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SNPs talk to genes using landlines: 
long-range chromatin interactions link 
genetic risk with epigenetic patterns in 
Takayasu arteritis
Christian M Hedrich,   1,2 George Tsokos   3,4

Systemic autoimmune/inflammatory 
conditions are complex both at the clinical 
and pathomechanistic level. While a 
number of rare conditions are caused by 
mutations in single genes, most autoim-
mune/inflammatory diseases are under-
lined by multiple genetic variants which, 
through poorly characterised or unknown 
processes, confer so-called ‘genetic suscep-
tibility’. The influence of environmental 
factors necessary for the expression of a 
clinical entity is usually mandated in the 
form of epigenetic changes.1–3

Over the last decade, genome-wide 
association studies (GWAS) have identified 
a wealth of associations between genetic 
variants and autoimmune/inflammatory 
conditions. Studies have provided compel-
ling evidence for germline polymorphisms 
and/or copy-number variants contrib-
uting to the risk for the development of 
disease. In most cases, genetic variants 
only increased the risk of developing 
disease, while the underlying disease-
causing mechanisms remained unclear. 
Furthermore, healthy individuals may also 
carry risk alleles for inflammatory condi-
tions while never developing symptoms.4 
Understanding the contribution of genetic 
variants to disease expression is complex 
because most disease-associated gene vari-
ants are located in intergenic or intronic 
(non-coding) regions, limiting our under-
standing of their exact impact on genes, 
their influence on gene expression and 
underlying molecular events. The fact that 
a significant proportion of disease-asso-
ciated polymorphisms are located distant 

from genes, perhaps not even affecting 
neighbouring gene expression, led to the 
hypothesis that genetic variants may inter-
fere with the regulation of distant genes 
on the same or even other chromosomes.

Indeed, interactions between genes 
and/or regulatory regions through DNA 
folding (allowing for physical contact 
between otherwise distant regions) 
and/or interactions between chromo-
somes mediating regulatory events has 
been suggested. Several genes linked to 
the immune response are regulated by 
long-distance chromatin interactions, 
including (but not limited to) cytokine 
genes in the Th2 cluster (IL4, IL5 and 
IL13 on chromosome 5 in humans, 
chromosome 11 in mice),5 the interfer-
on-γ gene (Ifng: chromosome 10) and its 
receptor (IfnγR1: chromosome 10) during 
Th1 subset determination,6 and antigen 
receptor genes during recombination in 
T and B lymphocytes.7 8 Several studies 
have provided insight into the involved 
mechanisms. The transcription of genes 
is promoted in ‘transcription factories’, 
that is, subnuclear compartments that 
contain DNA and clusters of RNA poly-
merases.9–11 Coregulated genes, including 
those encoding for the aforementioned 
Th2 cytokines, can be found within the 
same transcriptional compartment, inde-
pendent of their genomic location.5 The 
transcription factor CTCF, also known as 
11-zinc finger protein or CCCTC-binding 
factor, associates primarily with regula-
tory regions and, in association with the 
cohesin complex, plays a key role in the 
three-dimensional organisation of genes, 
chromatin and chromosomes, thus regu-
lating the interaction between (sometimes 
distant) regulatory elements and gene (co-)
expression. The role of CTCF has partic-
ularly been studied in antigen receptor 
gene expression: B cells deficient in CTCF 
exhibit reduced DNA compaction at the 
Igh locus.12–15

Long-distance genomic interactions and 
the possibility of distant genetic variants 
affecting regulatory regions across the 

genome has recently been discussed in 
the context of autoimmune/inflammatory 
conditions.16 Recent advances in large-
scale laboratory analyses using extended 
population cohorts and small sample sizes, 
combined with bioinformatic approaches 
applying state-of-the-art technology, 
allow for the mapping of genetic data 
from GWAS to disease-associated epigen-
etic marks and transcriptional profiles. 
Furthermore, interactions between distant 
genomic regions can be monitored using 
chromatin interaction assays, enabling 
the functional analysis of the identified 
targets. Interactions between physically 
distant regions and the resulting recruit-
ment of transcription factors and epigen-
etic modifiers to regulatory elements may 
furthermore explain the involvement 
of environmental triggers in transcrip-
tional dysregulation at least in a subset of 
patients.2 16 17 Harley et al17 most recently 
reported that the EBNA2 protein (associ-
ated with the Epstein-Barr virus) occupies 
nearly half of systemic lupus erythema-
tosus risk loci along with coclustered tran-
scription factors demonstrating clearly 
the existence of gene–environment inter-
actions. Similar EBNA2-anchored asso-
ciations were recognised in patients with 
multiple sclerosis, rheumatoid arthritis, 
inflammatory bowel disease, type 1 
diabetes, juvenile idiopathic arthritis and 
celiac disease. For the most part, however, 
the link between genetic association, effect 
on the expression of individual or groups 
of genes, and the underlying molecular 
mechanisms is yet to be determined.1 16

Takayasu arteritis (TA) is a granulo-
matous system vasculitis affecting large 
vessels, most commonly the aorta, its major 
braches and/or pulmonary arteries.18 19 The 
molecular pathophysiology of TA remains 
unclear. Based on increased incidence in 
Asian when compared with Caucasian 
populations, the presence of genetic asso-
ciations that increase an individual’s risk 
without causing disease (eg, HLA-B*52), 
and the fact that women are significantly 
more frequently affected than men, a 
combination of genetic and environmental 
factors have been proposed.19 20 Treatment 
of patients with TA is largely empiric. 
Non-specific immune suppression is 
frequently used as first-line treatment 
and typically involves corticosteroids and 
steroid-sparing non-biological immuno-
suppressive agents, such as methotrexate, 
azathioprine, leflunomide, mycopheno-
late mofetil and/or cyclophosphamide. 
Beneficial effects of (partial) reconstitu-
tion of imbalanced cytokine expression 
(blockade of IL-6 or tumour necrosis 
factor α (TNF-α) signalling) and B cell 
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depletion have been reported, suggesting 
the involvement of these pathways in the 
pathophysiology of TA.19

In the accompanying manuscript 
‘Takayasu arteritis risk locus in IL6 
represses the anti-inflammatory gene 
GPNMB through chromatin looping and 
recruiting MEF2-HDAC complex’, Sawalha 
et al21 connect the non-coding variant 
rs2069837 (G>A), located in an enhancer 
region within the second intron of the 
IL6 gene, with altered expression of the 
anti-inflammatory molecule glycoprotein 
NMB (GPNMB) and, as a result, dysreg-
ulated cytokine expression. Using state-
of-the-art bioinformatic and experimental 

approaches, the authors have connected 
the disease-associated rs2069837 A alleles 
with increased recruitment of the myocyte 
enhancer factor 2-histone deacetylate 
(MEF2-HDAC) complex to an intronic 
enhancer element. Chromatin condensa-
tion initiated by the transcription factor 
CTCF allows for physical interactions 
between IL6 and GPNMB regulatory 
elements, and associations with MEF2-
HDAC in turn repress transcription of the 
anti-inflammatory molecule transmem-
brane GPNMB (figure 1), a regulator of 
inflammatory responses in macrophages. 
While promoting regulatory M2 polari-
sation, lack of GPNMB in animals results 
in increased and uncontrolled expression 
and release of pro-inflammatory IL-6, 
IL-1β and TNF-α.22–24 This may explain 
why rs2069837 A alleles, which mediate 
reduced GPNMB expression and increased 
inflammatory responses in macrophages, 
are associated with protection against 
chronic hepatitis B virus infection, cervical 
cancer (a result of viral infection), as well 
as autoimmune inflammatory disease 
(TA).25–27 However, the situation may be 
complex since identical genetic variants 
may be associated with various disorders 
and effects may be context-specific.28 
Further analysis of rs2069837 (G>A) 
across diseases (autoimmune/inflamma-
tory vs infectious disease, malignancy and 
so on) may provide additional information 
on whether rs2069837 may be used for 
risk assessment and patient stratification 
across inflammatory conditions.

Taken together, in an exciting fashion, 
this work presents first evidence on how 
intronic non-coding genetic variants iden-
tified by GWAS contribute to disease patho-
genesis in patients with TA. Experimental 
approaches applied in this study promise 
a ‘new era’ of biomedical research, testing 
both direct and indirect mechanistic 
involvement of genetic variants identified 
through GWAS approaches in the patho-
physiology of autoimmune/inflammatory 
conditions. Indeed, identification of func-
tional consequences of disease-associated 
genetic variants may allow for utilisation 
of genetic data from GWAS studies for 
identifying molecular targets and working 
towards personalised medicine. Based 
on molecular events involved in autoim-
mune/inflammatory conditions (as well as 
infections, cancers and so on), blockade of 
transcription factors (eg, with small mole-
cules) or epigenetic modifiers (eg, HDAC 
inhibitors), delivery of molecules to cells 
or tissues (eg, through targeted delivery of 
microparticles)29 30 or future approaches 
to correct gene variants may result from 
such scientific approaches.
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AbsTRACT
The objective was to develop evidence-based 
recommendations for the management of 
antiphospholipid syndrome (APS) in adults. Based on 
evidence from a systematic literature review and expert 
opinion, overarching principles and recommendations 
were formulated and voted. High-risk antiphospholipid 
antibody (aPL) profile is associated with greater risk for 
thrombotic and obstetric APS. Risk modification includes 
screening for and management of cardiovascular and 
venous thrombosis risk factors, patient education about 
treatment adherence, and lifestyle counselling. Low-
dose aspirin (LDA) is recommended for asymptomatic 
aPL carriers, patients with systemic lupus erythematosus 
without prior thrombotic or obstetric APS, and non-
pregnant women with a history of obstetric APS only, 
all with high-risk aPL profiles. Patients with APS and 
first unprovoked venous thrombosis should receive 
long-term treatment with vitamin K antagonists (VKA) 
with a target international normalised ratio (INR) of 
2–3. In patients with APS with first arterial thrombosis, 
treatment with VKA with INR 2–3 or INR 3–4 is 
recommended, considering the individual’s bleeding/
thrombosis risk. Rivaroxaban should not be used in 
patients with APS with triple aPL positivity. For patients 
with recurrent arterial or venous thrombosis despite 
adequate treatment, addition of LDA, increase of INR 
target to 3–4 or switch to low molecular weight heparin 
may be considered. In women with prior obstetric APS, 
combination treatment with LDA and prophylactic 
dosage heparin during pregnancy is recommended. 
In patients with recurrent pregnancy complications, 
increase of heparin to therapeutic dose, addition of 
hydroxychloroquine or addition of low-dose prednisolone 
in the first trimester may be considered. These 
recommendations aim to guide treatment in adults with 
APS. High-quality evidence is limited, indicating a need 
for more research.

InTRoduCTIon
Antiphospholipid syndrome (APS) is a systemic 
autoimmune disorder with a wide range of vascular 
and obstetric manifestations associated with throm-
botic and inflammatory mechanisms orchestrated by 
antiphospholipid (aPL) antibodies. Common APS 
clinical features include venous thromboembolism, 

stroke, recurrent early miscarriages and late preg-
nancy losses.1 According to current laboratory 
criteria for APS, aPL antibodies can be one of 
three types: lupus anticoagulant, anticardiolipin 
antibodies or antibeta2 glycoprotein I antibodies. 
Definite APS, fulfilling at least one clinical and 
one laboratory criteria of the updated Sapporo 
classification criteria, can occur in association 
with other autoimmune diseases, mainly systemic 
lupus erythematosus (SLE), or in its primary form 
(primary APS).1 2 Rarely, a life-threatening form of 
multiorgan thrombosis, known as catastrophic APS 
(CAPS), can occur. The presence of aPL in asymp-
tomatic individuals or patients with SLE does not 
confirm the diagnosis of APS but can be associated 
with increased risk of thrombosis or pregnancy 
morbidity, depending on aPL characteristics and 
coexistence of other risk factors.3 4 The aPL type, 
the presence of multiple (double or triple) versus 
single aPL type, their titre (moderate-high titre vs 
low) and the persistence of aPL positivity in repeated 
measurements are defined as the ‘aPL profile’. The 
aPL profile is an important factor determining the 
risk of thrombotic and obstetric events, and conse-
quently the intensity of treatment.3 4

Clinical practice in APS is highly variable, in part 
because it is a rare disorder, and because knowl-
edge about its diagnosis/classification, clinical spec-
trum and management is continuously advancing. 
There is a great heterogeneity among studies on the 
laboratory and clinical criteria used to define APS 
and the treatment approaches used over the past 
four decades. These factors make it often difficult 
to know the best approach to apply in daily prac-
tice. In addition, there is a paucity of high-quality 
randomised controlled trials (RCTs) in APS because 
of the difficulties in conducting adequately sized 
trials in an uncommon disease and using randomised 
designs among patients with often devastating clin-
ical presentations. The objective of this project was 
to develop evidence-based recommendations for 
the prevention and management of adult APS that 
will help guide practice and improve quality of care 
and patient outcomes.

MeTHods
We followed the updated European League Against 
Rheumatism (EULAR) standardised operating 
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box 1 definitions of medium-high antiphospholipid 
antibody (aPL) titres, and of high-risk and low-risk aPL 
profile

Medium-high aPL titres.
 ► Anticardiolipin (aCL) antibody of IgG and/or IgM isotype 
in serum or plasma present in titres >40 IgG phospholipid 
(GPL) units or >40 IgM phospholipid (MPL) units, or >the 
99th percentile, measured by a standardised ELISA. Antibeta2 
glycoprotein I antibody of IgG and/or IgM isotype in serum 
or plasma in titre >the 99th percentile, measured by a 
standardised ELISA.1

High-risk aPL profile.
 ► The presence (in 2 or more occasions at least 12 weeks 
apart) of lupus anticoagulant (measured according to 
ISTH guidelines), or of double (any combination of lupus 
anticoagulant, aCL antibodies or antibeta2 glycoprotein I 
antibodies) or triple (all three subtypes) aPL positivity, or the 
presence of persistently high aPL titres.

Low-risk aPL profile.
 ► Isolated aCL or antibeta2 glycoprotein I antibodies at low-
medium titres, particularly if transiently positive.3

procedure5 and used the Appraisal of Guidelines for Research 
& Evaluation II tool.6 The steering committee included the 
convenor (MGT), co-convenor (AT), methodologist (MMW) 
and two physicians (LA, ML) responsible for the systematic 
literature reviews (SLRs) (both were members of the Emerging 
EULAR Network -(EMEUNET)). The task force included 
members from 11 European countries: 12 specialists in rheu-
matology or internal medicine, 2 obstetricians (RF-O, LR), 2 
physicians from vascular medicine/thrombosis centres (VP, 
DW), 1 healthcare professional (KH), and 2 patient represen-
tatives (FM, JK).

The convenor prepared the first task force meeting and the 
first set of research questions on four major topics: risk strat-
ification and risk modification in asymptomatic aPL-positive 
patients, primary and secondary thromboprophylaxis in APS, 
management of obstetric APS, and management of CAPS. The 
research questions were discussed among the task force members, 
and a set of 31 research questions was formulated using the 
PICO format (P, population; I, intervention; C, comparator; 
O, outcomes) and voted according to the Delphi method at a 
meeting in December 2017.

The data sources for the SLR were PubMed, Embase and the 
Cochrane Library, which were searched for relevant English-lan-
guage published articles from their inceptions through 31 January 
2018. We included one RCT published after this date because 
of the importance of its reported safety results (Trial on Rivar-
oxaban in Antiphospholipid Syndrome (TRAPS) trial).7 Search 
terms were developed with the aid of an experienced librarian, 
who performed the searches. All titles and abstracts of retrieved 
articles were first reviewed independently by the two litera-
ture reviewers. The full-text articles were then reviewed inde-
pendently by three persons: one literature reviewer, convenor 
and methodologist. The data abstraction was performed by the 
two literature reviewers according to a written protocol and 
supervised by the methodologist. Data abstraction was then inde-
pendently double-checked by the convenor and methodologist. 
Each included article was graded for its methodological quality 
and assigned to the relevant PICO question by the convenor 
and methodologist. Data were tabulated and summarised by the 
methodologist in an evidence report that included summary of 
findings tables with pooled estimates of effect sizes for studies 
that directly addressed the population, intervention and compar-
ator of PICO questions. Based on this evidence, a first draft of 
recommendations on 12 topics was prepared by the convenor 
and co-convenor. The draft recommendations and evidence 
report were sent to all task force members for review prior to 
the second task force meeting.

The second task force meeting, held on 3 September 2018, 
included the presentation of SLR results, discussions of the first 
draft of recommendations in four working groups, working 
group presentations of the edited draft for each topic, and 
discussion and voting of the text. Incorporating additional 
discussions on wording changes, the final set of overar-
ching principles and recommendations, including the level of 
evidence (LoE) and grade of recommendations (GoR) according 
to the Oxford Centre for Evidence-Based Medicine standards8 
prepared by the methodologist in collaboration with convenors, 
was sent by the convenor to all task force members, who voted 
anonymously on the level of agreement (LoA). A rating scale 
of 0–10 (0: do not agree; 10: fully agree) was used for each 
recommendation. The manuscript was reviewed and approved 
by all task force members and the EULAR Executive Committee 
before submission.

ResuLTs
The SLR yielded 7534 articles and 15 hand-searched articles. 
After the titles and abstracts review, 670 articles were selected 
for full-text review. The full-text review yielded 249 articles for 
data abstraction; 61 were excluded and 188 articles were finally 
considered to be relevant. A detailed presentation of the results 
of the SLRs that informed the task force recommendations is 
published separately and should be reviewed together with this 
report.9 Based on the SLR results and expert opinion, 3 overar-
ching principles and 12 recommendations were developed.

overarching principles
1. Identifying the presence of factors associated with high risk

for thrombotic and obstetric events is critical in patient man-
agement. A major risk factor is the high-risk aPL profile,
including any of the following: the presence of lupus antico-
agulant as the aPL subtype most closely related to thrombosis, 
the presence of double (any combination of lupus anticoag-
ulant, anticardiolipin antibodies or antibeta2 glycoprotein
I antibodies) or triple (all three subtypes) aPL positivity, or
the presence of persistently high aPL titres,4 10 as also shown
by the aPL score11 and Global Anti-Phospholipid Syndrome
(GAPSS) Score.12 Definitions of medium-high aPL titres and
of high-risk and low-risk aPL profiles are included in box 1.
Additional risk factors for clinical events are coexistence of
other systemic autoimmune diseases, especially SLE, a histo-
ry of thrombotic and/or obstetric APS, and the presence of
traditional cardiovascular risk factors.3 4 10

2. The guidelines for cardiovascular disease (CVD) prevention
in the general population should be followed. Screening for
and management of venous thrombosis risk factors are also
recommended. Heparin at prophylactic dosage, preferably
low molecular weight heparin (LMWH), should be used in
high-risk situations such as surgery, prolonged immobilisa-
tion and the puerperium.

3. All patients treated with vitamin K antagonists (VKA) should
receive counselling about treatment adherence, the need for
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close international normalised ratio (INR) monitoring espe-
cially in the setting of newly initiated treatment or bridging 
with heparin, the protocol of perioperative bridging therapy 
with heparin, and drug and food interactions. Counselling 
should be provided on the use of contraceptives, pregnancy 
planning and postmenopausal hormone therapy for all wom-
en with APS.13 Patients should also receive dietary counsel-
ling for CVD prevention. Physical activity is encouraged in 
patients with APS including those on oral anticoagulants.

ReCoMMendATIons
Table 1 presents the LoE, GoR and LoA for each recommen-
dation. For recommendations with B GoR, we used the state-
ment ‘is recommended’. For C and D grades, we mostly used the 
terms ‘may be considered’ or ‘could be considered’, with some 
exceptions according to experts’ judgement about the impor-
tance of the intervention. Recommendations that are phrased as 
‘is recommended’ are those that the task force meant, based on 
the evidence and their experience, should be followed in almost 
all cases.

Primary thromboprophylaxis in aPL-positive subjects
1.In asymptomatic aPL carriers (not fulfilling any vascular or
obstetric APS classification criteria) with a high-risk aPL profile 
with or without traditional risk factors, prophylactic treatment 
with low-dose aspirin (LDA) (75–100 mg daily) is recommended.
Use of LDA for primary prophylaxis is supported by results of a 
meta-analysis of seven observational studies of 460 asymptom-
atic aPL carriers that found the risk of first thrombosis to be 
reduced by half in those who used LDA versus those who did not 
use LDA.14 Most patients had high-risk aPL profiles, but few had 
traditional CVD risk factors. An association of similar magnitude 
was present in a smaller individual patient meta-analysis derived 
from these studies.15 Neither meta-analyses display worrisome 
variations as the directions were clear. Although evidence was 
largely from observational studies, the panel recommended the 
use of LDA for primary prophylaxis in asymptomatic aPL indi-
viduals with high-risk profile given the likelihood of benefit and 
low risk of adverse events of this intervention.
2.In patients with SLE and no history of thrombosis or pregnancy
complications:
A. With high-risk aPL profile, prophylactic treatment with LDA 
is recommended.
B.With low-risk aPL profile, prophylactic treatment with LDA 
may be considered.
Treatment with LDA for patients with SLE and high-risk aPL 
profile is supported by a subanalysis of eight studies, mostly 
observational, in a meta-analysis.14 In this analysis, risk of first 
thrombosis was reduced by almost half among patients treated 
with LDA versus patients not treated, without major bleeding 
events. In an individual patient analysis, this association was inde-
pendent of the use of hydroxychloroquine (HCQ), suggesting 
that LDA offers additional benefit in this patient group.15 
Patients with high-risk aPL profile comprised the majority (but 
not all) of patients in these studies. Although there was heteroge-
neity between the studies, the direction of effect was clear. Less 
evidence is available on the use of LDA in patients with SLE and 
low-risk aPL profile, but pooled data from two cohort studies 
indicate that the use of LDA was also associated with a lower risk 
of thrombosis in this group.16 17

3.In non-pregnant women with a history of obstetric APS only
(with or without SLE), prophylactic treatment with LDA after 
adequate risk/benefit evaluation is recommended.

The primary prevention of thrombosis with LDA in women 
with a history of obstetric APS without SLE was addressed in a 
meta-analysis including five observational studies.14 The pooled 
OR for first thrombosis associated with use of LDA was 0.25 
(95% CI 0.10 to 0.62). Studies of women with SLE and prior 
obstetric APS are scarce, but the protective effect of LDA was 
supported by three retrospective studies that included a minority 
of patients with SLE.18–20 The panel recommended the use of 
LDA in women with a history of obstetric APS only, according 
to their thrombosis/bleeding risk (aPL profile, coexistent tradi-
tional cardiovascular risk factors, intolerance/contraindication 
to aspirin).

secondary thromboprophylaxis in APs
4.In patients with definite APS and first venous thrombosis:
A.Treatment with VKA with a target INR 2–3 is recommended.
In patients with APS and first venous thrombosis, after an 
initial therapy with unfractionated heparin (UFH) or LMWH 
and bridging therapy of heparin plus VKA, treatment with 
VKA with a target INR of 2–3 is recommended. Data from 
an RCT21 reporting exclusively on patients with venous events 
and pooled data from five studies that included a majority with 
venous events21–25 showed no additional benefit of a target INR 
of 3–4 vs INR of 2–3. However, evidence is limited by the 
frequent failure to achieve the target INR in the high-inten-
sity groups in the RCTs. Data on bleeding were not reported 
for patients with venous thrombosis specifically. However, 
although not based on data from these studies, higher level of 
anticoagulation would be anticipated to also have a higher risk 
of bleeding.
B.Rivaroxaban should not be used in patients with triple aPL 
positivity due to the high risk of recurrent events. Direct oral 
anticoagulants (DOACs) could be considered in patients not able 
to achieve a target INR despite good adherence to VKA or those 
with contraindications to VKA (eg, allergy or intolerance to VKA).
Despite the broadening use of DOACs in secondary thrombosis 
prevention in the general population, there is limited evidence 
about their effectiveness and safety in APS. In a post-hoc anal-
ysis of patients with APS included in three RCTs of dabiga-
tran versus warfarin,26 and in one RCT of rivaroxaban versus 
warfarin in patients with venous thrombotic APS,27 there were 
no differences in outcomes between treatment with DOACs and 
VKA for venous thrombosis, but the evidence is limited by small 
samples, under-representation of high-risk patients with APS and 
short follow-up. A recent RCT of rivaroxaban versus warfarin 
in patients with APS with triple aPL positivity was prematurely 
terminated due to an excess of thromboembolic events (mostly 
arterial) in the rivaroxaban arm.7 Accordingly, rivaroxaban 
should not be used in patients with triple aPL positivity. The 
panel agreed that DOACs may be considered in patients with 
difficulty achieving a target INR of 2–3 despite compliance with 
VKA or who have contraindications to VKA. Switching from 
treatment with VKA to DOACs due to low adherence to VKA or 
INR monitoring should be avoided.
C.In patients with unprovoked first venous thrombosis, anticoag-
ulation should be continued longterm.
Use of long-term anticoagulation in patients with APS is 
supported by two small direct comparison studies (one RCT, 
one retrospective cohort)28 29 that showed a lower risk of recur-
rent venous thrombosis among patients with APS on long-term 
vs 3–6 months of oral anticoagulation. However, studies did not 
specify the proportion of patients with unprovoked thrombosis, 
making this evidence indirect.
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Table 1 EULAR recommendations for the prevention and management of APS in adults

overarching principles

1. Risk stratification in aPL-positive individuals should include determination of the presence of a high-risk aPL profile (defined as any of the following: multiple aPL positivity, 
lupus anticoagulant or persistently high aPL titres), history of thrombotic and/or obstetric APS, coexistence of other systemic autoimmune diseases such as SLE, and the 
presence of traditional cardiovascular risk factors.

2. General measures for aPL-positive individuals should include screening for and strict control of cardiovascular risk factors (smoking cessation; management of hypertension, 
dyslipidaemia and diabetes; and regular physical activity) in all individuals and particularly those with a high-risk aPL profile, screening for and management of venous 
thrombosis risk factors, and use of LMWH in high-risk situations such as surgery, hospitalisation, prolonged immobilisation and the puerperium.

3. Patient education and counselling on treatment adherence, INR monitoring in patients treated with VKA, use of perioperative bridging therapy with LMWH for patients on oral 
anticoagulants, oral contraceptive use, pregnancy and postpartum period, postmenopausal hormone therapy, and lifestyle recommendations (diet, exercise) are important in 
the management of APS.

Recommendations 

statement, Loe*/GoR† LoA (0–10)‡

Primary thromboprophylaxis in aPL-positive subjects 

1. In asymptomatic aPL carriers (not fulfilling any vascular or obstetric APS classification criteria) with a 
high-risk aPL profile with or without traditional risk factors, prophylactic treatment with LDA (75–100 mg 
daily) is recommended (2a/B).

9.1 (1.5)

2. In patients with SLE and no history of thrombosis or pregnancy complications:
A. With high-risk aPL profile, prophylactic treatment with LDA is recommended (2a/B).

9.5 (0.7)

B. With low-risk aPL profile, prophylactic treatment with LDA may be considered (2b/C). 8.9 (1.7)

3. In non-pregnant women with a history of obstetric APS only (with or without SLE), prophylactic treatment 
with LDA after adequate risk/benefit evaluation is recommended (2b/B).

9.0 (1.3)

Secondary thromboprophylaxis in APS 

4. In patients with definite APS and first venous thrombosis:
A. Treatment with VKA with a target INR 2–3 is recommended (1b/B).

9.9 (0.3)

B. Rivaroxaban should not be used in patients with triple aPL positivity due to the high risk of recurrent 
events (1b/B). DOACs could be considered in patients not able to achieve a target INR despite good 
adherence to VKA or those with contraindications to VKA (eg, allergy or intolerance to VKA) (5/D).

9.1 (1.3)

C. In patients with unprovoked first venous thrombosis, anticoagulation should be continued long term 
(2b/B).

9.9 (0.3)

D. In patients with provoked first venous thrombosis, therapy should be continued for a duration 
recommended for patients without APS according to international guidelines (5/D). Longer anticoagulation 
could be considered in patients with high-risk aPL profile in repeated measurements or other risk factors for 
recurrence (5/D).

8.9 (1.4)

5. In patients with definite APS and recurrent venous thrombosis despite treatment with VKA with target 
INR of 2–3:
A. Investigation of, and education on, adherence to VKA treatment, along with frequent INR testing, should 
be considered (5/D).

9.6 (0.8)

B. If the target INR of 2–3 had been achieved, addition of LDA, increase of INR target to 3–4 or change to 
LMWH may be considered (4–5/D).

 9.4 (0.7)

6. In patients with definite APS and first arterial thrombosis:
A. Treatment with VKA is recommended over treatment with LDA only (2b/C).

9.4 (0.8)

B. Treatment with VKA with INR 2–3 or INR 3–4 is recommended, considering the individual’s risk of 
bleeding and recurrent thrombosis (1b/B). Treatment with VKA with INR 2–3 plus LDA may also be 
considered (4/C).

9.0 (1.3)

C. Rivaroxaban should not be used in patients with triple aPL positivity and arterial events (1b/B). Based on 
the current evidence, we do not recommend use of DOACs in patients with definite APS and arterial events 
due to the high risk of recurrent thrombosis (5/D).

9.4 (0.9)

7. In patients with recurrent arterial thrombosis despite adequate treatment with VKA, after evaluating 
for other potential causes, an increase of INR target to 3–4, addition of LDA or switch to LMWH can be 
considered (4–5/D).

9.3 (1.1)

Obstetric APS 

8. In women with a high-risk aPL profile but no history of thrombosis or pregnancy complications (with or 
without SLE), treatment with LDA (75–100 mg daily) during pregnancy should be considered (5/D).

9.3 (1.5)

9. In women with a history of obstetric APS only (no prior thrombotic events), with or without SLE:
A. With a history of ≥3 recurrent spontaneous miscarriages <10th week of gestation and in those with a 
history of fetal loss (≥10th week of gestation), combination treatment with LDA and heparin at prophylactic 
dosage during pregnancy is recommended (2b/B).

9.6 (0.9)

B. With a history of delivery <34 weeks of gestation due to eclampsia or severe pre-eclampsia or due to 
recognised features of placental insufficiency, treatment with LDA or LDA and heparin at prophylactic 
dosage is recommended considering the individual’s risk profile (2b/B).

9.5 (0.8)

C. With clinical ‘non-criteria’ obstetric APS such as a the presence of two recurrent spontaneous 
miscarriages <10th week of gestation, or delivery ≥34 weeks of gestation due to severe pre-eclampsia or 
eclampsia, treatment with LDA alone or in combination with heparin might be considered based on the 
individual’s risk profile (4/D).

8.9 (1.7)

Continued
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D. With obstetric APS treated with prophylactic dose heparin during pregnancy, continuation of heparin at 
prophylactic dose for 6 weeks after delivery should be considered to reduce the risk of maternal thrombosis 
(4/C).

9.5 (0.9)

10. In women with ‘criteria’ obstetric APS with recurrent pregnancy complications despite combination 
treatment with LDA and heparin at prophylactic dosage, increasing heparin dose to therapeutic dose (5/D) 
or addition of HCQ (4/D) or low-dose prednisolone in the first trimester (4/D) may be considered. Use of 
intravenous immunoglobulin might be considered in highly selected cases (5/D).

8.7 (1.7)

11. In women with a history of thrombotic APS, combination treatment of LDA and heparin at therapeutic 
dosage during pregnancy is recommended (4/C).

9.8 (0.5)

CAPS 

12. A. Prompt treatment of infections by early use of anti-infective medications in all aPL-positive individuals 
and minimisation of interruptions in anticoagulation or low INR level in patients with thrombotic APS are 
recommended to help prevent the development of CAPS (4/D).

9.6 (0.7)

B. For first-line treatment of patients with CAPS, combination therapy with glucocorticoids, heparin 
and plasma exchange or intravenous immunoglobulins is recommended over single agents or other 
combinations of therapies. Additionally, any triggering factor (eg, infections, gangrene or malignancy) 
should be treated accordingly (5/D).

9.7 (0.6)

In patients with refractory CAPS, B cell depletion (eg, rituximab) or complement inhibition (eg, eculizumab) 
therapies may be considered (4/D).

9.2 (1.0)

When there are multiple ratings, these follow the order of corresponding subpart of the recommendation.
*Level of evidence (LoE): 1a: systematic review of RCTs; 1b: individual RCT; 2a: systematic review of cohort studies; 2b: individual cohort study (and low-quality RCT); 3a: 
systematic review of case–control studies; 3b: individual case–control study; 4: case series and poor-quality cohort and case–control studies; 5: expert opinion without explicit 
critical appraisal, or based on physiology, bench research or ‘first principles’.
†Grade of recommendation (GoR): A: consistent level 1 studies; B: consistent level 2 or 3 studies, or extrapolations from level 1 studies; C: level 4 studies or extrapolations from 
level 2 or 3 studies; D: level 5 evidence or troublingly inconsistent or inconclusive studies of any level.
‡Numbers in column ‘LoA’ indicate the mean and SD (in parenthesis) of the level of agreement among task force members.
APS, antiphospholipid syndrome; aPL, antiphospholipid antibodies. CAPS, catastrophic APS; DOACs, direct oral anticoagulants;EULAR, European League Against Rheumatism;HCQ, 
hydroxychloroquine; INR, international normalised ratio; LDA, low-dose aspirin; LMWH, low molecular weight heparin; LoA, level of agreement; RCT, randomised controlled trial; 
SLE, systemic lupus erythematosus; VKA, vitamin K antagonists;

Table 1 Continued

D.In patients with provoked first venous thrombosis, therapy 
should be continued for a duration recommended for patients 
without APS according to international guidelines. Longer 
anticoagulation could be considered in patients with high-risk 
aPL profile in repeated measurements or other risk factors for 
recurrence.
This recommendation was based on expert opinion because we 
did not identify any studies that directly addressed the question 
of treatment duration after the initial provoked venous throm-
bosis. The panel recommended a duration of anticoagulation 
according to international guidelines for patients without APS30 
because the benefit of long-term anticoagulation in this popula-
tion is unclear. In patients with repeatedly high-risk aPL profile 
or those with additional risk factors for thrombosis recurrence, 
longer anticoagulation may be considered.
5. In patients with definite APS and recurrent venous thrombosis
despite treatment with VKA with a target INR of 2–3:
A. Investigation of, and education on, adherence to VKA treat-
ment, along with frequent INR testing, should be considered.
B. If the target INR of 2–3 had been achieved, addition of LDA, 
increase of INR target to 3–4 or change to LMWH may be 
considered.
There is limited evidence, mainly from case series, about thera-
peutic strategies for patients who have recurrent venous throm-
bosis despite a target INR of 2–3. Evaluation of the intensity 
of anticoagulation and adherence to treatment, patient counsel-
ling, frequent INR monitoring or a self-monitoring programme 
are important in optimising anticoagulation management. For 
adherent patients who have a recurrent thrombotic event, the 
addition of LDA, increase of INR target to 3–4 or switch to 
LMWH can be considered based on the individual’s character-
istics and preferences (aspirin intolerance/contraindication, cost 
and side effects of continuous LMWH use). There is insufficient 

evidence to determine the relative efficacy and safety of these 
options in this patient group.
6. In patients with definite APS and first arterial thrombosis:
A.Treatment with VKA is recommended over treatment with LDA 
only.
The use of VKA over LDA is supported by data from observa-
tional studies that showed a lower likelihood of recurrent throm-
bosis among patients with APS and prior arterial thrombosis 
(mainly stroke) treated with VKA versus LDA alone.31 32 An early 
study in older patients with strokes reported no difference in 
event recurrences between LDA and warfarin, but aPL was tested 
only once and was mainly of low titre in this study.33 These issues 
make it difficult to apply the latter results to patients of any age 
who fulfil the laboratory criteria for APS.
B.Treatment with VKA with INR 2–3 or INR 3–4 is recommended, 
considering the individual’s risk of bleeding and recurrent throm-
bosis. Treatment with VKA with INR 2–3 plus LDA may also be 
considered.
Patients with APS with arterial thrombosis have a higher risk of 
recurrence compared with those with venous thrombosis, and a 
tendency for recurrences in the same vascular (arterial) bed.34 
An earlier SLR including mainly observational studies reported 
that recurrent events occurred more often in patients with APS 
treated with VKA with a target INR of 2–3 compared with an 
INR of 3–4, but outcomes among patients with first arterial 
thrombosis were not analysed specifically.35 This review did 
not compare the target INR 2–3 and INR 3–4 arms within the 
same study, but disaggregated the arms. Pooled data from two 
retrospective studies and two RCTs21–24 showed that there was 
no statistically significant difference in thrombosis recurrences 
between treatment with VKA with a target INR of 3–4 and treat-
ment with INR of 2–3 (relative risk (RR) 0.46 (0.06–3.52)). 
However, these studies included a mixture of patients with 
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either venous or arterial thrombosis, and a minority had arterial 
events. In one trial that provided data specifically on patients 
with arterial thrombosis, there was no difference in recurrences 
between those treated to a target INR of 2–3 or INR of 3–4 
but without statistical significance (HR 3.1 (0.3–30.0)), although 
the sample was small and the achievement of a target INR of 
3–4 was low.21 Because of these limitations, the higher intensity 
INR approach is preferred by some centres. In decision-making, 
physicians should take into account the individual’s risk of 
recurrent thrombosis and major bleeding, as well as the patient’s 
preferences after discussion. Alternatively, treatment with VKA 
with a target INR of 2–3 plus LDA is used by some experts, 
supported by limited data from one retrospective cohort study 
and one small RCT.36 37

C.Rivaroxaban should not be used in patients with triple aPL 
positivity and arterial events. Based on the current evidence, we 
do not recommend use of DOACs in patients with definite APS 
and arterial events due to the high risk of recurrent thrombosis.
According to the results of the TRAPS trial,7 rivaroxaban should 
not be used in triple aPL-positive patients with APS. In addition, 
an ongoing trial of apixaban in APS (Apixaban for the Secondary 
Prevention of Thromboembolism among patients with the Anti-
phosPholipid Syndrome ((ASTRO-APS)) ( ClinicalTrials. gov 
identifier: NCT02295475) was recently modified after evalua-
tion of their initial data to exclude patients with arterial throm-
bosis. Based on these data and those from case series reporting 
arterial thrombosis recurrences in patients with APS treated 
with DOACs, use of DOACs is not currently recommended in 
patients with definite APS and arterial events.38 Ongoing clinical 
trials will help to better define the role of DOACs in APS.
7.In patients with recurrent arterial thrombosis despite adequate
treatment with VKA, after evaluating for other potential causes, 
an increase of INR target to 3–4, addition of LDA or switch to 
LMWH can be considered.
Evidence on the management of recurrent arterial thrombosis 
despite VKA treatment is limited. The panel agreed that after 
evaluating other risk factors for thrombosis (eg, traditional 
cardiovascular risk factors, cancer, other thrombophilic states) 
and investigating the adherence to VKA treatment, increase of 
target INR to 3–4, or INR 2–3 with the addition of LDA, or 
switching to LMWH may be considered. Adjunctive therapy 
with antimalarials or statins could also be considered.4 10 39–41

obstetric APs
8.In women with a high-risk aPL profile but no history of throm-
bosis or pregnancy complications (with or without SLE), treat-
ment with LDA (75–100 mg/day) during pregnancy should be 
considered.
Data from one placebo-controlled RCT of LDA in six women 
with SLE42 and data from three low-quality studies (two RCTs, 
one retrospective cohort)43–45 of women without SLE found 
no difference in the prevalence of live births with use of LDA. 
However, these studies did not specifically include women with 
a high-risk aPL profile. The panel agreed that use of LDA should 
be considered in pregnant women with high-risk aPL profile 
due to the risk of obstetric and thrombotic complications during 
pregnancy associated with high-risk aPL profile.
9.In women with a history of obstetric APS only (no prior throm-
botic events), with or without SLE:
A.With a history of ≥3 recurrent spontaneous miscarriages<10th 
week of gestation and in those with a history of fetal loss (≥10th 
week of gestation), combination treatment with LDA and heparin 
at prophylactic dosage during pregnancy is recommended.

Pooled data from one RCT including only patients with a history 
of first trimester losses46 and eight supporting observational 
studies47–54 that did not exclusively study women with early 
pregnancy losses indicated a higher likelihood of live births with 
combination treatment with LDA and heparin at prophylactic 
dosage versus LDA alone. Some experts believe that LDA alone 
can be also effective. For women with a history of fetal loss, 
combination treatment with LDA and heparin was associated 
with a higher likelihood of live birth compared with treatment 
with LDA alone. However, these studies included women with 
histories of both early and mid-pregnancy losses.48–52 LDA should 
be preferably started prior to conception, and heparin (LMWH 
or UFH) should be added as soon as pregnancy is confirmed. 
LMWH is preferred for practical reasons.
B.With a history of delivery <34th week of gestation due to 
eclampsia or severe pre-eclampsia or due to recognised features of 
placental insufficiency, treatment with LDA or LDA and heparin 
at prophylactic dosage is recommended considering the individu-
al’s risk profile.
Data from two studies (one RCT, one retrospective cohort)48 55 
showed that the likelihood of live births did not differ between 
women treated with LDA plus heparin and those treated with 
LDA alone. Physicians should tailor their treatment approach to 
the individual’s risk assessment including aPL profile and other 
risk situations (eg, presence of other cardiovascular risk factors 
or immobility).
C. With clinical ‘non-criteria’ obstetric APS, treatment with LDA 
alone or in combination with heparin might be considered based 
on the individual’s risk profile.
The ‘non-criteria’ obstetric APS manifestations included in our 
search were the presence of two recurrent spontaneous miscar-
riages <10th week of gestation or delivery ≥34 weeks of gesta-
tion due to severe pre-eclampsia or eclampsia. Because studies 
combined several types of pregnancy losses without specifying 
on the proportion of ‘non-criteria’ APS and due to very limited 
evidence, this recommendation is mainly based on expert 
opinion. Because of a potential higher risk for obstetric and/or 
thrombotic complications during pregnancy in women with a 
history of clinical ‘non-criteria’ obstetric APS, the panel agreed 
that treatment with LDA alone or in combination with heparin 
might be considered, based on an individual’s risk profile (aPL 
profile, concomitant SLE, prior live births, and additional risk 
factors for pregnancy loss or thrombosis).
D. With obstetric APS treated with prophylactic dose heparin 
during pregnancy, continuation of heparin at prophylactic dose 
for 6 weeks after delivery should be considered to reduce the risk 
of maternal thrombosis.
No studies directly tested the efficacy of extending treatment 
with prophylactic heparin after delivery. The panel suggested 
that in women receiving prophylactic dose heparin during preg-
nancy, the same dosage of heparin should be continued for 6 
weeks after delivery due to an increased risk of thrombosis at 
puerperium.
10.In women with ‘criteria’ obstetric APS with recurrent preg-
nancy complications despite combination treatment with LDA 
and heparin at prophylactic dosage, increasing heparin dose to 
therapeutic dose or addition of HCQ or low-dose prednisolone in 
the first trimester may be considered. Use of intravenous immu-
noglobulin (IVIG) might be considered in highly selected cases.
The most common practice if the combination of LDA and 
prophylactic dose heparin fails is to increase the dose of heparin 
to therapeutic dose, although no supporting evidence exists. 
Other treatment strategies may include the addition of HCQ or 
low prednisolone doses in the first trimester. Evidence directly 
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box 2 Research agenda

Risk stratification.
 ► Better definition of high-risk and low-risk aPL profile. Better 
delineation of the risk associated with different aPL profiles 
to allow improved classification of patients in research 
studies.

Primary thrombosis prevention.
 ► Impact on thrombosis risk of intensive management of 
traditional risk factors such as smoking cessation, control of 
hypertension, dyslipidaemia and sedentary behaviour.

 ► Evaluation of the role of HCQ for primary thrombosis 
prevention in subjects with high-risk aPL profile: (1) 
asymptomatic aPL carriers, (2) patients with a history 
of obstetric APS without SLE and (3) non-criteria APS 
manifestations (eg, thrombocytopaenia, heart valve disease 
and aPL-associated nephropathy).

 ► Evaluation of the role of statins or coenzyme Q10 for primary 
thrombosis prevention.

secondary thrombosis prevention.
 ► Controlled studies of the efficacy and safety of treatment 
with VKA with target INR of 3–4 versus combination 
treatment of VKA with target INR of 2–3 and LDA for patients 
with a history of first arterial thrombosis.

 ► Duration of VKA in provoked first venous thrombosis.
 ► Controlled studies of the efficacy of therapy of VKA alone 
versus VKA plus HCQ for patients with a history of first 
arterial thrombosis.

 ► Controlled studies of the efficacy and safety of targeted 
therapies (eg, B cell depletion therapy, complement inhibitors, 
or mammalian target of rapamycin (mTOR) inhibitors) in 
recurrent arterial thrombotic events despite treatment with 
VKA with a target INR of 3–4.

 ► Adjunctive treatment for recurrent arterial thrombosis: 
HCQ, statins or vitamin D. Evaluation of the role of platelet 
inhibitors (other than LDA), for example, ADP receptor 
inhibitors, adenosine reuptake inhibitors and others.

 ► Discontinuation of VKA treatment in patients who became 
negative for aPL in repeated measurements.

obstetric APs.
 ► Controlled studies of the efficacy and safety of treatment 
with LDA and heparin versus treatment with LDA, heparin 
and HCQ in women with a history of recurrent obstetric 
complications.

 ► Efficacy of 150 mg daily versus 100 mg daily of aspirin.
 ► Safety and efficacy of statins in pregnant women with APS 
who develop pre-eclampsia despite treatment with LDA and 
heparin.

aPL, antiphospholipid antibody; APS, antiphospholipid syndrome; HCQ, 
hydroxychloroquine; INR, international normalised ratio; LDA, low-dose 
aspirin; SLE, systemic lupus erythematosus; VKA, vitamin K antagonist.

supporting these treatment options is based on two small obser-
vational studies with limited representativeness.56 57 Use of 
IVIG was not associated with a higher proportion of live births 
compared with conventional treatment in three small observa-
tional studies58–60 that directly addressed this question, although 
confounding by indication may have occurred. Although the 
expectation of benefit is small, the panel agreed that IVIG might 
be considered in highly selected cases when other treatments 
have failed.
11.In women with a history of thrombotic APS, combination
treatment of LDA and heparin at therapeutic dosage during preg-
nancy is recommended.
In observational studies, treatment with LDA and therapeutic 
dose heparin was associated with live births in 79% of pregnan-
cies on average.52 61–64 Because a history of thrombotic APS is 
associated with increased risk for future thrombotic or obstetric 
events,65 treatment with LDA and heparin at therapeutic dosage 
during pregnancy is recommended. Switching treatment from 
VKA to therapeutic dose LMWH or UFH is recommended as 
soon as pregnancy is confirmed, ideally before the sixth week of 
gestation due to the teratogenic effects of warfarin.66

Catastrophic APs
12. The most common precipitating factors for the development
of CAPS are anticoagulation discontinuation among patients 
with prior diagnosis of APS, infections and surgical procedures.67 
Early diagnosis and management of infections and minimisation 
of discontinuation or low-intensity anticoagulation, especially 
perioperatively, are recommended.68 Based on the recently 
published clinical practice guidelines for CAPS management, 
combination therapy with glucocorticoids, heparin and plasma 
exchange or IVIG is recommended over single agents as first-
line treatment of patients with CAPS.69 Concurrent treatment 
of precipitating factors is also recommended (eg, infections, 
gangrene or malignancy). For refractory CAPS, B cell depletion 
(eg, rituximab) or complement inhibition (eg, eculizumab) thera-
pies may be considered based on data from case reports.69

dIsCussIon
APS is a complex disorder and its management often involves 
collaboration among several medical specialties. The aim of 
these recommendations is to provide guidance to all health 
professionals involved in patient care, inform patients and 
support their engagement in shared decision-making, and 
provide evidence to researchers, funders and policy makers. The 
task force included members from several professional groups 
covering different perspectives and also involved two patients 
who participated actively in both meetings.

The main challenge in developing recommendations for the 
management of adult APS was the low certainty of evidence. 
Many studies included patients with a mix of different clinical 
features and did not provide stratified data for arterial or venous 
thrombosis separately or for each of various types of obstetric 
APS. This resulted in only indirect evidence for many of the 
treatment decisions that were examined. Several meta-anal-
yses also pooled studies of heterogeneous patient groups. A 
high risk of bias and low power, mostly due to the rarity of the 
syndrome, were also common in RCTs. Therefore, a significant 
number of recommendations necessarily relied more, or only, on 
low-quality evidence or expert opinion. An important consider-
ation for future research would be well-designed observational 
studies and RCTs of homogeneous patient populations. These 
studies will hopefully increase the quality of evidence for the 

currently used treatments and answer questions about contro-
versial issues and new potential therapies (box 2).

The cost and availability of suggested treatments are not a 
barrier to implementation of these recommendations, with the 
exception of IVIG and plasmapheresis. However, both treat-
ments were recommended as first-line treatment only in CAPS 
which occurs in less than 1% of patients, while B cell depletion 
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and complement inhibitors may be considered in refractory 
cases of CAPS. Implementation into clinical practice can be facil-
itated by the dissemination of the recommendations using online 
media, by presentations in national and international congresses, 
development of workshops in meetings of different specialties 
involved in APS management, or educational lectures for health-
care providers in referral hospitals.

Better understanding of the pathophysiological mechanisms of 
APS will help to identify new therapeutic targets, and a balance 
between anticoagulation and immunomodulatory drugs for 
different APS manifestations. In addition, studies that examine 
homogeneous patient groups can better evaluate the efficacy and 
safety of the currently available and new treatments. When suffi-
cient new information will be available, an update of the current 
recommendations will take place. The task force members 
believe that these recommendations will help to improve the 
quality of care in patients with APS and foster future research by 
highlighting evidence gaps.
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AbsTRACT
Objective To evaluate the efficacy and safety of 
the oral Janus kinase (JaK) inhibitor peficitinib versus 
placebo in Japanese patients with rheumatoid arthritis 
(Ra).
Methods in this multicentre, double-blind, parallel-
group, placebo-controlled phase iii study, patients with 
Ra and inadequate response to methotrexate (MTX) 
were randomised 1:1:1 to placebo, peficitinib 100 
mg once daily or peficitinib 150 mg once daily with 
MTX for 52 weeks. Based on baseline randomisation, 
at week 12, non-responders receiving placebo were 
switched to peficitinib until the end of treatment; the 
remaining patients were switched to peficitinib at week 
28. Primary efficacy variables were american College of
Rheumatology (aCR)20 response rate at week 12/early 
termination (eT) and change from baseline in van der 
Heijde-modified total sharp score (mTss) at week 28/eT.
Results 519 patients were randomised and treated. 
significantly more (p<0.001) peficitinib (58.6%,  
100 mg; 64.4%, 150 mg) than placebo (21.8%) 
recipients achieved aCR20 response at week 12/
eT. significantly lower (p<0.001) mean changes from 
baseline in mTss at week 28/eT occurred in peficitinib 
(1.62, 100 mg; 1.03, 150 mg) than placebo (3.37) 
recipients. Peficitinib was associated with haematological 
and biochemical parameter changes, and increased 
incidence of serious infections and herpes zoster-related 
disease. One death from suicide occurred in a patient in 
the placebo group after switching to peficitinib 100 mg.
Conclusions in Japanese patients with Ra and 
inadequate response to MTX, peficitinib demonstrated 
significant superiority versus placebo in reducing Ra 
symptoms and suppressing joint destruction. Peficitinib 
had an acceptable safety and tolerability profile, with no 
new safety signals compared with other JaK inhibitors.
Trial registration number nCT02305849.

InTROduCTIOn
Despite the advances in the management of rheu-
matoid arthritis (RA),1 a vast unmet need remains 
in relation to progressive disability, reduced quality 
of life, systemic comorbidities, premature death 

and high socioeconomic costs.2–5 RA therapy 
includes conventional synthetic disease-modifying 
antirheumatic drugs (csDMARDs)6 7 and biological 
disease-modifying antirheumatic drugs (DMARDs), 
mostly in combination with methotrexate (MTX), 
with the objective of achieving remission or low 

Key messages

What is already known about this subject?
 ► Peficitinib inhibits the kinase activities of all 
Janus kinase (JAK) family members (pan-JAK 
inhibition) and was approved in Japan in 
2019 as a once-daily rheumatoid arthritis (RA) 
therapy in both 100 and 150 mg/day regimens, 
with no dose adjustment for renal injury.

What does this study add?
 ► This study was a randomised, double-blind, 
phase III study conducted in patients who had 
an inadequate response to methotrexate (MTX). 
Patients from Japan were randomised to 52 
weeks’ treatment with peficitinib 100 or  
150 mg/day, or placebo, in combination with 
MTX.

 ► Peficitinib demonstrated superiority over 
placebo at both doses in reducing RA symptoms 
and suppressing joint destruction, according to 
the primary efficacy variables of ACR response 
and van der Heijde-modified total Sharp score.

 ► The efficacy of peficitinib 150 mg/day was 
numerically superior to the 100 mg/day dose, 
with no apparent dose dependency from a 
safety perspective and similar safety signals, 
such as serious infections, herpes zoster and 
malignancies, to those of other JAK inhibitors.

How might this impact on clinical practice or 
future developments?

 ► Based on these results, peficitinib may be a 
valuable addition to the treatment options for 
RA, particularly for patients with RA who are 
unresponsive to conventional treatments.
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disease activity.7 8 However, current treatment modalities have 
restricted efficacy: 30%–40% of patients fail to respond to 
biological treatment, and only 20%–25% of patients achieve 
complete remission.9 Accordingly, new treatment options with 
mechanisms of action distinct from those of csDMARDs or 
biological agents are needed.

A key event in the pathogenesis and progression of RA is the 
activation of the Janus kinase (JAK)/signal transducers and acti-
vators of transcription signal transduction pathway.10–13 The role 
of JAKs in RA has led to the development of targeted small- 
molecule JAK inhibitors.14 Peficitinib (ASP015K) is an oral JAK 
inhibitor that inhibits kinase activities of all JAK family members: 
JAK1, JAK2, JAK3 and tyrosine kinase 2.15 16 An increase in 
haemoglobin levels corroborates the observation that pefici-
tinib is associated with relatively mild inhibition of JAK2.17 18 
In Japan, two other JAK inhibitors, tofacitinib and baricitinib, 
are currently available for patients with RA and an inadequate 
response to conventional therapies.16

A phase IIb study in Japanese patients with moderate-to-severe 
RA treated with peficitinib monotherapy for 12 weeks demon-
strated that peficitinib was efficacious and had an acceptable 
safety profile.17 Two other phase IIb studies of peficitinib have 
also been conducted in non-Japanese populations.19 20 A separate 
study of peficitinib (RAJ3) has recently completed in patients 
with an inadequate response to DMARDs. Here we report the 
results of the RAJ4 study that assessed the efficacy and safety of 
two dosage regimens of peficitinib in combination with MTX, 
compared with placebo, in Japanese patients with RA and an 
inadequate response to MTX. The upper two doses (100 and 
150 mg/day) were selected for this study based on previous effi-
cacy and safety findings.17

MeTHOds
study design
This was a randomised, phase III, placebo-controlled, double-
blind, parallel-group confirmatory study conducted in 161 centres 
in Japan between 25 July 2014 and 28 November 2017. Patients 
were randomly assigned 1:1:1 to receive peficitinib 100 mg, pefi-
citinib 150 mg or placebo once daily, orally, in combination with a 
stable dose of MTX (≤16 mg/week) for 52 weeks (online supple-
mentary methods). The peficitinib dose (100 or 150 mg) to which 
the patients in the placebo group were switched was determined 
randomly at baseline (online supplementary figure 1). Inadequate 
responders (<20% improvement from baseline in tender joint 
count at 68 joints (TJC68) and swollen joint count at 66 joints 
(SJC66)) in the placebo group were switched in a double-blind 
manner at week 12 to either peficitinib 100 or 150 mg; dosage was 
maintained until end of treatment (EOT). Patients still receiving 
placebo at week 28 were switched to either peficitinib 100 or 150 
mg. The study was registered at  ClinicalTrials. gov.

Patients
Eligible patients were ≥20 years old, had RA for <10 years 
(fulfilling the 1987 American College of Rheumatology (ACR)21 
or the 2010 ACR/European League Against Rheumatism 
(EULAR) criteria22), had evidence of active disease (≥6/68 TJC 
and ≥6/66 SJC), had C reactive protein (CRP) of ≥1.00 mg/dL 
and bone erosion in ≥1 joint (confirmed at the local site using 
van der Heijde-modified total Sharp score (mTSS)) and met 
the ACR 1991 Revised Criteria for the Classification of Global 
Functional Status in RA class I, II or III at screening.23 Eligible 
patients must also have had an inadequate response to MTX 
≥8 mg/week for ≥28 days prior to baseline when administered 

continuously for ≥90 days prior to screening. Patients with 
an inadequate response to MTX at a dose of <8 mg/week 
were eligible if they were unable to tolerate a higher dose. 
Patients had to continue a stable dose of MTX (≤16 mg/week)  
≥28 days prior to screening until EOT. Exclusion criteria 
included treatment with biological DMARDs within specified 
periods prior to baseline or other JAK inhibitors, infections or 
laboratory abnormalities, or a history of or concurrent malig-
nant tumour (online supplementary methods).

Outcomes
Efficacy assessments
The primary efficacy endpoints were ACR20 response rate24 
at week 12/early termination (ET) and change from baseline in 
mTSS25 at week 28/ET. Hand and foot radiographs were scored 
by two central readers independently, and if necessary by an 
adjudicator. All were blinded to the (time) order of the films 
and clinical information (online supplementary methods). The 
mean scores assigned by the two primary readers were used for 
the analyses.

Key secondary efficacy endpoints included ACR20/50/70 
response, Disease Activity Score (DAS) 28-CRP26 and 
DAS28-erythrocyte sedimentation rate (ESR), CRP, ESR, Physi-
cian’s Global Assessment of Disease Activity (PGA), TJC68, 
SJC66, Clinical Disease Activity Index (CDAI) and Simplified 
Disease Activity Index (SDAI). The proportion of patients 
achieving ACR/EULAR remission (≤1/68 TJC, ≤1/66 SJC, 
CRP≤1 mg/dL and Subject's Global Assessment of Disease 
Activity (SGA)≤10 mm on a visual analogue scale (VAS)) was 
also assessed. Structural progression assessments included 
changes from baseline in mTSS (at week 52/ET), erosion and 
joint space narrowing (JSN) scores (at weeks 28/ET and 52/ET), 
and rates of nonprogression (≤0.5 unit change from baseline 
in mTSS). Patient-reported outcomes included Health Assess-
ment Questionnaire-Disability Index (HAQ-DI),27 SGA and 
Subject’s Global Assessment of Pain (SGAP,28 both measured on a  
0–100 mm VAS).

Safety
Key safety variables included treatment-emergent adverse events 
(TEAEs), including the incidence of venous thromboembolism 
(VTE), from the initial dose of study drug through week 52 or 
follow-up period (online supplementary figure 1) and mean 
(SD) change from baseline in haematological and biochemical 
parameters after initial dose of study drug through week 52 or 
withdrawal. TEAEs for serious infections, herpes zoster-related 
disease (including varicella) and malignancies were assessed per 
100 patient-years.

statistical analyses
Primary analysis was performed on the full analysis set (FAS), 
comprising all randomised patients who received at least one 
dose of study drug; this was the primary data set for efficacy 
analyses. The assessment of joint destruction was performed on 
patients with at least one film at baseline and at week 12 or 
later (including week 12 assessment; see online supplementary 
methods). Safety analyses were performed on the safety analysis 
set (SAF), comprising all patients who received at least one dose 
of study drug. While the definitions of the FAS and SAF were 
different, ultimately these comprised the same patients.

For ACR20 response at week 12/ET, pairwise comparisons 
with placebo were performed for each peficitinib dose using 
Fisher’s exact test in the primary analysis. For mTSS change from 

https://dx.doi.org/10.1136/annrheumdis-2019-215164
https://dx.doi.org/10.1136/annrheumdis-2019-215164
https://dx.doi.org/10.1136/annrheumdis-2019-215164
https://dx.doi.org/10.1136/annrheumdis-2019-215164
https://dx.doi.org/10.1136/annrheumdis-2019-215164
https://dx.doi.org/10.1136/annrheumdis-2019-215164
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Table 1 Patient demographics and baseline characteristics*

Placebo (n=170)
Peficitinib 100 mg 
(n=174)

Peficitinib 150 mg 
(n=174)

Peficitinib 100 mg 
+150 mg (n=348) Total (n=518)

Female, n (%) 121 (71.2) 118 (67.8) 125 (71.8) 243 (69.8) 364 (70.3)

Age in years, mean (SD) 55.3 (12.1) 58.5 (10.8) 56.2 (11.6) 57.4 (11.2) 56.7 (11.6)

<65 years, n (%) 125 (73.5) 116 (66.7) 131 (75.3) 247 (71.0) 372 (71.8)

Body weight in kg, mean (SD) 58.92 (13.30) 57.39 (12.32) 58.20 (12.49) 57.79 (12.39) 58.16 (12.70)

RA duration in years,† mean (SD) 4.30 (2.93) 4.41 (2.96) 4.37 (3.09) 4.39 (3.02) 4.36 (2.99)

Tender joint count (68 joints),‡ mean (SD) 15.4 (9.4) 14.0 (8.6) 14.5 (7.8) 14.2 (8.2) 14.6 (8.6)

Swollen joint count (66 joints),‡ mean (SD) 13.6 (7.0) 12.8 (6.8) 13.1 (6.9) 13.0 (6.8) 13.2 (6.9)

Physician’s Global Assessment of Disease Activity
(100 mm VAS),§ mean (SD)

60.98 (19.59) 58.87 (19.67) 60.86 (19.09) 59.87 (19.38) 60.23 (19.43)

Subject’s Global Assessment of Disease Activity
(100 mm VAS),§ mean (SD)

58.18 (23.90) 51.70 (25.25) 55.44 (24.49) 53.57 (24.91) 55.07 (24.65)

Subject’s Global Assessment of Pain (100 mm VAS),§
mean (SD)

56.75 (25.29) 51.12 (26.14) 55.09 (24.89) 53.10 (25.56) 54.30 (25.51)

mTSS,‡ mean (SD) 28.40 (36.28) 25.23 (35.50) 25.00 (32.38) 25.11 (33.92) 26.19 (34.71)

Erosion score,‡ mean (SD) 11.03 (17.96) 10.34 (17.47) 9.76 (15.93) 10.05 (16.69) 10.37 (17.11)

Joint space narrowing score,‡ mean (SD) 17.37 (20.13) 14.89 (19.47) 15.23 (18.33) 15.06 (18.88) 15.82 (19.31)

DAS28-CRP,‡ mean (SD) 5.41 (0.85) 5.21 (0.94) 5.36 (0.92) 5.29 (0.93) 5.33 (0.91)

 DAS28-CRP ≤3.2, n (%) 0 3 (1.7) 3 (1.7) 6 (1.7) 6 (1.2)

 DAS28-CRP >3.2–≤5.1, n (%) 63 (37.3) 76 (43.7) 59 (33.9) 135 (38.8) 198 (38.3)

 DAS28-CRP >5.1, n (%) 106 (62.7) 95 (54.6) 112 (64.4) 207 (59.5) 313 (60.5)

 Missing, n 1 0 0 0 1

DAS28-ESR,¶ mean (SD) 6.05 (0.88) 5.83 (0.99) 5.98 (1.00) 5.91 (1.00) 5.95 (0.96)

 DAS28-ESR ≤3.2, n (%) 0 1 (0.6) 1 (0.6) 2 (0.6) 2 (0.4)

 DAS28-ESR >3.2–≤5.1, n (%) 24 (14.2) 30 (17.2) 29 (16.8) 59 (17.0) 83 (16.1)

 DAS28-ESR>5.1, n (%) 145 (85.8) 143 (82.2) 143 (82.7) 286 (82.4) 431 (83.5)

 Missing, n 1 0 1 1 2

HAQ-DI score,† mean (SD) 1.05 (0.66) 0.91 (0.65) 1.02 (0.62) 0.96 (0.64) 0.99 (0.65)

CRP (mg/dL), mean (SD) 2.622 (2.146) 2.432 (2.076) 2.524 (2.183) 2.478 (2.127) 2.525 (2.132)

ESR (mm/hr), mean (SD) 53.8 (26.9) 50.4 (26.2) 51.5 (26.8) 51.0 (26.5) 51.9 (26.6)

CDAI score,‡ mean (SD) 31.56 (10.60) 29.88 (11.73) 31.51 (11.39) 30.69 (11.57) 30.98 (11.26)

SDAI score,‡ mean (SD) 34.18 (11.14) 32.31 (12.26) 34.03 (11.99) 33.17 (12.14) 33.50 (11.82)

Prior biological DMARD use, n (%) 38 (22.4) 33 (19.0) 27 (15.5) 60 (17.2) 98 (18.9)

MTX dose at baseline mg/week, mean (SD) 9.78 (3.08) 10.09 (2.75) 9.88 (2.81) 9.99 (2.78) 9.92 (2.88)

 >0–≤8, n (%) 84 (49.7) 63 (36.6) 76 (44.2) 139 (40.4) 223 (43.5)

 >8–≤12, n (%) 60 (35.5) 88 (51.2) 74 (43.0) 162 (47.1) 222 (43.3)

 >12, n (%) 25 (14.8) 21 (12.2) 22 (12.8) 43 (12.5) 68 (13.3)

 Missing, n 1 2 2 4 5

Positive for anti-CCP antibodies,** % 88.8 89.7 92.5 91.1 90.3

Positive for rheumatoid factor,** % 67.6 66.1 67.8 67.0 67.2

Number of prior DMARDs (including biologicals)

 1 56 (32.9) 57 (32.8) 66 (37.9) 123 (35.3) 179 (34.6)

 2 83 (48.8) 90 (51.7) 83 (47.7) 173 (49.7) 256 (49.4)

  ≥3 31 (18.2) 27 (15.5) 25 (14.4) 52 (14.9) 83 (16.0)

Prior non-biological DMARD use, except for MTX, n (%) 97 (57.1) 105 (60.3) 95 (54.6) 200 (57.5) 297 (57.3)

*All values are n (mean) unless otherwise indicated.
†Duration of RA (years) was calculated as (date of baseline mTSS taken − onset date of RA + 1)/365.25.
‡Higher values indicate greater levels of disease activity.
§Possible VAS scores range from 0 to 100, with higher scores indicating greater disease activity.
¶Possible HAQ-DI scores range from 0 to 3, with higher scores indicating greater disability.
**Patients with ‘high positive’ readings, defined as 3 × upper limit of normal range.
CCP, cyclic citrullinated peptide; CDAI, Clinical Disease Activity Index; CRP, C-reactive protein; DAS28-CRP, disease activity score for 28 joints based on CRP; DAS28-ESR, disease 
activity score for 28 joints based on erythrocyte sedimentation rate; DMARD, disease-modifying antirheumatic drug; ESR, erythrocyte sedimentation rate; HAQ-DI, Health 
Assessment Questionnaire-Disability Index; MTX, methotrexate; RA, rheumatoid arthritis; SDAI, Simplified Disease Activity Index; mTSS, van der Heijde-modified total Sharp score.

baseline at week 28/ET, pairwise comparisons with placebo were 
performed at each peficitinib dose using rank analysis of covari-
ance with treatment group as factor and baseline rank mTSS as 
covariate in the primary analysis. A closed testing procedure was 

used for multiplicity adjustment in the primary analysis (online 
supplementary methods).

To detect a difference between peficitinib and placebo, a 
sample size of 510 patients (170 per treatment group) was 
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Figure 2A ACR20/50/70 responses at week 12/ET (FAS). Data shown are the LOCF. A closed testing procedure was used for multiplicity adjustment 
for ACR20 and no multiplicity adjustment for ACR50 and ACR70. *Fisher’s exact test.

Figure 2b Change from baseline in mTSS, JSN and erosion scores at week 28/ET (linear extrapolation) (FAS). A closed testing procedure was used 
for multiplicity adjustment for mTSS. †Based on rank analysis of covariance model: rank of mTSS change = treatment + baseline rank of mTSS; rank of 
JSN score change = treatment + baseline rank of JSN score; rank of erosion score change = treatment + baseline rank of erosion score.

estimated to provide 90% power at a two-sided 0.05 significance 
level, allowing for a dropout rate of approximately 10%.

For missing data, the last observation carried forward (LOCF) 
was used for ACR components, DAS28 and safety variables at 
weeks 12/ET, 28/ET and 52/ET. For mTSS, erosion score and 
JSN score, linear extrapolation was used at weeks 28/ET and  
52/ET (see online supplementary methods). Two-sided tests at 
the 0.05 significance level were used for statistical comparisons 
of peficitinib treatment groups versus placebo. Statistical anal-
yses were performed using SAS V.9.4.

To assess the robustness of findings from the primary efficacy 
analysis, sensitivity analyses were performed (online supplemen-
tary tables 1 and 2).

ResulTs
Patient demographics, baseline characteristics and  
treatment compliance
A total of 780 patients were screened; 519 patients were 
randomised and treated with the study drug, and 518 (99.8%) 
patients were included in the FAS and SAF. One patient was 
excluded from all analyses due to a major protocol violation 
(prescription of peficitinib 100 mg outside of study parame-
ters). The completion rate of the study was numerically higher 
in patients randomised to peficitinib 100 or 150 mg at baseline 
(83.9%–84.6%) than placebo (77.6%–78.8%) (figure 1). There 
were 364 (70.3%) female patients. The mean age ranged from 

https://dx.doi.org/10.1136/annrheumdis-2019-215164
https://dx.doi.org/10.1136/annrheumdis-2019-215164
https://dx.doi.org/10.1136/annrheumdis-2019-215164
http://ard.bmj.com/
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Figure 2C Cumulative probability plots for change from baseline in mTSS score at weeks 28/ET and 52/ET (FAS).

55.3 to 58.5 years. The mean duration of RA ranged from 4.30 
to 4.41 years. The mean prior biological DMARD use ranged 
from 15.5% to 22.4%, and the dose of concomitant MTX at 
baseline ranged from 9.78 to 10.09 mg/week. Patient charac-
teristics were similar between treatment groups, except for 
age. Baseline disease activity and RA history were also similar 
between treatment groups, except for baseline SGA (table 1).

efficacy
ACR20/50/70 response rates
ACR20 response rates at week 12/ET (LOCF) were 37/170 
(21.8%, placebo), 102/174 (58.6%, peficitinib 100 mg) and 
112/174 (64.4%, peficitinib 150 mg). Significant differences 
versus placebo of 36.9% (95% CI 26.7% to 47.0%) for pefici-
tinib 100 mg and 42.6% (95% CI 32.6% to 52.6%) for peficitinib 

150 mg were observed (p<0.001 for both comparisons). ACR50 
and ACR70 responses were significantly greater for both pefi-
citinib groups than placebo (figure 2A). Mean changes from 
baseline in mTSS at week 28/ET (linear extrapolation) were 
3.37 (placebo), 1.62 (peficitinib 100 mg) and 1.03 (peficitinib  
150 mg). The rank analysis of covariance model demonstrated 
that differences from placebo were significant for both pefici-
tinib doses (p<0.001) (figure 2B). Sensitivity analyses showed 
the robustness of both primary efficacy analyses (online supple-
mentary tables 1 and 2).

Key secondary efficacy endpoints
ACR/EULAR remission at week 12/ET was achieved by 1/169 
(0.6%), 10/172 (5.8%) and 17/171 (9.9%) patients in the 
placebo, peficitinib 100 and 150 mg groups, respectively (LOCF 

https://dx.doi.org/10.1136/annrheumdis-2019-215164
https://dx.doi.org/10.1136/annrheumdis-2019-215164
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Figure 2d Proportions of patients showing a change from baseline in mTSS of ≤0.5 at weeks 28/ET and 52/ET (linear extrapolation (FAS)). 
Comparisons performed using Fisher’s exact test with no multiplicity adjustment.

Figure 2e ACR20 response over time to week 52 and EOT (FAS).

and FAS). The treatment difference versus placebo was 5.2% 
(p=0.011) for peficitinib 100 mg and 9.3% (p<0.001) for pefi-
citinib 150 mg.

Significantly reduced mean changes from baseline in both 
JSN and erosion score were observed in both peficitinib groups 
compared with placebo (figure 2B). Cumulative probability plot 
for the change in mTSS score up to weeks 28/ET and 52/ET 

illustrates that peficitinib 100 and 150 mg were more efficacious 
than placebo for prevention of joint destruction (figure 2C). 
Significantly greater proportions of peficitinib-treated patients 
showed a change from baseline in mTSS ≤0.5 (figure 2D) and 
mTSS ≤0 (online supplementary figure 2A) when compared 
with placebo. Significantly greater proportions of placebo- 
treated than peficitinib-treated patients showed a change from 

https://dx.doi.org/10.1136/annrheumdis-2019-215164
http://ard.bmj.com/
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Figure 2F ACR50 response over time to week 52 and EOT (FAS).

Figure 2G ACR70 response over time to week 52 and EOT (FAS).  
Patients were switched from placebo to peficitinib 100 or 150 mg at week 12 for inadequate responders in the placebo group (as determined 
by <20% improvement from baseline in TJC68 and SJC66). Patients remaining in the placebo group at week 12 were switched from placebo to 
peficitinib 100 or 150 mg at week 28. Patients responding to placebo were maintained on placebo until week 28; ACR20 response rates at week 28 
were therefore higher than those at week 12 for the placebo/peficitinib 100 mg (week 28) and placebo/peficitinib 150 mg (week 28) groups. ACR 
components were LOCF first and then the ACR response was calculated. LOCF data were included at EOT. ACR, American College of Rheumatology; 
EOT, end of treatment; ET, early termination; FAS, full analysis set; JSN, joint space narrowing; LOCF, last observation carried forward; mTSS, van der 
Heijde-modified total Sharp score; TJC68, tender joint count at 68 joints; SJC66, swollen joint count at 66 joints.

baseline in mTSS ≥3 (online supplementary figure 2B). A signifi-
cantly greater proportion of peficitinib-treated patients achieved 
CDAI ≤2.8 and SDAI ≤3.3 (remission), as well as CDAI 10 
and SDAI≤11 (low disease activity) at weeks 12/ET and 28/

ET (online supplementary figure 3A–D) when compared with 
placebo.

From weeks 12 to 52, ACR20 response rates were main-
tained in the peficitinib groups, while respective ACR50 and 

https://dx.doi.org/10.1136/annrheumdis-2019-215164
https://dx.doi.org/10.1136/annrheumdis-2019-215164
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Figure 3 (Continued)
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Figure 3 (Continued)
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Figure 3 Change from baseline over time in (A) DAS28-CRP, (B) HAQ-DI, (C) CRP (mg/dL), (D) ESR (mm/hour), (E) SGAP (100 mm VAS), (F) SGA (100 
mm VAS), (G) PGA (100 mm VAS) (H) TJC68 and (I) SJC66 (FAS).  
Figure shows observed data for weeks 0–12, and last observation carried forward for weeks 12/ET and 28/ET. No multiplicity adjustment. Statistical 
comparisons were conducted according to analysis of covariance model. *P<0.05, **P<0.01, ***P<0.001. CRP, C-reactive protein; DAS28-CRP, 
disease activity score in 28 joints based on CRP; ESR, erythrocyte sedimentation rate; FAS, full analysis set; HAQ-DI, Health Assessment Questionnaire 
– Disability Index; PGA, Physician’s Global Assessment of disease activity; SGA, Subject’s Global Assessment of disease activity; SGAP, Subject’s Global
Assessment of Pain; SJC66, swollen joint count at 66 joints; TJC68, tender joint count at 68 joints; VAS, visual analogue scale.

ACR70 response rates further improved during this period. 
ACR20/50/70 response rates improved at weeks 16 or 32 after 
switching from placebo to peficitinib; the respective responses 
were maintained through week 52 (figure 2E–G).

Compared with placebo, significant improvements in mean 
changes over time from baseline to week 28/ET were observed 
in both peficitinib groups for DAS28-CRP or other ACR core set 
(figure 3A–I and online supplementary table 3), ACR20/50/70 
excluding ACR70 at Week 4 (online supplementary figure 
4A–C and online supplementary table 3) and CDAI and SDAI 
scores (online supplementary figure 5A–B). Proportions of 
patients achieving DAS28-CRP<2.6, DAS28-CRP≤3.2 and 
DAS28-ESR<2.6 at weeks 12/ET and 28/ET were significantly 
greater for both peficitinib groups than placebo (p<0.001 for all 
comparisons, online supplementary figure 6A–C).

safety
Treatment-emergent adverse events
In the first 12 weeks of the study, investigator-reported TEAE 
incidence was greater in the peficitinib 100 mg (89 patients, 
51.1%) and 150 mg (104 patients, 59.8%) groups than in the 
placebo group (84 patients, 49.4%). Investigator-reported 
drug-related TEAEs were also more common in the peficitinib 
100 mg (57 patients, 32.8%) and 150 mg (80 patients, 46.0%) 
groups versus the placebo group (47 patients, 27.6%). Most 
TEAEs were grade 1 or 2 in severity and investigator-reported 
drug-related serious adverse events (SAEs) were reported at a 
similar incidence in all three treatment groups. Investigator- 
reported drug-related adverse events (AEs) leading to perma-
nent discontinuation of study drug were reported in 3 (1.7%), 
5 (2.9%) and 6 (3.5%) patients in the peficitinib 100 mg group, 
150 mg group and placebo group, respectively (table 2A).

During the overall study period, TEAEs were reported in 154 
(88.5%) and 153 (87.9%) patients in the peficitinib 100 and 
150 mg groups, respectively. Investigator-reported drug-related 
TEAEs were reported in 118 (67.8%) and 123 (70.7%) patients 
in the peficitinib 100 and 150 mg groups, respectively. Most 
TEAEs were grade 1 or 2 in severity. Investigator-reported drug- 
related SAEs were reported in 10 (5.7%) and 8 (4.6%) patients 
in the peficitinib 100 and 150 mg groups, respectively. Investi-
gator-reported drug-related AEs leading to permanent discontin-
uation of study drug were reported in 7 (4.0%) and 11 (6.3%) 
patients in the peficitinib 100 and 150 mg groups, respectively 
(table 2A).

No deaths were reported up to week 28 (table 2A, online 
supplementary table 4). One death due to suicide was reported 
in a 69-year-old man in the placebo group after switching to 
peficitinib 100 mg at week 28 (online supplementary table 5). 
The investigator considered the suicide was not related to the 
study drug because he had concurrent depression (online supple-
mentary narrative).

In the overall period, the incidence of serious infections and 
herpes zoster-related diseases (including varicella) was higher 
in the peficitinib groups than in the placebo group; no dose- 
dependent association was observed. There was no report of 
multiple dermatomes and generalised herpes zoster in this study. 
No apparent dose dependency was observed in the incidence 
of malignancy in the treatment groups (table 2B). VTE was not 
observed in the study.

Clinical laboratory evaluations
At week 12/ET, a decrease in absolute neutrophil count and an 
increase in haemoglobin were observed in the peficitinib groups 
compared with the placebo group. No major differences were 

https://dx.doi.org/10.1136/annrheumdis-2019-215164
https://dx.doi.org/10.1136/annrheumdis-2019-215164
https://dx.doi.org/10.1136/annrheumdis-2019-215164
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https://dx.doi.org/10.1136/annrheumdis-2019-215164
https://dx.doi.org/10.1136/annrheumdis-2019-215164
https://dx.doi.org/10.1136/annrheumdis-2019-215164
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Table 2 Safety summary. (A) Treatment-emergent adverse events (SAF); (B) TEAEs for serious infections, herpes zoster-related disease and 
malignancies for overall study period (SAF)

(A)

Weeks 0–12 Overall period

Placebo 
(n=170)

Peficitinib 100 mg 
(n=174)

Peficitinib 150 mg 
(n=174)

Peficitinib 100 mg 
+150 mg (n=348)

Peficitinib 100 mg 
(n=174)

Peficitinib 150 mg 
(n=174)

Peficitinib 100 mg 
+150 mg (n=348)

AEs 84 (49.4) 89 (51.1) 104 (59.8) 193 (55.5) 154 (88.5) 153 (87.9) 307 (88.2)

Drug-related AEs* 47 (27.6) 57 (32.8) 80 (46.0) 137 (39.4) 118 (67.8) 123 (70.7) 241 (69.3)

Deaths 0 0 0 0 0 0 0

SAEs 4 (2.4) 5 (2.9) 3 (1.7) 8 (2.3) 19 (10.9) 13 (7.5) 32 (9.2)

Drug-related SAEs* 2 (1.2) 3 (1.7) 3 (1.7) 6 (1.7) 10 (5.7) 8 (4.6) 18 (5.2)

≥Grade 3 AEs† 8 (4.7) 9 (5.2) 16 (9.2) 25 (7.2) 29 (16.7) 32 (18.4) 61 (17.5)

TEAEs leading to permanent discontinuation of study drug

 All 7 (4.1) 5 (2.9) 5 (2.9) 10 (2.9) 13 (7.5) 12 (6.9) 25 (7.2)

 Drug-related AEs* 6 (3.5) 3 (1.7) 5 (2.9) 8 (2.3) 7 (4.0) 11 (6.3) 18 (5.2)

 SAEs 3 (1.8) 1 (0.6) 0 1 (0.3) 6 (3.4) 4 (2.3) 10 (2.9)

 Drug-related SAEs* 2 (1.2) 1 (0.6) 0 1 (0.3) 4 (2.3) 3 (1.7) 7 (2.0)

All values are n (%).
*Possible or probable, as assessed by the investigator or records where relationship is missing.
†Based on National Cancer Institute Common Terminology Criteria for Adverse Events (NCI-CTCAE) grade: grade 3 = severe or medically significant, grade 4 = life threatening, 
grade 5 = death related to AE.
AE, adverse event; SAE, severe adverse event; SAF, safety analysis set; TEAE, treatment-emergent adverse event.

