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Epigenetic regulation of RUNX3 in 
systemic sclerosis pathogenesis: time 
to target?
Steven O’Reilly

Systemic sclerosis (SSc) is an idiopathic 
autoimmune disease, that is, characterised 
by inflammation, cytokine imbalances and 
vasculopathy that leads to skin and lung 
fibrosis. The disease has very limited 
options with none specifically targeting 
the fibrotic component, and only in recent 
times has an insight into the molecular 
pathways at work come to light. An aber-
rant immune system has long been associ-
ated with SSc, with clear alterations in 
innate immune cell numbers and activa-
tion and recently the role of type I inter-
ferons has been implicated in SSc,1 
molecules normally associated with a 
different rheumatic disease: systemic lupus 
erythematosus. What is driving this 
increase in type I interferons, however, 
was unknown until now.

In this issue, Affandi et al show that 
plasmacytoid dendritic cells (pDCs) are 
important and the central transcription 
factor RUNX3 is critical.2 The authors 
showed that RUNX3 expression is severely 
reduced in SSc patients, in pDCs, and 
this is observed across both limited and 
diffuse subsets of the disease. The level of 
RUNX3 was reduced both at the gene and 
protein levels and, importantly, correlated 
significantly with the Rodnan skin score. 
pDCs are rare type I interferon-producing 
cells that can present antigen. These cells 
can release high levels of type I interferon 
and can also contribute to pathology by 
the activation of effector T cells, cyto-
toxic T cells and conventional dendritic 
cells (DCs). Thus, it is conceivable that 
the pDCs in SSc are contributing to the 
disease pathology through the release of 
interferon and the activation of T cells, 
which are known to release profibrotic 
molecules capable of activating fibro-
blasts to myofibroblasts.3 RUNX3 is one 
of three mammalian Runt-domain tran-
scription factors encoded by the highly 
conserved RUNX gene family. RUNX 
genes are key regulators of lineage-specific 
gene expression and regulate T cell devel-
opment and RUNX3 is highly expressed 

in conventional DC where it functions as 
part of the transforming growth factor-β 
signalling pathway. Interestingly, genetic 
loss of RUNX3 in mice leads to spon-
taneous eosinophilic airway inflamma-
tion and airway remodelling including 
increased collagen deposition, which 
is suggestive of fibrosis.4 Interestingly, 
DC-specific RUNX3 knock out (KO) 
cells display and enhanced maturation 
and potency to stimulate T cells.4 While 
the role of RUNX3 in conventional DCs 
has been confirmed,4 its role in pDCs is 
highly novel. A small nucleotide poly-
morphism in RUNX3 has been associated 
with ankylosing spondylitis (AS) risk and 
that peripheral blood mononuclear cells 
have reduced expression of RUNX3 too.5 
Interestingly, in AS cells containing the 
polymorphism this appears to contain the 
binding of transcription factors including 
P300.5 P300 is a transcriptional coacti-
vator and acetyltransferase that mediates 
acetylation of histone tails leading to 
modulation of transcription and there-
fore, gene expression. It is known that 
P300 is important in SSc pathogenesis6 
and it could be that alterations in RUNX3 
mediate changes in expression of the acet-
yltransferase P300 leading to the opening 
of chromatin and subsequent gene expres-
sion in SSc pDCs.

In search of what is causing the reduced 
expression of RUNX3, the authors exam-
ined the methylation status of the gene for 
RUNX3 and found that within specific 
5'-C-Phosphate-G-3' (CpG) sites that this 
was hypermethylated compared with 
healthy controls. Methylation of specific 
CpG sites within genes leads to gene 
repression through altering the binding 
of DNA. Conversely, hypomethylation 
leads to increased gene expression.6 The 
addition of methyl groups is controlled by 
the enzymes DNA methyl transferases and 
the removal by ten eleven translocation 
(TET) proteins. To confirm a direct role 
for methylation in controlling RUNX3 
expression, the authors used the DNA 
demethylating agent 5-aza-2ʹ-deoxycyt-
idine and confirmed that incubation of 
the pan demethylating agent increased 

expression of RUNX3 in SSc cells. This 
suggests that the therapeutic use of 
5-aza-2ʹ-deoxycytidine could be possible 
in SSc. Indeed decitabine (Dacogen), 
which is 5-aza-2ʹ-deoxycytidine, is already 
licenced for myleodysplastic syndrome 
and appears well tolerated, with few 
side effects. We have previously found 
that incubation of SSc dermal fibroblasts 
with decitabine reduced excess collagen 
production from such cells.7

Interestingly, the authors also found 
that hypoxia also reduced the expression 
of RUNX3 and that hypoxia-induced 
reduction of RUNX3 could be blocked 
by small-interfering RNA to the central 
transcription factors hypoxia-inducible 
factors (HIF) 1 and 2-α. Underscoring the 
role of the HIFs in mediating the effects 
of hypoxia in diminishing RUNX3 expres-
sion. It is of note that hypoxia has been 
reported in the skin and hands of SSc 
patients and that this may be an initial trig-
gering factor that sets of the reduction of 
RUNX3 via increased methylation of the 
promoter. Indeed, hypoxia itself is critical 
in mediating activation of myofibroblasts 
in SSc.8 What the authors do not demon-
strate is if hypoxia itself is directly regu-
lating DNA methylation of the RUNX3 
promoter. This would have been an inter-
esting observation and could have been 
mediated by an increase in the expression 
and/or activity of DNA methyltransfer-
ase3a (DNMT3a) enzymes. This could 
also have been mediated be a decrease 
in the removal of DNA methyl marks 
which is mediated by the TET family of 
enzymes. Indeed, other epigenetic changes 
could have been mediated by hypoxia 
including a decrease of DNA methyltrans-
ferase (DNMT)-targeting microRNAs, 
thus leading to enhanced methylation at 
RUNX3 promoter, through enhanced 
DNMTs. Furthermore, the specific meth-
ylation site within RUNX3 could possibly 
serve as a marker of treatment response; 
that is, the methylation status could be 
used to guide response to treatment. 
Currently, there is no accepted biomarker 
for SSc.

The authors go on to show that RUNX3 
is significantly downregulated in SSc skin 
tissue in situ and interestingly in cells 
other than pDC. Thus, cells other than 
pDC could also be contributing to the 
pathology. In mouse, bone marrow-de-
rived pDCs that are specifically deleted 
for RUNX3 compared with matched 
RUNX3f/f cells stimulation with the toll-
like receptor agonist CpG led to increased 
levels of CD40, CD80, CD86 and reduced 
CD62L. These are surface markers asso-
ciated with increased maturation. Using 
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the Cre–Lox system and a standard bleo-
mycin model of fibrosis, where subcuta-
neous injection of bleomycin leads to skin 
fibrosis. It was found that mice deficient 
in RUNX3 had exaggerated fibrosis, with 
increased myofibroblasts and connective 
tissue growth factor and tissue inhibitor 
of metalloproteinases-1 (TIMP-1) levels. 
Interestingly, Siglec-H + pDCs were also 
higher in the skin of RUNX3 KO mice, 
which were drastically increased on expo-
sure to bleomycin. Siglec H is a murine 
plasmacytoid-specific cell surface receptor, 
that is, part of the sialic acid-binding Ig-like 
lectin family that if blocked by a Siglec 
H-specific antibody reduces interferon 
levels. Examination of the lymph nodes 
revealed significantly elevated frequencies 
of CD68+ DCs in RUNX3-specific KO 
cells on bleomycin injection; this indicates 
an elevated activation phenotype primed 
to trigger an adaptive immune response 
in the very area responsible for this. The 
antigen presentation ability of the pDCs 
devoid of RUNX3 in the lymph nodes 
would have been a useful experiment to 
do, determining their presenting ability to 
T cells.

The work presented here demonstrates 
that RUNX3 is a critical regulator of pDCs 
and that this is modulated by epigenetic 
regulation. Hypermethylation is present 
in RUNX3 at specific CpG sites and 
incubation of these cells with decitabine 
restored the levels of RUNX3. Function-
ally, the cells stimulated with a toll-like 
receptor (TLR) agonist in RUNX3 KOs 
displayed an activated mature phenotype 
with higher expression of cell surface 
markers indicative of an activated pheno-
type that could help activate naïve T cells. 
It is known that T cells themselves, espe-
cially a T-helper2 polarised phenotype can 
drive the activation of local fibroblasts to 
secrete copious amounts of collagen via 
cytokines, including IL-4 and IL-13.3

The authors here do not directly inves-
tigate this hypothesis but it is worthy of 
further investigation in the future. pDCs 
produce high levels of interferon in 
response to activation of TLR7 and TLR9. 

The authors use a synthetic ligand to stim-
ulate their cells in vitro to measure their 
response across the two genotypes in terms 
of maturation and interferon production, 
seeing large changes. However, the actual 
DNA or RNA ligand in vivo in patients is 
yet unidentified. No viral aetiology in SSc 
is currently accepted.

We have previously demonstrated 
that TLR8 activation is profibrotic in 
SSc using both a synthetic commercially 
available ligand which is single-stranded 
RNA, but importantly serum isolated 
from patients could also trigger this, in a 
myeloid differentiation primary response 
88 (MyD88)–nuclear factor kappa-
light-chain enhancer of activated B cells 
(NF-KB)-dependent manner.9 Further-
more, this serum-mediated TLR8 effect 
could be reduced by incubation with an 
RNAse enzyme which degrades RNA.

Thus, it is suggested that extracellular 
RNA, possibly released from dead cells 
in the vasculature, may trigger a TLR 
response in pDCs, that leads to increased 
maturation and activation of T cells 
leading to a panoply of profibrotic cyto-
kines activating resident fibroblasts. This 
requires further investigation but would 
be akin to the situation in systemic lupus 
erythematosus (SLE) where extracel-
lular nucleic acid triggers autoimmunity. 
Given the key role of epigenetics and 
methylation in particular plays, use of a 
hypomethylating agent such as decitabine 
appears warranted. Finally, in SSc skin 
and lung biopsies, it was demonstrated 
that RUNX3 is reduced both in pDCs 
but other cells also not identified by any 
specific cell markers, given the known role 
of RUNX3 in T cell development, and the 
T cell dysfunction in SSc, I suggest that 
RUNX3 is epigenetically repressed here. 
This could render these cells pathogenic. 
The work presented adds an intriguing 
piece of the puzzle and suggests a critical 
role of innate immunity and epigenetics in 
SSc pathogenesis.
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AbsTrACT
Objective To develop new classification criteria for 
systemic lupus erythematosus (SLE) jointly supported by 
the European League Against Rheumatism (EULAR) and 
the American College of Rheumatology (ACR).
Methods This international initiative had four phases. 
(1) Evaluation of antinuclear antibody (ANA) as an entry 
criterion through systematic review and meta-regression 
of the literature and criteria generation through an 
international Delphi exercise, an early patient cohort and a 
patient survey. (2) Criteria reduction by Delphi and nominal 
group technique exercises. (3) Criteria definition and 
weighting based on criterion performance and on results of 
a multi-criteria decision analysis. (4) Refinement of weights 
and threshold scores in a new derivation cohort of 1001 
subjects and validation compared with previous criteria in a 
new validation cohort of 1270 subjects.
results The 2019 EULAR/ACR classification criteria 
for SLE include positive ANA at least once as obligatory 
entry criterion; followed by additive weighted 
criteria grouped in seven clinical (constitutional, 
haematological, neuropsychiatric, mucocutaneous, 

serosal, musculoskeletal, renal) and three immunological 
(antiphospholipid antibodies, complement proteins, 
SLE-specific antibodies) domains, and weighted from 2 
to 10. Patients accumulating ≥10 points are classified. In 
the validation cohort, the new criteria had a sensitivity of 
96.1% and specificity of 93.4%, compared with 82.8% 
sensitivity and 93.4% specificity of the ACR 1997 and 
96.7% sensitivity and 83.7% specificity of the Systemic 
Lupus International Collaborating Clinics 2012 criteria.
Conclusion These new classification criteria 
were developed using rigorous methodology with 
multidisciplinary and international input, and have 
excellent sensitivity and specificity. Use of ANA entry 
criterion, hierarchically clustered and weighted criteria 
reflect current thinking about SLE and provide an 
improved foundation for SLE research.

InTrOduCTIOn
Systemic lupus erythematosus (SLE) is a complex 
autoimmune disease with variable clinical 

This criteria set has been approved by the European League Against Rheumatism (EULAR) Executive 
Committee and the American College of Rheumatology (ACR) Board of Directors. This signifies that the 
criteria set has been quantitatively validated using patient data, and it has undergone validation based on an 
independent data set. All EULAR/ACR-approved criteria sets are expected to undergo intermittent updates. 
The ACR is an independent, professional, medical and scientific society that does not guarantee, warrant, or 
endorse any commercial product or service.
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Figure 1 Development and validation of SLE classification criteria. 
ANA, antinuclear antibody; SLE, systemic lupus erythematosus.

features.1 2 SLE manifestations are associated with multiple auto-
antibodies, ensuing immune complex formation and deposition, 
and other immune processes.2 3 This complex clinical presen-
tation and pathogenesis makes SLE a difficult disease to grasp 
and define. Classification criteria are essential for the identifi-
cation of relatively homogeneous groups of patients for inclu-
sion in research studies and trials.4 5 The 1982 revised American 
College of Rheumatology (ACR) SLE classification criteria6 and 
their 1997 revision7 have been used worldwide. Since then, our 
understanding of the disease has advanced. Additional specific 
skin manifestations were described, some clinical symptoms 
were better understood, and immunological tests, such as dimin-
ished levels of serum complement components C3 and C4 or 
testing for anti-β2 glycoprotein I antibodies, entered routine 
clinical practice. Better understanding of organ system involve-
ment, such as mucocutaneous abnormalities, led to questions 
about whether some of the independently counted criteria were 
in fact manifestations of the same phenomenon.8

The 2012 Systemic Lupus International Collaborating Clinics 
(SLICC) classification criteria addressed many of these issues.9 
Mucocutaneous and neuropsychiatric manifestations were 
added, as were hypocomplementemia and new antiphospho-
lipid antibody tests; and criteria definitions were refined. The 
SLICC criteria emphasised that SLE is primarily an autoantibody 
disease, requiring at least one immunological criterion to be 
present, and categorised histology-proven nephritis compatible 
with SLE as sufficient for classification, if antinuclear antibodies 
(ANAs) or antibodies to double-stranded DNA (dsDNA) were 
present. While achieving their goal of increasing sensitivity, 
the SLICC criteria have lower specificity than the 1997 ACR 
criteria.9 10

Existing SLE classification criteria perform better in patients 
with longstanding disease than in new-onset SLE,11 and there is 
an increasing recognition and demand that subjects with early 
SLE should be included in clinical studies and trials. We there-
fore attempted to enrich our sample populations for early SLE in 
several phases of the project.

In parallel with improved understanding of SLE, the field of 
classification criteria development has also seen advances.4 12–14 
In order to minimise investigator bias, it is now recommended 
that the cohorts in which the criteria are tested are from indepen-
dent centres.4 Other methodological recommendations include a 
balanced use of both expert-based and data-driven methods, and 
inclusion of the patient perspective.13 14 The approach chosen 
for these 2019 European League Against Rheumatism (EULAR)/
ACR SLE classification criteria was specifically designed to main-
tain this balance and to uphold rigorous methodology.

MeTHOds
Methodological overview
Using a methodological approach based on measurement science 
the criteria were developed in four phases10: (1) criteria genera-
tion, (2) criteria reduction, (3) criteria definition and weighting 
and (4) refinement and validation (figure 1). The whole initiative 
was overseen by a 12-member steering committee (MA, KHC, 
DD, MM, RR-G, JSS, DW, DB, DK, DJ, TD and SRJ) nominated 
by EULAR and the ACR in equal numbers, based on SLE and/or 
methodological experience and previous involvement in inter-
national projects.

The current project, jointly supported by the EULAR and 
the ACR, was originally based on two key concepts. One, 
we hypothesised that the presence of ANA would be better 
employed as an entry criterion than as a classification criterion.10 

Such an approach was thought to reflect underlying SLE patho-
genesis, and take into account ANA test characteristics of high 
sensitivity and limited specificity. Two, we expected individual 
criteria would not be of equal utility (weight) for the classifica-
tion of SLE,15 for example, mucosal ulcers versus biopsy-proven 
lupus nephritis. Accordingly, the validity of using positive ANA 
as an entry criterion was explicitly addressed in phase I of the 
current activity.16 Likewise, methodological strategies to develop 
weighted criteria were used.

Phase I. Criteria generation
The purpose of phase I was to test ANA as a potential entry 
criterion and identify candidate criteria that should be consid-
ered for SLE classification using both data-based and expert-
based methods, including the patient perspective. Phase Ia 
comprised a systematic literature review of Medline, Embase 
and the Cochrane databases with meta-regression to evaluate 
the operating characteristics of ANA testing for consideration 
as an entry criterion.16 Phase Ib consisted of a Delphi exercise 
of international SLE experts from the Americas, Europe and 
Asia.17 These experts included rheumatologists, dermatologists, 
nephrologists, paediatricians and non-clinical SLE researchers, 
providing a broad perspective. The Delphi participants were 
asked to nominate a broad set of items potentially useful in the 
classification of SLE.17 In round 2 and 3, participants rated the 
items from 1 (not at all appropriate) to 9 (completely appro-
priate) for classification of SLE. Criteria were retained if they 
reached a median rating of ≥6.5; that is, at least 50% of the 
ratings in the high range (7, 8 or 9). Participants were also asked 
about the importance of ANA and histopathology for classifi-
cation of SLE. Phase Ic established an international cohort of 
patients with early SLE or conditions mimicking SLE to identify 
criteria that may discriminate subjects with early (less than 12 
months) disease.18 Phase Id comprised a cross-sectional survey 
of SLE patients, administered via the quarterly journal of the 
German SLE patient organisation, which asked about symptoms 
within 1 year before and after the patient’s diagnosis of SLE.19 
While at a risk of recall bias and not necessarily representative of 
other regions worldwide, this survey was done to explicitly take 
a patient standpoint into account.

http://ard.bmj.com/
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For phase II and III, additional renowned European and 
North American SLE experts were nominated by the steering 
committee and invited to participate.

Phase II. Criteria reduction
Phase IIa. The objective of this phase was to select a set of 
criteria from phase I that maximised the likelihood of accurate 
classification of SLE, particularly of early disease. An indepen-
dent panel of seven of the international SLE experts (RC, NC-C, 
DDG, BHH, FH, EM and JS-G) ranked the candidate criteria 
from phase I. A consensus meeting of 19 international SLE 
experts (n=7 nominal group technique (NGT) experts+steering 
committee+DK (moderator)) using NGT was conducted to 
reduce the list of criteria.20 Data for each candidate criterion 
were reviewed and discussed until consensus was achieved. The 
NGT experts voted on items to be retained. Phase IIb. NGT 
participants pointed out that some criteria could be correlated. 
With the idea of potentially clustering criteria into domains, 
associations between candidate criteria were evaluated sepa-
rately in two cohorts, the phase Ic early SLE and the Euro-lupus 
cohorts.21

Phase III. Criteria definition and weighting
Phase IIIa. The operating characteristics of the retained candi-
date criteria were evaluated by literature review. Candidate 
criteria were hierarchically organised into clinical and immuno-
logical domains, and definitions for the candidate criteria were 
iteratively refined. SLE patient advocates participated in the 
review of data and the steering committee discussions.22

Phase IIIb. 164 case vignettes reflecting broad SLE clinical 
presentation were sampled from SLE centres across several coun-
tries. A panel of six of the international experts not involved in 
earlier phases of the project (BD, SJ, WJMcC, GR-I, MS and 
MBU) and 11 members of the steering committee assessed and 
ranked a representative sample of the cases. Subsequently, at a 
face-to-face meeting, this panel of 17 international SLE experts 
iteratively compared pairs of criteria, using multicriteria decision 
analysis facilitated by 1000minds software.23 The panel unani-
mously agreed to further reduce the list of criteria. Based on the 
results, provisional criteria weights were assigned and a provi-
sional threshold score for classification was determined as the 
lowest score at which the expert panel had achieved consensus 
on classifying a case vignette as SLE.24

Phase IV. refinement and validation
International SLE experts not involved in phase II or phase III 
panels were asked to contribute cases diagnosed as SLE and 
controls with conditions mimicking SLE sampled from patients 
evaluated at their centres. Each centre was asked to contribute 
up to 100 cases and an equal number of controls, preferentially 
sampling those with early disease, and regardless of their specific 
clinical or immunological manifestations. Pseudonymised data 
on the criteria were collected using a standardised data collection 
form. Ethics committee approval and informed consent were 
obtained as per local requirements. The status (‘SLE’ or not) 
of each case underwent independent adjudication by three of 
four SLE experts (GB, BFH, NL and CT) from different centres. 
Queries were sent back to the submitting investigator for clari-
fication. Of this cohort, 501 SLE and 500 control subjects were 
randomly selected to comprise the derivation cohort, while the 
remaining 696 SLE and 574 control subjects formed the valida-
tion cohort.

Refinement. The performance of the draft criteria set was iter-
atively tested in the derivation cohort. A data-driven threshold 
for classification was determined by receiver operating character-
istics (ROC) analysis and compared with the provisional expert-
based consensus threshold. The data of SLE subjects below the 
threshold (misclassified) were reviewed for groups of patients 
with unequivocal SLE who still missed classification, and criteria 
weights adjusted slightly, while preserving the weighting hier-
archy (details below in Results, Phase IV section). Sensitivity and 
specificity was tested against the ACR 1997 and the SLICC 2012 
criteria. In addition, ANA as an entry criterion was tested against 
not having an entry criterion. Finally, the criteria weights were 
simplified to whole numbers. Refinements to the criteria set 
were presented to the steering committee and phase III expert 
panel, and unanimously endorsed.

Validation. The sensitivity and specificity of the final criteria 
were tested in the validation cohort and compared with previous 
SLE criteria sets.

Statistical analysis. Descriptive statistics were used to 
summarise the data. CIs were calculated using the bias-corrected 
and accelerated bootstrap method (BCa method) with B=2000 
bootstrap samples. The BCa method resamples the input data 
B times (with replacement) and calculates the required statis-
tics (sensitivity, specificity, area under the curve (AUC)). Based 
on the B bootstraps samples, the bias-correction is applied and 
the associated 95% CIs for the statistics are estimated. The BCa 
method has proven to yield very accurate coverage of estimated 
CIs.25 The number B of bootstrap resamples is recommended 
to be at least B=1000. We have chosen B=2000 and addition-
ally checked if B=5000 bootstraps changed the estimated confi-
dence bounds, which was not the case. Statistical analyses were 
performed using R, V.3.4.0 (The R Foundation of Statistical 
Computing).

resulTs
Phase I: Criteria generation
Phase Ia. ANA as an entry criterion. A systematic review of 
MEDLINE, EMBASE and the Cochrane database identified 13 
080 patients from 64 studies reporting ANA by immunofluores-
cence on HEp-2 cells. Meta-regression of the operating charac-
teristics of ANA found a sensitivity of 97.8% (95% CI 96.8% to 
98.5%) for ANA of ≥1:80 supporting use of ANA as an entry 
criterion.16 Since some SLE centres do not have access to HEp-2 
ANA, and in view of ongoing work on the standardisation of 
serology and potential future advances in the field, the steering 
committee and additional autoantibody consultants (MJF and 
PLM) recommended the provision ‘or an equivalent positive 
ANA test. Testing by immunofluorescence on HEp-2 cells or a 
solid phase ANA screening immunoassay with at least equivalent 
performance is highly recommended’.

Phase Ib. Delphi exercise. One hundred and forty-seven inter-
national SLE experts nominated 145 candidate criteria.17 By 
rating the appropriateness for SLE classification, the participants 
in the second and third Delphi round reduced the list to 40 
candidate criteria (online supplementary table 1).

Phase Ic. International early SLE cohort. The cohort 
comprised 616 subjects who had been referred for possible SLE 
with a disease duration of less than 1 year (n=389 early SLE and 
n=227 mimicking diseases) from North America, Europe, Asia 
and South America.18 In addition to supporting many of the 40 
candidate criteria derived from the Delphi exercise, the compar-
ison between early SLE and non-SLE patients showed that 
fever occurred more frequently (34.5% vs 13.7%, p<0.001) in 

https://dx.doi.org/10.1136/annrheumdis-2018-214819
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SLE, while SLE patients less commonly suffered from arthral-
gias (20.3% vs 42.7%, p=0.001) and fatigue (28.3% vs 37%, 
p=0.02).

Phase Id. Patient survey. 339 SLE patients (>99% Cauca-
sian, 93% female) responded to the survey.19 More than half 
of these patients reported mucocutaneous findings in the first 
year of their disease (online supplementary table 1), but also 
fatigue (89%), joint pain (87%) and fever (54%).19 Given that 
these items were highlighted both in the early SLE cohort and 
the patient survey, fever, fatigue and arthralgias were forwarded 
to the next phase in addition to the 40 Delphi items. Accord-
ingly, phases Ia–Id resulted in a total of 43 candidate criteria for 
consideration (online supplementary table 1).

Phase II. Criteria reduction
Phase IIa. The expert panel NGT exercise reduced the candi-
date criteria from 43 to 21.26 The panel distinguished poten-
tial ‘entry criteria’, which would be required for classification, 
from potential ‘additive criteria’. They endorsed ‘positive ANA 
(≥1:80 by HEp-2 immunofluorescence)’ as an entry criterion. 
The 20 remaining additive criteria included: lupus nephritis by 
renal biopsy, autoantibodies, cytopenias, fever, arthritis, seros-
itis, mucocutaneous and neuropsychiatric manifestations (online 
supplementary table 1).

Phase IIb. Associations between the candidate criteria were 
evaluated in 389 subjects in the early SLE cohort and the 1000 
SLE subjects of the Euro-lupus cohort. Modest statistically signif-
icant correlations were limited to the mucocutaneous (r=0.22–
0.30), neurological (r=0.22) and immunological (r=0.33) 
domains in the early SLE cohort, and this modest correlation 
was replicated in the Euro-lupus cohort.21 Given these associ-
ations, criteria were clustered within domains, so that only one 
criterion within each domain would be counted.

Phase III. Criteria definition and weighting
Phase IIIa. Based on the literature, definitions of the 20 candidate 
additive criteria were refined, using a data-driven evaluation of 
operating characteristics,22 retaining only feasible items with a 
prevalence of at least 1% according to literature. Literature-re-
view led to the consensus decision to evaluate five different 
candidate criteria within the neuropsychiatric domain (delirium, 
psychosis, seizure, mononeuropathy, cranial neuropathy) and 
potential separation of acute pericarditis from pleural or pericar-
dial effusions; and between diminished C3 or C4 versus dimin-
ished C3 and C4 (online supplementary table 1). The resulting 
23 candidate criteria (online supplementary table 1) were organ-
ised into seven clinical and three immunological domains, with 
hierarchical clustering.22 Only the highest-ranking item in each 
domain was to be counted. Instead of devising exclusion defini-
tions for each criterion, the decision was made to attribute any 
item to SLE only if no more likely explanation was present. For 
leucopenia and joint involvement, it was decided to formally test 
alternative definitions in the derivation cohort. Given the impor-
tance of testing for antibodies, particularly for anti-dsDNA, for 
which tests of relatively low specificity are in use, great care was 
taken to precisely define testing (table 1).

Phase IIIb. The 1.5 day in-person consensus meeting using 
multicriteria decision analysis involved 74 decisions between pairs 
of criteria. Criteria weights were calculated by the 1000minds 
software based on these decisions (table 2). International Society 
of Nephrology/Renal Pathology Society class III or IV nephritis 
consistently attained higher weight than class II or V nephritis, 
so lupus nephritis by histology was separated into two different 

criteria. Class VI lupus nephritis as an end stage manifestation 
was unanimously eliminated. Likewise, the experts unanimously 
voted to not retain mononeuropathy and cranial neuropathy, 
which had been included into the set of potential neuropsychi-
atric items in phase IIIa but turned out to add little to SLE classi-
fication. The use of weighted criteria led to a sum score that is a 
measure of the relative probability of a subject having SLE, with 
higher scores indicating higher likelihood. Experts reached full 
consensus on a classification of SLE at a provisional threshold 
score of >83 of a theoretical maximum of 305.24

Phase IV. refinement and validation
Twenty-one centres from the USA, Canada, Mexico, Austria, 
Croatia, France, Germany, Greece, Hungary, Italy, Portugal, 
Spain, the UK, Turkey, Hong Kong and Japan submitted a total 
of 2339 cases from their cohorts. 1197 SLE and 1074 non-SLE 
diagnoses (table 3) were verified by three adjudicators blinded 
to the proposed classification criteria system. Due to lack of 
consensus during adjudication, 68 subjects (2.9%) were excluded 
from the analysis.

