2018

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved. ©

 
2018

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.



have less pleocytosis. This implicates that disease mech-
anisms in multiple sclerosis and Behçet syndrome might 
be similar. Finally, quantitative analy sis of the brainstem 
by MRI has been suggested as an effective diagnostic tool 
for, as well as in monitoring the evaluation of disease 
activity in, chronic progressive Behçet syndrome with 
CNS involvement94 (FIG. 3).

Finally, Noel et al.95 investigated the outcomes of 
a large cohort of patients (n = 115) with CNS involve-
ment, excluding dural sinus thrombosis. The authors 
found that after a median follow-up of 6 years, 30% of 
patients relapsed after immunosuppressive treatment, 
25% of patients became dependent on care takers and 
10% had died95.

Gastrointestinal involvement
Gastrointestinal involvement in Behçet syndrome 
resembles Crohn’s disease in its presentation, with 
abdominal pain and diarrhoea that may be accompanied 
by bleeding, and is an uncommon manifestation in geog-
raphies other than in far-east Asia2. Behçet syndrome 
usually causes round or oval ulcers most commonly 
in the terminal ileum96. Ulcers are usually deep, large 
and single with a tendency to perforate or cause mas-
sive bleeding. Mucosal biopsies show chronic or active 
mucosal inflammation as well as vasculitic findings in a 
small proportion of patients96. Faecal calprotectin levels 
are associated with disease activity, similar to Crohn’s 
disease97. Even with treatment, relapses may occur in 
~20% of patients96.

Management and outcome measures
The goals of management in Behçet syndrome are to  
rapidly suppress inflammatory exacerbations and  
to prevent relapses to maintain good quality of life  
and preserve organ function. A treat-to-target strategy 
has not been well established owing to a lack of stand-
ardized outcome measures that define remission, low 
disease activity or a target score (or level of change from 

baseline) that predict a better outcome. Although sev-
eral outcomes and outcome measures have been used in 
clinical trials, many of these have not been validated or 
widely accepted98. The variability in outcomes and out-
come measures has made it difficult to compare the effi-
cacy of treatment modalities and help make treatment 
decisions99. Furthermore, the assessment of Behçet syn-
drome is complicated owing to the frequently relapsing 
but less-disabling skin, mucosal and joint involvement 
against a backdrop of the less-frequent but more- serious 
(and even life threatening) nature of major organ 
involvement. Efforts are ongoing to develop a core set of 
outcome measures for Behçet syndrome clinical trials100.

Despite these difficulties, management can still be 
individualized depending on what we know regarding 
the prognoses of patients with Behçet syndrome. This 
approach is also emphasized in the 2016 EULAR recom-
mendations101. Younger patients and male patients who 
have higher risk of severe disease should be followed- up 
closely for the development of major organ involvement 
and treated aggressively when such involvement is noted.

Skin, mucosal and joint involvement
The management of patients with only skin, mucosal 
and joint involvement is determined by the frequency 
and severity of their lesions and the extent to which these 
lesions impair their quality of life. The patient’s percep-
tion and preferences are important in making treatment 
decisions as these lesions do not cause damage and are 
neither organ-threatening nor life-threatening.

Topical treatments such as corticosteroids help to 
decrease the severity and duration of lesions and can 
be used without the need of continuous systemic treat-
ment in patients whose recurrences are infrequent and 
do not cause much discomfort. Systemic treatment 
modalities are used when it is necessary to prevent 
recurrences. Colchicine is usually the initial choice of 
treatment owing to its safety profile and low cost (FIG. 4). 
However, it has limited efficacy, especially for oral ulcers. 

Figure 3 | CNS involvement in Behçet syndrome. Cranial MRI scans a 30-year-old male patient with Behçet syndrome of 
12 years’ duration. Central nervous system (CNS) involvement began 10 years after diagnosis with severe headache, 
speech difficulties, swallowing problems and cognitive disturbances. a | MRI T2‑weighted axial sequence show pontine 
(arrow) and cerebellar (arrowhead) atrophy. b | Also evident are an ischaemic lesion on the pons (arrow) and fourth 
ventricle dilatation (arrowhead), which are other characteristic lesions of brainstem atrophy. c | Sagittal sequence similarly 
shows the same lesions (arrow).

a b c
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Lactobacilli lozenges might be used102. Apremilast (a 
phosphodiesterase 4 inhibitor) was shown to be rel-
atively safe and effective for oral and genital ulcers103. 
Thalidomide, IFNα and etanercept are other alternatives 
for refractory skin, mucosal and joint lesions27,28,104.