(b)
Placebo
(n=170)

Peficitinib 100 mg 
(n=174)

Peficitinib 150 mg 
(n=174)

Peficitinib 100 mg 
+150 mg (n=348)

Peficitinib total*
(n=496)

Serious infections

 Patient-years 62.9 159.5 160.8 320.3 407.8

 Number of patients who had at least one incidence 0 6 6 12 14

 Incidence rate/100 patient-years (95% CI) 0.0 3.8 (1.7, 8.4) 3.7 (1.7, 8.3) 3.7 (2.1, 6.6) 3.4 (2.0, 5.8)

Herpes zoster-related disease
(including varicella)

 Patient-years 62.6 156.2 159.8 316.0 402.9

 Number of patients who had at least one incidence 2 13 6 19 23

 Incidence rate/100 patient-years (95% CI) 3.2 (0.8, 12.8) 8.3 (4.8, 14.3) 3.8 (1.7, 8.4) 6.0 (3.8, 9.4) 5.7 (3.8, 8.6)

Malignancies

 Patient-years 62.9 162.2 163.0 325.2 413.2

 Number of patients who had at least one incidence 1 1 0 1 1

 Incidence rate/100 patient-years (95% CI) 1.6 (0.2, 11.3) 0.6 (0.1, 4.4) 0.0 0.3 (0.0, 2.2) 0.2 (0.0, 1.7)

Patient-years was calculated from initial dose up to first incidence of the event for patients who had at least one event, and from initial dose through follow-up for patients who 
had no events; incidence rate is calculated as (100 × number of patients who had at least one incidence/total patient-years).
*Including adverse events during treatment with peficitinib in patients who were initially treated with placebo and switched to peficitinib at week 12 or 28.
CI, confidence interval.

observed in mean changes from baseline in haematological 
parameters at EOT compared with week 12/ET (table 3).

Compared with the placebo group at week 12/ET, increases 
in creatine kinase, creatinine, low-density lipoprotein choles-
terol, and high-density lipoprotein cholesterol were observed in 
peficitinib groups. No major differences were observed in the 
mean changes from baseline in biochemical parameters at EOT 
compared with week 12/ET (table 3).

dIsCussIOn
This phase III study in Japanese patients with RA and an inad-
equate response to MTX demonstrated that peficitinib is asso-
ciated with statistically significant improvements in ACR20 
response rates and change from baseline mTSS at both 100 
and 150 mg/day doses, compared with placebo. The secondary 
efficacy variables supported the results of the primary efficacy 
analysis, with generally significant improvements at weeks 12/
ET and 28/ET for both peficitinib doses versus placebo. The 
efficacy variables observed with both peficitinib doses were 
maintained throughout the study period. Improvements in the 

placebo group after switching to either peficitinib dose were also 
maintained throughout the remaining study period. Generally, 
the efficacy of peficitinib 150 mg was numerically greater than 
that of peficitinib 100 mg, particularly with respect to depth 
of response (ACR70 and radiographic inhibition). The results 
from this study expand on those from a previous phase IIb 
study.17 Peficitinib also demonstrated similar results to those in 
a study of non-Japanese populations.19 However, they differed 
from those in another non-Japanese study due to a higher-than- 
expected response rate in the placebo group.20 There appears 
to be a lack of consistency in the proportional placebo response 
rate across geographical regions, and the reasons for this are not  
yet understood.

Peficitinib was generally well tolerated over 52 weeks of treat-
ment. Most TEAEs were grade 1 or 2 in severity. The rate of 
discontinuation due to drug-related AEs was similar between 
the peficitinib 100 and 150 mg groups. The safety signals were 
comparable with those of other currently available JAK inhib-
itors.29–32 Decreased neutrophils and changes in haematolog-
ical and biochemical parameters have been observed in both 

http://ard.bmj.com/
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tofacitinib-31 and baricitinib-treated RA patients,29 and an 
increased incidence of herpes zoster has also been reported in 
patients with RA treated with tofacitinib30 or baricitinib.33 While 
there are concerns of an increased risk of thromboembolic 
events with JAK inhibitors,34 no such events, such as VTE, were 
reported in the patients in our study.

This study recruited patients with predominantly severe RA 
with inadequate response to prior therapy with MTX, thus 
representing a group of patients with potentially refractory 
disease. It should be borne in mind that the recommended 
MTX dose in Japan (up to 16 mg/week), which was used in the 
present study, is generally lower than that recommended in non- 
Japanese populations.7 35 The improvements in clinical signs 
and symptoms achieved with once-daily peficitinib in combi-
nation with MTX were robust and durable. Evidence of struc-
tural efficacy was also observed with peficitinib: radiographic 
changes were significantly reduced with peficitinib compared 
with placebo. However, changes from baseline in mTSS at week 
28/ET remained at 1.62 and 1.03 for peficitinib 100 and 150 
mg dose groups, respectively. Indeed, mTSS tends to be higher 
in Japanese patients than in other populations.36–39 This may 
also be explained by the baseline CRP levels and RA duration 
in patients included in the study, as high CRP levels40 and early 
RA36 37 could contribute to the progression of joint destruction.

Limitations of the study include the shorter duration of 
placebo compared with active treatment, which was necessary 
for ethical reasons but makes comparisons difficult. Another 
limitation is that a peficitinib dose higher than 150 mg/day was 
not evaluated in the present study; further evaluation might be 
needed to confirm whether 150 mg/day is the maximal dose from 
an efficacy perspective. The efficacy and safety of peficitinib in 
combination with RA treatments other than MTX were not 
assessed in this study, but have been assessed in another phase III 
trial, which showed results comparable with those in the present 
study.41 An extension study is also ongoing to further evaluate 
safety and efficacy of peficitinib (NCT01638013), specifically to 
confirm the persistence of treatment response and to ascertain 
that peficitinib’s safety profile does not differ greatly from the 
safety profile of other JAK inhibitors over long-term treatment. 
In addition, the patient population was drawn only from Japan, 
which may lack global diversity.

In conclusion, this study provides evidence that once-daily 
peficitinib 100 and 150 mg demonstrates robust clinical and 
structural efficacy in patients with RA who have an inadequate 
response to MTX.

Author affiliations
1Keio University school of Medicine, Tokyo, Japan
2University of Occupational and environmental Health Japan, Kitakyushu, Japan
3The University of Tokyo, Tokyo, Japan
4nagasaki University Graduate school of Biomedical sciences, nagasaki, Japan
5Yokohama City University, Yokohama, Japan
6Katayama Orthopedic Rheumatology Clinic, asahikawa, Japan
7astellas Pharma inc, Tokyo, Japan
8leiden University Medical Center, leiden, The netherlands

Acknowledgements The authors thank the patients who were involved in this 
study, as well as the investigators and the study team. a list of study centres is 
provided in the online supplementary information. The study was sponsored by 
astellas Pharma, inc. Writing and editorial support were provided by Derek Ho, 
PhD, and Rhian Harper Owen, PhD, for Cello Health Medergy, and were funded by 
astellas Pharma, inc.

Contributors all authors met the following criteria for authorship: substantial 
contributions to the acquisition, analysis and interpretation of data for the work; 
contribution to drafting the work and revising it critically; giving the final approval 
of the version submitted; and agreeing to be accountable for all aspects of the 
work.

http://ard.bmj.com/


1318 Takeuchi T, et al. Ann Rheum Dis 2019;78:1305–1319. doi:10.1136/annrheumdis-2019-215164

Rheumatoid arthritis

Funding This research received no specific grant from any funding agency in the 
public, commercial or not-for-profit sectors.

Competing interests TT has received grants from astellas Pharma, inc, Chugai 
Pharmaceutical Co, ltd, Daiichi sankyo Co, ltd, Takeda Pharmaceutical Co, ltd, 
abbVie GK, asahi Kasei Pharma Corp, Mitsubishi Tanabe Pharma Co, Pfizer Japan, 
inc, eisai Co, ltd, aYUMi Pharmaceutical Corp, nippon Kayaku Co, ltd, and 
novartis Pharma KK; speaking fees from abbVie GK, Bristol-Myers KK, Chugai 
Pharmaceutical Co, ltd, Mitsubishi Tanabe Pharma Co, Pfizer Japan, inc, astellas 
Pharma, inc, Daiichi sankyo Co, ltd, eisai Co, ltd, sanofi KK, Teijin Pharma ltd, 
Takeda Pharmaceutical Co, ltd, and novartis Pharma KK; consultancy fees from 
astraZeneca KK, eli lilly Japan KK, novartis Pharma KK, Mitsubishi Tanabe Pharma 
Co, abbVie GK, nippon Kayaku Co, ltd, Janssen Pharmaceutical KK, astellas Pharma, 
inc, Taiho Pharmaceutical Co, ltd, Chugai Pharmaceutical Co, ltd, Taisho Toyama 
Pharmaceutical Co, ltd, GlaxosmithKline KK, and UCB Japan Co, ltd. YT reports 
speaking fees and/or honoraria from Daiichi sankyo, astellas, eli lilly, Chugai, sanofi, 
abbVie, Pfizer, Yl Biologics, Bristol-Myers, GlaxosmithKline, UCB, Mitsubishi-Tanabe, 
novartis, eisai, Takeda, Janssen and asahi Kasei, and research grants from Mitsubishi-
Tanabe, Bristol-Myers, eisai, Chugai, Takeda, abbVie, astellas, Daiichi sankyo, Ono, 
MsD and Taisho Toyama. sT reports personal fees from amgen, inc, asahi Kasei 
Pharma Corporation, amgen astellas BioPharma KK, Ono Pharmaceutical Co, ltd, 
KYOCeRa Medical Corporation, Daiichi sankyo Co, ltd, Teijin Pharma ltd, eli lilly 
Japan KK and Pfizer Japan, inc; endowments from astellas Pharma, inc, aYUMi 
Pharmaceutical Corporation, Pfizer Japan, inc, Bristol-Myers squibb, Daiichi sankyo 
Co, ltd, and Chugai Pharmaceutical Co, ltd; and grants from Japan agency for 
Medical Research and Development, Japan society for the Promotion of science 
(JsPs)/Grant-in-aid for scientific Research (a), and JsPs/Grant-in-aid for exploratory 
Research outside the submitted work. aK has received grants from abbVie, eisai, 
Mitsubishi-Tanabe, Pfizer Japan, Takeda Pharmaceutical, astellas Pharma, MsD, Ono 
Pharmaceutical, Teijin Pharma, Kyowa Hakko-Kirin, sumitomo-Dainippon Pharma, 
Kissei Pharmaceutical, Boehringer ingelheim, astraZeneca, Otsuka Pharmaceutical, 
Chugai Pharmaceutical, santen Pharmaceutical and Daiichi sankyo; participated in 
speaker’s bureaux for abbVie, eisai, Takeda Pharmaceutical, Ono Pharmaceutical, 
astellas Pharma, Mitsubishi Tanabe, Pfizer Japan, Chugai Pharmaceutical, MsD, and 
Bristol-Myers KK; and received consultancy fees from astellas Pharma and Janssen 
Pharmaceutical KK. KK reports consultancy fees from eisai Co, ltd, and Toyama 
Chemical Co, ltd and speaker fees from Daiichi sankyo Co, ltd, astellas Pharma, eli 
lilly, Chugai, abbVie, Pfizer, Bristol-Myers squibb, UCB, Mitsubishi Tanabe, Takeda, 
Janssen, asahi Kasei and aYUMi Pharmaceutical Corporation. MR, Hi, sU, YK, Ts 
and eY are employees of astellas Pharma, inc. Mi has nothing to declare. DvdH 
has received consultancy honoraria from abbVie, amgen, astraZeneca, Bristol-
Myers squibb, Boehringer ingelheim, Celgene, Daiichi, eli lilly, Galapagos, Gilead, 
GlaxosmithKline, Janssen, Merck, novartis, Pfizer, Regeneron, Roche, sanofi, Takeda 
and UCB, and is the owner of imaging Rheumatology.

Patient consent for publication not required.

ethics approval an institutional review board at each study site reviewed and 
approved the protocol and amendments. The study was conducted in accordance 
with Good Clinical Practice, international Council for Harmonisation of Technical 
Requirements for Pharmaceuticals for Human Use guidelines, and applicable laws 
and regulations. Written informed consent was obtained from each participant.

Provenance and peer review not commissioned; externally peer reviewed.

data sharing statement Data are available upon reasonable request.

Open access This is an open access article distributed in accordance with the 
Creative Commons attribution non Commercial (CC BY-nC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non-commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non-commercial. see: http:// creativecommons. org/ licenses/ by- nc/ 4. 0/.

RefeRences
 1 Kiadaliri aa, Felson DT, neogi T, et al. Brief report: rheumatoid arthritis as 

the underlying cause of death in Thirty-One countries, 1987-2011: trend 
analysis of World Health Organization mortality database. Arthritis Rheumatol 
2017;69:1560–5.

 2 Firestein Gs. evolving concepts of rheumatoid arthritis. Nature 2003;423:356–61.
 3 strand V, singh Ja. improved health-related quality of life with effective disease-

modifying antirheumatic drugs: evidence from randomized controlled trials. Am J 
Manag Care 2007;13 suppl 9:s237–51.

 4 Mcinnes iB, schett G. The pathogenesis of rheumatoid arthritis. N Engl J Med 
2011;365:2205–19.

 5 Taylor PC, Moore a, Vasilescu R, et al. a structured literature review of the burden of 
illness and unmet needs in patients with rheumatoid arthritis: a current perspective. 
Rheumatol Int 2016;36:685–95.

 6 O’Dell JR. Therapeutic strategies for rheumatoid arthritis. N Engl J Med 
2004;350:2591–602.

 7 smolen Js, landewé R, Bijlsma J, et al. eUlaR recommendations for the management 
of rheumatoid arthritis with synthetic and biological disease-modifying antirheumatic 
drugs: 2016 update. Ann Rheum Dis 2017;76:960–77.

 8 smolen Js, aletaha D, Bijlsma JWJ, et al. Treating rheumatoid arthritis to target: 
recommendations of an international Task Force. Ann Rheum Dis 2010;69:631–7.

 9 Zampeli e, Vlachoyiannopoulos PG, Tzioufas aG. Treatment of rheumatoid arthritis: 
unraveling the conundrum. J Autoimmun 2015;65:1–18.

 10 Malemud CJ. The role of the JaK/sTaT signal pathway in rheumatoid arthritis. Ther 
Adv Musculoskelet Dis 2018;10:117–27.

 11 Tanaka Y, iwata s, Yamaoka K. JaK and sYK: emerging their relevance to the 
treatment of inflammatory diseases. Inflamm Regen 2011;31:237–44.

 12 Tanaka Y, Maeshima Y, Yamaoka K. in vitro and in vivo analysis of a JaK inhibitor in 
rheumatoid arthritis. Ann Rheum Dis 2012;71(suppl 2):i70–4.

 13 Tanaka Y, Yamaoka K. JaK inhibitor tofacitinib for treating rheumatoid arthritis: from 
basic to clinical. Mod Rheumatol 2013;23:415–24.

 14 norman P. selective JaK inhibitors in development for rheumatoid arthritis. Exp Opin 
Investig Drugs 2014;23:1067–77.

 15 ito M, Yamazaki s, Yamagami K, et al. a novel JaK inhibitor, peficitinib, demonstrates 
potent efficacy in a rat adjuvant-induced arthritis model. J Pharmacol Sci 
2017;133:25–33.

 16 Yamaoka K. Janus kinase inhibitors for rheumatoid arthritis. Curr Opin Chem Biol 
2016;32:29–33.

 17 Takeuchi T, Tanaka Y, iwasaki M, et al. efficacy and safety of the oral Janus kinase 
inhibitor peficitinib (asP015K) monotherapy in patients with moderate to severe 
rheumatoid arthritis in Japan: a 12-week, randomised, double-blind, placebo-
controlled phase iib study. Ann Rheum Dis 2016;75:1057–64.

 18 Parganas e, Wang D, stravopodis D, et al. Jak2 is essential for signaling through a 
variety of cytokine receptors. Cell 1998;93:385–95.

 19 Genovese MC, Greenwald M, Codding C, et al. Peficitinib, a JaK inhibitor, in 
combination with limited conventional synthetic disease-modifying antirheumatic 
drugs in the treatment of moderate-to-severe rheumatoid arthritis. Arthritis 
Rheumatol 2017;69:932–42.

 20 Kivitz aJ, Gutierrez-Ureña sR, Poiley J, et al. Peficitinib, a JaK inhibitor, in the 
treatment of moderate-to-severe rheumatoid arthritis in patients with an inadequate 
response to methotrexate. Arthritis Rheumatol 2017;69:709–19.

 21 arnett FC, edworthy sM, Bloch Da, et al. The american rheumatism association 
1987 revised criteria for the classification of rheumatoid arthritis. Arthritis Rheum 
1988;31:315–24.

 22 aletaha D, neogi T, silman aJ, et al. 2010 rheumatoid arthritis classification criteria: 
an american College of Rheumatology/european league against rheumatism 
collaborative initiative. Arthritis Rheum 2010;62:2569–81.

 23 Hochberg MC, Chang RW, Dwosh i, et al. The american College of rheumatology 
1991 revised criteria for the classification of global functional status in rheumatoid 
arthritis. Arthritis Rheum 1992;35:498–502.

 24 Felson DT, anderson JJ, Boers M, et al. american College of rheumatology. Preliminary 
definition of improvement in rheumatoid arthritis. Arthritis Rheum 1995;38:727–35.

 25 van der Heijde D. How to read radiographs according to the sharp/van Der Heijde 
method. J Rheumatol 2000;27:261–3.

 26 Fransen J, van Riel PlCM. The disease activity score and the eUlaR response criteria. 
Clin Exp Rheumatol 2005;23(5 suppl 39):s93–9.

 27 Bruce B, Fries JF. The stanford health assessment questionnaire: dimensions and 
practical applications. Health Qual Life Outcomes 2003;1:20.

 28 Fries JF, spitz P, Kraines RG, et al. Measurement of patient outcome in arthritis. 
Arthritis Rheum 1980;23:137–45.

 29 Dougados M, van der Heijde D, Chen Y-C, et al. Baricitinib in patients with inadequate 
response or intolerance to conventional synthetic DMaRDs: results from the Ra-BUilD 
study. Ann Rheum Dis 2017;76:88–95.

 30 Winthrop Kl, Yamanaka H, Valdez H, et al. Herpes zoster and tofacitinib therapy in 
patients with rheumatoid arthritis. Arthritis Rheumatol 2014;66:2675–84.

 31 Yamanaka H, Tanaka Y, Takeuchi T, et al. Tofacitinib, an oral Janus kinase inhibitor, 
as monotherapy or with background methotrexate, in Japanese patients with 
rheumatoid arthritis: an open-label, long-term extension study. Arthritis Res Ther 
2016;18:1–12.

 32 Tanaka Y, Takeuchi T, Yamanaka H, et al. efficacy and safety of tofacitinib as 
monotherapy in Japanese patients with active rheumatoid arthritis: a 12-week, 
randomized, phase 2 study. Mod Rheumatol 2015;25:514–21.

 33 smolen J, Genovese M, Takeuchi T, et al. THU0166 safety Profile of Baricitinib 
in Patients with active Ra: an integrated analysis: Table 1. Ann Rheum Dis 
2016;75(suppl 2):243.2–4.

 34 scott iC, Hider sl, scott Dl. Thromboembolism with Janus kinase (JaK) inhibitors for 
rheumatoid arthritis: how real is the risk? Drug Saf 2018;41:645–53.

 35 Takahashi C, Kaneko Y, Okano Y, et al. association of erythrocyte methotrexate-
polyglutamate levels with the efficacy and hepatotoxicity of methotrexate in patients 
with rheumatoid arthritis: a 76-week prospective study. RMD Open 2017;3:e000363.

 36 nishimoto n, Hashimoto J, Miyasaka n, et al. study of active controlled monotherapy 
used for rheumatoid arthritis, an il-6 inhibitor (saMURai): evidence of clinical and 
radiographic benefit from an X ray reader-blinded randomised controlled trial of 
tocilizumab. Ann Rheum Dis 2007;66:1162–7.

http://creativecommons.org/licenses/by-nc/4.0/
http://dx.doi.org/10.1002/art.40091
http://dx.doi.org/10.1038/nature01661
http://www.ncbi.nlm.nih.gov/pubmed/18095787
http://www.ncbi.nlm.nih.gov/pubmed/18095787
http://dx.doi.org/10.1056/NEJMra1004965
http://dx.doi.org/10.1007/s00296-015-3415-x
http://dx.doi.org/10.1056/NEJMra040226
http://dx.doi.org/10.1136/annrheumdis-2016-210715
http://dx.doi.org/10.1136/ard.2009.123919
http://dx.doi.org/10.1016/j.jaut.2015.10.003
http://dx.doi.org/10.1177/1759720X18776224
http://dx.doi.org/10.1177/1759720X18776224
http://dx.doi.org/10.2492/inflammregen.31.237
http://dx.doi.org/10.1136/annrheumdis-2011-200595
http://dx.doi.org/10.3109/s10165-012-0799-2
http://dx.doi.org/10.1517/13543784.2014.918604
http://dx.doi.org/10.1517/13543784.2014.918604
http://dx.doi.org/10.1016/j.jphs.2016.12.001
http://dx.doi.org/10.1016/j.cbpa.2016.03.006
http://dx.doi.org/10.1136/annrheumdis-2015-208279
http://dx.doi.org/10.1016/S0092-8674(00)81167-8
http://dx.doi.org/10.1002/art.40054
http://dx.doi.org/10.1002/art.40054
http://dx.doi.org/10.1002/art.39955
http://dx.doi.org/10.1002/art.1780310302
http://dx.doi.org/10.1002/art.27584
http://dx.doi.org/10.1002/art.1780350502
http://dx.doi.org/10.1002/art.1780380602
http://www.ncbi.nlm.nih.gov/pubmed/10648051
http://www.ncbi.nlm.nih.gov/pubmed/16273792
http://dx.doi.org/10.1186/1477-7525-1-20
http://dx.doi.org/10.1002/art.1780230202
http://dx.doi.org/10.1136/annrheumdis-2016-210094
http://dx.doi.org/10.1002/art.38745
http://dx.doi.org/10.1186/s13075-016-0932-2
http://dx.doi.org/10.3109/14397595.2014.995875
http://dx.doi.org/10.1136/annrheumdis-2016-eular.1612
http://dx.doi.org/10.1007/s40264-018-0651-5
http://dx.doi.org/10.1136/rmdopen-2016-000363
http://dx.doi.org/10.1136/ard.2006.068064
http://ard.bmj.com/


1319Takeuchi T, et al. Ann Rheum Dis 2019;78:1305–1319. doi:10.1136/annrheumdis-2019-215164

Rheumatoid arthritis

 37 Takeuchi T, Miyasaka n, Zang C, et al. a phase 3 randomized, double-blind, 
multicenter comparative study evaluating the effect of etanercept versus methotrexate 
on radiographic outcomes, disease activity, and safety in Japanese subjects with 
active rheumatoid arthritis. Mod Rheumatol 2013;23:623–33.

 38 Yamamoto K, Takeuchi T, Yamanaka H, et al. efficacy and safety of certolizumab 
pegol without methotrexate co-administration in Japanese patients with active 
rheumatoid arthritis: the HiKaRi randomized, placebo-controlled trial. Mod Rheumatol 
2014;24:552–60.

 39 Breedveld FC, Weisman MH, Kavanaugh aF, et al. The premier study: a multicenter, 
randomized, double-blind clinical trial of combination therapy with adalimumab plus 

methotrexate versus methotrexate alone or adalimumab alone in patients with early, 
aggressive rheumatoid arthritis who had not had previous methotrexate treatment. 
Arthritis Rheum 2006;54:26–37.

 40 atsumi T, Yamamoto K, Takeuchi T, et al. The first double-blind, randomised, parallel-
group certolizumab pegol study in methotrexate-naive early rheumatoid arthritis 
patients with poor prognostic factors, C-OPeRa, shows inhibition of radiographic 
progression. Ann Rheum Dis 2016;75:75–83.

 41 abstract. RaJ3. efficacy and safety of the novel oral Janus kinase inhibitor, Peficitinib 
(asP015K), in a phase 3, double-blind, placebo-controlled, randomized study of 
patients with Ra who had an inadequate response to DMaRDs. ACR/ARHP 2018.

http://dx.doi.org/10.3109/s10165-012-0742-6
http://dx.doi.org/10.3109/14397595.2013.843764
http://dx.doi.org/10.1002/art.21519
http://dx.doi.org/10.1136/annrheumdis-2015-207511
http://ard.bmj.com/


1320  Tanaka Y, et al. Ann Rheum Dis 2019;78:1320–1332. doi:10.1136/annrheumdis-2019-215163

Rheumatoid arthritis

CliniCal sCienCe

Efficacy and safety of peficitinib (ASP015K) in 
patients with rheumatoid arthritis and an inadequate 
response to conventional DMARDs: a randomised, 
double-blind, placebo-controlled phase III trial (RAJ3)
Yoshiya Tanaka,   1 Tsutomu Takeuchi,   2 sakae Tanaka,3 atsushi Kawakami,4 
Manabu iwasaki,5 Yeong Wook song,6 Yi-Hsing Chen,7 James Cheng-Chung Wei,8 
sang-Heon lee,9 Mitsuhiro Rokuda,10 Hiroyuki izutsu,   10 satoshi Ushijima,10 
Yuichiro Kaneko,10 Rio akazawa,10 Teruaki shiomi,10 emi Yamada10

To cite: Tanaka Y, 
Takeuchi T, Tanaka s, 
et al. Ann Rheum Dis 
2019;78:1320–1332.

Handling editor Josef s 
smolen

 ► additional material is 
published online only. To 
view please visit the journal 
online (http:// dx. doi. org/ 10. 
1136annrheumdis- 2019- 
215163).

For numbered affiliations see 
end of article.

Correspondence to
Dr Yoshiya Tanaka, University of 
Occupational and environmental 
Health, Japan, 1-1 iseigaoka, 
Yahata-nishi, Kitakyushu 807-
8555, Japan;  
 tanaka@ med. uoeh- u. ac. jp

YT and TT contributed equally.

Received 31 January 2019
Revised 30 april 2019
accepted 30 april 2019
Published Online First 
26 July 2019

© author(s) (or their 
employer(s)) 2019. Re-use 
permitted under CC BY-nC. no 
commercial re-use. see rights 
and permissions. Published 
by BMJ.

AbsTRACT
Objectives To investigate the efficacy and safety of 
peficitinib, an oral Janus kinase inhibitor, in patients with 
rheumatoid arthritis (Ra).
Methods in this double-blind phase iii study, patients 
with Ra and an inadequate response to prior disease-
modifying anti-rheumatic drugs (DMaRDs) were 
randomised to peficitinib 100 mg once daily, peficitinib 
150 mg once daily, placebo or open-label etanercept 
for 52 weeks’ treatment; placebo-treated patients 
were switched at week 12 to peficitinib 100 or 150 
mg once daily. The primary endpoint was american 
College of Rheumatology (aCR)20 response at week 12/
early termination (eT). secondary endpoints (assessed 
throughout) included aCR20, aCR50 and aCR70 
response, changes from baseline in disease activity scores 
(Das)28 and aCR core parameters, adverse events (aes) 
and changes in clinical or laboratory measurements.
Results in total, 507 patients received treatment. 
aCR20 response rates at week 12/eT were significantly 
higher in the peficitinib 100 mg (57.7%) and 150 mg 
(74.5%) groups versus placebo (30.7%) (p<0.001). 
aCR50/70 response rates were also higher for both 
peficitinib doses versus placebo. improvements in 
aCR response were maintained until week 52. 
Changes from baseline in Das28-C-reactive protein/
erythrocyte sedimentation rate and the aCR core set 
were significantly greater for both peficitinib doses 
versus placebo at week 12/eT (p<0.001). ae incidence 
was similar across treatment arms. incidence of serious 
infection and herpes zoster-related disease was higher 
with peficitinib versus placebo, but with no clear dose-
dependent increase.
Conclusions in patients with Ra and inadequate 
response to DMaRDs, peficitinib 100 mg once daily 
or 150 mg once daily was efficacious in reducing Ra 
symptoms and was well tolerated compared with 
placebo.
Trial registration number nCT02308163.

InTROduCTIOn
Rheumatoid arthritis (RA) affects 0.3% to 1% of 
the population worldwide.1 Biological agents such 
as tumour necrosis factor (TNF) inhibitors, used in 
combination with methotrexate (MTX), have been 

found to be effective in patients who are unre-
sponsive to conventional disease-modifying anti- 
rheumatic drugs (DMARDs).2

The Janus kinase (JAK) family of non-receptor 
protein tyrosine kinases is more recently consid-
ered a promising alternative target for RA treat-
ment.3–5 Two oral JAK inhibitors, tofacitinib and 
baricitinib, have so far been approved for use in 
the USA, the European Union and Japan.6–11 Pefi-
citinib (ASP015K) is an oral JAK inhibitor which 
inhibits the activity of all JAK family members 
(JAK1, JAK2, JAK3 and tyrosine kinase 2 (TYK2)) 

Key messages

 ► Peficitinib, a pan-Janus kinase inhibitor, has 
been approved in Japan in 2019 as a once-daily 
rheumatoid arthritis (RA) therapy at doses of 
both 100 mg/day and 150 mg/day, with no dose 
adjustment in patients with renal injury.

 ► This study was a randomised, double-blind, 
phase III trial conducted in patients who had an 
inadequate response to prior disease-modifying 
anti-rheumatic drug (DMARD) treatment. 
Patients were randomised to 52 weeks’ 
treatment with peficitinib 100 or 150 mg/
day (alone or in combination with DMARDs), 
placebo or open-label etanercept.

 ► The primary efficacy variable of American 
College of Rheumatology (ACR)20 response rate 
at week 12/early termination was significantly 
higher in both peficitinib groups compared 
with placebo. Doses of 150 mg/day provided 
numerically higher responses compared with 
100 mg/day.

 ► Both peficitinib doses were well tolerated up 
to 52 weeks and no clear dose dependency 
was observed in the incidence of herpes zoster-
related disease (including varicella), serious 
infections or malignancies.

 ► Based on these findings, peficitinib has the 
potential to be a valuable addition to the RA 
treatment armamentarium, particularly for 
the treatment of patients with RA who are 
unresponsive to conventional therapies.
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with similar potency (IC50 0.7 to 5.0 nM).12 A phase IIb study in
Japanese patients with RA showed a dose-dependent, statistically 
significant improvement after 12 weeks in American College of 
Rheumatology (ACR)20 response rate (primary endpoint) for 
once-daily doses of peficitinib 50 mg, 100 mg and 150 mg and 
an acceptable safety profile.13 In addition, a dose-dependent 
increase in mean haemoglobin levels was observed, suggesting 
that JAK2 was not inhibited in the study even at the highest dose 
used.13 Peficitinib also demonstrated similar efficacy in one of 
two studies in non-Japanese populations14; in the other non-Jap-
anese study, most of the improvements in ACR20/50/70 response 
rates were not significant due to a relatively high response rate in 
the placebo group.15

This study was undertaken to assess the efficacy and safety of 
peficitinib (100 or 150 mg/day), alone or in combination with 
DMARDs, in patients who had an inadequate response to prior 
DMARDs.

MeTHOds
study design
This was a randomised, placebo-controlled, double-blind,  
parallel-group, phase III confirmatory study conducted between 
August 2014 and November 2017 at 142 sites in Japan, 11 sites 
in Korea and 12 sites in Taiwan (online supplementary informa-
tion). Following screening, patients were randomised in a 1:1:1:2 
ratio to peficitinib 100 mg/day, peficitinib 150 mg/day, placebo or 
etanercept. The peficitinib doses used in this study were chosen 
from the upper two doses in former RA studies of peficitinib based 
on previous efficacy and safety findings (online supplementary 
methods). In accordance with guidance for this study from a regu-
latory authority, etanercept was designated as an open-label refer-
ence drug, mainly for a safety comparison versus treatment groups 
(online supplementary methods). Peficitinib and placebo were 
taken orally once daily; etanercept (50 mg) was injected subcuta-
neously once weekly. Patients in the peficitinib 100 mg, peficitinib 
150 mg and etanercept arms received their allocated treatment for 
52 weeks. Patients in the placebo arm were switched at week 12 
under blinded conditions, based on the randomisation to either 
peficitinib 100 mg or peficitinib 150 mg performed at baseline; 
this dose was maintained until the end of treatment (EOT) (online 
supplementary figure 1).

Patients
Patients aged ≥20 years with RA (according to the 1987 Amer-
ican College of Rheumatology criteria (ACR) or the 2010 ACR/
European League Against Rheumatism criteria), were enrolled. 
Eligibility criteria at screening included active RA, defined as 
≥6/68 tender/painful joints and ≥6/66 swollen joints, C-reac-
tive protein (CRP) >0.50 mg/dL at screening and an inadequate 
response to, or intolerance of, at least one DMARD administered 
for ≥90 days prior to screening (DMARD-IR). Exclusion criteria 
included an inadequate response to ≥3 biological DMARDs as 
determined by the investigator, a diagnosis of inflammatory 
arthritis other than RA and laboratory abnormalities. Further 
details of inclusion and exclusion criteria can be found in the 
online supplementary methods.

Outcomes
Efficacy assessments
The primary efficacy endpoint was the response rate according to 
ACR20 improvement criteria16 at week 12/early termination (ET). 
Key secondary endpoints assessed throughout included response 
rates according to ACR20/50/70 improvement criteria17, changes 

from baseline in 28-joint disease activity score (DAS) based on 
CRP (DAS28-CRP) and erythrocyte sedimentation rate (ESR) 
(DAS28-ESR), rates of remission defined as DAS28-CRP<2.6 
and DAS28-ESR<2.6, rates of DAS28-CRP≤3.2, changes from 
baseline in CRP and ESR values, changes from baseline in tender 
joint count at 68 joints and swollen joint count at 66 joints and 
changes from baseline in Clinical Disease Activity Index (CDAI) 
and Simplified Disease Activity Index (SDAI). Patient and physi-
cian-reported outcomes included Subject’s Global Assessment 
of disease activity (SGA), Subject’s Global Assessment of Pain 
(SGAP), and Physician’s Global Assessment of disease activity 
(PGA) using a 100 mm visual analogue scale (VAS) for each, plus 
Health Assessment Questionnaire – Disability Index (HAQ-DI) 
scores.

Safety
Treatment-emergent adverse events (TEAEs) were defined as any 
adverse event (AE), as reported by the investigator, that started 
or worsened in severity after the initial dose of study or refer-
ence drug through week 52 or follow-up period, including the 
incidence of venous thromboembolism (VTE) (online supple-
mentary figure 1). Serious infections, malignancies and herpes 
zoster-related disease (including varicella) were assessed per 100 
patient-years. Mean (SD) changes from baseline in haematolog-
ical, biochemical and select laboratory parameters were recorded 
throughout.

statistical analyses
Based on the calculation that 62 patients per arm would provide 
90% power to detect a significant difference with a two-sided 
significance level of 0.05, and following guidance from the Inter-
national Council for Harmonisation of Technical Requirements 
for Pharmaceuticals for Human Use18 and the Japan Ministry 
of Health, Labour and Welfare19 on methodology for adequate 
assessment of AEs (online supplementary methods), the planned 
sample size was 100 patients for each of the peficitinib 100 mg, 
peficitinib 150 mg and placebo arms, and 200 patients in the 
etanercept group, taking into consideration incidence rates for 
serious infections from post-marketing studies for approved 
biological drugs and feasibility. As a result of discussions with 
a regulatory authority, etanercept was set as an open-label 
anti-TNF reference arm and was not included in statistical 
comparisons with placebo.

The primary analysis was conducted on the full analysis set 
(FAS), which consisted of all patients who were randomised and 
received at least one dose of study or reference treatment. For 
the ACR20/50/70 responses at week 12/ET, pairwise compari-
sons with placebo (using a logistic regression model with treat-
ment group as the factor and prior biological DMARD-IR, 
concomitant DMARD use at baseline and study region as the 
covariates), multiplicity adjustment and sensitivity analyses were 
conducted as detailed in the online supplementary methods. The 
null hypotheses were tested at a two-sided significance level of 
0.05. Safety analyses were conducted on the safety analysis set 
(SAF), which included all patients who received at least one dose 
of study treatment.

ResulTs
Patient demographics, baseline characteristics and treatment 
compliance
Of 724 patients screened, 509 were randomised: 102, 104, 102 
and 201 to the placebo, peficitinib 100 mg, peficitinib 150 mg 
and etanercept groups, respectively. Of the randomised patients, 
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one patient in each of the placebo and etanercept arms did not 
receive treatment; the SAF/FAS therefore included a total of 
507 patients (figure 1). The majority of patients were female 
(366/507, 72.2%) and the mean age was 55.3 years. Most 
patients were from Japan (415/507, 81.9%), 54 (10.7%) were 
from Korea and 38 (7.5%) were from Taiwan (table 1).

For the overall period, the proportion of patients who discon-
tinued the study ranged from 16.9% to 29.8% across the treat-
ment groups: the primary reasons for discontinuation across 
treatment arms were lack of efficacy (32/509, 6.3%) and AEs 
(29/509, 5.7%). Reasons for discontinuation in each arm are 
described in figure 1.

Baseline disease activity and RA history were mostly balanced 
between the treatment arms. At baseline, a total of 443/507 
(87.4%) patients received concomitant DMARDs, of whom 299 
(59.0%) received MTX and 144 (28.4%) received DMARDs 
other than MTX only. An inadequate response to previous 
biological DMARDs was reported in 36 (7.1%) patients. Mean 
treatment compliance for the overall study period was 96.44% 
to 97.70% for all treatment groups.

efficacy
ACR20/50/70 response rates
The primary efficacy variable, ACR20 response rate at Week 
12/ET (last observation carried forward (LOCF)), was 57.7%, 
74.5%, 83.5% and 30.7%, in the peficitinib 100 mg, pefici-
tinib 150 mg, etanercept and placebo groups, respectively 
(figure 2A). Significant differences versus placebo of 27.0% 
(OR: 3.13, 95% CI 1.76 to 5.58) with peficitinib 100 mg and 
43.8% (OR: 6.59, 95% CI 3.56 to 12.20) with peficitinib 150 
mg were observed (p<0.001 for both comparisons) (figure 2A). 
The primary analysis of the ACR20 response rate was also 
demonstrated to be robust using sensitivity analyses (online 
supplementary table 1). Subgroup analyses indicated that both 
peficitinib doses produced numerically higher ACR20 response 
rates than placebo regardless of number of prior biological 
DMARDs, prior biological DMARD-IR, concomitant DMARD 
use or MTX dose at baseline; however, these subgroup analyses 
were not powered for statistical comparisons (online supple-
mentary table 1).

ACR50 and ACR70 response rates at week 12/ET were also 
significantly higher for peficitinib 100 mg and 150 mg compared 
with placebo (figure 2A; online supplementary figure 3). The 
increase in ACR20/50/70 response rates versus placebo was main-
tained throughout the study period in the peficitinib 100 mg 
group, the peficitinib 150 mg group and the etanercept group 
(figure 2B–D; online supplementary table 3). For the patients who 
switched from placebo to peficitinib 100/150 mg at week 12, the 
response rates were initially lower compared with those in the 
other treatment arms, but were improved at week 16 and then 
maintained or increased through week 52 (figure 2B–D).

Key secondary efficacy endpoints
The proportions of patients achieving DAS28-CRP<2.6, 
DAS28-ESR<2.6 and DAS28-CRP≤3.2 scores at week 12/ET 
were significantly increased in the peficitinib 100 mg and 150 mg 
groups compared with placebo, except for the DAS28-ESR<2.6 
scores in the peficitinib 100 mg group due to difficulty in esti-
mating the odds ratio. The proportion of patients achieving 
these criteria was higher at week 52/ET than at week 12/ET 
(online supplementary figure 2).

The changes from baseline in DAS28-CRP and the ACR core 
set at week 12/ET (LOCF) were significantly greater in the 
peficitinib 100 mg and 150 mg groups compared with placebo 
(p<0.001). In addition, the change from baseline was greater for 
all outcomes in the peficitinib 150 mg group than in the pefici-
tinib 100 mg group (figure 3).

The proportions of patients with CDAI score ≤2.8, CDAI 
score ≤10 (low disease activity), SDAI score ≤3.3 and SDAI 
score ≤11 (low disease activity) were higher with peficitinib 100 
mg and 150 mg compared with placebo, although p values could 
not be estimated in all instances (online supplementary file 1). 
Changes from baseline in CDAI and SDAI scores were signifi-
cantly higher with both peficitinib doses than with placebo from 
week four through to week 12/ET (online supplementary file 1).

safety
Treatment-emergent adverse events
The incidence of investigator-reported TEAEs from week 0 to 
week 12 was similar across treatment arms at 53.5% to 59.5% 
(SAF). For the overall study period, TEAEs were reported in 
87.3% to 89.0% patients across all treatment arms, and no major 
differences in incidence were observed compared with the week 
0 to 12 period (table 2A). The majority of investigator-reported 
TEAEs were mild or moderate in severity (National Cancer Insti-
tute Common Terminology Criteria for Adverse Events grades 1 
to 2). No deaths were reported during the study. After the end 
of study, one patient in the etanercept group died from thyroid 
cancer reported during the study; this event was considered 
possibly related to etanercept. From baseline to week 12/ET 
and to the end of the study period, investigator-reported TEAEs 
leading to permanent discontinuation of study drug occurred in 
≥3 patients in each group. An overview of TEAEs from week 
12 to week 52 is presented in the online supplementary table 4.

The incidence per 100 patient-years of serious infection, 
herpes zoster-related disease (including varicella) and malignan-
cies was higher in the groups treated with peficitinib compared 
with placebo, although there was no clear dose-dependent 
increase (table 2B). No occurrence of VTE was reported during 
the study.

Clinical laboratory evaluations
At week 12/ET, reductions in platelet counts and dose-dependent 
increases in haemoglobin level were observed in the peficitinib 
100 mg and 150 mg groups (table 3). Reductions in absolute 
neutrophil counts were also observed; this parameter also tended 
to decrease in the placebo group. Dose-dependent increases in 
creatine kinase, creatinine, low-density lipoprotein cholesterol 
and high-density lipoprotein cholesterol were observed in the 
peficitinib 100 mg and 150 mg groups until week 12/ET. There 
were no major changes from week 12/ET to week 52/ET in any 
of these parameters.

dIsCussIOn
This was the first phase III, randomised, double-blind, placebo- 
controlled trial of peficitinib, a novel oral JAK inhibitor, in patients 
with RA who had an inadequate response to DMARDs. Results 
showed statistically significant increases by week 12 in ACR20 
response rates compared with placebo for peficitinib doses of 100 
mg/day and 150 mg/day. The results for the secondary efficacy 
variables, including ACR50, ACR70, DAS28-CRP and patient-re-
ported outcomes such as HAQ-DI, supported the results for the 
primary efficacy variable. ACR20/50/70 showed rapid responses 
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Table 1 Patient demographics and baseline characteristics (SAF)

Placebo (n=101)
Peficitinib 100 mg 
(n=104)

Peficitinib 150 mg 
(n=102)

Peficitinib 100 mg 
+150 mg (n=206)

etanercept 
(open-label arm) 
(n=200) Total (n=507)

Female, n (%) 73 (72.3) 77 (74.0) 78 (76.5) 155 (75.2) 138 (69.0) 366 (72.2)

Age in years, mean (SD) 56.3 (11.7) 54.1 (12.2) 55.0 (12.8) 54.5 (12.5) 55.5 (11.6) 55.3 (12.0)

<65 years, n (%) 71 (70.3) 83 (79.8) 75 (73.5) 158 (76.7) 154 (77.0) 383 (75.5)

Study region, n (%)

 Japan 83 (82.2) 85 (81.7) 83 (81.4) 168 (81.6) 164 (82.0) 415 (81.9)

 Korea 10 (9.9) 11 (10.6) 11 (10.8) 22 (10.7) 22 (11.0) 54 (10.7)

 Taiwan 8 (7.9) 8 (7.7) 8 (7.8) 16 (7.8) 14 (7.0) 38 (7.5)

Body weight in kg, mean (SD) 58.52 (13.00) 59.90 (12.35) 57.69 (11.35) 58.81 (11.89) 58.29 (12.34) 58.54 (12.27)

RA duration in years, mean (SD) 6.98 (6.57) 8.75 (7.12) 10.39 (8.23) 9.56 (7.71) 9.17 (8.00) 8.89 (7.66)

Tender joint count (68-joint), mean (SD) 16.2 (10.7) 15.0 (9.4) 15.4 (9.5) 15.2 (9.4) 14.9 (9.3) 15.3 (9.6)

Swollen joint count (66-joint), mean (SD) 12.9 (7.2) 12.4 (6.3) 12.8 (7.1) 12.6 (6.7) 11.9 (6.8) 12.4 (6.8)

Physician's Global Assessment of disease activity 
(100 mm VAS), mean (SD)

61.93 (19.35) 60.21 (20.11) 58.46 (19.35) 59.34 (19.71) 58.17 (19.87) 59.39 (19.71)

Subject’s Global Assessment of disease activity 
(100 mm VAS), mean (SD)

58.99 (25.70) 57.54 (24.78) 59.52 (25.73) 58.52 (25.21) 57.52 (26.92) 58.22 (25.95)

Subject’s Global Assessment of Pain (100 mm 
VAS), mean (SD)

57.56 (25.07) 57.31 (26.71) 58.02 (25.66) 57.67 (26.13) 55.79 (26.54) 56.90 (26.05)

DAS28-CRP, mean (SD) 5.43 (1.03) 5.29 (0.98) 5.41 (0.96) 5.35 (0.97) 5.27 (0.94) 5.33 (0.97)

DAS28-ESR, mean (SD) 6.03 (1.13) 5.94 (1.07) 6.01 (1.03) 5.98 (1.05) 5.87 (1.09) 5.94 (1.08)

HAQ-DI score, mean (SD) 1.00 (0.66) 0.92 (0.69) 1.03 (0.67) 0.97 (0.68) 1.03 (0.75) 1.00 (0.70)

CRP (mg/dL), mean (SD) 2.258 (2.224) 2.296 (2.566) 2.561 (2.597) 2.428 (2.579) 2.055 (2.144) 2.247 (2.346)

ESR (mm/hr), mean (SD) 47.9 (27.6) 49.6 (27.4) 50.6 (29.7) 50.1 (28.5) 47.4 (29.8) 48.6 (28.8)

SDAI score, mean (SD) 35.48 (12.95) 33.57 (12.71) 34.15 (12.78) 33.86 (12.72) 32.91 (12.09) 33.81 (12.53)

CDAI score, mean (SD) 33.21 (12.14) 31.27 (11.40) 31.59 (11.97) 31.43 (11.66) 30.86 (11.40) 31.56 (11.67)

Prior non-biological DMARD use only, n (%) 90 (89.1) 90 (86.5) 89 (87.3) 179 (86.9) 162 (81.0) 431 (85.0)

Prior biological DMARD use only, n (%) 0 0 0 0 0 0

Prior non-biological and biological DMARD use, 
n (%)

11 (10.9) 14 (13.5) 13 (12.7) 27 (13.1) 38 (19.0) 76 (15.0)

Prior MTX use, n (%) 89 (88.1) 94 (90.4) 92 (90.2) 186 (90.3) 179 (89.5) 454 (89.5)

Number of prior DMARDs (including biologicals), n (%)

 1 14 (13.9) 19 (18.3) 16 (15.7) 35 (17.0) 24 (12.0) 73 (14.4)

 2 56 (55.4) 57 (54.8) 57 (55.9) 114 (55.3) 109 (54.5) 279 (55.0)

  ≥3 31 (30.7) 28 (26.9) 29 (28.4) 57 (27.7) 67 (33.5) 155 (30.6)

Concomitant DMARD at baseline, n (%) 87 (86.1) 91 (87.5) 89 (87.3) 180 (87.4) 176 (88.0) 443 (87.4)

 MTX 57 (56.4) 63 (60.6) 62 (60.8) 125 (60.7) 117 (58.5) 299 (59.0)

 DMARD except for MTX only 30 (29.7) 28 (26.9) 27 (26.5) 55 (26.7) 59 (29.5) 144 (28.4)

 None 14 (13.9) 13 (12.5) 13 (12.7) 26 (12.6) 24 (12.0) 64 (12.6)

MTX dose at baseline, mg/week 11.35 (3.82) 11.28 (2.98) 10.77 (3.16) 11.03 (3.07) 11.12 (3.78) 11.13 (3.50)

Prior biological DMARD-IR 5 (5.0) 9 (8.7) 7 (6.9) 16 (7.8) 15 (7.5) 36 (7.1)

CDAI, Clinical Disease Activity Index; CRP, C-reactive protein; DAS, disease activity score; DMARD, disease-modifying antirheumatic drug; ESR, erythrocyte sedimentation rate; 
HAQ-DI, Health Assessment Questionnaire - Disability Index; IR, inadequate response; MTX, methotrexate; RA, rheumatoid arthritis; SAF, safety analysis set; SDAI, Simplified 
Disease Activity Index; VAS, visual analogue scale.

through the first 4 to 8 weeks of treatment, which were either 
maintained or improved during long-term treatment up to week 52 
(EOT). Even in the placebo group, improvements were observed 
after switching to peficitinib 100 mg or 150 mg and then main-
tained during the study. Treatment with etanercept appeared to 
provide numerically greater response rates than either peficitinib 
100 mg or 150 mg, across all outcomes measured.

Of note, ACR20 response rates at week 12 following pefi-
citinib 100 mg or 150 mg treatment were similar to those 
observed in previous phase III studies of tofacitinib or barici-
tinib.20 21 Across five phase III clinical trials of tofacitinib 5 mg 
twice daily in patients with active RA and an inadequate response 
to prior DMARDs, MTX or TNF inhibitors, ACR20 response 
rates at week 12 ranged from 41.7% to 60.7%.20 Similarly, the 

RA-BUILD study investigated a once-daily dose of baricitinib 
4 mg in patients with active RA and an inadequate response 
or intolerance to prior conventional synthetic DMARDs; the 
ACR20 response rate at week 12 was 62%.21 In the present study, 
the ACR20 response rates were 57.7% and 74.5% in the pefi-
citinib 100 mg and 150 mg groups, respectively. However, the 
inclusion criteria for specific DMARD-IR varied across previous 
studies evaluating the efficacy of other JAK inhibitors, including 
tofacitinib and baricitinib20 21; outcomes may therefore not be 
directly comparable with the current study.

Safety analysis indicated that peficitinib was well tolerated for up 
to 52 weeks. The incidence of TEAEs was similar for both pefici-
tinib arms compared with placebo, and no new safety signals were 
observed in clinical laboratory results. Of note, a mean decrease in 
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Figure 2 (A) ACR20, ACR50 and ACR70 response rates at week 12/ET (FAS). (B) Response rates for ACR20 from baseline until week 52 and EOT 
(FAS). (C) Response rates for ACR50 from baseline until week 52 and EOT (FAS). (D) Response rates for ACR70 from baseline until week 52 and EOT 
(FAS). For all timepoints except for week 12/ET and EOT, observed data are plotted. For week 12/ET and EOT, in the case of early termination, ACR 
components were analysed using the LOCF method first, and then ACR20/50/70 responses were calculated. A pairwise comparison with the placebo 
group was performed using a logistic regression model with treatment group as the factor and inadequate response to prior biological DMARD use, 
concomitant DMARD use during the study period and region as covariates. P values were calculated using Wald’s Chi-square test with a closed testing 
procedure for multiplicity adjustment for ACR20 and no multiplicity adjustment for ACR50/70. 95% CI were based on a normal approximation to the 
binomial distribution (continuity corrected). Etanercept was an open-label reference arm and was not included in statistical comparisons with placebo. 
*The odds ratio for the treatment difference in ACR70 between peficitinib 100 mg and placebo was not estimable with the planned logistic regression
model (p=0.009 with an ad-hoc analysis using a logistic regression model with treatment group as the only explanatory variable). †Includes LOCF. 
ACR, American College of Rheumatology; DMARD, disease-modifying anti-rheumatic drugs; EOT, end of treatment; ET, early termination; FAS, full 
analysis set; LOCF, last observation carried forward; N/E, not estimable.
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Figure 3 (Continued)

http://ard.bmj.com/


1328 Tanaka Y, et al. Ann Rheum Dis 2019;78:1320–1332. doi:10.1136/annrheumdis-2019-215163

Rheumatoid arthritis

Figure 3 (Continued)

http://ard.bmj.com/


1329Tanaka Y, et al. Ann Rheum Dis 2019;78:1320–1332. doi:10.1136/annrheumdis-2019-215163

Rheumatoid arthritis

Figure 3 Changes from baseline to week 12/ET in DAS28-CRP scores and ACR core parameters (CRP, ESR, HAQ-DI, SGA, SGAP, PGA, TJC68 and 
SJC66) (FAS). For all timepoints except for week 12/ET, observed data are plotted. For week 12/ET, in the case of early termination, the LOCF method 
was used. Data are plotted as least-squares means with 95% CI based on ANCOVA model: change from baseline = treatment + baseline value + prior 
biological DMARD-IR + concomitant DMARD use + study region (Japan, Korea or Taiwan). Statistical comparisons with placebo were performed using 
analysis of covariance with no multiplicity adjustment. Etanercept was an open-label reference arm and was not included in statistical comparisons 
with placebo. *p<0.05; **p<0.01; ***p<0.001. ACR, American College of Rheumatology; ANCOVA, analysis of covariance; CRP, C-reactive protein; 
DAS28-CRP, Disease Activity Scores in 28 joints using CRP; DMARD, disease-modifying anti-rheumatic drugs; ESR, erythrocyte sedimentation rate; ET, 
early termination; FAS, full analysis set; HAQ-DI, Health Assessment Questionnaire – Disability Index; IR, inadequate response; LOCF, last observation 
carried forward; PGA, Physician’s Global Assessment of disease activity; SGA, Subject’s Global Assessment of disease activity; SGAP, Subject’s Global 
Assessment of Pain; SJC66, swollen joint count at 66 joints; TJC68, tender joint count at 68 joints.

haemoglobin levels, which might be attributable to JAK2 inhibi-
tion, was not observed even with the highest dose of 150 mg/day. 
These safety results are consistent with those from short-term (12 
week) treatment with 25 to 150 mg/day peficitinib monotherapy.13

With regard to TEAEs of special interests, no apparent dose 
dependency was observed in the incidence of herpes zoster- 
related disease (including varicella), serious infections or malig-
nancies. Previous safety data for the use of tofacitinib suggest 
that Asian populations may be specifically at risk of developing 
herpes zoster infection when receiving JAK inhibitors.22 In line 
with this, the incidence of herpes zoster-related disease was 
approximately doubled with peficitinib compared with etaner-
cept in our study, although rates remained within the range 
previously observed with tofacitinib and baricitinib in Japanese/
Korean/Taiwanese populations.22–25 As historical data of vacci-
nation for herpes zoster or varicella in each patient were not 
captured in this study, the relationship between the observed 
incidence and vaccination rate is unknown and further inves-
tigation would be required to elucidate this. Lastly, although 
previous studies have shown an association between JAK inhibi-
tors and VTE,26 no incidence of VTE was observed in our study.

Greater clinical improvements were observed with pefici-
tinib 150 mg versus peficitinib 100 mg. In this study, no marked 
increase in AEs was observed with peficitinib 150 mg compared 
with 100 mg and both doses demonstrated efficacy and tolera-
bility, thus broadening the potential treatment options for those 
with refractory disease. However, further evaluation is needed 

to establish whether peficitinib >150 mg/day may provide even 
greater clinical benefits, without additional safety concerns.

The strengths of this study include the 52-week treatment 
period, which allowed for assessment of long-term efficacy and 
safety. The study population comprised patients who previously 
had an inadequate response or intolerance to either conven-
tional synthetic or biological DMARDs, thus representing a 
patient population with more restricted treatment options. One 
limitation of this study is that placebo treatment was of shorter 
duration (12 weeks) compared with the peficitinib and etaner-
cept arms, for ethical reasons; comparisons between placebo 
and peficitinib arms are therefore limited. In addition, the study 
design did not allow for a statistical comparison of treatment 
differences in the open-label etanercept arm relative to the other 
arms. No radiographical assessments were conducted for this 
study, and it is therefore uncertain whether peficitinib inhibits 
radiographical progression in this population. Moreover, the 
patient population was drawn from Japan, Korea and Taiwan 
and although the results reflect populations of more than one 
country, they lack global diversity. The baseline HAQ-DI score 
of 1.0 for the study population was low, especially considering 
the mean DAS-CRP/ESR of 5.3 to 6.0 and mean RA duration 
of almost 9 years, but these parameters are in line with findings 
from previous studies of tofacitinib27 28 and baricitinib25 in Japa-
nese populations.

As previously described, kinase assays showed peficitinib 
inhibits the activity of all JAK family members with similar 
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potency (IC50 0.7 to 5.0 nM).12 In contrast, currently marketed
JAK inhibitors have greater selectivity for certain JAK isoforms: 
tofacitinib inhibits JAK1, JAK2, JAK3 and to a lesser extent 
TYK2,12 29 while baricitinib has greater potency against JAK1 
and JAK2 than against JAK3 and TYK2.30 In an animal study, 
TYK2-deficient mice were resistant to collagen antibody-induced 
arthritis, suggesting a crucial role of TYK2 in the development of 
inflammatory arthritis.31 We therefore consider that TYK2 inhi-
bition may contribute to the clinical efficacy of peficitinib in RA 
patients. However, the clinical significance of the mouse model 
findings is unclear and additional investigation is necessary to 
elucidate the involvement of TYK2 in the pathogenesis of RA.

In conclusion, peficitinib at doses of 100 mg/day and 150 mg/
day was superior to placebo in reducing RA symptoms, and these 
improvements were maintained throughout the study period. 
Peficitinib was generally well tolerated in long-term treatment 
up to 52 weeks. Peficitinib may therefore be a viable treatment 
option for patients who fail to respond to previous lines of 
therapy with other biological and non-biological DMARDs.
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Key messages

What is already known about this subject?
 ► The effectiveness of treatment with 
methotrexate (MTX) as a cornerstone in the 
treatment of early rheumatoid arthritis (RA) can 
be increased with addition of low-moderate 
dose prednisone. Similar beneficial effects have 
been shown for treatment with MTX with the 
addition of a disease-modifying anti-rheumatic 
drug (bDMARD).

 ► MTX with prednisone may be less effective, 
but safer (regarding, eg, infections), than 
(expensive) bDMARDs.

What does this study add?
 ► Treat-to-target, tight controlled treatment 
strategies in early RA based on tocilizumab 
(TCZ) yielded lower disease activity using 
DAS28-based outcomes over 24 months 
compared with a strategy based on MTX 
combined with 10 mg prednisone (MTX+pred), 
whereas modification of the Clinical Disease 
Activity Index as outcome did not differ 
between TCZ-based strategies and MTX+pred.

How might this impact on clinical practice or 
future developments?

 ► If the availability of TCZ is limited, MTX+pred 
seems to be an appropriate alternative for TCZ 
in patients with early RA.

AbsTRACT
Objectives Methotrexate (MTX), often combined with 
low moderately dosed prednisone, is still the cornerstone of 
initial treatment for early rheumatoid arthritis (Ra). it is not 
known how this strategy compares with initial treatment 
with a biological. We therefore compared the effectiveness 
of tocilizumab (TCZ), or TCZ plus MTX (TCZ+MTX) with 
MTX plus 10 mg prednisone (MTX+pred), all initiated 
within a treat-to-target treatment strategy in early Ra.
Methods Using individual patient data of two trials, 
we indirectly compared tight-controlled treat-to-target 
strategies initiating TCZ (n=103), TCZ+MTX (n=106) or 
MTX+pred (n=117), using initiation of MTX (n=227) as 
reference. Primary outcome was Disease activity score 
assessing 28 joints (Das28) over 24 months. To assess the 
influence of acute phase reactants (aPRs), a disease activity 
composite outcome score without aPR (ie, modification of 
the Clinical Disease activity index (m-CDai)) was analysed. 
secondary outcomes were remission (several definitions), 
physical function and radiographic progression. Multilevel 
models were used to account for clustering within trials 
and patients over time, correcting for relevant confounders.
Results Das28 over 24 months was lower for TCZ+MTX 
than for MTX+Pred (mean difference: −0.62 (95% Ci 
−1.14 to −0.10)). Remission was more often achieved in 
TCZ+MTX and in TCZ versus MTX+pred (p=0.02/0.05, 
respectively). excluding aPRs from the disease activity 
outcome score, TCZ-based strategies showed a slightly 
higher m-CDai compared with MTX+pred, but this was 
not statistically significant. Other outcomes were also not 
statistically significantly different between the strategies.
Conclusions in patients with early Ra, although TCZ-
based strategies resulted in better Das28 and remission 
rates compared with MTX+pred, at least part of these 
effects may be due to a specific effect of TCZ on aPRs.

InTROduCTIOn
Rheumatoid arthritis (RA) is a chronic inflamma-
tory joint disease often requiring lifelong treatment 
to reduce symptoms, improve physical function and 
avoid structural joint damage. Implementation of 

treat-to-target treatment strategies has improved 
those outcomes. Guidelines recommend to start a 
conventional synthetic (cs) disease-modifying anti-
rheumatic drug (DMARD) as soon as the diagnosis 
is made and to swiftly adjust treatment when the 
treatment target is not achieved.1 Methotrexate 
(MTX) is typically the initial treatment, often 
combined with glucocorticoids (GCs). MTX is well 
tolerated, effective and inexpensive. GCs have been 
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used for 70 years in RA and have proven to be effective and 
safe, if used in low-moderate dose.2–5 Combination treatment of 
csDMARDs with GCs improves disease control, physical func-
tion and radiographic progression.6–8 Similar beneficial effects 
have been shown for treatment with biological (b)DMARDs.1

Earlier performed studies showed that first-line treatment 
initiating MTX was less effective compared to treatments initi-
ating bDMARDs, importantly, for example, for achieving drug-
free remission (DFR).9 However, a bDMARD is typically not 
prescribed as first-line treatment, mainly because of cost consid-
erations and to a lesser extent safety concerns. For this reason, 
several studies attempted to predict bDMARD response on indi-
vidual patient level, which proved not to be feasible so far.10 
However, with tapering of originator bDMARDs and increasing 
number of less costly biosimilar approvals, these may in the 
future be more frequently considered as an initial treatment 
option in RA, as this may increasingly become more cost-effec-
tive. Therefore, it is important to better understand the relative 
effectiveness and safety of a first-line treatment strategy initi-
ating a bDMARD compared with initiating a csDMARD with 
GCs. This is particularly important as the long-term impact of 
a potent treatment strategy might be more pronounced when 
started in early disease (ie, within the window of opportunity).11

Our department has previously performed the U-Act-Early 
and the second Computer Assisted Management in Early Rheu-
matoid Arthritis (CAMERA-II) trials in early DMARD-naive 
patients with RA. In U-Act-Early, the effectiveness and safety 
of treat-to-target treatment strategies initiating the bDMARD 
tocilizumab (TCZ) with MTX (TCZ +MTX) or with placebo 
(TCZ) were compared with those of a strategy initiating MTX 
with placebo (MTX).12 Following the rationale that with longer 
term use GCs act as a DMARD, in CAMERA-II effectiveness of 
a treat-to-target treatment strategy initiating MTX with 10 mg 
prednisone (MTX+pred) was compared with that of a strategy 
initiating MTX with placebo (MTX).6 The MTX strategies in 
both trials were similar. The U-Act-Early trial concluded that the 
TCZ strategy arms were more effective in achieving sustained 
remission (ie, remission ≥24 weeks) and showed less erosive 
joint damage than the MTX strategy arm, with a similar safety 
profile.12 The CAMERA-II trial concluded that the MTX+pred 
arm was more effective regarding achieving remission and inhi-
bition of erosive joint damage than the MTX arm, with a numer-
ically better safety profile.6

We hypothesised that TCZ-based treatment strategies 
in patients with early RA would be more effective than an 
MTX+pred-based treatment strategy and would have similar 
safety. Therefore, we indirectly compared the effectiveness 
and safety of initial treatment strategies based on TCZ, with or 
without MTX, with those of an initial strategy based on MTX 
with 10 mg prednisone, using individual patient data from the 
U-Act-Early and CAMERA-II trials.

MeTHOds
Patients
U-Act-Early and CAMERA-II were 2-year, double-blind, place-
bo-controlled randomised controlled trials in DMARD-naive 
patients with early RA. Patients who participated (1) fulfilled 
the 1987 American College of Rheumatology (ACR) criteria 
(CAMERA-II), or (for U-Act-Early) 2010 ACR/European League 
Against Rheumatism (EULAR) classification criteria, (2) had 
a disease duration <12 months and (3) had active disease (in 
U-Act-Early defined as disease activity score assessing 28 joints 
(DAS28)≥2.6; not specified in CAMERA-II) at baseline.

In both trials, treatment followed a tight-control, treat-to-
target strategy, aiming for (sustained) remission. In U-Act-Early, 
remission was defined as DAS28 <2.6 and ≤4 swollen joints 
on the 28 swollen joint count (SJC28). In CAMERA-II, remis-
sion was defined as the absence of swollen joints and at least 
two of the following: tender joint count (TJC) ≤3, patient visual 
analogue score (VAS) of general health ≤20 mm, erythrocyte 
sedimentation rate (ESR) ≤20 mm/hour.

In U-Act-Early, patients were randomised to a treatment 
strategy initiating oral MTX (starting dose 10 mg/week), intra-
venous TCZ (8 mg/kg every 4 weeks) or their combination (TCZ 
+MTX). In CAMERA-II, patients were randomised to a treat-
ment strategy initiating oral MTX (starting dose 10 mg/week) 
with or without 10 mg prednisone (MTX+pred) daily. In both 
trials, the MTX dose was increased in steps of 5 mg, up to 30 
mg per week or up to the maximum tolerable dose until remis-
sion was achieved. In U-Act-Early when the treatment target 
was not achieved, placebo was replaced by the respective active 
treatment in the combination strategy arms initiating MTX or 
TCZ plus placebo, and in both trials, if the treatment target was 
still not achieved, a tumour necrosis factor inhibitor was started. 
More detailed information on the individual trials has been 
reported previously.6 12

Assessments
For the current analyses, individual patient data from the U-Act-
Early and CAMERA-II trials was used. DAS28 (using ESR) over 
24 months was defined as the primary outcome. To account for 
the specific reduction of acute phase reactant (APR) by TCZ, 
a disease activity outcome not containing APR was used as 
secondary outcome. For this, we used a modification of the Clin-
ical Disease Activity Index (m-CDAI)13 as one of the components 
of the CDAI (VAS physician) was not available in the CAMERA-II 
dataset. We used the same formula and rescaled the resulting 
score to the original range using the formula: 76*(TJC28+S-
JC28+VAS patient/66).

Other secondary effectiveness outcomes were (1) DAS28 
remission (DAS28 <2.6), (2) m-CDAI remission (m-CDAI 
<2.8), (3) cumulative occurrence and persistence of remission as 
calculated with the continuity rewarded (ConRew) score,14 (4) 
physical function using Health Assessment Questionnaire (HAQ) 
scores and (5) radiographic progression, all over 24 months. 
Radiographs of both trials were scored by the same professional 
reader, using the Sharp van der Heijde (SvdH) method. Safety 
outcomes were: occurrence of ≥1 event for infection and for 
elevated levels (above upper limit of normal) of alanine amino-
transferase (ALT; ≥55 U/L) and aspartate aminotransferase 
(AST; ≥40 U/L),15 and dropout due to an adverse event (AE). 
These outcomes were selected because these were deemed clini-
cally relevant and data was similarly collected in both trials.

statistical analyses
Continuous variables were described using means with SD or 
medians with IQRs, as appropriate. Frequencies and proportions 
were calculated for categorical variables. Differences between 
the trial populations in baseline characteristics were evaluated 
and tested using t-test for continuous outcomes and χ2 test or 
Fisher’s exact test for categorical outcomes or non-parametric 
alternatives where appropriate.

To account for missing data in relevant baseline data, multiple 
imputation was used. This was done separately for the dataset 
of each study (using the same approach and predictor variables) 
to allow for possible modification of the predictor effects in the 
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Table 1 Baseline characteristics

u-Act-early n=317 CAMeRA-II n=236 P value

Female, n (%) 212 (67) 142 (60) 0.11

Age (year), mean (SD) 53.4 (12.8) 53.7 (13.4) 0.79

BMI (mg/kg²), mean (SD) 26.2 (4.3) 25.8 (4.0) 0.23

Alcohol use (≥1 unit/week), n (%) 192 (61) 84 (40) <0.01

Current smoker, n (%) 90 (28) 69 (32) 0.34

Education level, n (%) 0.35 

 Low 136 (46) 77 (46)

 Moderate 112 (38) 53 (31)

 High 48 (16) 38 (23)

Disease duration (days), median (IQR) 26 (16–43) *

RF-positive status, n (%) 231 (73) 118 (60) <0.01

DAS28, mean (SD) 5.2 (1.1) 5.7 (1.3) <0.01

CRP (mg/L), median (IQR) 9.0 (3.0–21.0) 17.0 (0.0–44.0) 0.06

ESR (mm per h), median (IQR) 25.0 (14.0–44.0) 31.0 (16.0–48.0) 0.02

SJC28, median (IQR) 6.0 (3.0–11.0) 10.0 (6.0–15.0) <0.01

TJC28, median (IQR) 7.0 (4.0–11.0) 9.0 (5.5–16.0) <0.01

HAQ score, median (IQR) 1.1 (0.6–1.5) 1.1 (0.6–1.5) 0.52

Any radiographic joint damage, n (%) 83 (26) 57 (24) 0.62

Outcomes are based on non-imputed data of the two trials. Reported baseline characteristics of CAMERA-II slightly differ from those of the original publication as we presented 
non-imputed data compared with imputed data in that publication.6 12

*Not collected but at least <1 year according to the inclusion criteria.
BMI, body mass index; CRP, C reactive protein; DAS28, Disease Activity Acore assessing 28 joints (range 0–9.4, higher is more activity); ESR, erythrocyte sedimentation rate in 
millimetre per hour; HAQ, Health Assessment Questionnaire (range 0–3, 3=worst function); IQR, interquartile range; RF, rheumatoid factor; SD, standard deviation; SJC28, 28 
swollen joint count; TJC28, 28 tender joint count; any radiographic joint damage, total Sharp van der Heijde score ≥1.

imputation model by trial. We used predictive mean matching to 
impute data, except for smoking status and rheumatoid factor 
(RF) status for which logistic regression was used. For all impu-
tations the following predictor variables were used: age, DAS28, 
HAQ, SvdH score and smoking status, all at baseline; gender, 
treatment strategy, RF status, ConRew score and occurrence of 
≥1 event for elevated ALT, elevated AST and infection, respec-
tively, and dropout due to an AE. Multiple imputation was 
performed in R using the MICE package, yielding 40 imputed 
datasets.

To compare the DAS28 (as well as m-CDAI and HAQ) over 
time between the TCZ arms and the MTX+pred arm, a linear 
mixed effects model was used. A random intercept at study 
level and at patient level was used to account for clustering 
of measurements within trials and within patients over time, 
respectively (for DAS28 as well as other time-varying outcomes 
only). The MTX strategy was similar in both trials and was 
used as a reference arm in the analysis. The rationale of this 
approach is that within this reference arm, the effect of study 
(ie, population) can be estimated assuming that differences in 
outcomes between patients from both trials can be regarded due 
to differences in trial population (as they are treated according 
to the same strategy). This is then used to correct for potential 
differences between studies, and therefore, the three treatment 
strategy arms can be compared more validly. Treatment arm was 
categorised as TCZ, TCZ+MTX, MTX+pred and MTX. Treat-
ment arm and time were included in all analyses, and all models 
were corrected for DAS28 and HAQ at baseline, as well as for 
smoking status and RF status and other variables that proved 
relevantly different between trials. We used a natural logarithm 
transformation for the m-CDAI in the analyses as this score was 
not normally distributed.16 A logistic mixed effect model was 
used for the binary outcomes (occurrence of remission and safety 
outcomes). For SvdH scores over time, a Poisson mixed effect 
model was used to handle the skewed distribution of these data. 

Results of the 40 imputed datasets were pooled using Rubin’s 
Rule.17

A separate analysis over the short term only (ie, first 3 months) 
was performed, for DAS28/m-CDAI based outcomes, to specifi-
cally compare the early response.

The influence of missing data imputation on the findings was 
investigated in a sensitivity analysis using the non-imputed data 
over 24 months.

Analyses were performed in SAS V.9.4 and R V.3.4.3.

ResulTs
In total, 553 patients were included in both trials. During the 
trials, 146 patients dropped out (80 in U-Act-Early and 66 in 
CAMERA-II), mostly due to an AE. Overall dropout rates were 
not different between the trials, neither for safety nor for ineffi-
cacy reasons. Statistically significant differences in baseline char-
acteristics between the trials were observed for alcohol use, RF 
status, baseline DAS28 and its individual components (table 1). 
An overview of baseline characteristics separately for each treat-
ment arm is provided in the online supplementary tables S1 and 
S2 provides baseline characteristics separately for the MTX arms 
that were used as reference.

The average DAS28 over 24 months was statistically signifi-
cantly lower in the TCZ+MTX arm compared with the 
MTX+pred arm (−0.62 (95% CI −1.14 to −0.10)) (table 2 
and figure 1A). The analyses using the m-CDAI over 24 months 
as outcome showed no significant differences, but over the first 
3 months, significantly higher disease activity for TCZ arms 
compared with the MTX+pred is found (table 2 and figure 1B).

DAS28 remission over 24 months was statistically signifi-
cantly more often achieved in the TCZ arms compared with the 
MTX+pred arm (TCZ +MTX: relative risk (RR) 1.11 (95% 
CI 1.02 to 1.22); TCZ: RR 1.09 (95% CI 1.00 to 1.20)), as 
well over the first 3 months (TCZ +MTX: RR 1.12 (95% CI 
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Table 2 Differences in effectiveness and safety outcomes over 24 and 3 months between TCZ strategy arms and MTX+pred strategy arm

TCZ+MTX versus MTX+pred P value TCZ versus MTX+pred P value

Effectiveness

 DAS28, mean difference (95% CI)

 Over 24 months 0.62 (–1.14 to –0.10) 0.02 0.44 (–1.00 to 0.12) 0.13

  Over first 3 months 0.44 (–1.00 to 0.13) 0.14 0.37 (–0.98 to 0.24) 0.24

 m-CDAI, proportional mean difference (95% CI)*

 Over 24 months 0.10 (–0.16 to 0.36) 0.47 0.24 (–0.04 to 0.52) 0.09

 Over first 3 months 0.25 (0.02 to 0.48) 0.04 0.35 (0.11 to 0.59) 0.01

 DAS28 remission, RR (95% CI)

 Over 24 months 1.11 (1.02 to 1.22) 0.02 1.09 (1.00 to 1.20) 0.05

  Over first 3 months 1.12 (1.02 to 1.22) 0.03 1.11 (1.01 to 1.22) 0.04

 m-CDAI remission, RR (95% CI)

 Over 24 months 0.96 (0.84 to 1.08) 0.52 0.90 (0.78 to 1.02) 0.12

 Over first 3 months 0.90 (0.81 to 0.99) 0.03 0.88 (0.89 to 0.97) 0.01

 ConRew score, mean difference (95% CI) 3.92 (–1.12 to 8.97) 0.14 4.73 (–0.41 to 9.86) 0.08

 HAQ score, mean difference (95% CI) 0.01 (–0.14 to 0.17) 0.86 0.09 (–0.07 to 0.25) 0.29

  SvdH score, IRR (95% CI) 0.70 (0.32 to 1.57) 0.40 1.05 (0.48 to 2.29) 0.89

Safety

 Occurrence of ≥1×elevated ALT, RR (95% CI) 1.62 (0.66 to 3.97) 0.30 0.92 (0.33 to 2.53) 0.86

 Occurrence of ≥1×elevated AST, RR (95% CI) 1.48 (0.35 to 6.17) 0.60 0.55 (0.11 to 2.86) 0.48

 Occurrence of ≥1 infection, RR (95% CI) 0.99 (0.11 to 9.03) 0.97 1.05 (0.11 to 9.58) 0.96

 Dropout due to AE, RR (95% CI) 1.18 (0.39 to 3.63) 0.77 1.30 (0.43 to 3.90) 0.65

Random effects for the variables in the model were evaluated and retained if the model fit was improved, as judged by a decrease in Bayesian information criterion or a change 
in one of the estimates of treatment effect of at least 10%. Random effects for the following variables were used in the models: DAS28, HAQ, RF status, smoking status, all at 
baseline and time. Outcomes based on adjusted analyses using pooled outcomes of 40 imputed datasets.
Negative values indicate lower values for continuous outcomes (ie, DAS28, m-CDAI, HAQ) in TCZ strategy arms compared with the MTX+pred strategy arm. (I)RR >1 indicates 
higher occurrence of the outcome (ie, DAS28 remission, m-CDAI remission, SvdH score, dropout due to AE) in TCZ strategy arms compared with the MTX+pred strategy arm.
*Log transformed values. Multiplying the above regression coefficients by 100 leads to a difference on a modified percentage scale.16

AE, adverse event; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CI, confidence interval; ConRew, continuity rewarded based on DAS28 remission; DAS28, 
Disease Activity Score assessing 28 joints; HAQ, Health Assessment Questionnaire; IRR, incidence rate ratio; MTX+pred, methotrexate +prednisone strategy arm; RR, relative risk; 
SvdH, Sharp van der Heijde; TCZ, tocilizumab+placebo strategy arm; TCZ+MTX, Tocilizumab + Methotrexate strategy arm; m-CDAI, modified Cinical Disease Activity index.

1.02 to 1.22); TCZ: RR 1.11 (95% CI 1.01 to 1.22)) (table 2 
and online supplementary figure S1a). M-CDAI remission was 
statistically significantly more often achieved in the MTX+pred 
arm compared with the TCZ arms over the first 3 months (RR: 
TCZ +MTX vs MTX+pred: 0.90 (95% CI 0.81 to 0.99); TCZ 
vs MTX+pred: 0.88 (95% CI 0.89 to 0.97)) but not over 24 
months (see online supplementary figure S1b). No statistically 
significant differences were found between the TCZ arms and 
the MTX+pred arm for any safety outcome (table 2). Results 
for all primary and secondary outcomes are shown in table 2, 
figure 1 and online supplementary file 1(figure S1 and figure S2).

The sensitivity analyses using non-imputed data over 24 
months were generally in line with the results based on imputed 
data and showed a statistically significantly lower DAS28 over 
24 months in favour of the TCZ arms: TCZ+MTX versus 
MTX+pred: −0.51 (95% CI −0.84 to −0.19); TCZ versus 
MTX+pred: −0.42 (95% CI −0.75 to −0.09). No statistically 
significant differences were found for the other outcomes (see 
online supplementary table S3).

discussion
Treatment strategies using TCZ, with or without MTX, resulted 
in better DAS28-based outcomes over 24 months compared with 
a strategy using MTX with 10 mg prednisone, suggesting better 
disease control, although this could, at least partly, be driven by 
the specific APR-lowering effect of TCZ since APR (ESR) is a 
component of DAS28.18 Therefore, we analysed m-CDAI which 
does not include an APR. With this outcome, lower disease 
activity of TCZ-based strategies compared with MTX+pred 

over 24 months could not be confirmed. Interestingly, over the 
first 3 months only, disease activity as measured with m-CDAI 
was statistically significantly lower in the MTX+pred strategy. 
This raises the issue whether the specific APR-lowering effect of 
TCZ could clinically be relevant, for example, with respect to 
cardiovascular diseases.19–21

Despite the absolute differences found in DAS28-based 
outcomes, differences are likely not clinically relevant. TCZ-based 
treatment strategies as well as the combination of MTX+pred in 
a treat-to-target treatment strategy result in a high proportion of 
patients being in remission (ie, 80%–60%) depending on remission 
definition including or excluding APR. All point estimates were 
close to 1.00, indicating similar outcomes between treatment strat-
egies. Besides, it is likely that the MTX+pred treatment strategy 
is more cost-effective. Eventually, a new relevant treatment target 
which is becoming more feasible is DFR. The definition of DFR, 
however, still needs clarification as well as the optimal tapering 
strategy. In the U-Act-Early trial, DFR was defined as being free 
from DMARDs or placebo-DMARDs for at least 12 weeks while 
still in sustained remission (ie, a DAS28 of less than 2.6 and a swollen 
joint count of 4 or fewer joints of the 28 joints assessed during at 
least 24 weeks),12 and a relevant proportion of patients achieved 
this. Unfortunately, it was not possible to compare patients in DFR 
with the MTX+pred arm due to different tapering protocols in 
the trials. For example, in U-Act-Early, MTX and TCZ were both 
tapered, whereas only MTX was tapered in CAMERA-II.6 12 It will 
be relevant to further investigate DFR as it is an important (future) 
outcome that may positively affect quality of life and work ability, 
even on longer term.22
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Figure 1 
(A) Mean (SE) DAS28 over time for each strategy arm as predicted by model.
(B) Mean (SE) modified CDAI in each strategy arm as predicted by model based on back transformation to original scale.
CDAI, Clinical Disease Activity Index; DAS28, Disease Activity Score assessing 28 joints; m-CDAI, modifed CDAI; MTX (ref): methotrexate+placebo 
strategy used as reference arm in the analysis; MTX+pred: methotrexate+prednisone strategy arm; TCZ+MTX: tocilizumab+methotrexate strategy 
arm; TCZ: tocilizumab+placebo strategy arm.