Derivation cohort. Of the 2271 triple-adjudicated cases, 501 
SLE and 500 non-SLE cases were randomly assigned to the deri-
vation cohort. The provisional weighting system derived from 
phase III was tested in the derivation cohort. ROC analysis 
suggested a data-driven threshold of ≥70 (of a maximum of 305), 
with a sensitivity of 95.4% and a specificity of 95.2%, which 
was superior to the consensus-derived provisional threshold 
of >83 that had high specificity (98.8%), but lower sensitivity 
(81.6%). Review of subjects below the threshold of 70 identified 
a subgroup of SLE subjects with joint involvement and/or leuco-
penia. Thus, weights for leucopenia and joint involvement were 
each adjusted (table 2) to reduce misclassification. When alter-
native definitions for leucopenia and joint involvement were 
tested, leucopenia defined as a white blood cell count (WBC) 
<4.0×10ˆ9/l 3 at least once9 also had a slightly higher sensitivity 
+specificity (1.944 vs 1.942) than leucopenia defined as WBC 
<4.0×10ˆ9/l on two or more occasions.6 26 Joint involvement 
defined as EITHER ‘synovitis involving two or more joints, 
characterised by swelling or effusion’, OR ‘tenderness in two 
or more joints and at least 30 min of morning stiffness’9 had a 
higher combined sensitivity and specificity than arthritis defined 
simply as synovitis of two or more joints (1.944 vs 1.900). 
When retested, the revised criteria had increased sensitivity, 
and maintained sensitivity +specificity. Evaluating ANA as an 
entry criterion, the criteria with the ANA entry criterion had 
better performance than without (sensitivity +specificity 1.944 
vs 1.930). Next, the weights were simplified by division to whole 
numbers to achieve a threshold of 10 (table 2). In the deriva-
tion cohort, the sensitivity and specificity of the final criteria set 
(figure 2) were reaching the performance benchmarks set for this 
project (table 4).

Validation. The validation cohort, that is, the full cohort minus 
the derivation cohort, comprised 1270 triple adjudicated subjects 
(n=696 SLE, n=574 controls). The criteria, with positive ANA 
as an entry criterion, weighted criteria in seven clinical domains 
(constitutional, haematological, neuropsychiatric, mucocuta-
neous, serosal, musculoskeletal, renal) and three immunological 
domains (antiphospholipid antibodies, low complements, anti-
Smith (anti-Sm) and anti-dsDNA as SLE-specific antibodies) 
and a classification threshold score of ≥10 (out of a theoretical 
maximum of 51) (figure 2), had a sensitivity of 96.1% and a 
specificity of 93.4% (table 4). It demonstrated improved perfor-
mance compared with the ACR 1997 and SLICC 2012 criteria.

https://dx.doi.org/10.1136/annrheumdis-2018-214819
https://dx.doi.org/10.1136/annrheumdis-2018-214819
https://dx.doi.org/10.1136/annrheumdis-2018-214819
https://dx.doi.org/10.1136/annrheumdis-2018-214819
https://dx.doi.org/10.1136/annrheumdis-2018-214819
https://dx.doi.org/10.1136/annrheumdis-2018-214819
http://ard.bmj.com/
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Table 1 Definitions of SLE classification criteria

Criteria definition

Antinuclear antibodies (ANA) ANA at a titre of ≥1:80 on HEp-2 cells or an equivalent positive test at least once. Testing by immunofluorescence on HEp-2 cells or a solid 
phase ANA screening immunoassay with at least equivalent performance is highly recommended

Fever Temperature >38.3°C

Leucopenia White blood cell count <4.0×10∧9/l

Thrombocytopenia Platelet count <100×10∧9/l

Autoimmune haemolysis Evidence of haemolysis, such as reticulocytosis, low haptoglobin, elevated indirect bilirubin, elevated lactate dehydrogenase (LDH) AND 
positive Coomb’s (direct antiglobulin) test.

Delirium Characterised by (1) change in consciousness or level of arousal with reduced ability to focus, (2) symptom development over hours to <2 
days, (3) symptom fluctuation throughout the day, (4) either (4a) acute/subacute change in cognition (eg, memory deficit or disorientation), 
or (4b) change in behaviour, mood, or affect (eg, restlessness, reversal of sleep/wake cycle)

Psychosis Characterised by (1) delusions and/or hallucinations without insight and (2) absence of delirium

Seizure Primary generalised seizure or partial/focal seizure

Non-scarring alopecia Non-scarring alopecia observed by a clinician*

Oral ulcers Oral ulcers observed by a clinician*

Subacute cutaneous or discoid 
lupus

Subacute cutaneous lupus erythematosus observed by a clinician*: Annular or papulosquamous (psoriasiform) cutaneous eruption, usually 
photodistributed
Discoid lupus erythematosus observed by a clinician*: Erythematous-violaceous cutaneous lesions with secondary changes of atrophic 
scarring, dyspigmentation, often follicular hyperkeratosis/haematological(scalp), leading to scarring alopecia on the scalp
If skin biopsy is performed, typical changes must be present. Subacute cutaneous lupus: interface vacuolar dermatitis consisting of a 
perivascular lymphohistiocytic infiltrate, often with dermal mucin noted. Discoid lupus: interface vacuolar dermatitis consisting of a 
perivascular and/or periappendageal lymphohistiocytic infiltrate. In the scalp, follicular keratin plugs may be seen. In longstanding lesions, 
mucin deposition and basement membrane thickening may be noted

Acute cutaneous lupus Malar rash or generalised maculopapular rash observed by a clinician
If skin biopsy is performed, typical changes must be present: interface vacuolar dermatitis consisting of a perivascular lymphohistiocytic 
infiltrate, often with dermal mucin noted. Perivascular neutrophilic infiltrate may be present early in the course

Pleural or pericardial effusion Imaging evidence (such as ultrasound, X-ray, CT scan, MRI) of pleural or pericardial effusion, or both

Acute pericarditis ≥2 of (1) pericardial chest pain (typically sharp, worse with inspiration, improved by leaning forward), (2) pericardial rub, (3) 
electrocardiogram (EKG) with new widespread ST-elevation or PR depression, (4) new or worsened pericardial effusion on imaging (such as 
ultrasound, X-ray, CT scan, MRI)

Joint involvement EITHER (1) synovitis involving two or more joints characterised by swelling or effusion OR (2) tenderness in two or more joints and at least 
30 min of morning stiffness

Proteinuria >0.5 g/24 hours Proteinuria >0.5 g/24 hours by 24 hours urine or equivalent spot urine protein-to-creatinine ratio

Class II or V lupus nephritis on renal 
biopsy according to ISN/RPS 2003 
classification

Class II: mesangial proliferative lupus nephritis: purely mesangial hypercellularity of any degree or mesangial matrix expansion by light 
microscopy, with mesangial immune deposit. A few isolated subepithelial or subendothelial deposits may be visible by immune-fluorescence 
or electron microscopy, but not by light microscopy
Class V: membranous lupus nephritis: global or segmental subepithelial immune deposits or their morphological sequelae by light microscopy 
and by immunofluorescence or electron microscopy, with or without mesangial alterations

Class III or IV lupus nephritis 
on renal biopsy according 
to International Society of 
Nephrology/ Renal Pathology 
Society (ISN/RPS) 2003

Class III: focal lupus nephritis: active or inactive focal, segmental or global endocapillary or extracapillary glomerulonephritis involving <50% 
of all glomeruli, typically with focal subendothelial immune deposits, with or without mesangial alterations
Class IV: diffuse lupus nephritis: active or inactive diffuse, segmental or global endocapillary or extracapillary glomerulonephritis involving 
≥50% of all glomeruli, typically with diffuse subendothelial immune deposits, with or without mesangial alterations. This class includes cases 
with diffuse wire loop deposits but with little or no glomerular proliferation

Positive antiphospholipid 
antibodies

Anticardiolipin antibodies (IgA, IgG, or IgM) at medium or high titre (>40 A phospholipids (APL), GPL or MPL units, or >the 99th percentile) 
or positive anti-β2GP1 antibodies (IgA, IgG, or IgM) or positive lupus anticoagulant

Low C3 OR low C4 C3 OR C4 below the lower limit of normal

Low C3 AND low C4 Both C3 AND C4 below their lower limits of normal

Anti-dsDNA antibodies OR anti-
Smith (Sm) antibodies.

Anti-dsDNA antibodies in an immunoassay with demonstrated ≥90% specificity for SLE against relevant disease controls OR anti-Sm 
antibodies

ISN/RPS International Society of Nephrology/Renal Pathology Society
*This may include physical examination or review of a photograph.
dsDNA, double-stranded DNA; SLE, systemic lupus erythematosus.

dIsCussIOn
New SLE classification criteria were developed with support 
by both the ACR and EULAR. Through a four-phase, iterative 
process, we have defined an additive, weighted multicriteria 
system that produces a measure of the relative probability that 
an individual can be classified as SLE. The system defines a 
threshold above which experts would classify cases as SLE for 
the purpose of research studies. We have carefully defined the 
criteria to improve reliability and precision; and have grouped 
the criteria into ten hierarchical domains. We have validated 
the criteria against a large number of cases, including many 

patients with manifestations that resemble SLE but who do 
not have SLE. This approach, as well as the resulting criteria 
system, represents a paradigm shift for the classification of 
SLE.

We have defined positive ANA at any time as required entry 
criterion. There were three possible ways to deal with ANA 
testing. The previous criteria sets have treated ANA the same 
as the much more specific antibodies against Sm and dsDNA, 
which we considered suboptimal given important differences 
in sensitivity and specificity. We could have excluded ANA 
completely in classifying lupus, but we still consider ANA a 

http://ard.bmj.com/
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Table 2 Relative weights of the additive classification criteria items

domain Item Original Modification revised simplified

Constitutional Fever 13 13 2

Haematological Leucopenia 12 +7 19 3

Thrombocytopenia 26 26 4

Autoimmune 
haemolysis

28 28 4

Neuropsychiatric Delirium 12 12 2

Psychosis 20 20 3

Seizure 34 34 5

Mucocutaneous Alopecia 13 13 2

Oral ulcers 14 14 2

Subacute lupus 
erythematosus 
(SCLE)/
discoid lupus 
erythematosus 
(DLE)

29 29 4

Acute 
cutanoues lupus 
erythematsous 
(ACLE)

38 38 6

Serosal Effusion 34 34 5

Acute pericarditis 38 38 6

Musculoskeletal Joint involvement 34 +4 38 6

Renal Proteinuria 27 27 4

Class II/V 55 55 8

Class III/IV 74 74 10

APL antibodies Antiphospholipid 13 13 2

Complements C3 or C4 low 19 19 3

C3 and C4 low 27 27 4

SLE-specific 
antibodies

Anti-Sm 40 40 6

Anti-dsDNA 38 38 6

Weights derived from the phase III consensus meeting with multicriteria decisions analysis 
(original), added points for leucopenia and joint involvement (modification), the resulting 
weights (revised) and the final simplified weights (simplified).
SLE, systemic lupus erythematosus; anti-Sm, anti-Smith; dsDNA, double-stranded DNA; 
dsDNA, double-stranded DNA;

Table 3 Demographic characteristics of the derivation and 
validation cohorts

derivation cohort Validation cohort

sle non-sle sle non-sle

n 501 500 696 574

Female/male 447/54 421/79 608/88 490/84

Age (mean±SD) years 45±14 54±16 45±14 56±16

Disease duration 
(mean±SD) years

11±8 9±8 11±8 9±8

Ethnicity

 Black 29 10 56 12

 East Asian 36 29 53 34

 Hispanic 59 48 73 51

 South/South East Asian 16 6 21 11

 White 355 404 480 461

 Other 6 3 13 5

SLE 501 696

Non-SLE 500 574

 Adult onset still’s disease 2 11

 Autoimmune thyroiditis 6 5

 Behcet’s disease 7 9

 Cancer 2 3

 Inflammatory myositis 37 27

 Fibromyalgia 6 3

 Membranous nephritis 11 14

 Mixed connective tissue 
disease

9 15

 Osteoarthritis 2 NA

 Primary antiphospholipid 
antibody syndrome

45 48

 Psoriatic arthritis 12 9

 Rheumatoid arthritis 94 110

 Sarcoidosis 2 2

 Sjögren’s syndrome 112 124

 Spondyloarthritis 5 5

 Systemic sclerosis 99 120

 Tuberculosis 0 2

 Undifferentiated 
connective tissue disease

16 20

 Vasculitis 9 13

 Viral infection 5 5

 Other 19 29

Inflammatory myositis includes dermatomyositis, polymyositis and juvenile 
dermatomyositis
SLE, systemic lupus erythematosus.

useful test and concept. We therefore decided to test ANA as 
an entry criterion, which reflects the use of ANA as a highly 
sensitive screening test.

Criteria using ANA as entry criterion had better perfor-
mance. During the phase I Delphi exercise, 58% of SLE 
experts did not feel comfortable and an additional 19% were 
uncertain about classifying a patient with SLE in the absence of 
ever having a positive ANA.17 The systematic literature review 
and meta-regression of data on 13 080 subjects demonstrated 
ANA ≥1:80 have a sensitivity of 98% with a lower limit of 
the 95% CI at 97%.16 In the phase I early SLE cohort, 99.5% 
of the 389 SLE patients were ANA positive.18 The frequencies 
of ANA positive SLE patients in the derivation and validation 
cohorts (99.6% and 99.3%, respectively) were in the same 
range. Since both in the early SLE cohort and in the deriva-
tion and validation cohorts, patients were included in many 
centres worldwide independent of ANA positivity, the latter 
data provide additional support for ANA as an entry criterion.

Using ANA as entry criterion means the new criteria cannot 
classify SLE among patients who are persistently ANA nega-
tive. While possibly also distinguished by lower cytokine 
levels27 and lower efficacy of immunomodulatory treatment,28 
such a subgroup of patients exists. Although small, it may vary 
in size in different populations.16 This patient subset needs to 
be put high on the scientific agenda for further investigation. 

Additional characterisation of this phenomenon may lead to 
an alternative entry criterion for this small group of patients. 
For the moment, we still think it is acceptable to exclude ANA 
negative patients from clinical trials.

Molecular classification criteria were also considered during 
the development of these criteria.29 Many novel biomarkers 
were nominated, such as increased circulating B lympho-
cyte stimulator (BLyS), IFNγ induced protein 10 kD (IP-10), 
monocyte chemoattractant protein-1 (MCP-1), TNF-α, type 
I interferon signature, or increased Th17 and plasma cell 
populations. They were all voted out in the expert Delphi 
exercise, largely because of limited availability in the clin-
ical setting and/or insufficient evidence.5 However, inclusion 
of novel biomarkers, beyond autoantibodies, may ultimately 
further improve the specificity of SLE classification, increase 
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Figure 2 Classification criteria for systemic lupus erythematosus. 
§Additional criteria items within the same domain will not be counted. 
*Note: In an assay with at least 90% specificity against relevant disease
controls.

Table 4 Operating characteristics of the new classification criteria 
compared with the ACR 1997 and SLICC 2012 classification criteria in 
the derivation and the validation cohorts

ACr 1997 criteria
slICC 2012 
criteria

eulAr/ACr 2019 
criteria

derivation

Sensitivity (95% CI) 0.85 [0.81 to 0.88] 0.97 [0.95 to 0.98] 0.98 [0.97 to 0.99]

Specificity (95% CI) 0.95 [0.93 to 0.97] 0.90 [0.87 to 0.92] 0.96 [0.95 to 0.98]

Combined (95% CI) 1.80 [1.76 to 1.83] 1.87 [1.84 to 1.90] 1.94 [1.92 to 1.96]

Validation

Sensitivity (95% CI) 0.83 [0.80 to 0.85] 0.97 [0.95 to 0.98] 0.96 [0.95 to 0.98]

Specificity (95% CI) 0.93 [0.91 to 0.95] 0.84 [0.80 to 0.87] 0.93 [0.91 to 0.95]

Combined (95% CI) 1.76 [1.73 to 1.80] 1.80 [1.77 to 1.84] 1.90 [1.87 to 1.92]

ACR, American College of Rheumatology; EULAR, European League Against 
Rheumatism; SLICC, Systemic Lupus International Collaborating Clinics.

alignment of classification with underlying disease pathogen-
esis and improve the performance and information content of 
clinical trials. Thus, testing of biomarkers against these criteria 
is an important area for future research.

A new clinical criterion, unexplained fever, turned out to 
be common and remarkably characteristic for SLE. However, 
since infections are a major cause of death in SLE, it is of utmost 
importance to stress that fever, like all other criteria manifes-
tations, should only be counted if no better explanation exists, 

and that infections have to be suspected first in any patient 
with (potential) SLE, particularly when CRP is elevated.30 
The concept that all criteria are only to be counted if SLE 
is thought to be the most likely cause of the manifestation 
(ie, no other more likely cause exists) is central to these new 
EULAR/ACR criteria, and is explicitly stated as an overarching 
principle. Some criteria, such as delirium, psychosis and acute 
pericarditis, were in part redefined based on existing scien-
tific definitions.22 Where alternative definitions were used, the 
performance of the alternative definitions was comparatively 
evaluated in the derivation cohort.

The differential weighting of criteria better represents their 
relative contribution to an individual’s classification of SLE. 
For SLE, renal biopsy with Class III or IV lupus nephritis 
carries the most weight and in the presence of a positive ANA 
is enough to classify a patient as SLE. This further develops a 
concept of the SLICC criteria9 and reflects the current thinking 
of SLE experts; in the Delphi exercise, 85% would classify SLE 
on renal pathology alone.17 Renal biopsy with class II or V 
lupus nephritis still carries a large weight (eight points) but is 
not by itself sufficient for the classification of SLE.

The numerical goal of this project was to keep the spec-
ificity similar to the specificity of the ACR 1997 criteria, 
but increase the sensitivity to the high sensitivity level of the 
SLICC criteria, if possible. The validation cohort data suggest 
that this goal has been achieved. From our data, it appears 
that the SLICC criteria increase in sensitivity was to a signif-
icant degree founded in accepting renal histology and adding 
subacute cutaneous lupus and low complement levels. These 
three advances are mirrored in the current criteria. Many of 
the other additional symptoms of the SLICC criteria were of 
very low frequency. Specificity was increased by weighting of 
criteria, by the NGT expert panel decision to not allow lymph-
openia to go forward, and, importantly, by the decision that no 
criterion be counted if better explained by another condition.

The new criteria provide a simple, directed and highly 
accurate method for classifying SLE. An electronic ‘app’ is 
in preparation, which will assist in the use of these criteria. 
However, it is important to stress that classification criteria 
are not designed for diagnosis or treatment decisions.5 They 
should never be used to exclude patients who do not fully 
meet these criteria from receiving appropriate therapies. This 
is also pertinent to patients with ANA-negative SLE discussed 
above. Diagnosis of SLE remains the purview of an appropri-
ately trained physician evaluating an individual patient.5

The new SLE classification system also provides new 
research opportunities. With much interest in early or latent 
SLE,31 32 the additive point system and the relative probability 
of classification it produces, allows for systematic study of 
individuals who fall below the classification threshold. This 
will facilitate studies of disease evolution and early interven-
tion. Furthermore, the use of an additive scoring system will 
allow for studying the idea of ‘ominousity’, that is, the poten-
tial implications of having very high scores on disease severity 
and subsequent prognosis. This work would need to recon-
sider the relative contribution of individual criteria (weights) 
and consider additional criteria that potentially contribute to 
ominousity.

It is anticipated that other groups will test these criteria, 
which will constitute important external validation. This will 
be particularly important for paediatric SLE and those with 
organ dominant, for example, skin dominant disease, since it 
is a limitation of this criteria project that the patient cohorts 
do not represent these subgroups. Similar limitations also 
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pertain to several racial/ethnic groups (for example, African 
American/Black, Hispanic and Asian patients) and to men 
with SLE, each only included in lower numbers (table 3). It 
is important to independently test the EULAR/ACR criteria 
in these subgroups. Leukocyte counts, for example, are more 
frequently below 4.0×10ˆ9/l in African Americans,33 which 
may have an influence on criteria performance. It is also 
possible that the academic center patient populations included 
differ from patients in community practice clinics. Inves-
tigators testing the new criteria in different populations are 
reminded about the critical importance of the correct attribu-
tion of each criterion. Criteria can only be counted when not 
better explained by another condition. The attribution process 
requires diligence and clinical experience.

In summary, our multiphase methodological approach and 
ensuing classification system using ANA as an entry criterion 
and weighted, hierarchically clustered criteria, constitute 
a paradigm shift in the classification of SLE. These criteria 
have excellent performance characteristics and face validity, as 
the structure and weighting were designed to reflect current 
thinking about SLE. The inclusion of fever assists with the 
classification of early SLE. The separation of renal biopsy 
findings reflects their differential impact on the probability of 
SLE classification. These criteria have strong operating char-
acteristics, with excellent sensitivity and specificity. This clas-
sification system was built using rigorous methodology that 
was both data-driven and expert-based. With the inclusion of 
over 200 SLE experts from multiple countries and medical 
disciplines, methodologists, patient advocates and over 4000 
subjects, this work is the largest international, collaborative 
SLE classification effort to date.
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AbsTRACT
Giant cell arteritis (GCA) represents the most common 
form of primary systemic vasculitis and is frequently 
associated with comorbidities related to the disease itself 
or induced by the treatment. Systematically collected 
data on disease course, treatment and outcomes of 
GCA remain scarce. The aim of this EULAR Task Force 
was to identify a core set of items which can easily be 
collected by experienced clinicians, in order to facilitate 
collaborative research into the course and outcomes 
of GCA. A multidisciplinary EULAR task force group 
of 20 experts including rheumatologists, internists, 
epidemiologists and patient representatives was 
assembled. During a 1-day meeting, breakout groups 
discussed items from a previously compiled collection of 
parameters describing GCA status and disease course. 
Feedback from breakout groups was further discussed. 
Final consensus was achieved by means of several 
rounds of email discussions after the meeting. A three-
round Delphi survey was conducted to determine a core 
set of parameters including the level of agreement. 117 
parameters were regarded as relevant. Potential items 
were subdivided into the following categories: General, 
demographics, GCA-related signs and symptoms, 
other medical conditions and treatment. Possible 
instruments and assessment intervals were proposed for 
documentation of each item. To facilitate implementation 
of the recommendations in clinical care and clinical 
research, a minimum core set of 50 parameters was 
agreed. This proposed core set intends to ensure 
that relevant items from different GCA registries and 
databases can be compared for the dual purposes of 
facilitating clinical research and improving clinical care.

InTRoduCTIon
Giant cell arteritis (GCA) is the most common 
primary systemic vasculitis in western countries 
with a lifetime risk of 1.0% for women and 0.5% 
for men over the age of 50 years.1 2 Now consid-
ered to have cranial and large vessel manifestations, 
its clinical features include new headache, scalp 
tenderness, temporal artery abnormality (such as 
thickening, tenderness and/or pulselessness) and 
systemic manifestations such as polymyalgic symp-
toms, weight loss, fatigue and fever.1–3 Sight loss 
has become less common in recent years,4 but is 
still reported in 14%–18% of patients with GCA,5 

supporting the urgency of diagnosis and treatment. 
Rarer ischaemic complications of GCA include 
stroke, cranial nerve palsy and scalp necrosis. GCA 
may also be complicated by large-vessel aneurysms 
and vascular stenoses.

Erythrocyte sedimentation rate and/or C reac-
tive protein are the traditionally used markers to 
assess disease activity. These markers are elevated in 
>95% of GCA cases at diagnosis. Temporal artery 
biopsy with specimen length of ≥1 cm performed 
by an experienced surgeon and evaluated by an 
experienced pathologist revealing histopatholog-
ical features of temporal arteritis is an established 
procedure for diagnosis of cranial GCA. Imaging 
techniques such as vascular ultrasound (US), MRI, 
18F-FDG-positron emission tomography (PET) and 
contrast-enhanced CT are increasingly used for 
diagnosis of GCA and for identifying disease extent. 
A clinically suspected diagnosis of GCA should be 
confirmed either histologically or by imaging (eg, 
‘halo’ and ‘compression’ sign on ultrasound).6 
Histopathological hallmarks of GCA include arte-
rial wall thickening, narrowed lumen, presence of 
mononuclear inflammatory cells with media inva-
sion and rarely necrosis and multinucleated giant 
cells in the media.7 Characteristic imaging find-
ings in GCA include inflammatory wall swelling 
of cranial and extracranial arteries (described as 
‘halo’ sign on ultrasound or circumferential wall 
thickening on CT scan), often with increased tracer 
uptake in the arterial wall in case contrast media 
(CR, MRI) or radionuclides (PET) have been used. 
The recently published EULAR recommendations 
provide details on the application of these tech-
niques in large vessel vasculitis in clinical practice.8

GCA has been treated almost exclusively with 
glucocorticoid (GC) monotherapy for decades. 
Flare (relapse) occurs in 34%–62% of patients and 
only 15%–20% of patients achieve sustained remis-
sion with GCs alone.9 A modest reduction of the 
cumulative GC dose may be achieved by adjunc-
tive methotrexate; the value of other conventional 
disease modifying antirheumatic drugs remains 
unclear.1 Tocilizumab (TCZ) has demonstrated effi-
cacy in reducing GC requirements and flare rates in 
patients with GCA followed for up to 52 weeks10 11 
and has been recently approved by the Food and 
Drug Administration (FDA) and the European 
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Figure 1 Schematic representation of the consensus process for 
a core set of data to be collected in giant cell arteritis registries and 
databases.

Medicines Agency (EMA) for GCA and by the National Insti-
tute for Health and Care Excellence (NICE) for refractory and 
relapsing disease. Other novel therapeutic approaches either 
recently or currently investigated include inhibition of IL-1beta 
(eg, canakinumab), blockade of T cell costimulation (eg, abata-
cept) and blocking Janus kinases (JAK) 1/2 (eg, baricitinib: 
NCT03026504).9 12

There are many unanswered questions with regard to identi-
fication and prognosis of various GCA subgroups, monitoring 
disease outcomes and comorbidities, treatment course and 
seeking cost-effective treatment strategies in GCA. Registry 
infrastructures are necessary to address the lack of robust real-
world data on sight loss, vascular and other disease-related 
complications and specific comorbidities such as diabetes or 
osteoporosis as well as adverse events induced by GC and other 
treatments. The advent of novel diagnostic modalities and thera-
pies, and improved recognition of the short-term and long-term 
disease-related and treatment-related complications, empha-
sise the pressing need to establish national and multinational 
GCA registries and databases for systematically collecting data 
on demographics, diagnostic strategies and utility and safety of 
therapeutic approaches.

The number and comprehensiveness of prospective cohort 
studies including patients with GCA lag behind what is available 
for other rheumatic and musculoskeletal diseases. The utility 
of registry data to inform clinical practice, policy decisions and 
translational research has been demonstrated, for example, in 
registries of rheumatoid arthritis (RA).13 14 Large collaborative 
projects from several European biologic registries provided reas-
suring results regarding risk of melanoma13 and distribution of 
lymphoma subtypes14 in patients with RA following exposure to 
TNF inhibitors.

With this as background, the task force aimed to develop a 
minimum core set of parameters collected for newly and previ-
ously diagnosed patients with GCA to ensure that data from 
different registries and databases are standardised in order 
to facilitate collaborative analyses. Analyses of information 
resulting from merging or linking of individual registries or data-
bases, each of which have collected these core parameters, could 
enable identification of as yet unknown prognostic factors for 
favourable and unfavourable disease progression as well as treat-
ment-associated comorbidities and inform a benefit-risk assess-
ment of available therapies for GCA.

MeTHods
The Task Force membership from 10 countries comprised 
16 rheumatologists (including 1 Emerging EULAR Network 
(EMEUNET) member), internal medicine specialists and epide-
miologists, 2 patient representatives, 1 representative from the 
European Medicines Agencies’ Cross-Committee Task Force on 
Registries and 1 rheumatology fellow.