In terms of emerging treatments, a small open- label 
study of anakinra (an IL-1 receptor antagonist) for 
skin-mucosa involvement showed that only two out of six 
patients had no oral ulcers on two consecutive monthly 
visits105. The dose had to be increased (to 200 mg per 
day from 100 mg per day) in all but one patient after 
1 month. Additionally, an open-label prospective study 
of ustekinumab (which inhibits IL-12 and IL-23) showed 
a decrease in the median number of oral ulcers from two 
ulcers to one ulcer after 12 weeks106.

Major organ involvement
Patients with major organ involvement should be treated 
effectively to prevent damage. Posterior uveitis is man-
aged with immunosuppressive agents such as azathio-
prine, ciclosporin, IFNα and anti-TNF antibodies (such 
as infliximab) together with glucocorticoids. The deci-
sion to use IFNα or anti-TNF agents as first-line treat-
ment or to save these for patients with uveitis who fail 
or relapse on azathioprine and/or ciclosporin depends 
on the severity of the eye involvement, experience of the 
physician and reimbursement policies. Furthermore, 
head-to-head controlled trials are needed to demon-
strate the superiority of IFNα or anti-TNF agents in 

Behçet syndrome and to identify any patient character-
istics that would mandate the use of one of these agents 
or the other.

Anti-IL-1, anti-IL-6 and anti-IL-17 agents have 
also been tried in patients with refractory eye disease. 
A pilot study and an uncontrolled phase II study, both 
with small numbers of patients, showed beneficial results 
with the IL-1 blocker gevokizumab107,108; the randomized 
controlled trial of this agent was terminated as it did not 
achieve its primary end point36. Secukinumab (which 
inhibits IL-17A) had also failed to meet its primary end 
point of reduction of uveitis recurrence in a randomized 
controlled trial109. A systematic review of case reports 
and a small case series with tocilizumab (an IL-6 recep-
tor inhibitor) in patients refractory to IFNα and inflixi-
mab suggest that this agent may be effective in protecting 
visual acuity, reducing central macular thickness and 
improving fluorescein angiography findings110,111.

Arterial aneurysms are treated with high-dose gluco-
corticoids and monthly cyclophosphamide pulses fol-
lowed by maintenance therapy with azathioprine112 
(FIG. 4). Surgery might be required for peripheral artery 
aneurysms113. Anti-TNF agents can be used in patients 
who fail to respond to this regimen114. Consensus among 
experts is that immunosuppressive treatments such as 
azathioprine or ciclosporin should be used for deep 
vein thromboses as in Behçet syndrome these result 
from inflammation of the venous wall rather than a 
pro- coagulant state115. The use of anticoagulants is 

Nature Reviews | Rheumatology

Skin and 
mucosa

Topical 
corticosteroids Surgery

+

Topical and/or 
oral 5-ASA 
derivatives*

• Colchicine (1.5 mg per day)
• Lactobacilli lozenges

• Azathioprine (2.5 mg/kg 
per day)

• IFNα (3–5 MU 3/7 days 
per week) 

• Etanercept (50 mg per 
week) 

• Cyclophosphamide
(1 g per month for 
6 months) followed 
by azathioprine 
(2.5 mg/kg per day)

• Infliximab (5 mg per kg)

• Azathioprine (2.5 mg/kg per 
day)‡

• Infliximab (5 mg per kg)
• Or adalimumab (40 mg every 

other week)

• Azathioprine (2.5 mg/kg 
per day)

• IFNα (5 MU per day)

• Infliximab (5 mg per kg)
• Or adalimumab (40 mg 

every other week)
 