In the current study, there was no clear difference regarding 
effectiveness and safety between the strategy starting 
TCZ(+MTX) or MTX+pred, which might be different for 
established patients with RA and a suboptimal response to 
MTX. Although in U-Act-Early and the present study,12 the 
effectiveness of TCZ was somewhat less than that of TCZ 
+MTX; for patients with contraindications or intolerance for 
MTX, TCZ as monotherapy is effective. As currently, TCZ (or 
another bDMARD) as initial therapy in early RA is typically not 
possible in clinical practice, the conclusion that MTX+pred can 
be regarded a similarly effective and safe treatment strategy is 
reassuring.

A limitation of our study is the fact that this was not a head-
to-head comparison and some relevant differences in baseline 
characteristics between trials were observed. However, all anal-
yses were corrected for observed differences in baseline charac-
teristics and for differences between trials by using the similar 
MTX arms as a reference strategy. Between the trials, there was 
a relevant difference in tapering protocols, with a more stringent 
approach to tapering in U-Act-Early. Furthermore, tapering in 
both trials was initiated only when being in remission over a 
certain time period, but the remission criteria were more strict 

in CAMERA-II; they were close to those of the ACR/EULAR 
Boolean remission criteria.23 Tapering may have decreased 
disease control for the TCZ-based treatment strategies and 
hampered the adjustment based on reference arm. Less disease 
control during a later phase of the study for TCZ-based strate-
gies can be seen in figure 1A. Further, because VAS physician in 
CAMERA-II was missing, a modification of the CDAI was used 
which is not validated. The results based on this outcome should 
be interpreted with caution. Therefore, we thought it inappro-
priate to post-hoc switch to this measure as primary endpoint 
for the current study, and used the prespecified DAS28 which 
has been validated and is generally used in clinical trials, also 
in CAMERA-II and U-Act-Early. Apart from the difference of 
not containing an APR, m-CDAI weighs the other components 
differently from DAS28, which also might have influenced 
results.

Strengths of our study are our approach of using individual 
patient data, enabling calculation of uniform outcomes between 
the two trials, the fact that the trials were performed in a similar 
setting and included a similar treatment strategy arm and the 
appropriate use of multiple imputation and mixed models. As 
such, handling the clustered structure of the data and correction 
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for important confounding is a robust method of comparing the 
treatment strategies and optimally using available data.

COnClusIOn
In early RA, although tight-control strategies initiating TCZ 
resulted in slightly better mean DAS28 and remission rates, 
compared with a strategy initiating MTX with 10 mg pred-
nisone, at least part of these better effects may be due to the 
specific effect of TCZ on APRs, as apparent from m-CDAI 
results. MTX+pred and TCZ (with or without MTX) appear 
to have similar clinical effects as initial treatment options in 
tight-control strategies in early RA.
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Key messages

What is already known about this subject?
 ► Rituximab induces deep depletion of the B 
cells, but up to 35% of treated patients with 
rheumatoid arthritis (RA) do not achieve clinical 
European League Against Rheumatism response 
(Randomized Evaluation of Long-Term Efficacy 
of Rituximab in RA (REFLEX) trial).

 ► Prediction of response to this treatment remains 
challenging.

What does this study add?
 ► By analysing for the first time the B cell 
receptor (BCR) repertoire in peripheral blood 
and synovial tissue samples of patients with 
RA before and at different time points after 
treatment with rituximab, we provide new 
insight into the spatial and temporal effects of 
this drug on the B cell compartment.

 ► We observed major changes in BCR clonality at 
4 weeks after treatment, while the same effects 
are observed in synovial tissue only at later time 
points.

 ► We found a correlation between incomplete 
depletion of the pretreatment BCR repertoire 
in peripheral blood after 1 month of treatment 
and worse treatment response evaluated at 3 
months after treatment.

How might this impact on clinical practice or 
future developments?

 ► The early identification of non-responder 
patients based on early BCR clonality changes 
would allow clinicians to timely switch patients 
who are unlikely to respond to rituximab 
treatment to other therapies.

AbsTRACT
Objective To gain more insight into the dynamics of 
lymphocyte depletion and develop new predictors of 
clinical response to rituximab in rheumatoid arthritis 
(ra).
Methods rna-based next-generation sequencing was 
used to analyse the B cell receptor (Bcr) repertoire in 
peripheral blood and synovial tissue samples collected 
from 24 seropositive patients with ra treated with 
rituximab. clonal expansion, mutation load and clonal 
overlap were assessed in samples collected before, 
at week 4 and at week 16 or 24 after treatment and 
correlated to the patients’ clinical response.
Results after 4 weeks of rituximab-induced B cell 
depletion, the peripheral blood Bcr repertoire of 
treated patients consisted of fewer, more dominant 
and more mutated Bcr clones. no significant changes 
in the synovial tissue Bcr repertoire were detected 
until week 16 post-treatment, when a reduced clonal 
overlap with baseline and an increased mutation load 
were observed. in patients who were non-responders 
at month 3 (n=5) using the european league against 
rheumatism response criteria, peripheral blood samples 
taken at week 4 after rituximab treatment showed more 
dominant clones compared with moderate responders 
(n=9) (median (iQr): 36 (27–52) vs 18 (16–26); p<0.01) 
and more clonal overlap with the baseline (median (iQr): 
5% (2%–20%) vs 0% (0%–0%); p≤0.01).
Conclusion significant changes in Bcr clonality are 
observed in peripheral blood of patients 4 weeks after 
rituximab treatment, while changes in synovial tissue 
were observed at later time points. incomplete depletion 
of the dominant baseline peripheral blood Bcr repertoire 
in the first month of treatment might predict clinical non-
response at 3 months.

InTROduCTIOn
Rheumatoid arthritis (RA) is a chronic autoim-
mune disease that affects 1% of the population 
worldwide. The disease aetiology is not completely 
understood, and current treatments have limited 
efficacy.1 2 Currently, patients are treated long 
term with immunosuppressive therapies to control 
inflammation associated with pain, disability and 
joint destruction if left untreated. Understanding 
the mechanism underlying effective drug treatment 
may help to improve the response to therapy.

During the last decades, the introduction of 
biologicals constituted a major step forward in the 
treatment of RA. From a research perspective, the 
use of targeted therapies offers the opportunity 
to study the changes in the immune system while 
one cellular or molecular component is temporary 
depleted from the system. Rituximab, a chimeric 
monoclonal antibody directed against the B cell 
surface molecule CD20, is an example of such 
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a targeted therapy. A single treatment with rituximab induces 
>98% depletion of the B cells in peripheral blood lasting for 
at least 4–5 months, but clinical response is achieved in only 
50%–65% of treated patients.3 4

The exact mechanism by which depletion of CD20-bearing B 
cells leads to clinical improvement is still unclear.5 Incomplete 
B cell depletion in peripheral blood after rituximab treatment 
was initially considered the likely explanation for treatment 
failure.6–8 This notion is supported by the observation that 
high-sensitivity flow cytometry analyses could still detect class-
switched memory B cells and plasma cell precursors in peripheral 
blood in more than half of the patients after the first rituximab 
infusion.9 However, a clear correlation between the degree of 
B cell depletion in the peripheral blood and clinical response 
was not convincingly demonstrated.10 A second hypothesis to 
explain treatment failure is that this drug does not deplete all 
relevant B cell subsets, in particular in the tissues where B lineage 
cells may be protected against undergoing cell death.4 It has been 
consistently shown that B lineage cells may be protected from 
rituximab-induced depletion in the tissues, including synovial 
tissue and bone marrow.11 12 Of interest, there is a significant 
relationship between changes in B cell-derived plasma cells in 
the synovium and subsequent clinical response.12

Studies have been limited so far to the use of phenotypic 
cell markers. The development of RNA-based next-genera-
tion sequencing allowed us for the first time to analyse the B 
cell receptor (BCR) repertoire in different body compartments 
before and at different time points after rituximab treatment. 
The results presented here provide new insights into the effects 
of rituximab in peripheral blood and synovial tissue over time, 
and may help to identify new biomarkers predictive of response 
to treatment that could be used to optimise treatment response 
in the future.

MeTHOds
Patients
Twenty-four patients with active, IgM-rheumatoid factor and/
or anti-cyclic citrullinated peptides 2 test (CCP2)-positive RA13 
were included in this study. Study inclusion criteria, patient 
characteristics and clinical trial design have been described 
extensively before.12 14 The baseline characteristics of patients 
are reported in online supplementary table S1. The treatment 
protocol consisted of two intravenous injections of 1000 mg 
rituximab (Roche, Woerden, The Netherlands) on days 1 and 
15. Premedication with methylprednisolone was not allowed
since it could have confounded the study, but stable metho-
trexate, prednisone and non-steroidal anti-inflammatory drugs 
were allowed. Patients were assessed for disease activity using 
the Disease Activity Score 28 joints.

samples
Peripheral blood and synovial tissue samples were collected 
before treatment (baseline (FU0)), at week 4 (follow-up 1 (FU1)) 
and at week 16 (follow-up 2 (FU2)) after rituximab treatment, as 
described before.12 14 For some patients the week 16 post-treat-
ment peripheral blood sample was not available and periph-
eral blood samples collected at week 24 were analysed instead. 
Peripheral blood mononuclear cells (PBMCs) were isolated from 
total blood using Ficoll separation (GE Healthcare, ref 17-1440-
02) and cryopreserved in liquid nitrogen until RNA isolation.
Synovial tissue biopsies were collected by needle arthroscopy 
as previously described15 from an inflamed knee as judged by 

the treating physician and cryopreserved in liquid nitrogen until 
RNA isolation.

Linear amplification and next-generation sequencing of bCR 
repertoires
Starting material for RNA extraction consisted of 10 million 
PBMCs for peripheral blood samples and homogenised syno-
vial tissue biopsies for synovial tissue samples. RNA extraction, 
complementary DNA synthesis and quantitative amplification 
of BCR heavy chain molecules were performed as previously 
described.16–18 Information on the number of total and unique 
obtained sequences is reported in online supplementary table 
S2. Data sets were equalised to the minimum number of reads 
retrieved per tissue origin (2462 reads for peripheral blood 
samples, 2558 for synovial tissue samples). Sequences with 
100% CDR3 identity at the amino acid level were regarded as 
a ‘BCR clone’, and the frequency of each BCR clone was calcu-
lated as the number of identical sequences divided by the total 
sequences retrieved in each sample. BCR clones with a frequency 
above 0.5% were termed ‘dominant clones’. Additional analysis 
on the reproducibility of our approach and impact of sequencing 
depth on the quantification of dominant clones is reported in 
online supplementary figures S2 and S3.

statistics
Data are presented as mean and SD or median and IQR after 
D’Agostino and Pearson omnibus test for normality. Differences 
between groups were evaluated using Mann-Whitney U test for 
unpaired data, one-way analysis of variance or Kruskal-Wallis 
test of ranks data; p values less than 0.05 were considered statis-
tically significant. Prism V.7 software (GraphPad, San Diego, 
California) and RStudio (R V.3.3.2) were used to perform the 
analysis.

ResuLTs
Rituximab treatment induces clonality changes of the bCR 
repertoire in peripheral blood but not in synovial tissue
Following rituximab infusion there was deep depletion of 
CD19+ B cells in peripheral blood.12 As a first step we therefore 
tested whether our RNA-based technology was sensitive enough 
to detect the BCR repertoire in B cell-depleted peripheral blood 
samples. In all patients analysed, we were able to detect the 
BCR repertoire of both post-treatment peripheral blood samples 
(week 4 and week 16/24; online supplementary figure S1).

Next, we evaluated the effects of rituximab treatment on the 
BCR repertoire in both peripheral blood and synovial tissue. To 
this end we compared the number of BCR clones and the number 
of dominant BCR clones (clonal frequency >0.5% of the total 
repertoire) in samples collected before and after therapy. The 
number of BCR clones in the peripheral blood repertoire was 
significantly decreased after rituximab treatment compared with 
pretreatment conditions (median (IQR): FU0: 1738 (1476–
2095); FU1: 141 (105–206); FU2: 206 (131.0–379); p<0.0001), 
while the number of dominant BCR clones was significantly 
increased (median (IQR): FU0: 3 (2–9); FU1: 24 (17–33); FU2: 
28 (13–45); p<0.0001) (figure 1A,B). In contrast, there were 
no significant changes in the number of BCR clones or in the 
number of dominant BCR clones in the synovium at the different 
time points after treatment (figure 1C,D). Taken together these 
data indicate that rituximab drastically changes the peripheral 
blood BCR repertoire clonality while this was not observed in 
the BCR repertoire in the synovial tissue samples from the same 
patients at the same time points.
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Figure 1 Peripheral blood and synovial tissue BCR repertoire clonality during rituximab treatment. (A–B) Boxplots showing the number of total 
BCR clones and the number of dominant BCR clones (clonal frequency >0.5%) in the peripheral blood repertoire before (FU0=baseline) and after 
(FU1=week 4; FU2=week 16/24) treatment with rituximab. (C–D) Boxplots showing the number of BCR clones and the number of dominant BCR 
clones (clonal frequency >0.5%) in the synovial tissue repertoire before (FU0=baseline) and after (FU1=week 4; FU2=week 16/24) treatment 
with rituximab. Boxplots show the median and 25th and 75th interquartile, error bars show the range, and single data points are depicted in grey 
(****p≤0.0001 using two-way analysis of variance). BCR, B cell receptor.

The postdepletion bCR repertoire is mainly composed of 
highly mutated bCR clones
The phenotypic characterisation of the postdepletion B cell 
compartment using conventional flow cytometry is hindered by 
the small number of cells that can be detected, but high-sensitivity 
flow cytometry did allow detection of rituximab-residual B cells 
in peripheral blood.9 To gain more insight into the phenotypic 
composition of the postdepletion BCR repertoire, we analysed 
the mutation load in the BCR variable heavy (immunoglobulin 
heavy chain variable (IGHV)) genes as an indication of the matu-
ration status of the total BCR repertoire. A high mutation load 
indicates that the repertoire is dominated by mature BCR clones 
(ie, memory and plasma blasts/cells), while a low mutation load 
indicates that the BCR repertoire is mainly composed of imma-
ture BCR clones (ie, naïve). When we compared the mutation 
load (expressed as mutations/base pairs (bp)) in the peripheral 
blood repertoire of samples collected before and after ritux-
imab treatment, we found that the posttreatment repertoire had 
a significantly higher mutation load at both time points after 
treatment compared with the pretreatment repertoire (median 
(IQR): FU0: 0.012 (0.006–0.018); FU1: 0.056 (0.039–0.066); 
FU2: 0.055 (0.038–0.058); p<0.0001). In synovial tissue, there 
was a higher mutation load compared with peripheral blood 

before treatment. We could demonstrate a further increase in 
the mutation load in the synovial tissue samples taken 16 weeks 
after treatment (median (IQR): FU0: 0.043 (0.035–0.054); FU1: 
0.045 (0.038–0.051); FU2: 0.062 (0.052–0.062); p=0.0325) 
(figure 2A, C). We further characterised the phenotypic compo-
sition of the BCR repertoire before and after treatment by 
evaluating the fraction of repertoire composed of BCR clones 
with low (≤0.02 mutations/bp), medium (0.02–0.05 mutations/
bp) and high (≥0.05 mutations/bp) mutation load (figure 2B, 
D). The peripheral blood BCR repertoire before treatment is 
mainly composed of BCR clones with low mutation load (mean 
percentage 59%), while the highly mutated BCR clones domi-
nate the post-treatment repertoire at both time points analysed 
(mean percentage FU1: 57%; mean percentage FU2: 58%). 
In synovial tissue, however, medium and highly mutated BCR 
clones already dominate the repertoire before treatment (mean 
percentage medium: 39%; high: 45%), and a further increase in 
fraction of highly mutated BCR clones was observed in samples 
collected at 16 weeks after treatment (mean percentage FU2: 
60%). Collectively, these results indicate that the postdeple-
tion peripheral blood repertoire is mainly composed of highly 
mutated BCR clones. In addition, BCR clones with low mutation 
load in peripheral blood are markedly reduced 4 weeks after 

http://ard.bmj.com/


1342 Pollastro S, et al. Ann Rheum Dis 2019;78:1339–1345. doi:10.1136/annrheumdis-2018-214898

Rheumatoid arthritis

Figure 2 Mutation analysis in peripheral blood and synovial tissue BCR repertoire during rituximab treatment. (A and C) Boxplots showing the 
mutation load (expressed as mutations/bp) in the peripheral blood (A) and synovial tissue (C) BCR repertoire before (FU0=baseline) and after 
(FU1=week 4; FU2=week 16/24) treatment with rituximab. Boxplots show the median and 25th and 75th interquartile, error bars show the range, and 
single data points are depicted in grey (*p≤0.05, ****p≤0.0001 using two-way analysis of variance). (B and D) Bar plots showing the distribution of 
BCR clones with low (≤0.02 mutations/bp, white bars), medium (0.02–0.05 mutations/bp, light grey bars) and high (≥0.05 mutations/bp, dark grey 
bars) mutation load in the peripheral blood (B) and synovial tissue (D) repertoire before (FU0=baseline) and after (FU1=week 4; FU2=week 16/24) 
treatment with rituximab. Bars’ height shows the median and error bars show the IQR. BCR, B cell receptor.

treatment, but it takes more time to see similar changes in syno-
vial tissue.

Rituximab treatment completely replaces the most dominant 
bCR clones in the repertoire
Compared with conventional cytometric techniques, BCR 
repertoire analysis offers the possibility to track individual BCR 
clones over time. Figure 3A shows an example of clonal overlap 
between the pretreatment BCR repertoire (FU0, x-axes) and 
the post-treatment BCR repertoires (FU1 and FU2, y-axes) of 
a rituximab-treated patient. The absence of shared BCR clones 
indicates that in this patient, all BCR clones present in peripheral 
blood prior to rituximab treatment cannot be retrieved in the 
post-treatment repertoires. To assess the qualitative changes in 
the BCR repertoire clonal composition induced by rituximab, we 
performed the clonal overlap analysis of the pretreatment and 
post-treatment BCR repertoires described above for all patients 
studied. The percentage of the overlapping top 50 clones (ie, 
how many identical BCR clones were shared within the 50 most 
dominant clones of the two repertoires in the comparison) was 
determined. Extremely low top 50 clonal overlap with the base-
line repertoire was observed in peripheral blood at both time 
points after treatment (median (IQR): FU0–FU1: 0% (0%–2%); 
FU0-FU2: 0% (0%–1.5%)) (figure 3C), indicating that in nearly 
all patients the BCR clones present in peripheral blood before 
treatment could not be detected in the post-treatment reper-
toires. In contrast, a higher top 50 clonal overlap was observed 

when comparing synovial tissue obtained 4 weeks after treatment 
with baseline samples, with a subsequent strong decrease in top 
50 clonal overlap 16 weeks after rituximab treatment (median 
(IQR): FU0–FU1: 8% (3%–20%); FU0–FU2: 5% (0%–11%)) 
(figure 3D). Together, these data show that rituximab treatment 
wipes out the dominant BCR clones from peripheral blood 
repertoire within the first 4 weeks of treatment and for up to 24 
weeks after treatment. In synovial tissue the BCR repertoire was 
unaltered 4 weeks after treatment, but the clonal overlap was 
clearly decreased 16 weeks after treatment.

Persistence of pretreatment dominant bCR clones in 
peripheral blood after 1 month of treatment associates with 
worse treatment response
Different biomarkers for response to rituximab have been 
proposed, but prediction of treatment response in the context 
of precision medicine remains a challenge.7 12 19 We therefore 
examined whether characteristics of the BCR repertoire before 
and after rituximab treatment could be predictive of treatment 
response. We analysed the differences between the baseline (FU0) 
and week 4 post-treatment (FU1) repertoire and correlated these 
to the patients’ clinical response evaluated 3 months after treat-
ment using the European League Against Rheumatism (EULAR) 
response criteria.20 Paired baseline and week 4 peripheral blood 
samples were available for a total of 14 patients, of whom 5 
were non-responders, 9 were moderate responders and none 

http://ard.bmj.com/
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Figure 3 Clonal overlap in peripheral blood and synovial tissue BCR repertoire during treatment with rituximab. (A–B) Example of clonal overlap 
plots in the peripheral blood (A) and synovial tissue (B) BCR repertoire from one patient when comparing baseline with week 4 repertoire (black dots) 
or baseline with week 16 repertoire (red stars). Each symbol represents a unique BCR clone, and its frequency in the analysed repertoire is depicted 
on the x (baseline) and y (follow-up time point) axes as percentage of total reads. The red dotted lines indicate the 0.5% cut-off for dominant BCR 
clones, and the black dotted line indicates the plot diagonal. (C–D) Boxplot showing the clonal overlap within the top 50 clones of the pretreatment 
(FU0=baseline) and the post-treatment (FU1=week 4; FU2=week 16/24) BCR repertoires in peripheral blood (C) and synovial tissue (D). Boxplots 
show the median and 25th and 75th interquartile, error bars show the range, and single data points are depicted in grey. BCR, B cell receptor; N.D. not 
detected.

was a EULAR good responder at month 3.12 There were two 
predictors of non-response: first, non-responders at week 12 
had an increased number of dominant BCR clones in the periph-
eral blood repertoire 4 weeks after treatment (FU1) compared 
with moderate responders (median (IQR): moderate responders: 
18 (16–26); non-responders: 36 (27–52); p<0.01) (figure 4A). 
Second, non-responders showed a higher overlap of the top 50 
clones between the week 4 and baseline repertoires compared 
with moderate responders (moderate responders: 0% (0%–0%); 
non-responders: 5% (2%–20%); p=0.0091) (figure 4B). Taken 
together, these findings indicate that persistence of the baseline 
repertoire after 4 weeks of rituximab treatment is associated 
with subsequent non-response.

dIsCussIOn
In this experimental medicine study, we analysed the BCR reper-
toire to provide more insight into the effects of rituximab treatment 
on the peripheral blood and synovial tissue B cell compartments.

Our findings confirm and extend previous work showing 
that persistence of specific B cells is related to lack of clinical 
response to rituximab treatment in individual patients.9 Of 
interest, patients who do not achieve complete depletion of the 
BCR repertoire in peripheral blood within the first month of 

treatment do not achieve a clinical response after prolonged 
follow-up. These results indicate that early changes in peripheral 
blood could help to identify non-responders at an earlier time 
point, which would make it possible to switch patients who are 
unlikely to respond to rituximab treatment to other therapy.19 
These observations are in line with previous work showing that 
residual memory B cells and therefore pathogenic immunolog-
ical memory persists after rituximab treatment.9 21 This may help 
explain why a single course of rituximab, while clearly improving 
disease activity on the group level, does not cure RA.3 22

In addition, our findings raise the intriguing question as to 
which mechanisms are involved in the persistence and recur-
rence of specific BCR clones in individual patients. Future work 
addressing this question may pave the way for novel therapeutic 
strategies aimed at deep B cell intervention, for instance through 
innovative combination therapies.23 Rituximab-resistant 
BCR clones in peripheral blood are associated with treatment 
failure, as shown here, and memory B cells are the predomi-
nant repopulating fraction in patients with early relapse after 
B cell recovery.8 24 Why BCR clones may be resistant to ritux-
imab treatment is not completely understood. Possible mecha-
nisms include the presence of CD20-negative BCR clones (eg, 
plasma blasts), the presence of B cells that may have acquired 
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Figure 4 Correlation between peripheral blood BCR repertoire characteristics and clinical response at 3 months. (A) Boxplots showing the 
number of dominant BCR clones (clonal frequency >0.5%) in the peripheral blood repertoire at 4 weeks (FU1=week 4) after rituximab treatment in 
moderate and non-responder patients evaluated at 3 months. (B) Boxplots showing the clonal overlap within the top 50 clones of the pretreatment 
(FU0=baseline) and the first post-treatment (FU1=week 4) peripheral blood BCR repertoires in moderate and non-responder patients evaluated at 3 
months. Boxplots show the median and 25th and 75th interquartile, error bars show the range, and single data points are depicted in grey (**p≤0.01 
using Mann-Whitney test). BCR, B cell receptor; EULAR, European League Against Rheumatism.

prosurvival features or a relatively high influx of BCR clones 
into peripheral blood from the tissues where they are protected 
against cell death. The analysis of the BCR repertoire in synovial 
tissue based on the mutation load in the IGHV genes did indeed 
reveal the dominance of highly mutated BCR clones. This is in 
line with the notion that organised lymphoid aggregates, which 
contain mainly mature (and thus mutated) memory and plasma B 
cell subsets, are present in rheumatoid synovium.25 26 After ritux-
imab treatment, a further increase in the highly mutated clonal 
fraction in the synovial tissue BCR repertoire is most likely a 
consequence of the reduction of BCR clones with low muta-
tion load. This reduction could be attributed to a direct effect 
of rituximab on synovial tissue B cells, or could reflect reduced 
influx of immature B cells from the peripheral blood,18 27–29 a 
mechanism thought to be important in the perpetuation and in 
the onset of the clinical signs and symptoms of the disease.29

Our study has several weaknesses. First, the number of patients 
here analysed is low due to the requirement for repeated synovial 
biopsies. As a consequence, the observed correlation between early 
changes in peripheral BCR clonality and treatment outcome needs 
additional exploration to establish its test characteristics in larger 
cohorts with standard clinical practice. Furthermore, given the 
limited number of retrieved reads using the Roche platform, we 
focused on the dominant clones (>0.5% of the repertoire) since 
the sequence depth has only minor effects on their quantification 
(online supplementary figure S3). It should also be noted that our 
analysis is performed starting from RNA and should therefore be 
interpreted as a repertoire analysis of BCR clones, rather than an 
actual representation of the B cell repertoire on the DNA level. 
This is relevant when looking at the persisting, highly mutated 
clones on the RNA level that likely reflect (CD20-negative) plasma 
blasts and/or plasma cells. The presence of these cells is expected 
to increase the number of dominant clones, in line with our results. 
Although we did not detect B cells using conventional flow cytom-
etry, we do not exclude the possibility that part of the BCR signa-
tures does derive from B cells, which might be detectable by more 
sensitive flow cytometry techniques. Finally, our approach yields 
little information on the phenotype and specificity of the detected 
dominant BCR clones. Do these BCR clones encode rheumatoid 
factor and/or anticitrullinated protein specificity? In this context 
it would be of interest to investigate whether repertoire analysis 
also shows dominant BCR clones in seronegative patients with RA 

and whether the impact of rituximab on such dominant clones is 
identical.

In conclusion we have shown that in peripheral blood of RA 
patients, the postrituximab BCR repertoire is mainly composed 
of fewer but more dominant and more mutated BCR clones. In 
the synovial tissue, changes in BCR clonality are observed at 
later time points compared with peripheral blood, which could 
explain in part the relatively slow onset of clinical efficacy of 
rituximab treatment. Patients who do not respond to rituximab 
at 3 months show incomplete depletion of the baseline BCR 
clonal repertoire in peripheral blood within the first month of 
treatment, revealing a promising early predictive marker of clin-
ical response.

Author affiliations
1amsterdam rheumatology and immunology center (arc) | Department of clinical 
immunology and rheumatology, amsterdam UMc, location aMc, University of 
amsterdam, amsterdam, The netherlands
2Department of experimental immunology | amsterdam infection & immunity 
institute, amsterdam UMc, location aMc, University of amsterdam, amsterdam, The 
netherlands
3Department of clinical epidemiology, Biostatistics and Bioinformatics, amsterdam 
Public Health research institute, amsterdam UMc, location aMc, University of 
amsterdam, amsterdam, The netherlands
4Department of rheumatology, radboud University Medical center, nijmegen, The 
netherlands
5clinical Unit cambridge, GlaxosmithKline, cambridge, UK
6Department of Medicine, cambridge University, cambridge, Massachusetts, Usa
7Department of rheumatology, Ghent University, Ghent, Belgium
8Flagship Pioneering, cambridge, Massachusetts, Usa
9laboratory for Diagnostic Genome analysis, leiden University Medical center, 
leiden, The netherlands

Acknowledgements This work was carried out on the Dutch national 
e-infrastructure with the support of sUrF Foundation (e-infra180005).

Contributors ndV, MeD, PlK and sP contributed to the design of the study. 
KV, PPT, ndV, rT, MJHB, DG, MeD and reee contributed to the cohort design and 
acquisition and processing of patients’ material. BDcvs, aHcvK, FB, sP, PlK and 
ndV contributed to data analysis and interpretation. all authors contributed to the 
manuscript preparation and read and approved the final manuscript.

Funding This work was supported by ZonMw, the netherlands organisation for 
Health research and Development, in the programme 2Treat (Grant 436001001) 
and the iMi-funded project aBirisK ( www. abirisk. eu).

Competing interests none declared.

Patient consent for publication obtained.

https://dx.doi.org/10.1136/annrheumdis-2018-214898
http://ard.bmj.com/


1345Pollastro S, et al. Ann Rheum Dis 2019;78:1339–1345. doi:10.1136/annrheumdis-2018-214898

Rheumatoid arthritis

ethics approval The study protocol was approved by the Medical ethics 
committee of the academic Medical center/University of amsterdam, and all 
patients gave written informed consent before participation in the study.

Provenance and peer review not commissioned; externally peer reviewed.

data availability statement all data relevant to the study are included in the 
article or uploaded as supplementary information.

Open access This is an open access article distributed in accordance with the 
creative commons attribution 4.0 Unported (cc BY 4.0) license, which permits 
others to copy, redistribute, remix, transform and build upon this work for any 
purpose, provided the original work is properly cited, a link to the licence is given, 
and indication of whether changes were made. see: https:// creativecommons. org/ 
licenses/ by/ 4. 0/.

RefeRences
 1 Mcinnes iB, schett G. The pathogenesis of rheumatoid arthritis. N Engl J Med 

2011;365:2205–19.
 2 Tak PP, Kalden Jr. advances in rheumatology: new targeted therapeutics. Arthritis Res 

Ther 2011;13 suppl 1:s5.
 3 edwards JcW, szczepanski l, szechinski J, et al. efficacy of B-cell-targeted 

therapy with rituximab in patients with rheumatoid arthritis. N Engl J Med 
2004;350:2572–81.

 4 Boumans MJH, Thurlings rM, Gerlag DM, et al. response to rituximab in patients with 
rheumatoid arthritis in different compartments of the immune system. Arthritis Rheum 
2011;63:3187–94.

 5 Boumans MJ, Tak PP. rituximab treatment in rheumatoid arthritis: how does it work? 
Arthritis Res Ther 2009;11.

 6 Váncsa a, szabó Z, szamosi s, et al. longterm effects of rituximab on B cell counts 
and autoantibody production in rheumatoid arthritis: use of high-sensitivity 
flow cytometry for more sensitive assessment of B cell depletion. J Rheumatol 
2013;40:565–71.

 7 Benucci M, Manfredi M, Puttini Ps, et al. Predictive factors of response to rituximab 
therapy in rheumatoid arthritis: what do we know today? Autoimmun Rev 
2010;9:801–3.

 8 leandro MJ, cambridge G, ehrenstein Mr, et al. reconstitution of peripheral blood 
B cells after depletion with rituximab in patients with rheumatoid arthritis. Arthritis 
Rheum 2006;54:613–20.

 9 Dass s, rawstron ac, Vital eM, et al. Highly sensitive B cell analysis predicts 
response to rituximab therapy in rheumatoid arthritis. Arthritis Rheum 
2008;58:2993–9.

 10 Breedveld F, agarwal s, Yin M, et al. rituximab pharmacokinetics in patients with 
rheumatoid arthritis: B-cell levels do not correlate with clinical response. J Clin 
Pharmacol 2007;47:1119–28.

 11 Teng YKo, levarht eWn, Hashemi M, et al. immunohistochemical analysis as a means 
to predict responsiveness to rituximab treatment. Arthritis Rheum 2007;56:3909–18.

 12 Thurlings rM, Vos K, Wijbrandts ca, et al. synovial tissue response to rituximab: 
mechanism of action and identification of biomarkers of response. Ann Rheum Dis 
2008;67:917–25.

 13 arnett Fc, edworthy sM, Bloch Da, et al. The american rheumatism association 1987 
revised criteria for the classification of rheumatoid arthritis. Arthritis & Rheumatism 
1988;31:315–24.

 14 Vos K, Thurlings rM, Wijbrandts ca, et al. early effects of rituximab on the synovial 
cell infiltrate in patients with rheumatoid arthritis. Arthritis Rheum 2007;56:772–8.

 15 Gerlag DM, Tak PP. How to perform and analyse synovial biopsies. Best Pract Res Clin 
Rheumatol 2009;23:221–32.

 16 Klarenbeek Pl, Tak PP, van schaik BDc, et al. Human T-cell memory consists mainly of 
unexpanded clones. Immunol Lett 2010;133:42–8.

 17 Klarenbeek Pl, de Hair MJH, Doorenspleet Me, et al. inflamed target tissue provides 
a specific niche for highly expanded T-cell clones in early human autoimmune disease. 
Ann Rheum Dis 2012;71:1088–93.

 18 Doorenspleet Me, Klarenbeek Pl, de Hair MJH, et al. rheumatoid arthritis synovial 
tissue harbours dominant B-cell and plasma-cell clones associated with autoreactivity. 
Ann Rheum Dis 2014;73:756–62.

 19 Wijbrandts ca, Tak PP. Prediction of response to targeted treatment in rheumatoid 
arthritis. Mayo Clin Proc 2017;92:1129–43.

 20 van Gestel aM, Prevoo Ml, van ’t Hof Ma, et al. Development and validation of the 
european league against rheumatism response criteria for rheumatoid arthritis. 
comparison with the preliminary american college of rheumatology and the World 
health organization/international league against rheumatism criteria. Arthritis Rheum 
1996;39:34–40.

 21 silverman GJ. Therapeutic B cell depletion and regeneration in rheumatoid arthritis: 
emerging patterns and paradigms. Arthritis Rheum 2006;54:2356–67.

 22 Gerlag DM, safy M, Maijer Ki, et al. effects of B-cell directed therapy on the 
preclinical stage of rheumatoid arthritis: the Prairi study. Ann Rheum Dis. in Press 
2019;78:179–85.

 23 Teng YKo, Bruce in, Diamond B, et al. Phase iii, multicentre, randomised, double-
blind, placebo-controlled, 104-week study of subcutaneous belimumab administered 
in combination with rituximab in adults with systemic lupus erythematosus (sle): 
Bliss-BelieVe study protocol. BMJ Open 2019;9.

 24 roll P, Dörner T, Tony H-P. anti-cD20 therapy in patients with rheumatoid arthritis: 
predictors of response and B cell subset regeneration after repeated treatment. 
Arthritis Rheum 2008;58:1566–75.

 25 Manzo a, Paoletti s, carulli M, et al. systematic microanatomical analysis of cXcl13 
and ccl21 in situ production and progressive lymphoid organization in rheumatoid 
synovitis. Eur J Immunol 2005;35:1347–59.

 26 Thurlings rM, Wijbrandts ca, Mebius re, et al. synovial lymphoid neogenesis 
does not define a specific clinical rheumatoid arthritis phenotype. Arthritis Rheum 
2008;58:1582–9.

 27 silverman GJ, Boyle Dl. Understanding the mechanistic basis in rheumatoid arthritis 
for clinical response to anti-cD20 therapy: the B-cell roadblock hypothesis. Immunol 
Rev 2008;223:175–85.

 28 Voswinkel J, Weisgerber K, Pfreundschuh M, et al. The B lymphocyte in rheumatoid 
arthritis: recirculation of B lymphocytes between different joints and blood. 
Autoimmunity 1999;31:25–34.

 29 Tak PP, Doorenspleet Me, de Hair MJH, et al. Dominant B cell receptor clones in 
peripheral blood predict onset of arthritis in individuals at risk for rheumatoid arthritis. 
Ann Rheum Dis 2017;76:1924–30.

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1056/NEJMra1004965
http://dx.doi.org/10.1186/1478-6354-13-S1-S5
http://dx.doi.org/10.1186/1478-6354-13-S1-S5
http://dx.doi.org/10.1056/NEJMoa032534
http://dx.doi.org/10.1002/art.30567
http://dx.doi.org/10.1186/ar2852
http://dx.doi.org/10.3899/jrheum.111488
http://dx.doi.org/10.1016/j.autrev.2010.07.006
http://dx.doi.org/10.1002/art.21617
http://dx.doi.org/10.1002/art.21617
http://dx.doi.org/10.1002/art.23902
http://dx.doi.org/10.1177/0091270007305297
http://dx.doi.org/10.1177/0091270007305297
http://dx.doi.org/10.1002/art.22967
http://dx.doi.org/10.1136/ard.2007.080960
http://dx.doi.org/10.1002/art.1780310302
http://dx.doi.org/10.1002/art.22400
http://dx.doi.org/10.1016/j.berh.2009.01.006
http://dx.doi.org/10.1016/j.berh.2009.01.006
http://dx.doi.org/10.1016/j.imlet.2010.06.011
http://dx.doi.org/10.1136/annrheumdis-2011-200612
http://dx.doi.org/10.1136/annrheumdis-2012-202861
http://dx.doi.org/10.1016/j.mayocp.2017.05.009
http://dx.doi.org/10.1002/art.1780390105
http://dx.doi.org/10.1002/art.22020
http://dx.doi.org/10.1136/annrheumdis-2017-212763
http://dx.doi.org/10.1136/bmjopen-2018-025687
http://dx.doi.org/10.1002/art.23473
http://dx.doi.org/10.1002/eji.200425830
http://dx.doi.org/10.1002/art.23505
http://dx.doi.org/10.1111/j.1600-065X.2008.00627.x
http://dx.doi.org/10.1111/j.1600-065X.2008.00627.x
http://dx.doi.org/10.3109/08916939908993856
http://dx.doi.org/10.1136/annrheumdis-2017-211351
http://ard.bmj.com/


1346  Takeshita M, et al. Ann Rheum Dis 2019;78:1346–1356. doi:10.1136/annrheumdis-2018-214885

Rheumatoid arthritis

TranslaTional science

Multi-dimensional analysis identified rheumatoid 
arthritis-driving pathway in human T cell
Masaru Takeshita,   1 Katsuya suzuki,1 Yasushi Kondo,1 rimpei Morita,2 
Yuumi okuzono,3 Keiko Koga,3 Yoshiaki Kassai,3 Kanae Gamo,3 Maiko Takiguchi,3 
rina Kurisu,3 Hideyuki Mototani,3 Yukihiko ebisuno,3 akihiko Yoshimura,2 
Tsutomu Takeuchi1

To cite: Takeshita M, 
suzuki K, Kondo Y, 
et al. Ann Rheum Dis 
2019;78:1346–1356.

Handling editor Josef s 
smolen

 ► additional material is 
published online only. To view 
please visit the journal online 
(http:// dx. doi. org/ 10. 1136/ 
annrheumdis- 2018- 214885).

1Division of rheumatology, 
Department of internal 
Medicine, school of Medicine, 
Keio University, shinjuku-ku, 
Tokyo, Japan
2Department of Microbiology 
and immunology, school of 
Medicine, Keio University, 
shinjuku-ku, Tokyo, Japan
3research, immunology Unit, 
Takeda Pharmaceutical co ltd, 
Fujisawa-shi, Kanagawa, Japan

Correspondence to
Professor Tsutomu Takeuchi, 
Division of rheumatology, 
Department of internal 
Medicine, school of Medicine, 
Keio University, shinjuku-ku 
160-8582, Tokyo, Japan;  
 tsutake@ z5. keio. jp

received 11 December 2018
revised 19 May 2019
accepted 21 May 2019
Published online First 
5 June 2019

© author(s) (or their 
employer(s)) 2019. re-use 
permitted under cc BY-nc. no 
commercial re-use. see rights 
and permissions. Published 
by BMJ.

Key messages

What is already known about this subject?
 ► Multiple observations from various studies and 
therapeutic reactivities suggest that T cells 
play an important role in the pathogenesis of 
rheumatoid arthritis (RA); however, the T-cell 
features that are most relevant to the disease 
and how they change in response to treatment 
remain unclear.

What does this study add?
 ► We found two disease-relevant subsets, effector 
memory-Tfh and effector memory T helper 
17, by immunophenotyping using multi-axis 
evaluation.

 ► Disease-driving pathways, such as mTORC1, 
IL-2-stat5, cell cycle, E2F and interferon-related 
genes, and the list of differentially expressed 
genes including several pro-inflammatory 
cytokines and chemokines were identified by 
non-biased comprehensive gene expression 
analyses.

How might this impact on clinical practice or 
future developments?

 ► Our finding could deepen understanding of 
essential roles of T cells in RA, and will facilitate 
to develop better diagnostic and therapeutic 
interventions in future.

AbsTRACT
Objectives rheumatoid arthritis (ra) is an autoimmune 
disease accompanied by lymphocyte infiltration into joint 
synovium. While T cells are considered to be important 
for its pathogenesis, the features that are the most 
relevant to disease and how they change after treatment 
remain unclear. The aim of this study was to clarify the 
characteristics of T cells in ra, comprehensively.
Methods We enrolled a total of 311 patients 
with ra and 73 healthy participants, and carefully 
classified them by disease state, constructed multiple 
cohorts and analysed clinical samples from them in a 
stepwise manner. We performed immunophenotyping 
with multiple evaluation axes, and two independent 
transcriptome analyses complementary to each other.
Results We identified that ’effector memory-Tfh’ 
subset was specifically expanded in the peripheral 
blood (PB) of patients with ra in correlation with 
disease activity, and reverted after treatment. Besides, 
we revealed distinct features of T cells in synovial fluid 
(sF) that the expression of Tfh/Tph-related genes and 
pro-inflammatory cytokines and chemokines, including 
CXCL13, were significantly enriched, whereas these 
phenotype were Th1-like. Finally, we identified specific 
pathways, such as mTorc1, il-2-stat5, e2F, cell cycle 
and interferon-related genes, that were significantly 
enriched in sF, in particular, as well as PB of untreated 
patients with ra, and notably, these features reverted 
after treatment.
Conclusion our multi-dimensional investigation 
identified disease relevant T-cell subsets and gene 
signatures deeply involved in pathogenesis of ra. These 
findings could aid in our understanding of essential roles 
of T cells in ra and will facilitate to development better 
diagnostic and therapeutic interventions.

InTROduCTIOn
Rheumatoid arthritis (RA) is a common auto-
immune disorder characterised by lymphocyte 
infiltration and chronic inflammation of the 
synovial tissues and progressive joint disability.1 
Both genetic and environmental factors influence 
its pathogenesis, and the strongest contributor 
to disease heritability is the major histocompati-
bility complex (MHC) class II, which is involved 
in antigen presentation to CD4+ T cells.2 Genes 
associated with RA risk alleles outside the MHC 
locus are also preferentially expressed in CD4+ T 
cells,3 4 and multiple lines of evidence from both 

genetic and clinical research indicate a central role 
for autoreactive CD4+ T cells in RA pathogen-
esis.5 Emerging evidence also points to a role for 
CD8+ T cells in RA.6 A subset of CD8+ T cells was 
found to be essential for ectopic germinal centre 
formation in the synovial membrane in RA,7 and 
clonal expansion was observed for CD8+ T cells 
but not for CD4+ T cells in newly diagnosed 
patients with RA.8

Despite convincing evidence for T-cell involve-
ment in RA pathogenesis, the specific cell subsets 
and states that drive the disease have been chal-
lenging to identify since T cells are highly hetero-
geneous, displaying diverse surface markers, 
developmental and activation states, and effector 
functions, which has led to multiple systems of clas-
sification. Functionally, CD4+ T cells are classified 
into many subfractions, such as Th1, Th17, Treg, 
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Figure 1 Characterisation of T cells from PB of patients with RA according to developmental stage, activation status, and polarity. PBMCs from 53 
patients with RA and 30 HCs were immunophenotyped. The proportions of cells in each developmental stage (Tn, Tscm, Tcm, Tem and Temra) and 
activated cells (DR+) in (A) CD4+ and (B) CD8+ T cells from HC (blue) and patients with RA (red) are shown. The proportions of (C) polarised T-cell 
subsets and (D) the Tfh subfraction in CD4+ T cells from HC (blue) and patients with RA (red) are shown. Wilcoxon rank sum test. *p<0.05, **p<0.01, 
***p<0.001. HCs, healthy controls; PB, peripheral blood; PBMCs, PB mononuclear cells; RA, rheumatoid arthritis; Tcm, central memory T cell; Tem, 
effector memory T cell; Tn, naïve T cell; Tscm, stem memory T cell; Temra, effector memory rheumatoid arthritis T cell.

Tfh9 10 and, recently, peripheral helper T (Tph),11 many of which 
have been reported to be involved in RA.12–15 In terms of classi-
fication by developmental stage, peripheral blood (PB) CD4+ T 
cells are classified into four stages (naïve (Tn), stem cell memory 
(Tscm), central memory (Tcm) and effector memory (Tem)), 
whereas CD8+ T cells are classified into five stages (Tn, Tscm, 
Tcm, Tem and CD45RA-positive effector memory (Temra)). To 
further complicate matters, the axes for the various classification 
systems are not independent. For example, in PB, Th1 and Th17 
fractions are enriched in Tcm and Tem, whereas the Tfh fraction 
is enriched in Tscm and Tcm but is hardly expressed in Tem.16 
Additionally, T-cell profiles vary widely depending on their 
anatomical localisation. In RA, synovial fluid (SF) T cells are 
more developed and more activated and have different cytokine 
production profiles than what is observed in T cells in PB.17–21

Other factors that should be considered in RA studies are 
age and therapy. T cells develop immunosenescence in the 
elderly, which results in a decrease in the naïve pool and a rela-
tive increase in the memory subset.22 23 Because RA can occur 
across a wide range of ages, study results can vary depending 
on its cohort. Treatments for RA have advanced in recent years, 
and several therapeutic drugs with different modes of activity 
are used. Many studies have reported changes in T-cell subsets 
as a result of these treatments. Consistent changes have been 
reported in some studies (eg, increase in Treg after tocilizumab 
(TCZ)),24 25 however, others have reported conflicting results 
(eg, decrease26 or stable levels24 of Th17 after TCZ).

To overcome these issues and clarify the characteristics of T 
cells in RA, we collected a large number of samples from clinically 
well-defined cohorts of patients with RA and age-matched healthy 
controls (HCs), and analysed them in a stepwise manner. Here, we 
report the phenotypic and transcriptomic features of T cells in RA.

MeTHOds
Detailed methods were described in online supplementary file 1 
and online supplementary figure S1-3. We prospectively recruited 
a total of 311 patients with RA and 73 HCs over a period of 5 years 
from 2012 to 2017. We carefully classified the patients by disease 
state, constructing multiple cohorts necessary for various consecu-
tive analyses. There were eight cohorts in this study; cohorts 1 and 
2 were performed immunophenotyping of PB with single param-
eter evaluation, cohorts 3 and 4 were performed immunopheno-
typing of PB with double-axes evaluation, cohort 5 was performed 
comparison of immunophenotyping between PB and SF, cohorts 
6 and 7 were performed transcriptome analysis, and cohort 8 was 
performed proliferation assay.

ResulTs
Comparing peripheral T-cell subsets between RA and HC, 
single-axis immunophenotyping
Figure 1 shows the results from the immunophenotyping of 
CD4+ (panels A, C and D) and CD8+ (panel B) T-cell subsets 
in PB from 53 untreated patients with RA and 30 age-matched 
and gender-matched HCs (cohort 1; online supplementary 
table S2). Significant increases were observed for Tscm, Tem 
and activated cells (HLA-DR+) in CD4+ T cells, Tscm and 
Temra in CD8+ T cells, and Tfh (especially Tfh2) and Treg in 
polarity. However, none of the subsets were positively associ-
ated with disease activity score (DAS28-erythrocyte sedimen-
tation rate (ESR); online supplementary figure S4). We next 
examined the effect of age and gender for cell proportion 
and found that developmental stage of both CD4+ and CD8+ 
T cells was correlated with age (see online supplementary 
figure S5). Therefore, we performed multiple regression and 
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Figure 2 Two-dimensional analysis of T cells from PB of patients with RA according to development and polarity. CD4+ T cells from 12 patients with 
RA and 16 HCs were immunophenotyped simultaneously along two axes: development and polarity. (A) The proportions of Tn, Tscm, Tcm and Tem 
were evaluated via a Th1, Th17, Th1/17 and Tfh polarising marker as shown for HC (blue) and RA (red). Wilcoxon rank sum test. (B) The correlations 
between the proportions of each T-cell subset and DAS28-ESR are shown. The columns represent developmental stages, and the rows represent 
polarity. The numbers indicate correlation coefficients in Spearman's test. (C) CD4+ T cells from 27 patients with RA who started MTX or biologics 
were immunophenotyped simultaneously along two axes at 0, 1, 3 and 6 months after the start of treatment. The changes in Th1, Th17, Th1/17 and 
Tfh cell proportions at each developmental stage are shown in red. For reference, the proportions in HC (shown in figure 2A) are represented in 
blue. Wilcoxon signed-rank test compared with 0 month. (D) The correlations between the cell proportion of Tem-Th1, Tem-Th17, and Tem-Tfh and 
DAS28-ESR were measured at all time points in all patients. The numbers indicate correlation coefficients in Spearman's test. *p<0.05, **p<0.01, 
***p<0.001. DAS28-ESR, disease activity score-erythrocyte sedimentation rate; HCs, healthy controls; MTX, methotrexate; PB, peripheral blood; 
PBMCs, PB mononuclear cells; RA, rheumatoid arthritis; Tcm, central memory T cell; Tem, effector memory T cell; Tn, naïve T cell; Tscm, stem memory T 
cell; Temra, effector memory rheumatoid arthritis T cell.

confirmed that the increase in Tscm and Tem in CD4+, Temra 
in CD8+, and Tfh and Treg in polarity was affected by RA (see 
online supplementary table S3).

Treatment effect on peripheral T-cell subset, single-axis 
immunophenotyping
Next, we examined the effect of RA treatment on 
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Figure 3 The comparison of T-cell subsets in SF and PB. Paired samples of SF and PB were collected from 14 patients undergoing joint centesis. 
The proportion of cells in each developmental stage and activated cells in (A) CD4+ and (B) CD8+ T cells, (C) polarised T-cell subset, and (D) Tfh 
subpopulation in PB (blue) and SF (red) were evaluated individually for each patient. Wilcoxon rank sum test. (E) The correlations between the 
proportion of each subset and DAS28-ESR are shown. Numbers indicate correlation coefficients in Spearman's test. *p<0.05, **p<0.01, ***p<0.001. 
DAS28-ESR, disease activity score-erythrocyte sedimentation rate; PB, peripheral blood; SF, synovial fluid; Tcm, central memory T cell; Tem, effector 
memory T cell; Tn, naïve T cell; Tscm, stem memory T cell.

immunophenotyping. A new cohort, which consist of 49 naïve 
patients with disease-modifying antirheumatic drugs (DMARD) 
who were treated with methotrexate (MTX) alone (MTX group; 
40/49 were followed from cohort 1), 46 patients who were 

resistant to DMARD for whom infliximab (IFX) was added to 
their medication (IFX group) and 28 patients who were resis-
tant to DMARD for whom TCZ was added to their medication 
(TCZ group), were recruited (cohort 2; online supplementary 

https://dx.doi.org/10.1136/annrheumdis-2018-214885
http://ard.bmj.com/


1350 Takeshita M, et al. Ann Rheum Dis 2019;78:1346–1356. doi:10.1136/annrheumdis-2018-214885

Rheumatoid arthritis

Figure 4 Changes in immune-related pathways in T cells from patients with RA after TCZ treatment. PBMCs from six patients with RA before and 
at 6 months after the start of TCZ monotherapy were collected and cryopreserved until use. CD4+ and CD8+ T cells were sorted from PBMCs, and 
a transcriptome analysis was performed using an Ion AmpliSeq Transcriptome Human Gene Expression Kit. One sample of CD8+ T cells could not 
be analysed due to a lack of sufficient RNA. (A) Hierarchical clustering of all samples was performed. Red and blue colours indicate increased and 
decreased expression, respectively. (B) PCA analysis of CD4+ and CD8+ T cells was performed. Black circles indicate samples that were derived from 
the same patient. (C–D) Differentially regulated pathways were identified by enrichment analysis. DEGs between before and after TCZ treatment were 
extracted based on a p value <0.05 and an absolute fold change >1.2 (see online supplementary data 1), and enrichment pathways based on a p 
value <10−5 were shown (see online supplementary data 2). DEGs, differentially expressed genes; PBMCs, peripheral blood mononuclear cells; PCA, 
principal component analysis; RA, rheumatoid arthritis; TCZ, tocilizumab.

table S4). PB mononuclear cells (PBMCs) were collected at 0, 
3, 6 and 12 months after treatment initiation, and we examined 
the statistical change from baseline using paired test. To alleviate 
variation due to temporary changes, only variables that were 
significantly different from baseline at two or more time points 
after treatment initiation were considered to have changed.

Significant changes were observed mainly in the MTX group 
(see online supplementary figure S6). The pattern of changes 
observed in the MTX group was the opposite of the character-
istic changes of RA described above: after treatment, patients 
showed an increase in CD4-Tn, a decrease in CD8-Tem and a 
decrease in CD4- and CD8-HLA-DR+. In addition, Th1, Th17 
and Treg were decreased after MTX treatment, whereas Tfh2 
and Tfh17 were increased. Therefore, MTX treatment appears 
to broadly suppress T-cell activation and polarisation except for 
the Tfh subpopulation.

In the IFX and TCZ groups, the effect of treatment was not 
as prominent, which is notable considering that RA disease 
activity was substantially improved by these treatments, prob-
ably because MTX had in many cases been used prior to the 
biologics. The IFX group showed increases in CD8-HLA-DR+, 
Th1/17 and Tfh, and decrease in Treg, while the TCZ group 
showed increase in Tfh and decrease in Th1. We observed that 
Treg tended to be increased after TCZ treatment as previously 
reported,24 this change was not statistically significant.

Identification of Tem-Th17 and Tem-Tfh as disease activity-
related subsets, multi-axes immunophenotyping
To identify T-cell subsets more accurately reflecting RA patho-
genesis, we evaluated CD4+ T cells along two axes, develop-
mental state and polarity, simultaneously. We recruited a new 
cohort consisting of 12 patients who were DMARD naïve and 
16 age-matched and gender-matched HCs (cohort 3; online 
supplementary table S5).

As shown in figure 2A, significant difference was observed in 
the distribution of Tfh. Tem-Tfh, which was hardly observed in 
HC, was approximately four times more abundant in RA (HC, 
0.4%; RA, 1.6%, median), while Tn-Tfh were less abundant. 
Tem-Th17 also tended to be higher in RA (HC, 2.6%; RA, 5.7%, 
median), though this difference was not statistically significant. 
These characteristics of T cell in RA did not change even after 
multivariate analysis using age (see online supplementary table 
S6).

Additionally, the proportions of Tem-Th17 and Tem-Tfh were 
highly positively correlated (ρ = 0.83 and 0.67, respectively) with 
DAS28-ESR (figure 2B), whereas other subsets were negatively 
or not correlated. Among the Tem-Tfh subfractions, Tem-Tfh1, 
Tem-Tfh2 and Tem-Tfh1/17 were increased in untreated patients 
with RA, and Tem-Tfh2 and Tem-Tfh17 were correlated with 
DAS28-ESR (see online supplementary figure S7A-B).
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Figure 5 Transcriptomic analysis of T cells from PB and SF of patients with RA. PBMCs were collected from 10 patients each of the following five 
groups: HCs, untreated RA (RA-NT), MTX monotherapy (RA-MTX), combination therapy of MTX and IFX (RA-IFX), and TCZ monotherapy (RA-TCZ). SF 
mononuclear cells (four samples of CD4-Tcm, three samples of CD4-Tem and one sample of CD8-Tcm) were collected from four patients. From these, 
we freshly sorted CD4+ Tn, Tcm, and Tem and CD8+ Tn, Tcm, Tem, and Temra and performed a transcriptomic analysis. (A–B) PCA analysis of CD4+ and 
CD8+ T cells was performed. The shapes indicate patient groups, and colours indicate developmental stages. Samples obtained from SF are indicated 
with arrows. (C) The numbers of overlapped DEGs based on a p value <0.05 and an absolute fold change >1.2 between RA-SF and HC from CD4-
Tcm, CD4-Tem and CD8-Tcm, respectively (see online supplementary data 4) were shown. (D–H) Normalised gene expression levels related to Th1, 
Th17, Tfh, Treg and Tph are shown. Some genes related to polarity, such as CXCR3 and IL17, were not included in the Ion AmpliSeq Transcriptome 
Human Gene Expression Kit. (I–J) An enrichment analysis was conducted based on a p value <10−5. The top 10 pathways enriched in SF-derived 
CD4-Tcm and CD4-Tem are shown (full pathway list, see online supplementary data 5). Orange indicates upregulated pathways, and blue indicates 
downregulated pathways. DEGs, differentially expressed genes; HCs, healthy controls; IFX, infliximab; PB, perpheral blood; PBMCs, PB mononuclear 
cells; PCA, principal component analysis; MTX, methotrexate; RA, rheumatoid arthritis; SF, synovial fluid; Tcm, central memory T cell; TCZ, tocilizumab; 
Tem, effector memory T cell; Tn, naïve T cell.
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We further examined whether the proportions of these subsets 
were changed by treatment. To this end, we recruited a new 
cohort consisting of 27 patients with RA who started treat-
ment with MTX or patients who were resistant to csDMARD 
and started biologics (cohort 4; online supplementary table S7). 
Interestingly, the proportion of Tem-Th17, Tem-Th1/17 and 
Tem-Tfh decreased over time with treatment, whereas the other 
subsets showed a slight increase or no change (figure 2C). Among 
Tem-Tfh, all subfractions decreased after treatment (see online 
supplementary figure S7C). The observed correlation of the 
Tem-Th17 and Tem-Tfh with DAS28-ESR was also observed in a 
composite analysis across all treatment time points (figure 2D).

Thus, by evaluating CD4+ T cells simultaneously along two 
axes, we revealed that Tem-Th17 and Tem-Tfh were the most 
relevant subsets to disease that were correlated with disease 
activity in untreated phase, and decreased after treatment.

Comparing T-cell subsets between sF and Pb, single-axis 
immunophenotyping
Since T cells in SF have been reported to be mostly memory 
fractions, with their polarity being disparate from that observed 
in PB,17 18 a well-defined comparative analysis of both PB and 
SF is necessary to fully characterise T-cell distribution in RA. 
Therefore, we collected 14 paired samples of SF and PB from 
the same patients undergoing joint centesis (cohort 5; online 
supplementary table S8). Consistent with previous studies,17 our 
results showed that the majority of SF T cells were Tem cells, 
which accounted for 50%–70% of the total CD4+ and CD8+ T 
cells (figure 3A–B). We also examined recently discovered Tscm 
in SF for the first time. Notably, we found that cells that were 
previously ‘so-called’ naïve were in fact mostly Tscm while true 
Tn were almost absent in SF. The proportion of activated cells 
was also high in SF.

The polarity of CD4+ T cells in SF has been reported to be 
substantially different from that in PB. Our results indicate that 
there were more Th1, Th1/17 and Treg in SF than in PB, consis-
tent with previous reports18 20 (figure 3C). Interestingly, Tfh, 
which are prominent in PB of RA, were significantly reduced 
in SF. In addition, Tfh2 and Tfh17, the proportions of which 
in PB were correlated with DAS28-ESR, were also significantly 
reduced in SF (figure 3D).

We also checked the correlation between the proportions of 
each subset in SF and DAS28-ESR (figure 3E). The proportions 
of Th1 and CD8-HLA-DR+, which were increased in SF, posi-
tively correlated with DAS28-ESR, while the proportions of 
CD4-Tscm, CD8-Temra and Th17 negatively correlated with 
DAS28-ESR.

Pathways downregulated by TCZ treatment, gene expression 
analysis
Since immunophenotyping can only examine known cell popu-
lations with specific markers, we decided to perform two tran-
scriptomic analyses to gain a broader understanding of T-cell 
changes in RA. First, we compared paired PB samples before and 
after treatment from six patients with RA who met the following 
conditions: had moderate to high disease activity before treat-
ment, had received TCZ treatment for 6 months and achieved 
remission after treatment (cohort 6; online supplementary table 
S9). Whole CD4+ and CD8+ T cells were sorted from frozen 
PBMC and subjected to transcriptomic analysis.

First, we performed principal component analysis (PCA) and 
unsupervised clustering (figure 4A–B). Interestingly, the samples 
were clustered by each individual rather than by positivity for 

CD4/8 or treatment status. Therefore, we first extracted the 
difference between pre-treatment and post-treatment for each 
patient to eliminate inter-individual variation. Lists consisting of 
858 and 950 differentially expressed genes (DEGs) were created 
for CD4 and CD8, respectively (see online supplementary data 
1), and were used for enrichment analysis (figure 4C–D, online 
supplementary data 2). Pathways that were downregulated 
after TCZ treatment in both CD4+ and CD8+ T cells included 
mechanistic target of rapamycin complex 1 (mTORC1) signal-
ling, which is involved in T-cell metabolism, differentiation, and 
function;27 the interleukin-2 (IL-2) pathway, which is essential 
for lymphocyte proliferation; and interferon (IFN)-related path-
ways, which were previously reported in RA.28 29 In addition, 
pathways related to cell cycle were downregulated in CD8+ T 
cells after treatment. These findings indicate that TCZ broadly 
suppressed activation and proliferation in both CD4+ and CD8+ 
T cells.

Comparison of T cells sorted by developmental stages, gene 
expression analysis
To complement the earlier comparative approach within each 
patient, we performed another transcriptomic analysis that 
compared samples from patient group. Ten patients each of the 
following five groups were enrolled: Age-matched and gender-
matched HCs, untreated patients with RA (RA-NT), patients 
treated by MTX monotherapy (RA-MTX), combination therapy 
of MTX and IFX (RA-IFX), and TCZ monotherapy (RA-TCZ). 
CD4-Tn/Tcm/Tem and CD8-Tn/Tcm/Tem/Temra were sorted 
from their PB. In addition, four samples of CD4-Tcm, three 
samples of CD4-Tem and one sample of CD8-Tcm from SF 
mononuclear cells (RA-SF) were included. In total, 358 samples 
from 54 individuals were underwent transcriptome analysis 
(cohort 7; online supplementary table S10).

We performed PCA and unsupervised clustering separately 
on CD4+ and CD8+ T cells (figure 5A–B, online supplementary 
figure S8A-B). Notably, sample clustered according to devel-
opmental stage rather than according to the presence of RA or 
treatment status. First principal component (PC1) was strongly 
associated with developmental stage, and PC2 was associated 
with developmental stage, DAS28-ESR and disease status (see 
online supplementary figure S8C). Of note, eight samples from 
RA-SF were distinct in these results because they shifted to the 
right on the PC1 component towards a more advanced develop-
mental stage in figure 5A–B.

To comprehensively characterise the gene signature of T cells 
in RA pathogenesis, we next identified DEGs between RA-SF 
and HC, since SF is closest to RA lesion and is considered to 
best represent disease pathophysiology. Lists consisting of 3164, 
3569 and 3316 DEGs were created for CD4-Tcm, CD4-Tem 
and CD8-Tcm, respectively, and among them, 908 genes were 
common to all three lists (figure 5C, online supplementary data 
4). Furthermore, the most significant gene among these lists was 
identical, that was CXCL13. Many other cytokines and chemo-
kines were also identified, including CSF1, CSF2, LIF, VEGFA, 
and CCL3, and their receptors, such as IL21R, CCR1, CCR5, and 
CXCR6 (see online supplementary figure S9). We next confirmed 
gene expression of the prominent cell populations in RA identi-
fied by immunophenotyping: Tfh (especially Tem-Tfh) and Treg 
increased in PB (figures 1–2), and Th1 and Treg increased in 
SF (figure 3). The transcriptome data were consistent with the 
immunophenotyping results to some extent: CXCR5 expression 
was higher in PB Tem in untreated RA than HC (figure 5D), 
and the expression of Th1-related and Treg-related genes were 
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Figure 6 Differentially regulated pathways in T cells from untreated and treated patients with RA. (A–B) Pathways that were differentially regulated 
in untreated patients with RA (RA-NT) relative to HC based on a p value <10−5, and among them, pathways that were differentially regulated in MTX-
treated, IFX-treated and TCZ-treated patients (RA-MTX, RA-IFX and RA-TCZ) relative to RA-NT based on a p value<10−2 were extracted (full pathway 
list, see online supplementary data 8). The number of the columns indicates the p value for each. Orange indicates upregulated pathways, and blue 
indicates downregulated pathways. (C) Hierarchical clustering of representative pathways in each subset was shown. Red and blue colours indicate 
increased and decreased expression, respectively. CD4-Tn, Tcm and Tem and CD8-Tn, Tcm, Tem and Temra were freshly sorted from 13 untreated 
patients with RA (RA-NT), 10 patients receiving MTX (RA-MTX), 9 patients receiving TCZ (RA-TCZ) and 17 HCs. Sorted cells were labelled with dye, 
and cultured with CD3/28 beads for 5 days. (D) The proliferation index was calculated by FlowJo software, as shown. Wilcoxon rank sum test. (E) 
Representative cell trace violet dilution in gated live cells after culture for 5 days is shown. *p<0.05, **p<0.01, ***p<0.001. HC, healthy control; IFX, 
infliximab; MTX, methotrexate; Tcm, central memory T cell; TCZ, tocilizumab; Tem, effector memory T cell; Tn, naïve T cell.

https://dx.doi.org/10.1136/annrheumdis-2018-214885
http://ard.bmj.com/


1354 Takeshita M, et al. Ann Rheum Dis 2019;78:1346–1356. doi:10.1136/annrheumdis-2018-214885

Rheumatoid arthritis

higher in SF than PB (figure 5E–F), whereas genes related to 
Th1 and Th17 were not differentially expressed between HC 
and RA (figure 5E,G). Although CXCR5 expression was low 
in RA-SF consistent with immunophenotyping, the expression 
of two other Tfh-related genes, IL21 and BCL6, was high in 
SF (figure 5D), which may reflect the presence of Tph.11 We 
confirmed that Tph-related genes, CXCR13, PDCD1, PRDM1 
and BATF, were highly expressed in SF (figure 5H).

Identification of disease-driving pathways in RA T cell, gene 
expression analysis
We then performed an enrichment analysis using these DEGs 
between RA-SF and HC (see online supplementary data 5) 
and found that pathways related to cell cycle, mitosis, E2F, 
mTORC1 signalling, and IL-2-stat5 signalling (ie, the same path-
ways that were downregulated after TCZ treatment, as previ-
ously described in figure 4C–D) were highly enriched in both 
CD4-Tcm and CD4-Tem in SF (figure 5I–J). We also identified 
tumor necrosis factor-alpha (TNFα) and IL-6 signalling, both 
of which are current therapeutic targets,30 thus pointing to the 
high reliability of our results. We performed the same analysis to 
compare RA-SF and RA-NT (see online supplementary data 6-7) 
and found that the DEGs and pathways were not substantially 
different from that found between RA-SF and HC.

We next compared PB of RA and HC to reveal whether the 
disease-related pathways were also observed systemically. First, 
we compared HC with RA-NT and identified the differentially 
regulated pathways in untreated RA. Then, we compared RA-NT 
with patients after treatment (RA-MTX, RA-IFX and RA-TCZ) 
to see how they had changed by treatment. Interestingly, the 
pathways enriched in SF were also enriched in PB of untreated 
RA, although the statistical significance was lower than the 
comparison between SF and PB (figure 6A–B). Moreover, the 
pathways that were enriched in RA-NT were downregulated 
after treatment, and conversely, the pathways that were down-
regulated in RA-NT were reverted after treatment, shown as 
the colour changes of figure 6A–B. Additionally, these pathways 
were commonly enriched in several developmental stages and in 
both of CD4+ and CD8+ T cells. Representative pathways were 
visualised by heatmap and pathway map (figure 6C, see online 
supplementary figure S10-11).

The pathways that were identified above, such as cell cycle, 
E2F, IL-2-stat5 and mTORC1, are related to T-cell proliferation. 
Therefore, we confirmed whether the proliferation ability of 
RA T cells were high in vitro using a new cohort: 13 untreated 
patients with RA, 10 patients receiving MTX monotherapy, 9 
patients receiving TCZ monotherapy and 17 age-matched and 
gender-matched HCs (cohort 8; 19/49 were the same patients as 
cohort 7, online supplementary table S11). Significant increase 
in proliferation was observed in five out of seven T-cell subsets 
obtained from untreated RA relative to HC, and TCZ treatment 
reverted them to the same level as HC, especially in developed 
T-cell subset (figure 6D–E). These findings support our overall 
analyses of the impact of RA and its treatment on T-cell distribu-
tion and function.

dIsCussIOn
In this study, we found that Tem-Tfh was specifically increased 
in patients with RA, and Tem-Tfh and Tem-Th17 were correlated 
with DAS28-ESR by simultaneously evaluating T cells along two 
axes. In addition, we listed the genes that are highly expressed in 
RA, which contained Tph-related genes, and identified disease-
driving pathways such as cell cycle, E2F, IL-2-stat5 signalling 

and mTORC1, which were reproducibly detected in multiple 
comparisons in active RA, and reverted after treatment. The 
overview of our results were shown in online supplementary 
table S12.

Because our immunophenotyping results showed a large 
inter-individual variation in the proportion of T-cell subset, we 
performed the gene expression analyses using two experimental 
procedures for reducing individual variations. The advantages 
and disadvantages of each method were described in online 
supplementary file 2. Persistent IFN signalling and the shift 
towards Tfh response were reported in chronic viral infection,31 
and increased Treg was observed in infectious and inflammatory 
disease such as chronic hepatitis,32 tuberculosis33 and sarcoid-
osis.34 Therefore, some of these characteristics of RA were 
considered the features of persistent immune activation.

mTORC1 is an evolutionarily conserved molecule that senses 
various stimuli, such as growth factors and nutrients.35 36 In T 
cells, mTORC1 is important for differentiation into Th1, Th17 
and Tfh37 38 and for the effector function of CD8+ T cells.39 40 
These functions are consistent with the features of RA T cells 
that were revealed in this study, such as a high proliferative 
capacity and Tfh response. mTOR has been reported to accel-
erate proliferation and invasion of synovial fibroblasts in RA41 42; 
however, our data are the first to show that mTORC1 is one 
of the disease-driving pathways in T cells. mTOR inhibitor has 
already been used for cancer therapy and immunosuppression 
after organ transplantation.43 The clinical effectiveness of mTOR 
inhibitors, rapamycin44 and everolimus45 has been confirmed in 
a few RA cases, and the roles of mTOR have been reported in 
large vessel vasculitis46; therefore, it was considered to be an 
attractive target of systemic autoimmune disease including RA.

Recently, Janus kinase (JAK) inhibitors have been approved for 
RA treatment. Four types of JAKs have been found in humans: 
IL-2-stat5 signalling uses JAK1 and JAK3, whereas IFN signa-
ture and IL-6-JAK-stat3 signalling use JAK1, JAK2 and Tyk2.47 
Recently, another group reported that a specific gene module 
including JAK3 was enriched in RA and reverted after abata-
cept (CTLA4-Ig) treatment by comparison of multiple helper 
T-cell subsets.48 JAK3 locates downstream of IL-2-stat5, which 
is consistent with our results. Although it is not yet clear which 
JAK-suppressing therapy is most effective in RA, some of the 
clinical effects of JAK inhibitors may be due to the inhibition of 
these pathways.

Our results showed the importance of analysing cells at the 
disease site; however, it also becomes a limitation; the number of 
RA-SF samples was small due to less frequency of joint centesis. 
In particular, since CD8-Tcm from SF was only one sample, it 
was difficult to give meaning alone. Therefore, we focused on 
the pathways that are commonly expressed in all SF samples 
(CD8-Tcm, CD4-Tcm and CD4-Tem), and we confirmed that 
TNF and IL-6 signalling, the current treatment targets of RA, 
were included in our results. Another limitation is that we have 
not counted the absolute number of each subsets in immunophe-
notyping. Although it is controversial which of cell proportion 
or absolute number reflects the disease, it was better to analyse 
using absolute number in addition to the proportion of each 
subset.

In summary, we extensively and comprehensively investigated 
the characteristics of RA T cells in a stepwise manner, using 
multiple clinically well-defined cohorts. We revealed disease-rel-
evant subset, Tem-Th17 and Tem-Tfh, in periphery, and high 
expression of Tfh/Tph- and Treg-related genes in SF. Further-
more, we identified a list of DEGs and pathways that were 
enriched in untreated RA and reverted after treatment. These 
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findings highlight the significance of our multi-dimensional anal-
ysis in identifying disease-driving features that could aid in the 
development of better diagnostic and therapeutic interventions 
against RA.
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AbsTrACT
Objective To develop and validate a diagnostic score 
that aids in identifying macrophage activation syndrome 
(Mas) in patients with systemic juvenile idiopathic 
arthritis (sJia).
Methods The clinical and laboratory features of 362 
patients with sJia-associated Mas and 404 patients with 
active sJia without evidence of Mas were collected in 
a multinational collaborative project. eighty percent of 
the study population was used to develop the score and 
the remaining 20% constituted the validation sample. 
a Bayesian Model averaging approach was used to 
assess the role of each clinical and laboratory variables 
in the diagnosis of Mas and to obtain the coefficients 
of selected variables. The final score, named Mas/sJia 
(Ms) score, resulted from the linear combination of these 
coefficients multiplied by the values of each variable. The 
cut-off that best discriminated Mas from active sJia was 
calculated by means of receiver operating characteristic 
(ROC) curve analysis. score performance was evaluated 
in both developmental and validation samples.
results The Ms score ranges from −8.4 to 41.8 and 
comprises seven variables: central nervous system 
dysfunction, haemorrhagic manifestations, active arthritis, 
platelet count, fibrinogen, lactate dehydrogenase 
and ferritin. a cut-off value ≥−2.1 revealed the best 
performance in discriminating Mas from active sJia, with 
a sensitivity of 0.85, a specificity of 0.95 and a kappa 
value of 0.80. The good performance of the Ms score 
was confirmed in the validation sample.
Conclusion The Ms score is a powerful and feasible 
tool that may assist practitioners in making a timely 
diagnosis of Mas in patients with sJia.

InTrOduCTIOn
Macrophage activation syndrome (MAS) is a poten-
tially life-threatening complication of rheumatic 
disorders, which is encountered most frequently 
in systemic juvenile idiopathic arthritis (sJIA) and 
in its adult equivalent, adult-onset Still’s disease 
(AOSD).1 2 Its pathophysiologic hallmark is a 
hyperinflammatory reaction resulting from a highly 
stimulated but ineffective immune response, which 

results in a cytokine storm syndrome.3 4 The esti-
mated prevalence of MAS in sJIA is around 10%, but 
increasing evidence suggests that subclinical forms 
of the syndrome may occur in up to 30%–40% of 
patients with active systemic disease.5 6

The cardinal clinical features of MAS are 
prolonged high fever, hepatosplenomegaly, 
generalised lymphadenopathy, central nervous 
system (CNS) dysfunction and haemorrhagic 

Key messages

What is already known about this subject?
 ► Macrophage activation syndrome (MAS) is a 
potentially life-threatening complication of 
systemic juvenile idiopathic arthritis (sJIA). 
Timely diagnosis of MAS and prompt institution 
of appropriate treatment are fundamental and 
can be life-saving for the patient. However, 
early diagnosis of MAS is often difficult.

 ► Two sets of diagnostic guidelines for MAS 
in sJIA have been proposed in the past, 
but none of them is considered sufficiently 
reliable. Although classification criteria for 
MAS complicating sJIA have been published in 
2016, these criteria were developed to classify 
correctly patients included in research studies 
and clinical trials, but are not intended for use 
in the diagnosis of the syndrome in routine care.

What does this study add?
 ► In validation analyses, the MAS/sJIA (MS) 
revealed a strong capacity to discriminate MAS 
from active sJIA without evidence of MAS.

How might this impact on clinical practice or 
future developments?

 ► The MS score is a simple and feasible tool 
which may assist practitioners in timely 
identification of MAS in the setting of active 
sJIA. The MS score may prove applicable and 
useful for the detection of MAS also in adult-
onset Still’s disease.
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Table 1 Demographic, clinical and histopathologic features of 
patients with MAS and with active sJIA without MAS*

Feature
MAs
(n=362)

sJIA without MAs
(n=404) P value

Females 208 (57.5) 203 (50.2) 0.13

Median (IQR) age at onset 
of sJIA, years

5.3 (2.7–10.1) 5.5 (2.5–9.5) 0.80

Fever 341/355 (96.1) 382/403 (94.8) 0.79

Evanescent skin rash 217/348 (62.4) 299/402 (74.4) 0.0004

Hepatomegaly 245/350 (70) 123/400 (30.8) <0.0001

Splenomegaly 201/347 (57.9) 95/399 (23.8) <0.0001

Lymphadenopathy 178/346 (51.4) 115/396 (29) <0.0001

Active arthritis 230/354 (65) 382/401 (95.3) <0.0001

Central nervous system 
disease

122/349 (35) 7/400 (1.8) <0.0001

Haemorrhagic 
manifestations

71/348 (20.4) 5/402 (1.2) <0.0001

Bone marrow 
hemophagocytosis

149/249 (59.8) – –

Davì et al, Arthritis Rheumatol 2014;66:2871–80.
*Data are number positive/number with information available (%) unless otherwise 
indicated.
MAS, macrophage activation syndrome; sJIA, systemic juvenile idiopathic arthritis.

Table 2 Values of laboratory tests in patients with MAS and with 
active sJIA without MAS*

Laboratory test
MAs
(n=362)

sJIA without MAs
(n=404) P value

White cell count, x 109/L 9.9 (4.6–16.3) 16.8 (12.1–21.9) <0.0001

Neutrophil count, 109/L 5.4 (2.3–11.5) 11.9 (7.7–17.8) <0.0001

Haemoglobin, g/L 9.8 (8.3–11.1) 10.1 (9.1–11.2) 0.019

Platelet count, x 109/L 144 (86–269) 498 (377–615) <0.0001

Aspartate 
aminotransferase, 
units/L

134 (58–338) 28 (20–39) <0.0001

Alanine 
aminotransferase, 
units/L

96 (37–234) 18 (11–34) <0.0001

Lactate dehydrogenase, 
units/L

1203 (666–2345) 438 (291–611) <0.0001

Triglycerides, mg/dL 234 (151–318) 124 (91–142) <0.0001

Albumin, g/dL 3.1 (2.6–3.5) 3.5 (3–4) <0.0001

Serum sodium, mmol/L 136 (132–138) 138 (135–140) <0.0001

Fibrinogen, mg/dL 267 (152–437) 559 (463–720) <0.0001

D-dimer, ng/mL 2996 (1094–7550) 2050 (501–4064) 0.004

Ferritin, ng/mL 5353 (1500–13 040) 502 (158–1627) <0.0001

Erythrocyte 
sedimentation rate, 
mm/hour

48 (19–84) 78 (56–100) <0.0001

C-reactive protein, 
mg/dL

9.2 (3.5–17.7) 8.9 (4.8–15.3) 0.99

Davì et al, Arthritis Rheumatol 2014;66:2871–80.
*Data are medians (interquartile ranges).
MAS, macrophage activation syndrome; sJIA, systemic juvenile idiopathic arthritis.

manifestations. Typical laboratory abnormalities include drop in 
blood cell lines, elevation of liver enzymes, triglycerides, lactate 
dehydrogenase and ferritin, and decreased levels of fibrinogen. 
Although hemophagocytosis is often seen on bone marrow 
examination, this finding may be absent, particularly in the 
initial stages of the syndrome.7

Because MAS is potentially fatal, timely diagnosis and prompt 
initiation of appropriate treatment are fundamental to avoid a 
deleterious outcome. However, there is no single feature that 
is specific for MAS, including hemophagocytosis.8 In addition, 
MAS can be difficult to distinguish from conditions that may be 
present with overlapping manifestations, such as flares of sJIA 
or systemic infections. The diagnostic challenges emphasise the 
utility of criteria that could aid physicians in identifying MAS 
in its earliest stages and in distinguishing it from confusable 
disorders.