Prior to the work group meeting, all participants were asked 
to suggest items including appropriate instruments and measure-
ment intervals they considered indispensable for the creation 
of a GCA registry or database (figure 1). The initial collection 
was completed by items identified by a non-systematic litera-
ture review in PubMed performed by the fellow. Search terms 
included ‘vasculitis’, ‘giant cell arteritis’, ‘polymyalgia rheu-
matica’ accompanied by ‘outcome measures’, ‘registry’, ‘core 
data set’, ‘reporting’ and ‘epidemiology’. Potentially relevant 
domains and items were identified by scanning-related work 
done in polymyalgia rheumatica (PMR)15–18 and RA.19 20 The 
compilation of items was also counterchecked with current 

guidelines on the management of GCA1 21 as well as EULAR, 
European Vasculitis Society (EUVAS) and European Union 
Committee of Experts on Rare Diseases (EUCERD) recommen-
dations on data collection and patient registries.22–26 Review of 
parameters collected in pertinent representative epidemiological 
studies served as an internal control to verify relevance of the 
selected items.27–29 Both the feedback from the participants and 
the results of the literature review served as guidance for the 
subsequent group discussions.

Step 1 consisted of a 1-day face-to-face meeting, during which 
the Task Force members were assigned to three breakout groups 
focussing on different categories of items: demographics and 
disease phenotype, treatment and response and safety outcomes. 
Individual group discussions then ranked the identified items 
and assigned them to three different categories: items that repre-
sent an essential part of a GCA registry or database, questionable 
items and items that should not be part of the core set of param-
eters. Items were also assessed for their importance for clinical 
care and research purposes. The results were presented to the 
whole group with subsequent discussion by all participants.

http://ard.bmj.com/


1162 Ehlers L, et al. Ann Rheum Dis 2019;78:1160–1166. doi:10.1136/annrheumdis-2018-214755

Recommendation

After the meeting, all groups were asked to (1) re-evaluate 
their assembled data items for monitoring disease treatment 
and outcomes, (2) determine the required corresponding instru-
ments and (3) suggest the frequencies at which these data items 
should be collected or measured. In subsequent mailing rounds, 
strategies for dealing with additional items were discussed. 
As a result, a minimum core set of parameters was generated. 
The final methodological steps comprised concluding discus-
sions, harmonisation of feedback, consensus finding and anon-
ymous voting on the level of agreement. In order to achieve 
final consensus, we first defined exactly the scope specification, 
stakeholder involvement and the steps of this process.30 As a 
result, we initiated a three-round Delphi survey: Starting with 
a list of items resulting from preceding rounds of discussion, all 
20 participants of the task force were at first asked to evaluate 
each parameter with regard to the following question: ‘Should 
this item be part of a minimum core set of parameters for the 
creation of a GCA registry or database?’, allowing only ‘yes’ 
or ‘no’ as an answer. Consensus for inclusion was met when at 
least 70% voted in favour of the respective item. In contrast, all 
parameters reaching less than 50% of the votes were excluded 
from the set. According to the comments of the task force, the 
items having achieved between 50% and 69% in the first round 
were modified and, in the second Delphi round, the task force 
members were asked to reconsider these items. Consensus for 
an item to be included in the next voting step was defined as at 
least 70% agreement. All items having met this consensus were 
then considered in the third voting step to form a level of agree-
ment, whereas items not reaching this level of agreement were 
excluded. Every participant was asked to rate every parameter 
on a scale of 0 (no agreement) to 10 (absolute agreement). Only 
items achieving a mean level of agreement of at least 7 in the 
third Delphi round were included in the final core set of param-
eters for the creation of a GCA registry or database. It should 
be noted that the proposed suitable instruments and assessment 
intervals for each item were not subjected to the voting process. 
They were included during the voting process to aid under-
standing of the taskforce participants and are included in table 1 
to illustrate possible ways of measuring the agreed items.

ResulTs
Initially, the task force members gathered 51 items describing 
demographics and disease phenotype, 38 items related to treat-
ment and response and 30 items to assess safety outcomes. 
This first set was completed by identification of missing items 
by reviewing the literature, resulting in addition of 6 further 
items required for calculation of the Charlson Comorbidity 
Index.31 Existing work on data collection in PMR and RA15–20 
revealed another six parameters, namely ethnicity, fatigue, func-
tional capacity, quality of life, morning stiffness and cumulative 
GC dose. No instruments relating to GCA were found in the 
EULAR Outcome Measures Library.32 The task force ensured 
that applicable parameters from the Vasculitis Damage Index 
were included33 and that the set was consistent with current 
guidelines on the management of GCA and PMR.1 21 Also, this 
step served to ensure that the collection met the EULAR ‘points 
to consider for reporting, screening for and preventing selected 
comorbidities in chronic inflammatory rheumatic diseases in 
daily practice’.22 Additionally, EULAR, EUVAS and EUCERD 
recommendations22–26 provided guidance for necessary data 
points in creating the original list of items to ensure harmon-
ised data exchange. Items were adjusted accordingly. Discussion 
and modification of this initial data set at a 1-day task force 

meeting resulted in a compilation of 117 items (figure 2, outer 
circle) regarded as possibly relevant. The original domains were 
also reconsidered in order to reduce redundancy and facilitate 
data collection, resulting in the following adjusted categories: 
General, demographics, GCA-related signs and symptoms, other 
medical conditions and treatment. By means of several rounds 
of email discussions after the meeting, the number of items 
was reduced to 98 items (figure 2, middle circle) considered 
important, but not obligatory, for the creation of a GCA registry. 
The final consensus was to provide a minimum core set of param-
eters in order to facilitate implementation of the recommenda-
tions in both clinical care and clinical research. Sixty-six items 
(figure 2, inner circle) were considered suitable for evaluation 
in a final three-round Delphi survey. The first round identified 
50 items meeting the consensus of 70% agreement to be eligible 
for the final level of agreement, 14 items to be re-evaluated in 
the second round and 2 items to be excluded. During the second 
round, 5 of the 14 reconsidered items met the consensus of 70% 
of the votes whereas 9 parameters were definitely excluded from 
the core set. Prior to the next voting round and in accordance 
with the predominant feedback, the selection of 55 items eligible 
for the final level of agreement was reduced to 50 by merging 5 
items describing cranial artery abnormalities into 1 item, and by 
combining the parameters dilatation and aneurysm of the aorta. 
Finally, all the remaining 50 items achieved a level of agreement 
of at least 7 in the third voting step and were thus ultimately 
selected for the final minimum core set of parameters. Our final 
result, that is, the 50 items within the 5 suggested categories, 
and proposed instruments and assessment intervals, is provided 
in table 1. This core data set should be recorded in patients with 
a clinical diagnosis of GCA made by an expert in the disease, 
ideally supported by characteristic imaging and histological find-
ings.8 This will facilitate subsequent evaluation of the items used 
by clinicians in making a diagnosis of GCA.

dIsCussIon
The aim of this task force was to identify a EULAR endorsed core 
set of parameters to facilitate the uniform collection of data on 
the disease characteristics and the course of GCA in newly and 
previously diagnosed patients. This core set aims for harmoni-
sation of the collection process with the aim of enhancing the 
comparability of clinical care data across national and multina-
tional GCA registries and databases and of facilitating pooled 
analyses to address clinical research questions. This standardised 
and systematic collection of relevant data opens new avenues for 
collaboration between researchers to improve clinical care.

The development of this minimum core set of parameters was 
informed by the trade-off between what is scientifically desirable 
and what is clinically feasible in routine rheumatology clinical 
practice. The core set is the result of a rigorous and intentional 
selection and prioritisation process, during which parameters 
that may have importance for some applications were dropped 
from consideration (figure 2).

Very recently, a EULAR task force has published an RA core 
set of 21 items (’what to collect’) and their instruments (’how 
to collect’) in order to facilitate standardised RA data collection 
in clinical practice and research.19 The authors stress the term 
‘core’ to underscore that the set represents a minimum number 
of items, acknowledging that individual stakeholders are likely 
to add items or instruments. Our approach was purposely some-
what different than that taken by the EULAR RA task force. 
Here, the primary aim was to provide a minimum but neverthe-
less ‘full’ or ‘complete’ core set, thereby reducing the likelihood 
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Table 1 Minimum core set of parameters to be collected in giant cell arteritis registries and databases

Item Instrument baseline
Follow-
up loA*

General

 Patient identifier x x 9,85±0,49(8;10)(100%)

  Visit date Date x x 9,90±0,31(9;10)(100%)

demographics

 Age† Date of birth x 9,95±0,23(9;10)(95%)

 Sex Male/female x 9,95±0,22(9;10)(100%)

 Weight kg (measure) x x 8,65±1,42(5;10)(95%)

 Height cm (measure) x x 8,50±1,36(5;10)(95%)

 Smoking Never/past/current, pack-years x x 9,25±0,91(8;10)(100%)

 GCA diagnosis ICD-10 code (M31.5/M31.6) x 9,60±0,75(8;10)(100%)

 Date of GCA diagnosis Date (medically reported diagnosis) x 9,60±0,82(8;10)(100%)

 Onset of symptoms Date (interview) x 8,95±1,73(3;10)(95%)

GCA-related signs and symptoms

 Cranial

    Ocular involvement

 Ocular symptoms: diplopia, blurring, transient visual loss (amaurosis fugax) Interview x x 9.25±1.48 (4;10) (95%)

 Permanent partial visual loss/field defect/blindness/RAPD† Examination x x 9.20±1.36 (5;10)(95%)

    Headache† Interview x x 9.05±1.88 (2;10)(95%)

    Scalp tenderness† Interview x x 8.45±2.14 (1;10)(90%)

    Jaw claudication Interview x x 8.40±2.21 (1;10)(90%)

    Cranial artery abnormality

 Cord-like thickening/nodularity/tenderness/reduced pulse and/or pulselessness Examination x x 8.35±2.56 (0;10) (85%)

 Sonographic evidence of arteritis† Ultrasound x x 8.30±2.64 (0;10) (80%)

     Histological arteritis† Biopsy x 8.84±2.54 (0;10) (85%)

 Constitutional: fever/pyrexia symptoms† Interview x x 8.10±2.20 (3;10) (75%)

 Laboratory

    ESR mm/hour (first hour) x x 9.10±1.29 (6;10) (95%)

    CRP eg, in mg/dL x x 9.55±0.94 (7;10) (100%)

    Haemoglobin eg, in g/L x x 7.50±2.59 (0;10) (75%)

 PMR† Interview, examination x x 9.45±0.94 (7;10) (100%)

 Large vessel involvement

    Peripheral pulses† Examination x x 8.10±2.34 (2;10) (70%)

    Blood pressure mm Hg (left and right arm) x x 7.90±2.15 (1;10) (80%)

    Dilatation/aneurysm† US/MR/CT x x 7.79±3.05 (0;10) (75%)

    Inflammatory wall thickening† US/MR/CT x x 7.15±3.17 (0;10) (65%)

    Stenosis† US/MR/CT x x 7.50±3.00 (0;10) (75%)

 Disease activity

    Patient’s global assessment of disease activity† NRS x x 8.70±2.27 (1;10) (90%)

    Evaluator’s global assessment of disease activity† NRS x x 8.55±2.50 (0;10) (85%)

other medical events or conditions

 Death Date, cause x 9.70±0.73 (8;10) (100%)

 Cardiovascular

    TIA† Date x x 8.70±1.84 (3;10) (90%)

    Stroke†

     Ischaemic Date x x 8.84±2.14 (2;10) (85%)

     Haemorrhagic Date x x 8.10±2.25 (1;10) (85%)

    Myocardial infarction Date x x 8.42±2.12 (1;10) (90%)

    Arterial hypertension† Interview, medical report x x 8.45±2.35 (0;10) (90%)

 Endocrine

    Diabetes mellitus† Interview, medical report x x 8.70±1.69 (4;10) (90%)

    Osteoporosis† Interview, medical report, BMD x x 8.60±1.43 (5;10) (90%)

 Infection

    Active tuberculosis Date x x 8.00±2.03(4;10) (75%)

    Serious infection† Date, type x x 9.00±1.12 (7;10) (100%)

 Malignancy

    Haematopoietic Date, type x x 9.05±1.05 (7;10) (100%)

Continued
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Item Instrument baseline
Follow-
up loA*

   Solid tumour Date, type x x 9.05±1.05 (7;10) (100%)

   Skin Date, type x x 7.95±1.85 (4;10) (85%)

  Other serious event† Date, specify x x 8.15±2.01 (3;10) (75%)

Treatment

 Glucocorticoids

   Current use† Dose x x 9.80±0.52 (8;10) (100%)

   Recent use† Interview, medical report x x 9.75±0.55 (8;10) (100%)

 Immunosuppressants/-modulators†

   Conventional synthetic DMARDs Current medication x x 9.75±0.55 (8;10) (100%)

Historical treatment x

   Biological DMARDs Current medication x x 9.90±0.31 (9;10) (100%)

Historical treatment x

   Targeted synthetic DMARDs Current medication x x 9.80±0.41 (9;10) (100%)

Historical treatment x

 Antiplatelet agents Current medication x x 9.15±0.93 (7;10) (100%)

Historical APT x

*LoA was based on an anonymised survey with a 0–10 scale by all members of the task force (data are mean±SD [minimum; maximum rating] and in brackets the percentage of 
task force members with an agreement ≥7).
†See online supplementary text for a more detailed item description and information on collection instruments and intervals.
AE, adverse event; APT, antiplatelet therapy; BMD, bone mineral density; CRP, C reactive protein; CT, computed tomography scan; DMARD, disease-modifying antirheumatic 
drug; ESR, erythrocyte sedimentation rate; GC, glucocorticoid; GCA, giant cell arteritis; HCP, healthcare professional; LoA, level of agreement; NRS, numeric rating scale; PMR, 
polymyalgia rheumatica; RAPD, relative afferent pupillary defect; TIA, transient ischaemic attack; US, ultrasound.

Table 1 Continued

that items or instruments would need to be added at a later date. 
Compared with the RA core set, the GCA core set is a larger 
‘stand-alone set’ of items. This more comprehensive data set can 
be collected in clinical practice, since documentation of many of 
the suggested parameters is necessary for routine clinical care. At 
the same time, this comprehensive minimum core set of items is 
scientifically desirable and is necessary to address unanswered 
questions in diagnosis and treatment of GCA. Those questions 
include but are not limited to the following:
1. What are the most effective instruments to diagnose and

monitor GCA?
2. How high is the burden of GC-related morbidity, particular-

ly in elderly patients affected by GCA?
3. What are effective treatments of refractory patients who are

not responsive or only partial-responders to GCs or patients 
in whom GCs are contraindicated or associated with major 
adverse effects?

4. What is the outcome and prognosis in subgroups of patients
with GCA, such as those accruing aortic or other large vessel 
damage despite apparent response to GCs, with or without 
conventional immunosuppressants?

These examples of current questions illustrate that systemat-
ically collecting parameters in national and multinational regis-
tries for cohort studies is urgently needed. The recommended 
data set of 50 items in five categories is likely to provide scientif-
ically sound answers but can still be collected in routine clinical 
practice. The details given in table 1 and in the online supple-
mentary text reflect that the list for GCA is larger than the one 
for RA for reasons outlined above, and it additionally includes 
suggested intervals (although not subjected to the voting process) 
when these parameters should be collected.

A potential weakness of the proposed data set is uncertainty 
about whether it represents the optimal compromise between 
what is scientifically desirable and what is clinically feasible in 
routine clinical practice. If the set of parameters is too small, 
the scientific quality of data may be limited. The task force 

had long and intensive discussions about what items ultimately 
should be integrated into the final minimum core set. Members 
were cognisant that the practical usage of such a data set may 
be seriously compromised if the parameter list is too long and 
complex. That is why items such as peripheral arthritis, scalp 
necrosis, tongue claudication; health-related quality of life, 
cushingoid aspect, cataract and depression were not included 
(figure 2). The task force considers most of these parame-
ters including patient-reported outcomes as fundamental and 
supports the addition of items to the core set whenever feasible 
and informative. The members were also reluctant to include 
generic items capturing health-related quality of life since there 
are to date no GCA-specific tools. Further research is needed 
to develop PROs, particularly assessing quality of life, burden 
of disease and social impact of GCA. The task force is aware 
of the effort that the collection of a comprehensive data set 
imposes on clinical staff. In order to facilitate collection, the 
members therefore included binary items that can be evaluated 
by a directed interview and clinical examination. Also, it must 
be pointed out that several disease features captured as items, 
however common they may be in GCA, are often subtle or 
subjective (eg, cranial artery abnormalities). That is why clini-
cians need to be well-trained in order to evaluate these symp-
toms and collect reliable data.

The level of adoption of these recommendations will reveal 
whether trade-off decisions were appropriate and whether revi-
sions in one or the other direction will be needed in the future. 
Nevertheless, the consensus represented by this initiative is 
an important step towards increasing the quality of GCA data 
collection in both clinical practice and research.

Finally, while the Task Force has intentionally not discussed 
principles of governance and financing of registries in this 
paper, these issues must be addressed in order for registries to 
be sustainable and to guarantee their independence, transpar-
ency and scientific standards. This is of particular importance 
if registry data are to be used in support of regulatory or health 
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Figure 2 Parameters considered for a core set of data items to be collected for newly and previously diagnosed patients with GCA in registries 
and databases. Outer circle: original selection of items considered relevant after the first task force meeting. Middle circle: reduced selection of items 
considered important, but not obligatory, for the creation of a GCA registry after several rounds of email discussions. Inner circle: minimum core set of 
items eligible for the final three-round Delphi survey. ACE, angiotensin converting enzyme; ARB, angiotensin II receptor blocker; CKD, chronic kidney 
disease; COPD, chronic obstructive pulmonary disease; DVT, deep venous thrombosis; GCA, giant cell arteritis; HBV, hepatitis B virus; HCV, hepatitis C 
virus; HIV, human immunodeficiency virus; ILD, interstitial lung disease; ROM, range of motion; PAD, peripheral artery disease; PET, positron-emission 
tomography; PPI, proton-pump inhibitor; VZV, varicella zoster virus.

technology assessment decision-making or by corporations in 
fulfilling regulatory requirements.
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ABSTRACT
Although the pathogenic mechanisms underlying 
axial spondyloarthritis (axSpA) and psoriatic arthritis 
(PsA) are not fully elucidated, several lines of evidence 
suggest that immune responses mediated by interleukin 
17A (IL-17A) play a pivotal role in both diseases. This 
is best highlighted by the significant clinical efficacy 
shown with inhibitors of IL-17A in treating axSpA and 
PsA. Nevertheless, a number of knowledge gaps exist 
regarding the role of IL-17A in the pathophysiology of 
spondyloarthritis in man, including its cellular origin, its 
precise role in discrete disease processes such enthesitis, 
bone erosion, and bone formation, and the reasons for 
the discrepant responses to IL-17A inhibition observed 
in certain other spondyloarthritis manifestations. In 
this review, we focus on the latest data from studies 
investigating the role of IL-17A in ankylosing spondylitis 
(AS) and PsA that build on existing and emerging 
scientific knowledge in the field. Key remaining research 
questions are also highlighted to guide future research.

INTRODUCTION
The spondyloarthritides (SpA) comprise related 
but phenotypically distinct inflammatory diseases 
including psoriatic arthritis (PsA), non-radiographic 
axial spondyloarthritis (nr-axSpA) and radiographic 
axSpA (ankylosing spondylitis (AS)), arthritis asso-
ciated with inflammatory bowel disease (IBD), reac-
tive arthritis, juvenile idiopathic arthritis and acute 
anterior uveitis.1–3 The SpA diseases share common 
immunological and inflammatory components and 
present with overlapping clinical phenotypes.4–7 
Indeed, multiple genetic polymorphisms within the 
interleukin (IL)-23/17 axis have been implicated 
across SpA.8–11 Intriguingly, despite the clinical and 
genetic similarities, these disorders are showing 
emergent and unexpected heterogeneity with 
respect to IL-23/17 axis therapeutic manipulation, 
a topic addressed later in this article.

IL-17A, a member of the IL-17 superfamily of 
cytokines, is known to play an important role in 
SpA manifestations related to the skin, joints and 
entheses, as reflected by the suppression of disease 
activity seen with IL-17A inhibitors in psoriasis, PsA 
and AS.12–19 However, in other settings where IL-17 
family members have been found at sites of disease, 
such as gut inflammation and uveitis, IL-17A 
inhibition is not beneficial.20–22 These discrepant 
responses illustrate the need for clearer under-
standing of the aetiology of these inflammatory 
diseases, particularly the role of the IL-17 family in 
the context of the tissue(s) affected. IL-17 research 
has accelerated rapidly, with nearly 10 000 articles 
published on this topic in the last 5 years alone. In 

this article we highlight the latest breakthroughs 
that expand understanding of the role of IL-17A in 
both homoeostasis and in disease in axSpA and PsA.

IL-17A pRODUCTION AND SIgNALLINg
The IL-17 superfamily consists of six ligands 
(IL-17A to IL-17F), which can bind to five receptor 
subtypes (IL-17RA to IL-17RE). The basic biology 
of most of the IL-17 superfamily has been reviewed 
extensively elsewhere.23 24 IL-17A, the prototypical 
ligand, is by far the best characterised member of 
the IL-17 family and can exist as a homodimer or 
in a heterodimer with IL-17F and signals through 
an obligate dimeric IL-17RA and IL-17RC receptor 
complex.24 On binding to a receptor, IL-17A upreg-
ulates inflammatory gene expression either by 
inducing de novo gene transcription or by stabi-
lising mRNA of pro-inflammatory cytokines and 
chemokines.24

WeLL-DefINeD ROLe Of IL-17A IN HOST 
DefeNCe
In healthy individuals, IL-17A, as well as other 
members of the IL-17 family, functions in host 
defence against a range of bacterial and fungal 
pathogens at epithelial and mucosal barriers in the 
skin, colon and airways.25–27 Although the exact 
interplay between the various IL-17 family members 
is poorly understood, epithelial cell-derived (espe-
cially IL-17C) and haematopoietic cell-derived 
IL-17s (IL-17A and F) may have complementary 
functions in response to pathogens, with the former 
predominantly enhancing barrier function and the 
latter propagating the inflammatory response.28 
The IL-23/17 axis co-ordinates barrier function 
in the skin and the gut, both of which are sites of 
either physical or chemical stress and are also sites 
of complex microbiotal interactions. What might 
the common denominator be between the IL-23/17 
axis and inflammation at the sterile skeletal loca-
tions afflicted by SpA-associated pathology? We 
agree with the assertion that the IL-23/17 axis 
might be adapted to facilitate homoeostasis at these 
highly mechanically stressed entheseal sites that are 
prone to microinjury.29

An array of genetic defects in the IL-17 pathway, 
identified through human translational immu-
nology, collectively point towards a role in anti-
fungal immunity (table 1). Chronic mucocutaneous 
candidiasis (CMC) is a hallmark of individuals with 
genetic defects affecting IL-17 immunity, mani-
festing as recurrent or persistent infections of the 
skin, nails and mucosae with Candida albicans, 
with or without other clinical signs.30 As can be 
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Table 1 Diseases characterised by mutations and deficiencies in the IL-23/IL-17 pathway

Disease genes/proteins involved Common infections effect on IL-23/IL-17 signalling References

MSMD IL-12Rβ1 Mycobacterium
tuberculosis, salmonella, candida 
albicans

Impaired IFN-γ-mediated immunity
Decreased IL-17A-producing T cells
Impaired IL-12 signalling

176 181 183–187 189

IL-12β Mycobacterium
tuberculosis, salmonella

IFN-γR1 Mycobacterium
tuberculosis, salmonella, candida 
albicans

STAT1 Mycobacterium, candida albicans

IL-12/23 p40 Mycobacterium
tuberculosis, salmonella

Salmonella infection IL-23R Salmonella Th17 depletion, reduced production of IL-17A 188 190

IL-12/23p40

IL-12Rβ1

CMCD STAT1 Candida albicans, mycobacterium Reduced production of IL-17A, IL-17F, IL-22
No response to IL-17A; reduced response to 
IL-17F; IL-17E response maintained
Impaired neutrophil function

182 183 191 193 202

CARD9 Candida albicans

IL-17RA Candida albicans
Staphylococcus

IL-17RC Candida albicans

IL-17F Candida albicans

ACT1 Candida albicans
Staphylococcus

APECED AIRE Candida albicans Increased autoantibodies to IL-17A, IL-17F, 
and IL-22

194 197

HIES STAT3 Candida albicans, staphylococcus, 
aspergillus

Increased serum IgE
Eosinophilia
Impaired development of Th17 cells
Reduced IL-17A production

49 198 201 203

DOCK8 Candida albicans, staphylococcus, 
aspergillus

TYK2 Staphylococcus, mycobacterium, 
salmonella

The genes and proteins involved and the resultant effects on IL-17 signalling that lead to increased susceptibility to certain infections are listed.49 176–201 IL-12 and IL-23 share 
cytokine and receptor subunits and the association with mycobacterial disease is thought to represent an effect on dysregulated IFN gamma production in the IL-12 pathway. 
Therefore IL-17 blockers or IL-23 p19 subunit blockers are not expected to have a link with mendelian susceptibility to mycobacterial disease.
AIRE, autoimmune regulator; APECED, autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy; CARD9, caspase recruitment domain-containing protein 9; CMCD, 
chronic mucocutaneous candidiasis disease; DOCK8, dedicator of cytokinesis 8; HIES, hyper IgE syndrome; IFN, interferon; IFN-γR1, interferon gamma receptor 1; IL-12Rβ1, 
interleukin 12 receptor β1; MSMD, Mendelian susceptibility to mycobacterial disease; STAT, signal transducer and activator of transcription; TYK2, tyrosine kinase 2; Th-17, T 
helper 17 cell.

seen from table 1, these syndromes result from genetic defects 
affecting several immune processes, with the commonality being 
that the defects involve more than one cytokine or immune func-
tion. The genetic defects that are often shared between the IL-12 
and the IL-23 pathway that are upstream of the IL-17 pathway 
are not linked to fungal infection but may be linked to myco-
bacterial infections consequent to impaired interferon gamma 
signalling.31

Preclinical and ex vivo studies also implicate IL-17A in immu-
nity against a range of other pathogens including bacteria such as 
Escherichia coli, fungi such as Cryptococcus neoformans, para-
sites such as Trypanosoma cruzi, and viruses such as influenza 
(reviewed in Matsuzaki and Umemura).28 Although as with all 
drugs that modulate immune response there is the potential for 
an increased infection risk with IL-17A inhibitors, clinical data 
show no risk from specific pathogens, with the exception of 
candidiasis.18 19 32–35 Reassuringly, no association between myco-
bacterial disease and blockade of IL-17A biological activity has 
been observed in man.34

ROLe Of IL-17A IN SpA
Although IL-17A cytokine expression has been detected in a 
multitude of autoimmune and autoinflammatory diseases, a key 
role in psoriasis, PsA and axSpA is evident.

genetics
Although a detailed examination of the genetic basis of SpA is 
outside the scope of this article (reviewed in detail in Taams et 
al and Brown et al),11 36 the strongest association with genetic 
susceptibility to axSpA and PsA lies within the MHC class I 
region and in particular the HLA-B27 region.8–10 Multiple 
immunological functions can be altered by these genetic asso-
ciations, including several relevant to IL-17A signalling through 
activation of CD8+T cells and CD4+T cells.11 37–40 Several 
single nucleotide polymorphisms in genes directly involved in 
IL-17 signalling have also been linked to AS and PsA (figure 1), 
including variants in the IL-12 p40 subunit, the IL-23 p19 
subunit, the IL-23 receptor, IL-17A and IL-17RA.41–48 Additional 
susceptibility variants have been identified in genes encoding 
IL-17-related signalling molecules including TYK2, TRAF3IP2 
and STAT3.43 44 47 49–53

IL-17A production
There has been significant interest in identifying the sources of 
IL-17A in SpA and a number of innate and adaptive immune 
system cell types have been implicated (reviewed in Taams et 
al) (figure 2).11 Increased levels of type 3 innate lymphoid cells 
(ILC3) have been identified in blood and synovia of patients 

http://ard.bmj.com/


1169McGonagle DG, et al. Ann Rheum Dis 2019;78:1167–1178. doi:10.1136/annrheumdis-2019-215356

Review

figure 1 Single nucleotide polymorphisms identified in the IL-17 signalling pathway that have been linked to axial spondyloarthritis and psoriatic 
arthritis. aSignificant association shown in European but not Asian populations204; bNo risk associated with this SNP shown in certain studies204–206; 
cNo risk associated with this SNP shown in certain studies207; dSNP can be associated with risk or protection depending on the specific mutation. AS, 
ankylosing spondylitis; IL-1R2, interleukin 1 receptor; IL-6R, interleukin 6 receptor; IL17R, interleukin receptors; PsA, psoriatic arthritis; SNP, single 
nucleotide polymorphism.
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figure 2 Key sources of IL-17A in spondyloarthritis. AS, ankylosing spondylitis; ILC3, type 3 innate lymphoid cell; iNKT, innate natural killer T cell; 
MAIT, mucosal-associated invariant T cell; PsA, psoriatic arthritis; SpA, spondyloarthritis; Th17, T helper 17 cell; TRM, resident memory T cell.

with SpA, and these levels correlate with PsA disease activity.54 55 
Recently, resident populations of both ILC3 and γδ T cells have 
been identified at the human enthesis for the first time where 
they may produce the IL-17A that drives enthesitis, a key early 
pathological lesion in SpA.56–59 Recent studies have also reported 

increased numbers of IL-17+invariant natural killer T (iNKT) 
cells and γδ T cells in SpA patient peripheral blood.60 Indeed, 
these RORγt+innate like T cells, and not conventional T cells, 
represented about half of all IL-17 producing blood circulating T 
cells and were further skewed towards IL-17 expressing subsets 
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in synovial fluid samples, as determined by both advanced cyto-
metric methodologies and intracellular cytokine IL-17 staining.60 
In vivo evidence for enrichment of pathogenic subsets in the 
joints was recently shown in mannan-induced arthritis in SKG 
mice, an IL-23/17 axis dependent disease.61

Tissue-resident memory T cells (TRM) represent approximately 
50%–70% of the pool of resident T cells in healthy skin, and can 
produce a variety of cytokines, including IL-17A.62–64 In patients 
with psoriasis, IL-17-producing CD8+TRM cells have been iden-
tified in non-involved skin and may be involved in recurrence 
of psoriasis at sites of prior resolution.62–64 Efforts are ongoing 
to investigate the role of TRM cells in tissues affected by SpA. 
A study in patients with PsA has shown the presence of IL-17 
expressing CD4- (CD8+) T cells in the synovium.65 However, 
no studies have been reported in axial disease to date.