Joints Uveitis Venous 
thrombosis

Pulmonary 
aneurysms

Peripheral 
aneurysms

CNS
involvement

Gastrointestinal 
involvement

Glucocorticoids

Figure 4 | Management of Behçet syndrome. Treatment is individualized to each patient according to the type and 
severity of organ involvement, patient age, patient sex and disease duration. In our centre (Cerrahpaşa Medical Faculty, 
Turkey) patients with only skin-mucosa involvement and joint involvement can be managed with topical agents and 
colchicine. Those who continue to have bothersome lesions despite these measures can be prescribed 
immunosuppressive or immunomodulatory agents such as azathioprine, IFNα, thalidomide, apremilast or anti-TNF agents. 
In patients with eye, vascular, central nervous system (CNS) or gastrointestinal involvement immunosuppressive agents 
such as azathioprine are used as first-line treatments. Biological agents such as IFNα or anti-TNF antibodies are used in 
patients refractory to immunosuppression. Cyclophosphamide is usually the first choice for the initial treatment of arterial 
aneurysms that are life threatening. Pulmonary lobectomies in cases of giant pulmonary arterial aneurysms, or surgical 
resection of peripheral large aneurysms, can also be performed after immunosuppressive treatment. Glucocorticoids can 
be used for rapid suppression of inflammatory flares to prevent damage in all types of involvement. 5-ASA, 
5-aminosalicylic acid. *Mild cases. ‡Moderate and severe cases.
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controversial because case–control studies have not 
shown a beneficial effect in preventing relapses of deep 
vein thromboses116, but controlled data are needed to ver-
ify this finding and to understand whether other benefits, 
such as preventing post-thrombotic syndrome, exist.

Parenchymal CNS involvement is treated with high-
dose glucocorticoids together with immunosuppressive 
therapy such as azathioprine or anti-TNF agents; ciclo-
sporin is avoided as it is neurotoxic117. The role of IL-6 
blockers, which seem promising for CNS involvement 
based on a small case series110 (in which high IL-6 levels 
were observed in the cerebrospinal fluid of patients with 
CNS disease118,119) need to be further explored.

The initial management of gastrointestinal involve-
ment is with 5-aminosalicylic acid derivatives in 
patients with mild disease. In those with moderate or 
severe gastrointestinal involvement, azathioprine is rec-
ommended96. Anti-TNF agents and thalidomide can 
be used in patients with refractory gastrointestinal 
involvement120 (FIG. 4).

Finally, a systematic review of patients with Behçet 
syndrome treated with haematopoietic stem cell trans-
plantation for either refractory major organ involvement 
or a comorbid haematological condition showed that 
this approach was successful in inducing remission of 
Behçet syndrome lesions in 18 of 19 patients121. However 
graft-versus-host disease and infections occurred in 
some of the patients and one patient died owing to 
infection after 2 months.

Conclusions
The management of Behçet syndrome is increasingly 
successful, even if the precise definition of the condi-
tion is lacking. Indeed, Behçet syndrome is a complex 
construct with what we propose as strong and weak ele-
ments. The strong elements are those clinical findings 
the presence or absence of which differentiate Behçet’s 
from other diseases or syndromes. The weak elements, on  
the other hand, are features that suggest more than one 
patho genetic mechanism might be involved in Behçet’s 
and might also be useful in differential diagnosis.

The clinical picture of Behçet syndrome is further 
complicated by a lack of specific histopathology or 
laboratory components that can be used in diagnosis. 
As said, the precise disease mechanisms that underlie 
the symptoms are not fully deciphered and difficult to 
do so owing, in part, to regional differences in disease 
expression. Despite advances in molecular genetics and 
in understanding potentially implicated inflammatory 
pathways (for example, those related to HLA‑B*51) the 
current construct of what comprises Behçet syndrome 
remains rather complex. More basic, translational and 
clinical work is needed, with emphasis placed on under-
standing phenotypic expression and geographic influ-
ence. Additionally, as evidence continues to emerge on 
Behçet syndrome, a clearer definition should emerge 
— we believe, encouraging a splitters approach and 
allowing Behçet syndrome not to be grouped with other, 
somewhat related, conditions122.
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Nature Reviews Rheumatology 14, 53–60 (2018)

In the version of this article originally published, the name of one of the authors, Peter Schulz-Knappe, was incorrectly 
given as Peter Schulze-Knappe. In addition, Mark Coles and James Butler were erroneously omitted from the list of 
members of the RA-MAP Consortium. These errors have now been corrected in the PDF and HTML versions of the article.
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