Historically, two sets of criteria have been proposed for diag-
nosis of MAS: the 2004 diagnostic guidelines for hemophago-
cytic lymphohistiocytosis (HLH-2004)9 and the preliminary 
diagnostic guidelines for MAS complicating sJIA.10 However, 
although both guidelines are considered suitable for detecting 
MAS in sJIA, each was found to suffer from several limitations.11

Recently, an international collaborative effort has led to 
promulgate the 2016 classification criteria for MAS complicating 
sJIA.12 13 However, these criteria have been primarily proposed 
for use in clinical trials and research studies. Furthermore, 
evidence was found that they could not capture all instances 
of MAS seen in the routine clinical setting, particularly those 
with subtle onset or incomplete clinical expression.12 13 A recent 
systematic literature review has shown that MAS classification 
criteria may miss some episodes of MAS occurring in patients 
with sJIA under treatment with IL-1 and IL-6 blocking agents, 
owing to the substantial alterations in MAS features induced by 
these biologics.14

One of the reasons that could explain the inadequate perfor-
mance of MAS classification criteria in diagnosing MAS in daily 
practice is the use in their development of a control group of 
patients with systemic infection. Because these patients had 
much less pronounced inflammatory laboratory features than 

the other control sample with active sJIA without evidence of 
MAS, the combination of the two groups might have ‘diluted’ 
the features of the control population and, hence, inflated the 
value of laboratory abnormalities needed to discriminate MAS 
patients from controls.

Against this background, the primary purpose of the present 
study was to develop and validate a weighted score for the diag-
nosis of MAS in patients with sJIA, named MAS/sJIA (MS) score, 
using the same data sets of the MAS classification criteria study, 
but excluding the control sample with systemic infection.

MeTHOds
study design and patient selection
Data of patients with sJIA-associated MAS and patients with active 
sJIA without evidence of MAS were collected in the context of 
the multinational collaborative effort that led to the development 
of the 2016 classification criteria for MAS complicating sJIA.12 13 
The design, inclusion criteria and data collection procedures of this 
project have been described in detail previously.7 11–13 15

To be included in the study, patients with sJIA-associated MAS 
had to have sJIA according to International League of Associations 
for Rheumatology (ILAR) criteria16 and to have had an episode of 
MAS diagnosed and treated as such by the caring physician. Patients 
with active sJIA without MAS should also meet ILAR criteria for 
sJIA, but should not have any feature of MAS, including cytopenia, 
hepatitis, coagulopathy and hyperferritinemia. Data for patients 
with MAS were collected at onset of the syndrome (ie, at the time 
when the first signs or symptoms consistent with the syndrome 
were detected), whereas data for patients with active sJIA without 
MAS were collected at onset of sJIA or at the time of a disease flare.

CNS dysfunction was defined as the presence of lethargy, 
seizures, irritability, confusion, headache, mood changes or coma. 

http://ard.bmj.com/
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Figure 1 Best 20 models of diagnostic criteria obtained through the Bayesian Model Averaging approach. The models are ranked on the x-axis by 
log posterior odds values, with performance decreasing from the left to the right. Variables included in each model are coloured, with the colours 
being related to the log posterior probability. Variables not included in the model are coloured in black.

Haemorrhagic manifestations were defined as the presence of pete-
chiae, ecchymoses or purpura, mucosal or gastrointestinal bleeding 
or intravascular coagulation. Evidence of hemophagocytosis in the 
bone marrow aspirate was not assessed because this procedure is 
not routinely performed in patients with sJIA without MAS. The 
study protocol was approved by the Ethics Committee at each 
participating centre.

development of the Ms score
The MS score was constructed through the following steps:

step 1
Creation of developmental and validation data sets
Eighty percent of patients enrolled in the study were assigned 
through random computer generation to the developmental data 
set, and the remaining 20% were assigned to the validation data 
set. The characteristics of patients with MAS and with active sJIA 
without MAS were compared by χ2 test (for categorical variables) 
or Mann-Whitney U test (for continuous variables). Missing values 
were imputed using a random forest imputation (R package miss-
Forest)17 The high rate (>60%) of missing values prevented the 
inclusion of D-dimer in the analyses.

step 2
Selection of clinical and laboratory candidate variables
To assess the relative role of clinical and laboratory variables in the 
diagnosis of MAS, a Bayesian Model Averaging (BMA) approach 
was used. Bayesian methods are increasingly used in developmental 
research, especially to solve the problems of model selection. BMA 
is an extension of the Bayesian inference methods that consider 
both model and parameter uncertainty.18 The BMA approach 
combines weighted fitted values from multiple models to estimate 
the posterior distribution of the model parameters and provides 
posterior mean, posterior SD and the probability of a variable 
inclusion. An inclusion probability of 0.5 indicates 50% certainty 
that the variable should be included in the model, whereas an inclu-
sion probability of 1 indicates 100% certainty.19 For the purpose of 
our analysis, we selected the factors with an inclusion probability 

greater than 0.8. BMA computation was performed using the R 
package BAS, with the default prior distributions.

step 3
Creation of the MS score
The coefficients of the selected variables were obtained from the 
average of all the possible values included in all 2p developed 
models, where p was the number of variables taken into account. 
The MS score resulted from the linear combination of the coef-
ficients, multiplied by the values of the corresponding variable. 
Higher scores indicated a greater probability of having MAS, 
whereas lower scores indicated a greater probability of having 
active sJIA without MAS.

step 4
Performance and validation of the model
The cut-off value in the MS score that provided the best discrimi-
nation between MAS and active sJIA without MAS was calculated 
by means of receiver operator characteristic (ROC) curve analysis 
as the cut-off that maximised accuracy, computed according to 
Grenier.20 To evaluate the performance of the model, sensitivity, 
specificity, negative predictive value, positive predictive value, area 
under the curve (AUC) and kappa value were calculated for both 
developmental and validation samples.

All analyses were carried out using SAS software V.9.3 and R 
V.3.5.

Patient and public involvement
Patients and the public were not involved in the research because 
the project did not address any issues of specific interest to these 
stakeholders.

resuLTs
study population
A total of 766 patients were included in the study: 362 had sJIA-as-
sociated MAS and 404 had active sJIA without MAS. The compar-
ison of demographic, clinical laboratory and histopathologic 
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Table 3 Posterior probability of each demographic, clinical and 
laboratory variable to enter the logistic regression models with the 
best performance in the discrimination of patients with MAS from 
patients with sJIA without MAS (N=613)

Posterior probability

Demographic characteristics

 Gender 0.25

  Age at onset 0.15

Clinical features

 Central nervous system involvement 1.0

 Active arthritis 0.96

 Haemorrhagic manifestations 0.81

 Evanescent rash 0.76

 Generalised lymphadenopathy 0.43

 Hepatomegaly 0.33

 Fever 0.14

 Splenomegaly 0.13

Laboratory tests

 Platelet count 0.99

 Fibrinogen 0.99

 Lactate dehydrogenase 0.99

 Ferritin 0.86

 C-reactive protein 0.75

 Alanine aminotransferase 0.64

 Triglycerides 0.55

 Neutrophil count 0.31

 White cells count 0.25

 Albumin 0.18

 Aspartate aminotransferase 0.17

 Erythrocyte sedimentation rate 0.14

 Haemoglobin 0.12

Variables with a posterior probability >0.80 were selected for inclusion in the final 
model.
MAS, macrophage activation syndrome; sJIA, systemic juvenile idiopathic arthritis.

Table 4 Best-fitted model with the best combination of clinical and 
laboratory variables and β-coefficients used for the calculation of the 
MS score

β-coefficient 95% CI

Central nervous system (CNS) involvement 2.44 1.26 to 3.65

Haemorrhagic manifestations 1.54 0.00 to 3.05

Active arthritis −1.30 −2.05 to 0.00

Platelet count (PLT), x 109/L −0.003 −0.005 to −0.001

Lactic dehydrogenase (LDH), U/L 0.001 0.0002 to 0.002

Fibrinogen, mg/dL −0.004 −0.006 to −0.002

Ferritin, ng/mL 0.0001 0.00 to 0.0002

In a febrile patient with known or suspected systemic juvenile idiopathic arthritis, 
the diagnosis of MAS should be considered if the MS score is ≥−2.1.
The area under the curve of the model is 0.95. For clinical variables (CNS 
involvement, haemorrhagic manifestations, active arthritis), a score of 1 or 0 is 
placed in the formula, depending on whether the variable is present or absent, 
respectively. For laboratory variables, the observed values in the above-mentioned 
unit are included.
Calculation of the MS score=CNS involvement×2.44+haemorrhagic 
manifestations ×1.54+arthritis×(−1.30)+PLT 
count×(−0.003)+LDH×0.001+fibrinogen×(−0.004)+ferritin×0.0001.
MAS, macrophage activation syndrome; MS, MAS/sJIA.

features between the two patient groups is shown in tables 1 and 
2. The proportion of females and the age at onset of sJIA were
comparable between patients with and without MAS. All clinical 
manifestations were more common in the MAS cohort than in the 
active sJIA group, with the exception of fever, which was present 
in an equal percentage of patients with both conditions, and of 
active arthritis, which was recorded more commonly in patients 
with active sJIA.

All laboratory values were more abnormal in patients with MAS 
when compared with patients without MAS, with the exception 
of the erythrocyte sedimentation rate, which was higher in the 
latter group of patients. Overall, the values from laboratory tests 
in patients with MAS reflected the typical changes that are known 
to occur in the syndrome. Bone marrow hemophagocytosis was 
looked for only in the MAS sample and was detected in 59.8% of 
patients who underwent a bone marrow aspirate.

development of the Ms score
The developmental dataset was composed of 613 patients, 285 
with MAS and 328 with active sJIA without MAS; the remaining 
153 patients (77 with MAS and 76 without MAS) were included in 
the validation data set. The developmental and validation samples 
were comparable for all demographic, clinical and laboratory 
features (see online supplementary table S1).

The 23 candidate clinical and laboratory variables analysed 
yielded in more than 8 million (223) logistic regression models. 

With the Bayesian approach, all possible combinations of predic-
tors were assumed to be equally likely. The best 20 models 
obtained through the BMA are presented in figure 1. To imple-
ment the Bayesian approach, we computed the posterior model 
probability for all possible models using a ‘Monte Carlo Markov 
Chain+BAS’ method and selected all the variables with a poste-
rior probability greater than 0.8 (table 3). The beta coefficients 
and the 95% CI of the selected variables that compose the final 
model of the MS score are shown in table 4, together with the 
formula that should be used to calculate the MS score, which is 
the following: CNS involvement×2.44+haemorrhagic manifesta-
tions×1.54+arthritis×(−1.30)+platelet count×(−0.003)+lactic 
dehydrogenase×0.001+fibrinogen×(−0.004)+ferritin×0.0001. 
For clinical features (CNS involvement, haemorrhagic manifesta-
tions and active arthritis), a score of 0 or 1 is placed in the formula, 
depending on whether they are absent or present, respectively. 
Laboratory tests are included in the formula with their observed 
value in the unit reported in table 4. The MS score resulted in a 
continuous variable ranging from −8.4 to 41.8. The AUC of the 
model was 0.95 (95%CI: 0.93 to 0.97). The probability of a diag-
nosis of MAS assessed through the application of the MS score 
as continuous measure is presented in the online supplementary 
table S2. An excel file that aids in the calculation of the MS score is 
provided in the online supplementary file S3.

The ROC curve analysis identified a score of −2.1 as the cut-off 
that provided the best discrimination between MAS and active sJIA 
without MAS, with a score ≥−2.1 being indicative of MAS. The 
application of this cut-off in the developmental sample yielded 
a sensitivity of 85%, a specificity of 95% an AUC of 0.95 and a 
kappa value of 0.80 (table 5). The statistical performance of the 
MS score in the validation sample (n=153) was slightly better than 
in the developmental cohort: sensitivity 89%, specificity 99%, 
AUC 0.97 and kappa value equal to 0.87 (table 5).

Although fever was not comprised among the variables selected 
to compose the MS score, we considered that nearly all patients in 
the two samples used to validate the MS score had fever and that 
fever is a cardinal clinical manifestation of MAS. We, therefore, 
included the presence of fever as mandatory criterion for the diag-
nosis of MAS (table 4).

https://dx.doi.org/10.1136/annrheumdis-2019-215211
https://dx.doi.org/10.1136/annrheumdis-2019-215211
https://dx.doi.org/10.1136/annrheumdis-2019-215211
https://dx.doi.org/10.1136/annrheumdis-2019-215211
http://ard.bmj.com/


1361Minoia F, et al. Ann Rheum Dis 2019;78:1357–1362. doi:10.1136/annrheumdis-2019-215211

Juvenile idiopathic arthritis

Table 5 Statistical performance of the MS score in developmental and validation samples

developmental sample

Or 95% CI sensitivity specificity nPV PPV AuC kappa

MS score ≥−2.1 105.66 57.69 to 193.53 0.85 0.95 0.88 0.94 0.95 0.80

Validation sample

OR 95% CI Sensitivity Specificity NPV PPV AUC kappa

MS score ≥−2.1 566.66 69.96 to 4590.11 0.89 0.99 0.88 0.99 0.97 0.87

AUC, area under the curve; MS, MAS/sJIA; NPV, negative predictive value; PPV, positive predictive value.

The validity of the score was further scrutinised by evaluating its 
ability to discriminate patients with a diagnosis of MAS (n=91) or 
non-MAS (n=401) confirmed by the experts who participated in 
the consensus conference that led to the development of the 2016 
classification criteria for MAS complicating sJIA.12 13 The applica-
tion of the MS score on this cohort yielded a sensitivity of 97%, a 
specificity of 97%, an AUC of 0.97 and kappa value of 0.89. The 
good performance of MS score was also confirmed in the popu-
lation of patients who developed MAS at onset of sJIA (n=77) 
(sensitivity 78%, specificity 96%, AUC 0.93 and kappa value 0.74).

The homogeneity of developmental and validation samples is 
underscored by the violin plot for distribution of MS scores (see 
online supplementary figure S4). A violin plot and a dotplot for 
distribution of MS scores in sJIA and MAS samples (shown in 
online supplementary figures S5 and S6, respectively) demonstrate 
that the two populations constitute a continuum, although they are 
separated in two clusters by the MS score value.

dIsCussIOn
We have developed a diagnostic score aimed to aid physicians in 
timely detection of MAS in patients with active sJIA. The construc-
tion of the tool was based on a large data set of patients with 
sJIA-associated MAS and with active sJIA without evidence of MAS 
recruited in tertiary care hospitals located in 33 countries in five 
continents.7 11 Owing to its large size and wide geographic origin, 
the study population is likely representative of patients with sJIA 
with and without MAS seen in most referral centres worldwide. 
The MS score comprises seven clinical and laboratory variables 
selected and weighted through a BMA approach on the basis of the 
strength of their association with the diagnosis of MAS. The score 
ranges from −8.4 to 41.8, and the diagnosis of MAS is more likely 
when the score is greater than −2.1. The discriminative ability of 
the MS score was excellent in both developmental and validation 
data sets. The slightly superior performance of the score in the 
validation sample than in the developmental cohort could be partly 
due to the better tendency of the laboratory variables included in 
the validation sample to follow the same trend of the laboratory 
components of the MS score.

Fever was not comprised among the variables selected to 
compose the MS score because its frequency was similar in patients 
with and without MAS, as it was recorded in nearly all cases in 
both samples. However, because fever is a cardinal clinical mani-
festation of MAS, was the mostly highly ranked clinical feature of 
MAS in a Delphi survey conducted among international paediatric 
rheumatologists21 and was considered a prerequisite for the classi-
fication of MAS by the expert panel that devised the 2016 classifi-
cation criteria for MAS complicating sJIA,12 13 we have added the 
presence of fever as mandatory criterion for the diagnosis of MAS 
to the variables included in the MS score.

Of the other typical clinical manifestations of MAS, only CNS 
dysfunction and haemorrhagic manifestations were incorporated 
in the MS score. CNS dysfunction and haemorrhagic manifesta-
tions revealed strong discriminative properties and were assigned 

the highest weights. The absence of arthritis, which is one of the 
main clinical features of active sJIA, was also a risk factor for MAS. 
This finding is in keeping with the notion that the onset of MAS 
in sJIA is often accompanied by a paradoxical improvement of the 
inflammatory activity of the underlying disease.1 Note that a recent 
analysis of cytokine profiles of patients with s-JIA revealed that two 
distinct subsets could be identified on the basis of their serum IL-6 
and IL-18 levels, one prone to arthritis and another susceptible 
to MAS.22 Among laboratory biomarkers, platelet count, lactate 
dehydrogenase, fibrinogen and ferritin are part of the MS score.

The composition of the MS score is different in several respects 
from the two previous criteria sets specifically designed for MAS 
in sJIA. Only four of the seven variables included in the prelim-
inary diagnostic guidelines for MAS complicating sJIA10 are 
incorporated in the MS score. Aspartate aminotransferase and 
triglycerides, which are part of the 2016 classification criteria for 
MAS complicating sJIA, are not included in the MS score. Another 
major difference between the MS score and previous diagnostic or 
classification sets for MAS is that no threshold value is provided 
for laboratory tests, but the contribution of laboratory variables is 
computed by multiplying their observed value by the coefficient 
obtained through statistical procedures.

Some caveats should be taken into account in interpreting our 
analysis. We should acknowledge that the diagnostic categories 
of sJIA with MAS and active sJIA without MAS were based on 
caring physician’s judgement, which could be affected by level of 
experience. However, the discriminative performance of the score 
was similar when the analysis was restricted only to patients who 
had the diagnosis of MAS confirmed by a consensus (>80%) of 
experts. Some important biomarkers of MAS, such as sCD25, 
sCD163 IL-18 and CXCL9 levels and natural killer cell activity, 
could not be assessed owing to their unavailability in both patient 
samples. However, these biomarkers are not routinely assessed, nor 
are they timely, in most paediatric rheumatology centres. Likewise, 
the diagnostic ability of bone marrow hemophagocytosis could not 
be evaluated as information about this procedure was missing for 
all patients with sJIA without MAS. Due to the small number of 
patients under biological treatments in the database, the MS score 
could not be tested in a subgroup of patients who had MAS under 
therapy with IL-1 and IL-6 inhibitors.

In conclusion, the MS score is a powerful tool that may facilitate 
timely detection of MAS in the setting of active sJIA. This score 
is feasible and easily applicable in routine clinical practice, which 
should result in its widespread acceptance and use. Future assess-
ments at the bedside can be enhanced and made easier by devel-
oping a phone/web application. The validity of the score should be 
examined in registry cohorts of sJIA and by assessing its correla-
tion with already available or blinded case review of the presence/
absence of MAS. Importantly, the MS score is not intended for 
use in paediatric rheumatic disorders other than sJIA, such as 
childhood-onset systemic lupus erythematosus, juvenile dermato-
myositis or Kawasaki disease. However, considering that sJIA and 
AOSD are nowadays thought to constitute the same disease entity 
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occurring at different ages,23 24 it is likely worth testing the capacity 
of the MS score to capture MAS in adult patients with AOSD.
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AbSTrACT
Objectives Genetic variations in TNFAIP3 (a20) de-
ubiquitinase (DUB) domain increase the risk of systemic 
lupus erythematosus (sle) and rheumatoid arthritis. a20 
is a negative regulator of nF-κB but the role of its DUB 
domain and related genetic variants remain unclear. We 
aimed to study the functional effects of a20 DUB-domain 
alterations in immune cells and understand its link to sle 
pathogenesis.
Methods crisPr/cas9 was used to generate human 
U937 monocytes with a20 DUB-inactivating C103A 
knock-in (Ki) mutation. Whole genome rna-sequencing 
was used to identify differentially expressed genes 
between WT and C103A Ki cells. Functional studies were 
performed in a20 C103A U937 cells and in immune cells 
from a20 C103A mice and genotyped healthy individuals 
with a20 DUB polymorphism rs2230926. neutrophil 
extracellular trap (neT) formation was addressed ex vivo 
in neutrophils from a20 C103A mice and sle-patients 
with rs2230926.
results Genetic disruption of a20 DUB domain in 
human and murine myeloid cells did not give rise to 
enhanced nF-κB signalling. instead, cells with C103A 
mutation or rs2230926 polymorphism presented an 
upregulated expression of PADI4, an enzyme regulating 
protein citrullination and neT formation, two key 
mechanisms in autoimmune pathology. a20 C103A 
cells exhibited enhanced protein citrullination and 
extracellular trap formation, which could be suppressed 
by selective PaD4 inhibition. Moreover, sle-patients 
with rs2230926 showed increased neTs and increased 
frequency of autoantibodies to citrullinated epitopes.
Conclusions We propose that genetic alterations 
disrupting the a20 DUB domain mediate increased 
susceptibility to sle through the upregulation of PADI4 
with resultant protein citrullination and extracellular trap 
formation.

InTrOduCTIOn
A20 (encoded by TNFAIP3) is a negative regu-
lator of NF-κB-induced expression of proinflam-
matory and survival genes. Several studies have 
shown that individuals with the non-synonymous 

polymorphism rs2230926 located in the A20 
de-ubiquitinase (DUB) domain (phenylala-
nine-to-cysteine change at position 127, F127C), 
have increased susceptibility to autoimmune 
diseases, such as systemic lupus erythematosus 
(SLE) and rheumatoid arthritis (RA).1–3 Other 
coding polymorphisms and alternative splicing 
isoforms affecting the A20 DUB domain are also 
associated with autoimmune diseases.4 5 DUB-do-
main polymorphisms are considered to lead to 
structural changes, reduced DUB activity and 
increased NF-κB activity,1 4 but recent studies 

Key messages

What is already known about this subject?
 ► A20 is a well-known negative regulator of NF-
κB, and genetic variations in its de-ubiquitinase 
(DUB) domain, such as rs2230926, are 
associated with increased risk of rheumatoid 
arthritis and systemic lupus erythematosus 
(SLE).

 ► The functional role of genetic alterations in A20 
DUB domain is unclear and studies around NF-
κB-independent mechanisms are lacking.

What does this study add?
 ► This study reveals a novel functional mechanism 
of A20 DUB domain disruptions and provides 
a new genetic link to protein citrullination and 
extracellular traps in SLE via an upregulation of 
PADI4.

 ► Our results highlight the importance of protein 
citrullination and neutrophil extracellular traps 
in SLE pathogenesis.

How might this impact on clinical practice or 
future developments?

 ► Our results support a role for PAD4 and protein 
citrullination in SLE pathogenesis and suggest 
PAD4 as a potential therapeutic target in 
diseases associated with A20 DUB-domain 
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question the role of the A20 DUB domain in NF-κB regula-
tion.6 Although mice with the C103A mutation (cysteine-to-al-
anine change at position 103 of A20) lack a functional DUB 
domain,6–9 De et al6 reported that their innate immune cells 
show comparable NF-κB-mediated proinflammatory response 
to wild-type (WT) mice and suggest that the DUB activity of 
A20 is not necessary for its NF-κB-inhibiting function. Thus, 
other mechanisms beyond the NF-κB pathway could be respon-
sible for the increased risk of autoimmunity caused by genetic 
disruption of the A20 DUB domain.

Here, we show that instead of activating the NF-κB pathway, 
genetic disruptions in A20 DUB domain unexpectedly lead 
to increased protein citrullination. Protein citrullination is a 
post-translational modification converting the amino acid argi-
nine into a citrulline on target proteins. This modification is 
catalysed by a group of Ca2+-dependent enzymes called peptidyl 
arginine deiminases (PADs).10 Citrullination is a key feature in 
RA pathogenesis where it is linked to the induction of autoan-
tibodies to citrullinated self-epitopes (reviewed in Catrina et 
al11). Additionally, histone citrullination by PAD4 is involved 
in NET formation, a process whereby neutrophils release chro-
matin filaments coated with citrullinated histones and antibac-
terial proteins to trap and kill pathogens.12 13 In SLE, enhanced 
NET formation has been reported and suggested to contribute 
the pathogenesis by different mechanisms, such as promoting 
autoantibody formation to post-translationally modified nuclear 
antigens,14 15 stimulating release of type I IFNs from plasmacy-
toid DCs,16 17 and mediating endothelial dysfunction, prothrom-
botic and atherosclerotic changes.18–21

Here, we explored the functional effects of genetic disruptions 
in A20 DUB domain using a CRISPR/Cas9-generated human 
cell line with C103A knock-in (KI) mutation, murine immune 
cells from A20 C103A mice, and immune cells from healthy 
individuals and SLE-patients carrying A20 DUB domain poly-
morphism rs2230926. We show that genetic disruptions in A20 
DUB domain cause upregulation of PADI4, leading to increased 
protein citrullination and extracellular trap formation. Our 
findings reveal a novel function for A20 DUB domain variants 
and provides a genetic link emphasising the role of citrullina-
tion, extracellular traps and neutrophils as upstream pathogenic 
mechanisms in SLE.

MeTHOdS
SLe-patients and healthy controls
SLE-patients were recruited at the rheumatology clinics in 
Uppsala, Karolinska (Stockholm), Lund and Linköping Univer-
sity Hospitals and from the four northern-most counties in 
Sweden. Medical records were reviewed; all patients were exam-
ined by a rheumatologist and fulfilled ≥4 American College of 
Rheumatology 1982 classification for SLE.22 Control individ-
uals were blood donors from Uppsala Bioresource, recruited 
at the Department of Transfusion Medicine, Uppsala Univer-
sity Hospital, Sweden. The study was approved by the regional 
ethics review boards of Uppsala, Lund, Linköping, Stockholm 
and Umeå and all participants gave their informed consent. 
Demographics of patients and controls are described in online 
supplementary table S1.

Patient and public involvement
The research included in this manuscript was conducted and 
designed without patient or public involvement on study design, 
outcomes or interpretation of results.

Generation of A20 C103A KI and A20 KO cells by CrISPr/Cas9
Online supplementary figure S1 represents the outline of the 
generation of C103A KI and A20 KO cells. Targeted KI muta-
tion C103A was generated by TG-to-GC substitution in human 
TNFAIP3 DUB domain (replacing cysteine at position 103 for 
alanine) using CRISPR/Cas9 in U937 cells. Guide RNAs were 
designed using the ZiFiT software (http:// zifit. partners. org/ 
ZiFiT/) and cloned into a pCas9-GFP expression vector. C103A 
cell clones were selected using green fluorescent protein (GFP) 
expression and restriction fragment length polymorphism and 
confirmed with sanger sequencing and droplet digital PCR. 
Three successfully generated homozygous C103A KI clones 
(C103A KI1-KI3) were confirmed deriving from two different 
guide RNAs to account for possible off-target effects. Control 
cells underwent the same processes as the targeted cells but in 
absence of plasmids. A20 knock-out (KO) cells were generated 
by transfecting U937 cells with the Cas9 expression vector 
coding the same guide RNAs as previously described, but in the 
absence of targeting vector and were screened for the absence of 
A20 protein by western blot.

neutrophil isolation
Blood from SLE-patients was collected in vacutainer tubes 
with heparin (BD Bioscience) and neutrophils were separated 
using density gradient centrifugation in LymphoPrep (StemCell 
Technologies) after erythrocyte sedimentation in 2% Dextran 
(Sigma). Purity was >95% as assessed by Sysmex XT 1800i 
(Sysmex Kobe, Japan). Murine neutrophils were isolated from 
whole blood from 8 to 12-week-old sex-matched WT and A20 
C103A KI mice using EasySep Mouse Neutrophil Enrichment 
Kit (Stemcell Technologies) after erythrocyte lysis with BD 
Pharm Lyse lysing solution (BD Bioscience). Blood from 3 to 5 
mice were pooled together in each experiment to obtain enough 
neutrophils. Experiments with human and murine neutrophils 
were performed in RPMI with 10% FBS (Gibco).

neT induction and immunofluorescence staining
Equal number of neutrophils were plated in eight-well chamber 
glass slides (Lab-Tek II Chamber Slide, NUNC) precoated with 
Poly-L-lysine (Sigma-Aldrich). PAD4 inhibitor GSK484 (10 µM) 
or vehicle (dimethyl sulfoxide (DMSO)) were added to the cells 
30 min before stimulation with 1 or 4 µM Ionomycin +2 mM 
CaCl2. After 1 hour and 45 min for murine neutrophils, or after 
1 hour for human neutrophils, cells were fixed in 4% parafor-
maldehyde (VWR Chemicals), permeabilised with 0.25% Triton 
X-100 (Sigma), and blocked in 1% BSA/2% goat serum. Cells 
were stained with antibodies against citrullinated histone H3 
(ab5103; Abcam) and Myeloperoxidase (clone 2C7, ab25989; 
Abcam) followed by Goat anti-Rabbit IgG (H+L, Alexa Fluor 
568; Thermo Fisher Scientific) and Goat anti-Mouse IgG 
(H+L, Alexa Fluor 633; Thermo Fisher Scientific) secondary 
antibodies. Nuclei and DNA were visualised by Hoechst (Life 
technologies) and SYTOX Green Nucleic Acid Stain (Thermo 
Fisher Scientific). Fluorescence microscopy was performed using 
Carl Zeiss LSM 880 confocal microscope and images analysed 
by ZEN v.2.3 software. See online supplementary figure S9C-D 
for control stainings. Researchers were blinded to the patient 
genotype when performing experiments and analysis.

detection of secreted citrullinated histone H3 and dsdnA
The supernatant from U937 cells and primary neutrophils was 
collected after 6 or 1 hour after Ionomycin treatment, respec-
tively. Double-stranded DNA (dsDNA) was measured using 

https://dx.doi.org/10.1136/annrheumdis-2019-215434
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Figure 1 Genetic disruption of A20 de-ubiquitinase (DUB) domain does not lead to enhanced NF-ĸB activation. (A) Generation of A20 C103A 
knock-in (KI) mutation in U-937 cell line using CRISPR/Cas9. Three different homozygote C103A KI clones were generated and Sanger sequencing 
of the homozygote clones is shown to the right. (B) RNA sequencing data from lipopolysaccharide (LPS)-stimulated human U-937 cells (A20 WT, 
knock-out (KO) and C103A KI) were analysed using gene set enrichment analysis (GSEA). NF-ĸB target genes were significantly enriched in A20 KO 
cells (left), but not in A20 C103A KI cells (right), when compared with their wild-type counterparts. (C) Peripheral blood mononuclear cells (PBMCs) 
from individuals with A20 DUB polymorphism rs2230926 (n=10, CA or CC) or without (n=7, AA), were treated with LPS for 6 hours and intracellular 
staining of tumour necrosis factor-alpha and IL-6 was measured by flow cytometry in monocytes (CD14 Mo and CD16 Mo) and myeloid dentritic 
cells (mDC). No significant differences were found between genotypes using a two-tailed t-test. CA represents individuals that are heterozygous 
for rs2230926 risk polymorphism, CC are homozygous and AA represents individuals without rs2230926 risk allele. FDR, false discovery rate; NES, 
normalised enrichment score; OTU, ovarian tumour domain; ZF, zinc finger.

Table 1 Association between rs2230926 and SLE

MAF SLe 
(n=982)

MAF 
controls 
(n=1980) P value Or (95% CI)

rs2230926 (all) 6.42% 3.49% 1.00×10−6 1.83 (1.44 to 2.33)

  Females only 5.79% 3.55% 5.71×10−4 1.62 (1.23 to 2.13)

 Males only 10.37% 3.29% 1.27*10−5 3.26 (1.92 to 5.54)

MAF, minor allele frequency; SLE, systemic lupus erythematosus.

Quant-iT PicoGreen dsDNA reagent (Invitrogen). For detec-
tion of citrullinated histone H3, the proteins in the supernatant 
were precipitated with 20% trichloroacetic acid (Sigma-Aldrich), 
resuspended in 2,5x LDS loading buffer (Invitrogen) and anal-
ysed by western blotting.

Statistical analyses
All data are represented as mean+SD unless otherwise indicated. 
Figure legends specify the type of statistical test used in different 
experiments. Graphpad Prism (v7) was used for statistical anal-
yses of in vitro data. One-tailed comparisons were used when 
confirming a previously observed effect, otherwise two-tailed 
comparisons were performed. Pairwise comparison was used 
if inter-experimental baseline signals differed substantially, 
and is then specified in the figure legend. For statistical anal-
yses of large data sets, statistical details are described in corre-
sponding method sections. P values below 0.05 were considered 
significant.

Detailed information for all methods can be found in online 
supplementary material.

reSuLTS
A20 dub-domain disruption does not increase nF-κb 
activation
To address the functional effect of A20 DUB-disruption in devel-
opment of autoimmunity, we used CRISPR/Cas9 genome-ed-
iting to introduce the DUB-inactivating C103A mutation into the 
human U937 monocytic cell line (C103A KI cells, figure 1A and 
online supplementary figure S1). We performed whole transcrip-
tome analysis in WT, C103A KI and A20 KO U937 cells. When we 

analysed the expression of known NF-κB target genes23 by Gene 
Set Enrichment Analysis, we found that while a complete A20 KO 
caused a significant increase in NF-κB target gene expression on 
LPS-stimulation, C103A KI cells did not demonstrate enhanced 
NF-κB signalling (figure 1B). Moreover, we observed no alter-
ation in TLR-induced NF-κB signalling in bone marrow derived 
macrophages (BMDMs) from C103A KI mice (online supple-
mentary figure S2), supporting published data indicating that the 
C-terminal zinc fingers, and not the DUB domain, are involved in 
NF-κB signalling.6 24

Next, we asked whether the A20 DUB-domain polymorphism 
rs2230926 interferes with NF-κB activation. We genotyped 
982 SLE-patients and 1980 healthy individuals from a Swedish 
SLE cohort (online supplementary table S1) and in agreement 
with earlier studies,1 3 we found that rs2230926 associated with 
SLE (table 1, OR=1.83, p=1×10−6). Additionally, we found it 
being an even stronger risk factor for SLE in males (OR=3.26, 
p=1.27×10−5). We used flow cytometry to measure the levels 
of IL-6 and tumour necrosis factorα, two NF-κB-induced cyto-
kines regulated by A20, in LPS-stimulated monocytes and myeloid 
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Figure 2 A20 de-ubiquitinase (DUB) domain disruption leads to PADI4 over expression. (A) Confirmation of RNAseq data using qPCR analysis of 
the expression of PADI4 mRNA in U937 wild-type (WT) (n=4), A20 knock-out (KO) (n=4) and A20 C103A knock-in (KI) cells (n=3). Individual squares 
or circles represent individual CRISPR/Cas9-generated cell clones. (B) PAD4 protein expression measured by western blot in DMSO-treated individual 
U937 WT and C103A KI clones. (C) qPCR analysis of the expression of murine PADI4 mRNA in BMDMs from WT and A20 C103A KI mice (n=3 per 
group). (D) qPCR analysis of the expression of PADI4 mRNA in human PBMCs (n=13 AA, n=13 CA). (E) qPCR analysis of the expression of PADI4 
in PBMC-derived human monocytes (left graph, n=9 AA, n=13 CA). The right graph represent Western blot quantification of PAD4 protein relative 
to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in PBMC-derived human monocytes (n=7 AA, n=6 CA). CA represents individuals that are 
heterozygous for rs2230926 risk polymorphism and AA represents individuals without rs2230926 risk allele. (A,C,D,E) PADI4 expression levels are 
normalised to house-keeping genes GUSB and ACTB and are represented as relative mRNA expression to average PADI4 expression in controls (WT 
or AA). Statistical differences between groups were calculated using two-tailed t-test with Welch correction (D) or non-parametric one-tailed Mann-
Whitney test (A,C,E). Bars represent mean+SD. *p<0.05, **p<0.01. BMDM, bone marrow derived macrophage.

dendritic cells from healthy individuals with rs2230926 risk variant 
(CA or CC) or without (AA). However, no difference could be 
observed between genotypes (figure 1C and online supplementary 
figure S3). The levels of A20 were similar in both groups (online 
supplementary figure S4). Together, these results indicate that the 
consequences of A20 DUB-domain genetic variants associated with 
autoimmunity are not mediated via enhanced NF-κB signalling.

Genetic A20 dub variants express elevated PADI4 levels
To explore other possible mechanisms regulated by the A20 
DUB-domain mutations, beyond NF-κB signalling, we compared 
the global gene expression profiles between A20 KO, C103A KI 
and WT U937-cells. We observed that unstimulated C103A KI 
cells presented a large number of differentially expressed genes 
compared with WT cells and KO cells (online supplementary 
table S2). One of the top hits of differentially expressed genes in 
C103A KI cells was PADI4, encoding PAD 4 (PAD4), while no 
PADI4 upregulation was observed in A20 KO cells (online supple-
mentary table S2). qPCR analysis showed around 30-fold PADI4 
upregulation in all C103A KI clones when compared with WT 
clones (figure 2A). This increased expression was also reflected at 
the protein level (figure 2B). PADI4 was also significantly elevated 
in C103A mouse BMDMs compared with WT, indicating that 

this effect is not restricted to the genetically modified U937-cells 
(figure 2C). We then analysed PADI4 expression in human PBMCs 
from healthy individuals with or without rs2230926 risk allele, 
and found significantly increased PADI4 levels in the subjects 
with rs2230926 risk allele (figure 2D). The difference in PADI4 
expression was confirmed in PBMC-derived monocytes and NK 
cells (figure 2E and online supplementary figure S5). PAD4 protein 
levels were measured by western blot in isolated monocytes and 
were also significantly higher in individuals with the rs2230926 
risk allele (figure 2E and online supplementary figure S6).

A20 dub-domain disruption enhances protein citrullination 
and neT formation
Given the strong link between citrullination and autoimmune 
pathologies, we were encouraged to explore the functional conse-
quences of PADI4 over expression caused by A20 DUB mutations. 
Flow-cytometric analysis with F95 pan-citrulline antibody showed 
increased protein citrullination in the C103A KI cells on PAD4 
activation with Ionomycin and CaCl2 when compared with WT 
cells (figure 3A). Protein citrullination in cells with mutated A20 is 
dependent on PAD4, as specific PAD4 inhibition with small-mole-
cule inhibitor GSK48412 decreased citrullination (figure 3B, online 
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Figure 3 Disruption of A20 de-ubiquitinase (DUB) domain is associated with PAD4-dependent increase in protein citrullination and release of 
nuclear antigens. (A–B) Total intracellular protein citrullination was measured in wild-type (WT) and C103A knock-in (KI) U937 cells using flow 
cytometry after stimulation with ionomycin. The effect of PAD4 inhibitor GSK484 on protein citrullination was assessed in U937 A20 C103A KI cells 
(B). Data points represent experimental duplicates in three independent experiments. (C) Western blot performed on supernatants from 1 million WT 
or A20 C103A KI U937 cells stimulated with ionomycin for 6 hours, with or without GSK484. GAPDH expression from the cell lysate is represented 
as an input control. representative blot from one out of four experiments. (D, E) Quantification of H3cit Western blot signal from four independent 
experiments is represented as mean H3cit density +SD. (F) the presence of cell free double stranded DNA (dsDNA) in the supernatants of U937 WT 
and KI cells were measured after 6 hours of ionomycin treatment. Results from four independent experiments are represented as mean % increase 
compared with unstimulated cells +SD. (G) The presence of dsDNA in the supernatants of unstimulated PBMCs derived from healthy individuals with 
the rs2230926 risk variant (CA) or without (AA). Statistical differences between groups were performed using paired two-tailed t-test (D–F), two-
tailed t-test (G) or paired two-tailed non-parametric Wilcoxon test (A,B). Unless different concentrations are stated, 4 µM ionomycin was used in the 
presence of 2 mM CaCl2. GSK484 was used at 10 µM. *p<0.05, **p<0.01, ***p<0.001.

supplementary figure S7). Next, we explored the role of A20 DUB 
variants on histone H3 citrullination (H3cit), NET formation and 
release of nuclear antigens linked to the pathogenesis of SLE. As 
extracellular trap formation is not restricted to neutrophils but is 
also seen in monocytes and macrophages,25 26 we used the U937 
cells to study these processes. We observed an increased cyto-
plasmic H3cit expression in the C103A KI cells while no differ-
ences were seen in nuclear levels of citrullinated histones between 
C103A KI and WT cells (online supplementary figure S8). As H3cit 
and dsDNA are released in the NET formation, we measured 
H3cit and dsDNA in the supernatant of Ionomycin-treated U937 
cells. C103A KI cells demonstrated increased levels of both H3cit 
and dsDNA on Ionomycin-treatment compared with the WT 
cells, and the levels decreased significantly on PAD4 inhibition 
(figure 3C–F). A trend to increased spontaneous dsDNA release 
was also seen in PBMCs from individuals with the rs2230926 risk 
allele (figure 3G).

Additionally, we studied Ionomycin-induced NET formation in 
neutrophils ex vivo, and quantified the number of H3cit-positive 
cells as a marker of NETs, as previously described.12 27 28 Iono-
mycin-treatment of blood-derived murine neutrophils led to NET 
generation characterised by increased H3cit expression and DNA 
spreading with H3cit/DNA co-localisation (online supplemen-
tary figure S9A). A higher percentage of H3cit-positive neutro-
phils was found in C103A KI mice than in WT mice, linking A20 
DUB-domain disruption to increased NET formation (figure 4A). 
Inhibition of PAD4 in murine neutrophils led to reduction of 
Ionomycin-induced NETs (figure 4B). Human neutrophils stimu-
lated with Ionomycin also formed NETs characterised by H3cit 
expression which co-localise with DNA and myeloperoxidase 

(online supplementary figure S9B). We next studied NET forma-
tion in neutrophils isolated from 12 genotyped SLE patients (six 
with the rs2230926 risk allele and six without). When stimulated 
with high-dose (4 µM) Ionomycin, most of the neutrophils under-
went full-blown NET-formation with extruding DNA chromatin 
fibres and H3cit expression (figure 4C). Ionomycin-induced NETs 
and release of H3cit could be prevented by PAD4 inhibition, 
confirming the central role of PAD4 in this process (figure 4C,D). 
In order to get a window for NET quantification, we used a lower 
dose of Ionomycin (1 uM) and quantified the number of H3cit-ex-
pressing neutrophils (figure 4E shows quantification and online 
supplementary figure S9E shows example images). Neutrophils 
from SLE-patients with rs2230926 risk allele expressed a higher 
percentage of H3cit positive cells than SLE-patients without risk 
allele. The higher propensity of NET formation in SLE-patients 
with rs2230926 was supported by increased number of neutro-
phils showing DNA extrusions and increased amount of secreted 
cell-free DNA in the neutrophil supernatants (online supplemen-
tary figure S10). Ionomycin-induced DNA extrusions in SLE-de-
rived neutrophils were further confirmed to show characteristic 
co-expression of DNA and myeloperoxidase (online supplemen-
tary figure S11).

A20 rs2230926 associates with presence of antibodies to 
citrullinated antigens in SLe
The presence of antibodies against citrullinated proteins (ACPA) is 
a hallmark of RA, but ACPA can also be detected in a small group 
of SLE-patients.29 Thus, we analysed antibodies to cyclic citrul-
linated peptides (CCP) in 195 SLE patients in our cohort, and 
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Figure 4 Disruption of A20 de-ubiquitinase (DUB) domain is associated with PAD4-dependent increase in NET formation. (A–C) Immunostaining 
and confocal microscopy of citrullinated H3 (H3cit, red) and DNA (SytoxGreen in green or Hoechst in blue) in murine and human neutrophils. Scale 
bar=50 µm. (A) Comparison of H3cit expression in Ionomycin-stimulated neutrophils from wild-type (WT) and C103A Ki mice. Results are expressed 
as mean percentage H3cit-postitive cells compared with total cell number +SD, and are pooled values from three independent experiments including 
totally 13 WT and 11 C103A KI mice. Each data point represents the mean of one experiment. (B) Neutrophils from C103A KI mice were pretreated 
with PAD4 inhibitor GSK484 or vehicle (DMSO) before NET-induction by ionomycin. Representative image. (C–E) Neutrophils from human systemic 
lupus erythematosus (SLE)-patients that were homozygous (CC, n=1),heterozygous (CA, n=5), or lacked (AA, n=6) rs2230926, were induced to form 
NETs in vitro. (C,D) Human SLE-derived neutrophils were pretreated with GSK484 or vehicle (DMSO) and NET formation was induced with 4 µM 
ionomycin. Representative images show reduced H3cit expression in GSK484-treated cells (C). H3cit was released in the supernatant on ionomycin 
stimulation of SLE-neutrophils and could be blocked by PAD4 inhibition (D). (E) Neutrophils from SLE-patients were treated with 1 µM ionomycin and 
the number of H3cit-positive cells was counted and represented as percentage compared with total cell number. Samples analysed on the same day 
are connected with a line. Statistical differences between groups were performed using a two-tailed t-test (A) or paired two-tailed t-test (based on 
age-matched patients from the same experiment) (H). Unless different concentrations are stated, 4 µM ionomycin was used in the presence of 2 mM 
CaCl2. GSK484 was used at 10 µM. *p<0.05, **p<0.01.

Table 2 Serum autoantibodies in SLE-patients

Antibody

Seropositivity 
n (%)
CA or CC AA P value Or (95% CI)

IgM aCL 10 (19%) 96 (22%) ns 0.85 (0.44 to 1.65)

IgG aCL 11 (20%) 78 (18%) ns 1.20 (0.63 to 2.29)

IgG anti-β2GPI 9 (17%) 91 (21%) ns 0.84 (0.43 to 1.68)

IgG PT 4 (7%) 56 (13%) ns 0.69 (0.27 to 1.73)

IgG anti-CCP 4 (24%) 8 (4%) 1.39×10−2 4.56 (1.36 to 15.26)

IgG anti-CAP 2 (12%) 12 (7%) ns 1.60 (0.37 to 6.92)

ANA 115 (96%) 850 (99%) ns 0.40 (0.16 to 1.04)

anti-dsDNA 53 (61%) 421 (62%) ns 1.50 (0.17 to 13.10)

anti-Sm 14 (16%) 79 (12%) ns 0.98 (0.64 to 1.50)

Serum anti-CL, anti-β2-GPI and anti-PT were analysed in 490 patients (54 CA/CC and 436 
AA) where all have data for anti-CL IgG and anti-prothrombin, 488 patients (54 CA/CC and 
434 AA) have data for anti-CL IgM and 489 patients (53 CA/CC and 436 AA) have anti-β2-
GP1 data. Serum anti-CCP and anti-CAP were measured by ELISA in 195 patients (17 CA/
CC and 178 AA). ANA, anti-dsDNA and anti-Sm were measured according to the diagnosis 
criteria of American College of Rheumatology. Data for ANA were available from 982 
patients (120 CA/CC and 862 AA) and anti-dsDNA and anti-Sm data was available from 761 
patients (87 CA/CC and 674 AA). CA or CC indicate rs2230926 risk allele.
ANA, anti-nuclear antibodies; anti-Sm, anti-Smith antibodies; β2-GPI, β2 glycoprotein-I; CCP, 
cyclic citrullinated peptide (pos≥25 U/mL); CL, cardiolipin; dsDNA, double-stranded DNA; ns, 
non-significant; PT, prothrombin; SLE, systemic lupus erythematosus.

found a significantly increased frequency of IgG anti-CCP in the 
patients with rs2230926 allele when compared with the rest of 
the patients (24% vs 4%, table 2). This finding further indicates 

that A20 DUB-domain variant is strongly associated with protein 
citrullination and modification of immunogens in humans. A weak 
association with the occurrence of malar rash and seizures and the 
presence of rs2230926 allele was observed, whereas no other clin-
ical associations were found (online supplementary table S4).

dISCuSSIOn
In this study, we reveal a novel functional mechanism for the auto-
immunity risk mediated by the genetic disruption of A20 DUB-do-
main, that is, increased protein citrullination and extracellular trap 
formation due to upregulation of PADI4. Even though polymor-
phisms in A20 DUB region are among the most frequently reported 
risk alleles in RA and SLE, their functional impact has not been 
well established. Several studies have attributed an NF-κB-regu-
lating role to the A20 DUB domain.4 7 8 However, there is a lack 
of functional studies in human cells and the mechanistic data 
describing the role of A20 DUB activity are mainly performed in 
cell-free in vitro systems.7 8 Our data show that A20 DUB activity 
is not necessary for NF-κB inhibition in human immune cells and 
is in agreement with a recent report by De et al6 using immune cells 
from A20 C103A mice. Our data does not exclude however, that 
other reported polymorphisms in the gene of A20, such as those 
leading to decreased A20 protein levels or those affecting the A20 
zinc fingers, impact NF-κB activation.30 31

Increased NET formation have been described in SLE patients 
previously and has been connected both to autophagy and to a 
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defective clearance of NETs.32 33 Although histone H3 citrullina-
tion (H3cit), NET formation and release of nuclear antigens have 
been linked to the pathogenesis of SLE, the role of these mech-
anisms as drivers of disease phenotypes has not been clear. Our 
observations revealing a novel genetic link between SLE risk and 
protein citrullination and NET formation, provide support for this 
pathway as a disease-driving mechanism in SLE. These findings are 
consistent with studies showing that PAD inhibition is immuno-
modulatory in the murine NZM lupus model characterised by Type 
I IFNs, vascular dysfunction and prothrombotic risk, suggesting 
PAD-mediated NET formation as an upstream modulator of the 
various disease phenotypes.34 Furthermore, blocking mitochon-
drial ROS production and subsequent spontaneous NET formation 
in a mouse model of lupus resulted in reduced disease severity.35 
Admittedly, the role of NETs is challenged in other experimental 
lupus-like models, such as the MRL. Fas-lpr or pristane-induced 
models, where PADI4 deletion or Nox2 deletion (disrupting NET 
formation) failed to ameliorate the phenotype.36–38

An outstanding question still is how the mutations in the 
A20 DUB domain can regulate PADI4. Mass spectrometry data 
of proteins bound to the different A20 forms (WT, C103A and 
F127C) did not reveal any direct binding between A20 or any 
known or predicted transcription factors regulating PADI4 (data 
not shown), which may indicate that a multistep mechanism is 
involved. The lack of PADI4 upregulation in A20 KO cells and the 
fact that heterozygote individuals for rs2230926 present increased 
PADI4 levels and increased autoimmunity risk, suggest a dominant 
acquired novel function of the mutated A20. Additional studies 
are thus warranted to establish the full mechanism clarifying how 
mutated A20 DUB domain regulates PADI4 expression.

Our findings, which were unexpected, reveal a novel genetic 
alteration involved in the regulation of protein citrullination, 
proposing an explanation for the contribution of A20 DUB-do-
main polymorphisms in the autoimmune pathogenesis. The results 
presented in this study highlight protein citrullination, extracel-
lular trap formation and neutrophils as key factors in the patho-
genic process in SLE and further support PAD4 as a target for the 
prevention and treatment of this disease.
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AbSTrACT
Objective in the randomised scleroderma: 
cyclophosphamide or Transplantation (scoT 
trial) (ncT00114530), myeloablation, followed by 
haematopoietic stem cell transplantation (HscT), led 
to improved clinical outcomes compared with monthly 
cyclophosphamide (cYc) treatment in systemic sclerosis 
(ssc). Herein, the study aimed to determine global 
molecular changes at the whole blood transcript and 
serum protein levels ensuing from HscT in comparison to 
intravenous monthly cYc in 62 participants enrolled in 
the scoT study.
Methods Global transcript studies were performed 
at pretreatment baseline, 8 months and 26 months 
postrandomisation using illumina HT-12 arrays. levels 
of 102 proteins were measured in the concomitantly 
collected serum samples.
results at the baseline visit, interferon (iFn) and 
neutrophil transcript modules were upregulated and 
the cytotoxic/nK module was downregulated in ssc 
compared with unaffected controls. a paired comparison 
of the 26 months to the baseline samples revealed a 
significant decrease of the iFn and neutrophil modules 
and an increase in the cytotoxic/nK module in the HscT 
arm while there was no significant change in the cYc 
control arm. also, a composite score of correlating serum 
proteins with iFn and neutrophil transcript modules, 
as well as a multilevel analysis showed significant 
changes in ssc molecular signatures after HscT while 
similar changes were not observed in the cYc arm. 
lastly, a decline in the iFn and neutrophil modules was 
associated with an improvement in pulmonary forced 
vital capacity and an increase in the cytotoxic/nK module 
correlated with improvement in skin score.
Conclusion HscT contrary to conventional treatment 
leads to a significant ’correction’ in disease-related 
molecular signatures.

InTrOduCTIOn
The open-label, randomised controlled trial Sclero-
derma: Cyclophosphamide Or Transplantation 
(SCOT), was recently completed.1 SCOT compared 
the efficacy of myeloablation, followed by stem cell 
rescue to immunosuppressive treatment with 12 
monthly intravenous cyclophosphamide (CYC) infu-
sions in systemic sclerosis (SSc). In agreement with 

two previously completed randomised controlled 
trials,2 3 SCOT showed that autologous haemato-
poietic stem cell transplantation (HSCT) is more 
effective in improving clinical outcomes than CYC, 
including survival and event-free survival.

The rationale for utilisation of HSCT in auto-
immune diseases is that the immunoablation 
followed by stem cell rescue ‘resets’ the immune 
system. Despite a rapidly growing clinical experi-
ence,4 studies on the mechanisms by which HSCT 
halts disease progression are scarce. There are also 
no previous whole blood global gene expression 
studies on the effect of HSCT in SSc or other auto-
immune diseases.

Key messages

What is already known about this subject?
 ► Myeloablation, followed by haematopoietic 
stem cell transplantation (HSCT), led to 
improved clinical outcomes in systemic sclerosis 
in clinical trials.

What does this study add?
 ► Gene expression changes ensuing from HSCT 
in systemic sclerosis had not been previously 
investigated.

 ► Presence of a neutrophil signature and an 
inverse cytotoxic/NK signature was detected 
in addition to a previously described interferon 
signature in the baseline Scleroderma: 
Cyclophosphamide Or Transplantation 
peripheral blood cell samples and confirmed in 
an independent sample.

 ► HSCT led to significant improvements in the 
systemic sclerosis molecular signature at the 
peripheral blood cell RNA and serum protein 
levels while similar changes were not observed 
with cyclophosphamide.

How might this impact on clinical practice or 
future developments?

 ► The significant ‘correction’ in disease-related 
molecular signatures after HSCT provides 
further support for this treatment modality in 
severe systemic sclerosis.
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Capitalising on the valuable prospectively collected biospeci-
mens in the SCOT trial, whole blood high through-put transcript 
and protein profiling was performed to directly assess the global 
molecular changes ensuing from HSCT in comparison to CYC 
therapy in study participants. We hypothesised that HSCT leads 
to correction of SSc-related immune dysregulations at the whole 
blood RNA and serum protein levels.

MeTHOdS
baseline study participant characteristics
The inclusion criteria for SCOT participants have been published 
previously1 and mentioned briefly in the online supplemental 
methods.

For confirmation of the dysregulated transcript signatures, an 
independent sample of SSc participants and controls from UT 
Houston Divisional Repository was examined. The characteris-
tics of this independent samples have been also described in the 
online supplemental methods.

Gene expression profiling and analysis
Whole blood samples were collected in Tempus tubes (Applied 
Biosystems, Foster City, California, USA) and stored at −80°C. 
RNA was extracted according to the manufacturer’s protocol. 
RNA quality was assessed using Bioanalyzer (Agilent Genomics, 
Santa Clara, California, USA) and those with RNA integ-
rity numbers >7 were examined. Global gene expression was 
assessed using Illumina HT-12 arrays (Illumina, San Diego, Cali-
fornia, USA) in SCOT samples and Illumina Human Ref8 V.3 
arrays in UT Houston Divisional Repository samples. The gene 
expression data are deposited on Gene Expression Omnibus 
(GSE130953). Details regarding gene expression normalisation, 
filtering and initial analysis, as well as the modular analysis,5 are 
mentioned in the online supplemental methods.

Serum protein composite scores
Concomitantly collected serum samples were stored at −80°C 
and not thawed until tested. Levels of 102 proteins involved 
in immune response and inflammation were measured in the 
Clinical Laboratory Improvement Amendments (CLIA) certified 
Myriad Rule Based Medicine Laboratory (Austin, Texas, USA).

Serum proteins correlating with the upregulated interferon 
(IFN) (M1.2 and M3.4) and neutrophil (M5.15) transcript 
modules based on correlation coefficient of 0.3 or above 
(≥0.3 or ≤−0.3) and p FDR< 0.05 were identified. A composite 
score of the correlating proteins6–9 was calculated for each tran-
script module as described in the online supplementary method 
section.

Similarity network fusion analysis
A previously described similarity network fusion analysis (SNF)10 
of multilevel longitudinal molecular data was performed in all 
SCOT participants with an available 26-month sample (n=35; 
18 in CYC arm and 17 in the HSCT arm). Also, 35 age-matched 
and gender-matched unaffected controls were included. Global 
gene expression profile of all transcripts whose log intensity 
variance was in the top 25% (n=11 830), as well as all longitudi-
nally examined serum proteins were included (see online supple-
mentary methods for further details).

Patient and public involvement
This study was reviewed and partially funded by a patient organ-
isation (Karen Brown Scleroderma Foundation).

reSulTS
Seventy-five participants underwent randomisation in the SCOT 
trial. Six-two participants had a baseline whole blood RNA 
sample of sufficient quality and were included in the present 
study. Moreover, 1:1 age-matched and gender-matched unaf-
fected controls were investigated. None of SCOT participants 
were on immunosuppressive agents except for prednisone or its 
equivalent ≤10 mg during baseline blood sample collection.

Online supplementary table 1 shows the demographic and 
baseline clinical characteristics of the 62 participants (27 HSCT 
and 35 CYC), as well as 62 matched unaffected controls exam-
ined in the present study. All SCOT participants had diffuse cuta-
neous involvement.

The longitudinal analysis was performed in the per-pro-
tocol population defined as those participants who received 
a transplant or completed ≥9 doses of CYC. Fifty-six partici-
pants belonged to the per-protocol population (HSCT=26 and 
CYC=30). From whom, 46 eight months (23 in each arm) and 
35 twenty-six months samples (17 in HSCT and 18 in CYC) 
were available. A detailed breakdown of available longitu-
dinal samples is shown in the online supplementary results. At 
26-month visit, one participant in the HSCT (1/17=5.9%) and 
five participant in the CYC arm (5/18=27.8%) were on immu-
nosuppressive agents.

Identification of differentially expressed modules in the SCOT 
SSc participants at baseline
The comparison of peripheral blood cell (PBC) global gene 
expression profile of baseline SSc samples to matched controls 
revealed 3168 differentially expression genes (DEGs) (for 
complete list see https:// uth. tmc. edu/ scleroderma/). Moreover, 
online supplementary figure S1 shows the unsupervised clus-
tering of the baseline SSc samples.

Subsequently, a previously described modular analysis method 
was completed.5 6 11 In this analysis, 62 gene expression modules 
(sets of coexpressed genes) that are observed in whole blood 
across a variety of inflammatory and infectious diseases, are 
investigated. If possible, a biological function is assigned to a 
module based on the function of genes present in this module 
(eg, IFN, B-cell, plasma cell). Other modules remained uncate-
gorised (undetermined).

As shown in figure 1 and online supplementary table 2, in 
comparison of baseline SSc to control samples, two IFN modules 
(M1.2 and M3.4) and one neutrophil module (M5.15) were the 
only statistically significant upregulated modules. Four modules 
were significantly down-regulated (M3.6: Cytotoxic/NK Cell, 
M2.3: Erythrocyte; M3.1: Erythrocyte; M4.4: Unannotated).

Presence of IFn, neutrophil, and inverse cytotoxic/nK cell 
signatures are confirmed in an independent SSc sample
The aforementioned SSc modular signature was confirmed in 
an independent sample of whole blood gene expression profiles 
from 58 individuals with SSc and 40 matched controls enrolled 
in the UT Houston Divisional Repository (see online supple-
mentary table 3 for characteristics). All three, aforementioned 
upregulated modules (M1.2 and M3.4 IFN modules, as well as 
M5.15 neutrophil module), were also upregulated in SSc versus 
control comparison in this independent sample (pFDR <0.001 for 
all three comparisons—online supplementary table S4). Among 
aforementioned downregulated modules, only M3.6-cytotoxic/
NK cell module was also significantly down-regulated in this 
sample.
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Figure 1 (A) Modular analysis of baseline SSc in comparison to unaffected control samples. The numbers on the x-axis and y-axis indicate the 
coordinates of modules; (B) Annotation of modules based on known biological function of genes included in a given module; (C) Legend for the 
colour coding in A. Significantly differentially expressed modules in QuSAGE analysis are shown with red perimeters. A significant upregulation of 
interferon (M1.2, M 3.4) and neutrophil (M5.15) modules were observed while erythrocyte and cytotoxic NK/ NK T (M3.6) modules were significantly 
downregulated.

Table 1 Number of differentially expressed transcripts in pairwise 
comparisons

HSCT CYC

Month 8 compared with baseline

 No of pairs 23 23

 Differentially expressed transcripts 1870 58

 Upregulated 807 6

 Downregulated 1063 52

Month 26 compared with baseline

 No of pairs 17 18

 Differentially expressed transcripts 2555 0

 Upregulated 1096 0

 Downregulated 1459 0

CYC, cyclophosphamide; HSCT, haematopoietic stem cell transplantation.

relationships among the neutrophil, IFn, and inverse 
cytotoxic/nK cell modules in the baseline SCOT samples
As shown in online supplementary results and online supplemen-
tary figure S2, the two IFN modules, M1.2 and M3.4 usually 
co-occurred and highly correlated while an upregulation of the 
neutrophil module M5.15 and a downregulation of the cyto-
toxic/NK module M3.6 could exist independently.

As expected, the neutrophil transcript module M5.15 showed 
a moderate correlation with the baseline neutrophil counts 
(rs=0.39, p=0.002) but neither the two IFN modules M1.2 and 
M3.4 (p=0.503 and p=0.54, respectively) nor the cytotoxic/NK 
module M3.6 (p=0.399) showed a significant correlation with 
the neutrophil count. A complete list of genes contained in the 
M1.2, M3.4, M3.6 and M5.15 modules is shown in the online 
supplementary table S5.

differential gene expression after treatment in the SCOT 
study
In the HSCT arm of the SCOT study, there were 1870 DEGs 
when 8-month samples were compared with baseline while the 
number of DEGs increased to 2555 in comparison of 26 months 
to baseline samples (table 1). Only 520 transcripts were differen-
tially expressed concordantly at both 8 and 26 months.

Subsequent studies focused on modular analysis of 26 months 
compared with the baseline samples, because the immune 
recovery with reconstitution of innate and adaptive immunity 
cell counts is generally completed by this time point, while 
immunoreconstitution of major components of immune system 
including CD4 +T-cells is at a transient stage at the 8-month 

https://dx.doi.org/10.1136/annrheumdis-2019-215770
https://dx.doi.org/10.1136/annrheumdis-2019-215770
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Figure 2 Differentially expressed modules in pairwise comparisons to baseline SSc samples: (A) Comparison of 26 months to baseline samples in 
the HSCT arm shows a significant downregulation of the IFN (M1.2) and neutrophil modules (M5.15), as well as a significant upregulation of the 
cytotoxic/NK cell module (M3.6) after treatment; (B) Comparison of 8 months to baseline samples in the CYC arm (active treatment period) shows no 
significant change in the IFN modules (M1.2 and M3.4) and an upregulation of the neutrophil module (M5.15), only the B-cell module (M4.10) was 
downregulated. Legend for the colour coding is shown in figure 1C. Significantly differentially expressed modules in QuSAGE analysis are shown with 
red perimeters. For the complete list of differentially expressed modules, see online supplementary tables S6 and S8. CYC, cyclophosphamide; HSCT, 
haematopoietic stem cell transplantation; IFN, interferon.

time point.12 13 As shown in figure 2 and online supplemen-
tary table 6, the pairwise comparison of 26 months to baseline 
samples showed an upregulation of adaptive immune modules 
such as B-cell, plasma cell and T-cell signature and a downregula-
tion of general inflammation modules (M3.2, M4.13). Focusing 
on the aforementioned SSc signatures, the two most prominently 
upregulated modules in the baseline SSc samples (M1.2 (IFN) 
and M5.15 (neutrophils)) were significantly decreased while the 
downregulated cytotoxic/NK cell module M3.6 was significantly 
increased 26 months after HSCT. Comparing the 26-month 
samples to matched unaffected controls (online supplementary 
table S7) revealed upregulation of plasma cells (M4.11), B-cells 
(M4.10) and Ccytotoxicity/T-cells (M3.3 and M4.15)) as well 
as cell cycle (M3.3) and a downregulation of modules related 
to myeloid lineage (M3.2) and general inflammatory modules 
(M3.2, M4.13). However, focusing on the aforementioned SSc 
signatures, the comparison of 26-month HSCT to unaffected 
controls did not show an upregulation of the three upregulated 
SSc transcript modules (M1.2, M5.15 and M3.4) or a down-
regulation of the cytotoxic/NK cell module (M3.6) as observed 
in the baseline SSc samples. These data indicate that the gene 
expression profile of SCOT participants after completion of 
immune recovery at 26 months represents a ‘new normal’ status, 
which normalised the SSc baseline transcriptional signature and 
downregulated innate immunity-related inflammatory path-
ways while inducing programme related to adaptive immunity 
reconstitution.

In the CYC arm, there were 58 DEGs when the 8-month 
samples were compared with baseline (table 1). No DEGs were 
detected in comparison of 26 months to baseline samples. A 
modular analysis of 8-month samples in comparison to base-
line control samples, revealed an upregulation of the neutrophil 
module and an expected downregulation of the B-cell module 
(figure 2 and online supplementary table 8).

A complete list of all differentially expressed genes in the 
paired longitudinal analyses is provided at https:// uth. tmc. edu/ 
scleroderma/.

Online supplementary figure 3 shows the levels of the four 
confirmed SSc transcript modules (two IFN, neutrophil and 
cytotoxic/NK modules) at the baseline, 8-month and 26-month 
visits in those participants who have completed the 26-month 
time point. As shown in the online supplementary results and 
online supplementary tables S9 and S10, a cross-comparison of 
changes in these four modules across the two treatment arms 
indicated that participants in the HSCT arm had more decline in 
the IFN (M1.2 and M3.4) and neutrophil (M5.15) modules and 
a significantly greater increase in the cytotoxic/NK cell module 
than in the CYC arm.

Altogether, these results indicated that HSCT led to significant 
corrections in the SSc-related transcript signatures 26 months 
after transplant while CYC treatment did not have similar effects.

Serum protein correlates of the IFn and neutrophil modules 
also decrease after HSCT in the SCOT study
Thirteen and 14 serum proteins correlated with the two IFN 
modules, M1.2 and M3.4, respectively (online supplementary 
table S11) while four proteins correlated with the neutrophil 
module M5.15 (online supplementary table S12). Subsequently, 
a composite score of correlating serum proteins was calculated 
for each transcript module according to a previously described 
method.6–9 In the paired analysis, all three serum protein scores 
significantly decreased in the HSCT arm while there was no 
significant change in the CYC arm (figure 3 and online supple-
mentary table S13). As shown in online supplementary results, 
similar to the transcript-level data, participants in the HSCT arm 
had more decline in the IFN (M1.2 and M3.4) and neutrophil 
(M5.15) protein composite score than in the CYC arm.
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Figure 3 Longitudinal measurements of M1.2 (IFN-panel A), M3.4 
(IFN-panel B), M5.15 (neutrophil-panel C) protein composite score 
in 26 months completers. After immune recovery at the 26 months 
visit in the transplant arm, all three protein composite scores 
decreased significantly, while similar changes were not observed in 
the cyclophosphamide arm. *P<0.05 in the comparison to baseline 
in the paired t-test analysis. The displayed data at all time points are 
restricted to those participants that completed the 26 months visit. CYC, 
cyclophosphamide; IFN, interferon.

Figure 4 Similarity network fusion analysis of global gene expression 
and all available serum protein data from matched controls (circle-
green, n=34), baseline SSc (triangle-red, n=34), HSCT—26 months 
visit (square-light blue, n=17) and CYC—26 months visit (diamond-
dark blue, n=17) samples. Each shape represents a unique sample. 
Three distinct networks clusters were present, which are divided by 
the black line. The majority of baseline SSc and CYC 26 months visit 
samples formed a distinct network cluster while majority of HSCT 
26 months visit samples formed a separate network cluster (middle). 
Moreover, all unaffected controls clustered separately. Of note, this 
is a two-dimensional display of a three-dimensional space. CYC, 
cyclophosphamide; HSCT, haematopoietic stem cell transplantation; SSc, 
systemic sclerosis.

A complete list of all investigated proteins and their longi-
tudinal changes from the baseline to 26-month visit is shown 
in the online supplementary data file at https:// uth. tmc. edu/ 
scleroderma/. Online supplementary figure S4 shows the longi-
tudinal changes in three Th2 cytokines associated with alterna-
tive macrophage activation and implicated in SSc pathogenesis: 
PARC (CCL-18),14–16 IL-617–20 and MCP-1 (CCL-2),21 22 as well 

as two Th1 cytokines, IL-1b23 and IL-1224 as comparators. While 
PARC, IL6 and MCP1 significantly decreased 26 months after 
HSCT, similar changes in IL-1b and IL-12 were not observed. 
Moreover, none of the above cytokines changed over time in 
the CYC arm.

SnF analysis of multilevel data in the SCOT study
The availability of PBC global gene expression data (RNA level) 
and concurrently collected serum protein data enabled us to 
perform a multilevel analysis.10 All investigated transcripts 
and proteins were included in this analysis in order to provide 
unbiased, multilevel clustering analysis (online supplementary 
figure S5). This analysis provides a multilevel, global view of 
the molecular profile of samples that is not confined to differen-
tially expressed genes/proteins. As shown in figure 4, 13 (76%) 
of CYC 26-month samples clustered with 24 (71%) of baseline 
SSc samples while 13 (76%) HSCT 26-month samples built a 
separate network or clustered with unaffected controls. Only 
three HSCT 26 months samples clustered with baseline SSc 
samples. All unaffected control samples grouped together in a 
single cluster.

Correlation with clinical measures in the SCOT study
The clinical outcomes in the SCOT trial are reported in detail 
separately.1 Herein, the focus was on correlation of change in 
transcript modules with clinical measures. Specifically, it was 
investigated whether per cent change in the two IFN transcript 
modules (M1.2, M3.4) and neutrophil (M5.15) and cytotoxic/
NK (M3.6) transcript modules from 26 months to baseline visits 
correlated with per cent change in concurrently obtained forced 
vital capacity % predicted (FVC%)25 and modified Rodnan Skin 
Score (mRSS)26 27 during the same time period.

https://dx.doi.org/10.1136/annrheumdis-2019-215770
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Table 2 Correlation of per cent change in transcript modules with 
per cent change in clinical measures at the 26-month visit

Transcript module

FVC% mrSS

rs P value rs P value

M1.2 (IFN) −0.43 0.0099 0.07 0.6801

M3.4 (IFN) −0.45 0.0073 0.04 0.8335

M5.15 (neutrophil) −0.36 0.0328 0.02 0.8928

M3.6 (cytotoxic/NK cell) 0.18 0.2974 −0.56 0.0006

FVC%, forced vital capacity% predicted;IFN, interferon; mRSS, modified Rodnan 
Skin Score.

At the baseline visit, the cytotoxic/NK module showed a signif-
icant, negative correlation with mRSS (rs=−0.33, p=0.0084; 
that is, lower M3.6 transcript scores were associated with higher 
mRSS), while the other transcript modules did not correlate with 
the concurrently obtained FVC or mRSS. As shown in table 2 
in the longitudinal analysis, a decline in the two IFN (M1.2 
and M3.4) and neutrophil (5.15) transcript modules correlated 
significantly with an increase (ie, improvement) in FVC% 
(rs=−0.43, rs=−0.45, rs=−0.36, respectively). Moreover, an 
increase in the cytotoxic/NK module was significantly associated 
with a decline (ie, improvement) in mRSS (rs=−0.56).

In an exploratory analysis, clinical measures for the three HSCT 
recipients whose V-26 months samples grouped with baseline 
SSc samples in the SNF analysis (figure 4) were compared with 
the remaining 14 HSCT recipients. Means for changes in FVC% 
and mRSS at month 26 were worse for these three participants 
(mean difference FVC%=−11.3%, p=0.0586; mean difference 
mRSS=22.7%, p=0.0588).

dISCuSSIOn
In the present study, using a genome-wide PBC global gene 
expression analysis, the presence of an IFN signature was 
confirmed6 28 29 and for the first time the presence of a PBC 
neutrophil and inverse cytotoxic/NK cell signature was described 
in SSc. The upregulated SSc signatures significantly decreased 
and the downregulated cytotoxic/NK cell module increased 
26 months after HSCT while immunosuppression with CYC 
did not have similar effects, indicating HSCT has a normalising 
effect on the SSc molecular signature. Moreover, similar changes 
were observed at the protein level. Considering that the present 
study represents to our knowledge, the first whole blood study 
of myeloablation followed by HSCT in systemic autoimmune 
disease, the significant changes in the disease-related molecular 
signatures after HSCT is an important, potentially clinically rele-
vant finding.

In the present study, a neutrophil signature (M5.15) was 
described for the first time in the PBCs of SCOT participants 
and confirmed in our divisional samples. This module can exist 
independent of the IFN modules (online supplementary figure 
S2). The module 5.15 consists of 24 transcripts corresponding to 
23 genes strongly related to neutrophil function including those 
belonging to early granulopoiesis, such as myeloperoxidase, 
neutrophil elastase (ELANE), cathepsin G (CTSG), defensin 
A4 (DEFA4) and lactotransferrin. As expected, the neutrophil 
transcript module showed a moderate association with the 
concomitantly collected neutrophil count (rs=0.39). Previous 
data in systemic lupus erythematosus have indicated that the 
neutrophil transcript module has a higher correlation with the 
counts of young, activated neutrophils (CD62L-low on flow 
cytometry).11 30 The correlation of this transcript module with 
low density neutrophil31 or CD62L-low, activated neutrophil 

counts needs be investigated in future SSc studies. In the present 
study, the M5.15 module significantly decreased 26 months after 
HSCT. This module showed a significant increase during active 
treatment and no change after completion of treatment in CYC 
arm. The increase in the neutrophil module at 8 months might 
reflect the compensatory granulopoiesis in response to CYC-in-
duced neutropaenia as the blood draw at 8 months occurred 
approximately 30 days after the prior infusion and just before 
the next intravenous CYC treatment.32

The serum proteins correlating with the IFN and neutrophil 
transcript modules, as well as several Th2/M2 macrophage (PARC 
(CCL-18), IL-6, MCP-1 (CCL-2)) cytokines, also decreased signifi-
cantly after the HSCT while there was no significant change in the 
CYC arm. Consistent with our findings, serum MCP-1, a prom-
inently dysregulated cytokine in SSc,21 significantly decreased 
after treatment in 20 individuals with SSc undergoing HSCT in 
the multicentre European ASTIS study.33 Paralleling the tran-
script-level findings, these results confirm significant changes in 
the serum protein signatures of SSc after HSCT.

Our comprehensive, multilevel SNF confirmed the partici-
pants after HSCT show substantial molecular changes and do 
not cluster with baseline SSc samples at 26-month visit while the 
majority of post CYC samples have a similar molecular profile 
like baseline SSc. Although the molecular profile of post-trans-
plant samples lack the disease specific signature, they also do 
not cluster with unaffected controls. Moreover, our modular 
analysis (online supplementary table 6) indicates that HSCT 
treatment in SSc leads to a new immune status that is marked 
by lack of disease-specific signatures and an activation of adap-
tive immune modules (T-cell, B-cell and plasma cell modules). 
It is likely that this transcript pattern is due to the high number 
of naïve T-cells and B-cells after immunoreconstitution. This 
notion is supported by the previous studies indicating that HSCT 
results in an active thymogenesis and increased production of 
naïve T-cells and restoration of immune repertoire after immune 
recovery approximately 2 years after transplant, resembling the 
activity level seen in young children.12 34 In a recent study, HSCT 
also led to a correction of dysfunctional B-cell homoeostasis in 
SSc by increasing naïve B-cells and decreasing memory, as well as 
CD27-/IgD double-negative B-cells.35

The normalising effect of HSCT on the SSc molecular signatures 
26 months after transplant supports the notion that this treatment 
modality can ‘correct’ the autoreactive immune response. In a 
previous study of 10 HSCT recipients with SSc, T-cell diversity 
increased in almost all participants compared with baseline at long-
term follow-up.13 Moreover, HSCT restored the low natural T-reg 
(CD4 +CD25highFOXP3+) percentage counts in SSc to the levels 
detected in healthy donors 24 months after the transplant.36

The present study has several strengths. The study was conducted 
in a randomised study with a well-characterised population, where 
the molecular profile of a randomised control arm, treated with 
immunosuppressive therapy, was also examined, enabling iden-
tification of HSCT-specific treatment effects. Moreover, multi-
level molecular data from concurrently obtained biospecimens 
were available, enabling the comprehensive SNF analysis. Lastly, 
age and gender-matched 1:1 unaffected controls were examined, 
which abrogate the objection that the observed differences are due 
to confounding effect of these demographic factors.

The present study has also some limitations. While gene 
expression studies with whole blood samples have the advantage 
of being less prone to handling artefacts due to transport, ex vivo 
handling, cell separation or storage,37 38 they provide a global 
view that is a function of differential cell counts and transcrip-
tional activity of each cell type. Future gene expression studies 
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in purified immune cell types of interest can provide additional 
insights in immunological changes ensuing from HSCT. More-
over, the longitudinal molecular profile could be examined 
only in those participants with an available biospecimen at the 
follow-up, it remains possible that some of our results are influ-
enced by non-random missing data such as death.

In summary, individuals with SSc have a prominent IFN, 
neutrophil, and inverse Cytotoxic/NK cell transcript signa-
tures. While HSCT treatment significantly corrects these tran-
script signatures, immunosuppression with CYC does not have 
similar effect. Similar trajectories were observed in serum 
protein composite scores. Lastly, changes in the transcript signa-
tures correlated with improvement in the lung volumes and 
skin fibrosis. Cumulatively, these findings support the notion 
that HSCT can lead to a new immune status marked by lack of 
disease-specific molecular signatures.
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Key messages

What is already known about this subject?
 ► Systemic sclerosis-associated interstitial lung 
disease (SSc-ILD) is a devastating complication 
of SSc, with high morbidity and mortality, and 
limited effective treatments.

 ► In SSc-ILD, myofibroblasts are the key fibrotic 
effector cell due to their excessive extracellular 
matrix production and acquired contractile 
phenotype.

What does this study add?
 ► For the first time, we identify previously 
unrecognised fibroblast heterogeneity in 
SSc-ILD and healthy human lung and the 
transcriptome-phenotype of these and other 
mesenchymal cell populations.

How might this impact on clinical practice or 
future developments?

 ► These results provide new insights into the 
transcriptome of pathogenic myofibroblasts, 
supporting the future development of new 
targeted therapies directed at these key cells.

ABSTRACT
Objectives Myofibroblasts are key effector cells in the 
extracellular matrix remodelling of systemic sclerosis-
associated interstitial lung disease (ssc-ilD); however, 
the diversity of fibroblast populations present in the 
healthy and ssc-ilD lung is unknown and has prevented 
the specific study of the myofibroblast transcriptome. 
We sought to identify and define the transcriptomes of 
myofibroblasts and other mesenchymal cell populations 
in human healthy and ssc-ilD lungs to understand how 
alterations in fibroblast phenotypes lead to ssc-ilD 
fibrosis.
Methods We performed droplet-based, single-cell 
rna-sequencing with integrated canonical correlation 
analysis of 13 explanted lung tissue specimens (56 196 
cells) from four healthy control and four patients with 
ssc-ilD, with findings confirmed by cellular indexing of 
transcriptomes and epitopes by sequencing in additional 
samples.
Results examination of gene expression in 
mesenchymal cells identified two major, sPinT2hi and 
MFaP5hi, and one minor, WiF1hi, fibroblast populations 
in the healthy control lung. combined analysis of 
control and ssc-ilD mesenchymal cells identified 
sPinT2hi, MFaP5hi, few WiF1hi fibroblasts and a new 
large myofibroblast population with evidence of actively 
proliferating myofibroblasts. We compared differential 
gene expression between all ssc-ilD and control 
mesenchymal cell populations, as well as among the 
fibroblast subpopulations, showing that myofibroblasts 
undergo the greatest phenotypic changes in ssc-ilD and 
strongly upregulate expression of collagens and other 
profibrotic genes.
Conclusions our results demonstrate previously 
unrecognised fibroblast heterogeneity in ssc-ilD and 
healthy lungs, and define multimodal transcriptome-
phenotypes associated with these populations. our 
data indicate that myofibroblast differentiation and 
proliferation are key pathological mechanisms driving 
fibrosis in ssc-ilD.