Adaptive immune cells are key drivers of chronicity in SpA 
and as such, are also a major source of IL-17A. The presence of 
T helper 17 (Th17) cells in SpA is relatively well established.66 
Increased levels of both Th17 cells and IL-17A are found in 
skin lesions and the blood of patients with psoriasis as well as 
the blood and synovial fluid of patients with AS and PsA.67–75 
IL-17A initiates several feedback-loop mechanisms in SpA 
leading to increased expansion of Th17 cells and thereby further 
production of IL-17A.76 Evidence suggests that there are distinct 
subtypes of Th17 cells whose differentiation is dependent on 
specific combinations of cytokines.77 Furthermore, there is likely 
to be considerable plasticity between Th17 cells and FOXP3+-
regulatory T cells.78 Identification of the subtype(s) of Th17 
cells and their regulation and relevance to axSpA and PsA is an 
important topic of ongoing research.

Although not found in rheumatoid arthritis synovial fluid, 
IL-17A-producing conventional CD8+T cells are present in 
synovial fluid of inflamed joints in patients with AS and PsA where 
their levels correlate with disease activity.71 72 79 IL-17-producing 
mucosal-associated invariant T (MAIT) cells have been identi-
fied in skin and blood from patients with psoriasis80 and are also 
increased in the synovial fluid and blood of patients with AS, 
where they produce IL-17A in an IL-7-dependent fashion.81 82

It has been suggested that neutrophils contribute to the ampli-
fication of the inflammatory response in SpA by producing 
further IL-17A and although IL-17A-positive neutrophils have 
been reported in psoriatic skin, the synovium of patients with 
PsA, and in AS facet joints,83–88 the emerging consensus is that 
neutrophils do not produce IL-17A mRNA or protein, even after 
strong stimulation with various cytokine combinations.89 Simi-
larly, although IL-17A-positive mast cells have been found in 
synovial tissue from patients with SpA,90 the concept is of exog-
enous IL-17A capture and release, as opposed to synthesis.91 
A recent study indicated that levels of IL-17A were higher in 
joint-resident mast cells following IL-17A inhibition, which 
supports the concept of storage of this cytokine under normal 
tissue homoeostasis and mast cell release during inflammation.92

A key research question for the future will be identifying all 
IL-17A-producing populations, especially at the enthesis in SpA. 
It is noteworthy that measurement of serum levels of IL-17A is 
likely to be of minimal relevance due to the local tissue responses 
seen in SpA via IL-17A-producing resident cells.

enthesitis
Considerable recent developments have occurred in experi-
mental enthesitis research where high mechanical stressing at 
entheses is associated with local immune system activation.59 93 94 
Non-SpA-related enthesitis can result from repeated mechanical 

strain in healthy individuals (eg, tennis elbow) and usually 
resolves spontaneously, whereas inflammation in SpA shows 
chronicity.59 The underlying mechanisms behind this patho-
logically exaggerated immune response, which is driven by a 
combination of genetic factors and disturbed epithelial barrier 
function, are starting to be unravelled.59 95–97

Enthesitis is triggered predominantly by an innate immune 
response. Prostaglandin E2 (PGE2) and IL-23 may be important 
early mediators, activating resident immune cells to produce 
IL-17A and other inflammatory cytokines. Indeed, peri-en-
theseal bone involvement and the often excellent responses 
observed with NSAIDs incriminate PGE2 in axial disease.59 In 
mice, hepatic expression of IL-23 induces spondyloarthropathy 
by acting on ROR-γt+CD3+CD4-CD8- entheseal resident T 
cells to produce inflammatory mediators including IL-17A.98 
γ/δ T cells have been shown to constitute the large majority of 
murine IL‐17A producing cells, proliferating at the site of injury, 
and enhancing bone regeneration.99 100 However, although 
enthesitis appears to be a cardinal lesion in several IL-23/17 axis 
murine models of inflammatory arthritis,101–107 other models 
have indicated that disease can arise in a T-cell independent 
manner including that mediated by TNF production from enthe-
seal myeloid and stromal cells.94 108–110

In humans, IL-17A-producing enthesis-resident ILC3 and 
γδ T cells have recently been described.56–58 Resident myeloid 
cells that can locally produce IL-23 have also been described,111 
and their numbers in man may be linked to mechanical load.108 
IL-17A likely acts as an amplifier of enthesitis, inducing several 
other cytokines by resident mesenchymal cells.98 112 113 Prolonged 
entheseal inflammation leads to new bone formation and also, to 
a much lesser extent, bone erosion, and is subject to considerable 
research interest.59

Bone damage
Preclinical and clinical data suggest that bone erosion and new 
bone formation in SpA may occur simultaneously at different 
anatomical sites,114–117 with IL-17A playing a complex role in 
these processes.

Bone erosion
Numerous preclinical studies have indicated that IL-17A 
promotes bone resorption in experimental arthritis.118–121 Recent 
efforts have focused on elucidating the mechanisms behind 
these effects and indicate that IL-17A stimulates receptor acti-
vator of nuclear factor-kB ligand (RANKL) expression and inhi-
bition of Wnt signalling, thereby inhibiting osteoblast activity 
(figure 3).122–128

Clinical data in patients with PsA show a significant reduc-
tion in joint radiographic progression with IL-17A inhibitors 
versus placebo in the short-term and low long-term rates of 
radiographic progression.13 14 129 Furthermore, recent data from 
the PSARTROS study showed no progression of catabolic and 
anabolic bone changes in the joints of patients with PsA treated 
with secukinumab for 24 weeks.130

New bone formation
The precise role of IL-17A in new bone formation in axial SpA 
and PsA is currently unknown, with contradictory experimental 
findings observed. Studies favouring a role in new bone forma-
tion include data from both animal models and human primary 
cells (summarised in figure 3). IL-17A has been reported to boost 
osteogenesis via enhancing osteoblast differentiation from local 
mesenchymal stem cell populations,100 131–133 and the subsequent 
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figure 3 The role of IL-17A in bone erosion and bone formation in spondyloarthritis. Adapted from Schett et al and Gravallese et al[59 223 231]. 
BMP, bone morphogenetic protein; ILC3, type 3 innate lymphoid cell; RANKL, receptor activator of nuclear factor kappa-Β ligand; Th17, T helper 17 
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activation of the osteoblasts via activation of the JAK2/STAT3 
signalling pathway, which is associated with osteogenesis.131 
IL-17A knockout models have been associated with impaired 
bone regeneration at both 14 and 21 days post a drill-hole 
fracture in the femur when compared with wild type mice.100 
Furthermore, in the mycobacterium tuberculosis-induced 
diseased HLA-B27 transgenic rat model of SpA, IL-17A blockade 
significantly suppressed pathological new bone formation.134 In 
humans, IL-17A levels are elevated in the days following frac-
ture, which in turn is associated with callus formation.135

In contradistinction, cutaneous-restricted overexpression 
of IL-17A was associated with bone loss in murine models.136 
Moreover, rat calvarial defects show impaired healing when 
exposed to IL-17A, combined with significant impairments in 
osteogenesis in the isolated cells when exposed to IL-17A.137 In 
vivo, IL-17A is associated with osteoclastogenic activation and 
systemic bone loss in rheumatoid arthritis.122 124 Thus, deter-
mining the role of IL-17A in new bone formation remains an 
important avenue of future research.

pain
The immune system plays a critical role in modulating acute 
and chronic pain in both the peripheral and central nervous 
systems.138 139 Although pain in SpA is often assumed to be 
a surrogate marker for inflammation, evidence is emerging 
to suggest a more complex picture. In axSpA, pain does not 
always correlate with inflammation or radiographic measures of 
disease.140 Furthermore, neuropathic pain as well as inflamma-
tory pain has been observed in patients with AS and PsA.141 142

IL-17A can modulate inflammatory pain by directly increasing 
nociceptor excitability and potentiating hyperalgesia through 
the induction of secondary factors.139 143–146 Both IL-17RA and 
IL-17RC are expressed in murine neuronal tissue where they 
contribute to inflammatory responses.147 148 Preclinical studies 
also suggests a role for IL-17A in neuropathic pain.149–152 Clin-
ical data with inhibitors of IL-17A in AS and PsA show rapid and 

significant pain reduction,153 154 but work to assess whether this 
represents a reduction in neuropathic as well as inflammatory 
pain is needed.

gut inflammation in SpA
The role of IL-17A in IBD and its potential link to the patho-
genesis of axSpA and PsA has been the subject of some contro-
versy. Historically, preclinical data investigating the outcome of 
IL-17A inhibition in mouse IBD models have been inconsistent, 
with some studies showing disease protection and others showing 
exacerbation.155 156 Clinically, IL-17A inhibition was ineffective in 
moderate-to-severe Crohn’s disease.20 Long-term clinical trial and 
postmarketing safety data in psoriasis, PsA and AS indicate that the 
overall incidence of IBD is low, within the expected range in these 
disorders, and not exacerbated by secukinumab treatment.157 This 
highlights one of the pitfalls of translating preclinical data to a 
clinical setting and has led researchers to reconsider the preclinical 
IBD models. Nevertheless, long-term data with IL-17A inhibitors 
in clinical practice are required to investigate this issue further.

The γδ T cell was the principal source of gut-derived IL-17A 
in a mouse model of colitis, where IL-17A-dependent regulation 
of the tight junction protein occludin during epithelial injury was 
shown to maintain barrier integrity.158 Mucosal tissues have also 
emerged as a key physiological site for the differentiation and 
regulation of Th17 cells.77 159 160 A role for ILC3 and innate-like 
T cells such as iNKT cells and MAIT cells in IBD is also postu-
lated based on their high representation at barrier sites.161–163 
Putative links have also been suggested between gut inflamma-
tion, migration and accumulation of IL-17A-producing ILC3 
cells in the joints of patients with AS.164 A recent study also found 
that pathogenic bacteria can induce intestinal barrier defects and 
translocate to systemic organs, triggering autoimmune disease.165

Uveitis
Like IBD, anterior uveitis in SpA shares common genetic risk 
factors and the involvement of certain pro-inflammatory 
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figure 4 Summary of clinical efficacy with IL-17A inhibitors in spondyloarthritis. aNo efficacy shown with secukinumab in non-infectious uveitis; 
not investigated in anterior uveitis, the form of the disease most common in patients with spondyloarthritis. AS, ankylosing spondylitis; PsA, psoriatic 
arthritis; SpA, spondyloarthritis.

cytokines. Clinical trials have demonstrated the efficacy of 
anti-TNF monoclonal antibody therapy in panuveitis or poste-
rior uveitis but clinical trials with inhibitors of IL-17A have failed 
to meet their primary endpoints for these forms of the disease 
that are pathophysiologically distinct from anterior uveitis.21 
Both IL-17A and IL-17F have been detected in anterior uveitis 
(reviewed in Weinstein and Pepple), but whether they play a 
critical role is unclear.166 In secukinumab-treated AS patients 
there was no evidence suggesting uveitis flares in patients with 
previous anterior uveitis.167 Further research is required to 
extend our understanding of the precise role of IL-17A in the 
pathogenesis of anterior uveitis.

TARgeTINg IL-17A IN SpA
The key role played by IL-17A in the pathogenesis of AS and PsA 
is highlighted by the efficacy shown by inhibitors of IL-17A in 
clinical trials. Secukinumab, a fully human anti-IL-17A mono-
clonal antibody, is approved for the treatment of psoriasis, 
PsA and AS based on the results of several large randomised 
controlled trials.12–16 168 Ixekizumab, a humanised anti-IL-17A 
antibody, is approved for the treatment of psoriasis and PsA 
and has shown significant efficacy in two large phase III trials 
in AS.17–19 169 170 The efficacy of IL-17A inhibitors across all 
manifestations of disease in AS and PsA, including skin, nails, 
peripheral arthritis, axial disease, dactylitis and enthesitis, 
highlights the utility of drugs targeting this pathway (figure 4). 
Inhibitors of IL-17A have also been shown to have an overall 
favourable long-term safety profile in clinical trials,32 33 35 
including low rates of serious infections, Candida infections 

and malignancy, with no evidence of increased suicidality 
or IBD exacerbation above expected background levels.157 
Nevertheless, the long-term safety of IL-17A inhibitors will 
need to be monitored in a real-world setting.

WHAT IS THe BASIS fOR DIveRgeNT IL-17A AND IL-23 
ReSpONSeS IN AxIAL DISeASe?
IL-23 plays a key role in amplifying and maintaining IL-17A 
production in many cells, so it was expected that IL-23 inhib-
itor therapy would have similar results to IL-17A inhibition 
in axSpA. Interestingly, clinical studies with ustekinumab, an 
IL-12/-23 inhibitor, in axial SpA were terminated due to lack 
of efficacy171 and the IL-23 p19 inhibitor risankizumab also 
failed to show efficacy in AS in a phase II proof of concept 
study.172 Conversely, the efficacy of IL-17A inhibition in AS 
suggests that IL-17A and not IL-23 is the major cytokine 
mediating disease pathogenesis in axSpA and in this context, 
IL-17A is likely to be produced in a largely IL-23-indepen-
dent manner. Understanding the reasons for these divergent 
roles of IL-23 and IL-17A in the pathophysiology of axSpA is 
one of the hottest topics in current IL-17A research. Emerging 
evidence suggests there may be anatomical and immunolog-
ical differences between axial and peripheral enthesitis and 
subsequent downstream disease manifestations (figure 5). For 
instance, there is generally more entheseal soft tissue inflam-
mation or synovio-entheseal complex disease in peripheral 
enthesitis in PsA,173 and more peri-entheseal osteitis in the 
spine in AS, with this bone proclivity being linked to carriage 

http://ard.bmj.com/


1173McGonagle DG, et al. Ann Rheum Dis 2019;78:1167–1178. doi:10.1136/annrheumdis-2019-215356

Review

figure 5 Emergent scheme to explain IL-23/–17 axis pathway divergence in PsA and AS. IL-23 pathway blockade is highly effective in psoriasis but 
not in AS, which is unexpected given the IL-23 SNPs and related gene SNPs associated with AS. Anatomical differences between entheses in the spine 
versus peripheral joints could play a role (A). The peripheral skeleton has numerous synovio-entheseal complexes,173 which contain abundant myeloid 
cells, while these cells are rare in the spine. Spinal enthesitis is also associated with peri-entheseal bone disease and osteitis.59 173 238 The role of 
inflammatory cytokines, namely IL-23, IL-17A and TNFα, also differs across the spondyloarthritidies (B).12 14–16 167 168 172 239–248 IL-17A can be produced 
by several different sources in spinal entheses (C).56–59 74 75 81 82 99 100 158 175 249 Emerging evidence supports the cellular basis for IL-17 production that 
is independent of IL-23.56 57 158 175 Animal models also show that IL-23 has a redundant role once adaptive immunity is primed.175 Where ++, strong 
involvement; +, involvement; –, no involvement. AS, ankylosing spondylitis; γδT, gamma delta T cells; HLA-B27, human leucocyte antigen B27; IL-17A, 
interleukin 17A; IL-23, interleukin 23; ILC3, Type three innate lymphoid cells; iNKT, innate natural killer T cell; MAIT, mucosal associated invariant T cell; 
MSCs, mesenchymal stem cells; PsA, psoriatic arthritis; PsO, psoriasis; Tc17, CD8+T cells; Th17, T helper 17 cells; TNF, tumour necrosis factor α.
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of the HLA-B27 gene for axial disease.174 In terms of control 
of IL-17 production, IL-23 receptor positive and negative 
subpopulations of γδ T cells have been identified in human 
spinous processes entheses, pointing to a role for IL-23-inde-
pendent IL-17A production,57 and enthesis-resident myeloid 
cells are capable of IL-23 production locally.111 Further 
research is required to investigate the drivers of this process 
in the future although data in mice indicate that the initiation, 
but not the persistence, of experimental SpA is dependent on 
IL-23.175

CONCLUSION
The IL-17A inhibitors show efficacy in treating multiple facets 
of SpA, including psoriasis, enthesitis, synovitis, bone erosion, 
new bone formation and pain, which illustrates the impor-
tance of IL-17A in disease pathophysiology. Future research 
will investigate key remaining gaps, such as the role of human 
enthesis-resident innate and adaptive T cells in SpA and our 
understanding of IL-23-independent IL-17A production. 
The ongoing assessment of IL-17A inhibitors in a real-world 
setting will also be important as these agents become more 
widely prescribed in clinical practice. Ongoing research efforts 
will attempt to answer these and other open questions and 
shed further light on the role of IL-17A in SpA in the hope 
of furthering our understanding and improving treatment of 
these diseases.
Correction notice This article has been corrected since it published Online First. 
The last sentence in the second paragraph of the ’Well-defined role of IL-17A in host 
defence’ section has been updated for clarity.
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Key messages

What is already known about this subject?
 ► Several studies have shown discrepancies 
between clinical assessments and ultrasound 
findings for the presence of joint synovitis.

What does this study add?
 ► This is the largest longitudinal study exploring 
at both patient and joint level the associations 
between synovitis assessed by ultrasound (as 
reference) and tender joints, swollen joints as 
well as patient-reported joint pain.

 ► Tender joints and patient-reported joint pain 
were primarily associated with patient-reported 
outcomes, while swollen joints were primarily 
associated with ultrasound synovitis.

How might this impact on clinical practice or 
future developments?

 ► The present study of patients with established 
RA finds tender joints to have low association 
with inflammation, while swollen joints 
were shown to be highly associated with 
inflammation as defined by ultrasound.

ABSTRACT
Objectives Joint swelling and tenderness are 
considered a proxy for inflammation in patients with 
rheumatoid arthritis (Ra). With ultrasound-detected 
inflammation as reference, our objectives were to explore 
on patient and joint level the associations between 
ultrasound synovitis and joint swelling, tenderness and 
patient-reported joint pain (PRJP).
Methods 209 patients with established Ra were 
examined six times during 12 months with assessment 
of 32 joints in upper/lower extremities for joint swelling/
tenderness and Grey scale (Gs)/power Doppler (PD) 
synovitis. PRJP was assessed on a manikin. Correlations 
between different sum scores were at each examination 
calculated using spearman’s rho (r), agreement at joint 
level was examined by Cohen’s kappa and logistic 
regression models were used to explore the associations 
between joint assessment and Gs/PD scores.
Results at patient level, swollen joints were strongly 
correlated with Gs/PD sum scores (r=0.64–0.88), 
while tender joints were primarily associated with PRJP 
(r=0.54–0.68). at joint level, Gs/PD pathology had 
higher agreement with swelling (kappa 0.54–0.57) than 
tenderness (kappa 0.20–0.21) or PRJP (0.23–0.25). 
Higher percentages of joints were swollen according 
to increasing Gs/PD scores, independently of joint 
tenderness. However, joints being tender, but not 
swollen, were not associated with Gs/PD scores. Receiver 
operating curves showed swollen but not tender joints to 
be associated with Gs/PD scores.
Conclusions swollen joints were strongly associated 
with ultrasound detected synovitis at both patient and 
joint level, while this association was not found for 
tender joints. These results may question if tender joints 
reflect ongoing inflammation in established Ra.

InTROduCTIOn
Swollen and tender joint counts are included in 
composite disease activity scores (CDAS) like the 
Disease Activity Score including 28 joints (DAS28), 
Clinical Disease Activity Index (CDAI) and Simpli-
fied Diseases Activity Index (SDAI)1–3 as a proxy for 
disease activity in patients with rheumatoid arthritis 
(RA). DAS28 is calculated by an equation where the 
number of tender joints is weighted twice as much 
as the swollen joint count.1 CDAS are also used to 
define remission, and American College of Rheu-
matology/European League Against Rheumatism 

have elaborated on these criteria and developed 
cut-offs for CDAI and SDAI remission as well as 
a strict Boolean remission definition, including 
maximum one swollen and one tender joint.4

A joint being swollen may reflect synovitis in 
patients with RA. Even if the reliability of scoring 
joints as swollen may vary,5–7 and with conflicting 
results on the potential for training to improve 
reliability of swollen joint count examinations,7 
joint swelling is acknowledged as one of the corner 
stones in the clinical evaluation of disease activity in 
patients with RA.

Joint tenderness may not have the same face 
validity for reflecting synovitis as joint swelling. 
A healthy joint is usually not perceived as tender 
on palpation. However, during active RA, pain 
fibres are activated in the involved joints, and 
with increasing local inflammation also pain fibres 
normally not firing (silent nociceptors) will be acti-
vated. This activation will cause increased pain 
sensation and an expansion of the nociceptive field 
causing what is defined as primary hyperalgesia.8 9 
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Thus, tenderness in this situation may be associated with inflam-
mation of the joint. However, nociception may also be caused 
by local damage of the joint (eg, erosions, cartilage damage, 
secondary osteoarthritis and subluxation) without ongoing 
inflammation. In addition, a joint may be perceived as tender 
because of central changes of the pain system, with increased 
general pain (ie, fibromyalgia) causing increased tenderness on 
palpation without local inflammation.10–12

To decrease the burden of joint assessments, it has been 
suggested that the patient’s experience of joint pain could 
replace the tender joint count.13 It was found that the patient’s 
evaluation of tender joints had significant similarity to the health 
professional examinations and could thus replace this assessment 
in CDAS.13 14 There are several methods for patients to report 
joints as tender and use of a manikin for describing tender joints 
has been found to show moderate to high reliability.15 16

Ultrasound is a sensitive imaging modality for assessment of 
synovitis in patients with RA.17 18 Grey scale (GS) ultrasound 
reflects the degree of synovial thickening and effusion, whereas 
power Doppler (PD) detects vascularity reflecting the inflam-
matory activity.17 Ultrasound examinations have been shown 
to have similar sensitivity and specificity as MRI for assessing 
synovitis in patients with RA19 20 and to have high intrarater and 
inter-rater reliability.21 22

Since ultrasound is sensitive to detect joint inflammation, it 
was in the present study used as the reference for the existence of 
synovitis. Our primary objective was to explore at both patient 
and joint level the associations and agreements between tender 
joints, swollen joints, patient-reported joint pain and synovitis 
scored by ultrasound. Secondary objectives were to explore 
the associations between these joint assessments and several 
patient-reported outcomes.

PATIenTS And MeTHOdS
These analyses are post hoc analyses23 of 209 patients with 
RA fulfilling the ACR 1987 criteria24 consecutively included 
when they initiated or switched biological disease-modifying 
antirheumatic drug (bDMARD) treatment (Ultrasonography 
of Rheumatoid Arthritis patients starting Biological Treatment 
study;  Anzctr. org. au identifier ACTRN12610000284066). The 
study was approved by the Norwegian Regional Committee 
for Medical and Health Research Ethics South East (refer-
ence number 2009/1254), and the patients gave their written 
informed consent according to the Declaration of Helsinki.

Clinical and laboratory examinations
The clinical examinations were performed by either of two 
trained study nurses blinded to the joint pain manikin and 
ultrasound results, and they scored the assessor’s global visual 
analogue scale (VAS) and performed tender/swollen joint count 
of 32 joints (the standard 28 joints assessed bilaterally (wrist, 
metacarpophalangeal joints (MCP) 1–5, proximal interphalan-
geal joints (PIP) 1–5, shoulder, elbow and knee) with the addi-
tion of ankle and metatarsophalangeal joints (MTP) 1–5, where 
the MTP 1–5 joints were scored as one joint). Laboratory exam-
inations included erythrocyte sedimentation rate (ESR, mm/
hour) and C-reactive protein (CRP, mg/L) and DAS28 (with ESR) 
was calculated.

Patient-reported joint pain
A total of 174 of the 209 patients scored semiquantitatively 
(0–3) self-reported joint pain the last 24 hours on a manikin 
(PRJP) in 32 joints (wrist, MCP 1–5, PIP 2–3, elbow, knee, 

ankle and MTP 1–5 bilaterally), with a sum score ranging from 
0 to 96.

ultrasound examination
An experienced sonographer (HBH) performed all the ultra-
sound examinations,23 using the same Siemens Antares Excel-
lence version machine throughout the study (with linear 5-13 
MHz probe using 11.3 MHz for GS and with PD frequency 
7.3 MHz and PRF 391 Hz) and was blinded to the clinical 
assessments, laboratory markers from the same time point and 
to previous ultrasound results. GS and PD were scored semi-
quantitatively on a 4-point scale (0=no, 1=minor, 2=moderate, 
3=major presence) in 36 joints (bilateral wrist (radiocarpal, 
midcarpal, radioulnar joints scored separately), MCP 1–5, PIP 
2–3, elbow, knee, ankle (tibiotalar), MTP 1–5) with the Norwe-
gian US atlas as reference.21 In addition, bilateral assessments of 
the extensor carpi ulnaris tendon and tibialis posterior tendon 
were scored as previously described22 25 (sum scores of joints 
and tendons had a range of 0–120). The sonographer has shown 
high intrareader reliability for US assessments of these joints 
and tendons (weighted kappa values of 0.83–0.88 for GS and 
PD).21 22

Presently, three joints and one tendon were assessed in the 
wrist, where pathology in either may cause swelling and pain. 
Thus, to compare the ultrasound score with clinical assessment 
and PRJP of the wrist, we defined the highest score of GS and 
PD from the joints/tendon to be the ultrasound wrist score. Simi-
larly, the ultrasound ankle score was the highest GS and PD score 
of the tibiotalar joint and tibialis posterior tendon. This gives a 
total number of 32 joints scored by ultrasound, which were the 
same joints as scored by PRJP as well as included in the clinical 
joint assessments.

Patient-reported outcome measures
The patients scored joint pain and patient’s global assessment of 
disease activity the last week on VAS (0–100 mm). Functional 
ability was assessed by Modified Health Assessment Question-
naire (MHAQ).26 Rheumatoid Arthritis Impact of Disease (RAID) 
score was included,27 with calculation of a total score from seven 
items assessed by numeric rating scales (0–10) (including pain, 
physical function, fatigue, physical well-being, sleep, emotional 
well-being and coping).

Statistics
Patient level
Correlations between tender joint counts, swollen joint counts, 
sum of semiquantitative scores of PRJP, GS and PD as well as 
patient-reported outcome measures were assessed by use of 
Spearman’s rank correlations (rho (r)). We defined the strength 
of r as: negligible <0.2; weak 0.2–0.39; moderate 0.40–0.59; 
strong 0.60–0.79 and very strong ≥0.80.

Joint level
Agreement between assessments at joint level was evalu-
ated using Cohen’s kappa, with semiquantitative scores being 
dichotomised. A GS score of 1 is common in healthy persons,28 
hence GS scores of 0–1 were defined as normal. The following 
definitions were used for dichotomisation; PRJP; score 0=0, 
score 1–3=1, ultrasound GS score; 0–1=0, score 2–3=1 and 
ultrasound PD; score 0=0, score 1–3=1. Kappa values were 
interpreted according to Landis and Koch (slight=0.01–0.20; 
fair=0.21–0.40; moderate=0.41–0.60; substantial=0.61–0.80; 
excellent=0.81–1.00).29
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Table 1 Median (range) of Spearman’s rank correlations at patient level between the tender/swollen joints, PRJP and ultrasound at the six 
examinations (baseline, 1, 2, 3, 6 and 12 months) including results from all patients. undefined

Spearman correlations Sum score PRJP number of tender joints number of swollen joints

number of tender joints 0.66 (0.54***–0.68***)

number of swollen joints 0.37 (0.32***–0.42***) 0.39 (0.30***–0.45***)

Sum Grey Scale 0.25 (0.21*–0.28***) 0.16 (0.06–0.19*) 0.69 (0.68***–0.75***)

Sum power doppler 0.25 (0.20*–0.31***) 0.18 (0.05–0.21*) 0.70 (0.64***–0.72***)

*p<0.05.
†*p<0.001.
Bold font indicates correlation coefficient >0.50.
PRJP, patient-reported joint pain.

Kappa was assessed across the 32 joints using only the base-
line visit, as well as for all visits combined. In addition, separate 
values were computed using only the bilateral MCP 2–5 and PIP 
2–3 joints. Due to statistical dependencies across joints and time 
within the same subject, bootstrapping at the patient level was 
used to estimate the SEs for these statistics.

To assess the degree of joint swelling/tenderness reflecting 
joint-level GS synovitis (GS ≥2) and any PD vascularity (PD 
≥1), logistic regression models were fit using as predictors 
only joint swollenness, only joint tenderness and both swollen 
and tenderness together. Each model was adjusted for joint site 
as a categorical predictor. Receiver operating curves (ROCs) 
were used to summarise the predictive characteristics of each 
model.

ReSulTS
The 209 patients are described previously23 (81% women with 
mean (SD) age 53.3 (13.2) years, disease duration 10.0 (8.8) 
years, 79.2% anti-cyclic citrullinated peptide (CCP) positive and 
68.6% positive for rheumatoid factor) and were included when 
they initiated first bDMARD or switched to a new bDMARD. 
They had median (range) tender/swollen joint counts of 5 
(2-11)/6 (3–11), sum scores of PRJP of 17 (7-32), sum scores of 
GS/PD of 26 (16-41)/10 (3-21) and DAS28 (ESR) of 4.5 (3.6–
5.5). Only patients still using their bDMARD treatment at the 
follow-up visits were included in the analyses (ie, 209 patients 
at 1 month; 204 patients at 2 months; 198 patients at 3 months; 
184 patients at 6 months and 152 patients at 12 months).

Patient level
Cross-sectional correlations between sum scores
The number of tender joints had highest correlation with the 
PRJP sum score, whereas its association with the number of 
swollen joints ranged from weak to moderate and negligible to 
weak for the GS and PD sum scores. PRJP had similar strengths 
of correlations with the other outcomes as tender joints. On the 
other hand, number of swollen joints was strongly correlated 
with sum scores of GS and PD during follow-up (table 1).

Tender joint count had moderate to strong correlations 
with joint pain VAS, patient’s global VAS, MHAQ and RAID 
(see online supplementary table S1), with similar findings for 
PRJP. Swollen joint counts had weak correlations with all the 
patient-reported outcome measures.

Joint level
Frequencies of joint pathologies at baseline
Of the 4131 joints assessed at baseline, n=453 (11.0%) were 
only tender, n=599 (14.5%) only swollen, n=499 (12.1%) both 
tender and swollen and n=2580 (62.5%) neither tender nor 
swollen. PRJP was found in n=1833 (44.4%) joints (score 0; 

55.6%, score 1; 20.2%, score 2; 17.1%, score 3; 7.1%). Ultra-
sound GS score of ≥2 was detected in n=1152 (27.9%) joints 
(GS score 0; 55.0%, score 1; 17.2%, score 2; 15.9%, score 3; 
12.0%) and PD score ≥1 in n=1043 (25.2%) joints (PD score 0; 
74.8%, score 1; 9.6%, score 2; 11.2%, score 3; 4.4%).

Agreement between ultrasound and tenderness/swelling/PRJP 
depending on DAS28 level
There was no significant differences in agreement dependent 
on disease activity evaluated by DAS28 levels (DAS28 ≤3.2 vs 
DAS28 >3.2) (see online supplementary Table S2).

Frequencies of ultrasound synovitis in joints with and without 
tenderness, swelling, PRJP
Joints assessed as tender (with or without concomitant swollen-
ness) had at baseline/all visits ultrasound synovitis (defined as 
GS ≥2 and/or PD ≥1) in 51.1%/46.5% of the joints. Similar 
degree of concordance was found between PRJP and ultrasound 
synovitis (45.3%/42.1% of the joints). Swollen joints (with or 
without concomitant tenderness) had higher prevalence of 
ultrasound synovitis (75.7%/76.4% of the joints). Similar levels 
of concordance between clinical and ultrasound assessments 
were also found for finger joints alone (MCP 2–5 and PIP 2–3 
bilaterally).

Non-tender joints (with or without concomitant swollenness) 
had at baseline/all visits ultrasound synovitis in 25.9%/21.0% 
of the joints, and in joints without PRJP, there were ultrasound 
synovitis in 20.8%/17.7% of the joints. Non-swollen joints (with 
or without concomitant tenderness) had ultrasound synovitis in 
15.8%/14.6% of the joints. For only finger joints, there were 
ultrasound synovitis in 23.5%/18.7% (baseline/all visits) of 
non-tender joints (with or without concomitant swollenness) 
in 19.0%/15.8% on joints without PRJP and in 9.2%/8.6% of 
non-swollen joints (with or without concomitant tenderness).

Kappa values between tender/swollen joints, PRJP and ultrasound 
synovitis during the study
Table 2 shows the kappa values between tender joints, swollen 
joints, PRJP and GS/PD at baseline as well as for all visits 
combined. The table includes calculations for all joints as well as 
separate calculations for finger joints. Tender joints had only fair 
agreement with PRJP and swollen joints and only slight to fair 
agreement with GS and PD. On the other hand, swollen joints 
had moderate to substantial agreement with GS and PD but only 
fair with PRJP. For tender joints and PRJP, the agreement with 
ultrasound was similar in magnitude when all joints were anal-
ysed as when only finger joints were considered. However, for 
swollen joints, the agreement with ultrasound was higher when 
only finger joints were assessed.
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Table 2 Cohen’s kappa values at joint level between dichotomised 
variables (tender/swollen joints, PRJP, GS and PD) for all patients 
during follow-up, including all joints at baseline/all visits as well as 
only MCP 2–5 and PIP 2–3 at baseline/all visits

PRJP (0 vs 
1–3)

Swollen 
joint

GS (0–1 vs 
2–3)

Pd (0 vs 
1–3)

All joints; baseline (n=4131 joints)/all visits (n=23 106 joints)

Tender joint 0.34/0.40 0.32/0.32 0.21/0.21 0.20/0.20

PRJP (0 vs 1–3) 0.25/0.26 0.23/0.23 0.25/0.25

Swollen joint 0.57/0.55 0.56/0.54

GS (0–1 vs 2–3) 0.74/0.68

MCP 2–5 and PIP 2–3 bilaterally; baseline (n=2076 joints)/all visits (n=11 629 
joints)

Tender joint 0.32/0.40 0.31/0.31 0.19/0.20 0.18/0.19

PRJP (0 vs 1–3) 0.26/0.29 0.24/0.26 0.22/0.25

Swollen joint 0.65/0.65 0.63/0.62

GS (0–1 vs 2–3) 0.81/0.75

Kappa values defined as moderate are in bold and substantial or excellent in italics 
bold. The SEs for all kappa values were ≤0.03 and are not included in the table.
GS, Grey Scale; MCP, metacarpophalangeal joint; PD, power Doppler; PIP, proximal 
interphalangeal joint; PRJP, patient-reported joint pain.

Table 3 At joint level, including all patients, the percentages of joints being tender/swollen dependent on the different ultrasound scores (0–3) for 
all joints and for finger joints only, at baseline as well as for all visits. The number of joints with the different GS/PD scores is given in parenthesis. 
The percentages of joints being only tender, only swollen, both tender and swollen or neither tender nor swollen is given for each score of GS or PD

Baseline, all joints All visits, all joints

GS=0 (n=2270)/
Pd=0 (n=3088)

GS=1 (n=709)/
Pd=1 (n=397)

GS=2 (n=657)/
Pd=2 (n=464)

GS=3 (n=495)/
Pd=3 (n=182)

GS=0 (n=13 981)/
Pd=0 (n=18 847)

GS=1 (n=4153)/
Pd=1 (n=1913)

GS=2 (n=3115)/
Pd=2 (n=1795)

GS=3 (n=1857)/
Pd=3 (n=551)

Only tender 8.0/9.2 16.6/13.4 10.7/4.7 5.3/2.7 8.0/9.2 13.0/10.1 9.4/4.8 4.4/3.8

Only swollen 2.1/4.4 11.4/27.7 26.9/43.3 52.5/53.8 2.1/4.4 8.6/27.8 26.4/41.8 49.3/51.2

Both tender 
and swollen

1.6/3.5 12.3/24.4 28.8/33.6 29.5/31.9 1.6/3.5 7.5/17.5 20.4/28.3 28.3/35.6

neither tender 
nor swollen

88.2/82.9 59.7/34.5 33.6/18.3 12.7/11.5 88.2/82.9 70.9/44.5 43.8/25.1 18.0/9.4

Baseline, MCP 2–5 and PIP 2–3 bilaterally All visits, MCP 2–5 and PIP 2–3 bilaterally

GS=0 (n=1398)
/Pd=0 (n=1863)

GS=1 (n=374)
/Pd=1 (n=183)

GS=2 (n=337)
/Pd=2 (n=261)

GS=3 (n=314)
/Pd=3 (n=116)

GS=0 (n=8697)
/Pd=0 (n=11 328)

GS=1 (n=2087)
/Pd=1 (n=876)

GS=2 (n=1595)
/Pd=2 (n=1009)

GS=3 (n=1183)
/Pd=3 (n=349)

Only tender 9.4/10.4 14.7/7.7 5.3/0.8 2.9/2.6 7.3/7.9 10.8/5.7 5.6/2.2 2.1/1.1

Only swollen 3.7/6.7 11.5/38.3 36.2/55.9 61.8/60.3 2.2/5.2 11.2/41.2 35.8/54.1 59.9/59.9

Both tender 
and swollen

3.0/5.8 12/28.4 30.9/31.4 27.4/30.2 1.5/3.5 8.4/20.7 22.8/28.5 27.1/34.1

neither tender 
nor swollen

83.9/77.1 61.8/25.7 27.6/11.9 8.0/6.9 89/83.4 69.7/32.4 35.8/15.2 10.8/4.9

GS, Grey Scale ultrasound; MCP, metacarpophalangeal joint; PD, power Doppler; PIP, proximal interphalangeal joint.

Percentages of joints being tender or swollen relative to the 
ultrasound scores
The status of joint tenderness- and swelling can be categorised 
into four states (only tender, only swollen, both tender and 
swollen, or neither). table 3 shows the distribution of these states 
for joints with increasing levels of GS/PD. When all joints were 
assessed, there were increasing percentages of joints assessed as 
only swollen with higher GS/PD scores, while a similar increase 
for only tender joints was not found. When only finger joints 
were included, the percentages of joints assessed as only swollen 
increased for GS score 2 and 3 (about 10%) and for PD score 1, 
2 and 3 (also about 10%), while still no association between only 
tender joints and ultrasound scores was found.

Online supplementary Table S3 shows the similar four states 
of joints with their respective percentages of different GS and PD 
scores. Most of the joints being only tender had no ultrasound 

synovitis, while the opposite was found for the joints being only 
swollen.

Given that a joint is tender, it has an increased likelihood of 
also being swollen. This association confounds the relationship 
between tenderness and ultrasound measured inflammation. To 
remove this confounding, we restricted attention to only joints 
that were swollen, and examined the percentage of these that 
were tender for increasing ultrasound findings. The results are 
given by the blue curves in figure 1. Here, it is seen that the 
likelihood of joint tenderness does not increase with increasing 
ultrasound findings, and thus given that a joint is swollen, its 
tenderness status is unrelated to the ultrasound measured inflam-
mation. The red curves in figure 1 show the corresponding rela-
tionship for joint swollenness. Here, only tender joints were 
considered, and the percentage of these that were swollen is 
given for increasing ultrasound findings. The resulting curves 
unveil a strong relationship between joint swollenness and ultra-
sound measured inflammation.

Figure 2 shows ROC curves summarising logistic regression 
models for predicting joint level ultrasound measured inflam-
mation. The left panel gives the results for GS synovitis, for 
which three different logistic regression models were estimated, 
each with GS ≥2 as the outcome. The first model used only 
joint tenderness to predict GS ≥2 (blue dashed line), the second 
model used only joint swollenness (red dashed line), and the 
third model included both joint tenderness and joint swollen-
ness as predictors (solid black line). All models were adjusted 
for joint site. The model only using information on swollen-
ness clearly outperformed the one only including joint tender-
ness. Interestingly, the model including both joint swollenness 
and joint tenderness did not noticeably improve on that using 
swollenness alone, their corresponding ROC curves being close 
to identical. Thus, for these data, it appears that joint swollen-
ness alone contains all information regarding GS ≥2, with joint 
tenderness providing little additional information. The results 
for PD vascularity, given in the right panel of figure 2, were 
very similar.

https://dx.doi.org/10.1136/annrheumdis-2019-215321
http://ard.bmj.com/


1183Hammer HB, et al. Ann Rheum Dis 2019;78:1179–1185. doi:10.1136/annrheumdis-2019-215321

Rheumatoid arthritis

Figure 2 Receiver operating curves at joint level for logistic regression 
models predicting Grey Scale synovitis (GS ≥2) and any power Doppler 
(PD) vascularity (PD ≥1) based on swollenness alone (red short dashed), 
tenderness alone (blue long dashed) and both swollenness and 
tenderness (black solid line). Shaded regions correspond to 95% CIs.

Figure 1 At joint level, independent associations between joint 
tender/swollenness and Grey scale synovitis (scored 0-3) and power 
Doppler vascularity (scored 0-3). The X-axis describes the scores 0 to 3, 
and the Y-axis the percentages. The blue curves are based exclusively 
on swollen joints and show the percentage of these that are tender for 
increasing scores of Grey scale synovitis (left panel) and power Doppler 
vascularity (right panel). The red curves concern tender joints and show 
the percentage of these that are swollen for increasing ultrasound 
findings. The shaded regions correspond to 95% CIs.

dISCuSSIOn
In this longitudinal observational study, we found that swollen 
joints had high correlations at patient level and high agreement 
at joint level with ultrasound synovitis. On the other hand, 
tender joints were highly correlated with PRJP as well as with all 
patient-reported outcome measures but had low associations with 
swollen joints and ultrasound assessments at both patient and joint 
level. In addition, swollenness was highly associated with GS and 
PD scores, while this association was not found for tenderness.

Joint tenderness is defined as the presence of pain in a joint at 
rest with a defined pressure by the examiner's thumb and index 
finger sufficient to cause 'whitening' of the examiner's nail bed.30 
However, there are individual differences between assessors 
regarding which pressure causes 'whitening' of the examiner's nail 
bed and where to exert the pressure at the different joints is not 
defined. Thus, this may lead to different evaluations between the 
assessors, which will cause reduced reliability. Several studies have 
shown the interexaminer reliability of tender joints to be highly 
variable.31 On the other hand, reliability may increase with training 
and consensus.32 In our study, two highly experienced study nurses 
performed all joint assessments during the study.

Examinations at patient level of the present cohort have shown 
patients with pain catastrophising to have higher levels of all the 
patient-reported outcomes including tender joint count but no 
differences in ultrasound scores,23 and patients with higher number 
of tender than swollen joints were found to have higher levels of 
composite scores but lower levels of ultrasound sum scores.33

The present study explored associations at joint level, 
and we found no association between joints being tender but 
not swollen, and the degree of ultrasound synovitis. This is 
supported by a previous study focusing of wrist joints only,34 
where wrists being tender but not swollen were not found to 
be associated with ultrasound synovitis. Previous studies have 
shown that joints with swelling and/or with ultrasound synovitis 
have a higher risk of radiographic damage, whereas no such 
association has been shown for joints being tender only.35–37 
In addition, joints with no ultrasound detected synovitis have 
been shown not to develop radiographic progression.38 39 The 
association between swollen joints and ultrasound synovitis as 
well as subsequent radiographic damage is strongly supporting 
the inclusion of swollen joints in disease activity assessments. 
However, the lack of association between joints being tender but 
not swollen and ultrasound synovitis or subsequent radiographic 
damage may question the extensive use of tender joint counts in 
disease activity assessments.

A cross-sectional study of 50 patients with RA found patient-re-
ported symptoms (pain and joint stiffness) to have higher 
concordance with ultrasound findings than joint tenderness.40 In 
the present study, PRJP and tender joints were highly correlated 
at patient level but with only fair concordance at joint level, and 
both had low associations with swollen joints and ultrasound 
scores at patient as well as joint level. Thus, our study does not 
support to include PRJP as a variable reflecting synovitis.

Presently, we did not explore whether there was different 
concordance between ultrasound and clinical examinations 
dependent on the individual joints, since another study has 
assessed this topic.41 MCP and PIP joints were in that study found 
to have a relatively higher degree of concordance, and for that 
reason, we presently explored whether calculations performed 
only on finger joints would show improved results regarding 
concordance at joint level. When we restricted our analyses to 
only finger joints, we saw a higher concordance between swollen 
joints and ultrasound synovitis, and more joints were swollen 
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with higher ultrasound scores. Thus, with finger joints poten-
tially being easier to assess, joint swelling was shown to be sensi-
tive for capturing synovitis. However, we found no increased 
association between tender joints and ultrasound synovitis when 
only finger joints were assessed.

Strengths of the present study include the high number of 
patients followed longitudinally for six visits during 1 year with 
all ultrasound assessments performed by only one experienced 
rheumatologist and only two study nurses doing the clinical 
joint assessments. The sonographer had shown high reliability 
in previous studies. No reliability exercises for the two study 
nurses were performed, but they had received similar training 
in joint assessments and both had more than 10 years of experi-
ence in clinical joint examinations. A potential weakness of the 
study is the one centre design, which may limit the generalis-
ability of our findings. In addition, this study was performed 
on established patients with RA, which may differ from recent 
onset RA. Another weakness may be the limitation of ultrasound 
to detect small pathologies that could cause extracapsular joint 
tenderness and which would have been better addressed if MRI 
was included at the examinations.

To the best of our knowledge, this is the largest longitudinal 
study exploring the agreement between tender joints, swollen 
joints, patient-reported joint pain and a comprehensive ultra-
sound examination defining the presence of synovitis. Swollen 
joints were highly associated with ultrasound synovitis, while 
tender joints and patient-reported joint pain had low associa-
tions with swollen joints and ultrasound synovitis at both patient 
and joint level. These results support the use of swollen joints in 
assessments of clinical disease activity but question the extensive 
use of tender joints as a proxy for inflammation when assessing 
patients with established RA. However, the utility of assessing 
joint tenderness should be explored in further studies, including 
patients with different disease duration as well as using several 
imaging modalities.

Patient and Public Involvement
Patient partners are involved in our department for discussion of 
studies including the present study.
Acknowledgements We want to thank anne Katrine Kongtorp and Britt 
Birketvedt who were study nurses and performed important assessments including 
the clinical examinations in the study.

Contributors HBH has made a substantial contributions to the conception and 
design of the work; the acquisition of data, some of the analysis, interpretation of 
data for the work and drafted the manuscript. all authors revised the manuscript 
critically for important intellectual content; given a final approval of the version to 
be published and agreed to be accountable for all aspects of the work in ensuring 
that questions related to the accuracy or integrity of any part of the work are 
appropriately investigated and resolved.

Funding This work was supported by abbVie, Pfizer and Roche in form of study 
grants to the Department of Rheumatology, Diakonhjemmet Hospital, Oslo/ Hilde 
Berner Hammer.

Competing interests HBH has received fees for speaking and/or consulting 
from abbVie, BMs, Pfizer, UCB, Roche, MsD and novartis. BM has received fees for 
consulting/ unrestricted grant from novartis. Js has no competing interests. iKH has 
received consulting fees from abbVie and a research grant from Pfizersella aarrestad 
Provan has no competing interests. eaH has received investigator-initiated research 
funding from Pfizer, UCB, Roche, MsD and abbVie, honorariums as a speaker from 
Pfizer, UCB, Roche and abbVie and honorariums for development of educational 
material from Pfizer and eli lilly and has been in advisory boards for Pfizer, eli lilly, 
Celgene and Janssen-Cilag.TU has no competing interests.TKK has received fees 
for speaking and/or consulting from abbVie, BMs, Boehringer ingelheim, Celgene, 
Celltrion, eli lilly, Hospira, Merck-serono, MsD, novartis, Orion Pharma, Pfizer, Roche, 
sandoz and UCB and received research funding to Diakonhjemmet Hospital from 
abbVie, BMs, MsD, Pfizer, Roche and UCB.

Patient consent for publication not required.

ethical approval information The study was approved by the norwegian 
Regional Committee for Medical and Health Research ethics south east (reference 
number 2009/1254) and the patients gave their written informed consent according 
to the Declaration of Helsinki.

Provenance and peer review not commissioned; externally peer reviewed.

data sharing statement Data are available upon reasonable request. all data 
relevant to the study are included in the article or uploaded as supplementary 
information.

RefeRences
 1 Prevoo Ml, van ’t Hof Ma, Kuper HH, et al. Modified disease activity scores that 

include twenty-eight-joint counts. Development and validation in a prospective 
longitudinal study of patients with rheumatoid arthritis. Arthritis Rheum 
1995;38:44–8.

 2 aletaha D, nell VPK, stamm T, et al. acute phase reactants add little to composite 
disease activity indices for rheumatoid arthritis: validation of a clinical activity score. 
Arthritis Res Ther 2005;7:R796–806.

 3 smolen Js, Breedveld FC, schiff MH, et al. a simplified disease activity index for 
rheumatoid arthritis for use in clinical practice. Rheumatology  
2003;42:244–57.

 4 Felson DT, smolen Js, Wells G, et al. american College of Rheumatology/european 
league against rheumatism provisional definition of remission in rheumatoid arthritis 
for clinical trials. Ann Rheum Dis 2011;70:404–13.

 5 Marhadour T, Jousse-Joulin s, Chalès G, et al. Reproducibility of joint swelling 
assessments in long-lasting rheumatoid arthritis: influence on disease activity 
score-28 values (sea-Repro study Part i). J Rheumatol 2010;37:932–7.

 6 el-Hadidi K, sherif M, Gamala sM, et al. inter-observer agreement of standard joint 
count examination and disease global assessment in a cohort of egyptian rheumatoid 
arthritis patients. Reumatol Clin 2017;s1699-258X:30263–2.

 7 Cheung PP, Gossec l, Mak a, et al. Reliability of joint count assessment in rheumatoid 
arthritis: a systematic literature review. Semin Arthritis Rheum 2014;43:721–9.

 8 Wong HY. neural mechanisms of joint pain. Ann Acad Med Singapore 
1993;22:646–50.

 9 Morris VH, Cruwys sC, Kidd Bl. Characterisation of capsaicin-induced mechanical 
hyperalgesia as a marker for altered nociceptive processing in patients with 
rheumatoid arthritis. Pain 1997;71:179–86.

 10 salaffi F, Di Carlo M, Carotti M, et al. The subjective components of the disease 
activity score 28-joints (Das28) in rheumatoid arthritis patients and coexisting 
fibromyalgia. Rheumatol Int 2018;38:1911–8.

 11 Yunus MB. editorial review: an update on central sensitivity syndromes and the issues 
of nosology and psychobiology. Curr Rheumatol Rev 2015;11:70–85.

 12 Jensen Hansen iM, asmussen andreasen R, van Bui Hansen Mn, et al. The reliability 
of disease activity score in 28 Joints–C-Reactive protein might be Overestimated 
in a subgroup of rheumatoid arthritis patients, when the score is solely based 
on subjective parameters: a cross-sectional, exploratory study. J Clin Rheumatol 
2017;23:102–6.

 13 Radner H, Grisar J, smolen Js, et al. Value of self-performed joint counts in rheumatoid 
arthritis patients near remission. Arthritis Res Ther 2012;14.

 14 Heegaard C, Dreyer l, egsmose C, et al. Test-retest reliability of the disease activity 
score 28 CRP (Das28-CRP), the simplified disease activity index (sDai) and the 
clinical disease activity index (CDai) in rheumatoid arthritis when based on patient 
self-assessment of tender and swollen joints. Clin Rheumatol  
2013;32:1493–500.

 15 escalante a. What do self-administered joint counts tell us about patients with 
rheumatoid arthritis? Arthritis Care Res 1998;11:280–90.

 16 Barton Jl, Criswell la, Kaiser R, et al. systematic review and metaanalysis of patient 
self-report versus trained assessor joint counts in rheumatoid arthritis. J Rheumatol 
2009;36:2635–41.

 17 naredo e, Bonilla G, Gamero F, et al. assessment of inflammatory activity in 
rheumatoid arthritis: a comparative study of clinical evaluation with grey scale and 
power Doppler ultrasonography. Ann Rheum Dis 2005;64:375–81.

 18 Keen Hi, Wakefield R, Conaghan PG. Optimising ultrasonography in rheumatology. 
Clin Exp Rheumatol 2014;32(suppl 85):s13–s16.

 19 navalho M, Resende C, Rodrigues aM, et al. Bilateral evaluation of the 
hand and wrist in untreated early inflammatory arthritis: a comparative 
study of ultrasonography and magnetic resonance imaging. J Rheumatol 
2013;40:1282–92.

 20 Terslev l, Torp-Pedersen s, savnik a, et al. Doppler ultrasound and magnetic 
resonance imaging of synovial inflammation of the hand in rheumatoid arthritis: a 
comparative study. Arthritis Rheum 2003;48:2434–41.

 21 Hammer HB, Bolton-King P, Bakkeheim V, et al. examination of intra and interrater 
reliability with a new ultrasonographic reference atlas for scoring of synovitis in 
patients with rheumatoid arthritis. Ann Rheum Dis 2011;70:1995–8.

 22 Hammer HB, Kvien TK, Terslev l. Tenosynovitis in rheumatoid arthritis patients 
on biologic treatment: involvement and sensitivity to change compared to joint 
inflammation. Clin Exp Rheumatol 2017;35:959–65.

http://dx.doi.org/10.1002/art.1780380107
http://dx.doi.org/10.1186/ar1740
http://dx.doi.org/10.1093/rheumatology/keg072
http://dx.doi.org/10.1136/ard.2011.149765
http://dx.doi.org/10.3899/jrheum.090879
http://dx.doi.org/10.1016/j.semarthrit.2013.11.003
http://www.ncbi.nlm.nih.gov/pubmed/7504903
http://dx.doi.org/10.1016/S0304-3959(97)03361-7
http://dx.doi.org/10.1007/s00296-018-4096-z
http://dx.doi.org/10.2174/157339711102150702112236
http://dx.doi.org/10.1097/RHU.0000000000000469
http://dx.doi.org/10.1186/ar3777
http://dx.doi.org/10.1007/s10067-013-2300-9
http://dx.doi.org/10.1002/art.1790110409
http://dx.doi.org/10.3899/jrheum.090569
http://dx.doi.org/10.1136/ard.2004.023929
http://www.ncbi.nlm.nih.gov/pubmed/25365083
http://dx.doi.org/10.3899/jrheum.120713
http://dx.doi.org/10.1002/art.11245
http://dx.doi.org/10.1136/ard.2011.152926
http://www.ncbi.nlm.nih.gov/pubmed/28516887
http://ard.bmj.com/


1185Hammer HB, et al. Ann Rheum Dis 2019;78:1179–1185. doi:10.1136/annrheumdis-2019-215321

Rheumatoid arthritis

 23 Hammer HB, Uhlig T, Kvien TK, et al. Pain Catastrophizing, subjective outcomes, and 
inflammatory assessments including ultrasound: results from a longitudinal study of 
rheumatoid arthritis patients. Arthritis Care Res 2018;70:703–12.

 24 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.

 25 naredo e, D’agostino Ma, Wakefield RJ, et al. Reliability of a consensus-based 
ultrasound score for tenosynovitis in rheumatoid arthritis. Ann Rheum Dis 
2013;72:1328–34.

 26 Ziebland s, Fitzpatrick R, Jenkinson C, et al. Comparison of two approaches to 
measuring change in health status in rheumatoid arthritis: the health assessment 
Questionnaire (HaQ) and modified HaQ. Ann Rheum Dis 1992;51:1202–5.