InTROduCTIOn
Systemic sclerosis (SSc) is an autoimmune disorder 
with diverse clinical manifestations, including 
fibrosis of the skin and visceral organs, as well as 
vasculopathy. With limited effective treatments 
available, SSc continues to result in substantial 
morbidity and mortality. Pulmonary complications, 
including interstitial lung disease (ILD) and pulmo-
nary arterial hypertension, remain the leading cause 

of disease-related mortality in SSc.1 While the 
current paradigm for disease pathogenesis suggests 
multiple processes, including activation of the innate 
and adaptive immune system, small vessel vascu-
lopathy, and aberrant transforming growth factor 
(TGF)-β signalling inducing fibroblast dysfunction, 
the precise pathophysiology remains uncertain.2–4

In fibrotic ILD, myofibroblasts play a pivotal role 
in aberrant extracellular matrix remodelling due to 
their dual features: having the collagen-synthesising 
capacity of fibroblasts and the contractile capacity 
of smooth muscle.5 With enhanced contractility, 
myofibroblasts also induce progressive tissue stiff-
ness, creating a perpetuating profibrotic stimulus.6 7 
Myofibroblasts are currently believed to derive from 
multiple sources, including resident mesenchymal 
progenitors, pericytes, bone marrow-derived fibro-
cytes, resident fibroblasts, and mesenchymal tran-
sition of endothelial cells and epithelial cells.8–14 
Studies evaluating the origin and behaviour of 
myofibroblasts have traditionally defined these cells 
as fibroblasts expressing ACTA2 (α-smooth muscle 
actin), lacking specificity as various other cell types 
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Table 1 Characteristics of patient samples: demographics, number of cells analysed after filtering in the scRNA-seq analysis, pathological review 
of adjacent tissue and clinical characteristics of the patient samples included

Sample Sex Age Tissue type
number of 
cells Pathology

mPAP (mm 
Hg)

PVR (Wood 
units) Immunosuppression

Control 1 Male 55 Control 3498 Mild increase in neutrophils with 
few mucus plugs

Control 2 Female 57 Control 4353 No abnormal tissue

Control 3 Male 18 Control 3354 Mild increase in muscularity of small 
airways

Control 4 Female 23 Control upper lobe 6167 No abnormal tissue

Control 5 Female 23 Control lower lobe 4396 No abnormal tissue

SSC 1 Female 67 SSc upper lobe 4382 UIP with minimal acute lung injury 24 3.3 Mycophenolate
Rituximab

SSC 2 Female 67 SSc lower lobe 4026 UIP with minimal acute lung injury 24 3.3 Mycophenolate
Rituximab

SSC 3 Male 43 SSc upper lobe 4075 UIP with minimal acute lung injury 36 2 Cyclophosphamide

SSC 4 Male 43 SSc lower lobe 3297 UIP with minimal acute lung injury 36 2 Cyclophosphamide

SSC 5 Male 53 SSc upper lobe 5297 NSIP with acute and organising 
lung injury

40 6.47 None

SSC 6 Male 53 SSc lower lobe 4962 UIP with prominent lymphoid 
aggregates

40 6.47 None

SSC 7 Male 64 SSc upper lobe 4385 UIP with prominent lymphoid 
aggregates

59 15 Mycophenolate
Prednisone

SSC 8 Male 64 SSc lower lobe 4004 UIP with prominent lymphoid 
aggregates

59 15 Mycophenolate
Prednisone

mPAP and PVR measurements are from the last right heart catheterisation preceding lung transplantation. Immunosuppression listed includes the medications received in the 90 
days preceding lung transplantation.
mPAP, mean pulmonary artery pressure; NSIP, non-specific interstitial pneumonia; PVR, pulmonary vascular resistance; SSC, systemic sclerosis; SSc, systemic sclerosis; UIP, usual 
interstitial pneumonia; scRNA-seq, single-cell RNA-sequencing.

including pericytes, smooth muscle cells and myoepithelial cells 
also express it.

To better examine changes occurring in the lungs of patients 
with SSc-ILD, we used droplet-based, single-cell RNA-se-
quencing (scRNA-seq) and cellular indexing of transcriptomes 
and epitopes by sequencing (CITE-seq),15 a method for simul-
taneously measuring cell surface proteins and messenger RNA 
(mRNA) transcripts at the single-cell level, for multimodal 
analysis of lung tissues from patients with SSc-ILD and healthy 
controls. We identified all the major cell populations in healthy 
and SSc-ILD lungs, including myofibroblasts and multiple previ-
ously unrecognised fibroblast subpopulations, confirmed with 
epitope expression by CITE-seq, allowing for detailed anal-
ysis of the transcriptome-phenotype of each unique fibroblast 
population.

MeTHOdS
scRNA-seq library preparation was performed using the 10X 
Genomics Chromium System per the manufacturer’s protocol. 
Libraries were sequenced using an Illumina NextSeq 500 
through the University of Pittsburgh Genomics Core Sequencing 
Facility. Data analysis was performed with the R package Seurat 
V.2.3.4 and R V.3.5.16 17 To minimise batch effects in combining 
multiple samples for integrated analysis, an individual object was 
created for each sample, then aligned for canonical correlation 
analysis using Seurat’s RunMultiCCA function.18 Differential 
gene expression analysis for SSc-ILD versus control cells for each 
cluster was performed using the Wilcoxon rank-sum and model-
based analysis of single-cell transcriptomics (MAST) statis-
tical tests.19 A Bonferroni correction was made to correct for 
multiple comparisons of Wilcoxon p values. Changes in mean 
proportion of cells that comprised each cell type were compared 
using a non-parametric Kruskal-Wallis test with Dunn’s multiple 

comparison test for the overall cell types and a Mann-Whitney 
test for the fibroblast subpopulations. P values less than 0.05 
were considered to be statistically significant. Patients and the 
public were not involved in the design of this study.

Other comprehensive experimental methods and specific 
materials are detailed in online supplementary file 1.

ReSulTS
Study population
We analysed 13 lung tissue specimens by scRNA-seq from 
explanted tissues obtained from four patients with SSc-ILD at 
the time of lung transplant and four healthy controls (organ 
donors with lungs unable to be transplanted). Separate upper 
and lower lobe samples were included for each patient with 
SSc-ILD (8 SSc-ILD samples) and from one control, with only 
one sample available for all other controls (5 control samples). 
Explanted tissue from two additional SSc-ILD samples and 
one additional healthy control was used for confirmation of 
scRNA-seq findings at the transcriptome and epitope level. We 
reviewed the pathology of adjacent lung tissue and clinical infor-
mation for all samples (table 1, online supplementary figure 1). 
Seven of the SSc-ILD samples showed usual interstitial pneu-
monia (UIP) on histology, with varied amounts of lymphoid 
aggregates, increased chronic inflammation and myointimal 
thickening of the pulmonary arteries. One upper lobe SSc-ILD 
sample showed non-specific interstitial pneumonia (NSIP) with 
acute lung injury. While NSIP is the most common histopatho-
logical pattern of ILD occurring in SSc overall,20 the predomi-
nance of UIP within these samples may reflect the end-stage lung 
disease seen more commonly in patients requiring transplant, 
and is consistent with a prior microarray study of SSc-ILD which 
observed UIP in all explant samples.21
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Figure 1 Single-cell RNA-sequencing analysis of five human healthy control and eight SSc-ILD lung tissue samples. (A) Visualisation of clustering 
by t-SNE plot of all 13 combined healthy control and SSc-ILD samples, identified by cell type. (B) Reclustering of the original clusters (clusters 5, 6 
and 10 in figure 1A) containing multiple bronchial and alveolar epithelial cell types demonstrating separation into individual epithelial cell types. 
(C) t-SNE plot of cells coloured according to disease status; all clusters contained cells from both SSC and control samples. (D) Heat map of scaled 
gene expression data for the top 5 differentially expressed genes identifying each cluster, with selected genes listed. (E) t-SNE plot of cells coloured 
according to sample of origin, demonstrating all clusters contain cells from all samples. SSc-ILD, systemic sclerosis-associated interstitial lung disease; 
SSC, systemic sclerosis; t-SNE, t-distributed stochastic neighbour embedding.

Analysis of SSc-Ild and control transcriptomes reveals 
multiple cell populations
In total, 56 196 cells were analysed, with 21 768 cells from 
healthy controls and 34 428 cells from patients with SSc-ILD. 
Clusters were labelled by cell type using expression of previ-
ously described markers (figure 1, online supplementary figure 
2). Macrophages and monocytes were identified in seven sepa-
rate clusters, which divided into three primary subgroups: the 
first expressing SPP1, CCL2 and MERTK (SPP1hi), the second 
expressing FABP4, INHBA and SERPING1 (FABP4hi), and the 
third a population of monocytes expressing FCN1, IL1B and 
IL1R2 (FCN1hi) (online supplementary figure 3A). Prolifer-
ating cells from multiple cell types, predicted to be in the G2/S 
phase by cell phase analysis, clustered separately by their unique 
high expression of genes associated with active cell prolifera-
tion (online supplementary figure 3B, 4A, 4C). Proliferating 
macrophages of the FABP4hi phenotype were the predominant 
proliferating cell population; however, a higher proportion of 
proliferating SPP1hi macrophages appeared in SSc-ILD samples 
compared with healthy controls (online supplementary figure 
3C). Cluster 13, containing control and SSc-ILD macrophages 

and lymphocytes with low gene expression, likely represented 
damaged and dying cells.

Changes in cell populations present
Analysing the proportion of total cells present in each popu-
lation by sample and disease status revealed several significant 
changes between normal lungs and SSc-ILD (figure 2). The 
populations of smooth muscle cells and pericytes increased 
significantly in SSc-ILD upper lobes compared with healthy 
control lungs (p=0.0209), with endothelial cells also showing a 
trend towards increased numbers in SSc-ILD lungs. Total macro-
phages and monocytes fell from 60.84% of cells in controls 
to 53.33% of cells in upper lobe SSc and 49.09% of cells in 
lower lobe SSc. Proliferating macrophages increased from only 
1.06% of cells in controls to 1.73% in SSc-ILD upper lobes and 
2.95% in SSc-ILD lower lobes (p=0.0111). The proportion of 
natural killer cells decreased significantly from 7.34% of cells in 
controls to 3.80% in SSc-ILD upper lobes and 1.34% in SSc-ILD 
lower lobes (p=0.0125). No consistent changes were seen in the 
proportion of fibroblasts, alveolar type 1 or alveolar type 2 cells, 
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Figure 2 Mean percentage of total cells that comprised each cell type, comparing control, upper lobe SSc-ILD and lower lobe SSc-ILD samples. Bars 
indicate the mean percentage of total cells, with error bars indicating SEM. *=P value <0.05. SSc-ILD, systemic sclerosis-associated interstitial lung 
disease.

while ciliated, club and basal cells all trended towards increased 
numbers in a graded fashion, that is, more cells in SSc-ILD upper 
lobes than controls, and more cells in SSc-ILD lower lobes than 
SSc-ILD upper lobes, likely reflecting the mucociliary and basal 
epithelial cells lining honeycomb cysts.22 23

Smooth muscle cells and pericytes
Fibroblasts, smooth muscle cells and pericytes, as well as fibro-
blasts from the proliferating cell cluster (online supplemen-
tary figure 4), were combined and reclustered to allow clearer 
identification of these and any rare mesenchymal cell subpop-
ulations (figure 3, online supplementary figure 5). Fibroblasts 
composed four clusters, as marked robustly by the expression 
of LUM, PDGFRA and FBLN1, with fibroblast subpopulations 
as detailed below. Smooth muscle cells highly expressed ACTA2, 
DES, MYH11 and PLN (figure 3E, online supplementary figure 
5). Differential gene expression between SSc-ILD and control 
lungs was analysed for all mesenchymal populations (online 
supplementary file 2).

  A distinct pericyte population, markedly expanded in SSc-ILD 
(p=0.0295), was identified by its expression of the known 
markers RGS5, PDGFRB, MCAM, CSPG4 (NG2) and NES 
(figure 3E, online supplementary figures 5, 6).24 25 Although 
none of these markers were exclusive to pericytes, this cluster 
was the only population expressing all of these genes. The 
identified pericyte population showed enhanced expression of 

FAM162B, CHN1, IGFBP2 and HIGD1B compared with other 
mesenchymal cells, with FAM162B the most specific identifier 
of this population. Pericytes did not separate into the previously 
described subclassification of type 1 (NES−/CSPG4+) and type 
2 (NES+/CSPG4+).26 27

Fibroblast subpopulations in controls
To guide our understanding of fibroblast heterogeneity in the 
combined analysis of control and SSc-ILD lungs, we separately 
analysed only the fibroblasts from healthy control lungs. Two 
major and one minor subpopulations of fibroblasts emerged, 
with all groups containing cells from each control sample 
(figure 3F-H). The first major population was defined by expres-
sion of SPINT2, CD14, LMCD1, FGFR4 and FIGF (SPINT2hi 
fibroblasts). A second major population was defined by expres-
sion of MFAP5, CD34, THY1, SLPI and PLA2G2A (MFAP5hi 
fibroblasts). A distinct minor population was distinguished by 
expression of WIF1 and ITGA10 (WIF1hi fibroblasts).

Fibroblast subpopulations in SSc-Ild
Examining fibroblast populations in the combined analysis of 
control and SSc-ILD mesenchymal cells, we again identified 
distinct populations of SPINT2hi and MFAP5hi fibroblasts, 
with each containing both control and SSc-ILD fibroblasts. An 
additional large population of fibroblasts, containing primarily 
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Figure 3 Single-cell RNA-sequencing analysis of human healthy control and SSc-ILD mesenchymal cell populations. (A) t-SNE plot of combined 
fibroblast, smooth muscle/pericyte and proliferating fibroblast cells as identified by cell type and fibroblast subpopulations. (B) Volcano plot of 
differentially expressed genes (log2-fold change >0.5, adjusted p value <0.05) from the comparison of all SSC fibroblasts with all control fibroblasts. 
Results showed that 461 genes were upregulated and 115 genes were downregulated by greater than twofold. (C) Gene expression of CD34, 
demonstrating high CD34 expression in MFAP5 fibroblasts, and THY1, demonstrating high THY1 expression in myofibroblasts, MFAP5hi fibroblasts and 
pericytes. (D) Mean proportion of total fibroblasts that each fibroblast subpopulation comprises in SSc-ILD and control lungs, calculated by individual 
sample. (E) Expression of selected collagen and cell type specific genes by mesenchymal population. Dot size corresponds to the percentage of cells in 
a cluster expressing the gene, and dot colour corresponds to the average expression level for the gene in the cluster. (F) t-SNE plot of healthy control 
fibroblasts only. (G) Violin plots of gene expression of SPINT2, MFAP5 and WIF1 by control fibroblast cluster. (H) Gene expression plots demonstrating 
high expression of SPINT2 and CD14 in SPINT2hi fibroblasts, MFAP5 and CD34 in MFAP5hi fibroblasts, and WIF1 and ITGA10 in WIF1hi fibroblasts. Dot 
colour corresponds to the level of gene expression in each cell. *=P value<0.05. SSc-ILD, systemic sclerosis-associated interstitial lung disease; SSC, 
systemic sclerosis; t-SNE, t-distributed stochastic neighbour embedding.

SSc-ILD cells, expressed the highest level of ACTA2 (3.04-fold 
increase compared with other fibroblast populations), consis-
tent with this population representing the contractile myofi-
broblasts. This population did not express the smooth muscle 
specific markers MYH11 and DES, and had the highest expres-
sion of several collagen genes among the mesenchymal cells 
(figure 3E). The myofibroblasts exhibited high expression 
of THY1 and low expression of CD34. A group of prolifer-
ating myofibroblasts clustered separately based on coexpres-
sion of cell proliferation genes and myofibroblast genes. The 
total myofibroblasts increased from 10.66% of fibroblasts in 
controls to 62.75% of fibroblasts in SSc-ILD (figure 3D). This 
may overestimate the proportion of control myofibroblasts, 
however, as the WIF1hi population was counted within this 
group, and no myofibroblast population was identified when 
analysing the control fibroblasts alone. The minor WIF1hi popu-
lation consisted almost entirely of healthy control fibroblasts. 

Intersample variability in the presence of and marker gene 
expression for each fibroblast population is detailed in online 
supplementary figures 6 and 7.

We identified the presence of the myofibroblasts, SPINT2hi 
fibroblasts and MFAP5hi fibroblasts by their transcriptome signa-
ture and CITE-seq, as well as in separate SSc-ILD and healthy 
control samples using the surface markers CD34 and CD90 
(THY1) (figure 4A,C-D). Although increased CD34 mRNA 
distinguished MFAP5hi fibroblasts, this difference was reduced 
on examining surface protein expression (figure 4C-D). Thus, 
neither of these proteins distinguished the myofibroblast popu-
lation well. To confirm the population putatively identified 
as myofibroblasts, we stained SSc-ILD and control lungs for 
α-smooth muscle actin and collagen triple helix repeat containing 
1 (CTHRC1), a gene we found highly and selectively upregulated 
in the myofibroblasts (figure 4B).
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Figure 4 CITE-seq of four additional SSc-ILD (SSC 9–12) and one additional healthy control lung (control 6) and immunofluorescence staining 
of SSc-ILD and control lung. (A) t-SNE plot of combined fibroblast, smooth muscle and pericyte cells, identified by subpopulation/cluster. (B) Serial 
sections of control and SSc-ILD lung with immunofluorescence with DAPI nuclear staining and trichrome staining. SMA and CTHRC1 coexpress 
in areas of disorganised myofibroblasts, with SMA+/CTHRC1− cells staining smooth muscle. Trichrome staining demonstrates excessive collagen 
deposition (blue) in SSc-ILD lungs. (C) Violin plots of gene expression of CD34 and THY1 and protein expression of CD34 (labelled as CD34-CITE) and 
CD90/THY1 (labelled as THY1-CITE) as detected by oligonucleotide-labelled antibodies. (D) Gene and protein expression of CD34 and THY1 (CD90). 
Dot colour corresponds to the level of gene expression in each cell. CITE-seq, cellular indexing of transcriptomes and epitopes by sequencing; CTHRC1, 
collagen triple helix repeat containing 1; DAPI, 4’,6-diamidino-2-phenylindole; SMA, α-smooth muscle actin; SSc-ILD, systemic sclerosis-associated 
interstitial lung disease; SSC, systemic slcerosis; t-SNE, t-distributed stochastic neighbour embedding.

differential gene expression in SSc-Ild is driven by 
myofibroblasts
Comparing differential gene expression of all fibroblasts from 
SSc-ILD with the controls, POSTN, CORIN, KIF26B, FNDC1, 
SEZ6L2 and LAMP5 were the top upregulated genes (figure 3B). 
Many of the non-collagen upregulated genes were discretely 
present in the SSc-ILD myofibroblasts, including POSTN, 
KIAA1324L, COMP, TDO2, ADAM12, MXRA5, ALDH1A3 and 
LRRC17, supporting the hypothesis that myofibroblasts undergo 
the greatest phenotypic changes in SSc-ILD.

differential expression of myofibroblasts
To evaluate the synthetic properties and functions of the three 
major fibroblast populations, differentially expressed genes 
(adjusted p<0.05, absolute log2-fold change >0.5) distin-
guishing each cluster from the other two were identified and 
evaluated for enriched gene ontology biological processes (online 
supplementary file 3). In myofibroblasts, 237 genes were upregu-
lated by greater than twofold, including COL10A1 (22.93-fold), 

DPEP1 (13.61-fold), TSPAN2 (6.45-fold), POSTN (6.39-fold) 
and CTHRC1 (5.18-fold) (figure 5A,D). Fifteen collagen genes, 
numerous other genes essential to collagen synthesis, multiple 
metalloendopeptidases and the post-translational modification 
inducing E3 ubiquitin ligase FBXO32 were among the upregu-
lated genes. Enriched processes for the upregulated genes reflect 
the increased collagen and extracellular matrix synthesis by 
the myofibroblasts (figure 5G). Enriched processes among the 
downregulated genes reflect reduced response to normal regu-
latory processes, including decreased regulation of cell prolifer-
ation and cell death, consistent with the pathological expansion 
of this subgroup in SSc-ILD.

differential expression of SPInT2hi fibroblasts
Within the SPINT2hi fibroblasts, GRIA1 (13.74-fold), KANK3 
(8.44-fold), FIGF (7.13-fold), SPINT2 (6.16-fold), FGFR4 
(5.27-fold) and TCF21 (2.97-fold) were among the 98 genes 
with greater than twofold increased expression (figure 5B,E). 
While this subgroup exhibited substantially less expression of 
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Figure 5 Differential gene expression comparing each major fibroblast cluster (myofibroblast, SPINT2hi fibroblast, MFAP5hi fibroblast) with the 
other two. (A–C) Volcano plots include all differentially expressed genes with absolute value log2-fold change >0.5, and are coloured by adjusted p 
value <0.05 or not. (D–F) Violin plots demonstrate gene expression of selected distinguishing genes for each fibroblast subpopulation. (G–I) Enriched 
GO biological processes for the differentially expressed upregulated and downregulated genes for each comparison of one major fibroblast cluster 
with the other two. Functional enrichment analysis was performed using DAVID with all differentially expressed genes with adjusted p value <0.05 
and absolute value log2-fold change >0.5 included. A, D and G display the results of myofibroblast to SPINT2hi fibroblast and MFAP5hi fibroblast 
comparison. B, E and H display the results of SPINT2hi fibroblast to myofibroblast and MFAP5hi fibroblast comparison. C, F and I display the results 
of MFAP5hi fibroblast to myofibroblast and SPINT2hi fibroblast comparison. BMP, Bone Morphogenetic Protein; DAVID, Database for Annotation, 
Visualization, and Integrated Discovery; GO, gene ontology.

the abundant collagen genes COL12A1, COL1A1 and COL1A2, 
other collagens including COL13A1 (2.63-fold) and COL6A6 
(1.60-fold) showed increased expression within this subgroup.

differential expression of MFAP5hi fibroblasts
In the MFAP5hi fibroblasts, TNNT3 (39.89-fold), MFAP5 
(26.34-fold), PI16 (18.87-fold), IGF2 (18.49-fold) and ACKR3 
(16.16-fold) were among the 114 genes with greater than 
twofold increased expression (figure 5C,F). Three members of 
the Wnt-related secreted frizzled-related protein (SFRP) fami-
ly—SFRP1 (13.45-fold), SFRP4 (3.34-fold) and SFRP2 (2.52-
fold)—were upregulated, although none were exclusive to this 
fibroblast subset.

dISCuSSIOn
There is presently a gap in knowledge regarding the hetero-
geneity of fibroblast populations in the human lung and their 
detailed phenotypic changes in SSc-ILD. In this study we provide 
a comprehensive view of fibroblasts and other mesenchymal cell 
populations present in both SSc-ILD and healthy control lungs, 

and identify new markers of myofibroblasts and other lung 
fibroblast populations. While fibroblasts with high expression 
of ACTA2 formed a distinct subtype, other fibroblast subgroups 
expressed low-level ACTA2 in both normal and diseased tissues, 
precluding its use as a unique marker of myofibroblasts. Given 
the high synthetic capacity of the myofibroblasts, excessive 
levels of type I collagen transcription, dramatic expansion and 
evidence of active proliferation in SSc-ILD, our results support 
the current disease paradigm that myofibroblasts are the key 
profibrotic effector cell.

Although transcriptome data alone cannot conclusively iden-
tify myofibroblast origin, our data support the model that, in 
SSc-ILD, myofibroblasts first differentiate from other lung 
mesenchymal populations, then proliferate. Control lungs 
demonstrated a paucity of myofibroblasts when examined alone, 
with a striking expansion of myofibroblasts appearing in SSc-ILD 
samples, including a subpopulation of actively proliferating 
myofibroblasts. While myofibroblasts likely differentiate from 
multiple sources in disease, we hypothesise MFAP5hi fibroblasts 
may act as progenitors in SSc-ILD. The MFAP5hi fibroblasts 
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clustered geographically closest to the myofibroblasts, reflecting 
their more similar transcriptome, expressed greater collagen 
than the SPINT2hi fibroblasts and had elevated expression of 
multiple Wnt regulators, consistent with overexpression of SFRP 
genes previously reported in both idiopathic pulmonary fibrosis 
lungs and SSc skin.28–30

Pericytes are believed to contribute to fibrosis through their 
transformation into myofibroblasts, as well as their direct 
production of collagen.11 31 32 While the SSc-ILD myofibro-
blasts expressed significantly more collagen than the other 
mesenchymal cell populations (figure 3E), the SSc-ILD peri-
cytes expressed COL1A2 and COL3A1 at levels similar to the 
SPINT2hi and MFAP5hi fibroblasts, whereas healthy control 
pericytes expressed much less collagen. In vitro and murine 
studies have demonstrated TGF-β1 induces transformation of 
pericytes to myofibroblasts.13 33 Although our data provide no 
direct evidence of pericyte to myofibroblast transformation, the 
marked expansion of pericytes in SSc-ILD samples is consis-
tent with the possibility that pericytes play an important role 
in SSc-ILD. As all of the patients with SSc-ILD in our study also 
had WHO group 3 pulmonary hypertension due to chronic 
lung disease, the pericyte expansion may also play a role in this 
complication.

Comparing our scRNA-seq data with recently published anal-
yses of murine lung mesenchymal populations,34 35 increased 
expression of COL13A1 and TCF21 among the SPINT2hi 
fibroblasts was analogous to the description of a subgroup of 
COL13A1 matrix fibroblasts in mice.34 ITGA8, NPNT, LBH 
and MFAP4, among others, were also conserved across species 
between these groups of fibroblasts, although none were 
exclusive to the SPINT2hi group, and most were expressed to 
a lesser degree by the myofibroblasts as well. However, none 
of the fibroblast subpopulations we observed were consistent 
with previously described lipofibroblasts, characterised by the 
lipid-droplet trafficking protein perilipin 2 (also known as 
ADRP, or adipose differentiation-related protein), as this was 
similarly expressed in all human fibroblasts.8 36 Other proposed 
lipofibroblast markers including LIPA, LPL and FABP5 also did 
not differentiate any specific fibroblast population, suggesting 
the lipofibroblast designation is not as phenotypically relevant 
in human lung, or possibly that these cells were lost during 
scRNA-seq processing.37 38 Recent studies have reported varying 
results as to whether lipid-droplet-containing cells are present 
in the human lung.8 39 No analogous human population corre-
sponded to the murine COL14A1 matrix fibroblasts, and the 
newly proposed markers of murine myofibroblasts, such as 
Hhip, Mustn1 and Grem2, did not distinguish the human myofi-
broblast population. In comparison with the SFRP2/DPP4 fibro-
blasts recently identified in human skin,40 both the MFAP5hi lung 
fibroblasts and myofibroblasts expressed SFRP2 and DPP4, with 
the MFAP5hi fibroblasts expressing higher PCOLCE2 and CD55 
compared with the other fibroblasts. Unlike in the skin, WIF1hi 
lung fibroblasts did not express SFRP2 or NKD2, and other 
markers of dermal fibroblasts did not differentiate pulmonary 
fibroblast subpopulations.

Although all samples were from end-stage disease and predom-
inantly demonstrated UIP on histology, we examined both typi-
cally less advanced upper lobes and more fibrotic lower lobes in 
order to capture tissues reflective of a spectrum of the disease 
course. Case series identifying NSIP as the predominant histopa-
thology in SSc used surgical lung biopsies,20 and may only reflect 
the distribution of disease patterns in early disease, rather than 
at transplant or death. For example, a 2001 case series including 
pathology from autopsy and biopsy noted a UIP pattern in 44% 

of cases,41 and a past report of gene expression in SSc-ILD 
explants observed UIP in all samples.21 Studying explant tissue is 
valuable as these patients all progressed to end-stage disease, and 
thus there is the most critical need for improved understanding 
of their disease pathogenesis in order to develop new therapeutic 
options. Comparing our data with a previous microarray anal-
ysis of non-end-stage NSIP SSc-ILD tissue obtained by surgical 
lung biopsy, among the top 40 differentially expressed genes by 
microarray, COMP, POSTN, FKBP11, COL3A1, COL1A1 and 
TDO2 were all distinctly expressed by the SSc-ILD myofibro-
blasts in our scRNA-seq analysis, thus strongly supporting the 
generalisability of our findings to patients with NSIP and earlier 
disease.

Our study was limited by its relatively small cohort of patient 
and control samples. Because patients with SSc-ILD now 
rarely undergo surgical lung biopsy, explanted lungs are the 
only consistent source of tissue for new investigative analyses. 
As many transplant centres continue to avoid transplanting 
patients with SSc due to their coincident oesophageal disease, 
the availability of tissue is limited to select centres and precludes 
acquiring large numbers of samples. We were unable to perform 
age and sex matching due to reliance on explanted tissue, and 
thus the average age and sex of control (35.2 years, 40% male) 
and SSc-ILD lung subjects (56.75 years, 75% male) differed. The 
canonical correlation analysis methodology aligned cell types well 
despite such potential bias.18 Additionally, due to a difference in 
the reagent chemistry and digestion protocol used in processing 
these samples, we did not combine the two SSc-ILD and one 
control sample used for CITE-seq with the other 13 samples, 
and instead chose to use these samples as a validation cohort. 
Analytic methods for scRNA-seq data are rapidly advancing and 
may in the near future allow for improved normalisation and 
integrated analysis of multiple samples, despite interindividual 
variation and batch effects, in order to create larger combined 
data sets from multiple investigators. Our study was also limited 
by the inability to complete immunohistological verifications of 
all fibroblast subpopulations at this time, due to the absence of 
reliable antibodies for immunohistochemistry of the relevant 
markers.

In summary, our analysis harnesses the distinct capacity of 
scRNA-seq and CITE-seq to discern new fibroblast heteroge-
neity in human SSc-ILD and healthy control lungs, providing 
new insights into these pathogenic cells at an unprecedented 
multimodal level. The expression signature of mRNAs and select 
surfaces proteins (or transcriptome map) now available for the 
pathogenic myofibroblasts add considerably to our knowledge 
of this key effector cell in fibrotic lung diseases and provides new 
insights into their functional importance.
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Key messages

What is already known about this subject?
 ► Our previous work revealed a genetic 
association between Takayasu arteritis and 
a non-coding genetic variant in an enhancer 
region within IL6 (rs2069837 A/G).

 ► The Takayasu arteritis-associated allele in this 
variant has a protective effect against chronic 
viral infection and cancer.

What does this study add?
 ► This study characterised the functional 
consequences of this disease-associated risk 
locus.

 ► The Takayasu arteritis-associated variant in this 
locus represses the anti-inflammatory gene 
GPNMB, which is located about 520 kb away, 
through chromatin looping and recruitment of 
myocyte enhancer factor 2–histone deacetylase 
repressive complex.

 ► Our data highlight long-range chromatin 
interactions in functional genomic and 
epigenomic studies in autoimmunity.

How might this impact on clinical practice or 
future developments?

 ► GPNMB is a novel target molecule that might 
play a role in the pathogenesis of Takayasu 
arteritis and can be considered for therapeutic 
intervention.

AbsTrACT
Objective Previous work has revealed a genetic 
association between Takayasu arteritis and a non-
coding genetic variant in an enhancer region within IL6 
(rs2069837 a/G). The risk allele in this variant (allele a) 
has a protective effect against chronic viral infection and 
cancer. The goal of this study was to characterise the 
functional consequences of this disease-associated risk 
locus.
Methods a combination of experimental and 
bioinformatics tools were used to mechanistically 
understand the effects of the disease-associated genetic 
locus in IL6. These included electrophoretic mobility 
shift assay, Dna affinity precipitation assays followed 
by mass spectrometry and western blotting, luciferase 
reporter assays and chromosome conformation capture 
(3c) to identify chromatin looping in the IL6 locus. Both 
cell lines and peripheral blood primary monocyte-derived 
macrophages were used.
results We identified the monocyte/macrophage anti-
inflammatory gene GPNMB,~520 kb from IL6, as a target 
gene regulated by rs2069837. We revealed preferential 
recruitment of myocyte enhancer factor 2–histone 
deacetylase (MeF2–HDac) repressive complex to the 
Takayasu arteritis risk allele. Further, we demonstrated 
suppression of GPnMB expression in monocyte-derived 
macrophages from healthy individuals with aa compared 
with aG genotype, which was reversed by histone 
deacetylase inhibition. our data show that the risk 
allele in rs2069837 represses the expression of GPnMB 
by recruiting MeF2–HDac complex, enabled through 
a long-range intrachromatin looping. suppression of 
this anti-inflammatory gene might mediate increased 
susceptibility in Takayasu arteritis and enhance protective 
immune responses in chronic infection and cancer.
Conclusions Takayasu arteritis risk locus in IL6 might 
increase disease susceptibility by suppression of the anti-
inflammatory gene GPNMB through chromatin looping 
and recruitment of MeF2–HDac epigenetic repressive 
complex. our data highlight long-range chromatin 
interactions in functional genomic and epigenomic 
studies in autoimmunity.

InTrOduCTIOn
Takayasu arteritis is a granulomatous large vessel 
vasculitis, mainly affecting women of childbearing 
age.1 The disease primarily involves the aorta and 
its major branches, leading to thickening, stenosis 
and occlusion of involved vessels. Takayasu arte-
ritis is relatively more prevalent in Asia and North 
Africa compared with Europe and North America.2

Although Takayasu arteritis occurs worldwide, the 
aetiology of this disease remains elusive, in part due 
to its rarity and indolent course. It is suggested that 
both genetic and environmental factors contribute 
to the development of Takayasu arteritis.2 Several 
genetic susceptibility loci have been identified and 
confirmed in Takayasu arteritis; however, there 
is no convincing evidence regarding the specific 
environmental factors that could be involved. The 
genetic association between Takayasu arteritis and 
HLA-B*52 has been confirmed in multiple cohorts 
and ethnicities.3 In addition, non-HLA suscepti-
bility loci including FCGR2A/FCGR3A, IL12B, IL6, 
RPS9/LILRB3, PTK2B, LILRA3/LILRB2, DUSP22 
and KLHL33 have been reported with a genome-
wide level of significance.4–7

Similar to other autoimmune diseases, the 
majority of genetic susceptibility loci reported 
in Takayasu arteritis in genome-wide association 
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studies are in non-coding regions. In addition, causal genetic 
variants in these loci and the target genes affected are largely 
unknown. Given the complex and three-dimensional nature of 
the human genome, genetic susceptibility loci do not necessarily 
affect genes within which they are located or to which they are 
closest but instead can potentially affect other target genes at a 
distance. Therefore, identifying causal variants and uncovering 
the potential regulatory effects within these genetic susceptibility 
loci and affected cell types are critical to revealing target genes 
and elucidating the mechanisms of disease susceptibility.

We have previously identified a genetic association between 
IL6 and Takayasu arteritis.4 Specifically, we reported a genetic 
association between a locus tagged by rs2069837(A/G) located 
within the second intron of the IL6 gene, with allele A being the 
disease risk allele in Takayasu arteritis. This same genetic variant 
has been reported to be associated with multiple other diseases 
and conditions. The Takayasu arteritis-associated risk allele in 
this variant is associated with longevity, spastic tetraplegia, cere-
bral palsy and antipsychotic-induced weight gain.8–11 In contrast, 
the Takayasu arteritis risk allele in rs2069837 was shown to be 
protective against late-onset Alzheimer's disease, cervical cancer, 
chronic hepatitis B virus infection, colorectal cancer and hepato-
cellular carcinoma.12–16

In the present study, we characterise the regulatory func-
tion of rs2069837 and reveal a distant target gene affected by 
this genetic polymorphism. The findings of this study mecha-
nistically elucidate the genetic effect of this variant relevant to 
multiple disorders.

MATerIAls And MeTHOds
Cell culture
HEK293 cell line (American Type Culture Collection (ATCC)) 
was cultured using Dulbecco's Modified Eagle's Mediumdium 
(DMEM, high glucose 4.5 g/L, Hyclone) supplemented with 10% 
fetal bovine serum (FBS) and penicillin–streptomycin (100 U/
mL). Cells were passaged at 80%–90% confluence. THP-1 cell 
line (ATCC) was cultured in Roswell Park Memorial Institute 
(RPMI)-1640 medium supplemented with 2 mM L-glutamine, 
4.5 g/L glucose, 10% FBS (not heat inactivated) at a density 
between 0.5×106 and 1.0×106 cells/mL. For peripheral blood 
mononuclear cells or monocyte-derived macrophages, RPMI-
1640 supplemented with 10% FBS was used.

extraction and concentration detection of nuclear proteins
NE-PER nuclear and cytoplasmic extraction reagents (Thermo 
Fisher Scientific) were applied to extract nuclear protein 
according to the manufacturer’s manual. Next, Pierce BCA 
protein assay kit (Thermo Fisher Scientific) was used to measure 
the concentration of nuclear protein.

electrophoretic mobility shift assay
Nuclear protein was extracted from HEK293 and THP-1 cell 
lines in different experiments. Thirty mer oligonucleotides 
flanking rs2069837 with A/G allele (5′-TGCCAGGCACTTTAA/
GATAAATATTGTGTCT-3′) and their complementary oligo-
nucleotides (5′-AGACACAATATTTATT/CTAAAGTGCCT-
GGCA-3′) were synthesised with or without 5′ end biotin label 
(Integrated DNA Technologies). The complementary oligomers 
were annealed into corresponding double-stranded DNA on 
Bio-Rad T100 Thermal Cycler (95°C for 5 min; step cooling 
(95°C (−1°C /cycle), 70 cycles; holding at 4°C). The biotin-la-
belled probes with A or G were incubated with nuclear extract 
in a binding buffer (50 ng/μl Poly (dI•dC), 2.5% glycerol, 0.05% 

nonidet P-40, 5 mM MgCl2, 10 mM EDTA, 20 μL system) 
using LightShift Chemiluminescent electrophoretic mobility 
shift assay (EMSA) Kit (Thermo Fisher Scientific) for 20 min at 
room temperature before separating on a 6% retardation gel 
(Thermo Fisher Scientific). For competitive EMSA, different 
fold excess (1-400×) of unlabeled DNA were added. After elec-
trophoresis, the protein and DNA complexes were transferred 
to biodyne B nylon membrane (Thermo Fisher Scientific) and 
observed by chemiluminescent detection methods postultravi-
olet cross-linking.

Prediction of transcription factor binding
Different platforms were applied to analyse potential binding 
proteins to the IL6 locus, including HaploReg and Catalog of 
Inferred Sequence Binding Preferences (CIS-BP) database.17 18 
HaploReg reports transcription factor binding experiments data 
from Encyclopedia of DNA Elements.17 CIS-BP database collects 
data from >25 sources, including other databases such as 
TRANSFAC, JASPAR, Homo sapiens Comprehensive Model 
Collection (HOCOMOCO) and FactorBook, and predicts 
binding proteins based on previous experiments or motif simi-
larity across species. When 30 mer oligonucleotides used in 
EMSA were analysed, several proteins were predicted to bind 
to the flanking regions and were not related to the single-nucle-
otide polymorphism (SNP) of interest. Therefore, we narrowed 
down the input sequence to 16 oligonucleotides centering on 
rs2069837 with A or G (CACTTTAA/GATAAATAT) to focus on 
the proteins most likely affected by this SNP.

dnA affinity precipitation assay
Transcription factor purification was done using μMACS 
FactorFinder kit (Miltenyi Biotech, Germany). Protein–DNA 
binding reaction system was based on EMSA conditions and 
scaled up to purify enough proteins for further analysis. Specifi-
cally, 2–2.5 mg nuclear protein was incubated with 1 µg labelled 
probe with either A, G, mutated probe (5′- TGCCAGGCACTTT 
GTGC AAATATTGT GTC T-3′) or non-biotinylated oligos with 
A allele for 20 min at room temperature. Next, 100 µL μMACS 
streptavidin microbeads were added to the binding reactions 
and incubated for 15 min at room temperature. Protein–DNA–
μMACS beads complexes were then loaded onto a column in 
a strong magnet separator. Washing and elution processes were 
done following the manufacturer’s instructions. The purified 
proteins were identified by mass spectrometry or validated by 
Western blotting. In addition, about 1.5% of the input nuclear 
extract in this experiment was stored and later used as loading 
control in Western blotting.

Identification of differential transcription factor binding by 
mass spectrometry
For the purified protein complex, complete reduction, alkyla-
tion and digestion were performed by dithiothreitol (10 mM, 
30 min at room temperature), iodoacetamide (10 mM, dark for 
30 min at 37°C) and trypsin (MS Grade, Promega, 12.5 ng/μl, 
37°C overnight) sequentially before analysing by Thermo Scien-
tific Orbitrap Fusion Tribrid Mass Spectrometer. The proteomics 
data were analysed by Proteome Discoverer software (Thermo 
Scientific). The number of peptide spectrum matches was used 
to compare the protein amount preliminarily. Proteins that 
were predicted to bind to the motif around rs2069837 and had 
twofold differences between A and G alleles were further vali-
dated by Western blotting.

http://ard.bmj.com/
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Western blotting
Proteins purified from DNA affinity precipitation assay and 
the corresponding 1.5% input protein (loading control) as 
mentioned above were added to 4X Laemmli sample buffer and 
denatured by boiling for 10 min at 100°C on a heat block. Next, 
protein samples were resolved on a 4%–20% gradient sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) 
and electroblotted onto nitrocellulose membranes. Various 
selected proteins were detected using mouse anti-GATA1, 
GATA2, myocyte enhancer factor 2A (MEF2A), MEF2C, CTCF, 
AT-rich interaction domain 3A (ARID3A), histone deacetylase 
(HDAC) 2, HDAC4, HDAC5, HDAC7 and TAFII (all purchased 
from Santa Cruz Biotechnology) and visualised using Super 
Signal West Dura substrate (Thermo Fisher Scientific) on the 
Omega Lum C imaging system (Gel Company).

luciferase reporter assays
Luciferase reporter vectors were constructed using a promoter-
less pRMT-Luc vector (PR100001, Origene). A 315-nucleotide 
fragment of the human IL6 promoter (nucleotides –303 to +12, 
Ensembl ENSG00000136244)19 was inserted upstream of the 
luciferase gene with the restriction enzyme SpeI and MluI to 
construct an IL6 promoter-driven pRMT-Luc vector. In addi-
tion, a 251-nucleotide fragment flanking rs2069837 with A or 
G allele (hg19 chr7:22767927–22768177) was then inserted 
upstream of the IL6 promoter sequence using XbaI and EcoRI 
restriction sites.

For transfection, 3×104 HEK293 cells/well were seeded in 
a 96-well plate. Sixteen to twenty hours later, the cells were 
transfected with different luciferase vectors (100 ng) along with 
0.5 ng renilla vector (pGL4.74, (hRluc/TK), Promega) using 
Lipofectamine 3000 reagent (Invitrogen). When THP-1 cells 
were transfected, SG Cell Line 4D- Nucleofector X Kit and 
Lonza Amaxa Nucleofection system were used (Program FF100) 
according to the manufacturer’s protocols. After 48 hours, the 
luminescence of firefly luciferase and renilla luciferase were 
detected by Synergy H1 multimode microplate reader (BioTek) 
using Dual-Glo luciferase reporter assay reagents (Promega). The 
activity of firefly luciferase was normalised by renilla luciferase. 
Each condition had six replicated wells, and the experiment was 
repeated three times. In the experiment using HDAC pan-in-
hibitor, Trichostatin A (TSA, 400 nM) or dimethyl sulfoxide 
(DMSO) was added 2 hours prior to transfection and throughout 
the cell culture until luminescence was assessed.

real time PCr-based snP genotyping
TaqMan SNP Genotyping Assay for rs2069837 and TaqMan 
genotyping master mix (Thermo Fisher Scientific) were used to 
detect rs2069837 genotype of 48 healthy subjects from whom 
peripheral blood mononuclear cells (PBMC) were collected and 
stored. Genomic DNA of 10 ng was used for each sample, and 
same volume of DNase-free water was used as negative control.

Peripheral blood monocytes isolation and differentiation into 
macrophages
Seven pairs of PBMC samples from healthy subjects with AA 
or AG genotypes at rs2069837 were used. The age, sex and 
ethnicities were matched between these two groups of subjects. 
Frozen PBMC were thawed quickly in a 37°C water bath and 
suspended in prewarmed RPMI-1640 medium supplemented 
with 10% FBS and 25 U/mL benzonase. After washing twice, 
PBMC were counted and transferred to 12-well plates in 3×106 
cells/mL with RPMI-1640 supplemented with 10% FBS and 

20 ng/mL macrophage colony-stimulating factor (M-CSF). Two 
days later, the floating cells were removed, while adherent cells 
were washed twice and incubated with fresh medium supple-
mented with M-CSF for another 2 days. On the fourth day, 
fibroblast-like macrophages were obtained and media were 
changed again. RNA was extracted after another 24 hours. In 
the experiment with HDAC inhibition, the media were supple-
mented with DMSO or HDAC pan-inhibitor TSA (100 nM) for 
the final 24 hours.

extraction of messenger rnA and quantitative reverse 
transcription PCr
RNA was prepared using Direct-zol RNA MiniPrep kit (Zymo 
research) and converted to complementary DNA (cDNA) using 
Verso cDNA Synthesis kit (Thermo Fisher Scientific). Quantita-
tive PCR was performed with Power SYBR Green PCR Master 
Mix (Thermo Fisher Scientific) on a ViiA 7 real-time PCR 
system. The primers used in the present study are listed in online 
supplementary table 1. Gene expression data were normalised 
to beta-actin.

Chromosome conformation capture (3C)
THP-1-or primary monocytes-derived macrophages were used 
in this experiment. 1×107 THP-1 cells were seeded in a T75 
flask with RPMI-1640 medium supplemented with 10% FBS 
and treated with 120 ng/mL phorbol 12-myristate-13- acetate 
(PMA) for 24 hours. Next, RPMI-1640 without FBS and 
PMA was used to rest cells for 24 hours. For primary mono-
cytes, 1×108 PBMC from healthy donors were cultured for 
4 days with M-CSF (20 ng/mL) as mentioned above to obtain 
macrophages. For 3C experiments, we followed the protocol 
published by Hagège et alwith some modifications.20 Briefly, 
per 1×107 cells, 10 mL 2% formaldehyde was used to fix the 
cells, and glycine (final concentration 0.125M) was applied to 
quench the formaldehyde. Then the cells were lysed to obtain 
nuclei, which were digested using 100U BsrDI (NEB) at 65°C 
overnight. Ligase (NEB) of 2000U T4 was applied to ligate the 
chromatin fragments (4 hours at 16°C, followed with 0.5 hour at 
room temperature) after restriction enzyme inactivation (20 min 
at 80°C). Finally, 300 μg proteinase K was used to decross-link 
the chromatin (65°C, overnight), and the ligated fragments were 
purified by phenol-chloroform extraction. A control template 
from four bacterial artificial chromosome (BAC) clones (CH17-
8M1, CH17-33O24, CH17-211I22, CH17-41A22, BACPAC 
Resources Center) which together cover 520 kb sequence span-
ning from IL6 to GPNMB with minimally overlapping sequences 
were used. After culturing the clones overnight in 400 mL LB 
Broth (Lennox, Sigma), DNA from each clone was extracted 
using nucleoBond Xtra BAC kit (Macherey Nagel). Then equi-
molar amounts of DNA from those clones (total 10 μg) were 
digested using BsrDI and ligated by the T4 ligase following the 
conditions as mentioned above. During this process, digestion 
efficiency was detected by quantitaive PCR (qPCR) using chro-
matin before and after digestion with pairs of primers targeting 
each restrictions site, and only samples that had over 65% 
digestion efficiency were used. In 3C-qPCR, a constant primer 
was designed upstream of a BsrDI site (871 bp downstream of 
rs2069837). Paired primers for 3C detection were designed. The 
loading control was evaluated with serial dilutions of genomic 
DNA from THP-1 cells or primary monocytes-derived macro-
phages using primers targeting a DNA sequence devoid of BsrDI 
restriction sites in GAPDH. The sequence of all primers used in 
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this experiment are listed in online supplementary table 2. Rela-
tive cross-linking frequencies were normalised to both GAPDH 
loading control and BAC clones.

statistical analysis
Results were presented as the mean±SD. The differences of 
luciferase signals between constructs with A and G alleles, and 
gene expression in macrophages between samples with AA and 
AG genotypes were compared by Student's t-test. Paired t-test 
was used to compare AA or AG samples with or without TSA 
treatment. All the analyses were performed in GraphPad Prism 
V.7.03. P values less than 0.05 were considered significant.

resulTs
We have previously revealed a genetic association between 
Takayasu arteritis and rs2069837 (OR=2.07, p=6.70×10−9), 
which is located in the second intron of IL6 (hg19, chr7: 
22768026). No genetic variants in linkage disequilibrium with 
rs2069837 (r2≥0.6) were identified, suggesting that rs2069837 
is the likely causal variant in this locus.4 DNase hypersensitivity 
and acetylation of histone H3 on lysine 27 (H3K27ac) data in 
various immune cells suggest that this genetic variant is near an 
enhancer region (figure 1A). To identify regulatory proteins that 
bind rs2069837, we first performed an EMSA using DNA oligos 
with the Takayasu arteritis risk allele (allele A) and the protective 
allele (allele G) in rs2069837. Using nuclear proteins extracted 
from HEK293 or THP-1 cells, we show that more DNA protein 
complexes were formed in the presence of allele A than allele 
G (figure 1B, online supplementary figure 1A). Both complexes 
can be competed out by their respective unlabeled probes. In 
addition, unlabeled probe with A allele was able to compete for 
binding and eliminate the shifted band formed in the presence of 
probe with G allele in both cell lines (figure 1B, online supple-
mentary figure 1A). When we used different folds of unlabeled 
allele A probe to compete with labelled allele A probe, a 10-fold 
concentration (1.2 pmol) of unlabeled probe was sufficient to 
almost completely compete out the shifted band, suggesting that 
the binding affinity between the DNA sequence and nuclear 
proteins was high (figure 1C).

To investigate possible regulatory proteins that bind 
rs2069837, we first examined publicly available data using 
HaploReg and CIS-BP databases.17 18 Publicly available experi-
mental data indicate that rs2069837 can alter motifs of several 
important transcription regulators (see online supplementary 
table 3). The changes of log-odds scores between reference allele 
A and alternative allele G indicated alterations of binding affin-
ities for corresponding transcription regulators. These scores 
were higher for almost all the binding motifs in the presence of 
allele A compared with allele G, except TATA_known3, indi-
cating that the risk allele A potentially binds more proteins, 
consistent with our EMSA results. The binding affinities of 
MEF2 and FOXJ1 increased the most in the presence of allele 
A, followed by ARID3A, FOXA, FOXD3, FOXF1 and FOXI1. 
When we used CIS-BP database to predict potential binding 
proteins to the rs2069837 locus, we identified ARID3 proteins, 
Forkhead family proteins, MEF2 and GATA proteins. Among 
these, ARID3 and MEF2 proteins were shown only in the 
sequence with A allele, while GATA proteins were predicted to 
bind only the sequence with G allele (see online supplementary 
table 4).

Next, we used DNA affinity precipitation followed by mass 
spectrometry to confirm proteins that differentially bind to 
the motif around rs2069837 in the presence of A and G alleles 

(see online supplementary table 5). MEF2 proteins were only 
detected in proteins bound to DNA with A allele, while more 
GATA proteins appeared in complexes with G allele, which is 
consistent with bioinformatics prediction and mining publicly 
available data. However, no remarkable differences were 
observed in the binding of ARID family, forkhead family and 
TATA binding proteins associated factors between A and G 
alleles. In addition, HDACs were also detected in these protein 
complexes, among which HDAC5 was detected in complex with 
allele A. These results were further validated by Western Blotting 
which showed increased MEF2 and HDAC binding in the pres-
ence of the A allele compared with the G allele, consistent with 
mass spectrometry results (figure 1D,E). It has been known that 
HDAC class IIa family such as HDAC4, HDAC5 and HDAC7 
have a unique regulatory domain which can mediate an interac-
tion with MEF2, causing the repression of MEF2-target genes. 
Taken together, our data indicate that the Takayasu arteritis risk 
allele (allele A) in rs2069837 induces transcriptional repression 
due to preferential recruitment of the MEF2–HDAC complex, 
thereby weakening the enhancer function in this locus.

To confirm that rs2069837 is in a regulatory region and that 
allele A is associated with transcriptional repression, we used 
a luciferase reporter assay in HEK293 cells (figure 2A). After 
normalising to renilla luciferase activity, both plasmids inserted 
with the intronic sequence containing A or G showed signifi-
cantly higher luciferase activity compared with the basic vector 
or promoter-only vector (p<0.05, figure 2B), indicating that 
rs2069837 is within a regulatory region. When comparing lucif-
erase activity between plasmids with A and G alleles, the plasmid 
with G allele demonstrated stronger luciferase activity (p<0.05, 
figure 2B). This was also confirmed in THP-1 cells (see online 
supplementary figure 1B). These data suggest that rs2069837 is 
in a regulatory region, which is significantly more repressive in 
the presence of the Takayasu arteritis risk allele (allele A), consis-
tent with our findings above. To test the hypothesis that allele 
A induces transcriptional repression by preferentially recruiting 
MEF2–HDAC complex, we assessed the effect of HDAC inhib-
itor TSA on luciferase activity in the presence of the A and G 
alleles. With TSA treatment, the luciferase activity was increased 
in both constructs with A and G alleles, confirming recruitment 
of HDAC to rs2069837. Importantly, luciferase activity was 
significantly more increased with TSA treatment in the pres-
ence of the A allele, confirming a functional consequence of the 
preferential recruitment of MEF2–HDAC complex to allele A in 
rs2069837 (figure 2C).

To identify target genes regulated by the rs2069837 locus, we 
examined chromatin interactions involving rs2069837 using 
DNAase hypersensitivity site (DHS) linkage patterns. In this anal-
ysis, distal DHSs (relative to transcription start sites of genes) were 
correlated using Pearson correlation coefficient with DHSs in gene 
promoters across multiple cell types.21 22 When a distal DHS highly 
correlates with another DHS in a gene promoter region, it is reason-
able to assume a regulatory effect from the distal DHS on that 
gene. Multiple DHS linkages were observed between rs2069837 
and other DHS loci (hg19, chr7: 22528026, chr7:22568026, 
chr7:22688026, chr7:22968026, chr7:23128026, 
chr7:23228026, chr7:23248-026, chr7:23288026). These 
potentially interacting regions covered several genes, including 
STEAP1B, LOC100506178, LOC541472, IL6, TOMM7, 
SNORD93, FAM126A, KLHL7, NUPL2 and GPNMB (figure 3A). 
Since CTCF-mediated chromatin looping is the most common 
mechanism for long-distance chromatin interaction,23 we also 
checked CTCF enrichment at this region using ChIP-seq data in 
immune cells through WashU EpiGenome browser. ChIP-seq data 
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Figure 1 Characterisation of rs2069837 and detection of binding proteins. (A) rs2069837 (hg19, chr7: 22768026) is located in the second intron of 
IL6. Epigenetic markers (DNase and H3K27ac) in multiple immune cells indicate that this locus is close to a functional region. (B) EMSA assay using 
nuclear protein from HEK293 cells demonstrating that more DNA–protein complexes were formed with the probe with allele A (lane 4) than allele 
G (lane 8); both unlabeled probes with A allele or G allele (24 pmol, 200×) can totally compete out the corresponding shifted band separately (lane 
5 and lane 9); unlabeled G allele probe cannot completely compete out the shifted band formed with the A allele probe (lane 6); unlabeled A allele 
probe was able to compete out the shifted band formed in the presence of the G allele probe (lane 10). (C) Different concentrations of the unlabeled 
A allele probe were applied in the competitive EMSA assay (1×, 10×, 50×, 100×, 200×, 400×). At 10× concentration, the band can be competed out 
(lane 6). (D, E) Validation using Western blotting. More HDAC and MFE2 proteins bound to the probe with A than with G allele, while no differences 
were detected in TAF1, ARID3A, GATA1 and GATA2 between probes with A and G alleles. When the four nucleotides around rs2069837 were mutated, 
the binding of those proteins decreased except for ARID3A. The protein binding in the unlabeled group was barely observed. A, probe with A allele; 
EMSA, electrophoretic mobility shift assay; G, probe with G allele; Mu, probe with mutated sequence; NL, non-biotinylated oligos with A allele; LC, 
loading control.

for CTCF were only available in monocytes and B cells, and the 
rs2069837 locus was enriched for CTCF binding in both cell types 
(figure 3A). CTCF binding site in multiple cell types in aggregate 
is shown in figure 3B. Binding of CTCF to this locus was further 

validated by Western blotting and was not different between 
alleles A and G in rs2069837, and the mutated sequence, indi-
cating that the binding of CTCF occurs in this locus but is not 
affected by rs2069837 (figure 3C). Moreover, CTCF and units of 
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Figure 2 Luciferase reporter assay to assess enhancer function in rs2069837 and the effect of HDAC inhibition. (A) The intronic sequence with 
A or G (hg19 chr7:22767927–22768177) was inserted between XbaI and EcoRI, while the promoter sequence (nucleotides −303 to +12, Ensembl 
ENSG00000136244) was inserted between SPEI and MluI. (B) No increase in luciferase expression was observed in promoter-only vector. Significantly 
increased luciferase expression was detected in both vectors with intronic sequence (A/G), with significantly higher expression in the construct with 
G allele than that with A allele (p<0.05). (C) TSA treatment increased luciferase expression in both constructs with intronic sequence (A/G) compared 
with DMSO-treated samples. In the presence of TSA, the luciferase expression was significantly higher in the construct with A allele than that with G 
allele (p<0.05). DMSO, dimethyl sulfoxide; HDAC, histone deacetylase; TSA, Trichostatin A.

cohesin complex, which is composed of multiple proteins that play 
important role in CTCF-mediated looping, were also detected in 
our mass spectrometry results (see online supplementary table 6).

Next, we explored whether the rs2069837 locus regulates IL6 
or other genes indicated by chromatin interaction loops using 
DHS data (STEAP1B, LOC100506178, LOC541472, TOMM7, 
SNORD93, FAM126A, KLHL7, NUPL2, GPNMB). First, we 
performed functional annotation analysis of these genes using the 
Database for Annotation, Visualization and Integrated Discovery 
(DAVID). The results demonstrated that GPNMB has a close 
relationship with IL-6 and participates in multiple biological 
processes such as angiogenesis (see online supplementary table 
7). No relevant significant finding was found for the other genes. 
By further literature review, we found that GPNMB is expressed 
by multiple cell types including monocytes, and it is increasingly 
expressed when monocytes differentiate into macrophages. 
Because monocytes/macrophages play an important role in the 
pathogenesis of Takayasu arteritis,24–27 and epigenetic patterns 
(DNase hypersensitivity and H3K27ac; figure 3A) also indi-
cated that the rs2069837-interacting site in the GPNMB locus 
is a potential regulatory region in monocytes rather than other 
immune cells, we used primary monocyte-derived macrophages 
for our subsequent functional studies.

Forty-eight normal healthy individuals were genotyped for 
rs2069837 (see online supplementary figure 1C). Among them, 
seven were AG and the remaining subjects were AA genotypes. 
Thus, we selected seven pairs of age, sex and ethnicity-matched 
individuals with AG and AA genotypes for further studies (see 
online supplementary table 8). In monocyte-derived macro-
phages, we observed no differences in IL-6 mRNA expression, 
while GPNMB expression was significantly lower in macro-
phages derived from subjects with AA compared with AG geno-
type (figure 4A). No differential expression was observed in all 
other interacting genes between samples with AA and AG geno-
types (see online supplementary figure 1D). Importantly, TSA 
treatment significantly enhanced GPNMB expression in individ-
uals with AA genotype but not AG genotype (figure 4B,C). This 
is consistent with our data derived from the luciferase assays and 
confirms a role for preferential recruitment of MEF2–HDAC 
complex in regulating GPNMB expression in the presence of the 
A allele in rs2069837.

Further examination of the interaction between rs2069837 
and GPNMB based on DHS linkage indicates two interaction 
sites, one 38.29 kb upstream of GPNMB (hg19, chr7:23248026), 
while the other (hg19, chr7:23288026) is located in the first 
intron of GPNMB. Both loci are within DNase and H3K27ac 
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Figure 3 Potential interactions between rs2069837 and distant loci. (A) DNase hypersensitivity linkage (40 kb resolution) showed correlation 
of DNase hypersensitivities between rs2069837 and several distant loci. The interaction region (890 kb) included several genes such as STEAP1B, 
LOC100506178, LOC541472, IL6, TOMM7, SNORD93, FAM126A, KLHL7, NUPL2 and GPNMB from 5′ to 3′. The interaction sites from upstream to 
downstream were chr7: 22528026, chr7:22568026, chr7:22688026, chr7:22968026, chr7:23128026, chr7:23228026, chr7:23248-026, chr7:23288026 
(hg19). Interaction sites chr7: 23248026 and chr7:23288026 overlapped with DNase hypersensitivity and H3K27ac peaks in monocyte, where 
GPNMB is the closest gene. In addition, CTCF binding is enriched at rs2069837 in monocytes and B cells. (B) CTCF binding site downstream of 
rs2069837 (position: chr7:22768065–22768614, 38–587 bp downstream of rs2069837; core binding motif: chr7:22768247–22768261, 220–234 bp 
downstream of rs2069837). The black bar/track shows regions of transcription factor binding derived from a large collection of ChIP-Seq experiments 
across multiple cell types, presented using genome browser. (C) Western blot analysis demonstrating CTCF binding to the probes with A or G alleles. 
No difference between A, G or mutated sequence was detected. A, probe with A allele; G, probe with G allele; LC, loading control; Mu, probe with 
mutated sequence; NL, non-biotinylated oligos with A allele.

peaks in monocytes, and CTCF ChIP-seq data also indicated 
peaks at these loci (figure 3A and 4D). Other positive epigen-
etic marks (H3K4me1 and H3K4me3) in monocytes further 
demonstrate that these two rs2069837-interacting loci, espe-
cially chr7:23288026, are within important regulatory regions 
in GPNMB (see online supplementary figure 1E). In addition, 
ChIP-seq data in several cell lines showed GATA and MEF2 
enrichment at these loci which were also demonstrated by 
analysing the sequence motifs (see online supplementary figure 
1E).

To confirm the interaction between rs2069837 and GPNMB, 
a 3C experiment was performed which demonstrated an 
interaction between the rs2069837 locus and a locus close to 
chr7:23288026 (figure 4D). Since the BsrDI restriction sites 
close to rs2069837 and chr7: 23288026 were also close to the 
regions enriched with CTCF, CTCF was assumed to mediate this 
interaction.

Taken together, our data indicate that the Takayasu arteritis 
risk allele in rs2069837 represses an enhancer function in this 
locus by recruiting MEF2–HDAC complex and inhibits GPNMB 
expression via long-distance intrachromatin looping likely medi-
ated by CTCF (figure 5).

dIsCussIOn
In this study, we demonstrate that rs2069837 is in an enhancer 
region that is preferentially suppressed in the presence of the 
Takayasu arteritis risk allele, and although located within IL6, 

it affects the expression of a distant anti-inflammatory gene in 
human monocyte-derived macrophages. We show that the risk 
allele A recruits a repressive MEF2–HDAC protein complex, 
weakening the enhancer function at this locus. We confirmed 
CTCF binding to this locus, and an interaction between 
rs2069837 and a regulatory region in GPNMB located ~520 kb 
downstream of this SNP, suggesting CTCF-mediated long-dis-
tance chromatin looping. Indeed, we demonstrated reduced 
expression of GPNMB in monocyte-derived macrophages 
with AA genotype, which can be restored by inhibiting HDAC. 
A reduction in GPNMB expression in the presence of the 
Takayasu arteritis risk allele in rs2069837 may enhance inflam-
matory responses, suggesting a mechanism for a pathogenic 
role of rs2069837 in Takayasu arteritis, while at the same time 
explaining a protective effect of this same allele in chronic viral 
infection and malignancy. Previously, studies have demonstrated 
an anti-inflammatory role for GPNMB by enhancing M2 and 
suppressing M1 macrophage differentiation.28 The importance 
of proinflammatory macrophages in Takayasu arteritis has been 
well established.

Using a combination of bioinformatics and experimental 
approaches, we revealed that MEF2 and HDAC proteins 
differentially bind to rs2069837 (more in A allele), which was 
highly likely to contribute to the differential regulatory func-
tion between A and G alleles. MEF2 is a transcription factor 
that regulates several cellular processes including differentiation, 
proliferation and apoptosis.29 The N-terminus of MEF2 contains 
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Figure 4 GPNMB is a target gene repressed by the Takayasu arteritis risk allele in rs2069837 through long-distance chromatin looping. (A) The 
mRNA expression level of GPNMB was significantly lower in monocyte-derived macrophages with AA compared with AG genotypes (p<0.05, n=7 
in each group). No difference was observed in IL-6 expression. (B) TSA treatment (100 nM) significantly increased GPNMB expression in monocyte-
derived macrophages with AA genotype (p<0.05, n=7). (C) TSA treatment (100 nM) did not affect GPNMB expression in monocyte-derived 
macrophages with AG genotypes (p>0.05, n=5). (D) 3C data revealed the interaction between rs2069837 and chr7:23288026 (GPNMB) in THP-1 
cells (representative of two replicates) and primary monocytes-derived macrophages (representative of two independent samples). The interactions 
examined relative to chromosomal positions are shown in the bottom panel. Restriction sites are depicted using Latin numbers, and interaction loops 
tested are depicted in Arabic numbers. ChIP-Seq data of CTCF in CD14+ monocyte demonstrated that CTFC was strongly enriched at rs2069837 and 
chr7:23288026 (hg19) but weakly enriched at chr7:23248 026 (hg19). The relative positions of restriction sites are as follows: I: +871 bp of rs2069837 
and +284 bp of CTCF core binding motif, II: −7797 bp of chr7:23248026, III: −29 bp of chr7:23248026, IV: +6906 bp of chr7:23248026, V: +7179 bp 
of chr7:23248026, VI: −9293 bp of chr7: 23288026, VII: −1933 bp of chr7:23288026; VIII:+578 bp of chr7:23288026; IX:+9224 bp of chr7:23288026. 
mRNA, messenger RNA; TSA, Trichostatin A.

a highly conserved MADS-box and an adjacent motif termed as 
the MEF2 domain, which together mediate dimerisation, DNA 
binding and cofactor interactions.30 The cofactors binding at 
MEF2 N-termini determine MEF2 functions. Binding of GATA 
proteins activates the expression of MEF2-target genes, while 
binding of HDAC IIa proteins represses the expression of 
MEF2-target genes.30 In the present study, the same amounts of 
GATA proteins were observed to bind at probes with A and G 
alleles, while multiple HDAC proteins were detected at higher 
levels in the presence of A allele, including HDAC IIa (HDAC4, 
5 and 7). Thus, the enhancer function was weakened in this 
locus with A allele, as we also showed using a luciferase reporter 
assay with and without an HDAC inhibitor. It was reported that 
the deacetylase activity of HDAC IIa family is not strong, but 
that they can recruit other robust repressors such as HDAC I 
proteins.31 Indeed, we showed significantly enriched recruit-
ment of HDAC2 (an HDAC I family member) in the presence of 
the A allele in rs2069837, probably resulting from the presence 
of HDAC IIa proteins which are recruited by MEF2.

The MEF2–HDAC axis plays a role in several differentiation 
pathways and numerous adaptive responses, including skel-
etal muscle differentiation, heart development and vascular 

integrity.32 In most conditions, due to the suppression mediated 
by HDAC, MEF2-target genes cannot be expressed, leading 
to pathophysiological alterations, as implicated in pulmonary 
arterial hypertension and oestrogen receptor positive breast 
tumours.33 34 Therefore, strategies to release MEF2 from HDAC 
proteins have been attempted. Recent findings demonstrated that 
inhibition of HDAC IIa or blocking the interactions of HDAC IIa 
and MEF2 were two potential therapeutic strategies.35 36

Existence of CTCF binding sites close to rs2069837 and 
CTCF enrichment at this region indicated that CTCF might 
mediate interactions between rs2069837 and other loci via chro-
matic looping. Our mass spectrometry data also showed CTCF 
and cohesin complex binding to this locus, further suggesting 
formation of chromatin loops involving this locus. Furthermore, 
no difference in CTCF binding between A allele and G allele was 
observed, implying that CTCF-mediated looping was not altered 
by rs2069837. Using DNase hypersensitivity maps followed by 
expression analysis in monocyte-derived macrophages, we iden-
tified GPNMB as target gene regulated by rs2069837. The 3C 
data further confirmed the interaction between the rs2069837 
locus and a regulatory region in GPNMB. Of interest, we did 
not detect a direct effect from rs2069837 on IL-6 expression, 

http://ard.bmj.com/


1396 Kong X, Sawalha AH. Ann Rheum Dis 2019;78:1388–1397. doi:10.1136/annrheumdis-2019-215567

Vasculitis

Figure 5 A proposed model for the regulatory mechanism of rs2069837 on the expression of GPNMB. The Takayasu arteritis risk allele A at 
rs2069837 preferentially recruits MEF2 and thereby HDAC proteins compared with the G allele resulting in a repressive effect by weakening the 
enhancer function at this locus. CTCF binding downstream of this SNP mediates the interaction between this locus and a regulatory locus in GPNMB, 
where a CTCF binding site also exists. The differential binding of MEF2–HDAC complex between A and G results in differential expression of GPNMB, 
with inhibited expression in the presence of risk allele A. Inhibiting GPNMB suppresses M2 macrophage polarisation and enhances M1 polarisation 
and overexpression of proinflammatory cytokines. HDAC, histone deacetylase; MEF2, myocyte enhancer factor 2; SNP, single-nucleotide polymorphism.

despite that this polymorphism is located within IL6. These data 
suggest that in monocytes/macrophages, it does not appear that 
this genetic variant is directly relevant to the transcriptional 
regulation of IL6. It should be noted, however, that this does 
not rule out a possible direct transcriptional effect of rs2069837 
on IL6 expression in other cell types. Further studies to examine 
the direct effect of rs2069837 alleles in homogeneous genetic 
backgrounds using CRISPR/Cas9 genetic editing are warranted.

GPNMB is a negative regulator of inflammatory responses 
in macrophages. In dextran sulfate sodium-induced colitis 
model, the deficiency of GPNMB resulted in more severe colitis 
characterised by higher levels of proinflammatory cytokines 
including IL-6.37 GPNMB is also involved in M2 polarisation of 
macrophages. In GPNMB- knockdown mice, M2 polarisation 
from bone marrow-derived macrophages was inhibited, while 
M1 polarisation and the secretion of IL-1β and TNF-α were 
enhanced.38 Therefore, it is possible that lower levels of GPNMB 
in the presence of allele A can indirectly contribute to the expres-
sion of multiple inflammatory cytokines including IL-6, which is 
important in the pathogenesis of Takayasu arteritis.

Previous genetic association studies have reported a protec-
tive effect of the A allele in rs2069837 in late-onset Alzheimer's 
disease, cervical cancer, chronic hepatitis B virus infection, 
colorectal cancer and hepatocellular carcinoma.12–16 Based on 
our data, the A allele in rs2069837 is associated with suppres-
sion of GPNMB expression, which is consistent with the find-
ings that GPNMB expression is increased in Alzheimer’s disease, 
cancer and infections.39–41 GPNMB weakens the immune 
response against cancer cells and infections, contributing to 
cancer development or chronic infections.39–41 Since GPNMB 

has been implicated in multiple tumours, our data discovering 
genetic regulation of GPNMB by rs2069837 via MEF2–HDAC 
complex also shed light on mechanisms that can be potentially 
targeted in malignant disorders.

In conclusion, our study elucidated a pathogenic mechanism 
underlying the genetic association between rs2069837 and 
Takayasu arteritis. In addition, our findings are relevant to other 
disorders, including chronic infection and malignancy. Targeting 
GPNMB and the MEF2–HDAC complex might provide novel 
therapeutic strategies in Takayasu arteritis. Our work highlights 
long-range chromatin interactions involving regulatory variants 
in elucidating functional consequences of disease-associated 
genetic variants to pave the way for using genetic data in identi-
fying novel therapeutic approaches.
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AbsTrACT
Objectives Familial Mediterranean fever (FMF) can be 
complicated by aa amyloidosis (aaa), though it remains 
unclear why only some patients develop amyloidosis. 
We examined the gut microbiota composition and 
inflammatory markers in patients with FMF complicated 
or not by aaa.
Methods We analysed the gut microbiota of 34 
patients with FMF without aaa, 7 patients with FMF 
with aaa, 19 patients with aaa of another origin, and 
26 controls using 16s ribosomal Rna gene sequencing 
with the illumina Miseq platform. associations between 
bacterial taxa and clinical phenotypes were evaluated 
using multivariate association with linear models 
statistical method. Blood levels of interleukin (il)−1β, 
il-6, tumour necrosis factor-α and adipokines were 
assessed by elisa; indoleamine 2,3-dioxygenase (iDO) 
activity was determined by high-performance liquid 
chromatography.
results Compared with healthy subjects, specific 
changes in faecal microbiota were observed in FMF and 
aaa groups. several operational taxonomic units (OTUs) 
were associated with FMF. Moreover, two OTUs were 
over-represented in FMF-related aaa compared with 
FMF without aaa. additionally, higher adiponectin levels 
and iDO activity were observed in FMF-related aaa 
compared with FMF without aaa (p<0.05).
Conclusion The presence of specific changes in faecal 
microbiota in FMF and in FMF-related aaa suggests 
that intestinal microorganisms may play a role in the 
pathogenesis of these diseases. These findings may offer 
an opportunity to use techniques for gut microbiota 
manipulation.

InTrOduCTIOn
Familial Mediterranean fever (FMF) is the most 
common monogenic autoinflammatory disease, 
secondary to mutations in the MEFV gene, which 
encodes the protein pyrin.1 AA amyloidosis (AAA) 
is the most serious complication of FMF and is 
characterised by the presence of extracellular 
deposits of an amorphous substance, including an 
amyloidogenic derivative of the serum amyloid-as-
sociated (SAA) protein.2 Other diseases, mainly 
chronic idiopathic inflammatory diseases (such as 
chronic inflammatory rheumatic diseases or inflam-
matory bowel diseases), autoinflammatory diseases 
other than FMF, chronic infections and obesity, can 

be complicated by AAA.3 The alarmins S100A8 and 
A9 have been studied as inflammatory biomarkers 
for many of these diseases,4 whereas changes in 
adipokine levels are observed in obesity, including 
proinflammatory leptin and adiponectin, which has 
an anti-inflammatory effect on atherosclerosis.5 6

The gut microbiota has a key role in several phys-
iological functions, particularly in host energetic 
and vitamin metabolism and protection against 
pathogens, due to components of these bacteria and/
or the production or processing of metabolites.7–9 
For example, tryptophan metabolism represents a 
significant pathway by which the gut microbiota 
influences the host. These metabolites can be of 
microbial or endogenous origin and are mainly 
metabolised by indoleamine 2,3-dioxygenase (IDO, 
EC 1.13.11.52), the activity of which is stimulated 
by several proinflammatory components, such as 

Key messages

What is already known about this subject?
 ► Several risk factors for AA amyloidosis (AAA) 
in familial Mediterranean fever (FMF) have 
previously been found, including environmental 
factors.

 ► Some data point toward the influence of the 
environment on AAA occurrence, particularly 
the gut microbiota.

What does this study add?
 ► FMF was associated with specific changes 
in faecal microbiota, suggesting that the gut 
microbiota might be involved in the clinical 
expression of FMF.

 ► In patients with FMF, amyloidosis was 
independently associated with a specific 
alteration in the microbiota composition, 
suggesting that intestinal microorganisms may 
play a role in AAA pathogenesis.

How might this impact on clinical practice or 
future developments?

 ► The presence of specific changes in faecal 
microbiota in patients with FMF and AAA 
may allow for the use of techniques for 
gut microbiota manipulation to prevent 
inflammation and amyloidosis occurrence.
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lipopolysaccharide, tumour necrosis factor (TNF)-α and inter-
leukin (IL)-1 and IL-6. Thus, a proinflammatory environment 
will induce overactivation of IDO, which is responsible for many 
immunomodulatory activities and a shortage of tryptophan.10 
Nevertheless, overactivation of IDO can also have proinflamma-
tory effects under certain conditions.11–14

To date, it remains unclear why only some patients with FMF 
develop AAA. Several risk factors have been found, such as male 
sex and genetic factors such as specific mutations in the MEFV 
gene (M694V homozygosity, associated with a more severe 
phenotype, including more frequent and long attacks and higher 
dose of colchicine needed15 16) or in the gene encoding SAA.17–19 
More interestingly, some risk factors are environmental, such as 
the country of residence.17 20 Association between the single-nu-
cleotide polymorphism Arg753Gln in Toll-like receptor 2, which 
belongs to the microbe recognition pathway, has also been 
reported.21 Other data highlight the influence of the environment 
on AAA occurrence, particularly the gut microbiota. Indeed, SAA 
acts as an opsonin, and intestinal epithelial cells can synthesise it in 
response to the gut microbiota.22 23 Moreover, a high-fat diet can 
induce AAA in a mouse model overexpressing hepatic SAA,24 and 
several bacteria can produce amyloid-enhancing factors that can 
cross species barriers and may be transmitted by ingestion.2 25–27 
Digestive tract involvement was found in nearly all cases of amyloi-
dosis in autopsy series,28 and evidence of gut microbiota involve-
ment in the pathogenesis of another disease involving amyloid 
plaques, Alzheimer's disease, is accumulating, both in vitro and in 
vivo, in animal models as well as in humans.29–32

Based on these findings, the gut microbiota appears to be a 
credible candidate for both the overproduction of the SAA 
protein and synthesis of amyloid-enhancing factors in FMF. 
Here, we investigate the gut microbiota and several proinflam-
matory markers, cytokines, adipokines and tryptophan metab-
olites in patients with FMF, with or without AAA, in patients 
with non-FMF-related AAA and in healthy controls. We tested 
the hypothesis of specific dysbiosis in patients with FMF and in 
those with FMF complicated by AAA.

MeTHOds
study design and control groups
This cross-sectional study included patients with FMF followed 
up in the national reference centre for FMF and inflamma-
tory amyloidosis in Tenon Hospital, Paris, and fulfilling the Tel 
Hashomer criteria with at least one MEFV mutation.33 Patients 
were diagnosed as having AAA-complicating FMF in the pres-
ence of proteinuria with biopsy-proven AAA (positive immu-
nohistochemistry with an anti-SAA antibody or proteomics). 
The inclusion period ranged from April 2016 to March 2018. 
Demographic and clinical data were retrieved from the patients' 
clinical files.

Two other control groups were assembled: patients with AAA 
secondary to a cause other than FMF and healthy controls; 
the latter did not have a chronic disease that required systemic 
treatment. None of the patients took antibiotics in the 6 weeks 
preceding stool sampling. Stool and blood samples were collected 
at the same time.

All patients provided their informed consent.

Patient and public involvement
This research was conducted without patient involvement.

MEFV genotyping
Genomic DNA was isolated from peripheral leucocytes using 
standard procedures. Direct sequencing of the MEFV gene was 

performed using the Sanger method. Exons and flanking intronic 
sequences (NM_000243) were PCR amplified from genomic 
DNA. The primer sequences used are available on request. The 
PCR products were sequenced using the Big Dye Terminator 
reaction kit (Applied Biosystems, Foster City, California, USA) 
and a 96-capillary ABI Prism sequencer and were then analysed 
using SeqScape V.2.6 software (Applied Biosystems).

Gut microbiota analysis
Stool samples were immediately cooled at 4°C and then stored 
at −80°C within 6 hours until DNA extraction. Following a 
previously described method,11 the stool samples were resus-
pended in 250 µL of 4 M guanidine thiocyanate and 40 µL of 
10% N-lauroyl sarcosine; 500 µL of 5% N-lauroyl sarcosine was 
then added. DNA was extracted by mechanical disruption of the 
microbial cells in a FastPrep instrument (MP Biomedicals) after 
the addition of 500 mg of 0.1 mm diameter glass beads. The 
nucleic acids were recovered from the clear lysate by alcohol 
precipitation. The DNA was stored at −20°C until 16S ribo-
somal RNA (rRNA) gene sequencing.

Microbial diversity was determined for each sample by ampli-
fying the V3 and V4 hypervariable regions of the 16S rRNA 
gene (5′-TACGGRAGGCAGCAG-3′ (sense) and 5′-CTACCNG-
GGTATCTAAT-3′ (antisense)) using a 16S-amplicon library 
preparation protocol (Metabiote, GenoScreen, Lille, France). 
According to the manufacturer’s protocol, 16S rRNA gene PCR 
was performed using 5 ng of genomic DNA with 192 bar-coded 
primers (Metabiote MiSeq Primers) at a final concentration of 
0.2 µM and an annealing temperature of 50°C for 30 cycles. 
The PCR products were purified using an Agencourt AMPure 
XP-PCR Purification system (Beckman Coulter, Brea, California, 
USA), quantified according to the manufacturer's protocol 
and multiplexed at equal concentrations. A 300 bp paired-end 
sequencing protocol with the Illumina MiSeq sequencing plat-
form (Illumina, San Diego, California, USA) was applied for 
16S rRNA gene sequencing at GenoScreen, Lille, France. Raw 
paired-end reads were quality filtered using the PRINSEQ-lite 
PERL script and were assembled using fast length adjustment 
of short reads to improve genome assemblies with a minimum 
overlap of 30 bases and 97% overlap identity; primer sequences 
were removed using CutAdapt.