 27 Gossec l, Paternotte s, aanerud GJ, et al. Finalisation and validation of the 
rheumatoid arthritis impact of disease score, a patient-derived composite measure of 
impact of rheumatoid arthritis: a eUlaR initiative. Ann Rheum Dis 2011;70:935–42.

 28 Witt M, Mueller F, nigg a, et al. Relevance of grade 1 gray-scale ultrasound findings 
in wrists and small joints to the assessment of subclinical synovitis in rheumatoid 
arthritis. Arthritis Rheum 2013;65:1694–701.

 29 landis JR, Koch GG. The measurement of observer agreement for categorical data. 
Biometrics 1977;33:159–74.

 30 scott iC, scott Dl. Joint counts in inflammatory arthritis. Clin Exp Rheumatol 
2014;32(suppl. 85):s7–s12.

 31 Cheung PP, Ruyssen-Witrand a, Gossec l, et al. Reliability of patient self-
evaluation of swollen and tender joints in rheumatoid arthritis: a comparison 
study with ultrasonography, physician, and nurse assessments. Arthritis Care Res 
2010;62:1112–9.

 32 Cheung PP, Dougados M, andre V, et al. The learning curve of nurses for the 
assessment of swollen and tender joints in rheumatoid arthritis. Joint Bone Spine 
2014;81:154–9.

 33 Hammer HB, Michelsen B, Provan sa, et al. Tender joint count may not reflect 
inflammatory activity in established rheumatoid arthritis patients - results from a 
longitudinal study. Arthritis Care Res 2018.

 34 Tan YK, allen JC, allen JC, et al. Back to the basics: understanding joint swelling and 
tenderness at the wrist in rheumatoid arthritis through the use of ultrasonography. Int 
J Rheum Dis 2019;22:68–72.

 35 Cheung PP, Mari K, Devauchelle-Pensec V, et al. Predictive value of tender joints 
compared to synovitis for structural damage in rheumatoid arthritis. RMD Open 
2016;2:e000205.

 36 Funck-Brentano T, Gandjbakhch F, etchepare F, et al. Prediction of radiographic 
damage in early arthritis by sonographic erosions and power Doppler signal: a 
longitudinal observational study. Arthritis Care Res 2013;65:896–902.

 37 Fukae J, isobe M, Kitano a, et al. Positive synovial vascularity in patients with low 
disease activity indicates smouldering inflammation leading to joint damage in 
rheumatoid arthritis: time-integrated joint inflammation estimated by synovial 
vascularity in each finger joint. Rheumatology 2013;52:523–8.

 38 Paulshus sundlisæter n, aga a-B, Olsen iC, et al. Clinical and ultrasound 
remission after 6 months of treat-to-target therapy in early rheumatoid arthritis: 
associations to future good radiographic and physical outcomes. Ann Rheum Dis 
2018;77:1421–5.

 39 navarro-Compán V, Gherghe aM, smolen Js, et al. Relationship between disease 
activity indices and their individual components and radiographic progression in Ra: a 
systematic literature review. Rheumatology 2015;54:994–1007.

 40 Hirata a, Ogura T, Hayashi n, et al. Concordance of patient-reported joint symptoms, 
Physician-examined arthritic signs, and Ultrasound-Detected synovitis in rheumatoid 
arthritis. Arthritis Care Res 2017;69:801–6.

 41 le BOeDeC M, Jousse-Joulin s, Ferlet JF, et al. Factors influencing concordance 
between clinical and ultrasound findings in rheumatoid arthritis. J Rheumatol 
2013;40:244–52.

http://dx.doi.org/10.1002/acr.23339
http://dx.doi.org/10.1002/art.1780310302
http://dx.doi.org/10.1136/annrheumdis-2012-202092
http://dx.doi.org/10.1136/ard.51.11.1202
http://dx.doi.org/10.1136/ard.2010.142901
http://dx.doi.org/10.1002/art.37954
http://dx.doi.org/10.2307/2529310
http://dx.doi.org/10.1002/acr.20178
http://dx.doi.org/10.1016/j.jbspin.2013.06.006
http://dx.doi.org/10.1002/acr.23815
http://dx.doi.org/10.1111/1756-185X.13389
http://dx.doi.org/10.1111/1756-185X.13389
http://dx.doi.org/10.1136/rmdopen-2015-000205
http://dx.doi.org/10.1002/acr.21912
http://dx.doi.org/10.1093/rheumatology/kes310
http://dx.doi.org/10.1136/annrheumdis-2017-212830
http://dx.doi.org/10.1093/rheumatology/keu413
http://dx.doi.org/10.1002/acr.23006
http://dx.doi.org/10.3899/jrheum.120843
http://ard.bmj.com/


1186  Finzel S, et al. Ann Rheum Dis 2019;78:1186–1191. doi:10.1136/annrheumdis-2018-214894

Rheumatoid arthritis

CliniCal sCienCe

Comparison of the effects of tocilizumab 
monotherapy and adalimumab in combination with 
methotrexate on bone erosion repair in 
rheumatoid arthritis
stephanie Finzel,1,2 sebastian Kraus,1 Camille Pinto Figueiredo,1,3 
adrian Regensburger,1 Roland Kocijan,1 Juergen Rech,1 Georg schett   1

To cite: Finzel s, 
Kraus s, Figueiredo CP, 
et al. Ann Rheum Dis 
2019;78:1186–1191.

Handling editor Josef s 
smolen

 ► additional material is 
published online only. To 
view please visit the journal 
online (http:// dx. doi. org/ 10. 
1136annrheumdis- 2018- 
214894).

1Department of internal 
Medicine 3, Friedrich alexander 
University erlangen-nurnberg 
and Universitaetsklinikum 
erlangen, erlangen, Germany
2Department of Rheumatology, 
University of Freiburg, Freiburg, 
Germany
3Division of Rheumatology, 
Faculdade de Medicina da 
Universidade de são Paulo, são 
Paulo, Brazil

Correspondence to
Professor Georg schett, 
Department of internal Medicine 
3, Friedrich alexander University 
erlangen-nurnberg and 
Universitaetsklinikum erlangen, 
erlangen 91054, Germany;  
 georg. schett@ uk- erlangen. de

Received 10 December 2018
Revised 9 May 2019
accepted 10 May 2019
Published Online First 
29 May 2019

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

Key messages

What is already known about this subject?
 ► Limited repair of bone erosions in rheumatoid 
arthritis is known from radiographic and other 
imaging studies.

 ► Little is know about treatment strategies 
preferentially inducing repair of bone erosions 
in rheumatoid arthritis

What does this study add?
 ► This study shows that inhibition of interleukin-6 
achieves more pronounced repair of bone 
erosions than inhibition of tumour necrosis 
factor alpha.

 ► Repair of bone erosions upon inhibition of 
interleukin-6 was associated with increased 
markers of new bone formation.

How might this impact on clinical practice or 
future developments?

 ► Therapeutic strategies that inhibit IL-6 may 
be preferentially used to achieve repair of 
inflammatory bone damage.

 ► Bone erosions in rheumatoid arthritis should 
not be seen as irreversible lesions.

AbsTRACT
Objective To compare the effects of interleukin-6 
(il-6) receptor and tumour necrosis factor inhibition on 
inducing repair of existing bone erosions in patients with 
very early rheumatoid arthritis (Ra).
Methods Prospective non-randomised observational 
study in patients with active erosive Ra with inadequate 
response to methotrexate (MTX) receiving either 
tocilizumab (TOC) monotherapy or adalimumab 
(aDa) with MTX for 52 weeks. erosion volumes were 
assessed in metacarpal heads (MCH) and the radius by 
high-resolution peripheral quantitative CT at baseline 
and after 52 weeks. Clinical response was monitored 
using Clinical Disease activity index, simple Disease 
activity index and Disease activity score 28-erythrocyte 
sedimentation rate (Das28-esR) scores every 12 weeks.
Results TOC (n=33) and aDa/MTX (n=33) treatment 
groups were balanced for age, sex, body mass index, 
comorbidities, disease and activity, functional state, 
autoantibody status, baseline bone damage and baseline 
bone biomarkers. Both TOC (Das28-esR: baseline: 
6.2±0.5; 52 weeks: 2.3±1.0) and aDa/MTX (6.3±0.6; 
2.8±1.2) significantly reduced disease activity. erosion 
volumes significantly decreased in the MCH and radius 
of patients with Ra treated with TOC (p<0.001) but 
not in patients treated with aDa/MTX (p=0.77), where 
they remained stable in size. Mean decrease in erosion 
volume in TOC-treated patients was −1.0±1.1 mm3 
and −3.3±5.9 mm3 in the MCH and radius of TOC-
treated patients, respectively, and −0.05±0.9 mm3 and 
−0.08±4.1 mm3 in patients treated with aDa/MTX.
Conclusions The ReBOne study shows that TOC 
monotherapy achieves more pronounced repair of 
existing bone erosions than aDa/MTX. Hence, il-6 is a 
central factor for the disturbed bone homeostasis in the 
joints of patients with Ra.

InTROduCTIOn
Rheumatoid arthritis (RA) is characterised by the 
resorption of juxta-articular bone leading to the 
formation of bone erosions.1 These lesions develop 
on the basis of a local imbalance of osteoclast-medi-
ated bone resorption and osteoblast-mediated bone 
formation.2 Aside from autoantibodies,3 proinflam-
matory cytokines are the main triggers for bone 
erosions by inducing an imbalance of local bone 
metabolism.2 In RA, tumour necrosis factor alpha 
(TNFα) and interleukin-6 (IL-6) are the two major 

cytokines triggering synovitis and bone erosions.4 
Thus, TNFα and IL-6 were shown to directly induce 
the formation of bone resorbing osteoclasts through 
binding to their respective surface receptors, as 
well as indirectly by inducing receptor activator of 
nuclear factor kappa-Β ligand (RANKL) expression 
on stromal cells.5 6 In consequence, neutralisation 
of TNFα and the IL-6 receptor retards or even 
arrests the progression of bone erosions in RA—an 
effect that is even found in the case anti-inflamma-
tory responses are not achieved.7 8

Traditionally, bone erosions are considered as 
irreversible damage with little tendency to repair. 
While disappearance of bone erosions is indeed an 
uncommon phenomenon, limited repair can happen 
and has been documented in radiographs, where 
it is known as ‘sclerosis’.8–11 CT scans of patients 
with RA provided conclusive evidence for limited 
repair of erosions. Decrease in size of existing 
bone erosions seems mechanistically feasible, given 
that osteoblasts are present in the endosteal bone 

http://www.eular.org/
http://ard.bmj.com/
http://orcid.org/0000-0001-8740-9615
http://dx.doi.org/10.1136annrheumdis-2018-214894
http://dx.doi.org/10.1136annrheumdis-2018-214894
http://dx.doi.org/10.1136annrheumdis-2018-214894
http://crossmark.crossref.org/dialog/?doi=10.1136/annrheumdis-2018-214894&domain=pdf&date_stamp=2019-08-08
http://ard.bmj.com/


1187Finzel S, et al. Ann Rheum Dis 2019;78:1186–1191. doi:10.1136/annrheumdis-2018-214894

Rheumatoid arthritis

marrow space adjacent to bone erosions12 and such cell are able 
to locally deposit new bone matrix at the erosion walls, which 
later becomes mineralised and leads to reduction of erosion size. 
Such processes, however, seem to be impaired by active syno-
vitis, which effectively downregulates osteoblast induced repair 
of erosions through enhanced expression of antianabolic mole-
cules that interfere with bone morphogenetic protein-mediated 
and Wnt-mediated pathways of new bone formation.13 14 This 
concept is supported by the observation that osteoblast function 
is compromised at sites of erosions and that resolution of inflam-
mation can restore their function.15 16

To date, it is unclear, which therapeutic approach is best 
suited to achieve erosion repair. Direct stimulation of osteo-
blasts by parathyroid hormone has not led to significant erosion 
repair suggesting that restoring the cytokine-induced imbalance 
between bone resorption and formation may be essential for 
erosion repair.17 On the other hand, an high-resolution periph-
eral quantitative CT (HR-pQCT) showed that the anti-RANKL 
antibody denosumab induced repair of bone erosions.18 Blockade 
of TNFα and IL-6 are the currently most feasible approaches to 
achieve erosion repair as they are (1) approved for the treat-
ment of RA, (2) effectively control the signs and symptoms of the 
disease and (3) target cytokines that influence local bone homeo-
stasis in the joint. To address the question whether inhibition of 
TNFα or IL-6 provides better erosion repair in patients with 
very early RA, we performed a prospective study comparing the 
effect of these two cytokine blocking strategies on the change in 
volume of bone erosions using HR-pQCT.

MeTHOds
study design and patients
REBONE (NCT02778789) is a prospective non-randomised 
two-arm study that assessed the effect of tocilizumab (TOC) 
monotherapy and adalimumab (ADA) in combination with 
methotrexate (MTX) on erosion repair in RA. Inclusion criteria 
for REBONE were (1) a diagnosis of RA according to Amer-
ican College of Rheumatology/European League Against Rheu-
matism 2010 criteria, (2) active disease with a Disease Activity 
Score 28-erythrocyte sedimentation rate (DAS28-ESR) score of 
more than 3.2, (3) failure or intolerance to at least 3 months 
treatment with 20 mg/week MTX, (4) no more than 5 mg pred-
nisolone equivalent per day for the last 4 weeks and (5) the pres-
ence of bone erosions at the head of the metacarpophalangeal 
joint 2 (metacarpal head 2 (MCH2)) and the head of the radius 
(radius) in the HR-pQCT scan at baseline. Consecutive patients 
fulfilling these requirements were offered either (1) a switch 
from MTX to weekly subcutaneous administration of TOC or 
(2) an addition of subcutaneous ADA to MTX at a standard dose 
of 40 mg every other week. Patients were informed that both 
strategies are effective for RA, are approved treatment strate-
gies for the disease and are in accordance with the guidelines 
of treatment of RA of the German Society of Rheumatology, 
which permit the initiation of biologic disease-modifying anti-
rheumatic drugs after failing MTX treatment in patients with RA 
with risk factors (autoantibodies or erosions). Patients in both 
groups were followed over 1 year before receiving the follow-up 
HR-pQCT investigation. Written informed consent was taken 
from all the patients.

demographic and disease-specific characteristics
Age, sex and body mass index were assessed at baseline. In addi-
tion, disease duration, anticyclic citrullinated peptide 2 anti-
bodies, rheumatoid factor (RF) as well as comorbidities according 

to Charlston Comorbidity Index and medication were recorded 
at baseline. Swollen joint count-28, tender joint count-28, visual 
analogue scale for patient and physician global disease activity 
and visual analogue scale for pain were measured at baseline and 
every 3 months thereafter up to 12 months. Erythrocyte sedi-
mentation rate (ESR) and C-reactive protein level were analysed 
on a 3-monthly basis. Composite scores including DAS28-ESR, 
Clinical Disease Activity Index (CDAI) and Simple Disease 
Activity Index (SDAI) as well as Health Assessment Question-
naire Disability Index (HAQ-DI) were calculated at baseline and 
every 3 months thereafter.

High-resolution peripheral quantitative computed 
tomography
HR-pQCT scans of the dominantly affected hand were performed 
at voxel size of 82×82×82 µm using an XtremeCT scanner 
(SCANCO Medical AG, Bruettisellen, Switzerland) at baseline 
and after 12 months. Scan times for the MCH2 were 8.2 min 
and 5.6 min for the radius (three and two stacks, respectively). 
To obtain optimal results, hands were positioned in a carbon 
fibre brace. Based on the limited field of view of HR-pQCT, 
volume of bone erosions was assessed at the known predilec-
tion sites including overall 322 2D slices for MCH2 and 211 
slices for the radius.9 10 Erosions were defined as juxta-articular 
breaks within the cortical shell visible in at least two consecutive 
slices in two perpendicular planes. Physiological breaks (nutrient 
vessels) were excluded based on their cylindrical form and local-
isation. Erosion volumes were calculated using a semiellipsoid 
formula based on erosion length, width and depth.9 10 For eval-
uation of images, the open source DICOM viewer Osirix V3.2 
(Rosslyn, Virginia, USA) was used. All images were evaluated by 
two independent readers (SK and AR), who were blinded to the 
sequence of images as well as to the group assignment (treat-
ment) of the patients. Intraobserver reproducibility for erosion 
volume (SK) was 0.99, interobserver reproducibility (SK and 
AR) as determined by intraclass correlation was also very high 
(0.94). Smallest detectable change was assessed according to 
Bruynesteyn et al19 and was 0.1 mm3.

bone formation and resorption markers
For assessment of bone resorption, C-terminal collagen cleavage 
products (IDS), for assessment of bone formation, osteocalcin 
levels (Thermo Fisher) were analysed at baseline and after 12 
months.

statistics
The primary parameter analysed in this study was the change 
in erosion volume between baseline assessment and 12 months 
follow-up assessment. Secondary parameters analysed are the 
changes in composite disease activity instruments such as DAS28, 
CDAI and SDAI between baseline and 12 months as well as the 
change in HAQ-DI scores between baseline and 12 months. Data 
were collected, organised and analysed through SPSS V.21.0 soft-
ware for statistics. If not stated otherwise, categorical variables 
are presented as numbers and percentages, continuous variables 
are provided as medians and IQR and means±SD. Assumptions 
of normally distributed continuous variables were tested using 
quantile-quantile plots as well as Kolmogorov-Smirnov and 
Shapiro-Wilk’s test. Differences with respect to frequency distri-
butions of categorical variables were tested using Fisher’s exact 
test. The above-mentioned parameters were compared between 
TOC-treated and ADA-treated patients (Mann-Whitney U test) 
and between baseline and follow-up assessment within the 
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Table 1 Patients characteristics

TOC (n=33) TnFi (n=33)

P value
Mean±sd
(or n) Median (IQR)

Mean±sd
(or n) Median (IQR)

Demographic characteristics

 Age (years) 57.6±10.8 58 (51–63) 59.3±11.8 59 (51.5–69) 0.55

 Sex (N females) 22/33 – 23/33 – 0.99

 Body mass index 26.3±4.0 26 (25–28) 25.3±3.7 24.5 (22–28) 0.31

Disease-specific characteristics

 Disease duration (years) 0.76±0.49 1.0 (0.25–1.0) 0.83±0.57 0.75 (0.25–1.0) 0.24

 ACPA (N) 23/33 – 21/33 – 0.79

 RF (N) 19/33 – 14/33 – 0.32

 TJC (N) 10.3±3.4 10 (7.5–13) 10.3±3.3 10 (7–13) 0.97

 SJC (N) 8.1±2.5 8 (6–10) 8.3±2.8 8 (5.5–10.5) 0.78

 VAS-G (mm) 74.1±9.5 76 (66–80.5) 76.0±7.1 76 (70.5–80) 0.36

 VAS-P (mm) 72.4±8.6 72 (67.5–80) 70.2±10.5 68 (60.5–79) 0.35

 ESR (mm) 46.6±16.7 45 (32–63) 51.5±13.4 52 (42–61.5) 0.19

 CRP (mg/L) 13.6±6.2 13 (8.5–18.5) 13.8±5.2 14 (9.5–17) 0.84

 DAS28 (units) 6.2±0.5 6.3 (5.8–6.5) 6.3±0.6 6.4 (5.8–6.9) 0.25

 SDAI (units) 34.4±5.0 35 (31–37) 34.6±7.2 34 (27–40) 0.88

 CDAI (units) 32.9±4.7 33 (30–36) 33.2±7.1 35 (31–37) 0.84

 HAQ-DI (units) 1.03±0.23 1.0 (0.85–1.2) 1.01±0.23 1.0 (0.8–1.2) 0.75

Comorbidities

 Charlson Comorbidity Index 
(units)

1.8±1.5 1.0 (0.6–2.5) 1.9±1.6 1.0 (1.0–3.0) 0.81

 Myocardial infarction (N) 2/33 – 2/33 – 1.00

 TIA/stroke (N) 1/33 – 2/33 – 0.99

 Diabetes mellitus (N) 6/33 – 4/33 – 0.73

 Chronic kidney failure (N) 1/33 – 0/33 – 0.99

 Chronic heart failure (N) 2/33 – 0/33 – 0.49

 Chronic obstructive 
pulmonary disease (N)

5/33 – 5/33 – 1.00

 Smoking (N) 8/33 – 7/33 – 0.99

Erosion volume

 Metacarpal head (mm3) 1.87±1.69 1.2 (0.7–2.6) 1.89±1.69 1.3 (0.8–2.6) 0.78

  Radius (mm3) 7.05±12.26 1.9 (0.9–8.4) 6.37±11.83 1.5 (0.4–6.4) 0.49

Bone metabolism

 Osteocalcin 24.0±4.7 23 (20.5–28.5) 24.4±3.8 25 (21–26) 0.30

 C-terminal telopeptide I 0.35±0.11 0.2 (0.3–0.4) 0.33±0.11 0.2 (0.3–0.4) 0.54

ACPA, anticitrullinated protein antibodies; CDAI, Clinical Disease Activity Index; CRP, C-reactive protein; DAS28, Disease Activity Score 28; ESR, erythrocyte sedimentation rate; 
HAQ-DI, Health Assessment Questionnaire Disability Index; RF, rheumatoid factor; SDAI, Simple Disease Activity Index; SJC, swollen joint count; TIA, transient ischaemic attack; 
TJC, tender joint count; TNFi, tumour necrosis factor inhibitors; TOC, tocilizumab; VAS-G, Visual Analogue Scale for patient and physician global disease activity; VAS-P, VAS for 
pain.

groups (Wilcoxon matched pairs signed rank test). A p value of 
less than 0.05 was considered as statistical significant difference.

ResulTs
baseline characteristics
In total, 70 patients were screened and 66 patients recruited into 
the study, 33 of them received TOC monotherapy, 33 the combi-
nation of MTX and ADA. Four patients had no bone erosions 
and could not be included. In the TOC group, three patients 
stopped treatment after 6 months due to lack of efficacy, in the 
ADA arm two patients stopped treatment after 6 months and 
each one patient after 3 and 9 months, all due to lack of effi-
cacy. All other patients completed the 12 months observation 
on either TOC or MTX/ADA treatment. Baseline characteristics 
are summarised in table 1. In brief, patients were balanced for 
age, sex and body mass index and they were virtually identical 
with respect to disease duration and activity. Also, autoantibody 

status, functional status and comorbidity index were not signifi-
cantly different among the two groups.

effects on signs and symptoms of RA
Clinical efficacy of TOC and MTX/ADA treatment was assessed 
every 3 months. Tender and swollen joint counts decreased 
rapidly with both treatments (figure 1A and B). Most of the 
response occurred within the first 3 months (DAS28: TOC 
−3.2±1.2; MTX/ADA −3.0±0.8). Also, patient global disease 
activity and ESR decreased to a similar extent in the TOC and 
MTX/ADA groups (figure 1C and D). Furthermore, DAS28, 
SDAI and CDAI responses were highly similar in both groups 
with virtually identical kinetics and no significant differences 
(figure 1E–G). Twenty-two patients reached DAS28-ESR 
remission in the TOC group, 19 in the MTX/ADA group, 
while CDAI and SDAI remission criteria were fulfilled by 21 
TOC-treated patients and 19 patients treated with MTX/

http://ard.bmj.com/
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Figure 1 Effects of TOC and ADA/MTX on signs and symptoms of RA REBONE study patients received treatment with either TOC monotherapy 
(dashed line) or ADA in combination with MTX (solid line) for 12 months with assessment of disease activity every 3 months. (A) TJC based on 28 
joints; (B) SJC based on 28 joints; (C) VAS-G; (D) ESR; (E) DAS28; (F) SDAI; (G) CDAI; (H) HAQ-DI. ADA, adalimumab; CDAI, Clinical Disease Activity 
Index; DAS28, Disease Activity Score 28; ESR, erythrocyte sedimentation rate; HAQ-DI, Health Assessment Questionnaire Disability Index; MTX, 
methotrexate; RA, rheumatoid arthritis; SDAI, Simplified Disease Activity Index; SJC, swollen joint count; TJC, tender joint count; TOC, tocilizumab; 
VAS-G, Visual Analogue Scale of patient global disease activity.

ADA. Finally, improvements of physical function, as assessed 
by HAQ-DI scores, were comparable in the TOC and MTX/
ADA groups (figure 1H), although a tendency towards better 
results was found for TOC (HAQ-DI change at 3 months: TOC 
−0.76±0.29; MTX/ADA −0.61±0.21).

effects on erosion repair
Erosion repair was assessed by sequential volume measurement 
of the largest erosion at the MCH2 and the radius in all patients. 
Measurements were performed by HR-pQCT at baseline and 
after 1 year. At the individual patients level, bone erosion 
volumes significantly decreased in the MCH2 and radius in the 
vast majority of patients with RA treated with TOC (both sites: 
p<0.0001, figure 2A). In contrast, in the MTX/ADA group, 
no significant regression of erosions was observed at both the 
MCH2 and the radius. Most patients in the MTX/ADA group 
showed an arrest of erosion size, while few slightly progressed 
or regressed. Examples for erosions regression are depicted 
in figure 2B. Furthermore, when analysing several different 
erosions (N=10/patients) in single patients effects of TOC and 
MTX/ADA remained consistent (online supplementary figure 1).

Similarly, at group level, absolute erosion volume decreased 
in the TOC (baseline: 1.87±1.69 mm3; follow-up: 0.84±0.91 
mm3; p=0.0006) but not the MTX/ADA group (baseline: 
1.89±1.69 mm3; follow-up: 1.83±1.53 mm3) in the MCH2 
(figure 2C). Similar results were obtained in the radius, with TOC 
(7.0±12.2 mm3; 3.8±6.9 mm3; p=0.103) but not ADA/MTX 
(6.3±11.8 mm3; 6.2±10.9 mm3) decreasing erosion volumes. 
Also, the assessment of relative changes of erosion volumes 
showed a significant decline in the TOC but not the MTX/ADA 
group in the MCH2 (TOC vs ADA/MTX: p<0.0001) and the 

radius (TOC vs ADA/MTX: p=0.0015)) (figure 2D). Probability 
plots for the absolute and relative erosions volumes during TOC 
and MTX/ADA treatments at the two anatomical sites as well as 
the number of patients with regressing and progressing erosions 
in the two groups are depicted in online supplementary figure 2.

effects on bone metabolism
To test whether the different effects of repair of erosion volumes 
between TOC and MTX/ADA treatment are accompanied by 
changes in bone metabolism, we analysed a standard marker 
of bone formation (osteocalcin) and bone resorption (CTXI) 
in all patients at baseline and after 1 year. While no signifi-
cant effect of TOC or MTX/ADA treatments on systemic bone 
resorption were found, osteocalcin level significantly increased 
in TOC-treated patients but not in patients treated with MTX/
ADA (online supplementary figure 3).

dIsCussIOn
The REBONE study shows that inhibition of the IL-6R by TOC 
achieves better repair of bone erosions in patients with RA than 
in combination with MTX. These data suggest that IL-6 exerts 
a more fundamental effect on the generation of bone erosions 
than TNFα. Previous data showing that baseline IL-6 serum level 
is associated with the progression of bone erosions in RA.20 This 
result is despite the fact that inhibition of IL-6R and TNFα show 
virtually identical effects on the control of the signs and symp-
toms of RA, both reaching very similar remission rates.