The sequences were then demultiplexed and quality filtered 
using the ‘quantitative insights into microbial ecology’ (QIIME 
V.1.9.1) software package, and Illumina reads were joined using 
the fastq-join method (https:// expressionanalysis. github. io/ ea- 
utils/). We used the UCLUST algorithm to assign operational 
taxonomic units (OTUs) to sequences with a 97% threshold of 
pairwise identity, and the sequences were classified taxonomi-
cally using the Greengenes reference database. Rarefaction was 
performed (13 000 reads per sample) and used to compare the 
abundances of OTUs across samples.

serum levels of inflammatory proteins, cytokines and 
adipokines, and IdO activity
C reactive protein (CRP) and SAA protein levels were determined 
by immunonephelometry using an IMMAGE analyser (Beckman 
Coulter, Villepinte, France). The IL-6 level was assessed by 
chemiluminescence enzyme immunoassay using a LUMIPULSE 
analyser (Fujirebio, Tokyo, Japan). The blood levels of other 
inflammatory cytokines (IL-1β and TNF-α), adipokines (leptin 
and adiponectin) (Quantikine, R&D Systems, Oxford, UK) and 
S100A8/A9 proteins (Bühlmann, Amherst, New Hampshire, 
USA) were measured by ELISA according to the manufacturers' 
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Table 1 Clinical, demographic and renal function data for the study population

FMF without AA amyloidosis 
(n=34)

FMF with AA amyloidosis 
(n=7)

non-FMF-related AA 
amyloidosis (n=19) Controls (n=26) P value

Female sex, n (%) 15 (44%) 4 (57%) 8 (42%) 12 (46%) 0.87

Median age at sampling (Q1–Q3) 45.5 (31.5–56.0) 54 (46.0–60.5) 64 (47.0–68.5) 30 (28.0-41.0) <0.001

Body mass index (kg/m²), median (Q1–Q3) 24 (21.5–27.0) (n=33) 22.5 (21–26) 23.5 (22–27) 21 (20–23)(n=21) 0.02

Current smoker, n (%) 9 (29%) (n=31) 2 (29%) 5 (26%) 0 (n=21) <0.01

Creatininemia (µmol/L), median (Q1–Q3) 71 (60–79) 165 (119.0–220.5) 166 (99.5–324) ND <0.001

eGFR >60 mL/min/1.73 m², n (%) 33 (97%) 0 7 (37%) ND <0.001

eGFR <60 mL/min/1.73 m², n (%) 1 (3%) 7 (100%) 12 (63%)

FMF, familial Mediterranean fever; ND, not determined; Q, quartile; eGFR, estimated glomerular filtration rate, by the modification of diet in renal disease (MDRD) formula.

instructions. For these circulating biomarkers, the control group 
was formed in part by 17 healthy male volunteers from the French 
study METASPERME (N°IDRCB: 2011-A01052-39) and by 7 
healthy women volunteers presented in a previous publication.34 
None of the healthy controls were diabetic or obese.

Tryptophan and kynurenine levels were evaluated by 
high-performance liquid chromatography with a coulometric 
detection system (ESA Coultronics; ESA Laboratories, Chels-
ford, Massachusetts, USA). The kynurenine:tryptophan ratio 
was determined from the kynurenine and tryptophan absolute 
concentrations and was used as a marker for IDO activity. The 
values for our cohort were compared with 48 age-matched and 
sex-matched healthy controls.

statistical analyses
The Bray-Curtis index was used for β-diversity analysis, and the 
results are presented in the form of principal coordinate anal-
ysis, where each sample is coloured according to the disease. 
Statistical significance between the studied groups was evaluated 
using the non-parametric analysis of similarities test with 9999 
permutations. Shannon and Chao1 indexes were applied to 
assess α-diversity, and statistical significance was evaluated using 
the nonparametric Mann-Whitney test. Relative abundances and 
associations between bacterial taxa and clinical and biological 
data were assessed using the multivariate association with linear 
models (MaAsLin) statistical method,35 taking into consider-
ation the effects of potential confounding factors such as age, 
sex, body mass index (defined as weight in kilogram divided 
by height squared), smoking status and treatment. Only OTUs 
present in more than 50% of the samples were considered in 
the analysis.

GraphPad Prism Version 7 software (GraphPad Software, 
San Diego, California, USA) was used for statistical analyses 
of biological parameters. Categorical variables are reported 
as percentages and were compared using the χ² or Fisher’s 
test, according to expected frequencies. Continuous variables 
were expressed as medians and quartile 1–quartile3 values 
and were analysed using the bilateral Student t-test for data 
normally distributed or the nonparametric Mann–Whitney 
test when the two groups were compared. When more than 
two groups were compared, one-way analysis of variance with 
Tukey's post hoc test or the non-parametric Kruskal-Wallis test 
followed by Dunn's post hoc test was employed. The Spearman 
correlation coefficient was calculated to determine correlations 
between two continuous variables. Associations were consid-
ered significant if the p value was <0.05 and the q value (ie, the 
false discovery rate using the Benjamini-Hochberg correction 
method) was <0.25.

resulTs
study populations
We performed gut microbiota analysis on patients with FMF 
without (n=34, including 29 in FMF remission) or with (n=7) 
AAA, 19 patients with AAA secondary to another heredi-
tary disease (n=4; ie, pyrin-associated autoinflammation with 
neutrophilic dermatosis, Fabry disease, tumour necrosis recep-
tor-associated periodic syndrome and other genetic aetiolo-
gies), to inflammatory rheumatic diseases (n=4; ie, synovitis, 
acne, pustulosis, hyperostosis and osteitis syndrome, rhupus 
syndrome, psoriatic rheumatism and rheumatoid arthritis), to 
obesity (n=3), to an unknown reason (n=4) or to miscellaneous 
causes (n=4; ie, Crohn's disease, Waldenstrom's macroglob-
ulinemia with MyD88 mutation, HIV infection and Schnitzler 
syndrome) and 26 healthy controls (table 1).

Regarding the patients with FMF without AAA, 31 (91%) 
carried homozygous or compound heterozygous mutations in 
the MEFV gene. Conversely, all patients with FMF with AAA 
were homozygous (M694V/M694V, n=6, or M680I/M680I, 
n=1). The treatments that each group of patients underwent are 
described in online supplementary tables S1 and S2.

Biological data, including acute phase proteins (CRP, SAA 
and S100A8/A9), proinflammatory cytokines (IL-1β, IL-6 and 
TNF-α), adipokines (leptin and adiponectin) and IDO activity, 
are depicted in figure 1. All patient groups had higher blood 
levels of IDO, S100A8/A9, IL-1β, IL-6 and TNF-α than did 
the controls. The patients with FMF complicated by AAA had 
higher adiponectin levels and IDO activity than did the patients 
with FMF without AAA (p<0.05). No correlation was found 
between the glomerular filtration rate estimated by the modifi-
cation of diet in renal disease (MDRD) formula and IDO activity 
or adiponectin in patients with FMF with AAA (Spearman 
correlation test, p=0.33 and 0.32, respectively). When pooling 
data, IDO activity positively correlated with creatininemia, 
IL-6, TNF-α, adiponectin and age. In addition, adiponectin was 
correlated with SAA and CRP (online supplementary figure S1).

bacterial dysbiosis in FMF and AAA
Compared with healthy subjects, significant decreases in α-diver-
sity were observed in patients with FMF globally (online supple-
mentary figure S2) and specifically in those without amyloidosis 
and in patients with non-FMF-related AAA, as assessed by the 
Shannon and Chao1 indexes (p<0.05, figure 2A). In addition, 
β-diversity analysis showed significant differences between the 
healthy controls and these two groups, suggesting a signifi-
cantly different microbiota composition (p<0.05 and<0.001, 
respectively; figure 2B). Although no significant difference was 
observed regarding patients with FMF with AAA, the statistical 
power was limited by the small number of subjects in this group.

https://dx.doi.org/10.1136/annrheumdis-2019-215258
https://dx.doi.org/10.1136/annrheumdis-2019-215258
https://dx.doi.org/10.1136/annrheumdis-2019-215258
https://dx.doi.org/10.1136/annrheumdis-2019-215258
http://ard.bmj.com/
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Figure 1 Biological data among the different studied groups. Blood dosages of CRP (A), SAA (B), S100A8/A9 proteins (C), IL-1β (D), IL-6 (E), TNF-α 
(F), leptin (G), adiponectin (H) and IDO activity (I) are shown as medians and quartiles 1–3 among patients with FMF without (FMF–AAA) or with 
(FMF+AAA) AAA, patients with AAA of another cause (AAA–FMF) and healthy controls. Differences between each group were evaluated by Student's 
t-test for data normally distributed or the nonparametric Mann-Whitney test. The association was considered significant if the p value was less than 
0.05 and if the Q value (ie, the false discovery rate using the Benjamini-Hochberg correction) was less than 0.25. *p <0.05, **p <0.01, ***p <0.001. 
AAA, AA amyloidosis; CRP, C reactive protein; FMF, familial Mediterranean fever; IL, interleukin; SAA, serum amyloid A; TNF, tumour necrosis factor.

As expected, most bacteria identified belonged to the phyla 
Firmicutes, Bacteroidetes, Proteobacteria and Actinobacteria 
and to the families Lachnospiraceae and Ruminococcaceae 
(figure 2C,D).36 37

differential bacterial composition in patients with FMF with 
and without AAA
After multivariate association testing with the MaAsLin statis-
tical method to control for the effects of potential confounding 
factors, several OTUs belonging to the order Clostridiales were 
specifically associated with FMF (figure 2E). Nonetheless, no 
bacterial taxon was independently associated with AAA, likely 
because the different types of underlying disease that led to AAA 
have specific impacts on the gut microbiota, thus increasing 
heterogeneity among patients with amyloidosis. When restricting 
the analysis to patients with FMF only, two OTUs belonging to 
Clostridiales were specifically associated with AAA (figure 2F).

dIsCussIOn
In this study, we compared the microbiota and several biological 
markers of patients with FMF with or without AAA and patients 
with non-FMF-related AAA and healthy controls. FMF was asso-
ciated with gut microbiota dysbiosis characterised by a decrease 
in α-diversity and a significantly altered composition. Moreover, 
among patients with FMF, AAA was associated with some alter-
ation in the gut microbiota with two increased OTUs, as well as 
higher adiponectin levels and IDO activity.

Environmental factors have long been recognised as influ-
encing the disease phenotype of FMF.17 20 38 Moreover, small 
intestinal bacterial overgrowth (SIBO) has been associated with 
unresponsiveness to colchicine, and decontamination therapy 
by rifaximin leads to a decrease in FMF attacks.39 Apart from 
abdominal pain during FMF attacks, none of our patients with 
FMF had clinical features suggestive of SIBO. To our knowl-
edge, the only previous study of the gut microbiota in patients 

http://ard.bmj.com/
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Figure 2 Altered bacterial microbiota composition and diversity 
in patients with FMF and AAA. (A) Microbial richness and evenness 
were calculated based on the Shannon index, microbial richness was 
calculated based on the Chao1 index, and statistical P significance was 
evaluated using the nonparametric Mann-Whitney test. (B) β-diversity. 
Principal coordinate analysis of the Bray-Curtis distance with each 
sample coloured according to the study population. PC1, PC2 and 
PC3 represent the three principal coordinates that captured most of 
the diversity, with the fraction of the diversity captured given as a 
percentage. differences between the study groups were evaluated by 
the nonparametric analysis of similarity test (analysis of similarities, 
9999 permutations). The global composition of the bacterial microbiota 
at the phylum (C) and family (D) levels was expressed as the relative 
abundance for each group. Differences in bacterial taxon abundance 
between patients with FMF without AAA and healthy controls (E) and 
between patients with FMF with or without AAA (F) were calculated 
using the multivariate association with linear models statistical method. 
The fold change was calculated by dividing the mean abundance in 
each studied group. Only taxa present in more than 50% of the samples 
were used. The association was considered significant if the p value was 
less than 0.05 and if the Q value (ie, the false discovery rate using the 
Benjamini-Hochberg correction) was less than 0.25. *p<0.05, **p<0.01, 
***p<0.001. AAA, AA amyloidosis; FMF, familial Mediterranean fever.

with FMF reported increases in Enterobacteriaceae, Acidami-
nococcaceae, Ruminococcus and Megasphaera and a decrease in 
Roseburia in 12 patients with FMF in remission compared with 
healthy controls.40 We did not confirm these results, which may 
be due to the use of different statistical methods, such as the lack 
of multivariate analysis or adjustment for multiple comparisons 
in the study by Khachatryan et al, to fewer patients recruited 
(with 13/19 being homozygous and only from Armenia) or to 
other environmental or genetic factors. Among the OTUs we 
found, the genera Blautia and Coprococcus are short-chain fatty 
acid-producing bacteria that are decreased in Crohn's disease.41 
Interestingly, an increase in systemic concentrations of short-
chain and long-chain fatty acids, produced by the gut micro-
biota, has also been observed in FMF, suggesting a leaky gut.42 43 
As already described in other diseases,44 we may assume that a 
leaky gut in FMF, with the entry of environmental components 
into the systemic circulation, may exacerbate inflammation or 
may even trigger amyloid nucleation.

The gut microbiota has never been studied in AAA. In our 
study, two OTUs belonging to Clostridiales, including one from 
the genus Blautia, were over-represented in patients with AAA 
secondary to FMF compared with patients with FMF without 
amyloidosis. Interestingly, although its exact role has not been 
explored, Blautia has also been associated with Alzheimer's 
disease.45 In contrast, no bacterial taxon was associated with 
non-FMF-related AAA, a result that might be explained by 
several reasons.
1. The great heterogeneity in patients with AAA in terms of

underlying inflammatory disease and of ongoing treatments,
and these treatments might have modified their microbio-
ta. However, colchicine used in patients with FMF does not
appear to influence the gut microbiota, at least in in vitro
experiments.46 Moreover, dysbiosis has been shown to be
disease specific, such as in the different phenotypes of rheu-
matic inflammatory diseases or inflammatory bowel diseas-
es.47 48 Therefore, it is possible that the occurrence of AAA is
promoted by the disappearance or the emergence of certain
bacterial taxa, differing for each underlying inflammatory
disease but with common features. It would be very interest-
ing to compare the gut microbiota between patients suffering
from a specific disease (other than FMF) with or without
AAA.

2. Transient involvement of the gut microbiota in AAA patho-
genesis. It is conceivable that the transient presence of bacte-
ria producing amyloid-enhancing factors is sufficient, within
the context of an inflammatory disease, to generate nucle-
ation and to induce a vicious circle. Indeed, SAA protein syn-
thesis is dependent on proinflammatory cytokines; in turn,
SAA can induce production of IL-1β, IL-6, TNF-α and IL-
17A in several cell types.49

3. Analysis of the gut microbiota from stool samples.
4. A difference in bacterial functions and not in bacterial con-

centrations. Meta-omics studies would be a very interesting
approach to address this possibility.

5. The preponderance of other environmental and/or genetic
factors.

Previous studies on cytokines in FMF found increases in IL-6, 
IL-12, IL-17, IL-18, soluble IL-2 receptor, interferon-γ and 
TNF-α during an attack, as well as ongoing subclinical inflamma-
tion during remission.50–52 We confirmed that IL-6 and TNF-α, 
but also IL-1β levels, were significantly higher in patients with 
FMF than in controls. To our knowledge, no cytokine studies 
have been performed on patients with AAA. Although CRP and 
SAA protein levels were similar between patients with FMF 
without AAA and patients with non-FMF-related AAA, patients 
with AAA exhibited higher IL-6 and TNF-α levels. This is consis-
tent with the fact that AAA is secondary to chronic inflamma-
tion and explains the efficacy of anticytokine therapies for this 
disease.2

A significant increase in IDO activity was observed in patients 
with AAA. This might be secondary to the kidney failure associ-
ated with AAA, as IDO activity is increased in kidney failure.53 
This may also be explained by the fact that IDO activity is 
dependent on proinflammatory cytokines. Moreover, the tryp-
tophan shortage induced by increased IDO activity enhances 
the synthesis of proinflammatory cytokines by macrophages, 
possibly inducing a vicious circle in AAA.10 12

Similarly, adiponectin levels were higher in patients with AAA 
than in patients with FMF without AAA, despite the fact that 
levels of TNF-α and IL-6, which inhibit adiponectin synthesis, 
are increased in these patients.6 These differences might be 
explained in part by kidney involvement.6 There are reports 
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of adiponectin exerting proinflammatory activities in various 
tissues and contexts, and it thus may also be involved in AAA 
pathogenesis.54

The high levels of adiponectin and IDO activity in patients 
with AAA may be evaluated as diagnostic biomarkers to iden-
tify those at risk of AAA among patients with an inflammatory 
disease. Furthermore, in addition to proteinuria and creatinin-
emia, they might be useful as intermediate markers in thera-
peutic follow-up for AAA. Finally, if the involvement of IDO in 
AAA is confirmed, the use of IDO inhibitors, currently in clinical 
trials in oncology, may be implemented.55

COnClusIOn
This study emphasises the association between FMF and gut 
microbiota dysbiosis characterised by a decrease in α-diver-
sity and a significant alteration in composition. Although these 
results are descriptive, they suggest that the gut microbiota might 
be involved in the clinical expression of FMF. In patients with 
FMF, amyloidosis was independently associated with a specific 
alteration in the microbiota composition, suggesting that the 
gut microbiota may play a role in AAA pathogenesis. These data 
need to be further consolidated in mechanistic and interven-
tional studies.
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AbsTrACT
Objectives To describe the clinical characteristics, 
treatment response and genetic findings in a large cohort 
of patients with undefined systemic autoinflammatory 
diseases (saiDs).
Methods Clinical and genetic data from patients with 
undefined saiDs were extracted from the eurofever 
registry, an international web-based registry that 
retrospectively collects clinical information on patients 
with autoinflammatory diseases.
results This study included 187 patients. seven 
patients had a chronic disease course, 180 patients 
had a recurrent disease course. The median age at 
disease onset was 4.3 years. Patients had a median of 
12 episodes per year, with a median duration of 4 days. 
Most commonly reported symptoms were arthralgia 
(n=113), myalgia (n=86), abdominal pain (n=89), 
fatigue (n=111), malaise (n=104) and mucocutaneous 
manifestations (n=128). in 24 patients, relatives were 
affected as well. in 15 patients, genetic variants were 
found in autoinflammatory genes. Patients with genetic 
variants more often had affected relatives compared 
with patients without genetic variants (p=0.005). 
Most patients responded well to non-steroidal 
anti-inflammatory drugs (nsaiDs), corticosteroids, 
colchicine and anakinra. Complete remission was rarely 
achieved with nsaiDs alone. notable patterns were 
found in patients with distinctive symptoms. Patients 
with pericarditis (n=11) were older at disease onset 
(33.8 years) and had fewer episodes per year (3.0/
year) compared with other patients. Patients with an 
intellectual impairment (n=8) were younger at disease 
onset (2.2 years) and often had relatives affected 
(28.6%).
Conclusion This study describes the clinical 
characteristics of a large cohort of patients with 
undefined saiDs. among these, patients with pericarditis 
and intellectual impairment appear to comprise distinct 
subsets.

InTrOduCTIOn
One of the most frequently observed groups in 
autoinflammatory disease clinics are patients with 
undefined systemic autoinflammatory diseases 

(SAIDs).1 2 Providing targeted treatment for these 
patients is difficult, since a definite diagnosis is 
lacking. Little is known about the clinical and 
genetic characteristics of these patients, which 
impedes the identification of novel clusters within 
this group. This study provides insight into the clin-
ical picture of a large group of patients with unde-
fined SAIDs.

SAIDs are disorders characterised by periodic or 
persistent activation of the innate immune system 
in the absence of infection or autoimmunity. In 
monogenic SAIDs, this is caused by mutations 
in a single gene.3 The best-characterised mono-
genic SAIDs are familial Mediterranean fever 
(FMF), cryopyrin-associated periodic syndromes 
(CAPS), tumour necrosis factor-receptor-associ-
ated periodic syndrome (TRAPS) and mevalonate 
kinase deficiency (MKD).4 5 Other SAIDs, such as 
periodic fever, aphthous stomatitis, pharyngitis, 
adenitis (PFAPA) syndrome or Behҫet’s disease, are 

Key messages

What is already known about this subject?
 ► Individuals with undefined autoinflammatory 
diseases represent the majority of 
patients approaching the services devoted 
to the diagnosis and management of 
autoinflammatory diseases.

What does this study add?
 ► This study provides a detailed description of 
the clinical characteristics of a large cohort 
of patients with undefined autoinflammatory 
diseases, along with known genetic data and 
response to treatment.
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multifactorial; multiple genes may be involved, but there is no 
single genetic cause. Clinical diagnostic criteria are available for 
these diseases.6 7 However, approximately half of the patients 
with recurrent inflammation do not fit the clinical picture of any 
well-defined SAID or do not have pathogenic mutations causing 
a known hereditary SAID.1 2 This group is said to have ‘unde-
fined SAIDs’.

Characteristics of patients with undefined SAIDs have not 
been extensively described in the current literature. This might 
be due to the rarity of SAIDs, hampering sufficient patient 
numbers for research. To overcome this problem, an interna-
tional network for the study of SAIDs was established, the Euro-
fever Project.8 9 Besides the well-defined SAIDs, the Eurofever 
Project also collects clinical information on patients with unde-
fined SAIDs, providing a sufficient cohort for our study.

This paper describes the clinical characteristics of a large 
cohort of patients with undefined SAIDs, along with known 
genetic data and response to treatment.

MeTHOds
eurofever registry
Data of patients with undefined SAIDs were collected from the 
Eurofever registry (Executive Agency for Health and Consumers 
project no. 2007332), which has been collecting retrospective 
patient data since November 2009.9 Data entered before 2 
November 2016 were extracted. To enrol patients as undefined 
SAID in the registry, other confounding conditions (well-defined 
SAIDs including PFAPA syndrome, infectious, autoimmune, 
neoplastic) should have been reasonably excluded.

Ethical committee approval and informed consent was 
obtained in all participating centres. Detailed epidemiological, 
demographic and clinical data were collected anonymously.

Inclusion and exclusion criteria
Patients of whom clinical information was available were 
included in this study. The exclusion process consisted of two 
steps. First, patients were excluded from analysis if there was no 
evidence of increased acute phase reactants during episodes, if 
there was no fever reported or if they carried pathogenic muta-
tions classifying them as having a well-defined SAID.

Second, the Federici criteria were retrospectively applied on 
the cohort. The Federici criteria are clinical criteria for well-de-
fined monogenetic SAIDs.10 Additional data were collected from 
patients with a clinical picture consistent with a defined SAID, 
but without genetic analysis performed on the associated gene.10 
Centres were asked if additional genetic analysis was performed 
since registration. Subsequently, patients were excluded from 
analysis if further genetic analysis revealed a defined SAID, if 
they received a different diagnosis explaining their symptoms or 
if no additional genetic analysis was performed.

Clinical and genetic information
The clinical characteristics included the disease pattern, disease 
manifestations and response to treatment. Clinical manifesta-
tions were reported by the entering physician as being present 
never, sometimes/often or always during episodes. Treatment 
response was graded as complete (absence of clinical manifes-
tations with normalisation of inflammatory markers), partial 
(general amelioration of the clinical picture but not complete 
normalisation of the clinical manifestations and/or systemic 
inflammation) or failure (lack of response). Information on 
molecular genetic analyses regarding the main SAIDs was 
collected. Genetic variants were classified as being pathogenic, 

likely pathogenic, of uncertain significance, likely benign or 
benign.11 12 Only pathogenic or likely pathogenic variants and 
variants of uncertain significance were noted in this study and 
were regarded as genetic variants in further analyses.13

statistical analysis
Categorical variables were described as frequencies and percent-
ages. Numeric variables were reported as the median and IQR. 
To compare dichotomous variables with interval or ordinal vari-
ables, the Mann-Whitney U test was performed. Correlations 
between two dichotomous variables, or dichotomous variables 
and nominal variables were assessed using the χ² or Fisher’s 
exact test. The Spearman’s rank correlation was performed to 
assess differences between two interval variables or between 
interval and ordinal variables.

The threshold for statistical significance was p<0.05. Statis-
tical analysis was performed with the IBM Statistical Package for 
the Social Sciences (SPSS) V.24.

resulTs
Patient inclusion and clinical classification criteria
In total, 337 patients were included from the Eurofever registry. 
Patients came from 30 different centres. Clinical information 
was available for 235 patients. See figure 1 for a detailed flow-
chart of included and excluded patients. Patients were excluded 
when inflammatory markers were not elevated during fever 
episodes (n=26) or no fever was reported (n=3). Additionally, 
one patient was excluded because he had a pathogenic mutation 
in the MEFV gene and had a positive clinical classification score 
for FMF, classifying him as FMF patient.10

When applying the Federici criteria, a majority of the patients 
(n=1364,9%) did not classify for any of the major periodic fever 
syndromes.10 Twenty-nine patients, coming from 10 centres, had 
a clinical picture consistent with a monogenetic SAID according 
to the Federici criteria, without genetic analysis having been 
performed on the associated gene.10 For these patients, a specific 
query was raised to the enrolling centres. Eleven patients had 
additional genetic analysis performed on the associated genes 
and turned out to be negative or not confirmatory. The other 
18 patients were excluded from analysis (figure 1). Four of them 
received an alternative diagnosis. In one patient, who clinically 
classified as MKD, additional genetic tests revealed pathogenic 
mutations in the MVK gene. The other three patients were 
diagnosed with diseases other than their clinical classification: 
systemic juvenile idiopathic arthritis (n=2) and ARPC1B-com-
bined immunodeficiency (n=1).

In total, 187 patients were included in this study. Fifty-four 
patients classified as clinically compatible with one or two hered-
itary periodic fever syndromes. In four of them, genetic variants 
were found in the associated genes (figure 2). These variants 
were not confirmatory of a defined SAID.

baseline characteristics
Patients came from 17 different countries (online supplementary 
table 1). Most patients came from Italy (n=103) and the Neth-
erlands (n=21). Almost half of the patients were female (49%). 
The median age at disease onset was 4.3 years (IQR 1.3–12.9) 
(figure 3A). Thirty-five patients had a disease onset in adulthood.

episode characteristics
Seven patients had a chronic disease course, 17 patients had a 
chronic disease course with recurrent acute exacerbations and 
163 patients had a disease course with recurrent episodes. 

https://dx.doi.org/10.1136/annrheumdis-2018-214472
https://dx.doi.org/10.1136/annrheumdis-2018-214472
http://ard.bmj.com/


1407Ter Haar NM, et al. Ann Rheum Dis 2019;78:1405–1411. doi:10.1136/annrheumdis-2018-214472

Autoinflammatory disorders

Figure 1 Flowchart of included patients. Eurofever clinical classification criteria: Federici criteria for monogenetic SAID.10 *In five patients, no 
response was received from the centres, four patients received an alternative diagnosis (MKD, systemic juvenile idiopathic arthritis, ARPC1B-combined 
immunodeficiency), one patient died before additional genetic testing was performed and eight patients were lost at follow-up before additional 
genetic testing was performed. MKD, mevalonate kinase deficiency; SAID, systemic autoinflammatory disease.

Figure 2 Clinical classification criteria and genetic variants. This figure 
shows the classification of the 54 patients who fulfilled the clinical 
criteria for a hereditary periodic fever syndrome.10 Two of them scored 
positive for two syndromes: TRAPS and MKD, TRAPS and CAPS. The third 
column displays the number of patients in whom variants were found 
in the associated gene. * Variants found in the associated genes: FMF 
p.A744S; MKD p.T356M; TRAPS p.R92Q; n.=number of patients. CAPS, 
cryopyrin-associated periodic syndromes; MKD, mevalonate kinase 
deficiency; TRAPS, tumour necrosis factor-receptor-associated periodic 
syndrome.

Patients with recurrent episodes had a median of 12.0 episodes 
per year (IQR 5.0–14.5), with a median duration of 4.0 days 
(IQR 3.0–7.0) (figure 3B and C). An irregular disease pattern 
was more frequently seen than a regular disease pattern (55.6% 
vs 38.5%). A minority of patients (13.4%) reported specific trig-
gers for disease episodes, including emotional stress and infec-
tion (figure 3D). Clinical manifestations for patients with chronic 
and recurrent disease course are summarised in table 1. Most 
commonly reported symptoms were arthralgia, myalgia, abdom-
inal pain, fatigue, malaise and mucocutaneous manifestations.

Treatment response
Non-steroidal anti-inflammatory drugs (NSAIDs) and steroids 
were frequently used during attacks. NSAIDs were beneficial in 
80/105 patients, but were rarely completely effective. Steroids 
were beneficial in 85/104 patients (41 complete, 44 partial 
response). With colchicine therapy, 7/49 patients had a complete 
response and 22 had a partial response. Thirty patients used 
colchicine as maintenance therapy and 8 patients used colchi-
cine on demand (11 treatment schedule unknown). Thirteen 
patients got treated with anakinra, five had a complete response 
and three had a partial response. Four patients used anakinra 
as maintenance therapy and four patients used anakinra on 
demand (five treatment schedule unknown). Methotrexate was 

http://ard.bmj.com/
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Figure 3 Disease characteristics, medication response. Other triggers 
were teething (1), surgery (1), constipation (1), heat (1).

Table 1 Clinical manifestations during episodes

Chronic 
disease 
course (7) recurrent disease course patients (180)*

n (%)† n (%)† Always sometimes/often

Mucocutaneous 5 (71%) 123 (69%)

Aphthous stomatitis 1 (14%) 10 (6%) 43 (24%)

Erythematous 
pharyngitis

1 (14%) 5 (3%) 42 (23%)

Exudative pharyngitis 0 6 (3%) 27 (15%)

Maculopapular rash 4 (57%) 10 (6%) 25 (14%)

Gastrointestinal 2 (29%) 104 (58%)

Abdominal pain 2 (29%) 23 (13%) 64 (36%)

Vomiting 0 7 (4%) 37 (21%)

Diarrhoea 1 (14%) 2 (1%) 28 (16%)

Musculoskeletal 7 (100%) 118 (66%)

Arthralgia 6 (86%) 27 (15%) 80 (44%)

Myalgia 6 (86%) 17 (9%) 63 (35%)

Oligoarthritis 1 (14%) 2 12%) 10 (6%)

Ocular 1 (14%) 29 (16%)

Conjunctivitis 1 (14%) 0 17 (9%)

Periorbital oedema 0 1 (1%) 8 (4%)

lymphoid 5 (71%) 89 (49%)

Enlarged cervical lnn 1 (14%) 20 (11%) 56 (33%)

Hepatomegaly 1 (14%) 8 (4%) 13 (7%)

Splenomegaly 1 (14%) 6 (3%) 14 (8%)

Cardiorespiratory 2 (29%) 29 (16%)

Chest pain 1 (14%) 2 (1%) 19 (11%)

Pericarditis 1 (14%) 1 (1%) 9 (5%)

neurological 2 (29%) 74 (41%)

Headache 2 (29%) 22 (12%) 45 (25%)

Morning headache 0 3 (2%) 19 (11%)

Genito-urinary 0 13 (7%)

Urethritis/cystitis 0 0 6 (3%)

Gonadal pain 0 1 (1%) 2 (1%)

Constitutional 7 (100%) 179 (99%)

Fatigue 5 (71%) 33 (18%) 73 (41%)

Malaise 5 (71%) 34 (19%) 65 (36%)

Clinical manifestations of all patients, separated for patients with a chronic disease 
course and recurrent disease course. In grey: number of patients that reported 
at least one symptom of that organ system. In white: most commonly reported 
symptoms of that organ system. For patients with a recurrent disease course the 
separate symptoms are split into always (left column) or sometimes/often present 
during episodes (right column).
*Patients with recurrent disease course and chronic disease course with recurrent 
acute exacerbations.
†Percentage of total with chronic or recurrent disease course (7 or 180 patients).
lnn, lymph nodes; n, number of patients.

given in 10 patients, with a complete response in 2 and a partial 
response in 5 patients. Adenoidectomy and/or tonsillectomy had 
limited effect; 8/9 adenotonsillectomies, 1/1 tonsillectomies and 
1/2 adenoidectomies were ineffective. Figure 3E summarises the 
responses to treatment.

Comparing treatment response to other clinical information, 
we found that patients with a good response to colchicine had 
a shorter episode duration compared with poor responders 
(p=0.030). In addition, a regular pattern of febrile episodes was 
more often described in patients with a good response to steroids 
or colchicine (p=0.050 and p=0.002, respectively). Patients 
with a good response to anakinra had a lower episode frequency 
(p=0.037), were older at disease onset (p=0.018) and more 
often had an irregular disease pattern (p=0.018) compared with 
patients with a moderate or bad response to anakinra.

Family history
Twenty-four patients had affected relatives. In 12 patients, first 
degree relatives were affected. Three patients had multiple rela-
tives affected. Within our cohort, two patients were related to 
each other: two sisters from Italy with a disease onset at 1.0 year 
and 12.0–13.0 attacks/year with a duration of 3.0 days. Common 
features of these sisters were a recurrent disease course, exuda-
tive pharyngitis, bilateral enlarged cervical lymph nodes, fatigue 
and malaise.

Patients with relatives affected were significantly younger at 
disease onset (2.0 vs 5.8 years, p=0.007) and more often had a 
regular disease pattern (63.6% vs 31.5%, p=0.007) compared 
with patients without relatives affected. Furthermore, genetic 

variants were more often found in patients with relatives affected 
(27.3% vs 5.4%, p=0.005).

Genetic characteristics
Analysis of one or more SAID-related genes was performed 
in 159 patients (85.0%), either by complete gene screening, 
screening of most relevant exons or screening of most relevant 
point mutations. In total, 15 patients carried likely pathogenic 
variants or variants of uncertain significance. Two patients had 
a genetic variant in the NLRP3 gene, seven in the MEFV gene, 
two in the MVK gene, four in the TNFRSF1A gene and last, one 
patient had a variant in the NOD2 gene (table 2). No variants 
were reported in the PSTPIP1, NLRP12, ADA2 or IL1RN gene. 

http://ard.bmj.com/
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Table 2 Genetic characteristics

Molecular analyses

n.tested Complete gene screening Most relevant exons Most relevant point mutations Unknown n.variants found Variants Genetic class*

MEFV 113 33 68 4 8 7 p.A744S
p.E148Q
p.K25R
p.R761H
p.S339F

3
3
4
4
3

NLRP3 39 17 15 7 2 p.R488K
p.V198M

3
3

TNFRS1A 119 28 84 7 4 p.R92Q 3

MVK 79 40 28 1 10 2 p.T356M 3

NOD2 9 7 2 1 p.R702W/SNP8 3

NLRP12 6 3 1 2 0

PSTPIP1 3 1 2 0

ADA2 1 1 0

IL1RN 1 1 0

*Genetic classification: 3=uncertain significance, 4=likely pathogenic.
class, classification; n, number of patients.

Table 3 Distinctive manifestations in 46 patients

n. n.

Musculoskeletal 7 Gastrointestinal 6

 Bone alteration/deformity 5  Aseptic peritonitis 3

 Flexion contractures 3  Gastrointestinal ulcers 2

 Osteitis 2  Gastrointestinal bleeding 1

 Osteolytic lesions 2  Intestinal occlusion 1

 Muscular atrophy 3  Peritoneal adhesions 1

 Hyperostotic lesions 1  Gut perforation 1

neurological 21 Cardiorespiratory 15

 Seizures 10  Pericarditis 11

 Intellectual impairment 8  Venous thrombosis 1

 Aseptic meningitis 2  Arterial thrombosis 1

 Cranial neuropathy 3  Pulmonary fibrosis
 (mild; severe)

3
(2; 
1)

 Peripheral neuropathy 1

 Hydrocephalus 2

  Cerebellar syndrome 1

Mucocutaneous 4 Ocular 1

 Genital ulcers 2  Retinal vasculitis 1

 Pyoderma gangrenosum 1 Other 1

 Necrotic lesions extremities 1  Macrophage activation syndrome 1

n, number of patients.

One patient had variants found in two genes, the p.R92Q variant 
in the TNFRSF1A gene and the p.V198M variant in the NLRP3 
gene.

distinctive manifestations
More distinctive manifestations were reported in 46 patients 
(table 3); most frequently reported were seizures (n=10), peri-
carditis (n=11), intellectual impairment (n=8) and bone alter-
ation/deformity (n=5). A detailed description for these more 
severely affected patients can be found in online supplementary 
table 2.

Two groups of patients stood out. First, patients with peri-
carditis (n=11) were older at disease onset (33.8 vs 4.0 years, 
p<0.001) and had a lower episode frequency (3.0 vs 12.0/year, 
p=0.001), which was more often reported as irregular (9/11 
vs 95/167, p=0.011). Patients with pericarditis often reported 

arthralgia (5/11), myalgia (5/11) and abdominal pain (3/11). In 
3/9 tested patients, genetic variants were found. The TNFRSF1A 
gene was screened in eight patients, in two patients, the p.R92Q 
variant was found. The MEFV gene was tested in seven patients; 
in one patient, the p.A744S variant was found, and he did not 
present a clinical phenotype consistent with FMF.

Second, patients with an intellectual impairment (n=8) were 
younger at disease onset (2.2 vs 4.7 years, p=0.034). Their 
median episode duration was 4.5 (3.0–6.3) days, they had a 
median of 12.0 (5.5–15.8) episodes per year and in 28.6% rela-
tives were affected, and this did not differ from other patients. 
The following symptoms were more frequently reported in 
patients with an intellectual impairment: abdominal pain (100% 
vs 46.9%, p=0.043), arthralgia (100% vs 59.5%, p=0.045), 
headache (87.5% vs 34.1%, p<0.001), seizures (28.6% vs 4.6%, 
p=0.050) and generalised lymph node enlargement (57.2% vs 
10.1%, p<0.001). Seven of these patients had genetic analyses 
performed (TNFRSF1A, n=5; MEFV, n=5; NLRP3, n=2; MVK, 
n=5; PSTPIP, n=1; ADA2, n=1), all without genetic variants 
found.

dIsCussIOn
We described a large well-defined cohort of patients with unde-
fined SAIDs, enabling us to provide a broad description of the 
clinical characteristics, the genetic characteristics and the treat-
ment response.

An advantage of our study is the standardised and elaborate 
list of symptoms, which yields a comprehensive clinical picture 
of the patients. In addition to fever, most commonly reported 
symptoms were: arthralgia, myalgia, abdominal pain, mucocu-
taneous manifestations, fatigue and malaise. Arthralgia, myalgia 
and mucocutaneous manifestations were frequently reported 
in other, smaller cohorts of patients with undefined periodic 
inflammation as well.14–18 Fatigue and malaise were reported by 
more than half of our patients, but were only mentioned in one 
other study.18 As fatigue and malaise are generally often encoun-
tered by patients with rheumatic diseases, an under-reporting 
of these symptoms in other cohorts seems to be the most likely 
explanation of this discrepancy.18 19 Most of our patients had a 
disease onset before the age of 5 years. However, even though 
a relevant number of patients with an adult-onset have been 
included, a selection bias could have decreased the average age 
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of onset, due to an over-representation of paediatric centres in 
the Eurofever project. In other studies, the age of disease onset 
varied from 4 to 43 years.14–18

As in most of the defined SAIDs, the majority of patients 
in our cohort had a favourable response to NSAIDs, steroids, 
colchicine and anakinra, but patients rarely achieved complete 
response with NSAIDs alone.20–23 Contrary to the good effect 
observed in PFAPA syndrome, tonsillectomy and/or adenoidec-
tomy were rarely effective in patients with undefined SAIDs.21 22 
Nonetheless, we cannot exclude a reporting bias, as physicians 
tend to enrol patients with a long-standing or difficult-to-treat 
disease course and thus leave out patients with a complete 
response to NSAIDs, tonsillectomy and/or adenoidectomy.

Looking at patients with distinctive manifestations, we found 
that patients with pericarditis, in line with published data 
concerning idiopathic recurrent pericarditis, had a disease onset 
in adulthood and a low episode frequency.24 However, patients 
with pericarditis in our cohort seem to form a specific cluster, 
since they also often suffered from musculoskeletal symptoms 
and abdominal pain, usually not reported in typical recurrent 
pericarditis.25 This could mean that these patients either display 
an extension of the spectrum of idiopathic recurrent pericarditis 
or they form a distinct entity. Second, patients with an intellec-
tual impairment often had relatives affected and were young at 
disease onset. Possibly these patients form a distinct entity on 
their own as well. Online supplementary table 2 can be used 
to identify similar patients in other centres with distinctive 
symptoms.

A limitation of our study is its retrospective design. As 
mentioned previously, we cannot exclude a bias in the selection 
of patients entered in the registry, favouring patients with more 
severe disease. An additional selection bias was introduced by 
the design of this analysis, excluding patients with normal acute 
phase proteins. Furthermore, for some patients, parts of the clin-
ical variables were missing as they were not retraceable from 
their clinical charts. More importantly, the lack of prospective 
follow-up data hampers conclusions regarding outcome and 
long-term therapy response in these patients. The treatment 
response was also difficult to interpret due to the possibility that 
the natural disease course or simultaneous use of other drugs 
influenced the response to therapy.21 To overcome these limita-
tions in future research, a follow-up registry has recently been 
implemented by the Eurofever working group.26

We have found a correlation between the presence of genetic 
variants and a positive family history of (undefined) SAIDs. 
Whether this represents a causal relation is uncertain. One might 
reason that these genetic variants, although not by themselves 
pathogenic, could contribute to autoinflammation in combina-
tion with environmental triggers or other (epi)genetic factors. 
However, there may be mere confounding by indication as 
patients with a positive family history might have been more 
likely to undergo genetic testing. Furthermore, the method of 
genetic screening varied among patients and this registry was 
not designed for in-depth analyses of family history nor disease 
aetiology. Laboratory experiments and population-based genetic 
studies are necessary to define a causal relation between genetic 
variants and autoinflammation.

One of the main limitations of this study is the lack of homo-
geneous and complete genetic analysis in the entire population 
of patients included in our study. Hence, genetic diagnoses 
might have been missed, because the relevant genes or the rele-
vant regions of the affected gene were not tested. In particular, 
genes that had not been identified as cause of autoinflamma-
tory disease when the registry started, like TNFAIP3 causing 

A20 haploinsufficiency, may not have been tested in patients 
with the relevant phenotype.27 Similarly, somatic mosaicism for 
autosomal dominant mutations would not have been detected. 
Genetic screening was often limited, due to the large geograph-
ical distribution of the enrolling centres and limited availability 
of molecular screening in some centres. Notably, most patients 
were enrolled from 2009 onwards, far before next generation 
sequencing of gene panels was routinely used. We tried to mini-
mise the chance of erroneously including patients with a well-de-
fined SAID, by excluding those with a clinical picture indicative 
of such a disease, but in whom the relevant genetic analysis had 
not been performed.

We want to stress the importance of thorough diagnostics. 
Many patients in our cohort classified positive with the Federici 
clinical score.10 This confirms the difficulty in differentiating 
between undefined and defined SAIDs on clinical grounds only 
and suggests a need for new classification criteria for monogenic 
autoinflammatory diseases, which should combine both genetic 
and clinical variables. The age of sequential single gene analysis 
is over. Patients with undefined SAIDs deserve next generation 
sequencing with gene panels and, if negative, to proceed to whole 
exome sequencing, where and when available and affordable.

In conclusion, we provide a detailed description of the clin-
ical characteristics of a large well-defined international cohort of 
patients with undefined SAIDs. This protean group of patients 
represents one of the most frequent subsets observed in the daily 
practice of autoinflammatory disease clinics.1 2 Despite the large 
variability of this heterogeneous group of patients, the avail-
ability of a relevant number of affected individuals allowed to 
identify some interesting clues. A relevant proportion of the 
patients had other affected family members. When available, 
a whole exome sequencing approach would be appropriate in 
such families in order to identify possible new genes. Moreover, 
some distinctive manifestations (like pericarditis or intellectual 
impairment) could allow the identification of novel SAID clinical 
clusters, possibly related to specific genes.

In this study, we described the characteristics of patients with 
undefined SAIDs as a single group. However, different under-
lying causes for autoinflammation are undoubtedly present in 
this cohort. Future research, combining extensive genetic data 
with functional and phenotypic data, is likely to provide insight 
into genotype-phenotype relation, leading to the eventual iden-
tification of new SAIDs within this group.28
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AbsTrACT
Objectives disability prevention strategies are 
more achievable before osteoarthritis disease drives 
impairment. it is critical to identify high-risk groups, 
for strategy implementation and trial eligibility. an 
established measure, gait speed is associated with 
disability and mortality. We sought to develop and 
validate risk stratification trees for incident slow gait in 
persons at high risk for knee osteoarthritis, feasible in 
community and clinical settings.
Methods osteoarthritis initiative (derivation cohort) 
and multicenter osteoarthritis study (validation cohort) 
participants at high risk for knee osteoarthritis were 
included. outcome was incident slow gait over up to 
10-year follow-up. derivation cohort classification and 
regression tree analysis identified predictors from easily 
assessed variables and developed risk stratification 
models, then applied to the validation cohort. logistic 
regression compared risk group predictive values; area 
under the receiver operating characteristic curves (aUcs) 
summarised discrimination ability.
results 1870 (derivation) and 1279 (validation) 
persons were included. The most parsimonious tree 
identified three risk groups, from stratification based 
on age and Womac Function. a 7-risk-group tree also 
included education, strenuous sport/recreational activity, 
obesity and depressive symptoms; outcome occurred 
in 11%, varying 0%–29 % (derivation) and 2%–23 
% (validation) depending on risk group. aUcs were 
comparable in the two cohorts (7-risk-group tree, 0.75, 
95% ci 0.72 to 0.78 (derivation); 0.72, 95% ci 0.68 to 
0.76 (validation)).
Conclusions in persons at high risk for knee 
osteoarthritis, easily acquired data can be used to 
identify those at high risk of incident functional 
impairment. outcome risk varied greatly depending 
on tree-based risk group membership. These trees can 
inform individual awareness of risk for impaired function 
and define eligibility for prevention trials.

InTrOduCTIOn
Knee osteoarthritis (OA) is a major cause of 
disability. Estimating that OA accounts for 2.4% of 
all years lived with disability (YLD), WHO ranked 
OA 10th among contributors to 1990–2013 global 
YLDs.1–3 Managing disability in knee OA is chal-
lenging, especially since beneficial approaches—
for example, physical activity and exercise—are 

difficult for persons with this disease. In these 
individuals, pain, deformity, deconditioning and 
reduced aerobic capacity limit activity and exercise, 
and adaptations to avoid pain may be entrenched. 
Managing knee OA disability is costly, in part due to 
morbidity, loss of mobility and effect on work. To 
reduce individual and societal burdens of knee OA, 
early prevention strategies may be more effective 
and less costly than managing established disability.

Effective prevention approaches could delay or 
reduce the ultimate severity of knee OA disability. 
Prevention trials are impeded by uncertainties 
regarding the population to study. First, should the 
target be persons with knee OA or with pre-OA, 
defined here as at high risk for knee OA but not yet 
with radiographic disease? Risk factors for func-
tional impairment, a precursor of disability in knee 
OA, have been identified.4–33 In persons with knee 
OA, OA disease and disease-exacerbated factors—
for example, pain,4 5 7–9 28–30 buckling,21 33 decreased 
confidence,15 33 malalignment6 and proprioceptive 
inaccuracy9—have been associated with functional 

Key messages

What does this study add?
 ► This is the first report to develop and validate 
risk stratification trees for incident functional 
impairment in persons with pre-osteoarthritis, 
defined as at high risk but not yet with 
radiographic disease.

 ► Our derivation and validation cohorts are from 
carefully designed, prospective, longitudinal 
cohort studies in which participants were 
comprehensively characterised and with 
multiyear follow-up.

 ► Forty potential predictors were considered to 
develop the trees; all predictors considered and 
in the final trees are easily assessed.

 ► The frequency of incident functional impairment 
varied according to tree-based risk group 
membership. Area under the receiver operating 
characteristic curves were comparable in the 
derivation and validation cohorts.

 ► The identified trees are feasible for clinical 
settings to stratify risk and motivate prevention 
efforts at a stage when such efforts are most 
likely to be realisable and effective.
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Table 1 Characteristics of the derivation and validation cohorts*
Derivation cohort n=1870 
persons

Validation cohort n=1279 persons 

Demographic

 Age, mean (SD), years 59.0 (9.0) 60.4 (7.8) 

 Female 1093 (58) 727 (57) 

 Race (African American) 234 (13) 148 (12) 

 Hispanic 22 (1) 6 (0.5) 

 Education

 Less than high school 
graduate

35 (2) 29 (2) 

 High school graduate 192 (10) 257 (21) 

 Some college 409 (22) 348 (27) 

 College graduate 418 (23) 280 (22) 

 Some graduate school 168 (9) 116 (9) 

 Graduate degree 635 (34) 249 (19) 

 Live alone 357 (19) 224 (18) 

 Married 1316 (70) 966 (76) 

 Health insurance 1799 (96) Not available 

Knee history

 Knee injury 650 (35) 407 (32) 

 Knee surgery 200 (11) 125 (10) 

 Family history knee 
replacement

263 (14) Not available 

Knee OA disease severity

 KL 0 in both knees 1206 (64) 874 (68) 

 KL 0 in one knee, 1 in 
one knee

388 (21) 230 (18) 

  KL 1 in both knees 276 (15) 175 (14) 

Pain/OA other sites†

 Back pain 1082 (58) 889 (70) 

 Hip pain 435 (23) 603 (47) 

 Ankle pain 162 (9) 269 (21) 

 Foot pain 181 (10) 502 (40) 

 Hand OA (observed hard 
bumps on joints closest to 
fingertips)

554 (30) Not available 

Comorbid conditions

 BMI, mean (SD), kg/m2 27.2 (4.4) 29.0 (4.8) 

 Overweight 752 (40) 527 (41) 

 Obese 477 (26) 487 (38) 

 High depressive symptoms 170 (9) 140 (11) 

 Comorbidity (two or more) 132 (7) 111 (9) 

 Smoking (current) 131 (7) 81 (6) 

 Falls 599 (32) Not available 

Knee symptoms/function

 Frequent knee symptoms Frequent knee symptoms 

 No pain either knee 393 (21) No frequent pain either knee 924 (72)

 Infrequent pain, no pain 284 (15) No frequent pain, frequent 
pain

230 (18)

 Infrequent pain, 
infrequent pain

436 (23) Frequent pain both knees 124 (10)

 Frequent pain, no pain 247 (13)

 Frequent pain, infrequent 
pain

195 (10)

 Frequent pain both 
knees

314 (17)

 Medication use for knee 
symptoms‡

364 (19) 260 (46) 

 KOOS Pain,§ mean (SD), 
range 0–100 (higher better)

84.8 (15.5) Not available 

 KOOS Symptoms,§ mean 
(SD), range 0–100 (higher 
better)

87.8 (12.1) Not available 

 KOOS item, aware of 
problems with knees, at 
least weekly

1005 (54) Not available 

 KOOS item, modified 
lifestyle to avoid damaging 
activities to knees, 
moderate or worse

391 (21) Not available 

Continued

decline and may modify effects of factors like body weight. These 
disease-related factors complicate efforts to prevent decline, espe-
cially since interventions targeting them are inadequate. Further, 
these factors likely make lifestyle and behavioural modifications 
more difficult to achieve. In contrast, persons with pre-OA are at 
a stage when modification is more likely realisable and effective. 
Notably, their pathway to disability does not only go through knee 
OA; focus on pre-OA enables capturing individuals with chronic 
knee pain whether or not they develop OA.34

Second, prevention trials optimally target persons at high 
risk for the outcome.35 However, to our knowledge, a method 
to stratify risk of functional impairment has not been reported 
either for pre-OA or existing knee OA. Risk stratification 
methods are critical to identify high-risk groups for trial eligi-
bility and dissemination of prevention strategies.

An established measure of functional impairment, slow gait 
speed is associated with disability, increased morbidity and excess 
mortality in older individuals.36–40 Our objective was to develop 
and validate a practical, user-friendly method of risk stratification 
for incident slow gait speed in persons with pre-OA, applicable to 
community and clinical settings. A cohort study of persons with or 
at high risk for knee OA, the Osteoarthritis Initiative (OAI), offered 
a unique opportunity to follow individuals with pre-OA; we lever-
aged the OAI to study this group by extending their follow-up to 
10 years. The Multicenter Osteoarthritis Study (MOST), which 
also includes a large cohort at high risk for knee OA, provided the 
best current opportunity to validate this method.

MeTHOds
derivation and validation cohorts
The OAI (4796 persons, 45–79 years) and MOST (3026 
persons, 50–79 years) provided our derivation and validation 
cohorts. OAI and MOST are prospective, observational, longitu-
dinal cohort studies of individuals with or at high risk to develop 
knee OA (see online supplementary table 1 for study details).41 
We additionally required baseline absence of OA in both knees 
(Kellgren and Lawrence (KL) radiographic grade <2). OAI and 
MOST used the same radiographic acquisition protocol and 
centralised reading site.42 43 Persons with slow gait speed (<1 
m/s) at baseline were excluded. The Institutional Review Board 
at each site approved the study.

Predictors
In the derivation cohort, 40 baseline variables were considered 
(table 1), including age, sex, race, ethnicity, education, health 
insurance, marital status and living alone. Physical activity vari-
ables included sitting; walking; light, moderate and strenuous 
sport/recreation; and muscle strength/endurance using Physical 
Activity Scale for the Elderly44 subscales. Knee pain frequency 
in both knees was considered. Frequent medication use was for 
knee symptoms most days of 1 month in the past 12 months. 
The Western Ontario and McMaster Universities Osteoarthritis 
Index (WOMAC) Pain, WOMAC Stiffness, WOMAC Func-
tion,45 KOOS Pain and KOOS Symptoms46 were included, worse 
of the two knees. Individual Knee Injury and Osteoarthritis 
Outcome Score (KOOS) Quality of Life items were ≥weekly 
aware of problems with knees; and ≥moderate, for modified 
lifestyle to avoid damaging activities to knees, how much trou-
bled with lack of confidence in knees and general difficulty with 
knees. Whether a participant had limited activities due to knee 
symptoms in the past 1 month was included. OA or OA symp-
toms in other joints included observation of hard bumps on joints 
closest to fingertips, back pain (any, past 1 month) and hip, ankle 

https://dx.doi.org/10.1136/annrheumdis-2019-215353
http://ard.bmj.com/


1414 Sharma L, et al. Ann Rheum Dis 2019;78:1412–1419. doi:10.1136/annrheumdis-2019-215353

Oesteoarthritis

 KOOS item, how much 
troubled with lack of 
confidence in knees, 
moderate or worse

266 (14) Not available 

 KOOS item, general 
difficulty with knees, 
moderate or worse

344 (18) Not available 

 WOMAC Pain,§ mean (SD), 
range 0–20, higher worse

2.4 (2.9) 2.9 (3.3) 

 WOMAC Function,¶ mean 
(SD), range 0–68, higher 
worse

6.8 (9.2) 9.6 (10.4) 

 WOMAC Stiffness,§ mean 
(SD), range 0–8, higher 
worse

1.5 (1.5) 1.7 (1.6) 

 Either knee, limit activities 
due to pain, aching or 
stiffness, past 30 days

356 (19) 205 (16) 

 Gait speed, mean (SD), m/s 1.4 (0.2) 1.3 (0.2) 

Physical activity (past 7 days)

 Sitting

 Never 5 (0.3) 1 (0.1) 

 Seldom (1–2 days) 71 (4) 46 (3.6) 

 Sometimes (3–4 days) 178 (10) 154 (12) 

 Often (5–7 days) 1616 (86) 1078 (84) 

 Walking

 Never 276 (15) 127 (10) 

 Seldom (1–2 days) 348 (19) 196 (15) 

 Sometimes (3–4 days) 414 (22) 303 (24) 

 Often (5–7 days) 832 (44) 653 (51) 

 Light sport/recreation

 Never 1602 (86) 988 (77) 

 Seldom (1–2 days) 184 (10) 198 (15) 

 Sometimes (3–4 days) 58 (3) 63 (5) 

 Often (5–7 days) 26 (1) 30 (2) 

 Moderate sport/recreation

 Never 1545 (83) 1021 (80) 

 Seldom (1–2 days) 203 (11) 146 (11) 

 Sometimes (3–4 days) 86 (5) 37 (3) 

 Often (5–7 days) 36 (2) 75 (6) 

 Strenuous sport/recreation

 Never 1216 (65) 880 (69) 

 Seldom (1–2 days) 241 (13) 147 (11) 

 Sometimes (3–4 days) 270 (14) 163 (13) 

 Often (5–7 days) 143 (8) 89 (7) 

 Muscle strength/endurance

 Never 1009 (54) 705 (55) 

 Seldom (1–2 days) 324 (17) 170 (13) 

 Sometimes (3–4 days) 362 (19) 231 (18) 

 Often (5–7 days) 175 (9) 173 (14) 

*Values are expressed as number (percentage) unless otherwise indicated. Data are based on participants with 
available data for each characteristic.
†OAI and MOST used different questions. In OAI, hip, ankle and foot pain were queried as most days of 1 month 
during the past 12 months. In MOST, hip pain was queried as any pain, past 30 days, and foot pain as pain on most 
of the past 30 days; ankle pain was present if participants answered yes to “on most days, do you have pain, aching 
or stiffness in any joints”, and then selected either ankle on a drawing of a human figure.
‡In OAI, all participants were asked about medication use: “Either knee, used medication for pain, aching or stiffness 
more than half the days of a month, past 12 months”. In MOST, only persons who answered yes to the question 
“Has a doctor ever told you that you have arthritis” were asked about medication use: “Are you taking any of the 
following medications for your arthritis every day or almost every day? (Aspirin, Ibuprofen, Acetaminophen, Cox2 
inhibitors, other nonsteroidal/anti-inflammatories)”.
§Worse of the two knees.
¶OAI assessed WOMAC Function separately for each knee; the worse value was used. MOST assessed WOMAC 
Function considering both knees at once.
BMI, body mass index; KL, Kellgren and Lawrence radiographic grade; MOST, Multicenter Osteoarthritis Study; OA, 
osteoarthritis; OAI, Osteoarthritis Initiative.

Table 1 Continued

and foot pain (most days of 1 month during the past 12 months). 
Comorbidity variables included overweight, obesity, depressive 
symptoms (Center for Epidemiologic Studies Depression Scale,47 
score ≥16), a questionnaire version of the Charlson Index48 
(score ≥2) and falls (any, past year). Body mass index (BMI; 
weight (kg)/height (m2)) was overweight if ≥25≤BMI<30 and 
obese if BMI ≥30. Other variables included previous knee injury 

(ever so badly that it was difficult to walk for ≥1 week), previous 
knee surgery (ever any surgery to either knee), family history 
of knee replacement and smoking (current). All variables were 
self-report except BMI.49 50 MOST generally employed similar 
methods (differences noted in table 1 footnotes).

Outcome
The outcome was incident slow gait speed (<1 m/s)51–53 at any 
follow-up, excluding persons with slow gait speed at baseline. 
Gait speed was measured using a timed 20 m walk in the OAI 
at baseline and 12, 24, 36, 48, 72, 96 and 120 months, and in 
MOST at baseline and 30, 60 and 84 month follow-up visits.

statistical analysis
Classification and regression tree (CART) methods were used 
in the derivation cohort to identify the best predictor set and 
develop risk stratification models.54–56 CART, in contrast to 
logistic regression models, can generate classification/decision 
trees, following a priori decisions to maximise predictive accu-
racy based on cross-validation and classify persons into risk 
groups. Briefly, CART segregates different values of the predic-
tors (classification) through a decision tree composed of progres-
sive binary splits based on recursive partitioning analysis. Every 
value of each predictor is considered as a potential split, and 
the optimal split is selected based on an impurity criterion (the 
reduction in the residual sum of squares due to a binary split of 
the data at that tree node). When missing values are encoun-
tered in considering a split, probability and impurity measures 
are calculated from surrogates. CART includes all records with 
outcomes; for any missing predictors, ‘surrogate splitters’ are 
substituted, back-up rules that mimic primary splitting rules. 
Each parent node produces two child nodes, which in turn can 
become parent nodes, with tree building and pruning until the 
statistical criterion indicates tree fit without overfitting. Terminal 
nodes, created if no further split was made, are mutually exclu-
sive and exhaustive sample subgroups. Nodes were constrained 
to a minimum of 60 persons in parent and 30 in child nodes. 
To avoid overfitting, tree models were evaluated for predictive 
ability using 10-fold cross-validation. Outcome rates for each 
terminal node were used to create risk stratification groups in 
the derivation cohort. The predictive value of the risk stratifi-
cation models was assessed by ORs and 95% CIs using logistic 
regression to compare risk group pairs.

Derived trees were then prospectively applied to the valida-
tion cohort to independently test their ability to identify partici-
pants in different risk groups. Incidence outcome rates for these 
risk groups and ORs and 95% CIs comparing risk groups were 
calculated.

The discrimination ability of the prediction models was 
compared using area under receiver operating characteristic 
curves (AUCs). Salford Predictive Modeler’s CART V.8.0 was 
used for CART and SAS V.9.4 for logistic regression and AUC 
analyses.

Patient and public involvement
We did not involve patients or the public in our work.

resulTs
The number of persons who had KL 0/0 (KL 0 in both knees), 
0/1 or 1/1, and without slow gait speed at baseline was 1870 in 
the derivation cohort and 1279 in the validation cohort (online 
supplementary figures 1A–B). Incident slow gait speed occurred 
at a study visit within 10-year follow-up in 206/1870 (11.0%) 
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Figure 1 Predictors of incident slow gait speed and risk stratification, 
derivation cohort (OAI). The figure depicts the optimal (most 
parsimonious) tree and frequency of outcome for each terminal node 
(risk group): age >66.5 years (High Risk-1), age ≤66.5 and WOMAC 
Function >23.7 (High Risk-2), age ≤66.5 and WOMAC Function ≤23.7 
(low risk). OAI, Osteoarthritis Initiative.

Figure 2 Predictors of incident slow gait speed and risk stratification, 
derivation cohort (OAI). The figure depicts the 7-risk-group tree and 
frequency of outcome for each risk group: age >66.5 (High Risk-3), 
age ≤66.5, WOMAC Function >23.7 (High Risk-4), age ≤66.5, WOMAC 
Function ≤23.7, education >some college (Low Risk-2), age ≤66.5, 
WOMAC Function ≤23.7, education ≤some college, strenuous activities 
>2 days (Low Risk-1), age ≤66.5, WOMAC Function ≤23.7, education 
≤some college, strenuous activities ≤2 days, obese (High Risk-1), age 
≤66.5, WOMAC Function ≤23.7, education ≤some college, strenuous 
activities ≤2 days, non-obese, with high depressive symptoms (High 
Risk-2), age ≤66.5, WOMAC Function ≤23.7, education ≤some college, 
strenuous activities ≤2 days, non-obese, without high depressive 
symptoms (Low Risk-3).persons in the derivation cohort and within 7-year follow-up in 

143/1279 (11.2%) in the validation cohort. Baseline character-
istics of each cohort are shown in table 1. In derivation cohort 
participants without and with the outcome, mean (SD) baseline 
gait speed (m/s) was 1.40 (0.18) and 1.19 (0.14), and change in 
gait speed (baseline minus final observation) was −0.05 (0.16) 
and −0.27 (0.18). In validation cohort participants without and 
with the outcome, baseline gait speed was 1.31 (0.16) and 1.16 
(0.12), and change in gait speed was 0.004 (0.14) and −0.25 
(0.16).

In the derivation cohort, the most parsimonious model was a 
3-risk-group tree including age and WOMAC Function, shown 
with outcome frequency for each risk group in figure 1. More-
over, 7-risk-group, 9-risk-group, 11-risk-group and larger risk-
group trees were within 1 SE of the measured performance of the 
most parsimonious tree, but trees with 11 or more risk groups 
were complex and difficult to interpret. The 7-risk-group tree 
included age, WOMAC Function, education, strenuous activity, 
obesity and high depressive symptoms as discriminators; risk 
groups are shown in figure 2. Table 2 summarises characteristics 
of these seven risk groups in both cohorts. The 9-risk-group tree 
additionally included overweight or obesity.

For risk groups identified by the 3-risk-group tree (figure 1), 
ORs comparing risk groups were significant for High Risk-1 
versus Low Risk groups (OR 5.24, 95% CI 3.80 to 7.24) and for 
High Risk-2 versus Low Risk groups (OR 7.13, 95% CI 4.35 to 
11.69) but not for High Risk-2 versus High Risk-1 groups (OR 
1.36, 95% CI 0.84 to 2.21). For risk groups identified by the 
7-risk-group tree, comparisons are shown in online supplemen-
tary table 2.

The trees generated by analysis of the derivation cohort were 
then tested for their ability to risk stratify persons in the vali-
dation cohort; figures 3 and 4 depict the 3-risk-group tree and 
7-risk-group tree, respectively.

In the validation cohort, for risk groups identified by the 
3-risk-group tree, ORs comparing risk groups were significant 
for High Risk-1 versus Low Risk groups (OR 4.28, 95% CI 
2.94 to 6.24) and for High Risk-2 versus Low Risk groups (OR 
2.29, 95% CI 1.22 to 4.27), but not for High Risk-2 versus High 

Risk-1 groups (OR 0.53, 95% CI 0.29 to 1.00). For risk groups 
identified by the 7-risk-group tree, comparisons are shown in 
online supplementary table 3. Distribution of incident outcomes, 
and Kaplan-Meier estimates of probability of outcome-free 
follow-up, overall and by 3-risk-group trees is shown in online 
supplementary table 4A-4D for both cohorts.

AUCs to summarise discrimination ability were comparable in 
the derivation and validation cohorts: for the 3-risk-group tree, 
AUC 0.70, 95% CI 0.67 to 0.74 and AUC 0.67, 95% CI 0.62 
to 0.71; for the 7-risk-group tree, AUC 0.75, 95% CI 0.72 to 
0.78 and AUC 0.72, 95% CI 0.68 to 0.76; and for the 9-risk-
group tree, AUC 0.77, 95% CI 0.74 to 0.80 and AUC 0.73, 
95% CI 0.69 to 0.77. The AUCs for the 7-risk-group tree were 
better than for the 3-risk-group tree, for both cohorts (each 
p<0.0001). The AUCs for the 9-risk-group tree were better than 
for the 7-risk-group tree, for both the derivation and validation 
cohorts: p<0.0001 and p=0.02.

dIsCussIOn
In analyses considering 40 baseline variables, a 3-risk-group tree 
(including age and WOMAC Function) was identified as the 
most parsimonious model. A 7-risk-group tree (including age, 
WOMAC Function, education, strenuous activity, obesity and 
high depressive symptoms) and a 9-risk-group tree performed 
comparably with the parsimonious tree; AUCs were best for the 
9-risk-group tree but were not substantially different from the 
7-risk-group tree. Overall, incident slow gait speed occurred in 
11%, but the risk varied greatly, between 0% and 29% in the 
derivation cohort and between 2% and 23% in the validation 
cohort, depending on risk group membership using the 7-risk-
group tree. In both cohorts, ORs comparing risk groups from the 
3-risk-group tree were significantly different from 1.0 for High 
Risk-1 versus Low Risk and for High Risk-2 versus Low Risk. 
AUCs to summarise discrimination ability were comparable in 
the two cohorts. These findings suggest that in persons at high 
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Table 2 Characteristics of the derivation and validation cohorts in risk groups from the 7-risk-group model*

Low Risk-1 Low Risk-2  Low Risk-3 High Risk-1 High Risk-2 High Risk-3 High Risk-4

derivation cohort (1870 persons)

No of persons with incident slow gait speed/no in group 0/52 (0) 33/929 (3.6)   11/191 (5.8) 20/107 (18.7) 7/32 (21.9) 106/459 (23.1) 29/100 (29.0)

Demographic

 Age, mean (SD), years 55.7 (6.2) 54.7 (5.6)  55.4 (6.3) 55.6 (6.0) 56.0 (6.0) 71.7 (3.3) 54.3 (6.1)

 Female 32 (62) 482 (52)  153 (80) 72 (67) 21 (66) 265 (58) 68 (68)

 Education

   Less than high school 2 (4) 0  2 (1) 7 (7) 4 (13) 12 (3) 8 (8)

 graduate

 High school graduate 12 (24) 0  49 (26) 29 (27) 6 (20) 79 (17) 17 (18)

 Some college 37 (73) 0  140 (73) 71 (66) 20 (67) 96 (21) 45 (46)

 College graduate 0 308 (33)  0 0 0 94 (21) 16 (17)

 Some graduate school 0 120 (13)  0 0 0 42 (9) 6 (6)

 Graduate degree 0 497 (54)  0 0 0 0 5 (5)

Knee OA disease severity

 KL 0 in both knees 40 (77) 632 (68)  133 (70) 59 (55) 22 (69) 267 (58) 53 (53)

 KL 0 in one knee, 1 in one knee 9 (17) 183 (19)  32 (16) 28 (26) 4 (13) 107 (24) 25 (25)

 KL 1 in both knees 3 (6) 114 (12)  26 (14) 20 (19) 6 (19) 85 (19) 22 (22)

Comorbid conditions

 BMI, mean (SD), kg/m2 27.3 (4.4) 26.9 (4.5)  25.2 (2.9) 33.3 (2.7) 24.7 (3.4) 26.6 (3.7) 29.5 (5.0)

 Overweight 23 (44) 350 (38)  106 (56) 0 16 (50) 216 (47) 41 (41)

 Obese 13 (25) 233 (25)  0 107 (100) 0 82 (18) 42 (42)

 High depressive symptoms 1 (2) 68 (7)  0 16 (15) 31 (100) 25 (5) 29 (29)

Knee symptoms/function

 No frequent symptoms either knee 27 (52) 581 (62)  116 (61) 57 (54) 18 (57) 305 (66) 9 (9)

 WOMAC Pain,† mean (SD) 2.2 (2.2) 1.7 (2.0)  2.4 (2.5) 2.7 (2.7) 3.1 (3.1) 2.1 (2.7) 9.3 (2.8)

 WOMAC Function,‡ mean (SD) 5.3 (6.7) 4.5 (5.9)  6.2 (6.6) 7.3 (7.2) 8.9 (6.9) 6.2 (8.7) 31.8 (6.4)

 Gait speed, mean (SD), m/s 1.4 (0.1) 1.4 (0.2)  1.4 (0.2) 1.3 (0.2) 1.4 (0.2) 1.3 (0.2) 1.3 (0.2)

Physical activity (past 7 days)

 Strenuous sport/recreation

 Never 0 529 (57)  166 (87) 93 (87) 31 (97) 314 (68) 83 (83)

 Seldom (1–2 days) 0 141 (15)  25 (13) 14 (13) 1 (3) 53 (12) 7 (7)

 Sometimes (3–4 days) 40 (77) 155 (17)  0 0 0 66 (14) 9 (9)

 Often (5–7 days) 12 (23) 104 (11)  0 0 0 26 (6) 1 (1)

Validation cohort (1279 persons)

No of persons with incident slow gait speed/no in group 1/59 (1.7) 16/467 (3.4)   16/164 (9.8) 21/156 (13.5) 3/21 (14.3) 72/311 (23.1) 14/101 (13.9)

Demographic

 Age, mean (SD), years 58.6 (5.1) 56.3 (4.8)  58.2 (5.1) 56.7 (5.0) 56.0 (5.6) 71.3 (3.5) 57.2 (5.3)

 Female 31 (53) 236 (51)  111 (68) 94 (60) 13 (62) 176 (57) 66 (65)

 Education

   Less than high school 1 (2) 0  6 (4) 4 (3) 1 (5) 14 (5) 3 (3)

graduate

 High school graduate 23 (39) 0  59 (36) 65 (42) 9 (43) 76 (24) 25 (25)

 Some college 35 (59) 0  99 (60) 87 (56) 11 (52) 84 (27) 32 (32)

 College graduate 0 199 (43)  0 0 0 61 (20) 20 (20)

 Some graduate school 0 83 (18)  0 0 0 25 (8) 8 (8)

 Graduate degree 0 185 (40)  0 0 0 51 (16) 13 (13)

Knee OA disease severity

 KL 0 in both knees 42 (71) 329 (70)  120 (73) 103 (66) 16 (76) 195 (63) 69 (68)

 KL 0 in one knee, 1 in one knee 10 (17) 87 (19)  23 (14) 28 (18) 4 (19) 64 (21) 14 (14)

 KL 1 in both knees 7 (12) 51 (11)  21 (13) 25 (16) 1 (5) 52 (17) 18 (18)

Comorbid conditions

 BMI, mean (SD), kg/m2 28.3 (4.4) 28.8 (4.8)  26.2 (2.7) 34.0 (3.7) 26.0 (2.6) 28.1 (4.1) 30.3 (5.5)

 Overweight 27 (46) 184 (39)  120 (73) 0 14 (67) 151 (49) 31 (31)

 Obese 19 (32) 170 (36)  0 156 (100) 0 91 (29) 51 (51)

 High depressive symptoms 5 (8) 32 (7)  0 31 (20) 21 (100) 20 (6) 31 (31)

Knee symptoms/function

 No frequent symptoms either knee 45 (76) 354 (76)  128 (78) 122 (78) 14 (67) 230 (74) 31 (31)

Continued
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 WOMAC Pain,† mean (SD) 2.3 (2.8) 1.9 (2.3)  2.5 (2.5) 2.5 (2.6) 3.2 (2.6) 3.0 (3.4) 8.7 (3.2)

 WOMAC Function,‡ mean (SD) 6.5 (6.4) 5.6 (6.5)  7.1 (6.2) 8.4 (7.0) 12.1 (8.8) 10.6 (10.9) 31.5 (7.0)

 Gait speed, mean (SD) 1.3 (0.2) 1.3 (0.2)  1.3 (0.2) 1.2 (0.1) 1.3 (0.2) 1.2 (0.1) 1.2 (0.1)

Physical activity (past 7 days)

 Strenuous sport/recreation

   Never 0 275 (59)  143 (87) 142 (91) 20 (95) 220 (71) 80 (79)

   Seldom (1–2 days) 0 68 (15)  21 (13) 14 (9) 1 (5) 33 (11) 10 (10)

   Sometimes (3–4 days) 41 (69) 82 (18)  0 0 0 33 (11) 7 (7)

   Often (5–7 days) 18 (31) 42 (9)  0 0 0 25 (8) 4 (4)

*Values are expressed as number (percentage) unless otherwise indicated. Data are based on participants with available data for each characteristic.
†Worse of the two knees.
‡OAI assessed WOMAC Function separately for each knee; the worse value was used. MOST assessed WOMAC Function considering both knees at once.
BMI, body mass index; KL, Kellgren and Lawrence radiographic grade; MOST, Multicenter Osteoarthritis Study; OA, osteoarthritis.

Table 2 Continued

Figure 3 Predictors of incident slow gait speed and risk stratification, 
validation cohort (MOST). The figure depicts the findings when the 
most parsimonious tree generated by analysis of the derivation cohort 
was tested for its ability to risk stratify persons in the validation cohort 
(MOST). MOST, Multicenter Osteoarthritis Study.

Figure 4 Predictors of incident slow gait speed and risk stratification, 
validation cohort (MOST). The figure depicts the findings when the 
7-risk-group tree generated by analysis of the derivation cohort was 
tested for its ability to risk stratify persons in the validation cohort 
(MOST). MOST, Multicenter Osteoarthritis Study.

risk for knee OA, risk of functional decline can be estimated 
using easily acquired data.

Methods to stratify risk of functional decline have not been 
reported for persons with knee OA or pre-OA. Previous longi-
tudinal studies of functional outcome have evaluated persons 
with knee OA, frequent knee pain, or a pool of persons with 
or at high risk to develop knee OA. These studies have identi-
fied risk factors including age, female sex, socioeconomic status, 
BMI, pain, comorbidity, depressive symptoms, knee buckling, 
low knee confidence, falls, laxity, malalignment, disease severity, 
proprioceptive inaccuracy, sleep disturbance and community 
mobility barriers, while greater physical activity, less sedentary 
time, aerobic exercise, strength, self-efficacy and social support 
were associated with a reduced risk.4–33 These studies have not 
separately examined pre-OA. While risk stratification in persons 
with knee OA is important, focusing only on this stage bypasses 
a compelling stage for prevention, before disease consequences 
become dominant. Persons with pre-OA are at a stage when life-
style and behavioural modification to prevent decline are more 
likely achievable and effective. Further, our findings are relevant 
to the large pool at high risk for knee OA, including those with 
chronic knee pain, whether or not they develop knee OA.

The findings in MOST provided some, although not perfect, 
validation. Outcome frequency was consistently higher in 

MOST high-risk than low-risk groups, but was sometimes 
lower in MOST than in the OAI. Possible reasons include 
fewer follow-up visits, shorter follow-up duration and higher 
baseline prevalence of no frequent pain in both knees in 
MOST (table 1). High-risk groups with the greatest difference 
in outcome frequency between OAI and MOST differed in 
at least two ways (table 2). First, baseline prevalence of no 
frequent pain in both knees was higher in these MOST versus 
OAI groups. Second, while only persons with bilateral KL <2 
were included, frequency of KL 0 in both knees was higher in 
the MOST groups; OAI high-risk groups included more indi-
viduals with KL 1 in one or both knees.

Outcome frequency in low risk groups was similar between 
the two cohorts, reinforcing the concept of a resilient pheno-
type. Risk of incident slow gait speed was low in persons 
<66.5 years, with a WOMAC Function score ≤23.7, if above 
the education threshold. Being younger and with a better 
WOMAC Function score and below the education threshold 
could be overcome by one of two routes—any strenuous 
activity ≥2 days/week, or not being obese and not having 
high depressive symptoms (figures 2 and 4). The findings 
demonstrate the importance of validation, and that compa-
rable performance cannot be assumed even when studies are 
similarly designed. Comparability of AUCs in the two cohorts 
provides further evidence of validation and generalisability.

This study has limitations. We used easily assessed variables, 
deliberately to maximise application of these trees. However, 
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other variables may influence risk discrimination. The validation 
cohort had a shorter follow-up duration. Both OAI and MOST 
were designed to study community-dwelling individuals at high 
risk for knee OA and recruited from population lists but did 
not use random sampling; to accrue a comparably sized random 
sample would require this data collection in a very large popu-
lation study. We included persons without radiographic knee 
OA. These findings should be validated in a high-risk population 
without self-reported knee OA. These results may not be generalis-
able to a non-US population. As an objective performance measure 
associated with disability and survival,36–40 gait speed was a logical 
choice to measure outcome. A threshold is more interpretable 
than change. However, an inherent issue is that individuals closer 
to a threshold may be more likely to cross it, and predictors may 
be weighted towards variables associated with being closer to it. 
Notably, change also has limitations, for example, with interpret-
ability, how to incorporate from where a person starts and what 
magnitude of change is meaningful at different starting points.

This prognostic stratification could be applied in community 
and clinical settings to promote awareness of risk and motivate 
efforts to prevent poor outcome. This would involve identifying 
persons at high risk for knee OA, and then among them, those 
at high risk for functional impairment. The approach to identify 
the former, carefully developed and very similar in the OAI and 
MOST, is translatable into a short paper or electronic form; this 
with a tree would yield an easily completed, simple and inexpensive 
tool. The current findings suggest that the 3-risk-group and 7-risk-
group trees are reasonable alternatives. If simplicity is required, 
the smaller tree may suffice. The 7-risk-group tree is slightly 
more burdensome but had better AUCs; in theory, the modifiable 
factors (strenuous activity, high depressive symptoms, obesity) in 
the 7-risk-group tree could serve to motivate. These findings have 
impact at two levels: first, as a tool to enhance awareness of risk 
of impaired function at an early stage, which may motivate steps 
to prevent decline; and second, to help define eligibility for func-
tional decline prevention trials. For a sense of magnitude, among 
1000 with pre-OA, 299 would be classified high risk (High Risk-1 
or High Risk-2 using the 3-risk-group tree), of whom 72 (24.1%) 
would be expected to experience incident slow gait speed over the 
coming 7–10 years. Of the other 701 persons not classified high 
risk, 38 (5.4%) would be expected to experience this outcome. 
There are several potential interventions to prevent disability in 
pre-OA; an abundant literature suggests the most cost-effective 
and scalable may include physical activity promotion. Awareness of 
risk at the stage of our sample, not yet afflicted by knee OA, would 
be information at a point when these individuals are well enough 
to act and to perceive such action as a preservation of wellness.

In conclusion, in persons at high risk for knee OA, easily 
acquired data can be used to identify those at high risk of inci-
dent slow gait speed. Outcome risk varied greatly depending on 
risk group identified using the trees. These trees can inform an 
individual’s awareness, at an early stage, of risk for impaired 
function, and define eligibility for prevention trials.
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Key messages

What is already known about this subject?
 ► Cartilage suppression of peroxisome 
proliferator–activated receptor-gamma (PPARγ) 
and aberrant epigenetic modification of 
osteoarthritis (OA) susceptible genes contribute 
significantly to OA development; however, the 
underlying mechanisms remain unclear.

What does this study add?
 ► We demonstrate that the PPARγ suppressions 
in human and mouse OA cartilage incurred 
by destabilisation of medial meniscus are 
substantially caused by aberrant DNA 
methyltransferase (DNMT) DNMT1/DNMT3a 
increments and the associated PPARγ promoter 
hypermethylation. Further, pharmacological 
inhibition of DNMT1/DNMT3a can effectively 
demethylate PPARγ promoter, reduce PPARγ 
suppression and PPARγ-dependently alleviate 
cartilage damage in OA mice.

How might this impact on clinical practice or 
future developments?

 ► PPARγ preservation by DNA demethylation 
possesses therapeutic potentials in treating OA 
and the related joint diseases.

ABSTRACT
Objectives osteoarthritis (oa) is the most common 
degenerative joint disease in aged population and its 
development is significantly influenced by aberrant 
epigenetic modifications of numerous oa susceptible 
genes; however, the precise mechanisms that Dna 
methylation alterations affect oa pathogenesis remain 
undefined. This study investigates the critical role of 
epigenetic PParγ (peroxisome proliferator–activated 
receptor-gamma) suppression in oa development.
Methods articular cartilage expressions of PParγ and 
bioactive Dna methyltransferases (DnMTs) from oa 
patients and mice incurred by DMM (destabilisation 
of medial meniscus) were examined. Dna methylation 
status of both human and mouse PParγ promoters were 
assessed by methylated specific Pcr and/or bisulfite-
sequencing Pcr. oa protections by a pharmacological 
Dna demethylating agent 5aza (5-aza-2’-deoxycytidine) 
were compared between wild type and PParγ knockout 
mice.
Results articular cartilages from both oa patients and 
DMM mice display substantial PParγ suppressions likely 
due to aberrant elevations of DnMT1 and DnMT3a and 
consequential PParγ promoter hypermethylation. 5aza 
known to inhibit both DnMT1 and DnMT3a reversed the 
PParγ promoter hypermethylation, recovered the PParγ 
loss and effectively attenuated the cartilage damage 
in oa mice. 5aza also inhibited the oa-associated 
excessive inflammatory cytokines and deficit anti-oxidant 
enzymes, which were blocked by a specific PParγ 
inhibitor in cultured chondrocytes. Further, 5aza-confered 
protections against the cartilage damage and the 
associated abnormalities of oa-susceptible factors were 
significantly abrogated in PParγ knockout mice.
Conclusion epigenetic PParγ suppression plays a key 
role in oa development and PParγ preservation via 
promoter demethylation possesses promising therapeutic 
potentials in clinical treatment of oa and the related 
joint diseases.

InTROduCTIOn
Osteoarthritis (OA) is the most prevalent joint 
disease in aged people and characterised by degra-
dation of articular cartilage, synovial inflamma-
tion and bone remodelling, yet without effective 
therapy.1 OA pathogenesis involves imbalanced 
oxidative stress, excessive inflammation and 
adverse expression of genes that control cartilage 
anabolism and catabolism,2 which are incurred 
or exacerbated by a number of risk factors 
including ageing, gender, obesity, prior injury or 
abnormal alignment and inherent genetic alter-
ations.3 However, the precise molecular processes 

underlying disease susceptibility and inheritability 
remain poorly understood. Recent advances in OA 
research have clearly shown that OA development 
is associated with aberrant epigenetic alterations of 
many OA-susceptible genes,4 suggesting that the 
actual onset or progression of OA is also controlled 
by unclarified epigenetic mechanisms.

Epigenetic modifications are generally referred as 
DNA methylation, histone acetylation and miRNA 
interference processes, among them DNA methyla-
tion is the most studied epigenetic regulatory mecha-
nism that affects OA.5 DNA methylation is catalysed 
by three bioactive DNA methyltransferases (DNMT) 
including DNMT1, DNMT3a and DNMA3b via 
adding a methyl group from S-adenosyl methionine 
to the fifth carbon of a cytosine residue of CpG islands 
within gene promoters or enhancers, which represses 
gene transcription by altering chromatin structure 
and blocking the access of transcription factors. On 
the contrary, DNA hypomethylation correlates with 
gene transcriptional activation.6 Recent genome-wise 
studies reveal that aberrant DNA methylation modi-
fications affect the expressions of a number of OA 
susceptible genes, including transcription factors, 
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inflammatory cytokines, matrix proteinases and extracellular 
matrix proteins.7 However, the information regarding the key 
genes affected by DNA methylation that control OA development 
with therapeutic potentials is lacking.

Peroxisome proliferator–activated receptor-gamma (PPARγ), a 
member of ligand-activated nuclear transcription factor family, 
plays an essential role in adipocyte differentiation and metab-
olisms (carbohydrate, lipid, protein)8 and beneficially regulates 
various physiological and pathological processes such as type 2 
diabetes mellitus, atherosclerosis and OA.9 PPARγ exists in two 
isoforms (PPARγ1 and PPARγ2) generated from the same gene by 
differential promoter use or messenger RNA splicing. PPARγ2 is 
found mainly in adipose tissues, while PPARγ1 missing 30 amino 
acids at the amino-terminus is widely expressed in many tissues 
including joint chondrocytes and essential for the articular carti-
lage homeostasis.10 Mice lacking PPARγ potentiate OA patho-
genesis comparing to the WT (wild-type) mice,11–13 while PPARγ 
activators or agonists are protective against OA progression in 
animal studies,14 15 suggesting that PPARγ is a potential thera-
peutic target for OA intervention. Intriguingly, PPARγ levels are 
reportedly reduced in OA joint, which exacerbates OA progres-
sion,16 17 and the pathological factors and signalling pathway 
mediating the PPARγ suppression are not well defined. PPARγ 
promoter is featured by CpG islands and its promoter hyper-
methylation is reportedly associated with liver fibrosis, diabetes 
and atherosclerosis18–20 Thus, it is possible that aberrant DNA 
methylation contributes to PPARγ suppression and the strategies 
of endogenous PPARγ preservation by DNA methylation inter-
vention possess therapeutic potentials for OA treatment.

In this study, we sought to investigate the critical role and the 
underlying mechanism of PPARγ suppression in OA pathogen-
esis and explored the intervention potentials for anti-OA therapy. 
Our results clearly show that PPARγ suppression due to DNMT1/
DNMT3a alteration-associated PPARγ promoter hypermethylation 
plays an essential role in OA progression, and more impressively, 
PPARγ preservation by normalising the promoter hypermethyla-
tion is effective in reducing cartilage lesions in OA mice.

MeTHOdS
Animal studies
Wild type C57BL/6 mice were purchased from Model Animal 
Research Center of Nanjing University. Generation of inducible 
PPARγ knockout mice (PPARγfl/fl/ Cre-ERT2) has been described previ-
ously.21 Briefly, PPARγ-floxed mice (PPARγfl/fl, B6.129-Ppargtm-

2Rev/J, stock number: 004584, Jackson Laboratory, Bar Harbor, 
USA), served as PPARγ wild-type control (PPARγWT), were bred 
with transgenic Cre-ERT2 mice (B6.Cg-Ndor1Tg(UBC-cre/ERT2)1E-

jb/1J), stock number: 007001) expressing an cytoplasm-tethered 
Cre-ERT2 fusion protein (ERT2, the mutated ligand binding 
domain of oestrogen receptor) to yield the tamoxifen-inducible 
PPARγ knockout mice PPARγfl/fl/Cre-ERT2 (PPARγKO). All mice 
were kept under pathogen free and 12 hours light/dark cycle 
conditions with free access to food and water. The animal use 
and the experimental protocols were reviewed and approved by 
the Animal Care Committee of the Nanjing University in accor-
dance with the Institutional Animal Care and Use Committee 
guidelines.

C57BL/6 mice, PPARγWT and PPARγKO mice of around 10 
weeks old were subjected to (1) Sham surgery (Sham); (2) 5Aza 
treatment (5-Aza-2'-deoxycytidine from Sigma-Aldrich, USA, 
0.35 mg/kg, kilogram bodyweight, daily intraperitoneal injec-
tion based on our previous mouse study)22; (3) DMM (desta-
bilisation of medial meniscus)23 and (4) DMM mice with 5Aza 
treatment. Both PPARγKO and the control mice received daily 

intraperitoneal tamoxifen injection (50 mL solution containing 
2 mg tamoxifen) for five consecutive days and waited for addi-
tional 10 days before experiments.21

Mouse OA model by dMM
Surgically induced OA by DMM was performed following a 
procedure published previously.24 25 Briefly, after mice were 
anaesthetised with isoflurane supplied in a mouse anaesthesia 
apparatus. Mouse joint surgery on right knee was performed by 
sectioning the medial meniscotibial ligament anchoring medial 
meniscus to tibial plateau. The Sham surgery followed the same 
procedure without ligament sectioning. Mice were allowed free 
movement after DMM surgery. After experiments, the mice 
were sacrificed and the knee joints and sera were collected and 
stored at −80°C.
Histological analysis
Mouse knee joint sections were prepared and stained as before.23 
Continuous coronal sections (6 µm thick) across entire knee 
joint were sectioned and the every fifth section of two sets were 
selected and stained with either Safranin-O/fast green for OA 
cartilage damage/subchondral bone plate (SBP) thickness or 
Safranin-O/haematoxylin for synovitis scoring, respectively. OA 
severity/cartilage damage was assessed using the Osteoarthritis 
Research Society International (OARSI) scoring system (grade 
0–6).26 The thickness of SBP was determined by measuring five 
evenly distributed thicknesses in the medial tibial plateau.27 
Synovitis under medial meniscus were evaluated by a 0–3 grading 
system based on three features (enlargement of synovial lining 
cell layer, cellular density of synovial stroma and leucocytic infil-
tration) as described previously.28 For each joint, 10 consecu-
tive selected sections (six for synovitis scoring) were examined 
by two observers under blinded conditions. The highest OARSI 
score of either tibia or femur area, the average thickness of five 
SBP measurements and synovitis score for each section were 
recorded and the means of all sections calculated.
Human cartilage
Human cartilages were obtained from femoral heads of seven 
patients receiving total hip arthroplasty. OA cartilages were 
from three patients (male, 52–76 years old) diagnosed with 
hip OA. The normal control cartilages were from the sex and 
age-matched four patients (male, 63–79 years old) suffered from 
femoral neck fractures with intact femoral heads. Half of the 
cartilages were stored at −80°C for protein and DNA/methyl-
ated specific PCR (MSP) assays and the other half prepared for 
immunohistochemical (IHC) study.

Cell line and mouse primary chondrocyte cell culture
Human chondrocytic SW1353 cell (HTB-94, ATCC, USA) was 
cultured according to vendor’s instruction. The primary mouse 
chondrocytes were collected by sequential enzymatic digestions 
as described previously.29 Briefly, femoral heads and tibial plateaus 
from 5 days old C57BL/6 mice were dissected and digested with 3 
mg/mL and then 0.5 mg/mL Collagenase 2 (Gibco, USA) overnight 
at 37°C. After removing soft tissues such as synovia, the resulting 
chondrocytes were suspended in Dulbecco's modified eagle 
medium containing 1 g/L glucose (Gibco, USA) supplemented with 
10% fetal calf serum and antibiotics. Cells were treated with inter-
leukin 1 (IL-1)β (Peprotech, Rocky Hill, NJ, USA), 5-Aza-2'-de-
oxycytidine (5Aza, MCE-MedChemExpress, New Jersey, USA) or/
and a specific PPARγ inhibitor T0070907 (Selleck, Texas, USA) as 
indicated.

Western blot assay of protein expressions
Western blot assays of cartilages collected from OA patients, mice 
or cultured chondrocytes with various treatments are performed 
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essentially as before.23 The primary antibodies used were: PPARγ, 
MMP13 (Matrix metalloproteinases, Abcam, Cambridge, USA); 
Adamts5, Superoxide dismutase 2 (SOD2), GAPDH, β-actin 
(Santa Cruz, USA); Collagen2 (Boster, China); Aggrecan (Milli-
pore, USA); DNMT1(Novus, USA); DNMT3a and DNMT3b 
(ABclonal, Wuhan, China) and Catalase (Abcam, Cambridge, 
USA). Western blots were visualised using an ECL plus Western 
blotting detection system (Yifeixue Biotech, Nanjing, China) and 
the protein quantities were analysed by Image J software.

IHC staining
Murine joint and human cartilage sections were processed 
with IHC staining essentially as before.30 Slides were incubated 
overnight at 4°C with primary antibody to PPARγ, DNMT1, 
DNMT3a, or DNMT3b, respectively, and then with horsradish 
peroxidase (HRP)- conjugated secondary antibody. Afterward, 
slides were processed with a 3,3'-diaminobenzidine (DAB) horse-
radish peroxidase colour development kit (Beyotime, China) and 
counterstained with haematin as before.23

detection of intracellular oxidants
Intracellular oxidants of SW1353 cells and primary chondro-
cytes treated with IL-1β and/or 5Aza were detected by a mito-
chondrial superoxide detection kit (MitoSOX Red, Yeasen, 
China) following the manufacturer recommended procedures. 
The image was obtained with a confocal fluorescent microscope.

MSP and bisulfite-sequencing PCR
Analysis of CpG islands in PPARγ promoter of mouse and 
human and the primer design for MSP and bisulfite-sequencing 
PCR (BSP) were performed with online MetPrimer software 
(http://www. urogene. org/ methprimer).31 MSP was performed 
with genomic DNA from mouse primary chondrocytes, human 
chondrocytic SW1353 cells, human and mouse cartilages 
following a previously established protocol.32 For mouse PPARγ 
promoter, we used methylated forward primer  GAGT AAGG 
CGGT TAGG TAATTAGC; reverse primer  GACT ACCG CTCT 
AAAT ACGACGA and unmethylated forward primer  GAGG 
AGTA AGGT GGTT AGGT AATTAGT and reverse primer  CAAC 
TACC ACTC TAAA TACA ACAAA, which amplify the −96/104 
locus relative to the transcription starting site. MSP for human 
cells and cartilages were performed similarly with methylated 
forward primer  TTAA TTTA TTTT GGAT AGGT TACGA, reverse 
primer  TCTT AACA ATAT TTCT AACA CCGAA and unmethyl-
ated forward primer  TTAA TTTA TTTT GGAT AGGT TATGA and 
reverse primer  TTAA ATTT CTTA ACAA TATTTCT AACACCA, 
which amplify the –232/–76 locus. For internal control (Input), 
the genomic DNA was PCR-amplified simultaneously with 
forward primer  TAGT TTTA GGAA GGTA AAGG GAGTG and 
reverse primer  AAAT CCCA AAAA AAAC ACAACAAA for mouse 
or forward primer  CCAA CTCC AAAT CCCC TCTCTAT and 
reverse primer  TGAT TAAT TTAG ATTG GGTT TAGA GAAGGA 
for human, respectively. The PCR products were analysed on a 
2% agarose gel, visualised under ultraviolet light, and the densi-
tometry analysis was performed using ImageJ software. The 
relative levels of PCR products were first normalised with input 
PCR and then presented as ratio of methylated or unmethylated 
PCR over total PCR products.

For BSP, bisulfite-treated genomic DNA of mouse knee carti-
lages were amplified by PCR with BSP forward primer  GGAG 
TTTG TGAG ATTA ATAG TTTGA and reverse primer  AAAT 
CCTT TCCC CCAT CTAT AATAA, which amplified a different 
region of the same CpG island (330/473 locus). The amplified 

PCR products were gel-purified with a PCR Product Purifica-
tion Kit (Sangon Biotech, China) and cloned into pGEM-TEasy-
vector system (Promega, USA). Five colonies from each PCR 
reaction were randomly chosen for sequencing and the percent-
ages of methylated cytosines over total cytosines within the 
cloned fragment were calculated.

Quantitative real-time PCR
Cellular and joint tissue mRNA isolation, cDNA conversion, 
quantitative real-time PCR (qRT-PCR) were performed essen-
tially as before.33 The primer sequences are as following: 
TNFα-F:  CATC TTCT CAAA ATTC GAGTGAC, TNFα-R:  
TGGG AGTA GACA AGGT ACAACCC; IL-1β-F:  TGGAAAAG-
CGGTTTGTCTTC, IL-1β-R:  TACCAGTTGGGGAACTCTGC; 
Gapdh-F:  GGCCCGGTGCTGAGTATGTC, Gapdh-R:  
TGCCTGCTTCACCACCTTCT.

Statistical analysis
Statistical analyses were conducted using SPSS V.21.0. The 
data normal distributions and the assumptions of homo-
geneity of variances were assessed by Shapiro-Wilk test and 
Levene’s test, respectively. To assess statistical significance, 
we performed one-way or two-way ANOVA analysis of vari-
ance (ANOVA) for effects of treatment and intervention and 
2-way or 3-way ANOVA for interactions between genotype, 
treatment and intervention on OARSI scores followed by a 
Tukey’s post-hoc test. The effect sizes of OA pathohistology 
parameters were calculated by Cohen‘s method (large effect 
size, r>0.8; medium effect size, r=0.5–0.79; small effect size, 
r=0.2–0.49).34 Data are presented as means±SEM unless 
otherwise indicated. The thresholds for statistical significance 
and very significance were set at p<0.05 and p<0.01.

ReSulTS
PPARγ is critical for OA development and suppressed in 
articular cartilage of OA patients and dMM mice
As a first step to investigate the critical role of PPARγ in 
OA pathogenesis, we compared knee joint OA pathogenesis 
between PPARγ knockout mice and the wild type controls.21 
The control mice subjected to DMM for 10 weeks displayed 
degenerative cartilage damage such as cartilage erosion and 
loss (figure 1A, indicated by arrows) quantified by OARSI 
grading (from Sham 0.05±0.02 to DMM 2.125±0.111, 
p<0.01, figure 1B). Cohen’s effect size was calculated and 
suggests a high practical significance (r=0.99). Further, the 
extents of cartilage damage were much severe in PPARγKO 
mice (from Sham 0.113±0.048 to DMM 2.875±0.403, 
p<0.01, r=0.98, and p<0.05, r=0.75 comparing to treat-
ment-matched PPARγWT mice), confirming that lack of PPARγ 
exacerbates OA pathogenesis as reported before.11 12 We 
subsequently found that the cartilage PPARγ were suppressed 
in control OA mice after DMM operation (figure 1C). IHC 
staining confirmed that PPARγ was enriched in chondrocytes, 
the only cell type presented in articular cartilage, but mark-
edly reduced in DMM cartilage (figure 1D). As expected, the 
femoral head cartilages from OA patients displayed increased 
MMP13 and Adamts5, the primary enzymes responsible for 
cartilage degeneration, and reduced cartilage matrix protein 
Aggrecan. Similarly, PPARγ was suppressed comparing to the 
controls (figure 1E). IHC staining confirmed that PPARγ is 
almost blunted in cartilage of OA patients (figure 1F). These 
results reinforce that PPARγ is protective against OA and its 
cartilage suppression is closely related to OA development.
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Figure 1 Peroxisome proliferator–activated receptor-gamma (PPARγ) is critical for osteoarthritis (OA) development and suppressed in articular 
cartilage of OA patients and destabilisation of medial meniscus (DMM) mice. (A) Representative photomicrographs of knee joint sections (Safranin-O/
fast green staining) from PPARγWT control and PPARγKO mice subjected to Sham or DMM operation for 10 weeks. The arrows indicate damaged 
cartilages. (B) Quantitation of OA severity by OARSI scores for mice in figure 1A; n=4 per group. **p<0.01 versus genotype-matched Sham mice, 
†p<0.05 versus DMM of control mice by two-way ANOVA. (C) Western blot analysis of PPARγ protein from mouse knee cartilage as in figure 1A. Two 
randomly selected samples from each group were shown. (D) Representative immunohistochemical (IHC) staining of PPARγ from knee joint sections 
of Sham and DMM mice. The arrows point at the positively stained chondrocytes. (E) Western blot analysis of MMP13, Aamts5, Aggrecan and PPARγ 
from cartilages of three OA patients and four normal controls. Glyceraldehyde 3-phosphate dehydrogenase (GADPH) served as internal control. (F) 
Representative IHC staining of cartilage PPARγ from OA patients and the controls. The arrows point at the positively stained chondrocytes. Lower 
panels are the boxed areas of relative upper panels. PPARγKO, PPARγ knockout; PPARγWT, PPARγ wild-type control.

dnMT1 and dnMT3a elevations cause PPARγ promoter dnA 
hypermethylation and PPARγ suppression
To gain insight into the epigenetic mechanisms of aber-
rant DNA methylation that might contribute to the PPARγ 
suppression in OA, we examined the cartilage expression of 
three bioactive DNMTs (DNMT1, DNMT3a and DNMT3b) 
and found that cartilage DNMT1 and DNMT3a levels were 
impressively increased, while DNMT3b was slightly decreased, 
in both OA patients and DMM mice (figure 2A). IHC staining 
confirmed the DNMT1 and DNMT3a inductions and 
DNMT3b reduction in chondrocytes of OA mouse cartilages 
(figure 2B). Both human and mouse PPARγ promoters are 
featured by typical CpG islands located at −130/414 (mouse) 
and −248/–88 regions (human), as depicted in figure 2C 
(grey areas). To determine the causal relationship between 
the enhanced DNMT1 and DNMT3a and the repressed 
PPARγ, we first examined DNA methylation status of PPARγ 
promoters in human (−232/–76 locus) and mouse (−96/104 
locus) chondrocytes by MSP analysis according to MethPrimer 
software recommendations. The results showed that human 
chondrocytic SW1353 cells and mouse primary chondro-
cytes treated with IL-1β, an inflammatory cytokine involved 
in OA and known to inhibit chondtrocytic PPARγ,16 exhib-
ited increased PPARγ promoter methylation from 24.7±1.8% 
to 71.6±8.2% (p<0.05) and 25.7±0.9% to 68.3±4.9% 
(p<0.05) as compared with control cells, respectively, whereas 
treatment with 5Aza, a demethylating agent reportedly 
inhibiting the activities of both DNMT1 and DNMT3a,22 35 

brought the levels back to 32.6%±5.5% and 34.3%±6.8% 
(p<0.05, figure 2D). MSP analysis of cartilages similarly 
showed PPARγ promoter hypermethylation in OA patients 
(77.3%±3.3% comparing to normal controls 24.1%±2.4%, 
p<0.05) and DMM mice (73.9%±5.6% comparing to Sham 
mice 19.9%±2.0%, p<0.05), but 5Aza treatment reduced the 
level of DMM mice to 35.9%±3.0% (p<0.05, figure 2e). To 
confirm these observations in mice, we performed additional 
methylation analysis of a locus nearby and technically avail-
able (330/473) by BSP. The results showed that CpG methyla-
tion was significantly increased in DMM mice from 4.4±1.1% 
to 27.8±3.9% (p<0.05), whereas 5Aza treatment lowered it 
to 7.8%±2.2% (p<0.05, figure 2F). These results support the 
notion that abnormal increments of DNMT1/DNMT3a are 
likely the causes of the PPARγ suppression in OA cartilage.

5Aza inhibits PPARγ suppression and prevents OA 
pathogenesis in mice
To assess the functional relevance of PPARγ promoter demeth-
ylation by 5Aza, we examined PPARγ level and OA pathogen-
esis in DMM mouse joints. Mice after DMM for 10 and 15 
weeks exhibited typical OA phenotypes of cartilage erosion/
loss (indicated by red arrows in figure 3A, middle panels) and 
increased OARSI scores from 0.058±0.03 to 2.17±0.13 of 10 
weeks (p<0.01, effect size r=0.978) and 2.96±0.018 of 15 
weeks (p<0.01, r=0.977), respectively (figure 3B), increased 
synovitis scores from 0.083±0.031 to 1.1±0.097 of 10 weeks 
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Figure 2 DNMT1 and DNMT3a elevations cause peroxisome proliferator–activated receptor-gamma (PPARγ) promoter DNA hypermethylation 
and PPARγ suppression. (A) Representative Western blot of DNA methyltransferase (DNMT) DNMT1, DNMT3a and DNMT3b from cartilages of three 
osteoarthritis (OA) patients, four controls or Sham and destabilisation of medial meniscus (DMM) mice (n=6, 10 weeks, two samples from each group 
were shown). (B) Representative cartilage immunohistochemical staining for DNMT1, DNMT3a and DNMT3b from Sham or DMM mice. Positive 
stained chondrocytes were indicated by arrows. (C) Schematic diagram of human and mouse PPARγ promoters. The positions of CpG islands (grey 
area) and methylated specific PCR (MSP)/bisulfite-sequencing PCR (BSP) primers were depicted relative to the transcription starting site. Guanine 
and cytosine (GC) contents are indicated. (D) Cell MSP analysis. Representative MSP products from cultured human SW1353 chondrocytes (left 
panel) and mouse primary chondrocytes (right panel) treated with IL-1β (10 ng/mL) and/or 5Aza (10 µM) for 24 hours were analysed by agarose 
gel electrophoresis. Quantifications are on the right side. Values are normalised with input PCR and expressed as mean ratios±SEM of methylation/
unmethylated PCR over total PCR products based on three independent experiments. *p<0.05 versus control cells. †p<0.05 versus IL-1β-treated cells; 
two-way ANOVA. (E) Cartilage MSP analysis of normal and OA patients, as well as Sham, 5Aza, DMM and 5Aza-treated DMM mice. Two randomly 
selected samples from each group were shown. Quantifications are on the right side. Values are presented as in figure 3D for human sample, n=4, 
*p<0.05 versus normal control (NC), one-way ANOVA; for mouse samples, n=6 per group. *p<0.05 versus Sham, †p<0.05 versus DMM mice; two-
way ANOVA. (F) Cartilage BSP analysis of Sham, 5Aza, DMM, or 5Aza-treated DMM mice. Three randomly selected mice (M1, M2 and M3) from each 
group were subjected to BSP. PCR products were cloned into plasmid and five clones from each animal were sequenced. One box represented one 
mouse. Each row of dots in the boxes represented one single sequenced clone and each dot represented one CpG site. Empty or dark dots indicated 
unmethylated or methylated CpGs, respectively. Quantification is on the right side. Data are presented as ratios±SEM of methylated CpGs over total 
CpGs in the cloned fragments. * p<0.05 versus Sham mice, †p<0.05 versus DMM mice; two-way ANOVA.

(p<0.01, r=0.945) and 1.467±0.178 of 15 weeks (p<0.01, 
r=0.911), respectively, as evidenced by thickened syno-
vial membrane and leucocyte infiltration adjacent to medial 
meniscus (indicated by dark arrows in figure 3A, lower panels, 
and figure 3B), and thicker SBP from 28.17±5.04 µm to 
77±6.46 µm of 10 weeks (p<0.01, r=0.86) and 107.67±8.18 
µm of 15 weeks (p<0.01, r=0.92), respectively. Treatment by 
5Aza alone did not noticeably alter the normal joint morphol-
ogies, but effectively attenuated the elevated OARSI scores to 
0.525±0.074 of 10 weeks (p<0.05, r=−0.96) and 1.1±0.12 
of 15 weeks (p<0.05, r= −0.93, figure 3B), decreased the 
synovitis scores to 0.767±0.112 of 10 weeks (p<0.05, 
r=0.546) and 0.983±0.122 of 15 weeks (p<0.05, r=0.543), 
and reduced the SBP thickness to 53.17±7.29 µm of 10 weeks 
(p<0.05, r=−0.58) and 57.17±5.9 µm of 15 weeks (p<0.05, 
r=−0.82), comparing to time-matched DMM mice. The 
values of effects sizes suggested high practical significances. 
Similarly, DMM mice displayed increased protein abundances 
of Adamt5 and MMP13, as well as reduced PPARγ, Collagen2 
and Aggrecan, but 5Aza treatment significantly corrected the 

abnormalities (figure 3C,D). Since PPARγ is a chondro-protec-
tive protein essential for cartilage homeostasis, these results 
suggest that the cartilage and synovium protections conferred 
by 5Aza are likely due to the PPARγ restoration.

5Aza prevents Il-1β-induced PPARγ suppression and PPARγ-
dependently mitigates OA-associated protein expression in 
chondrocytes
To gain further insight into the mechanisms of chondro-pro-
tection by DNA demethylation, we treated the cultured 
primary chondrocytes with IL-1β in presence or absence of 
5Aza. The results showed that 5Aza inhibited IL-1β-induced 
PPARγ suppression in a dose-dependent manner (figure 4A). 
In addition, 5Aza significantly alleviated the abnormal expres-
sion of Adamts5, MMP13, Collagen2 and Aggrecan in IL-1β-
treated chondrocytes (figure 4B). Intriguingly, the beneficial 
effects were largely abolished in presence of a specific PPARγ 
inhibitor T007090736 (figure 4C,D), suggesting that 5Aza 
restoration of PPARγ contributes significantly to the chon-
dro-protective effects.
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Figure 3 Demethylating agent 5Aza inhibits peroxisome proliferator–activated receptor-gamma (PPARγ) suppression and prevents osteoarthritis 
(OA) pathogenesis. C57BL/6 mice were divided into Sham, 5Aza (0.35 mg/kg intraperitoneal injection daily), destabilisation of medial meniscus 
(DMM) and 5Aza-treated DMM group for 10 and 15 weeks, respectively. (A) Representative photomicrographs of knee joint sections stained by 
Safranin-O/fast green (upper and middle panels) or Safranin-O/haematoxylin (lower panel). Arrows indicate the damaged cartilage (red), inflamed 
synovia (dark) adjacent to medial meniscus, or thickened subchondral bone plate (SBP, yellow). Images of middle panel are the boxed areas of upper 
panel. (B) Quantifications of OA parameters. OARSI scores of cartilage damage, synovitis scores and SBP thickness are presented as means±SEM; n=6 
per group. **p<0.01 versus Sham, †p<0.05 versus time-matched DMM mice; two-way ANOVA with Tukey’s post-hoc test. (C) Western blot of PPARγ, 
MMP13, Aamts5, Aggrecan and Collagen2 from Sham, DMM and 5Aza-treated mouse joint tissues (10 weeks). Two randomly selected samples were 
shown. (D) Quantification of (C). Values are presented as means±SEM; n=6 per group. *p<0.05 versus Sham, †p<0.05 versus DMM mice; one-way 
ANOVA with Tukey’s post-hoc test.

Figure 4 5Aza prevents IL-1β-induced peroxisome proliferator–activated receptor-gamma (PPARγ) suppression and PPARγ-dependently mitigates 
the abnormal expression of osteoarthritis (OA)-associated proteins in chondrocytes. (A) Western blot of PPARγ from mouse chondrocytes treated with 
IL-1β (10 ng/mL) for 24 hours in absence or presence 5Aza of various doses (0, 1, 5 and 10 µM). The quantification is underneath the figures and data 
are presented as means±SD based on three independent experiments. *p<0.05 versus control, †p<0.05 and ††p<0.01 versus IL-1β-treated cells; 
two-way ANOVA. (B) Western blot of PPARγ, MMP13, ADAMTS5 and Collagen2 in mouse chondrocytes treated with IL-1β (10 ng/mL) or/and 5Aza (10 
µM), or (C) in presence or absence of a specific PPARγ inhibitor T0070907 (Pi, 10 µM) for 24 hours. (D) Quantification of (C). Values are presented as 
means±SD based on three independent experiments. *p<0.05 versus control, †p<0.05 versus IL-1β-treated cells; two-way ANOVA with Tukey’s post-
hoc test.

5Aza restoration of PPARγ balances Il-1β-incurred oxidative 
stress and excessive inflammation in chondrocytes
Excessive oxidative stress and inflammation are causally 
involved in OA pathogenesis.37 Both human OA and mouse 
DMM cartilages displayed decreased Catalase and SOD2 
(figure 5A), whereas 5Aza treatment effectively relieved the 

reductions (figure 5B,C). IL-1β treatment caused excessive 
oxidant accumulation in cultured mouse primary chondro-
cytes and immortalised human chondrocytic SW1353 cells, 
but 5Aza treatment blunted the production (figure 5D showing 
results of human SW1353 cells). Further, IL-1β treatment also 
decreased Catalase and SOD2 (figure 5E,F) and increased IL-1β 
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Figure 5 5Aza restoration of peroxisome proliferator–activated receptor-gamma (PPARγ) balances IL-1β-incurred oxidative stress and excessive 
inflammation in chondrocytes. (A) Western blot of cartilage SOD2 and catalase from osteoarthritis (OA) patients and the control, or Sham and 
destabilisation of medial meniscus (DMM) mice (10 weeks). Two randomly selected samples from each group were shown. (B) Western blot of 
cartilage SOD2 and catalase from Sham, DMM and 5Aza/DMM mice (10 weeks). Two randomly selected samples from each group were shown. (C) 
Quantifications of figure 5B. Data are presented as means±SEM; n=6 per group. *p<0.05 versus Sham; †p<0.05 versus DMM mice; one-way ANOVA 
with Tukey’s post-hoc test. (D) Intracellular oxidant assay. SW1353 cells were treated with 5Aza (10 µM) with or without IL-1β (10 ng/mL) for 24 
hours. The intracellular levels of superoxide were measured and the image obtained with a fluorescent microscope. (E) Western blot of catalase and 
SOD2 from mouse primary chondrocytes treated with IL-1β (10 ng/mL) or/and 5Aza (10 µM) in presence or absence of Pi (10 µM) for 24 hours. (F) 
Quantification of figure 5E. Data are presented as means±SD based on three independent experiments. *p<0.05 versus control; †p<0.05 versus IL-1β 
treated cells; two-way ANOVA with Tukey’s post-hoc test. (G) Quantitative real-time PCR (qRT-PCR) assay. Primary mouse chondrocytes were treated 
with 5Azs (10 µM) or IL-1β (10 ng/mL) in presence of absence of T0070907 (Pi, 10 µM) for 24 hours. Cell lysates were analysed for IL-1β and TNF-α 
mRNAs by qRT-PCR. Values are expressed as means±SD based on three independent experiments. *p<0.05 versus control; †p<0.05 versus IL-1β-
treated cells; two-way ANOVA with Tukey’s post-hoc test.

and TNF-α transcription in mouse chondrocytes (figure 5G), 
which is inhibited by 5Aza treatment; however, the benefi-
cial effects were largely blocked by T0070907 (figure 5E–G). 
Taken together, these results demonstrate that 5Aza resto-
ration of PPARγ exerts chondro-protective effects via, at least 
in a significant part, alleviating excessive oxidative stress and 
inflammatory responses.

PPARγ is essential for the cartilage-protective effects by 5Aza 
in vivo
To confirm the critical role of PPARγ preservation by 5Aza 
in cartilage protection, we compared the protective effects of 
5Aza between PPARγ knockout mice and the controls. Mice 
were all treated with tamoxifen to induce PPARγ knockdown in 
PPARγKO mice, but not in control mice since they do not contain 
Cre-ERT2 (See Methods section). As expected, DMM caused 
marked cartilage damage in both PPARγWT (from 0.05±0.026 
to 2.217±0.136, p<0.01, effect size r=0.98) and PPARγKO mice 
(from 0.067±0.031 to 3.183±0.108, p<0.01, r=0.99). Notice-
ably, the damage was much severer in PPARγKO mice (p<0.05 
vs DMM-treated PPARγWT mice, r=0.849). 5Aza effectively 
alleviated the cartilage damage in control mice (0.567±0.073, 
p<0.01, r=0.95, figure 6A,B, comparing bar 3 and 4). However, 
the protective effects were largely abrogated in PPARγKO mice 
(2.883±0.138, p=0.07, r=0.44, figure 6A,B, comparing bar 7 
and 8). We also calculated the group main effects and the effects of 
group interactions. The results indicated that the cartilage damage 
is greatly influenced by genotype (P1<0.00001), 5Aza intervention 

(P2=0.00063), and the interaction between genotype and 5Aza 
intervention (P3=0.02801). Similarly, 5Aza beneficially regu-
lated the abnormal expression of Adamts-5, MMP13, Collagen2 
and Aggrecan (figure 6C,D), anti-oxidative enzyme Catalase and 
SOD2 (figure 6E,F), as well as inflammatory cytokine IL-1β and 
TNF-α (figure 6G) in control mice (left panel), but the protective 
effects were largely diminished in PPARγKO mice (right panels). 
Altogether, these results strongly indicate that PPARγ restoration is 
essential for 5Aza’s anti-OA function in mice.

dISCuSSIOn
Recent studies have revealed the extensive DNA methylation 
alterations and altered expressions of numerous genes in OA 
cartilage; however, the functional studies of an individual gene 
contributing to OA pathogenesis are limited. In this study, we 
made several important findings: (1) we confirm that the carti-
lages from both OA patients and DMM mice exhibit marked 
suppression of PPARγ; (2) the PPARγ suppression in OA cartilage 
is caused, at least in a significant part, by aberrantly induced 
DNMT1/DNMT3a and the associated promoter hypermethyl-
ation; (3) PPARγ promoter demethylation by 5Aza effectively 
preserved PPARγ and alleviated OA lesions in mice; (4) PPARγ 
is essential for the anti-OA effects of 5Aza since the protection 
is largely abolished in PPARγKO mice. Thus, our data uncover 
PPARγ as a key target that links aberrant DNA methylation to 
OA with therapeutic potentials.

Both increased and decreased DNA methylations of OA suscep-
tible genes are reportedly associated with OA development. For 
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Figure 6 Peroxisome proliferator–activated receptor-gamma (PPARγ) is essential for the cartilage-protective effects of 5Aza in osteoarthritis 
(OA) mice. PPARγKO and the control mice receiving tamoxifen (five daily injections plus 10 days of waiting time) were subjected to Sham, 5Aza, 
destabilisation ofmedial meniscus (DMM) or 5Aza/DMM treatment (10 weeks). (A) Representative photomicrographs of knee joint sections 
stained by Safranin-O/fast green. The arrows indicate damaged cartilages. Lower panels are the boxed areas of articular cartilage of upper panels. 
(B) Quantitation of cartilage damage by OARSI scoring. P values for effects of genotype (P1), 5Aza intervention (P2), and interaction between 
genotype and 5Aza intervention (P3) are shown. (C) Western blot of mouse joint tissues for Aamts5, MMP13, Aggrecan and Collagen2 proteins. (D) 
Quantification of figure 6C. (E) Western blot of mouse joint tissues for PPARγ, SOD2 and catalase expressions. (F) Quantifications of figure 6E. (G) 
Quantitative real-time PCR analysis of mouse joint tissues for IL-1β and TNF-α mRNA levels. for Western blots in (C) and (E), only two randomly 
selected samples from each group were shown. All quantifications (B, D, F and G) are expressed as means±SEM of all animal samples; n=6. *p<0.05, 
**p<0.01 versus genotype-matched Sham mice, †p<0.05 versus DMM in control mice, by two-way ANOVA with Tukey’s post-hoc test.

example, promoter demethylation increases transcription of carti-
lage-degrading enzymes (MMP3, MMP9, MMP13 and Adamts4) 
and cytokines (IL-1 and IL-8),38 39 whereas promoter hypermeth-
ylation of Sry-related HMG box 9 (SOX9), SOD2 and Collagen 
9A1 (COL9A1) are associated with their down-regulation in OA 
cartilage or IL-1β-stimulated chondrocytes.4 However, these obser-
vations do not prove whether the alterations are the causes or the 
results of OA pathogenesis that have no impact on OA develop-
ment. Our study focused on an essential chondrocyte-protective 
protein PPARγ whose promoter hypermethylation is observed in 
several oxidative stress and inflammatory disorders40 that share 
similar pathological processes with OA. We showed that the methyl-
ation level of PPARγ promoter is increased in both OA cartilage and 
IL-1β-treated chondrocytes, which correlated with PPARγ suppres-
sion. More impressively, PPARγ promoter demethylation by 5Aza 
recovered the PPARγ loss and PPARγ-dependently reduced OA 
pathogenesis. These results support DNA hypermethylation-associ-
ated PPARγ suppression as a causal factor that promotes OA.

Although the DNA methylation status of a particular gene 
can be inversely modified by DNMTs and the 10-11 translo-
cation family of proteins, which oxidise 5mC to 5caC leading 
to the subsequent demethylation.41 Our finding that DNMT1 
and DNMT3a are aberrantly induced in both OA cartilage 
and IL-1β-treated chondrocytes (figure 2) and 5Aza effectively 
reverses the promoter hypermethylation and PPARγ suppres-
sion (figures 2 and 3) suggests a DNMT-driven mechanism 
underlying the PPARγ suppression. Notably, a previous study 
reported that the overall levels of DNA methylation status and 

DNMT1/DNMT3a mRNAs were not significantly changed in 
cartilage tissues of OA patients.42 Apparently, future studies 
with more OA patients are needed to clarify this important 
issue.

The upstream events leading to the DNMT alterations in 
OA are intriguing but poorly understood. It is well-recognised 
that numerous inflammatory cytokines involved in OA patho-
genesis such as IL-1β, TNF-∝ and IL-17 possess DNA meth-
ylation-promoting capacities and potentially down-regulate 
PPARγ in chondrocytes via a DNMT-associated epigenetic 
mechanism.16 43 44 However, PPARγ expression is also reduced 
in cartilage from a rat model of mono-iodoacetate-induced OA, 
which does not involve inflammatory components.17 There-
fore, it seems that both inflammatory signalling and some 
unidentified epigenetic or non-epigenetic factors contribute to 
DNMT alterations during OA initiation or progression.

Imbalanced oxidative stress and the associated exces-
sive inflammation are the crucial pathological factors medi-
ating OA pathogenesis.1 As a multifunctional protein, PPARγ 
possesses anti-inflammatory, anti-apoptotic and chondro-pro-
tective effects.45 PPARγ activation by synthetic agonist such 
as pioglitazone effectively alleviated inflammatory cartilage 
damage and the symptoms of OA in animal studies.14 15 In 
addition, PPARγ can transcriptionally activate a number of 
antioxidant genes such as Heme oxygenase 1 (HO-1), Catalase 
and SOD involved in OA pathogenesis46 47 via direct transcrip-
tional regulation.48 49 We demonstrated that 5Aza prevented 
the reduction of Catalase and SOD2 and the excessive 
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inflammatory cytokine IL-1β and TNF-α in both OA cartilages 
and IL-1β-treated chondrocytes in a PPARγ-dependent manner 
(figures 4 and 5), indicating that 5Aza restoration of PPARγ 
is essential for its anti-oxidative stress, anti-inflammation and 
OA protective functions.

In conclusion, our investigation clearly demonstrates that 
DNMT1/DNMT3a aberration-associated PPARγ suppression 
plays crucial roles in OA progression and PPARγ preservation 
by 5Aza significantly reduces the cartilage lesions in OA mice. 
Increasing PPARγ activities by a wide range of synthetic PPARγ 
agonists of glitazone class such as pioglitazone reportedly 
protects against OA pathogenesis in animal studies,14 45 but 
none of them are in clinical use due to hepatotoxicity or heart 
risks in certain patients.50 5Aza has been approved by US Food 
and Drug Administration for the treatment of myelodysplastic 
syndromes and acute myeloid leukaemia51; however, whether 
its long-term use incurs unwanted side effects warrants further 
evaluation. Still our results in this proof-of-principal study 
suggest that endogenous PPARγ preservation by DNA demeth-
ylation possesses therapeutic potentials for the clinical preven-
tion or treatment of OA or the related joint diseases.
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ABSTRACT
Objective The first ever genome-wide association 
study (gWas) of clinically defined gout cases and 
asymptomatic hyperuricaemia (aHUa) controls was 
performed to identify novel gout loci that aggravate 
aHUa into gout.
Methods We carried out a gWas of 945 clinically 
defined gout cases and 1003 aHUa controls followed 
by 2 replication studies. in total, 2860 gout cases and 
3149 aHUa controls (all Japanese men) were analysed. 
We also compared the oRs for each locus in the present 
gWas (gout vs aHUa) with those in the previous gWas 
(gout vs normouricaemia).
Results This new approach enabled us to identify two 
novel gout loci (rs7927466 of CNTN5 and rs9952962 
of MIR302F) and one suggestive locus (rs12980365 
of ZNF724) at the genome-wide significance level 
(p<5.0×10–8). The present study also identified the loci 
of ABCG2, ALDH2 and SLC2A9. one of them, rs671 
of ALDH2, was identified as a gout locus by gWas 
for the first time. comparing oRs for each locus in the 
present versus the previous gWas revealed three ’gout 
vs aHUa gWas’-specific loci (CNTN5, MIR302F and 
ZNF724) to be clearly associated with mechanisms 
of gout development which distinctly differ from the 
known gout risk loci that basically elevate serum uric 
acid level.
Conclusions This meta-analysis is the first to reveal 
the loci associated with crystal-induced inflammation, 
the last step in gout development that aggravates 
aHUa into gout. our findings should help to elucidate 
the molecular mechanisms of gout development and 
assist the prevention of gout attacks in high-risk aHUa 
individuals.

InTROduCTIOn
Gout is one of the the most common forms of 
inflammatory arthritis. It is induced by monoso-
dium urate (MSU) crystals that result from elevated 
serum uric acid (SUA) level.1 The SUA level is deter-
mined by the excretion of uric acid via the urate 
transporters in the kidney and intestine,2 3 and the 

Key messeages

What is already known about this subject?
 ► We and others, in past genome-wide 
association studies (GWASs) of gout cases 
and normouricaemia controls, have identified 
multiple gout risk loci that elevate serum uric 
acid.

What does this study add?
 ► We performed the first GWAS of clinically 
defined gout cases and asymptomatic 
hyperuricaemia (AHUA) controls.

 ► This new approach identified two novel gout 
loci and one suggestive locus that aggravate 
AHUA into gout.

How might this impact on clinical practice or 
future developments?

 ► This first discovery of ‘AHUA to gout’ loci 
using a new GWAS strategy will lead to an 
understanding of why only a proportion of 
hyperuricaemia cases develop gout.

 ► These findings will assist physicians to identify, 
based on individual genetic differences, AHUA 
cases who need individually tailored pre-
emptive medicine for gout.
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Figure 1 Two steps in the development of gout. We performed, for the first time, a GWAS using clinically defined gout cases and AHUA controls to 
identify gout loci that influence the progression from hyperuricaemia to gout (the second step). Previous GWASs on gout were performed with gout 
cases and normouricaemics of which both SUA elevation (the first step) and the second step consisted; however, most of their identified loci were 
associated with the first step. Because only a proportion of AHUA individuals are known to develop gout, we hypothesised that the genetic effects at 
the second step would play important roles in crystal-induced inflammation as gout attack. AHUA, asymptomatic hyperuricaemia; GWAS, genome-
wide association study; SUA, serum uric acid.

production of uric acid in the liver.2 While both genetic and 
environmental factors are known to cause hyperuricaemia and 
gout,4–9 these diseases are reported to have stronger genetic 
factors than many other common diseases.10 11 Thus far, a 
number of genes associated with SUA have been identified by 
genome-wide association studies (GWASs) of SUA,12–23 such as 
the urate transporter genes ABCG2 (also known as BCRP) and 
SLC2A9 (also known as GLUT9). We and others have performed 
GWASs of gout by comparing the genetic differences between 
gout cases and normouricaemia controls24–26 and have identi-
fied gout risk loci such as ABCG2 and SLC2A9: these are similar 
results to those from GWASs of SUA. Not all hyperuricaemia 
cases develop gout: the reason, we consider, is that there are 
at least two steps by which normouricaemic individuals develop 
gout. In the first step, the SUA of normouricaemic individuals 
elevates, creating asymptomatic hyperuricaemia (AHUA); and 
in the second step, MSU crystal-induced inflammation is expe-
rienced as a gout attack (figure 1). Urate transporters such as 
ABCG2,4 5 27 SLC2A9,28 SLC22A1229 30 and SLC17A131 naturally 
play important roles in the first step, but there must be other loci 
for the second step that aggravates AHUA into a gout attack. In 
this study, for the first time, we performed a gout GWAS using 
clinically defined gout cases and AHUA controls to identify risk 
loci that uniquely influence the progression from AHUA to gout, 
as distinct from causing SUA elevation.

MeTHOdS
Study subjects
In the present study, we avoided the use of self-reported gout 
cases and AHUA controls and collected only clinically defined 
individuals.

All gout cases were clinically diagnosed with primary gout 
according to the criteria established by the American College of 
Rheumatology.32 All patients were assigned from Japanese male 
outpatients at the gout clinics of Midorigaoka Hospital (Osaka, 
Japan), Kyoto Industrial Health Association (Kyoto, Japan), 
Ryougoku East Gate Clinic (Tokyo, Japan), Nagase Clinic 
(Tokyo, Japan), Akasaka Central Clinic (Tokyo, Japan) and 
Jikei University Hospital (Tokyo, Japan). Patients with inherited 
metabolic disorders, including Lesch-Nyhan syndrome, were 

excluded. Finally, 2860 Japanese male gout cases were registered 
as valid case participants. Of these, 945 cases for GWAS stage 
were the same patients as reported previously.24 25

As AHUA controls, 3149 individuals were assigned from 
among Japanese men with a high SUA level (>7.0 mg/dL) without 
a history of gout, who were obtained from BioBank Japan18 33 
and the Shizuoka, Daiko, Fukuoka, Saga and Kagoshima areas 
in the Japan Multi-Institutional Collaborative Cohort Study.34 35 
The details of participants in this study are shown in the online 
supplementary table S1.

Genotyping and quality control
Genome-wide genotyping was performed using Illumina 
HumanOmniExpress V.1.0 (Illumina) in 1948 individuals (945 
cases and 1003 AHUA controls). The data sets were filtered 
individually on the basis of single nucleotide polymorphism 
(SNP) genotype missing call rates (>1%) and the Hardy-Wein-
berg equilibrium (HWE) in AHUA controls (p<1.0 × 10–6). 
We confirmed that all the subjects showed high genotype call 
rates (>98%). Pairwise identity by state was evaluated to iden-
tify pairs of individuals with cryptic relatedness.36 We confirmed 
that there was no pair showing cryptic relatedness greater than 
expected for second-degree relatives. We performed principal 
component analysis including our GWAS data set together with 
HapMap phase II samples37 38 as shown in the online supplemen-
tary figure S1, indicating that there are no outliers in our GWAS 
data. Finally, 569 200 SNPs passed filters for 1948 individuals 
(945 cases and 1003 controls).

At the first replication (REP1) stage, 1246 gout cases and 
1186 AHUA controls were genotyped with a custom genotype 
platform using iSelect HD Custom Genotyping BeadChips 
(Illumina) on 897 SNPs, and another 253 gout cases were geno-
typed with Illumina HumanOmniExpress-24 V.1.0 (Illumina). 
Selected were 897 SNPs using the following criteria: (1) 1000 
SNPs were selected as they showed an association (p<0.001 
with Fisher’s exact test) in the GWAS stage with gout cases 
and AHUA controls. (2) After 103 undesignable SNPs had been 
eliminated, 897 SNPs were selected as the custom genotype 
platform. For quality control, the data set was filtered individ-
ually on the basis of SNP genotype missing call rates (>1%). 
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Figure 2 Study design of GWAS of gout cases and asymptomatic hyperuricaemia controls. We performed a GWAS followed by two replication 
studies (REP1 and REP2 stages) with 2860 Japanese male gout cases and 3149 AHUA controls. Meta-analysis identified two novel loci (CNTN5 
and MIR302F) and a suggestive locus (ZNF724) at the genome-wide significance level. AHUA, asymptomatic hyperuricaemia; GWAS, genome-wide 
association study; REP1, the first replication; REP2, the second replication.

We excluded subjects with low genotype call rates (<98%). 
Quality controls for 253 gout cases genotyped with Illumina 
HumanOmniExpress-24 V.1.0 (Illumina) were performed as 
described previously.24 For REP1 stage, 885 SNPs passed filters 
for 2685 individuals (1499 cases and 1186 controls) as shown 
in figure 2.

As the criteria at the second replication (REP2) stage, 68 
SNPs passing the significance threshold at p<1.0×10–4 in the 
meta-analysis among the GWAS and REP1 stages were used for 
the subsequent analyses. In addition to SNPs which had already 
been reported for gout-associated loci (ABCG2, ALDH2 and 
SLC2A9), we detected top-ranked SNPs among closely located 
SNPs. We then examined the pairwise linkage disequilibrium 
(LD) between SNP showing the most significant association 
and other SNPs. As shown in figure 2, in addition to 3 SNPs of 
ABCG2, ALDH2 and SLC2A9, we finally selected 12 SNPs that 
were independent of each other at r2<0.3 (see online supple-
mentary table S2) for the REP2 stage.

The genotyping for 12 SNPs was performed using an allelic 
discrimination assay (Custom TaqMan Assay and By-Design, 
Thermo Fisher Scientific, Waltham, Massachusetts) with a 
LightCycler 480 (Roche Diagnostics, Mannheim, Germany).39 
We confirmed that all 12 SNPs were of high call rate (>98%) 
and HWE in AHUA controls (p>0.001). After quality control, 
a statistical analysis was performed with 1376 individuals (416 
gout cases and 960 AHUA controls). The details of participants 
in this study are shown in online supplementary table S1.

Comparison with previous GWAS
The ORs and 95% CIs of gout GWAS with AHUA controls were 
calculated by meta-analysis with GWAS and REP1 stages in this 
study, and those of gout GWAS with normouricaemic controls 
were obtained from our previous study.25

Statistical analysis
We conducted an association analysis using a 2×2 contin-
gency table based on the allele frequency. For each of the 
filtered SNPs, the p value of association was assessed using 
Fisher’s exact test, and the OR and 95% CI were calculated. 
The quantile-quantile plot and the genomic inflation factor 
(λ) were used to test for the presence of systematic bias in the 
test statistics due to potential population stratification. The 
genomic inflation factor (λ) was 1.013, indicating a subtle 
inflation of p values (see online supplementary figure S2). The 
results from GWAS, in the first and second replication stages, 
were combined by meta-analysis.40 Inverse-variance fixed-ef-
fects model meta-analysis was used for estimating summary 
OR. Cochran’s Q test41 and the I2 statistic42 43 were exam-
ined to assess heterogeneity in ORs among the three studies. 
If heterogeneity was revealed by statistical testing (phet<0.05) 
or measurement (I2 >50%), we implemented a DerSimonian 
and Laird random-effects model meta-analysis.44 All statistical 
analyses were performed using PLINK V.1.07 and the software 
R V.3.1.145 with GenABEL and meta packages. The genome-
wide significance threshold was set at α=5.0×10–8 to reveal 
any evidence of a significant association.

ReSulTS
Association analyses
The participants for the GWAS stage were genotyped using 
HumanOmniExpress V.1.0 (Illumina). Nine hundred forty-five 
clinically defined gout cases and 1003 AHUA controls passed 
rigorous quality control filtering (figure 2 and online supple-
mentary figures S1 and S2).

The REP1 stage was then carried out by genotyping 885 SNPs, 
which showed associations at p<1.0×10–3 in the GWAS stage, 
using a custom genotype platform that employed iSelect HD 
Custom Genotyping BeadChips (Illumina) in a further 1499 
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Figure 3 Manhattan plots of the present GWAS (Gout vs AHUA). 
The x-axis shows chromosomal positions and the y-axis shows −log10 
p values. The upper purple horizontal line represents the genome-wide 
significance threshold (p=5.0×10–8). The lower blue line indicates 
the cut-off level for selecting SNPs for REP1 stage (p=1.0×10–3). The 
gene names of identified loci are also shown in the figure. AHUA, 
asymptomatic hyperuricaemia; GWAS, genome-wide association study; 
REP1, the first replication; SUA, serum uric acid.

gout cases and 1186 AHUA controls. A meta-analysis was also 
conducted among the GWAS and REP1 stages (figure 2).

As a result, we identified three loci showing the associa-
tions at the genome-wide significance level (p<5.0×10–8): 
rs2728125 of ABCG2 (p=6.58×10–20; OR=0.67), rs671 of 
ALDH2 (p=4.44×10–14; OR=0.68) and rs1014290 of SLC2A9 
(p=2.29×10–9; OR=1.30; figures 3 and 4, table 1). Of these, the 
loci of ABCG2 and SLC2A9 were also detected in the previous 
GWAS of gout cases and normouricaemia controls.24 rs671 of 
ALDH2 was identified as a gout-associated SNP in a subsequent 
fine mapping study.46 The present study therefore identified 
rs671 of ALDH2 as a gout locus by GWAS for the first time.

To identify additional risk loci, we recruited independent 
participants comprising 416 gout cases and 960 AHUA controls. 
Twelve SNPs were selected for the REP2 stage by considering 
LD among 68 SNPs showing associations at p<1.0×10–4 in 
the meta-analysis among the GWAS and REP1 stages. Geno-
typing of these 12 SNPs was performed by TaqMan assay, and 
the meta-analysis was conducted among the GWAS, REP1 and 
REP2 stages (figure 2). Online supplementary tables S2A and 
S2B summarise the GWAS and replication study of three SNPs 
which have been reported to have gout-associated loci (ABCG2, 
ALDH2 and SLC2A9) and the 12 SNPs selected for the REP2 
stage.

Finally, two novel loci achieved genome-wide significance 
in the meta-analysis of three stages (figures 3 and 4, table 1): 
an intronic SNP of CNTN5, rs7927466 (pmeta=5.33×10–9;
OR=1.85) and an intergenic SNP located on near MIR302F, 
rs9952962 (pmeta=1.67×10–8; OR=0.81). In addition, an inter-
genic SNP nearing ZNF724 (rs12980365) showed a suggestive 
level of association (pmeta=9.76×10–8; OR=1.77).

Comparison with previous GWASs
We investigated whether or not these identified risk loci are 
associated with gout susceptibility via SUA elevation (the first 
step in figure 1). We compared the ORs for each locus in the 

present GWAS (gout vs AHUA) with those in the previous 
GWAS25 (gout vs normouricaemia): that is, the 3 loci identi-
fied in this study (‘AHUA to gout’ loci; CNTN5, MIR302F and 
ZNF724) and 10 previously identified risk loci25 (‘normouri-
caemia to gout’ loci; ABCG2, SLC2A9, CUX2, SLC22A12, 
GCKR, SLC17A1, HIST1H2BF-HIST1H4E, CNIH-2, NIPAL1 
and FAM35A) (figure 5 and online supplementary table S3). 
Interestingly, when plotted, the ‘AHUA to gout’ loci and 
‘normouricaemia to gout’ loci appeared as distinct patterns 
(figure 5). The ‘normouricaemia to gout’ loci trended under the 
oblique line, whereas all three ‘AHUA to gout’ loci were located 
above the oblique line, clearly indicating that these novel loci 
are associated with distinct mechanisms of gout development 
that differs from those of 10 known gout loci (see online supple-
mentary table S3).25 It is consistent with the finding that ‘the 
ratio of the two ORs’ of each locus in the present GWAS (gout 
vs AHUA) is >1, whereas that of each locus in the previous 
GWAS (gout vs normouricaemia) is <1 (see online supplemen-
tary table S3).25 We also investigated the effect of each locus on 
SUA using the results from our recent GWAS meta-analysis of 
SUA with a total of 121 745 Japanese subjects47 and the results 
from GWAS meta-analysis of SUA with a total of 110 347 indi-
viduals of European ancestry within the Global Urate Genetics 
Consortium (GUGC).22 The association results for each locus 
are shown in online supplementary table S4. Both results are 
consistent with those of the present study (shown in figure 5). 
Furthermore, we also investigated the association results for 
three gout locus identified in the present GWAS from the result 
of the gout GWAS (gout vs non-gout) using a total of 69 374 
individuals (2115 gout cases and 67 259 controls) of European 
ancestry within GUGC (see online supplementary table S5).22 
The two SNPs that were polymorphic in European popula-
tions were evaluated. After Bonferroni correction (p<2.5×10–

2=0.05/2), rs12980365 of ZNF724 showed a significant 
association with gout in persons of European ancestry (p=8.54 
× 10–3, online supplementary table S5).

dISCuSSIOn
It is well known that gout has stronger genetic contributors than 
other common diseases, and that only a proportion of AHUA 
individuals develop gout, but no studies have hitherto reported 
the differences in genetic background between gout and AHUA. 
Through the present study, we first performed GWAS with gout 
cases and AHUA controls and identified two novel loci that have 
a stronger effect on the second step (AHUA to gout) in the devel-
opment of gout. The present study detected the loci of ABCG2, 
SLC2A9 and ALDH2. One of them, rs671 of ALDH2, was iden-
tified as a gout locus by GWAS for the first time.

We have also discovered that rs7927466 of CNTN5 is a gout 
susceptibility locus. CNTN5 is a member of the contactin family, 
which mediates cell surface interactions during the development 
of the nervous system.48 49 There are several reports that CNTN5 
is associated with neuropsychiatric disorders, such as autism 
spectrum disorder,50 51 attention deficit hyperactivity disorder52 
and anorexia nervosa.53 Interestingly, CNTN5 has also been 
reported to be associated with inflammatory diseases including 
ankylosing spondylitis54 and Behçet disease.55 It has also been 
reported that another intronic SNP of CNTN5 (rs1813445) 
is associated with the response to anti-tumour necrosis factor 
therapy in rheumatoid arthritis56 and Crohn's disease.57 Since 
the present findings indicate that the SNPs of CNTN5 could be 
involved in the second step of gout development, it is assumed 
that CNTN5 polymorphisms could also cause inflammation at 
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Figure 4 Regional association plots for the six loci identified in the present GWAS (gout vs AHUA). The vertical axis represents -log10 (p value) for 
assessment of the association of each SNP with gout. The highest association signal in each panel is located on (A) CNTN5, (B) MIR302F as novel loci 
and (C) ZNF724 as a suggestive locus and (D) ABCG2, (E) ALDH2 and (F) SLC2A9 as known loci. The region within 250 kb from the SNP indicating the 
lowest p value is shown. Top panel: plots of −log10 p values for the test of SNP association with gout in the GWAS stage. The SNP showing the lowest 
p value in the meta-analysis is depicted as a pink diamond. Other SNPs are colour coded according to the extent of linkage disequilibrium (measured 
in r2) with the SNP showing the lowest p value. Middle panel: recombination rates (centimorgans per MB) estimated from HapMap phase II data are 
plotted. Bottom panel: RefSeq genes. Genomic coordinates are based on NCBI human genome reference sequence build 37. Details of the results 
for the six loci are also shown in table 1. AHUA, asymptomatic hyperuricaemia; GWAS, genome-wide association study; NCBI, National Center for 
Biotechnology Information; SNP, single nucleotide polymorphism.

the joints where MSU crystals are deposited resulting from high 
SUA.

We also identified rs9952962, an SNP near MIR302F as a 
novel gout locus. MicroRNAs (miRNAs) were discovered in 
199358: they are small non-coding RNA molecules which play 
an important role in regulating gene expression.59 It is reported 
that miR-302f is deregulated in gastric cancer60 and that chemo-
therapy modifies miR-302f expression in esophageal cancer.61 
As several miRNAs have been identified as being involved in 
the pathogenesis of other non-infectious forms of inflamma-
tory arthritis, including rheumatoid arthritis,62 63 some reports 
have also shown a relationship between miRNA and gouty 
arthritis.64–66 Our results might suggest that miR-302f affects the 
inflammation seen in gouty arthritis by modulating gene expres-
sion, although further analysis will be needed to elucidate the 
relationship between them.

We also identified rs12980365, an SNP of ZNF724, as a 
potential gout locus. However, there are no reports so far on 
ZNF724. It is of course possible that the identified loci in the 
present study are just surrogate markers and that other genes 
including ZNF730 and IPO5P1 near these SNPs are the true risk 
loci for gout development. The limitation is the lack of impu-
tation because we applied the study design shown in figure 2. 
Further analysis of larger samples with imputation will be the 
key to identifying more gout loci.

The unique finding in the present study is that the novel loci 
for ‘AHUA to gout’ and known loci for ‘normouricaemia to 
gout’ appear to relate to different molecular mechanisms of gout 
development (figure 5 and online supplementary table S3). The 
‘AHUA to gout’ loci identified in the present study appear to be 
involved in the second step of development from AHUA to gouty 
arthritis rather than the ‘normouricaemia to gout’ loci (figure 1). 
Since only a proportion of hyperuricaemia cases develop gout 
and most hyperuricaemia cases remain as AHUA cases, the 
molecules involved in this step are likely to play important roles 
in innate immunity and/or inflammation in response to MSU 
deposition.

The frequency of female gout cases is low (1.15% in our data) 
in Japan, which shows that analysing only male gout patients 
in the present study should be more appropriate for detecting 
genetic factors of gout. Because each locus identified in the 
present GWAS did not show a significant association with SUA 
in persons of European ancestry or in Japanese individuals (see 
online supplementary table S4), our findings show that they are 
not likely to be a locus that is associated with AHUA suscep-
tibility. Interestingly, the present study also demonstrated that 
rs12980365 of ZNF724 showed a significant association with 
gout in persons of European ancestry within GUGC, which 
compared gout and non-gout individuals. This finding suggests 
that ZNF724 is a novel gout locus that aggravates AHUA into 
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Figure 5 Comparison ORs for three gout loci by the present GWAS 
(gout vs AHUA) with ORs for 10 gout loci by the previous GWAS (gout 
vs normouricaemia). Dots represent ORs and lines represent 95% CIs. 
The horizontal axis shows ORs for gout compared with normouricaemia, 
and the vertical axis shows ORs for gout compared with AHUA, whereas 
10 ’normouricaemia to gout’ loci are located under the oblique line, 
three novel ‘AHUA to gout’ loci are above it. AHUA, asymptomatic 
hyperuricaemia; GWAS, genome-wide association study.

gout, also in individuals of European ancestry. However, since 
the GWAS within the GUGC was a study using non-gout indi-
viduals as controls, it is necessary to perform replication studies 
using AHUA as controls. Thus, further analyses of independent 
populations using AHUA controls will be required in the future 
(see online supplementary table S5).

This first discovery of ‘AHUA to gout’ loci using a new GWAS 
strategy will lead to elucidation of the molecular mechanism of 
the last step of gout development, which will clarify the indi-
vidual genetic differences that explain why only a proportion of 
hyperuricaemia cases develop gout and to the prevention of gout 
attacks in high-risk AHUA individuals. These findings will assist 
physicians to identify AHUA cases who need adequate preemp-
tive medicine for gout based on individual genetic  differences. 
http:// dx. doi. org/ 10. 1136/ annrheumdis- 2019- 215521
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Figure 1 MRI-detected subclinical inflammation and associations with two components of difficulties making a fist, fist closure and fist strength, 
in patients with CSA. At baseline data of difficulties making a fist and MRI-detected subclinical inflammation were available in 552 patients (see 
flowchart in the supplement). aMultivariable logistic regression analyses were adjusted for age, gender and MRI inflammatory features from both 
wrist and MCP joints with associations of p<0.1 in univariable logistic regression. *P value<0.1 and **p value<0.01. BME, bone marrow oedema; 
CSA, clinically suspect arthralgia; MCP, metacarpophalangeal joint.

Difficulties making a fist in clinically suspect 
arthralgia: an easy applicable phenomenon 
predictive for RA that is related to 
flexor tenosynovitis

Difficulties making a fist in patients presenting with recent-onset 
arthralgia of small joints without clinically detectable arthritis is 
considered a risk factor for progression to inflammatory arthritis 
(IA) and rheumatoid arthritis (RA). This is also reflected by this 
sign being incorporated in the European League Against Rheu-
matism (EULAR) definition of arthralgia suspicious for progres-
sion to RA.1 However, to date, there is barely scientific evidence 
for its predictive value and little comprehension on the under-
lying mechanism in recent-onset arthralgia. We studied if diffi-
culties making a fist is indeed predictive for the development of 
IA and RA, and whether this sign is associated with subclinical 
inflammation.

Patients presenting with recent-onset (<1 year) arthralgia of 
the small joints were consecutively included in the Leiden clini-
cally suspect arthralgia (CSA) cohort.2 At baseline, the ability to 
completely close the fist (actively close the fist with all finger-
tips touching the palm) and fist strength (measured by a patient 
squeezing the assessor’s fingers) were determined (figure 1). It 
was determined by trained research nurses in all patients, and 
for reliability purposes also by rheumatologists in a subset of 
patients. Contrast-enhanced 1.5T MRI of the wrist and second 
to fifth metacarpophalangeal (MCP) joints was performed and 
scored for synovitis, bone marrow oedema, tenosynovitis and 
MCP extensor peritendinitis. Patients were followed on the 
development of clinically apparent IA, determined by rheuma-
tologists (median follow-up 16 months (IQR 4–25)). A detailed 
description of the cohort, MRI protocol and statistics are 
presented supplementary. Cox regression was performed with 
IA and RA (1987-criteria or 2010-criteria positivity) as primary 
and secondary outcome, respectively; time-to-event was time 
from the first presentation until IA development. Associations 
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between difficulties making a fist and subclinical inflammation in 
the same hand at baseline were assessed with logistic regression.

Flowchart and baseline characteristics are presented as supple-
mentary material. From 606 CSA patients, 86 (14%) had incom-
plete fist closure and 233 (38%) had decreased fist strength. In 
univariable Cox regression, the HR of incomplete fist closure 
was 2.22 (95% CI 1.36 to 3.64) and of decreased fist strength 
1.33 (0.87–2.05). In multivariable analyses, corrected for age, 
gender, C-reactive protein (CRP) status and anti-citrullinated 
protein antibody (ACPA) status, both signs were independently 
associated with IA development; incomplete fist closure HR 
2.33 (1.38–3.93) and decreased strength HR 1.62 (1.04–2.54). 
Similar findings were obtained with RA development as outcome 
(online supplementary file 1).

To better understand the underlying pathology, as clinical 
arthritis was absent and therefore not the explanation, we eval-
uated whether fist problems were related to subclinical inflam-
mation. Incomplete fist closure was associated with MCP flexor 
tenosynovitis and wrist flexor and extensor tenosynovitis in 
univariable analysis, and MCP flexor tenosynovitis in multi-
variable analysis (OR 3.79 (2.04–7.04), figure 1). Decreased fist 
strength was associated with MCP and wrist flexor tenosynovitis 
in univariable analysis, and wrist flexor tenosynovitis in multi-
variable analysis (OR 2.79 (1.52–5.12), figure 1).

Finally, the two tests were assessed by different observers in 
a subset of patients. Agreement was substantial for fist closure 
(n=324, Cohen’s kappa 0.61), but only fair for fist strength 
(n=318, Cohen’s kappa 0.28; online supplementary file 1).

Difficulties making a fist in recent-onset arthralgia in the 
absence of clinically apparent arthritis is considered a sign of 
imminent RA. This is the first study providing scientific support 
for the predictive value of this sign; incomplete fist closure, in 
particular, had better reliability and higher predictive value.

Intuitively, assessment of fist strength (normal/decreased) by 
physicians who get pinched may be more subject to interobserver 
variation than visual evaluation if the fist is completely closed, 
this was illustrated by lower values of agreement. The lower reli-
ability may also have contributed to lower HRs for fist strength.

The association between fist problems and tenosynovitis is 
plausible as tenosynovitis can hamper tendon gliding within its 
sheath, limiting tendon excursion and the ability to distribute 
muscle strength to the fingers. It is reasonable that fist closure 
was especially associated with MCP flexor tenosynovitis and 
fist strength with wrist flexor tenosynovitis as these respective 
tendons are important for these movements.

Thus, difficulties making a fist in CSA is a sign of underlying 
flexor tenosynovitis. Incomplete fist closure, in particular, is 
predictive for RA development. In contrast to MRI, fist closure 
is simple to assess, also by physicians with little experience in 
joint examination. Therefore, fist closure, a component of the 
EULAR definition of arthralgia suspicious for progression to 
RA,1 is a feasible and valuable sign for use in daily clinical prac-
tice. However, as predictive values are dependent on prevalence, 
the value of this test in different patient populations (eg, primary 
care) needs further investigation.
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Sirukumab and adalimumab reduce power 
Doppler ultrasound signal in patients with 
rheumatoid arthritis by 4 weeks in a phase 
III trial

Clinical trials in rheumatoid arthritis (RA) involve assessment of 
response by endpoints including composite measures of disease 
activity. However, many of the components are subjective and 
insensitive to change and their use in phase III studies necessi-
tates large and costly trials.

In single-centre, or two-centre RA studies, Greyscale ultra-
sound (GSUS) and power Doppler ultrasound (PDUS) imaging 
of a limited joint set is an early and reliable indicator of thera-
peutic response.1–3 However, use of ultrasound (US) endpoints 
in multicentre clinical trials presents challenges of operator-de-
pendency and variability in image acquisition, even when using 
the same model and settings of US machine.

We undertook an exploratory multicentre, US substudy, 
nested within the SIRROUND-H trial,4 to evaluate effects of 
sirukumab and adalimumab on synovial thickness and vascu-
larity by GSUS and PDUS, respectively, in 41 consenting 
subjects (online supplementary Table S1) at nine clinical sites. 
At each site, ultrasonographers blinded to treatment assessed 
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Table 1 Relationships between joint vascularity and thickness and 
baseline and Week 24 changes in disease activity and joint counts

Correlation 
coefficient (p value)‡

Baseline scores*
Week 24 change from 
baseline†

Vascularity Thickness Vascularity Thickness

CDAI 0.50 (0.0009) 0.67 (<0.0001) −0.01 (0.9491) 0.40 (0.0170)

DAS28(CRP) 0.65 (<0.0001) 0.72 (<0.0001) −0.13 (0.5424) 0.27 (0.1126)

DAS28(ESR) 0.53 (0.0005) 0.62 (<0.0001) −0.03 (0.8815) 0.59 (0.0002)

Swollen joints count (28 
joints)

0.35 (0.0268) 0.51 (0.0007) 0.01 (0.9537) 0.52 (0.0011)

Tender joints count (28 
joints)

0.44 (0.0043) 0.57 (0.0001) 0.02 (0.9224) 0.55 (0.0005)

MCP/Wrist swollen joint 
count

0.42 (0.0061) 0.57 (0.0001) 0.08 (0.7076) 0.5 (0.0021)

MCP/Wrist tender joint 
count

0.37 (0.0161) 0.49 (0.0010) 0.12 (0.5464) 0.57 (0.0003)

*Correlation between baseline clinical activity score and baseline vascularity or thickness scores
†Correlation between week 24 changes in clinical activity score and week 24 changes in vascularity 
or thickness scores, filtered to include only subjects with baseline vascularity or thickness scores of at 
least 1, respectively
‡Pearson's correlation coefficient r (p value)
CDAI, Clinical Disease Activity Index; CRP, C reactive protein; DAS28, Disease Activity Score in 28 joints; 
ESR, erythrocyte sedimentation rate; MCP, metacarpophalangeal joint.

Figure 1 Sirukumab and adalimumab significantly reduce vascularity 
in patients with evidence of baseline vascularity. Change from baseline 
in (A) vascularity and (B) thickness scores (y-axis) at Weeks 2, 4, 8 and 
24 visits after baseline (axis) are reported for subjects with an average 
baseline score ≥1 for the respective measure, stratified by treatment 
group (grey, adalimumab; white, sirukumab). Data displayed as box 
(median and IQR) and whiskers (5–95th percentiles) plots. ‡P<0.05 
compared with Week 0 scores.

12 joints (10 metacarpophalangeal (MCP) joints plus wrists) 
at Weeks 0, 2, 4, 8 and 24. The same model LOGIQ S8 RD 
US machine with an ML6-15 probe was used at each site. Scan 
Assistant, Compare Assist, LOGIQ S8 RD Flow Quantifica-
tion Option and LOGIQView software were used to analyse 
images.

Synovial vascularity and thickness were determined by the 
average scores of two independent central readers on a semi-
quantitative scale from 0 to 4 for each joint,2 with adjudication 
by a third reader if needed.

Wilcoxon signed-rank and Mann-Whitney tests were used to 
test significant differences (p<0.05) between baseline and subse-
quent timepoints. Pearson correlation was used to test associa-
tions between PDUS and clinical variables (significance defined 
as p<0.05 and correlation coefficient r>0.3).

Participants were enrolled from 5 countries including 27 
subjects randomised to sirukumab and 14 to adalimumab.

Vascularity and thickness scores were highly correlated between 
readers (vascularity: p<0.0001, r=0.84; thickness: p<0.0001, 
r=0.85). Median (IQR) vascularity scores across all reads were 3 
(0–9) and 3 (0–10) for the two readers. The median (IQR) of the 
SD of repeated reads were 1.1 (0–2.1) and 0.7 (0–2.1) for intra-
reader variability of vascularity score and 1.4 (0–2.8) for inter-
reader variability.

Both baseline vascularity and thickness scores were posi-
tively associated with rheumatoid factor (RF) (p<0.05) and 
anti-citrullinated protein antibodies (ACPA) seropositivity 
(p<0.05). Additionally, vascularity (r=0.35–0.65) and thick-
ness (r=0.51–0.72) were significantly correlated with base-
line disease activity measured by Disease Activity Score in 
28 joints (DAS28)-C reactive protein (CRP), DAS28-eryth-
rocyte sedimentation rate (ESR), Clinical Disease Activity 
Index, swollen and tender joint counts (28 joints and only 
MCP/wrist joints) (p<0.05; table 1).

To our surprise, 15/41 subjects had a baseline vascularity 
score <1, negating the possibility for evaluable improve-
ment. There was no significant difference in clinical response 
between subjects with or without a baseline vascularity 
signal. Only subjects with baseline vascularity score >1 were 
evaluated for postbaseline analyses (n=26). In these, PDUS 
was significantly reduced by both sirukumab (n=19) and 
adalimumab (n=7) as early as Week 4, and sustained through 
Week 24 (figure 1A). There was no significant difference in 
vascularity change between treatments. In contrast, synovial 
thickness was only significantly changed from baseline in the 
sirukumab group at Weeks 4 and 24 (figure 1B).

At Week 24, for combined treatment groups, PDUS change 
did not significantly correlate with clinical activity change 
(Week 24 minus baseline) by any measure (p>0.05) consis-
tent with previous reports.5 6 In contrast, at Week 24, GSUS 
change correlated with changes in all clinical activity scores 
evaluated (r=0.40–0.59) except DAS28-CRP. DAS28-CRP 
remission at Week 24 was associated with lower baseline 
vascularity and thickness scores (median (IQR) 0 (0–0) and 
1 (.25–2.25), respectively; 4/41 subjects achieved DAS-CRP 
remission at Week 24: vascularity p=0.0077; thickness 
p=0.0107) for subjects treated with either sirukumab or 
adalimumab.

In conclusion, our study demonstrated that US helps to 
detect improvement early; changes in clinical findings do not 
correlate with PDUS; patients with lower PDUS at baseline more 
commonly achieve remission.
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Table 1 Phenotype and treatment of patients with SLE at enrolment

No. Gender Age

SLE 
course 
(year) Previous treatment

Treatment after 
enrolment

Systemic 
involvement

SLE 
DAI PGA

Follow-up 
(month)

Resolution of SLEDAI-2K
Clinical 
evaluationArthritis Rash

1 F 34 5.42 S+FK506+HCQ S+FK506+HCQ+JAKi Mucocutaneous, 
arthritis, 
haematological

9 1 1 Yes Rash alleviated 
but not resolution

Alleviated

2 F 30 3.25 S+MMF+HCQ S+MMF+HCQ+JAKi Mucocutaneous, 
haematological

6 1 4 – Rash unalleviated Unalleviated

3 F 22 2.33 S+FK506+MTX+HCQ S+MTX+HCQ+JAKi Arthritis 6 0.5 12 Yes – CR on 
corticosteroids

4 F 18 0.75 S+HCQ S+HCQ+JAKi Mucocutaneous, 
haematological

6 0.8 9 – Yes CR on 
corticosteroids

5 F 30 11.58 S+MTX+HCQ S+MTX+HCQ+JAKi Mucocutaneous, 
arthritis

6 1 6 Yes Yes CR on 
corticosteroids

6 F 37 9.5 S+FK506+HCQ S+FK506+HCQ+JAKi Mucocutaneous, 
haematological, 
renal

14 1.5 6 – Yes CR on 
corticosteroids

7 F 19 5 MMF+HCQ MMF+HCQ+JAKi Mucocutaneous, 
haematological

7 0.8 4 – Rash flare Flare

8 M 23 6.75 HCQ HCQ+JAKi Mucocutaneous 2 0.7 6 – Yes CR off 
corticosteroids

9 F 23 0.26 MMF+HCQ MMF+HCQ+JAKi Mucocutaneous, 
arthritis

10 3 4 Yes Yes CR off 
corticosteroids

10 F 30 20 S+CsA S+JAKi Mucocutaneous 6 0.5 4 – Yes CR on 
corticosteroids

CR, clinical remission; CsA, ciclosporin;F, female; FK506, tacrolimus; HCQ, hydroxychloroquine; JAKi, janus kinase inhibitors; M, male; MMF, mycophenolate mofetil; MTX, methotrexate;PGA, physician’s global assessment; S, corticosteroids;SLE, 
systemic lupus erythematosus; SLEDAI-2K, SLE Disease Activity Index-2000.

Successful treatment of arthritis and rash with 
tofacitinib in systemic lupus erythematosus: the 
experience from a single centre

Janus kinases (JAKs) are intracellular tyrosine kinases which 
play a key role in the signal pathways of many cytokines, 
such as type l interferons (IFNs), interleukin-6 (IL-6), IL-12 
and IL-23.1 All these cytokines participate in the pathogen-
esis of systemic lupus erythematosus (SLE). Hence, inhibi-
tion of JAK signals has provided an attractive therapeutic 
option in SLE. Tofacitinib can inhibit JAK1/JAK3 and has 
been proved effective in rheumatoid arthritis (RA),2 psori-
atic arthritis and ulcerative colitis. Evidence in murine lupus 
have shown that tofacitinib can decrease the levels of anti-
double-stranded (ds) DNA and proteinuria, remit nephritis 
and skin rash.3 A case report proved that tofacitinib could 
decrease anti-dsDNA levels in inactive SLE complicated by 
RA.4 A phase II randomised controlled trial reported modest 
efficacy of a JAK1/2 inhibitor, baricitinib, in ameliorating 
lupus arthritis.5

To better understand the efficacy of tofacitinib in SLE, we 
describe, to our knowledge for the first time, the efficacy of 
tofacitinib 5 mg two times per day in 10 patients with SLE (nine 
women and one man). They were followed up for the shortest of 
4 weeks and the longest for 12 months by the same medical team. 
At each visit, the level of anti-dsDNA (≥30 IU/mL), complement 
3 (C3) level, the SLE Disease Activity Index-2000 (SLEDAI-2K), 
physician’s global assessment (PGA) and adverse events (AEs) 
were measured and assessed. Three levels of remission were 
defined using the SLEDAI-2K according to the guiding princi-
ples of the Definition of Remission in SLE6: complete remission: 
no disease activity in corticosteroid-free and immunosuppres-
sant-free patients, antimalarials allowed; clinical remission (CR) 
off corticosteroids: serologically active clinical quiescent (SACQ) 
disease in corticosteroid-free patients; CR on corticosteroids: 
SACQ disease in patients taking prednisone up to 5 mg daily.

http://ard.bmj.com/
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Figure 1 (A) Frequency of disease state and remission in patients with SLE since the treatment of tofacitinib. (B–C) The variation trends of SLEDAI-
2K (p=0.011 at the third month) and PGA (p=0.042 at the third month) during the follow-up since the treatment of tofacitinib. (D–E) Levels of 
complement 3 and anti-dsDNA antibody during the follow-up since the treatment of tofacitinib. Statistical analyses were performed using SPSS V.23.0. 
(SPSS Inc, Chicago, IL, USA). The p value was two-tailed and defined as significant if <0.05. dsDNA, double-stranded DNA; PGA, physician’s global 
assessment; SLE, systemic lupus erythematosus; SLEDAI-2K, SLE Disease Activity Index-2000.