Repair of erosions, though incomplete and usually not leading 
to full disappearance of lesions, was consistently observed with 
TOC. Erosion volumes decreased in the vast majority of patients 

https://dx.doi.org/10.1136/annrheumdis-2018-214894
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Figure 2 Effects of TOC and ADA/MTX on erosion repair. (A) Erosion volumes at baseline and 1 year follow-up in the MCH2 and radius in patients 
receiving treatment with either TOC monotherapy or ADA in combination with MTX. (B) Exemplaric high resolution peripheral quantitative CT images 
of the two patients receiving TOC monotherapy. Upper row shows BL images and lower row the FO images. The blue and orange squares mark the 
localisation of the close-up image. (C) Mean±SD erosion volume at baseline and 1 year follow-up in the MCH2 and radius in patients receiving TOC 
monotherapy or ADA/MTX. (D) Mean±SD change of erosion volume after 1 year in the MCH2 and radius in patients receiving TOC monotherapy or 
ADA/MTX. ADA, adalimumab; BL, baseline; FO, follow-up; MCH2, metacarpal head 2; MTX, methotrexate; TOC, tocilizumab

treated with TOC; the decrease was observed at two different 
anatomical sites and was characterised by the formation of new 
cortical bone. While in most patients treated with ADA/MTX an 
arrest of erosion volume was observed, repair of existing lesions 
occurred only rarely. Erosion repair with TOC was accompa-
nied by a more robust increase of serum osteocalcin level sugges-
tive for increased bone formation. Of note, previous data from 
clinical studies of TOC (in combination with MTX) in RA have 
shown an increase in markers of bone formation in patients 
treated with TOC.21 22

Limitation of this study is the small sample size. Nonetheless, 
the high sensitivity and reproducibility of HR-pQCT measure-
ment of erosion size allowed detecting significant differences in 
erosion repair between treatment groups even in a rather limited 
patient number. Another limitation is that the REBONE study 
is not randomised. Hence, channelling bias cannot be ruled 
out. However, detailed analysis of the baseline characteristics of 
the two treatment groups showed no differences. Importantly, 
demographic and disease-specific parameters that influence not 
only bone erosions but also baseline erosive damage and comor-
bidities were well balanced between the groups. In support of 
these findings, also the effect of the two treatment strategies on 
the signs and symptoms of RA were identical. Finally, co-treat-
ment with MTX may have blunted osteoblast responses in the 
ADA treatment arm.23 Importantly, however, positive effects 
on osteoblasts have previously been observed also in patients 
receiving TOC+MTX combination treatment.21 22

In summary, these data provide first evidence for a path-
way-specific induction of erosion repair in patients with RA. 
Inhibition of IL-6R appears to be an effective strategy to induce 
damage repair in RA. It remains to be determined whether 
erosion repair turns into better functional outcomes. HAQ-DI 
showed only a tendency towards a better functional outcome in 
the TOC group. Notably, cartilage damage, which has not been 

assessed in this study, affects joint function as well24 and may 
potentially blunt the relation between erosion repair and func-
tion. On the other hand, more sensitive instruments to assess 
hand function may be needed to demonstrate the functional 
impact of erosion repair.
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Key messages

What is already known about this subject?
 ► About 40% patients are non-adherent to 
methotrexate, up until now there has been 
no objective direct method to measure 
methotrexate non-adherence.

What does this study add?
 ► This study demonstrated that methotrexate 
adherence can be measured using a novel high-
performance liquid chromatography–selected 
reaction monitoring–mass spectrometry assay 
which could easily be used in the clinic.

How might this impact on clinical practice or 
future developments?

 ► In the future, the developed test could be used 
as part of a biofeedback tool to improve non-
adherence healthy behaviour in patients.

AbsTRACT
background The first-line therapy for rheumatoid 
arthritis (ra) is weekly oral methotrexate (MTX) at low 
dosages (7.5–25 mg/week). However, ~40% of patients 
are non-adherent which may explain why some do not 
respond and need to start more expensive biological 
therapies. To monitor adherence more accurately and 
develop strategies to improve it, a validated objective 
MTX adherence test is required.
Objective To develop and validate the diagnostic 
accuracy of a novel MTX adherence assay using high-
performance liquid chromatography–selected reaction 
monitoring– mass spectrometry (HPlc-srM-Ms) based 
biochemical analysis of drug levels.
Methods 20 patients with ra underwent MTX 
pharmacokinetic assessment using HPlc-srM-Ms MTX 
plasma concentration analysis over a 6-day period. 
Directly observed therapy was the reference standard. 
Pharmacokinetic model validation was performed using 
independent plasma samples from real-world patients 
(n=50) with self-reported times of drug administration. 
Following assay optimisation, the sensitivity of the assay 
to detect adherence was established using samples from 
an observational cohort study (n=138).
Results a two-compartment pharmacokinetic model 
was developed and validated. simulations described 
the sensitivity required for MTX detection over 7 days; 
subsequent assay optimisation and retesting of samples 
confirmed that all patients were correctly identified as 
MTX adherers. Using real-world samples, the assays 
sensitivity was 95%.
Conclusion non-adherence to MTX is common and can 
have a significant effect on disease activity. HPlc-srM-
Ms plasma analysis accurately detects MTX adherence. 
The validated objective test could easily be used in clinic 
to identify patients requiring adherence support.

InTROduCTIOn
The antifolate drug methotrexate (MTX) is the first-
line therapy for rheumatoid arthritis (RA) in Euro-
pean and American guidelines.1 2 MTX response 
is not, however, universal; response is likely to be 
influenced by a number of factors including clin-
ical, psychological and biological features. MTX 
adherence has been shown to be a modifiable health 
behaviour that affects RA response.3–5 A recent 
systematic review identified adherence rates varying 
between 59% and 107%, with the latter figure 
representing MTX overdosage, a form of non-ad-
herence.6 This wide range of adherence rates is 
likely, in part, to be due to study heterogeneity, with 
a number of different adherence definitions applied 

and the use of imprecise indirect measures of adher-
ence in these studies, such as questionnaires, which 
are more subjective. Failure of MTX and a further 
conventional synthetic disease-modifying antirheu-
matic drug to control disease makes patients eligible 
to receiving more expensive biological therapy, but 
it has not previously been possible to determine 
if a patient is non-responsive to MTX as a conse-
quence of non-adherence. There is, therefore, a 
need to measure adherence directly to facilitate 
more precise and objective measurements, to add to 
the clinicians arsenal to detect non-adherence and 
help to open up honest discussions and supportive 
interventions with patients. Such a direct method 
of measurement is likely to involve the detection of 
MTX itself or an MTX metabolite. This approach 
has been successfully developed for the objective 
detection of hydroxychloroquine non-adherence.7

In oncology, MTX is used at high doses in 
leukaemia (eg, 1000 mg/m2) where it is routine prac-
tice to measure MTX levels.8 The commonly used 
immunoassays cross-react with other substances, 
reducing their specificity and lack sensitivity for 
the measurement of MTX in patients receiving 
low-dose, weekly regimens such as those used to 
treat RA.9 The use of high-performance liquid chro-
matography–selected reaction monitoring–mass 
spectrometry (HPLC-SRM-MS) for the detection 
of adherence has the particular advantage of a high 
sensitivity that is required for drugs, such as MTX, 
that are administered in low dosages. Importantly, 
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Figure 1 Overview of study schedule. 7-OH-MTX, 7-hydroxy-MTX; 
MEMO, Measurement of MTX and 7-OH-MTX metabolites in urine 
of patients with rheumatoid arthritis; MTX, methotrexate; RAMS, 
Rheumatoid Arthritis Medication Study.

direct testing of drug levels using HPLC-SRM-MS has been 
shown to improve medication adherence in other diseases such 
as hypertension, resulting in improved treatment response.10

The aim of this study was to develop and investigate the diag-
nostic accuracy of an HPLC-SRM-MS assay for the detection of 
MTX drug levels as a direct measurement of adherence. This 
required (1) the development of an MTX adherence assay, (2) 
a pharmacokinetic (PK) study of MTX to evaluate the ability of 
the assay to measure adherence, (3) validation of the PK model 
in an observational cohort, (4) further optimisation of the assay 
to the required performance criteria and finally (5) investigation 
of the ability of the assay to detect adherence in samples from 
real-world patients.

MeTHOds
Test methods
An overview of the study procedures is shown in figure 1. Prior 
to data collection the index test, an HPLC-SRM-MS assay for 
the detection of MTX and its major metabolite 7-hydroxy-MTX 
(7-OH-MTX), was developed using known concentrations of 
MTX and 7-OH-MTX spiked into plasma samples and subse-
quently optimised (for sample preparation, chromatographic 
and MS conditions, see online supplementary S1).

The assay had an initial lower limit of quantification (LLOQ) 
of 0.5 nM and 0.75 nM for MTX and 7-OH-MTX, respec-
tively. Samples were tested in triplicate and the measurement 
accepted if coefficient of variation (CV) ≤15% and the result 
was within the calibration curve. Samples not passing quality 
control were excluded from the analysis. Mean measure-
ments were multiplied by their dilution factor to obtain the 
final concentration. The assay was subsequently validated for 

measurement in serum samples; drug-free serum was prepared 
as per the plasma preparation protocol. The linearity, LLOQ, 
carryover and precision of the assay were determined in the 
plasma samples.

Patient and public involvement
The study design was developed in collaboration with a Research 
User Group (RUG) of patients and carers living with musculo-
skeletal conditions, including RA. The RUG assessed the patient 
information resources that were appropriately worded and 
assessed the burden of the study to the participants.

study design and participants
The single-centre diagnostic accuracy study (Measurement of 
MTX and 7-OH-MTX metabolites in urine of patients with 
rheumatoid arthritis; the MEMO study) included patients who 
were at least 18 years of age, had a physician diagnosis of RA 
and were commencing MTX as part of their usual care. Patients 
were identified from the Rheumatoid Arthritis Medication Study 
(RAMS) study, a 1-year prospective multicentre observational 
study in the UK designed to identify predictors of response to 
MTX in patients with RA.11 Eligible and consenting patients 
recruited to RAMS between 2014 and 2015 were invited to 
participate in the MEMO study. Patients were excluded if they 
had a contraindication to MTX as per the Summaries of Product 
Characteristics.12 Patients were invited sequentially according to 
the proximity of the hospital providing their care to the National 
Institute for Health Research (NIHR) Clinical Research Facility 
(CRF) in Manchester, UK, to reduce the travel burden for poten-
tial study participants. Clinical and demographic data recorded 
included age, gender, weight, Disease Activity Score-28, medi-
cation and dosage. Blood samples were taken to measure creat-
inine, calculated estimated glomerular filtration rate (calculated 
using Modification of Diet in Renal Disease) and albumin. A 
recruitment size of 20 participants was deemed to be sufficient 
based on previous studies developing similar drug level adher-
ence assays.13 14

MeMO study schedule and sample collection
Participants were screened and attended three visits at the 
CRF, Manchester, UK. Plasma samples were collected for the 
measurement of MTX concentrations from all patients prior to 
and following directly observed therapy of MTX at baseline (the 
reference standard). Samples were collected in K2EDTA collec-
tion tubes at 0, 1, 2, 4, 8, 16, 24 hours and on 2 subsequent 
days within 7 days of observed MTX ingestion at a date/time 
convenient to the participant. Samples were placed on ice for a 
maximum of 30 min prior to sample preparation. The plasma 
fraction was prepared immediately by centrifugation at 1500g 
for 10 min at 4°C. Samples were divided into aliquots (0.5 mL) 
in cryovials (Greiner) and frozen by placing in a −80°C freezer. 
Samples were labelled with the patient ID, date and time of 
collection. Clinical information and reference standard results 
were available to the performers/readers of the index test.

PK model and adherence test validation in real-world 
samples
PK model validation was undertaken, to replicate the model, 
using independent samples from the RAMS study. Briefly, a 
specially designed diary was used to collect adherence data. Each 
week for 26 weeks, patients recorded their MTX use including 
day and time of ingestion and/or usual time of MTX ingestion in 
the case report form. Three-month and 6-month blood samples 
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Table 1 Baseline demographic and clinical details for the MEMO 
cohort

baseline characteristic Median (IQR)

Age (years) 65.5 (54–70)

Female gender (%) 65

Weight (kg) 76.9 (67.3–85.4)

Serum creatinine (µM) 71.5 (67.0–79.0)

eGFR (mL/min/1.73 m2)* 84 (76–99)

Serum albumin (g/L) 37 (37–39)

MTX dose (mg/week) 15 (7.5–25)†

Taking concomitant folic acid (%) 100

Taking concomitant NSAIDs (%) 20

*Calculated using the MDRD eGFR calculation.
†Median (range).
MDRD, Modification of Diet in Renal Disease; MEMO, Measurement of MTX 
and 7-OH-MTX metabolites in urine of patients with rheumatoid arthritis; MTX, 
methotrexate; NSAID, non-steroidal anti-inflammatory drug; 7-OH-MTX, 7-hydroxy-
MTX; eGFR, estimated glomerular filtration rate.

were collected, the date/time of sampling recorded and the 
samples were posted to the coordinating centre in Manchester. 
Samples were processed as described previously and stored at 
−80°C until measurement. Three-month and 6-month samples 
were used to validate the PK model and ability of the assay to 
measure adherence, respectively.

Analysis
Development and validation of an MTX PK model
A population PK model was developed using mixed-effect 
modelling software NONMEM version 7.3.0 (ICON Devel-
opment Solutions, Hanover, Maryland, USA).15 Estimation of 
the population median and variance parameters was performed 
using a Bayesian approach and uninformative priors for all 
parameters. Based on visual inspection of the concentration–
time profiles of MTX and 7-OH-MTX and previously published 
data, a two-compartment model for MTX and one-compart-
ment model for 7-OH-MTX was fitted to the data. For the 
metabolite 7-OH-MTX, apparent formation and clearance of 
7-OH-MTX were estimated as previously described.16 Covari-
ates (body weight and serum creatinine levels) for the model 
parameters were tested to determine whether any part of the 
variability in the parameters was explained. PK parameters were 
reported with their relative SE to provide an estimate of uncer-
tainty in the parameters. The PK model was validated by plot-
ting, over time, the dose-normalised observed concentrations of 
the sparse RAMS samples along with the median of the predicted 
concentrations and a 90% prediction interval. Simulations were 
performed to predict the proportion of patients with detectable 
concentrations of both MTX and 7-OH-MTX over time to 
inform required assay sensitivity to detect adherence for a given 
dose and whether MTX or 7-OH-MTX is the most sensitive 
analyte in plasma samples.

Assay sensitivity analysis
Following PK model validation, simulations were used to deter-
mine adherence cut-offs required for the correct detection of 
adherence according to dose of MTX ingested with a proportion 
of samples predicted to be true positives ≥80%. Assay optimis-
ation was undertaken to improve the LLOQ (online supplemen-
tary S2).

Six-month RAMS blood samples were used to assess the sensi-
tivity of the assay to detect adherence. Samples were measured 
in triplicate and rejected if CV ≥25%; MTX-d3 was not detected 
in two or more samples or the measurement was outside the cali-
bration range when taking into account the expected minimum 
concentration according to the PK model and the patients’ 
MTX dose. Triplicates where one sample failed were included 
if the sample failed due to non-detection of the internal stan-
dard MTX-d3. Mean measured concentration was used to detect 
adherence.

ResulTs
Clinical characteristics
Twenty RA patients were recruited (see online supplementary S3 
for the CONSORT (Consolidated Standards of Reporting Trials) 
2010 flow diagram). The baseline characteristics of the MEMO 
cohort is shown in table 1.

PK profile
In total, 174 plasma samples (range 7–9 per patient) were 
collected from the MEMO study and measured in triplicate 
from 20 patients with blank plasma samples in each assay run. 

The median time from MTX ingestion to last plasma sample was 
101 hours (IQR: 94–142 hours). No MTX-free plasma samples 
falsely detected MTX. Rejection of samples due to high CV or 
measurement less than LLOQ was 1.1 and 9.8 for MTX and 
2.3% and 12.6% for 7-OH-MTX, respectively. MTX absorp-
tion was rapid, with plasma concentrations peaking at around 2 
hours after oral administration. A two- compartment model for 
MTX and one-compartment model for 7-OH-MTX was fitted 
to the data (online supplementary S4). The effect of serum creat-
inine levels on the systemic clearance of MTX was negligible 
and was therefore not included in the model. The PK parameters 
for MTX and 7-OH-MTX are available in online supplementary 
S5. Intersubject variability was highest for the apparent fraction 
of MTX converted to 7-OH-MTX. The visual predictive check 
demonstrated that the model captured adequately the observed 
data for MTX and 7-OH-MTX as shown in figure 2.

Simulation data of 1000 hypothetical individuals after 
ingesting 5, 10, 15 and 20 mg MTX to predict the proportion of 
subjects with measured MTX and 7-OH-MTX levels below the 
LLOQ is shown in figure 3. The results demonstrate that while 
at 144 hours (6 days) following ingestion of 15 mg MTX, 72% 
of adherent patients are predicted to have measurable MTX, 
only 70% of adherent patients are predicted to have measurable 
MTX levels at 72 hours after ingestion of a lower MTX dose (ie, 
10 mg), limiting the interpretation of the assay at lower doses. 
Further optimisation to improve the lower level of quantifica-
tion was therefore undertaken. MTX was found to be a more 
accurate surrogate marker of adherence compared with 7-OH-
MTX with a lower proportion of subjects that are predicted to be 
below the LLOQ for all dose ranges of MTX. Early after inges-
tion of MTX, 75% of subjects have undetectable 7-OH-MTX, 
due to the delay in hepatic metabolism of MTX to 7-OH-MTX.

PK model validation
In total, 51 plasma samples were collected where time of MTX 
ingestion was diarised and date/time of venepuncture was 
recorded from the RAMS cohort (median 99.6 hours; IQR: 
58.5–147.6). Baseline clinical and demographic characteristics 
are shown in table 2. Of 51 samples, two showed undetectable 
levels of MTX (4%); of these, one sample was taken 58 days 
after the patient had stopped MTX but they had continued 
to participate in RAMS. Review of the diary for this patient 
revealed that the individual stopped MTX as the patient was 
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Figure 2 Visual predictive check for MTX and 7-OH-MTX. Observed 
concentrations are log-transformed dose-normalised (nM/mg) for MTX 
and 7-OH-MTX. 7-OH-MTX, 7-hydroxy-MTX; MTX, methotrexate; PI, 
prediction interval.

Figure 3 Simulated data of 1000 hypothetical individuals showing 
the proportion of subjects with predicted concentrations of MTX/7-OH-
MTX below the LLOQ (BLQ) for 5, 10, 15 and 20 mg MTX. 7-OH-MTX, 
7-hydroxy-MTX; BLQ, below the lower limit of quantification; LLOQ, 
lower limit of quantification; MTX, methotrexate.

Table 2 Baseline clinical and demographic characteristics of the 
RAMS cohort

baseline characteristic Median (IQR)
Missing 
(n)

Age at venepuncture date (years) 62 (56–72) 0

Days between MTX commencement and 
venepuncture date

92 (88–105)

Female gender (%) 55 0

Weight (kg) 76.9 (61.2–83.8) 3

Serum creatinine (µM) 67.5 (60.0–79.0) 5

Baseline DAS-28 4.61 (3.83–5.66) 2

MTX dose (mg/week) 20 (10–25)* 0

*Median (range).
DAS-28, Disease Activity Score-28 ; MTX, methotrexate; RAMS, Rheumatoid Arthritis 
Medication Study.

Figure 4 Log-transformed dose-normalised median and 90% PI MTX 
and 7-OH-MTX concentration developed from the MEMO study overlaid 
with individual dose-normalised MTX and 7-OH-MTX concentrations 
observed from the RAMS study. 7-OH-MTX, 7-hydroxy-MTX; MEMO, 
Measurement of MTX and 7-OH-MTX metabolites in urine of patients 
with rheumatoid arthritis; MTX, methotrexate; PI, prediction interval; 
RAMS, Rheumatoid Arthritis Medication Study.

unaware to continue treatment; following venepuncture, the 
patient restarted MTX and noted this in the diary; therefore, the 
patient was included in the study as having had taken MTX on 
the day of venepuncture. The sample was subsequently removed 
from analysis. The other sample was taken 148 hours after 20 
mg MTX ingestion, a time later than the last time used for simu-
lation. In comparison to MTX, 7-OH-MTX was undetectable 
in 26 (51%) of plasma samples. Figure 4 shows the median 
predicted dose-normalised concentration of MTX/7-OH-MTX 
with 90% prediction interval over time developed from the 
MEMO study with individual dose-normalised concentrations 
measured from the RAMS samples.

Assay sensitivity analysis
Simulations were performed and confirmed that an LLOQ of 0.1 
nM was sufficient to detect adherence at 7 days for each dose of 
MTX ≥5 mg with a predicted proportion above the LLOQ of 
≥80% (online supplementary S6a-g). Based on these results, the 
adherence cut-offs were as shown in table 3.

The assay was subsequently reoptimised for sensitivity to 
generate a new LLOQ of 0.1 nM by further optimising the mass 
spectrometer parameters (online supplementary S2). Seventeen 
previously false-negative MEMO samples that were rejected due 
to measuring below the LLOQ were retested using this optimised 
assay and all samples were subsequently above the LLOQ. All 
MEMO patients were, therefore, correctly identified as adherent 
when measured using the optimised index test.

For further validation from an independent cohort, 159 
6-month RAMS samples were available. Following quality 
control, 138 samples remained. Out of 138 samples, only 7 were 
below the adherence limit (table 3) resulting in sensitivity of 
95% from real-world self-reported patient samples.

dIsCussIOn
Evidence consistently suggests that RA medication adherence is 
low in adults.17 Identifying non-adherent patients who can be 
targeted for supportive intervention is a clinical challenge. Often 
the prescriber is unable to determine if a patient is adherent 
and there is no gold-standard method developed to monitor 
adherence. Current National Institute for Health and Care 
Excellence guidelines on medicines adherence suggest assessing 
non-adherence by asking the patient if they have missed any 
doses of medicines recently.18 The use of indirect measures, such 
as self-reported questionnaires, has a number of challenges as 
patients may conceal their true behaviour to avoid being judged 
by their treating clinician.19

We present an HPLC-SRM-MS method developed and vali-
dated for the detection of MTX adherence. There are a number of 
strengths of the current assay: first, there is limited sample prepa-
ration required and that required is simple and straightforward 
compared with other assays; second, the assay has been shown to 
be sensitive for MTX detection and uses a technology that can be 
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Table 3 Oral MTX dose (mg/week) and MTX adherence limit (nm) 
with >80% proportion of subjects who are adherent according to the 
1000 hypothetical subjects ingesting MTX 168 hours prior to blood 
sampling

MTX dose (mg/week) Adherence limit 
(nM)

5 0.1

7.5 0.15

10 0.2

12.5 0.25

15 0.25

17.5 0.25

20 0.25

22.5 0.5

25 0.5

MTX, methotrexate.

implemented in healthcare settings; third, the assay may be used 
in other disease in which low-dose MTX is prescribed such as 
psoriasis.20 A major advantage of HPLC-SRM-MS in therapeutic 
drug monitoring is its high sensitivity. As MTX is dosed weekly 
in standard rheumatology care, it was essential that the assay was 
sensitive enough to detect MTX several days after ingestion as, 
in routine clinical practice, patients will not always be seen at 
the same time following their MTX dosage. The development 
and validation of a PK model aided assay optimisation so that an 
assay sensitive enough to detect adherence in >80% of patients 
taking ≥5 mg of MTX weekly was developed. Both MTX and 
its major metabolite were studied, but MTX was found to be 
the superior analyte for the detection of MTX ingestion over 
the period of 1 week. The optimised assay demonstrated 100% 
sensitivity of all samples where direct observation of therapy was 
undertaken and 95% of samples from real-world self-reported 
patient samples. This is of vital importance so that clinicians can 
be confident in the result of an assay to detect adherence prior 
to discussing the assay results with the patient; the consequences 
of a false negative may be the erosion of trust in the patient–
physician relationship. The assay was shown to be robust when 
analysing MTX naive plasma, demonstrating specificity.

There are a number of different methods which have been 
developed to measure MTX and its metabolites including assays 
that can detect MTX polyglutamate (MTXPG). However, in a 
recent study by Pasma et al, no correlation of measurement of 
MTXPG was found with a Medication Event Monitoring System 
that registers openings of the medication package; the findings 
did not, therefore, support the measurement of MTXPG as a 
biomarker of adherence.21 One possible explanation is the long 
t1/2 of MTXPG; the time when MTXPG levels become undetect-
able, can range from 2 to 32 weeks.22

While the sample size of the initial MEMO study was modest 
(n=20), the resultant PK profile of a two-compartment model 
has been suggested previously in several studies.23–27 Serum 
creatinine was not an informative covariate in this model, by 
contrast with the study by Godfrey et al.28 This may be due to 
the lack of creatinine variation in the population studied. While 
the MEMO study was observational and unable to control for 
concomitant therapies that may affect MTX PK, subsequent vali-
dation of the model, in a real-world study (RAMS), suggests that 
this is not clinically relevant as the developed MTX PK model 
performed well at predicting MTX concentrations.

Limitations of the current study include the fact that the assay 
can only detect whether the drug was taken and the correct 

dose within the preceding 6 days and does not reflect long-term 
adherence behaviours, and the assay would be unable to detect 
for example, patients who were regularly non-adherent but 
adherent in the few days preceding their appointments (so called 
white-coat compliance).29 Furthermore, we cannot exclude 
malabsorption as a factor in some patients to explain low serum 
levels rather than non-adherence. The study design limited the 
assessment of the negative predictive value of the test, and it is 
reassuring, however, that a patient with self-reported non-ad-
herence was correctly identified as non-adherent. Detecting low 
drug levels and discussing this with patients does not necessarily 
mean that behaviours will be altered, although previous work in 
the field of hypertension has shown that screening for non-ad-
herence to antihypertensive treatment using HPLC-SRM-MS 
analysis of urine/serum leads to subsequent improvement in 
measured adherence and blood pressure control.10 Specifically, 
Gupta et al measured antihypertensive drug levels in the urine 
and/or serum of hypertensive patients with feedback to patients 
of their results.10 Following feedback, the adherence ratio (the 
ratio of detected to prescribed antihypertensive medications) 
increased from 0.33 (IQR: 0–0.67) to 1 (IQR: 0.67–1) with an 
associated improved blood pressure control.

Further work to test the assay in a clinical environment is 
required to assess whether identification of MTX non-adherent 
patients will improve adherence and whether the intervention 
would be cost-effective. Low-dose MTX is the first-line drug 
for the treatment of RA and is used in other diseases such 
as psoriasis and psoriatic arthritis. Non-adherence to treat-
ment may be a significant barrier to achieving full treatment 
response. If non-adherence is identified, support programmes 
could be considered as the use of a patient support programme 
to improve adherence to adalimumab has previously demon-
strated greater adherence, improved persistence and reduced 
total healthcare costs.30

In conclusion, we have developed and validated an HPLC-
SRM-MS assay to monitor MTX adherence. The assay has 
demonstrated a high sensitivity required for adherence detec-
tion to low weekly doses of MTX used in several chronic 
inflammatory conditions and the assay has been validated in 
independent real-world samples. The next vital work to imple-
mentation is a clinical trial to investigate whether measure-
ment of MTX adherence using the assay can improve MTX 
adherence.
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ABSTRACT
Objectives The main objective of this study was to 
determine whether the dna methylation profile of 
children born to mothers with rheumatoid arthritis (Ra) is 
different from that of children born to mothers from the 
general population. in addition, we aimed to determine 
whether any differences in methylation are associated 
with maternal Ra disease activity or medication use 
during pregnancy.
Methods For this study, genome-wide dna 
methylation was measured at cytosine-phosphate-
guanine (cpg) sites, using the infinium illumina 
Humanmethylation 450K Beadchip, in 80 blood samples 
from children (mean age=6.8 years) born to mothers 
with Ra. as controls, blood samples from 354 children 
(mean age=6.0 years) from the population-based 
generation R study were used. linear mixed models 
were performed to investigate differential methylation 
between the groups, corrected for relevant confounders.
Results a total of 147 cpgs were differentially 
methylated between blood samples of children born 
to mothers with Ra and the control blood samples. 
The five most significantly associated cpgs were 
cg06642177, cg08867893, cg06778273, cg07786668 
and cg20116574. The differences in methylation were 
not associated with maternal Ra disease activity or 
medication use during pregnancy.
Conclusions dna methylation at 147 cpgs differed 
between children born to mothers with Ra and children 
born to mothers from the general population. it remains 
unknown whether the identified associations are causal, 
and if so whether they are caused by the disease or 
treatment. more research, including replication of these 
results, is necessary in order to strengthen the relevance 
of our findings for the later-life health of children born to 
mothers with Ra.