The demographic data and clinical features of the 10 patients 
are described in table 1. Seven patients achieved CR (two off 
corticosteroids and five on corticosteroids). One patient was 
relieved with a decreased SLEDAI-2K and PGA score but not 
CR, one did not improve, and one experienced a flare during 
the follow-up (figure 1A). Four patients quickly achieved 
resolution of arthritis and six patients of rash (SLEDAI-2K), 
respectively. However, the effectiveness of tofacitinib in rash 
was uncertain in two patients and completely lack of efficacy 
in another patient. The onset of response and reduction of 
corticosteroids were elaborated in online supplementary table 
S1. Both SLEDAI-2K (p=0.011) and PGA (p=0.042) were 
improved significantly at the third month (figure 1B,C). No 
significant serological improvement was observed in level 
of C3 (p=0.319) and anti-dsDNA (p=0.259) at the third 
month (figure 1D,E). AEs occurred in two patients. One had 
herpes varicella zoster, and the other had alopecia. Both of 
them continued the therapy, but the dosage was tapered and 
achieved CR finally.

Tofacitinib has been found to have a rapid onset of action in 
2–4 weeks in patients with RA, and this efficacy persisted for a 

long period,2 indicating that tofacitinib can inhibit inflammation 
quickly just like glucocorticoids, but avoiding the steroid-re-
lated side effects. No significant serological improvements were 
observed, the same as baricitinib,5 which has been demonstrated 
in animal models.3 The different effect on anti-dsDNA level may 
come from the diverse activity of SLE.

In conclusion, tofacitinib can rapidly improve the symp-
toms and signs of arthritis and partially improve skin rash in 
patients with SLE, sparing steroid to reach CR. But there is 
no significant change in serological parameters. Our study has 
limitations as an open study with a limited sample size, and in 
terms of the observation period inequality. Further studies are 
needed to confirm its efficacy and define its specific indication 
in patients with SLE.
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Table 1 Demographic and clinical findings of enrolled subjects.

Clinical characteristics Patients with GCA, n (%)

Patients (N) 42

General characteristics

 Age in years, median (range) 73 (54–86)

  Sex, women/men 31/11

Cranial symptoms 34 (81)

 Headache 32 (76)

 Jaw claudication 12 (29)

 Scalp tenderness 14 (33)

 Facial pain/oedema 7 (17)

 Abnormal temporal arteries 22 (52)

Cranial ischaemic events 8 (19)

 Permanent visual loss 2 (5)

 Amaurosis fugax 7 (17)

 Transient diplopia 4 (10)

Systemic manifestations 11 (26)

 Fever 6 (14)

 Weight loss 10 (24)

 Polymyalgia rheumatica 26 (62)

Serological findings Mean±SD

 C reactive protein 29.03±66.76 mg/L

 Erythrocyte sedimentation rate 30.06±25.98 mm/h

 Haemoglobin 12.46±1.52 g/L

Decreased endothelin receptor A autoantibody 
levels are associated with early ischaemic 
events in patients with giant-cell arteritis

Endothelin 1 (ET-1) is a potent vasoactive peptide hormone 
produced by endothelial cells, macrophages and vascular smooth 
muscle cells (VSMCs). Elevated ET-1 plasma levels have been 
reported in patients with ischaemic complications in giant-cell 
arteritis (GCA), a systemic vasculitis predominantly affecting 
large vessels and their branches.1 In temporal artery biopsy 
specimens, increased expression of ET-1 and the G protein-cou-
pled vasoconstrictive endothelin receptor A (ETAR) has been 

found.2 ETAR activation induces focal adhesion kinase-medi-
ated morphological changes and increased motility of VSMC 
potentially contributing to intimal hyperplasia and vascular 
occlusion in GCA.3 VSMC migration can be blocked by specific 
ETAR antagonists.3 Notably, disease-specific anti-G protein-cou-
pled receptor autoantibody (aab) signatures have been found in 
different autoimmune diseases.4 5 Anti-ETAR aabs are increased
and associated with pulmonary arteriolar occlusion and hyper-
tension in systemic sclerosis.5 6 Anti-ETAR aabss induce vascular
adhesion molecules, interleukin (IL)-8 and chemokine ligand 
CCL-18 productions and exhibit chemotactic activity by medi-
ating neutrophil and T cell migration.5 6

To address the role of anti-ETAR aabs in patients with GCA, aab 
levels were determined in the present cross-sectional and longi-
tudinal study. This study was approved by the ethics committee 
of the University of Lübeck (Az 16–199). Following informed 
consent, serum anti-ETAR aab levels were measured in 42 patients 
with GCA and were compared with previously published data 
of 193 healthy donors.5 Anti-ETAR aabs were determined as
described earlier.4 Clinical characteristics and serological surro-
gate markers of inflammation (C reactive protein, erythrocyte 
sedimentation rate and haemoglobin) were recorded at the time 
of serum sampling and during follow-up for up to 42 months 
after baseline determination in 35 patients with GCA. Ischaemic 
complications, that is, cranial ischaemic events, permanent visual 
loss, amaurosis fugax, transient diplopia and transient ischaemic 
attacks, were recorded at baseline and follow-up visits. Clinical 
characteristics of patients with GCA in this cohort were similar 
to those in previously published series (table 1, 2,3). Anti-ETAR 
aab levels were decreased in GCA compared with healthy donors 
(5.82±7.11 vs 8.35±3.57, p<0.0001, Mann-Whitney test; 
figure 1A). Aab levels were lowest in patients with a systemic 
inflammatory response with up to two of the following features: 
fever, weight loss, haemoglobin level of <11.0 g/L and eryth-
rocyte sedimentation rate (ESR) of >85 mm/hour (2.90±3.35, 
p<0.0001, Mann-Whitney test; figure 1A). However, there were 
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Figure 1 (A) Anti-ETAR aab levels are decreased in GCA compared 
with healthy donors (Mann-Whitney test). Patients with ischaemic 
events and those with an inflammatory response displayed low anti-
ETAR aab levels (mean±SD, Mann-Whitney test; inflammatory response 
was defined as fever, weight loss, haemoglobin level of <11.0 g/L and 
erythrocyte sedimentation rate of >85 mm/hour). (B) Patients with 
aab levels below 2.023 U/mL had an increased individual risk for early 
ischaemic events within 8 months following baseline analysis compared 
with those with aab levels above 2.023 U/mL (log-rank test, Mantel-Cox 
proportional hazards model; HR hazard ratio, 95%-KI 95% confidence 
interval). Aab, autoantibody; ETAR, endothelin receptor A; GCA, giant-cell 
arteritis.

no correlations between the level of anti-ETAR aabs and indi-
vidual levels of C reactive protein, ESR, haemoglobin and age. 
Patients with anti-ETAR aab levels below 2.023 U/mL displayed 
an increased risk of early ischaemic complications within 8 
months following baseline analysis (HR 7.44, p=0.044, log-rank 
test, Mantel-Cox proportional hazards model, receiver oper-
ating characteristic analyses; figure 1B).

The present study supports a role of anti-ETAR aabs in the 
development of ischaemic complications in patients with GCA. 
To our knowledge, this is the first study to show and analyse 
anti-ETAR aab levels and their association with the inflamma-
tory response and ischaemic events in GCA. We hypothesise that 
the decreased anti-ETAR aab levels result from increased binding 
of the aabs to immune cells and to vascular ETAR in inflamed 
arteries, thus contributing to local inflammation.5 However, 
we cannot exclude other mechanisms, for example, a disturbed 
homeostasis of a network of physiological autoantibodies caused 
by vascular inflammation.5 Serial determination of anti-ETAR
aab may disclose their applicability as a surrogate marker for 
the prediction of early ischaemic events in GCA. Therefore, the 
role of anti-ETAR aab in GCA pathophysiology and its means as 
a biomarker should be further evaluated.
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Remission maintenance after tocilizumab dose-
tapering and interruption in patients with giant 
cell arteritis: an open-label, 18-month, 
prospective, pilot study

In the GiACTA trial,1 tocilizumab (TCZ) combined with pred-
nisone (PDN) was significantly superior to PDN alone to obtain 
the remission in patients with giant cell arteritis (GCA) with and 
without concomitant large vessel vasculitis (LVV). To date, no 
data on the management of patients achieving the remission with 
TCZ monotherapy after a short course of combined treatment 
with CS are available.

To investigate the persistence of remission after TCZ interrup-
tion, we designed an open-label, prospective trial of 15 consec-
utive patients meeting the American College of Rheumatology 
1990 criteria for GCA.2 Four patients had refractory GCA and 
11 were new diagnoses (clinical and demographic data: see 
online supplementary table S1). All had concomitant thoracic 
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Table 1 Treatment schedule, PET/CT, ESR results and remission rate at different time frames

Timing Treatment
Remission 
N (%) Flares*

PET/CT and ESR† results‡

SUV max 
(±SD)

P 
value

TBR 
(±SD)

P 
value

TVS 
(±SD)

P 
value ESR

P 
value

Baseline PDN 50 mg/day for 1 week
PDN 10 mg dose reduction for 3 weeks and 5 mg 
for 4 weeks

15 patients 
enrolled§¶
ivTCZ: 9 (60%)

18 month 
responders

5,25±0.66 2.13±0.44 12.2±4.41 63.8±23.9

ivTCZ 8 mg/kg/4 weeks or scTCZ 162 mg/week scTCZ: 6 
(40%)

18 month 
non-
responders

5.7±0.92 2.62±0.56 13.6±1.51 53±13.4

Month 2 PDN interruption
ivTCZ 8 mg/kg/4 weeks or scTCZ 162 mg/week

15 (100) None

Month 6 ivTCZ 6 mg/kg/4 weeks or scTCZ 162 mg/2 weeks 15 (100) None 18 month 
responders

3.39±0.82 0.001 1.52±0.40 0.03 6.7±2.31 0.01 7.4±8.27 0.0001

18 month 
non-
responders

4.82±1.34 0.48 2.2±0.68 0.54 4.80±1.28 0.005 23.4±15.46 0.005

Month 8 ivTCZ 4 mg/kg/4 weeks or scTCZ 162 mg/every 3 
weeks

15 (100) None

Month 10 ivTCZ 2 mg/kg/4 weeks or scTCZ 162 mg/4 weeks. 15 (100) None

Month 12 TCZ interruption 15 (100) None

Month 14 18 month 
responders

1.5±0.7 0.001 0.54±0.25 0.001 4.1±1.19 0.001 4.6±2.9 0.0001

18 month 
non-
responders

3.92±1.32 0.86 1.7±0.58 0.85 3.92±1.30 0.002 6±3.24 0.0001

Month 18 Off-therapy remission assessment 10 (66.7) Month 13: 1
Month 14: 1
Month 15: 2
Month 16: 1

*Flare definition: recurrence of GCA signs and symptoms with raised ESR at any time of treatment.
†Due to the known lowering effect of TCZ on CRP, only ESR was evaluated.
‡PET/CT and ESR results at months 6 and 14 were compared with baseline values (analysis of variance).
§New diagnosis: 11 patients.
¶Refractory GCA:four patients (previous mean CS treatment duration: 14±5.7 months; none had received methotrexate). Refractory GCA definition: recurrence of GCA signs and 
symptoms with raised ESR or CRP or both, at any time of CS tapering after initial response to higher doses.
CRP, C-reactive protein; CS, corticosteroids; ESR, erythrocyte sedimentation rate; GCA, giant cell arteritis; PDN, prednisone; PDN, prednisone; PET, positron emission tomography; 
SUVmax, standardised uptake value maximal; TBR, target to background ratio; TCZ, tocilizumab; TVS, total vascular score; ivTCZ, intravenous tocilizumab; scTCZ, subcutaneous 
tocilizumab.

LVV evidenced by 18-fluorodeoxyglucose (FDG)-positron emis-
sion tomography (PET)/CT. Total vascular score (TVS), maximal 
standardised uptake value (SUVmax) and target to background 
ratio (TBR) were calculated.3 PET/CT was performed at base-
line, month 6 and 2 months after TCZ withdrawn. As shown in 
table 1, at baseline all received PDN 50 mg/day and intravenous 
TCZ (ivTCZ) at the dose of 8 mg/kg/monthly or subcutaneous 
TCZ (scTCZ) at the dose of 162 mg/weekly. PDN was rapidly 
tapered with interruption at month 2.

Primary outcome measure: the percentage of patients main-
taining the clinical remission over the 6month off-therapy period. 
Remission was defined by the absence of GCA symptoms and 
signs, thoracic complaints, values of erythrocyte sedimentation 
rate (ESR) ≤15 mm/hour; C-reactive protein (CRP) ≤0.5 mg/
dL; pain visual analogue scale (VAS) ≤10. Secondary outcome 
measures: the percentage of patients achieving and maintaining 
the clinical remission during the treatment with TCZ, and the 
role of acute-phase reactants and 18F-FDG-PET as predictors 

of remission. A written informed consent was obtained by all 
patients. Clinical  Trials. gov Identifier: NCT03244709.

Baseline values (mean±SD): ESR 63.8±22.7, CRP 6.34±4.63 
mg/dL, VAS 8.65±0.91 cm, SUVmax 5,25±0.66, TVS 
12.2±4.41 and TBR 2.13±0.44. All 15 patients achieved and 
maintained the remission, and in 10 (66.7%) the condition 
persisted at month 18 (table 1). Five patients reactivated after 
2–4 months from treatment interruption. Retreatment with 
TCZ at the last dose allowed to achieve the remission in all, 
and in two of them still persisted over a follow-up of 8 and 
14 months from the second TCZ withdrawal. The remaining 
three patients remained symptom-free under TCZ treatment at 
the lowest dose. None required CS to regain the remission and 
all received a cumulative PDN dose of 1225 mg. At month 14, 
ESR, CRP and VAS improved significantly in all patients, while 
SUVmax, TBR and TVS resulted significantly reduced only in 
the 10 patients maintaining the off-therapy remission. In non-re-
sponders, a significant correlation between SUVmax and TBR 
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was detected (Pearson 0.97: p=0.004 and 0.98: p=0.003), but 
not with ESR, CRP, and VAS. At month 14, SUVmax (p<0.001), 
TBR (p<0.001) and TVS (p<0.034) were significantly higher in 
non-responders.

TCZ therapy was well tolerated with no severe adverse events 
(only two urinary infections). Hypercholesterolaemia requiring 
statins occurred in two patients.

The open-label design and the low number of patients limit 
the strength of the results of this study. Nevertheless, the drug-
free remission maintenance after TCZ discontinuation seems 
to be possible in GCA. The scheduled therapy, with rapid PDN 
withdrawal and progressive TCZ taper allowed a consistent CS 
sparing with respect to recent reports.1 4 5 According to other 
studies,6 PET/CT confirmed a relevant role in the management 
of patients with GCA. Finally, our therapeutic schedule may 
represent a good option in GCA patients with comorbidities 
such as diabetes, hypertension, osteoporosis, and glaucoma.
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Dramatic but suspensive effect of interleukin-1 
inhibitors for persistent urticarial vasculitis: a 
French multicentre retrospective study

Urticarial vasculitis (UV) is rare systemic disease characterised by 
a dermal capillary inflammation responsible of long-lasting urti-
carial lesions, and sometimes some systemic manifestations.1 2 
UV can be separated into two different entities: hypocomple-
mentemic UV (HUV) and normocomplementemic UV (NUV). 
Treatment of UV depends on the severity of the disease and the 
occurrence of relapses. In patients refractory to colchicine or 
dapsone, glucocorticoids (GCs), conventional immunosuppres-
sive agents or rituximab (RTX) can be used,1 2 leading to signif-
icant morbidity. Interleukin-1β (IL-1β) inhibitors are biologics 
mainly used in autoinflammatory diseases.3 We report here a 
French retrospective multicentr study of patients treated with 
IL-1β inhibitors for persistent disease despite GCs and/or immu-
nosuppressive agents.

This French retrospective multicentre study was conducted 
in four departments of Dermatology and Internal Medicine. We 
included patients with persistent UV to at least GCs, whether 
NUV or HUV. Patients had to have a biopsy-proven diagnosis 
of UV with long-lasting urticarial lesions and leukocytoclastic 
vasculitis on skin biopsy, associated or not with systemic involve-
ment. Persistent disease was defined by cutaneous lesions despite 
GCs with a dose greater than 10 mg/day. For each patient, data 
were retrospectively collected and included clinical and biolog-
ical characteristics, previous and concomitant treatments, details 
on IL-1β inhibitors, and evolution of concomitant treatments 
and disease under IL-1β inhibitors therapy and at discontinua-
tion. Clinical complete response (CR) was defined as a complete 
disappearance of cutaneous lesions and other systemic manifes-
tations. Clinical partial response (PR) was defined as a improve-
ment of disease activity without achieving CR. Primary endpoint 
was the rate of CR.

Six patients were included. Median time from diagnosis to 
IL-1β inhibitors was 5.5 years (range: 1–16). Clinical charac-
teristics and response are summarised in table 1. Five (83%) 
patients had reached clinical CR. Time to clinical CR was 
shorter than 7 days in 4/5 patients (80%). GCs use was discon-
tinued in 4/5 (80%) cases. One (16%) patient had clinical PR 
but still required GCs associated with dapsone. In the HUV 
subgroup, no normalisation of complement fractions level 
was observed. Progressive discontinuation of IL-1β inhibitors 
was attempted in four patients but was constantly associated 
with relapses within few days. Tolerance was good, but two 
patients experienced reactions at the injection site, leading to 
switch from anakinra to canakinumab for one patient with 
persistence of clinical CR. No death, infection nor neutro-
penia was observed.

In our study, IL-1β inhibitors provided clinical CR in a 
vast majority of patients with UV. However, because most 
patients had only cutaneous and joint involvement, we were 
only able to assess IL-1β blockers efficacy on these manifes-
tations. Patients with persistent disease are usually treated 
with conventional immunosuppressive agents, RTX or omal-
izumab. In our study, all patients were failing at least one of 
these therapies, and showed a dramatic effect of anakinra. 
This findings confirm the efficacy of canakinumab observed 
in a series of 10 patients,2 4 and anakinra in two out of three 
reported cases.2 3 5 6 No normalisation of complement fraction 

http://ard.bmj.com/


1447Ann Rheum Dis October 2019 Vol 78 No 10

Letters

Table 1 Clinical and therapeutic characteristics of patients presenting with UV and treated with IL-1 blockers

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6

Gender F M M F M M

Diagnosis NUV HUV HUV NUV HUV HUV

Age at IL-1 blocker initiation 58 40 23 42 62 50

Organ involvement Skin
Joint

Skin
Joint

Skin
Joint

Skin
Joint

Skin
Joint
GI

Skin
Joint
GI

CRP levels at IL-1 blocker initiation (mg/L) 72 30 180 10 54 10

Hypocomplementemia No Yes Yes No Yes Yes

Previous treatments GCs
HCQ
MTX
CYC
AZA
MMF

GCs
HCQ
Dapsone
Colchicine
AZA
RTX

GCs
Dapsone
Colchicine
MTX
RTX

GCs
Omalizumab
HCQ

GCs
MTX
AZA
RTX

GCs
MTX

IL-1 blocker Anakinra Anakinra Anakinra Anakinra Anakinra then 
canakinumab

Anakinra

Concomitant medications associated with IL-1 blockers GC
HCQ

GC
Dapsone

GC
Dapsone

GC GC –

GCs dosage at IL-1 blocker initiation (mg/d) 30 15 10 10 30 0

Response to IL-1 blockers

Remission with IL-1 blockers CR PR CR CR CR CR

Time interval for clinical efficacy <7 days Yes No Yes Yes NA Yes

Organ response to IL-1 blockers Skin
Joint

Skin
Joint

Skin
Joint

Skin
Joint

Skin
Joint
GI

Skin
Joint
GI

CRP levels under IL-1 blockers (mg/L) <5 <5 <5 <5 <5 <5

Normalisation of complement level – No No – No NA

Discontinuation of GC with IL-1 blockers Yes No Yes Yes Yes No

Relapse at IL-1 blocker discontinuation Yes – Yes Yes Yes –

AZA, Azathioprine;CR, complete response; CRP, C-reactive protein; CYC, Cyclophosphamide; GCs, glucocorticoids; HCQ, hydroxychloroquine; HUV, hypocomplementemic urticarial 
vasculitis;IL-1, interleukin 1; MMF, Mycophénolate Mofetil; MTX, methotrexate; NA, not available; NUV, normocomplementemic urticarial vasculitis; PR, partial response; RTX, 
rituximab.

levels was observed in the HUV group and relapses constantly 
occurred within days after treatment discontinuation. A 
previous study from our group3 and these findings strongly 
support that normalisation of complement fraction levels is 
probably required to expect a long-term remission in HUV. 
The efficacy of IL-1β blockers efficacy in UV can be compared 
to that of genetic autoinflammatory diseases, sharing some 
clinical similarities. Association of both diseases has already be 
reported with response to IL-1β blockers.3 Overall, treatment 
with IL-1β inhibitors seems to be dramatically and rapidly 
effective in persistent UV and allows discontinuation of GCs. 
Further studies should be conducted to demonstrate formally 
efficacy of IL-1β inhibitors and pathogenic role of IL-1β in UV.
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Digital health in rheumatology

We read with interest the article by Dr Burmester on the digital 
technologies which have the potential to deeply impact health-
care delivery in rheumatology too.1 Technology has always been 
integral to modern medicine and without doubt it has played a 
big role in advanced diagnostics, drug development, treatment 
and rehabilitation. However, the personalised data-led approach 
is a recent phenomenon which is poised to change the way medi-
cine has been practised traditionally since its evolution, as high-
lighted by Dr Burmester. In this context, some other aspects and 
concerns as we have outlined below may also be considered.

A burst of big data and the artificial neural network-powered 
artificial intelligence is already empowering the clinicians, patients 
and the care providers. We reckon chronic diseases especially rheu-
matology are ripe for disruption when it comes to patient care.2 We 
also envisage that by the time actual Rheumatology 4.0 fructifies 
in reality there may be few approved digital therapeutic options 
approved by the Food and Drug Administration in Rheumatology.2

A combination of data from multiple resources could also 
unearth various digital biomarkers, which are patient-generated 
physiological and behavioural measures used to explain, influ-
ence and/or predict the clinical outcomes.2 Also, the predictive 
analytics are expected to predict the individual outcome by 
pooling information from connected devices, genomic data, clin-
ical course and various other sources.2

Personal data, particularly patient data, are extremely valuable 
and this fact is realised by all the stakeholders in current times. 
Data are an important economic resource which has multiple 
usage as well as applications in myriad forms. As more and more 
electronic medical records are deployed and data stored on 
cloud it is becoming critical to secure the data and safeguard the 
patient privacy from any form of breach and potential misuse by 
data hackers.

We would also like to add that genome-wide association studies 
(GWAS) in rheumatology would throw up interesting patterns now 
that the data are plentiful and genomic testing is more accessible. 
For example, in a recent paper, The Brainstorm Consortium exam-
ined multiple GWAS drawn from more than 200 000 patients for 
25 brain-associated disorders and 17 phenotypes.3 Similar replica-
tion in rheumatology has tremendous potential and we believe that 
we are at the threshold of obtaining more in-depth and meaningful 
insights with ongoing and more studies in the future which will 
potentially help in better patient outcomes.

Machine learning, computational prowess and the artifi-
cial intelligence advances have enabled some industry leaders 
from the technology sector to predict that doctors would be 
becoming redundant very soon. In reality, the technology 
will always aid the clinicians with plethora of options but 

a machine can never replace the doctor in flesh and blood. 
Artificial intelligence algorithms require training from the 
human-generated models or examples as a mechanism of 
machine learning. Unless the correct answers are provided by 
the human beings the algorithms have various limitations. For 
instance, inability to understand speech or recognise objects 
in an image, and so on, without human guidance and training. 
We therefore completely agree with Dr Burmester’s conclusion 
that one may require new approaches to education and profes-
sional competence of clinicians. To paraphrase Dr Eric Topol 
(American cardiologist and digital medicine researcher)—The 
digital world has been in a separate orbit from our medical 
cocoon, and it’s time the boundaries be taken down.4
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Response to: ‘Digital health: a new dimension in 
rheumatology patient care’ by Kataria 
and Ravindran

It was with great interest that I read the e-letter by Drs Kataria and 
Ravindran1 directed to a recent article of mine in the new Annals of 
the Rheumatic Diseases section ‘Thinking the unthinkable’.2 Their 
comments are much appreciated, especially since they re-empha-
sise the upcoming disruption in chronic diseases, but also outline 
the complexity that many tools will not yet be approved by regu-
latory authorities for use in daily routine care. Digital biomarkers 
will be important for the prediction of clinical outcomes, and they 
rightly point out that patterns arising from genome-wide association 
studies could be helpful in providing insights into disease pathology. 
They also allude to the important item of data protection, which has 
become even more important in Europe with the introduction of the 
New European General Data Protection Regulation,3 which strongly 
enforces patients’ rights. Finally, they rightly emphasise the role of 
the human being in artificial intelligence algorithms to validate the 
findings of these novel approaches. In the future, we will have to 
leave the sometimes comfortable cocoon to step into the digital 
world—of course aiming for a better and more rapid patient care.
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Correspondence to viewpoint ‘Defining 
refractory rheumatoid arthritis’ by Buch

With great interest, we read the clinically highly relevant view-
point on ‘Defining refractory rheumatoid arthritis’ by Professor 
Maya H. Buch.1 The author classifies refractory rheumatoid 
arthritis (RA) into ‘intrinsic refractory’ (persistent inflammation, 
no antidrug antibodies (ADA)), ‘pharmacokinetic refractory’ 
(persistent inflammation, presence of ADA) or ‘false positive 
refractory’ (no persistent inflammation, no ADA). Professor 
Buch highlights the gap of knowledge in the understanding of 
refractory RA and states that consistent definitions and criteria 
are required for future research. We fully agree with the author 
that this subpopulation of patients with RA is facing unmet 
needs, especially because the current RA management recom-
mendations mainly focus on the early phase of the disease and 
on drug treatment.2 3 

The author states that an unambiguous definition for refrac-
tory disease should be a first step to homogenise further 
research. We share this ambition and we recently published a 
review on difficult-to-treat RA underscoring this important 
issue.4 However, we used the term ‘difficult-to-treat RA’, to 
especially emphasise we address both patients with and without 
persistent inflammation. Using this terminology, ‘refractory RA’ 
is one of the subgroups of difficult-to-treat RA, characterised by 
persisting inflammation. Professor Buch further classifies ‘refrac-
tory RA with persistent inflammation’ into two groups, based 
on presence or absence of ADA. However, the clinical effect of 
ADA probably depends on titres: low levels, in contrast to high 
levels, may not significantly reduce the clinical efficacy of biolog-
ical disease-modifying antirheumatic drugs, since the residual 
active drug levels are still sufficient.5 Furthermore, in our view, 
it is difficult in daily clinical care to further classify individual 
patients with refractory RA, because the disease state is often 
complicated by multiple issues, such as drug intolerance, adverse 
effects and events, treatment non-adherence and inappropriate 
medication usage, comorbidity prohibiting adequate dosing of 
drugs and concomitant fibromyalgia. In our review, we present 
an in-depth overview of factors that complicate and contribute 
to difficult-to-treat RA and address the necessity of a targeted 
management approach.4

The complexity of difficult-to-treat RA is also documented 
by the results of our recently distributed online survey among 
(mostly European) rheumatologists. Characteristics of difficult-
to-treat RA were recorded in more than 400 responses. The 
results of this survey have been submitted for publication and 

show that there is a wide variety in characteristics of the concept 
of difficult-to-treat RA. It is seen as a heterogeneous condition, 
which underscores the difficulty in establishing an unambig-
uous definition, let alone achieving a comprehensive manage-
ment approach. To this aim, recently a EULAR Task Force on 
the development of EULAR recommendations for the compre-
hensive management of difficult-to-treat RA has been initiated. 
The ensuing recommendations will comprise an operational 
expert-guided definition of difficult-to-treat RA and manage-
ment options for these patients, facing the lack of guidelines also 
acknowledged by Professor Buch.
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Response to 'Correspondence to viewpoint 
'Defining refractory rheumatoid arthritis' by 
Buch' by Roodenrijs et al 

I would like to thank Roodenrijs et al1 for their thoughtful 
comments on my viewpoint ‘Defining refractory rheuma-
toid arthritis’2 and appreciate their acknowledgement of this 
important subgroup of patients with unmet clinical needs.

The authors highlight their description and recent review of 
‘difficult to treat RA’3 that in contrast to my viewpoint includes 
refractory rheumatoid arthritis (RA) in the presence of persistent 
inflammation and in its absence. I acknowledge this approach 
is more inclusive in encompassing the breadth of reasons that 
contribute to challenging RA treatment decision making in real-
world practice and as such would consider ‘difficult to treat RA’ 
more of an umbrella term.

In my viewpoint, I a priori focused on the concept and 
subgroup of intrinsic refractory RA disease that (as with other 
diseases such as refractory cancer) tacitly implies persistent (RA) 
pathology (be it local±systemic) in the face of available thera-
peutic interventions. Such a subgroup is likely to be rare; the 
majority of biological refractory individuals demonstrate both 
inefficacy and intolerance to successive therapeutic interventions 
(as illustrated in a first report from the British Society of Rheu-
matology Biologic Register4). The viewpoint was thus neces-
sarily more directed and discussed how best to identify the rare 
refractory disease group to deliver on the overarching objective 
of its biological characterisation and mitigate against inclusion of 
solely non-inflammatory drivers. Precision medicine principally 
relies on a pathogenesis-driven approach to treatment selection. 
Ultimately, final treatment decisions in clinical practice would 
be an integration of such a pathologically driven rationale, with 
consideration of the wider patient profile (lifestyle and comor-
bidity) and indeed contextual factors that may also coexist and 
contribute to 'difficult to treat RA'.

I would acknowledge that distinguishing such refractory 
disease through presence or absence of antidrug antibody (ADA) 
is clinically problematic. There remains a continued knowledge 
gap in how best to translate the profusion of ADA data into clin-
ical practice, with issues in assay robustness and standardisation, 
the definition of cut-off values to define ADA and therapeutic 
drug levels as well as its interpretation.5 Nevertheless, as part of 
this ongoing research agenda, it remains important to evaluate 
for ADA when otherwise refractory RA disease may be errone-
ously ascribed to incorrect drug targeting.

In summary, I would consider my viewpoint as complementary 
to Roodenrijs et al’s comments and prior review. I welcome the 

European League Against Rheumatism initiative as a pragmatic 
and important first step towards improving the understanding 
and management of the wider concept of ‘difficult to treat’ RA. 
It is likely that further iterations will be needed as more of an 
evidence base emerges, with refined evaluation of specific areas 
such as refractory RA disease.
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Early identification of rheumatoid arthritis: the 
risk of overtreatment in perspective

With interest I read the Viewpoint of Landewé in which he 
discussed six domains in rheumatology in which progress has 
been made in the last decennia, and where the occurrence of 
overdiagnosis and subsequent overtreatment could be a disad-
vantageous side effect.1 I appreciate and agree with his concerns. 
Indeed, the burden of unnecessary treatment should be avoided 
for individual patients and for society as a whole, especially if 
expensive drugs (eg, biologics) are applied.

The Viewpoint is written from the general concept, referring 
to advances in rheumatoid arthritis (RA), spondyloarthritis and 
psoriatic arthritis. With respect to the paradigm ‘early diagnosis’, 
Landewé included a remark concerning the recent efforts to 
identify patients at risk for RA in the symptomatic phase that 
precedes the development of clinically evident arthritis.1 When 
discussing the risks of overtreatment as a drawback of early 
identification of RA, it is important to put the discussion in the 
correct context.

Arthralgia suspicious for progression to RA (or clinically suspect 
arthralgia, CSA) is a novel and relatively young area of research. At 
present, there is no evidence that treatment in this phase is more 
effective than treatment initiated in the phase of clinical arthritis. 
Several proof-of-concept trials are investigating this assumption in 
autoantibody-positive arthralgia or CSA2; results are awaited in the 
next 5 years. As long as there is no evidence, patients with CSA are 
not treated or should not be treated with disease-modifying antirheu-
matic drugs (DMARDs) in clinical practice. Thus, overtreatment is 
not yet an issue in CSA. Importantly, when positive results of the 
ongoing proof-of-concept trials would appear and will be reason to 
treat patients with arthralgia, overtreatment may become an issue 
since the European League Against Rheumatism definition of CSA 
has insufficient specificity, when used alone, for RA development and 
the optimal combination of risk factors to be used on top of the clin-
ical definition is not yet known.3 4 However, let us keep in mind that 
the field of CSA is a novel area of research of which the results are not 
yet ready for implementation in rheumatological practice.

With respect to the early identification of RA and the risk of over-
treatment, the discussion should focus on the phase of early undif-
ferentiated arthritis (UA). DMARDs are often started in patients 
presenting with UA, while all placebo-controlled randomised clin-
ical trials evaluating the efficacy of starting treatment in this phase 
are negative, as no statistically significant beneficial effect was 
shown.5–9 This lack of evidence is possibly caused by insufficient 
power, as a recent meta-analysis revealed a reduced risk of onset of 
RA when the results of these different trials were combined (HR 
0.68–0.74 depending on medication used).10 Insufficient risk strat-
ification of patients with UA may also have contributed to negative 
findings, as suggested by a recent post hoc analysis on data from 
the PROMPT trial. On group level, the risk to progress from UA 
to RA was 30%; after risk stratification, a high-risk group (risk 
of RA development in the next year >80%) was identified. Anal-
ysis of data from this high-risk group showed that up to 50% of 
patients treated with a 1-year course of methotrexate did not prog-
ress to RA and >35% obtained a sustained DMARD-free status, 
whereas all placebo-controlled patients progressed to RA and 
none achieved a sustained DMARD-free status.11 This example 
illustrates that adequate risk stratification resulted in an increased 
power to detect a risk-reducing effect and might considerably 
reduce overtreatment.

Currently, there is insufficient data on the degree of overtreat-
ment in UA. However, overtreatment is inevitable in medicine 

and the most important question is to what extent overtreatment 
is considered acceptable. Persons who have a cervical intraepithe-
lial neoplasia 3 (this includes cervical carcinoma in situ) have a 
31% risk to progress to cervical cancer in the next 10 years, based 
on the natural disease course.12 Overtreatment will occur here as 
well, but intervention is accepted by the large majority of women 
in this situation. Another example is the treatment of hyperten-
sion to prevent stroke. The number of patients needed to treat 
(NNT) to prevent 1 stroke over 5 years of treatment is up to 
118.13 This is considered acceptable and treatment of hyperten-
sion is widely recommended. The NNT in the post hoc analysis 
of the PROMPT trial was 2.11 I agree with Landewé that more 
research is needed, especially more trials in the field of UA that use 
risk stratification while including patients14 and relevant outcome 
measures (eg, sustained DMARD-free status or workability). In 
addition, discussions on the acceptability of early treatment of UA 
should be continued and the severity of the outcome (RA might 
be considered different from cancer and stroke) and the burden of 
treatment should be included. Nonetheless, the presently available 
data suggest that these discussions could result in the risk of over-
treatment of patients with UA being considered acceptable, espe-
cially if conventional DMARDs are used.
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Response to: 'Early identification of rheumatoid 
arthritis; the risk of overtreatment in 
perspective' by Landewé

I thank Dr van der Helm-van Mil for critically responding to 
my Viewpoint1 and for agreeing with most of the ideas I have 
brought up.2 

The greater part of her argument pertains to the concepts of 
clinically suspect arthralgia (CSA) and undifferentiated arthritis 
(UA). She claims that CSA is a research field rather than clinical 
practice, a view I agree with. I applaud every piece of science 
that may give us better insight into the pathophysiology of RA. 
Then she warns that we must await 5 years of outstanding clin-
ical trials before judging clinical relevance, a presumption that I 
find more problematic, since it implies that ‘her field’ anticipates 
on a potential future clinical benefit (this is called a ‘frame’). 
This means there is 5 years more time to further ‘frame’ the 
concept of CSA as a condition that may be treated pre-emptively, 
and that any statistically significant benefit after 5 years will be 
explained as argument pro. It is here that I am a little bit more 
hesitant than Dr van der Helm-van Mil, who seems to say: ‘The 
science will speak for itself.’

As said, the concept of CSA confuses risk of disease with 
presence of disease. In the Viewpoint I took CSA as a risk of 
rheumatoid arthritis (RA) as one example, but other examples 
with potential clinical relevance exist and include among others 
HLA-B27 carriership in first-degree relatives of HLA-B27-pos-
itive patients as a risk to develop axial spondyloarthritis3 and 
capillaroscopic abnormalities in patients with Raynaud’s as a risk 
to develop systemic sclerosis.4 What these risk scenarios have in 
common is some form of screening.

Dr van der Helm-van Mil brings up that we do the same with 
treating hypertension and cervical intraepithelial neoplasia, 
which are both risk factors for more feared diseases, and that 
the public has accepted this gladly. My Viewpoint has been built 
on the (admittedly) bold view that risk interpretation by—and 
risk communication with—the public and with medical doctors 
is tricky business. Tricky because it usually focuses on the predic-
tion of the ‘bad outcome’ and leaves the discussion about those 
that have to deal with waiting for a diagnosis that will never 
come untouched. Tricky also, since Dr van der Helm-van Mil 
over-rates the contribution of scientific research to all-day clin-
ical practice. Scientific research deals with mean estimates and 
acceptable confidence margins in groups of individuals; clinical 
practice means individual patients who are anxious, may put 
pressure on caregivers to act rather than wait and only accept 
‘the best there is’ as good enough. My Viewpoint reads a doctor 
is prone to act rather than to wait a while, in order to serve the 
patients’ needs better. The customer is always right principle.

In the era of internet and social media, frames have more 
impact than ‘boring’ research figures. Positive frames (such as: 
‘RA can be prevented by pre-emptive treatment’) do far better in 
the public opinion than negative frames (such as: ‘a significant 
proportion of CSA patients is overtreated by costly drugs’).

Admittedly, Dr van der Helm-van Mil finds herself in pretty 
good company: European League Against Rheumatism has 
launched its own campaign ‘Don’t delay connect today’ to ask 
attention for diagnosing rheumatic diseases earlier.5 It is a posi-
tively framed campaign that has been warmly welcomed by 
patient organisations and the public. Still, this campaign does 
not only yield benefits; it may facilitate overdiagnosis and over-
treatment too.

Dr van der Helm-van Mil argues there is more risk of over-
treatment in patients with UA than with CSA. I think there is 
risk of overtreatment in both conditions, but the fundamental 
difference between CSA and UA is that a patient with UA pres-
ents with arthritis, a key finding in inflammatory rheumatology 
and firmly embedded as a conditio sine qua non in our classifi-
cation criteria that in turn have been the basis for all our current 
treatments. A patient with CSA has features that may or may 
not precede arthritis with a certain likelihood. Patients with UA 
have an inflammatory disease, perhaps a self-limiting one or a 
different one than RA, but still a disease that warrants a treat-
ment. In contrast, a patient with CSA only carries a risk on an 
inflammatory disease, but has also a very reasonable likelihood 
that this disease will never come.

I think the concept with which Dr van der Helm-van Mil 
and colleagues work is that the sequence CSA->UA->RA actu-
ally reflects a spectrum that evolves when time passes by, with 
decreasing likelihoods at every transition. With the knowledge 
of hindsight, previous phases of CSA and UA in a patient who 
has clear RA today may rightfully be credited to RA in that 
patient. The argument that such a patient could have benefitted 
from pre-emptive treatment if she were treated early enough is 
valid in itself but also untestable. The dilemma is that you do 
not know upfront which of the patients with CSA will ultimately 
develop RA and looking back ignores those with CSA who have 
stayed healthy. Epidemiologists call this reverse causation. My 
focus in the Viewpoint was on all those others who have been 
confronted with the risk to develop a future disease, based on the 
presence of some risk factor(s), but never actually did develop 
this disease. It is the dark downside of screening medicine that 
is often swept under the carpet by screening advocates but that 
may have psychological, medical and economic consequences for 
public health. I am not so sure about public acceptance anymore 
once the impact of these consequences will become as clear to 
the public as ‘the horrors of a feared disease’ (this is a negative 
frame).

I understand Dr van der Helm-van Mil’s objections very well, 
and I do not know how to solve the dilemma. The public, the 
scientific community and research funds scream for more inno-
vative research, better tests and earlier diagnosis of chronic 
diseases. Grant applications require pages of text to emphasise 
the immediate clinical usefulness of the new finding. What often 
helps to obtain a grant is positively framing the perspective of a 
treatment target. Writing that you want to elucidate the patho-
physiology first and decide on clinical usefulness later is more 
honest but unfortunately also a one-way ticket to the exit.

I am certain, though, that Dr van der Helm-van Mil and I are 
both of the opinion that thorough pathophysiological research 
is of tremendous value for the development of the field, and 
that scientists should do whatever they can to avoid that inap-
propriate framing of promising but immature scientific concepts 
lead to unintentional collateral damage in the clinic. Overdiag-
nosis and overtreatment are attributes of such damage.
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Dual target strategy: a proposal to mitigate the 
risk of overtreatment and enhance patient 
satisfaction in rheumatoid arthritis

With great interest we read the viewpoint from Professor 
Landewé,1 calling for more caution, research and debate 
regarding the risks of overdiagnosis and overtreatment in rheu-
matology. Strongly agreeing with the overall message, especially 
that ‘(…) overtreatment is hardly discussed but likely present’, 
we would like to contribute to this discussion by raising an issue 
that touches base on two paradigms listed by Professor Landewé: 
remission and evidence-based rheumatology. 

There is now ample evidence that a substantial proportion 
(12%–38%) of patients with rheumatoid arthritis (RA) do not 
achieve the status of remission according to disease activity 
indices, solely because of a patient global assessment (PGA) 
score >1 (0–10 scale, 10=worst).2 3 If the elevated score on 
PGA does not reflect disease activity, additional immunosup-
pressive agents cannot improve the status of these patients, as 
inflammation is already essentially abrogated. Elevated PGA, 
therefore, may induce the risk of overtreatment when applying 
disease indices or Boolean-based criteria to define the treatment 
aim, which is remission or at least low disease activity (LDA) 
according to current treatment recommendations.4 5 Naturally, 
patients who still report relevant disease symptoms despite the 
absence of significant inflammation need to be appropriately 
assessed and supported to address disease impact, but this prob-
ably calls for adjuvant interventions, rather than reinforcement 
of immunosuppressive therapy.6 7

This has led to our recent proposal that the management of 
RA should be guided by a dual treat-to-target strategy (dual 
T2T): one representing the control of inflammation (biological 
remission) and the other the control of disease impact (symptom 
remission).8 Remission of inflammation often also results in 
symptom remission, but not always.2 8

Given that the relationship between PGA and disease activity 
is not consistent, especially around the cut-offs of disease activity 
indices for LDA and remission,8 it is proposed that the definition 
of biological remission should not include PGA, but that it should 
be defined by the number of swollen and tender joints and C-re-
active protein, that is, the three-variable remission. This propo-
sition is further supported by the evidence that, overall, PGA is 
driven by multiple factors beyond inflammation,9 10 including 
non-inflammatory pain, limitation in physical function, fatigue, 
depression and comorbidities,2 8 as well as by socioeconomic 
and cultural factors.11 Recent research has demonstrated that 
patients vary enormously in their interpretation of the question 
and as many as 40% of them find scoring of PGA confusing.12 13 
This is accrued by the existence of several different formulations 
of PGA, which, in itself, may influence the remission rate in 
4.7%–6.3%.14

Symptom remission, an important outcome from the patient’s 
perspective,15 16 would, in this proposal, be served better by an 
instrument capable of measuring and discriminating the under-
lying causes of ongoing disease impact, so as to guide the selec-
tion of appropriate interventions. Currently, the best-suited 
instrument for this purpose seems to be the Rheumatoid Arthritis 
Impact of Disease (RAID) score17 18 with its seven domains, indi-
vidually considered adequate to guide treatment decisions.18 
Whatever the instrument chosen, treatment decisions must 
always be based on two-way communication and shared deci-
sion-making between the patient and the caring team.19

We believe that this novel strategy, that is, dual T2T and the 
use of the three-variable remission and RAID, would signifi-
cantly reduce the risk of overtreatment. Step-up of treat-
ment strategies according to recommendations would still be 
used until biological remission is achieved. If, at this stage, 
symptom remission is not achieved, adjuvant therapy may be 
considered, according to the most affected domains of impact 
according to RAID. Actually, these domains of impact should 
be considered from the beginning, because patient well-being 
is a core objective of treatment and because some of them, for 
example, depression, may actually diminish the probability of 
achieving the biological target.20

It has been argued that ‘the remission criteria are designed for 
research and for optimum specificity, and not for use in treat-
to-target schemes’,21 but this does not preclude their frequent 
use in clinical settings. It has also been put forward that ‘most 
rheumatologists in practice do not need new instruments to 
decide which patients are most likely have residual disease and 
are in need of switching their treatment as opposed to patients 
with comorbidities that confound the interpretation of their 
RA symptoms’.22 Professor Landewé argues,1 conversely, that 
‘sometimes (…) guidelines are too rigidly pursued by clini-
cians who may ignore the needs of individual patients’. In 
fact, the European League Against Rheumatism recommenda-
tions for the management of RA state that treatment must be 
based on a shared decision with patients and that decisions on 
immunosuppressive treatment should take structural damage, 
comorbidities or contraindications into account.4 The risk of 
overtreatment would be further diminished if recommenda-
tions specifically address major aspects that may ‘confound’ 
the practising rheumatologist.

We believe that the proposal presented herein represents an 
important step forward in this direction. It also highlights the 
need to keep the patient’s perspective and needs at the bull’s eye 
of the treatment target, underlining the importance of a holistic 
approach to patient assessment and treatment, in order to achieve 
optimal results.19 In clinical trials, the improved relationship 
between the three-variable disease index/remission criteria and 
disease activity would result in a more accurate determination of 
the actual efficacy and value of disease-modifying medications.

Additional evidence is needed to fully support this paradigm 
shift, namely by investigating whether exclusion of PGA nega-
tively affects the relationship between remission and structural 
damage progression—the crunch of the matter, after all. Work is 
under way.23
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Response to: 'Dual target strategy: a proposal 
to mitigate the risk of overtreatment and 
enhance patient satisfaction in rheumatoid 
arthritis' by Ferreira et al

I thank Dr Ferreira and colleagues1 for their thoughtful response 
to Overdiagnosis and Overtreatment,2 which I entirely agree with 
and to which I will briefly comment, since their proposal may 
have important clinical connotations. They argue among others 
that patient-reported outcomes should better be separated from 
objective measures for disease activity since the former do not 
always reflect the inflammatory process itself, a valid argument.

Our classic vision on signs and symptoms in diseases like rheu-
matoid arthritis (RA) has always been rather unidimensional, 
with which I mean that we implicitly assign most signs and 
symptoms reported by patients to the inflammatory (immuno-
logical) dysregulations. This has always worked well in clinical 
trials because patients with high levels of disease activity were 
strictly selected, and patients with other reasons for (rather 
vague and sometimes unmeasurable) symptoms not explicitly 
attributable to the inflammatory process were strictly excluded. 
Such selected trial patients will improve on average when treated 
with a drug that suppresses inflammation, even though only part 
of their symptoms are caused by inflammation. I still think that 
such phase III trial designs are fit to purpose (drug registration) 
and will pay off acceptably, but the translation to the clinic is 
tricky.

Not only do patients in the clinic have lower levels of inflam-
matory disease activity, they may have many more reasons than 
only inflammation for reporting excessive pain, fatigue, stiffness, 
depressed mood, anxiety, fears and so on. In addition, most clin-
ical scenarios are simply incomparable with trial environments. 
A very common example is the patient who objectively responds 
well to a bDMARD but is not satisfied because of persistent 
generalised pain and unbearable fatigue that prevents him from 
working. As the authors argue, these patients are common in 
all-day practice, and score ‘high’ on patient-reported outcomes 
and disease activity indices. All too often rheumatologists feel 
pressured to act and change treatment. With multiple biolog-
ical- and targeted synthetic disease modifying antirheumatic 
drug (DMARD) treatment options to choose from, it is tempting 
to start ‘cycling with these drugs until you find one that will 
work well’. This is a modus operandi that I and others care-
fully endorsed in 20103 but that I am more sceptical about now, 
since it was based on the unidimensional assumption that inflam-
mation causes all symptoms that patients report. Others claim 
that we should do more and better imaging in those patients to 
find the ‘subclinical inflammation’ that must be there so that we 
subsequently can treat it.4

It is easy to see the dangers of such policies (overtreatment) 
that—I am afraid—are more common than we may think: symp-
toms that are not the immediate consequence of inflammation 
will not improve on immunological treatment, but adverse 

events will still occur, and costs of RA treatment will become 
unaffordable at a personal and societal level. Needless to say, 
that strong competitive forces in the marketing departments 
of pharmaceutical industries will promote rather than hinder 
cycling with (their) expensive drugs.

The solution that Ferreira et al1 proposeis brilliant in its 
simplicity: separate objective inflammatory signs and patient-re-
ported impact and use both components in treat to target (T2T) 
strategies (‘dual T2T’) to determine if treatment should be 
changed or intensified. Such a strategy combines our well-de-
veloped thoughts about addressing the targets of inflammation, 
as well as evolving ideas about what adds real value to patients, 
ideas that give room for multidimensionality as a working 
model for explaining patient-reported outcomes. I am looking 
forward to see studies that will provide further ground for this 
‘paradigm-change’.
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Role of tubulointerstitial injury in ANCA-
associated vasculitis is underestimated

Available evidence suggests that epidermal growth factor 
(EGF) is decreased in patients with kidney diseases and may 
predict deterioration of kidney function.1 2 In the kidney, EGF 
is expressed in the ascending portion of the Henle’s loop and 
the distal tubule. EGF binds to the specific EGF receptors 
and is involved in the regulation of cell proliferation, migra-
tion, growth and differentiation. EGF is a main trophic factor 
for tubular cells and modulates tissue response to injury. In 
the recently published study, Wu et al3 showed that a lower 
urinary EGF level was associated with a more severe renal 
disease, refractoriness to the immunosuppressive treatment, 
and a higher risk of progression to the composite endpoint 
that included end-stage renal disease and at least 30% decline 
in estimated glomerular filtration rate (eGFR) in patients with 
antineutrophil cytoplasmic antibody (ANCA)-associated vascu-
litis (AAV). In a multivariable Cox regression analysis, urinary 
EGF/creatinine remained an independent predictor for the 
composite endpoint (HR 0.61, 95% CI 0.45 to 0.83, p=0.001) 
after adjusting for age, gender, eGFR, urinary protein at renal 
biopsy, type of ANCA and treatment protocols. The authors 
suggested that urinary EGF/creatinine might be a useful 
biomarker to evaluate the degree of tubular damage and the 
risk of progression of ANCA-associated glomerulonephritis.

Currently, studies in AAV are mainly focused on the biomarkers 
of glomerular damage. The histopathological classification scheme 
for ANCA-associated glomerulonephritis proposed by Berden  
et al also addresses only glomerular pathology, which is divided 
into four categories, that is, focal, crescentic, sclerotic and mixed.4 
This scheme was validated in several studies that confirmed its 
predictive value for renal outcomes. It is hardly surprising that 
the majority of the biomarkers that were used to predict activity 
and outcomes of ANCA-associated glomerulonephritis are the 
molecules expressed in the glomerular compartment (monocyte 
chemoattractant protein-1, high-mobility group box-1 protein, 
complement and others). Certain studies showed promising 
results. Nevertheless, not a single serum or urinary biomarker 
was implemented into clinical practice.

The concept of tubulointerstitial injury mediating impair-
ment of renal function is not new. Five decades ago, Risdon  
et al5 showed that the reduction in creatinine clearance exhib-
ited a more close correlation with the severity of tubular 
damage than with the scores of glomerular damage. This 
observation was confirmed in the further studies in patients 
with different forms of glomerulonephritis, including immu-
noglobulin A nephropathy, poststreptococcal glomeru-
lonephritis, mesangial proliferative glomerulonephritis, 
membranoproliferative glomerulonephritis, focal segmental 
glomerulosclerosis and membranous nephropathy.6 Several 
studies suggested that interstitial inflammation, interstitial 
fibrosis and tubular atrophy may have predictive value in 
assessing the risk of progression of kidney disease in patients 
with AAV. In a single-centre retrospective study, advanced 
interstitial atrophy/fibrosis was a strong independent predictor 
of adverse outcome in 169 consecutive patients with AAV.7 
Furthermore, patients with sclerotic patterns of glomerular 
injury almost universally demonstrated moderate or severe 
chronic interstitial injury. Similar data were reported by Hauer 
et al,8 who showed negative correlation between interstitial 
fibrosis/tubular atrophy and kidney function at 18 months in 
96 patients with ANCA-associated glomerulonephritis.

Tubulointerstitial inflammation can either follow a glomer-
ular or vascular injury or can start directly in the tubulointer-
stitial compartment as a result of antigen-specific stimulation, 
capillaritis, lysis of basal membranes and others. A few cases 
of tubulointerstitial nephritis without any apparent glomerular 
lesions have been reported in patients with AAV. However, in 
the majority of patients, tubulointerstitial injury was apparently 
a secondary event.

Tubulointerstitial damage attracted less attention from inves-
tigators who try to develop reliable non-invasive predictors of 
poor outcomes in ANCA-associated glomerulonephritis. EGF 
is a specific biomarker of tubular compartment injury. There-
fore, a pioneering study conducted by Wu et al3 provided further 
insight into the basic mechanisms involved in the progression 
of ANCA-associated glomerulonephritis and could lead to new 
achievements in this field. Of note, previous studies have not 
confirmed the clinical value of another biomarker of proximal 
tubular injury, that is, urinary kidney molecule 1 (KIM-1), in 
patients with AAV. In Lieberthal et al’s study, urinary KIM-1 
concentration did not differentiate exacerbation and remission of 
ANCA-associated glomerulonephritis.9 In our own study, urinary 
KIM-1 level was elevated in patients with active ANCA-associ-
ated glomerulonephritis and showed a weak positive correlation 
with the traditional markers of disease activity, that is, haema-
turia, proteinuria and serum creatinine.10 However, the differ-
ence between the groups of patients with active renal AAV and 
remission did not reach statistical significance, and the specificity 
of the biomarker was relatively low. Noteworthy, Zhao et al11 
detected KIM-1 expression in the hyperplastic parietal epithe-
lium of the Bowman’s capsule and glomerular tuft in a rat model 
of diabetic nephropathy. Therefore, KIM-1 was not a selective 
biomarker of tubulointerstitial damage. Potentially promising 
biomarkers of tubular epithelium injury that were studied in 
patients with chronic kidney disease include α1-microglobulin, 
β2-microglobulin, liver-type fatty acid-binding protein, N-ace-
tyl-beta-D-glucosaminidase, neutrophil gelatinase-associated 
lipocalin, retinol-binding protein and urinary decoy receptor 2. 
Furthermore, the degree of tubular atrophy correlated with the 
expression of complement regulatory protein CD46 and alterna-
tive complement pathway marker Bb.12 13

In summary, the Wu et al3 study suggested that urinary EGF/
creatinine, which negatively correlated with the degree of inter-
stitial fibrosis and tubular atrophy in renal histology, might be 
a useful predictor of adverse outcomes in patients with AAV. 
Moreover, a lower urinary EGF/creatinine was associated with 
renal resistance to induction-remission therapy. Further studies 
are warranted to evaluate whether urinary EGF level or other 
biomarkers of tubular injury can be incorporated into the process 
of treatment decision making.
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Response to: ‘Role of tubulointerstitial injury in 
ANCA-associated vasculitis is underestimated’ 
by Moiseev et al

We thank Dr Moiseev et al1 for their letter about the role of 
tubulointerstitial injury in antineutrophil cytoplasmic antibody 
(ANCA)-associated vasculitis (AAV), as a response to our recently 
published article ‘Urinary epidermal growth factor predicts renal 
prognosis in antineutrophil cytoplasmic antibody-associated 
vasculitis’.2 

Histologically, the typical feature in the kidneys of patients 
with AAV is pauci-immune necrotising crescentic glomerulone-
phritis with little immunoglobulin and complement deposition 
in the glomerular capillary walls.3 Theoretically, glomerular 
injury is the ‘upstream’ in ANCA glomerulonephritis, and tubu-
lointerstitial injury is commonly thought to be the ‘down-
stream’ of glomerular injury. Therefore, current biomarkers 
for ANCA glomerulonephritis have been mainly focused on 
the glomerulus. However, it has been suggested that markers of 
tubulointerstitial lesions are also important for assessing disease 
severity and predicting renal prognosis in patients with different 
renal diseases, even those who have ‘glomerulocentric’ paradigm. 
Ju et al4 found that urinary epidermal growth factor (EGF), as a 
specific tubular marker, could be a predictor of chronic kidney 
disease progression in patients with glomerular diseases. More-
over, the role of tubulointerstitial markers was confirmed in 
several studies in patients with different forms of glomerulone-
phritis, such as diabetic nephropathy,5 IgA nephropathy (IgAN)6 
and lupus nephritis.7 Some studies suggested that interstitial 
inflammation, interstitial fibrosis and tubular atrophy may have 
predictive value in detecting the risk of disease progression in 
patients with AAV.8 9

Although corticosteroid and cyclophosphamide improve 
the outcome, many patients with AAV experience progression 
of renal injury despite long-term immunosuppressive therapy. 
However, there is lack of good tubulointerstitial markers for 
predicting the renal prognosis in AAV.

We concur with Moiseev et al1 that it is important to eval-
uate whether biomarkers of tubulointerstitial injury can help the 
clinical decision-making process for patients with AAV. In our 
study, we found that tubulointerstitial EGF mRNA expression 
was significantly associated with estimated glomerular filtration 
rate (eGFR) at time of biopsy in patients with AAV. Moreover, 
we found that the ratios of urinary EGF to creatinine (uEGF/
Cr) were associated with more severe renal disease, renal resis-
tance to treatment and higher risk of progression to composite 
outcome in patients with AAV. It should be noted that the predic-
tive value of urinary EGF is not specific for AAV, and some 
studies showed that it has the ability to predict the development 
of diabetic nephropathy and IgAN.10 11

In conclusion, urinary EGF/Cr level may be a useful non-in-
vasive biomarker to assess the degree of tubular damage and the 
potential for transition into chronic progressive kidney disease 
in patients with AAV. To evaluate the utility of urinary EGF 
for guiding AAV treatment decision-making, further larger and 
multicentre cohort studies will be needed.
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Revised 2017 international consensus on ANCA 
testing in small vessel vasculitis: support from 
an external quality assessment

We read with great interest the multicentre study of Damoi-
seaux et al1–3 on the detection of antineutrophil cytoplasmic 
antibodies (ANCA). ANCAs are important laboratory markers 
to support the diagnosis of ANCA-associated small vessel 
vasculitis (AAV), including granulomatosis with polyangiitis 
(GPA) and microscopic polyangiitis (MPA). Traditionally, 
laboratories screen for ANCA by indirect immunofluores-
cence (IIF) and IIF positive samples are further evaluated 
for antibodies to proteinase 3 (PR3) or myeloperoxidase 
(MPO) by specific immunoassays. Such diagnostic algorithm 
is based on an international consensus statement on ANCA 
testing issued in 1999.4 Over the last two decades, the 
diagnostic performance of immunoassays has significantly 
improved. The recent multicentre study showed a high 
diagnostic performance of PR3-ANCA and MPO-ANCA by 
immunoassay and a large variability between IIF methods.1 5 
Accordingly, a 2017 revision of the international consensus 
on ANCA testing in GPA and MPA concluded that ‘high-
quality immunoassays can be used as the primary screening 
method for patients suspected of having the ANCA-associated 
vasculitides GPA and MPA without the categorical need for 
IIF.’6 The study that formed the basis for the 2017 revision 
of the consensus was retrospective and performed in special-
ised laboratories.1 5 We here report the results of a recent 
external quality assessment on ANCA. Such programme 
assesses the real-life performance in clinical laboratories 
nationwide.

A sample containing MPO-ANCA was distributed to 
90 Belgian laboratories. The sample was obtained from a 
66-year-old woman hospitalised for a rapidly progressive 
glomerulonephritis (MPO-ANCA positive) and with a suspi-
cion of alveolar haemorrhage. Seventy-seven laboratories 

performed IIF, 83 immunoassay and 70 both IIF and immu-
noassay. Of the 77 laboratories that performed IIF, 71 
(92.2%) reported P-ANCA, 1 (1.3%) C-ANCA, 1 (1.3%) 
atypical ANCA, 2 (2.6%) ANCA positive and 2 (2.6%) 
ANCA negative. Fifty-three laboratories reported an IIF 
titre, which varied from 1/10 to 1/640. Table 1 gives an over-
view of the IIF results. Of the 83 laboratories that performed 
an immunoassay, all found MPO-ANCA. An overview of the 
immunoassays used is given in table 2. Fluoroenzyme immu-
noassay was the most frequently used (n=48) immunoassay, 
with a mean value of 62.0 U/mL (SD: 8.3 U/mL). Such value 
is associated with a likelihood ratio of 59 (95% CI 30 to 
113.5) for AAV.7

In conclusion, a Belgian external quality assessment scheme 
for MPO-ANCA revealed variability between IIF results and a 
lower sensitivity of IIF than of immunoassay. Therefore, these 
results corroborate the revised 2017 international consensus 
for ANCA testing in GPA and MPA that states immunoassay 
is the preferred method to detect ANCA for diagnosis of GPA 
and MPA.
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Table 1 IIF results of 77 Belgian laboratories for an external quality 
control sample containing MPO-ANCA. Fifty-three laboratories 
performed a titration

Method n Pattern Titre (number of results >1)

EUROIMMUN mosaic 26 P-ANCA (n=23)
Negative (n=1)
Screening positive 
(n=2)

>10, >20, 20, 40 (n=3), 80 
(n=4), 160 (n=4), ≥160, 320

Inova Diagnostics 23 P-ANCA (n=23) >20, ≥40, 40, 80 (n=4), 160 
(n=3), 320 (n=4), 640 (n=2)

EUROIMMUN 13 P-ANCA (n=12)
Negative (n=1)

10, 40 (n=2), 80, 160 (n=4)

Menarini Diagnostics 8 P-ANCA (n=8) >20, 40 (n=2), 160 (n=4), 320

Launch Diagnostics 
(Accusay)

3 P-ANCA (n=3) 40, 160, 640

BioRad 2 P-ANCA (n=2) >40, 160

DiaSorin 1 P-ANCA (n=0)
C-ANCA (n=1)

–

Immuno Concepts 1 P-ANCA (n=0)
Atypical ANCA 
(n=1)

–

Total 77 P-ANCA (n=71) 53

ANCA, antineutrophil cytoplasmic antibodies; IIF, indirect immunofluorescence; 
MPO, myeloperoxidase.

Table 2 Overview of immunoassays for ANCA determination in 
Belgian laboratories

Manufacturer

Method

n ELISA FEIA CLIA
DOT/LINE
immunoassay

Thermo Fisher 48 48

Inova Diagnostics 5 6 11

EUROIMMUN (Euroline) 9 9

EUROIMMUN (mosaic) 3 3

Alphadia 3 3

EUROIMMUN 2 2

Menarini Diagnostics 2 2

Wieslab 2 2

Diesse 2 2

AESKU Diagnostics 1 1

Theradiag 1 1

Total 11 48 8 17 84

One laboratory used two methods.
ANCA, antineutrophil cytoplasmic antibodies; CLIA, chemiluminescence assay; FEIA, 
fluoroenzyme immunoassay.
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Response to: ‘Revised 2017 international 
consensus on ANCA testing in small vessel 
vasculitis: support from an external quality 
assessment’ by Broeders et al

The correspondence by Broeders et al1 is very welcome 
because it is seeking further support for the revised 2017 
international consensus on ANCA testing in small vessel 
vasculitis.2 3 The support is based on the results of an 
external quality assessment (EQA) in Belgium. Based on a 
single sample from a patient strongly suspected of having 
antineutrophil cytoplasmic antibodies (ANCA)-associated 
vasculitis (AAV), it was concluded that the real-life perfor-
mance of antigen-specific immunoassays is better than the 
performance of indirect immunofluorescence (IIF) testing. 
Besides this, interesting information about the testing algo-
rithm and type of immunoassay in the Belgian clinical labo-
ratories is also provided. The main question is, however, 
whether solid conclusions can be drawn from the results 
obtained by the EQA.

Among the 90 participating laboratories, 13 laborato-
ries only use antigen-specific immunoassays and appar-
ently have abandoned IIF, as advocated in the revised 2017 
consensus. Seventy laboratories still use the combination 
of IIF and immunoassays according to the 1999 interna-
tional consensus statement on ANCA testing,4 while seven 
laboratories only perform IIF and therefore seem not to 
have accepted neither the 1999 consensus nor the revised 
2017 consensus. It is questionable, however, if such deduc-
tions with respect to compliance to consensus statements 
can be drawn from the EQA rounds. First, although it is 
tempting to speculate that the 13 laboratories (17%) that 
only perform antigen-specific immunoassays already have 
adopted the revised 2017 consensus, a previous inventory 
on ANCA algorithms in European laboratories revealed 
that 14% of the participating Belgian laboratories (n=72) 
did not perform ANCA IIF testing.5 Since this question-
naire-based study was performed a few years before the 
revised 2017 consensus became available, implementation 
of the new consensus in Belgian laboratories may still be 
limited. Second, laboratories that used both IIF and anti-
gen-specific immunoassays in the respective EQA round 
may currently use only immunoassays in daily clinical 
practice for the diagnostic work-up of AAV. Since ANCA 
IIF may be of added value for gastrointestinal autoimmune 
diseases, IIF might have been performed on the EQA sample 
because participation in the EQA for each clinical labora-
tory parameter is obligatory for ISO 15189 accreditation. 
Third, laboratories that only perform IIF may use this as a 
screening assay for selecting samples to be further tested by 
antigen-specific immunoassays in a referral laboratory, and 
as such still follow the 1999 consensus.

Although ANCA testing algorithms used for the EQA 
rounds may deviate from daily clinical practice, as suggested 
above, the situation described by Broeders et al is almost 
identical to the data obtained in the questionnaire-based 
study.1 5 About 85% of the Belgian laboratories perform 
ANCA IIF tests, and this is probably also driven by the 
national reimbursement policy that requires IIF testing prior 
to antigen-specific immunoassays. As such, accommodation 
to the revised 2017 consensus requires adjustment of these 
rules, at least in Belgium, but likely also in other countries. 

Besides the data about the ANCA testing algorithm, the types 
of immunoassay used for the EQA are also very similar to 
the situation described in the questionnaire-based study.1 5 
About 20% of the Belgian laboratories use dot or line immu-
noassays. Although some of these assays may reveal categor-
ical semiquantitative data based on scanning results, it will 
be more difficult to interpret results in terms of likelihood 
ratios for test result intervals, as advocated in the revised 
2017 consensus.3 6

Finally, and probably most importantly, it should be 
recognised that the EQA is not intended to evaluate the 
clinical performance of the tests included. The main goal 
of the EQA is to establish if the participating laboratories 
use state-of-the-art procedures. Samples included are often 
hampered by a selection bias: most samples are chosen 
because unequivocal results are expected. If discrepant 
results are obtained for such samples, this hints at inade-
quate laboratory procedures. Incidentally, a sample is chosen 
because it is known in advance that discrepant results will 
be obtained. Such samples may give information about the 
performance of distinct assays for the respective samples, 
but further extrapolation of the data is not valid. In case 
of the eLetter of Broeders et al,1 only a single sample with 
MPO-ANCA is evaluated. Since all EQA participants that 
use antigen-specific immunoassays report MPO-ANCA, it 
is very likely that the respective laboratories adequately 
follow their procedures. However, this does not imply that 
the distinct immunoassays used share similar test charac-
teristics. For this to conclude, a large series of samples is 
required that is representative of the large variety of clin-
ical manifestations observed in AAV.2 Similarly, although the 
respective MPO-ANCA sample seems to support the revised 
2017 consensus, it would not have been too difficult to 
select a sample that only is positive by IIF. Evidently, this 
should not be accepted as an argument to refute the revised 
2017 consensus.

Altogether, it is very important that the revised 2017 
international consensus on ANCA testing in small vessel 
vasculitis will be validated, preferentially in a prospective 
multicentre study. As argued in this response to the eLetter 
of Broeders et al,1 data obtained by the EQA have serious 
limitations with respect to conclusions about assay perfor-
mance and testing algorithms.
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Aortic ulceration in a tocilizumab-treated 
patient with Takayasu arteritis

In the first randomised, placebo-controlled trial evaluating the 
efficacy and safety of tocilizumab in patients with Takayasu arte-
ritis, Nakaoka et al’s1 findings favour tocilizumab over placebo 
regarding time to relapse, as measured by clinical, laboratory and 
imaging metrics; infection served as the most common adverse 
event. In contrast, we report a patient with Takayasu arteritis 
disease progression that culminated in aortic ulceration while on 
tocilizumab therapy.

A 16-year-old girl presented with constitutional symptoms, 
anaemia of chronic inflammation, elevated erythrocyte sedimen-
tation rate and C reactive protein levels, and imaging evidence of 
large vessel vasculitis in the chest and abdomen. CT and MR angi-
ography showed vessel wall thickening, oedema and enhancement 
of the main pulmonary arteries, abdominal aorta and its branches, 
as well as luminal narrowing of the superior mesenteric artery 
(SMA). Initial treatment with high-dose steroids, methotrexate and 
infliximab, a chimeric monoclonal antibody to tumour necrosis 

factor-alpha (TNF-α), resulted in rapid improvement of the mural 
changes and serological derangements.

Disease remained stable over the following 2 years; metho-
trexate was replaced with mycophenolate mofetil, and pred-
nisone was eventually tapered to 1 mg daily. However, she 
ultimately developed human antichimeric antibodies to inflix-
imab with concomitant recrudescence of symptoms, anaemia, 
elevated inflammatory markers and SMA mural thickening. In 
addition to reverting to high-dose oral steroids, infliximab was 
replaced with adalimumab, a humanised monoclonal antibody 
to TNF-α, but her poor clinical status persisted and new areas of 
aortic thickening developed. Therefore, interleukin-6 blockade 
with intravenous tocilizumab was initiated at 8 mg/kg fort-
nightly, which yielded immediate improvement in constitutional 
symptoms and inflammatory markers, allowing for prednisone 
to again be tapered.

At 10 months of intravenous tocilizumab, the formula-
tion was transitioned to weekly subcutaneous injections of 
162 mg. Despite clinical and laboratory recovery, however, 
the mural abnormalities continued to progress and extend on 
serial imaging. After 13 total months of tocilizumab therapy, 
the constitutional symptoms, anaemia and elevated inflamma-
tory markers returned, with MRI/MRA demonstrating a pene-
trating ulcer and pseudoaneurysm of the abdominal aorta. As 
disease control was initially achieved with TNF-α inhibition, 
the humanised TNF-α antibody, golimumab, was promptly 
started with the addition of high-dose steroids. Once again, 
signs and symptoms of disease improved, and the ulcer healed 
over the following 3 months. She continued to do very well on a 
regimen of golimumab 300 mg monthly, prednisone 5 mg daily 
and mycophenolate mofetil, until the time of transition to adult 
care at age 20 years.

Treatment and disease monitoring modalities of Takayasu 
arteritis, a granulomatous vasculitis, remain unstandardised 
and nebulous. Systemic inflammation may not correlate with 
vessel wall inflammation, making management particularly chal-
lenging.2 Our patient’s eventual refractoriness to infliximab and 
adalimumab prompted the choice of alternate cytokine blockade 
with tocilizumab, of which the first successful use in Takayasu 
arteritis was reported in 2008.3 Surprisingly, her clinical status 
and imaging findings were discordant on this therapy, as she felt 
constitutionally well and inflammatory markers had normalised, 
despite worsening aortic change (figure 1A,B). By the time symp-
toms had recurred, there had already developed a penetrating 
mural ulcer. Remarkably, the ulcer healed after only 3 months 
of golimumab therapy (figure 1B), suggesting that tocilizumab 
exerted inadequate disease control and perhaps even acceler-
ated vascular morphological change, contrary to Nakaoka et al’s 
promising results. A similar phenomenon has been reported in 
medium vessel vasculitis, in which tocilizumab-treated Kawa-
saki disease patients developed giant coronary artery aneurysms 
despite improvement in clinical and laboratory parameters.4 
These findings, coupled with our own experience, support the 
notion that further non-inferiority trials of the use of tocilizumab 
in Takayasu arteritis are warranted.
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Figure 1 (A) Trend of inflammatory markers in response to 
various biological agents and steroids (in italics). (B) Correlation 
with images shows progression of mural change despite nadir in 
systemic inflammation. (a) T2 BLADE and  postcontrast T1 VIBE 
images demonstrate aortic wall thickening (arrows). (b) T2 BLADE and  
postcontrast T1 VIBE images demonstrate a pseudoaneurysm secondary 
to ulceration along the right lateral margin (7 o’clock position) of 
the abdominal aorta (arrows). (c) T2 BLADE and postcontrast T1 VIBE 
images demonstrate interval resolution of the pseudoaneurysm with 
only minimal residual wall irregularity after 3 months of golimumab 
(arrows). ADA, adalimumab; GOL, golimumab; IFX, infliximab; MPS, 
methylprednisolone; P, prednisone dose in milligrams; TCZ, tocilizumab.
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Response to: ‘Aortic ulceration in a tocilizumab-
treated patient with Takayasu arteritis’ by 
Liebling et al

I thank Liebling and colleagues for their interest in our manu-
script1 and for sharing their experience with a patient with refrac-
tory Takayasu arteritis who developed aortic ulceration while on 
tocilizumab therapy.2 Our first multicentre, randomised, double-
blind, placebo-controlled study (the TAKT study) showed a 
favourable effect for tocilizumab over placebo in patients with 
refractory Takayasu arteritis. As shown in online supplementary 
figure S1 of our manuscript,1 the study included patients who 
did not respond to conventional or biologic disease-modifying 
antirheumatic drugs, similar to the patient reported by Liebling 
et al. The data from an open-label extension of this study, the 
largest prospective clinical trial in patients with Takayasu arte-
ritis, showed the steroid-sparing effect of tocilizumab when the 
glucocorticoid dose was tapered based on the disease activity 
of the patient.3 The difference in the exposure-adjusted relapse 
rate between the double-blind period in which glucocorticoid 
was mandatorily tapered (203.1 events per 100 patient-years in 
the placebo group and 101.1 events per 100 patient-years in the 
tocilizumab group) and the open-label extension period (23.6 
events per 100 patient-years) highlights the importance of the 
glucocorticoid dose reduction rate for the management of this 
disease, as was previously reported by Ohigashi et al.4 While it 
is not clearly described in their recent letter, the difference in 
the speed of glucocorticoid dose tapering while this patient was 
receiving tocilizumab and other biologics might have influenced 
her clinical course.

Several reports have indicated that progression of aortic 
structural damage in patients with Takayasu arteritis may occur 
without clinical symptoms or elevated inflammatory markers.5 6 
Both clinical assessment and serial imaging tests are important 
for monitoring patients with Takayasu arteritis, especially when 
receiving tocilizumab as it suppresses the clinical symptoms and 
normalises acute-phase reactants. In our TAKT study, radio-
graphic progression was observed in some patients while they 
were receiving tocilizumab with glucocorticoid tapering. It 
should be noted, therefore, that once radiographic progression 
is detected, then therapy modification including an increase in 
glucocorticoid dose or addition of immunosuppressant therapy 
should be considered in order to prevent further structural 
remodelling even if there are no signs of relapse.

Finally, the treatment options remain uncertain for patients 
with Takayasu arteritis who have inadequate responses to the 
current therapies. Needless to say, some patients with Takayasu 
arteritis may have an inadequate response to tocilizumab and 
may benefit from switching to other biologics. As the evidence 
for the efficacy and safety of the treatments for Takayasu arteritis 

is currently limited, the evidence-based treatment algorithm for 
patients with Takayasu arteritis will need to be further explored 
in the future.
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Variation in antinuclear antibody detection: 
need for clear expectations and 
additional studies

The recent article by Pisetsky et al1 showing data derived from 
a comparison of different antinuclear antibody (ANA) assays in 
a cohort of patients with established systemic lupus erythema-
tosus triggered significant discussions among experts in ANA 
testing. In this context, we read with interest the correspondence 
by van Hoovels et al2 describing variation in ANA detection by 
automated indirect immunofluorescence (IIF) analysis. The data 
presented showed significant variation between manufacturers 
and also between laboratories and even within the same labora-
tory, which raised concerns. The majority of laboratories (n=12) 
used NOVA View (Inova Diagnostics), followed by G-Sight 
(Menarini, n=9; split into HEp-2 and HEp-2000) and Image 
Navigator (ImmunoConcepts, n=2).

A similar study has been conducted as part of the regulatory 
clearance of the NOVA View system, which showed significantly 
higher consistency. In addition, van Hoovels et al2 had previ-
ously performed a similar study that also reported variability 
higher than expected.3 However, in this study, the variability 
could be improved by intervention at two of the laborato-
ries.3 A second independent evaluation has been performed in 
China. Unfortunately, only two sites were compared and limited 
data were presented in the paper. Consequently, little conclu-
sion can be drawn from this study.4 Lastly, ANA testing is also 
part of quality and proficiency programmes such as CAP and 
UK NEQAS, which also show variability. However, the data 
provided in the reports do not allow for the separate analysis of 
automated microscopes versus manual reading.

Therefore, the underlying reasons for the differences in consis-
tency remain a matter of speculation and might include diligence 
of preventive maintenance of the instruments and preanalyt-
ical aspects of the test. Preanalytical aspects such as the sample 
handling have not been described in the study by van Hoovels 
et al2 and might have contributed to some of the variability seen 
in the study. One critical aspect that is often overlooked is the 
stability of antibodies in the serum. Although antibodies, espe-
cially IgG, are fairly stable, the reactivity in IIF can be impacted. 
This also surfaces in some of the claims and limitations of sample 
handling of several systems, which include limited stability and 
specified freeze/thaw cycles of samples.

In a second part of the study by Hoovels et al,2 samples that 
were distributed as part of a previous study were retested after 
between 7 and 19 months.3 No information on the samples’ 
storage was provided. Instability of IgG can reduce the signal, 
but in contrast, evaporation, which occurs especially in samples 
with low volumes that are uncapped before, during or after the 
analyses, can have the opposite effect. However, quite a few 
laboratories also show large variability between the different 
measurements at one time point, which points more towards 
issues during the assay procedure. In addition, there are also 
laboratories that show consistent results at one time point, but 
large differences between the two time points (eg, L8), strongly 
suggesting a sample stability issue.

Although levels of ANA measured using automated digital 
microscopes have demonstrated value in estimation of like-
lihood ratios,5–7 careful interpretation is needed for at least 
the following reasons: (1) ANA should be considered as 
screening test and antibodies should be confirmed through 
the identification of the ANA fine specificity. (2) ANA by IIF 

is not a quantitative assay. (3) Different antibodies (patterns) 
demonstrate different dilution curves. (4) The use of inten-
sity units has not been approved by regulatory agencies. For 
these reasons, single-well titre system has been developed for 
the NOVA View system that takes some of those aspects into 
account.

Based on several previous studies, the best approach for 
ANA testing as part of the differential diagnosis of ANA-as-
sociated rheumatic disease (AARD) might be to combine 
ANA by IIF with a solid-phase assay (SPA),6 8 9 which would 
lead to four different categories of test outcome (double 
positive, double negative, IIF+/SPA− and IIF−/SPA+).6 8 10 
The double positive and double negative have very high and 
very low OR for AARD, respectively. For the SPA+, but 
IIF− group, the ORs are still relatively high. By far, the most 
challenging group is the IIF+/SPA− group. In this group, 
the levels (titres) as well as the pattern have the most critical 
impact on further testing and clinical interpretation. Conse-
quently, likelihood intervals could be of significant value 
here.

In conclusion, there is still a strong need for further 
efforts to standardise ANA testing, but realistic expectations 
and proper study designs are needed to facilitate progress. 
An ideal study should isolate the individual steps that might 
contribute to the variability including preanalytical aspects 
(sample shipment, storage), the processing and finally the 
image analyses.
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