Adverse exposures in early life are associated with 
later-life health, which is referred to as the devel-
opmental origins of health and disease hypoth-
esis.1–5 Epigenetic processes are thought to be 
one of the mechanisms underlying the associa-
tions of early-life exposures and later-life health 
outcomes.6 7 DNA methylation is the best studied 
and understood epigenetic modification.8 9 Factors 
that have been demonstrated to be associated with 
fetal DNA methylation include maternal disease,7 
malnutrition,10–13 smoking,14 placental insuffi-
ciency,15 corticosteroids,16 folate depletion17 and 
cytokines.18 DNA methylation usually occurs at 
cytosine-phosphate-guanine (CpG) sites.8 9 The 
effect of hypermethylation and hypomethylation on 

gene expression depends on the CpG location.19 20 
The most pronounced changes in DNA methylation 
occur during early pregnancy.7 11

During embryogenesis, there are three germ 
layers that form in the developing fetus (ectoderm, 
mesoderm and endoderm). When DNA methyla-
tion is altered in early pregnancy, all germ layers 
are affected.21 22

Rheumatoid arthritis (RA) may be considered as 
an adverse exposure during pregnancy.23 Therefore, 
it is plausible that maternal RA may induce changes 
in fetal DNA methylation, and that it is related 
with the later-life health of the offspring. Inter-
leukin-6 is known to influence DNA methylation.18 
RA treatment during pregnancy includes among 
others sulfasalazine (SSZ) and corticosteroids 
such as prednisone. SSZ is a known folate antag-
onist that crosses the placenta and could influence 
DNA methylation in this respect.17 24 Furthermore, 
corticosteroids might influence DNA methyla-
tion.16 Especially during early pregnancy, when the 
placenta is not completely developed, prednisone 
passively diffuses to the fetus.25–28

In the current study we investigated whether 
the DNA methylation profile of children born to 
mothers with RA was different from that of chil-
dren born to mothers from the general popula-
tion. Furthermore, we investigated whether any 
differentially methylated CpGs were associated 

Key messages

What is already known about this subject?
 ► Adverse exposures in early life are associated 
with later-life health.

 ► Epigenetic changes are thought to be one of the 
underlying mechanisms.

 ► There is not much known about the 
consequences of maternal rheumatoid arthritis 
(RA) on the offsprings’ long-term health.

What does this study add?
 ► DNA methylation is different in children born to 
mothers with RA compared with mothers from 
the general population.

How might this impact on clinical practice or 
future developments?

 ► Maternal RA disease during pregnancy might 
have lifelong consequences for the offspring.

 ► More research in this particular field must be 
undertaken.
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with RA disease activity or medication use during pregnancy, or 
with indicators of future metabolic and cardiovascular diseases. 
In addition, we examined whether these CpGs were associated 
with the expression of genes using expression quantitative trait 
methylation (eQTM) analysis.

MeTHOdS
Study population
FEPRA study
This study is embedded in the Pregnancy-induced Amelioration 
of Rheumatoid Arthritis (PARA) study, a prospective cohort 
study on pregnancy and RA.29 From 2002 to 2008, 369 female 
patients with RA who had a wish to conceive (or already preg-
nant) were enrolled.30 31 After participation in the PARA study, 
196 children and their parents were invited to participate 
in a follow-up study, the FEtal Programming in Rheumatoid 
Arthritis (FEPRA) study. For this study, 108 children with a 
mean age of 6.8 years (SD=1.3) visited Erasmus Medical Centre 
in Rotterdam, and the parents of 85 children (all of European 
ancestry) gave informed consent for studies on DNA methyla-
tion of their children. Furthermore, the parents of 71 children 
provided cheek swabs from their children. There were no statis-
tical differences in baseline characteristics between the partici-
pating and non-participating group.

Generation R Study
The control group consisted of children with a mean age of 6.0 
years (SD=0.4), included in the Generation R Study, a popula-
tion-based prospective cohort study from pregnancy onwards in 
Rotterdam, the Netherlands.32 In this study, all pregnant women 
living in Rotterdam with a delivery date between April 2002 and 
January 2006 were invited to participate, and 9778 mothers 
were enrolled.32 At the age of 6 years, DNA methylation was 
measured in a subgroup of 493 children of European ancestry.

data collection
FEPRA study
In the PARA study, data on mother (eg, disease activity (with 
the Disease Activity Score in 28 joints using C reactive protein 
levels, DAS28-CRP3)) and child were collected.31 For the FEPRA 
study, data on blood pressure, growth and body composition of 
the children were measured. Also, blood, which is a mesoderm 
germ layer derivate, was drawn for DNA methylation analysis.33 
Cheek swabs were collected for the analysis of DNA methyla-
tion in buccal epithelial cells, which is an ectoderm germ layer 
derivate.

Generation R Study
In the Generation R Study, mothers were seen three times during 
pregnancy. The children were followed from birth until child-
hood. Data collection in children and their mothers included 
questionnaires, detailed physical examinations and blood 
sampling.32

dNA methylation analysis
Genomic DNA was extracted from whole peripheral blood 
samples and from the cheek swab samples. Bisulfite conversion of 
500 ng of genomic DNA was performed using the Zymo EZ-96 
DNA Methylation Kit (Zymo Research, Irvine, California, USA) 
according to the manufacturer’s protocol.

Genomic methylation profiling was performed using the 
Infinium Illumina HumanMethylation 450K BeadChip arrays 
(Illumina, San Diego, USA) according to the manufacturer’s 

protocol. The Illumina array measures methylation status of 485 
512 CpG sites in the gene and non-gene regions across the entire 
human genome. To prevent possible batch effects, blood and 
cheek swab samples were measured in the same run.

Quality control and normalisation
The data were preprocessed using the minfi package in R V.3.4.1 
( www. r- project. org). Samples with incomplete or poor bisul-
fite conversion, extension, hybridisation or specificity were 
excluded.34 In addition, samples with sex mismatch and samples 
with a call rate <95% were removed. This quality control (QC) 
was done separately for blood samples and for cheek swab 
samples. During QC, 5 blood and 14 cheek swab samples from 
the FEPRA study were excluded, resulting in 80 and 57 samples, 
respectively. From the Generation R blood samples, 27 were 
excluded due to corticosteroid use or RA disease in the mother, 
and 32 were excluded during QC, resulting in 441 blood samples. 
In addition, 87 cases with missing data from the Generation R 
Study were excluded, leaving 354 samples to analyse. The inten-
sity values were then quantile normalised using the incorporating 
Control Probe Adjustment and reduction of global CORrelation 
(CPACOR) workflow.34 Methylation at each CpG was calculated 
as the beta value (beta=intensity of the methylated allele (M)/
(intensity of the unmethylated allele (U)+M+100)), containing 
values from 0 to 1. Blood cell composition of the samples was 
estimated using the Houseman method with the Reinius refer-
ence set.35 36 The Reinius reference set is not yet validated in 
children. However, it is the best method available, and it has 
been used in other epigenetic studies in children.37 38 Probes with 
single nucleotide polymorphisms (SNPs) at single base exten-
sion, probes with improper binding, and CpGs on the X and 
Y chromosome were removed from the analysis.37–40 From the 
initial 485 512 CpGs, 32 057 were excluded during QC, leaving 
453 456 CpGs for analysis.

Statistical analysis
For all subjects, descriptive statistics were calculated using Stata 
V.14.1 (https://www. stata. com/ stata14/). Student’s t-tests and χ2 
tests were used to compare the baseline characteristics. For these 
analyses, p values <0.05 were considered statistically significant.

Linear mixed models were performed to analyse differential 
methylation between the groups, using R. The first model was 
created to compare the blood samples from the FEPRA study 
with the blood samples of the Generation R Study to deter-
mine whether the DNA methylation profile of children born to 
mothers with RA was different from that of children born to 
mothers from the general population. This model was corrected 
for biological covariates (age, body mass index (BMI) SD scores 
(SDS), adjusted for age and sex according to the Dutch refer-
ence values, using the Growth Analyser (V.4.0; Growth Analyser, 
Rotterdam, the Netherlands, www. growthanalyser. org,) sex, 
gestational age at delivery, maternal age, folic acid use during 
pregnancy, socioeconomic status (SES), maternal smoking and 
white blood cell subtypes), technical covariates (technical batch 
effects (array identifier (ID) and position on array)) and five 
hidden confounders. Technical covariates were added as random 
effects in the models. The hidden confounders were calculated 
using the CATE package41 42 while correcting for the group (RA 
vs non-RA offsprings), all biological covariates and technical 
covariates. This resulted in hidden confounders that were inde-
pendent of all included covariates. The BACON package42 was 
used to correct for unobserved covariates in order to reduce 
test statistic bias and inflation. The genomic inflation factor 

www.r-project.org
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Figure 1 Flow chart of the study population and exclusion of 
participants. FEPRA, FEtal Programming in Rheumatoid Arthritis; RA, 
rheumatoid arthritis.

Table 1 Descriptive statistics of study population

FePRA study 
(n=80)

Generation R 
Study (n=354)

Age child* (years), mean (SD) 6.8 (1.3)† 6.0 (0.4)†

BMI SDS child,* mean (SD) −0.14 (0.87)† 0.18 (0.74)†

Sex of the child

 Male, n (%) 46 (57.5) 176 (49.7)

  Female, n (%) 34 (42.5) 178 (50.3)

Maternal age at delivery (years), mean 
(SD)

32.9 (3.9) 32.5 (4.0)

Gestational age (weeks), mean (SD) 39.5 (2.0)† 40.2 (1.5)†

Gestational age <37 weeks, n (%) 8 (10.0)† 6 (1.7)†

Folic acid

 Start before pregnancy, n (%) 25 (31.3)† 212 (59.9)†

 Start in early pregnancy, n (%) 19 (23.8)† 116 (32.8)†

 No use, n (%) 36 (45.0)† 26 (7.3)†

SES based on educational level

 Low, n (%) 9 (11.3)† 4 (1.1)†

 Middle, n (%) 33 (41.3)† 108 (30.5)†

 High, n (%) 38 (47.5)† 242 (68.4)†

 Maternal smoking,‡ n (%) 1 (1.3)† 86 (24.3)†

 DAS28-CRP(3) third trimester, mean 
(SD)

3.3 (1.1) –

Use of medication ≥1 trimester

 Only prednisone use, n (%) 17 (21.3) –

 Only sulfasalazine use, n (%) 14 (17.5) –

 Combination, n (%) 13 (16.3) –

Prednisone dose (mg), median (IQR)

 First trimester 7.5 (2.5–10.0) –

 Second trimester 7.5 (5.0–10.0) –

 Third trimester 6.3 (5.0–10.0) –

No medication use, n (%) 36 (45.0) –

Fat percentage SDS, mean (SD) 0.24 (0.97) –

*At time of the blood sampling.
†P<0.001.
‡During pregnancy.
BMI, body mass index; DAS28-CRP(3), Disease Activity Score in 28 joints using C 
reactive protein levels; FEPRA, FEtal Programming in Rheumatoid Arthritis; SDS, SD 
score; SES, socioeconomic status.

(λ)43 was calculated. After QC, 453 456 CpGs remained for 
analysis. Therefore, a Bonferroni-adjusted p value of 0.05/453 
456=1.10×10−7 was used.44

CpGs were annotated for nearby genes with the Genomic 
Regions Enrichment of Annotations Tool,45 a general method 
to present epigenetic data.37 38 40 Significant CpGs from the first 
analysis were then further analysed within the blood samples of 
the FEPRA study to explore if RA disease activity, prednisone 
use or SSZ use during pregnancy would explain the differences 
in methylation found in the first model. After that, two linear 
mixed models were created with the significant CpGs to iden-
tify whether these were associated with the BMI SDS or the fat 
percentage SDS of the child, as indicators of future metabolic 
disease. These models were analysed in the 80 blood samples of 
the FEPRA study. CpGs with a p value below 0.05/147=3.4×10−4 
were considered statistically significant.

The significant CpGs found in the first analysis were also 
analysed in DNA derived from buccal epithelial cells, obtained 
by cheek swabs from the FEPRA study, to explore if the differ-
entially methylated CpGs were also differentially methylated in 
that germ layer derivate, as a kind of validation of the results. 
For this analysis, CpGs with a p value below significance level of 
3.4×10−4 were considered statistically significant.

eQTM analysis
eQTMs are sites at which DNA methylation is known to influ-
ence the expression of one or more genes.46 To analyse whether 
any of the significant CpGs were linked to the expression of 
nearby genes, an eQTM analysis was performed. For these anal-
yses the online BIOS QTL browser (https:// molgenis26. target. 
rug. nl/ downloads/ biosqtlbrowser/) was used.39

ReSulTS
Participants
The flow chart of the study population is shown in figure 1. A 
total of 80 blood and 57 cheek swab samples from the FEPRA 
study (children born to mothers with RA) and 354 blood samples 
from the Generation R Study (children born to mothers from the 
general population) remained for analysis.

Descriptive statistics of the study population are presented in 
table 1. Overall, children from the FEPRA study were slightly 
older compared with children in the Generation R Study 
(p<0.001). In the FEPRA study, 45% of the women did not start using folic acid before or in early pregnancy compared with 

92.7% in the Generation R Study (p<0.001). Approximately 
half of the women (47.5%) from the FEPRA study had a high 
SES compared with 68.4% of the women from the Generation 
R Study (p<0.001). One woman (1.3%) from the FEPRA study 
and 86 women (24.3%) from the Generation R Study smoked 
periconceptionally or at any time during pregnancy (p<0.001).

dNA methylation analysis
In the first linear mixed model, blood samples from the FEPRA 
study were compared with blood samples from the Generation 
R Study, corrected for the covariates mentioned in the Methods 
section. In total, 147 CpGs were significantly differentially 
methylated between children in the FEPRA study and children 
in the Generation R Study (figure 2). The QQ plot is shown in 
figure 3. The genomic inflation factor (λ) was 1.06.

In table 2 the five most significant CpGs and the five CpGs 
with the largest effect sizes (within the significant CpGs) are 
described in detail. The complete list of significantly associated 
CpGs is provided as an online supplementary file. A positive 
beta represents higher methylation levels in children born to 
mothers with RA. Methylation was higher in children born to 

https://molgenis26.target.rug.nl/downloads/biosqtlbrowser/
https://molgenis26.target.rug.nl/downloads/biosqtlbrowser/
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Figure 2 Results of the analysis of DNA methylation in children born 
to mother with rheumatoid arthritis (FEPRA study) compared with 
children born to women from the general population (Generation R 
Study). The chromosomes are depicted on the x-axis, and the −log p 
value on the y-axis. The red line represents the Bonferroni threshold 
for a significance of p=1.10×10−7. FEPRA, FEtal Programming in 
Rheumatoid Arthritis.

Figure 3 QQ plot of observed versus expected p values from 
the analysis of DNA methylation in children born to mother with 
rheumatoid arthritis (FEPRA study) compared with children born to 
women from the general population (Generation R Study). FEPRA, FEtal 
Programming in Rheumatoid Arthritis.

mothers with RA than in those from the general population at 
all five CpGs with the lowest p values. Methylation at the five 
CpGs with the largest effect sizes was lower in children born to 
mothers with RA, with the exception of cg06656994.

Subsequent analysis of dNA methylation
The mean DAS28-CRP(3) in the first, second and third trimes-
ters (3.6, 3.5 and 3.3, respectively) were highly correlated 
(>0.6). The DAS28-CRP(3) in the third trimester was avail-
able in all patients. Therefore, this timepoint was chosen for 

the analysis. None of the 147 CpGs were significantly associ-
ated with maternal RA disease activity (DAS28-CRP(3)) in the 
third trimester or medication (prednisone or SSZ) use. In addi-
tion, none of the CpGs were associated with BMI SDS or fat 
percentage SDS in the children.

Analysis in buccal epithelial cells
A total of 10 out of the 147 CpGs significantly associated with 
maternal RA in blood were also associated in buccal epithelial 
cells. From these, four were in the same direction as in blood 
(table 3). CpG cg11336323 was located in a promoter region.

eQTM analysis
Two CpGs, cg21384971 and cg11220663, were associated 
with expression of the COPZ2 and ADD2 genes, respectively 
(table 4). These two genes were also the nearest genes to those 
CpGs.45 Both CpGs were hypermethylated in the children born 
to mothers with RA and were associated with decreased expres-
sion of COPZ2 and ADD2 in the BIOS eQTM lookup browser.

diSCuSSiON
This is the first study investigating the differences in DNA meth-
ylation of children born to mothers with RA compared with 
children born to mothers from the general population. In this 
unique study, all participants were followed prospectively from 
pregnancy onwards. Our study showed differential DNA meth-
ylation between the two groups. The differentially methylated 
CpG sites were not associated with disease activity and/or medi-
cation use, nor to BMI SDS and fat percentage SDS.

In total, 147 CpGs were significantly associated with maternal 
RA after adjustment for multiple biological and technical covari-
ates and hidden confounders. Of the five most significant 
CpGs, interestingly, two (cg06642177 and cg07786668) have 
been associated with myocardial infarction.47 The most signif-
icant CpG, cg06642177, is located on chromosome 6 near the 
SLC2A12 gene,48 associated with insulin sensitivity,48 49 heart 
failure and diabetes50 in animal models. cg07786668, located on 
chromosome 16, is located in the ZFHX3 gene. ZFHX3 has been 
associated in multiple human studies with atrial fibrillation,51–55 
coronary heart disease56 and obesity in a Korean population.57 
cg20116574 was annotated to the NCOA5, a protein coding 
gene, which has been associated with diabetes mellitus type 2 in 
animal models.58 59

From the remaining 142 CpGs, 1 (cg17218495), annotated 
to the SMARCA4 gene, has independently and significantly been 
associated with myocardial infarction.47 The other significant 
CpGs from our study have not been associated with disease 
phenotypes.

Out of the initial 147 significant CpGs, 10 were also signifi-
cantly differentially methylated in buccal epithelial cells obtained 
by cheek swabs. From these, four were in the same direction as 
in blood. When DNA methylation is altered in more than one 
germ layer derivate, it is likely that these alterations occurred in 
early development.21 22 These four CpGs have not been associ-
ated with disease phenotypes in humans. Unfortunately, in the 
Generation R Study, DNA methylation in buccal epithelial cells 
was not available. There were no publicly available epigenetic 
data sets on buccal epithelial cells in healthy children with a 
similar age and background.

As mentioned before, CpGs that are associated with eQTMs 
can influence the expression levels of genes.46 In our study, from 
the 147 significant CpGs, 2 were present in the BIOS QTL 
browser. cg21384971 is associated with less expression of the 
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Table 2 The five most significant CpGs (white rows) and the five CpGs with the largest effect size (grey rows) from the linear mixed model: DNA 
methylation in blood samples from children born to mothers with RA (FEPRA study) compared with children born to mothers from the general 
population (Generation R Study)

CpG Beta* Se P value Nearest gene (±bp) Chr bp location†

cg06642177 0.028 0.002 1.32×10−24 SLC2A12 (−122 529) 6 134 496 341 –

cg08867893 0.018 0.002 7.66×10−24 ZNF365 (+221) 10 64 134 160 –

cg06778273 0.024 0.002 3.77×10−23 TNFRSF18 (+4995) 1 1 137 117 –

cg07786668 0.026 0.002 7.11×10−23 ZFHX3 (−10 142) 16 73 092 391 –

cg20116574 0.019 0.002 5.91×10−19 NCOA5 (+435) 20 44 718 168 Promoter

cg16930947 −0.050 0.008 3.22×10−11 – 8 88 984 447 –

cg01485645 −0.044 0.006 1.64×10−13 MLLT6 (+303) 17 36 862 199 Promoter

cg12360123 −0.043 0.008 1.61×10−08 – 10 79 984 532 Enhancer

cg06656994 0.038 0.005 9.67×10−13 FAM163A (+903) 1 179 713 176 Enhancer

cg17483482 −0.037 0.006 4.62×10−10 – 1 117 152 162 –

*Beta represents the difference in DNA methylation at the given CpG site in children born to mothers with RA (FEPRA study) as compared with children born to mothers from 
the general population (Generation R Study).
†Location in promoter, enhancer or unknown (–).
bp, base pair; Chr, chromosome; CpG, cytosine-phosphate-guanine; FEPRA, FEtal Programming in Rheumatoid Arthritis; RA, rheumatoid arthritis.

Table 3 CpGs that were differentially methylated in the same direction in both blood and in buccal epithelial cells

CpG Beta* Se P value
Nearest gene 
(±bp) Chr bp location†

cg22998206 0.1029 0.022 4.40×10−06 – 12 49 239 429 –

cg03654106 0.0727 0.016 9.50×10−06 – 19 49 539 527 –

cg02613964 −0.058 0.014 7.57×10−05 – 3 44 690 321 –

cg11336323 −0.092 0.024 1.63×10−04 – 19 41 946 040 Promoter

*Beta represents the difference in DNA methylation at the given CpG site in buccal epithelial cells from children born to mothers with RA (FEPRA study) as compared with blood 
samples from children born to mothers from the general population (Generation R Study).
†Location in promoter, gene, enhancer or unknown (–).
bp, base pair; Chr, chromosome; CpG, cytosine-phosphate-guanine; FEPRA, FEtal Programming in Rheumatoid Arthritis; RA, rheumatoid arthritis.

COPZ2 gene, which has been studied as a therapeutic oppor-
tunity for proliferation-independent selective killing of tumour 
cells.60 cg11220663 is associated with less expression of the 
ADD2 gene, also known as beta-adducin. ADD2 is involved in 
multiple pathogenic processes with a wide range of diseases.61 
ADD2 gene variants are associated with hypertension,62 cancer61 
and systemic lupus erythematosus.63

Pathway analysis of the genes annotated to the 147 signifi-
cant CpGs, using the WebGestalt (WEB-based Gene Set AnaL-
ysis Toolkit),64 did not result in significant pathways (data not 
shown).

Thus, some of the associated CpGs (cg06642177, cg07786668 
and cg17218495) have been associated with cardiovascular 
disease in previous studies, while others are located in or near 
genes that are associated with cardiovascular or metabolic 
disease. Maternal RA during pregnancy, a chronic inflammatory 
disease, might be associated with later-life health and disease risk 
in the offspring.

None of the significant CpGs were associated with RA disease 
activity or medication use during pregnancy. However, this may 
have been due to a lack of power, since these analyses were 
performed in the 80 samples of the children born to women with 
RA. The same power problem also applied to the analysis of the 
CpGs with indicators for future metabolic and cardiovascular 
disease (BMI SDS and fat percentage).

Remarkably, a large percentage of women with RA did not use 
folic acid before or during pregnancy. Even though this is outside 
the scope of our study, this requires additional attention during 
preconceptional counselling.

Our study has some limitations. First, although in its kind it is 
a large study, a study on DNA methylation including 80 subjects 
and 354 controls is still relatively small. Despite this, a large 
number of CpGs reached significance. Correcting for biological 
and technical covariates, as well as hidden confounders, and 
using BACON resulted in a λ near 1, reflecting that there was 
no inflation. Second, we were not able to collect a new indepen-
dent cohort of children born to mothers with RA to replicate 
the results. At the time our study was performed, there were no 
other comparable prospective studies available. Currently, Euro-
pean research groups are conducting new prospective cohort 
studies on the impact of RA on pregnancy and offspring. We 
encourage these research groups, possibly with international 
collaborations, to replicate our study.

Thus, the results of this study may support follow-up research 
of children born to mothers with RA. Based on our data, we 
recommend that at least indicators for future cardiovascular 
and metabolic disease should be considered. The effects of RA 
disease activity and medication use on DNA methylation should 
be investigated in studies with larger sample sizes. Furthermore, 
in the last years the use of tumour necrosis factor (TNF) inhib-
itors during pregnancy in patients with RA has increased. This 
often results in lower RA disease activity during pregnancy. 
Future research should also cover the effects of the use of TNF 
inhibitors on the differentially methylated CpGs in children 
born to mothers with RA.

In addition, it would be interesting for a future study to measure 
DNA methylation in the mothers of the children from our study 
and compare that with the methylation of their offspring. Since 
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Table 4 Results from the eQTM analysis using the 147 CpGs significantly different in children born to mothers with RA (FEPRA study)

CpG Beta* Se* P value* Nearest genes Beta GN† Se GN† P value GN†
Genes 
GN†

cg21384971 0.029 0.004 3.86×10−13 COPZ2 −0.073 0.039 1.79×10−06 COPZ2

cg11220663 0.023 0.003 1.68×10−11 ADD2 −0.121 0.039 3.32×10−06 ADD2

The positive betas in column ‘Beta’ represent hypermethylation, while the negative betas in column ‘Beta GN’ represent decreased gene expression.
*The columns beta, SE, p value and nearest genes represent the results from the analysis of DNA methylation in children born to mothers with RA (FEPRA study) as compared 
with children born to mothers from the general population (Generation R Study).
†The columns beta GN, SE GN, p value GN and genes GN represent the results from the BIOS eQTM lookup browser.
CpG, cytosine-phosphate-guanine; eQTM, expression quantitative trait methylation; FEPRA, FEtal Programming in Rheumatoid Arthritis; GN, GeneNetwork; RA, rheumatoid 
arthritis.

mothers and children live in a shared environment (generally), 
there may be an overlap in differentially methylated CpGs.

In conclusion, maternal RA during pregnancy is associated 
with differential DNA methylation in offspring. It remains 
unknown whether the identified associations are causal, and if 
so whether they are caused by the disease or treatment. Some of 
the differentially methylated CpGs or their nearby genes were 
associated with cardiovascular or metabolic disease. Maternal 
RA disease might have lifelong consequences for the offspring. 
However, more research in this particular field must be under-
taken in order to strengthen the relevance of our findings.
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Key messages

What is already known about this subject?
 ► Fibroblast-like synoviocytes (FLS) contribute to 
perpetuation of synovitis in rheumatoid arthritis 
(RA), but the molecular mechanisms remain 
elusive.

What does this study add?
 ► This study provides genome-wide insights into 
the mechanisms regulating tumour necrosis 
factor (TNF)-induced gene expression and 
chromatin landscape dynamics in RA FLS.

 ► TNF-induced sustained chromatin activation in 
regulatory elements is a potential mechanism 
contributing to unremitting expression of 
arthritogenic genes in RA FLS.

How might this impact on clinical practice or 
future developments?

 ► Altering or targeting chromatin states in FLS 
could be a potential therapeutic strategy in RA.

AbsTRACT
Objective We investigated genome-wide changes 
in gene expression and chromatin remodelling 
induced by tumour necrosis factor (TnF) in fibroblast-
like synoviocytes (Fls) and macrophages to better 
understand the contribution of Fls to the pathogenesis 
of rheumatoid arthritis (ra).
Methods Fls were purified from patients with ra 
and cD14+ human monocyte-derived macrophages 
were obtained from healthy donors. rna-sequencing, 
histone 3 lysine 27 acetylation (H3K27ac), chromatin 
immunoprecipitation-sequencing (chiP-seq) and assay 
for transposable accessible chromatin by high throughput 
sequencing (aTac-seq) were performed in control and 
TnF-stimulated cells.
Results We discovered 280 TnF-inducible arthritogenic 
genes which are transiently expressed and subsequently 
repressed in macrophages, but in ra, Fls are expressed 
with prolonged kinetics that parallel the unremitting 
kinetics of ra synovitis. 80 out of these 280 fibroblast-
sustained genes (FsGs) that escape repression in Fls 
relative to macrophages were desensitised (tolerised) in 
macrophages. epigenomic analysis revealed persistent 
H3K27 acetylation and increased chromatin accessibility 
in regulatory elements associated with FsGs in TnF-
stimulated Fls. The accessible regulatory elements of 
FsGs were enriched in binding motifs for nuclear factor 
kappa-light-chain-enhancer of activated B cells (nF-
κB), interferon-regulatory factors (irFs) and activating 
protein-1 (aP-1). inhibition of bromodomain and extra-
terminal motif (BeT) proteins, which interact with histone 
acetylation, suppressed sustained induction of FsGs by 
TnF.
Conclusion our genome-wide analysis has identified 
the escape of genes from transcriptional repression in 
Fls as a novel mechanism potentially contributing to the 
chronic unremitting synovitis observed in ra. our finding 
that TnF induces sustained chromatin activation in 
regulatory elements of the genes that escape repression 
in ra Fls suggests that altering or targeting chromatin 
states in Fls (eg, with inhibitors of BeT proteins) is an 
attractive therapeutic strategy.

InTROduCTIOn
Rheumatoid arthritis (RA) is characterised by 
chronic unremitting synovial inflammation, where 
sustained remission of synovitis is achieved only in 
a minority of patients, despite aggressive immuno-
suppression with synthetic or biologic disease modi-
fying antirheumatic drugs.1 2 The current model for 

RA pathogenesis is the so-called integrated model, 
where there is an interplay between environmental, 
genetic, hormonal and stochastic factors, resulting 
in a cross-talk between T and B lymphocytes, 
macrophages (Mϕ) and fibroblast-like synoviocytes 
(FLS) within the synovium.3 This cross-talk between 
different cell types involves cell-to-cell interac-
tions and soluble factors that drive the initiation 
and perpetuation of synovial inflammation.4 5 The 
pathologic hallmark of RA is pannus, an inflamed 
and hypercellular synovial lining that invades the 
adjacent bone and cartilage.6 Pannus consists of 
activated Mϕ that secrete tumour necrosis factor 
(TNF), and numerous activated FLS that respond 
to paracrine TNF, establishing a Mϕ–TNF–FLS 
axis.7 The effectiveness of biologics targeting TNF 
in RA suggests that the Mϕ–TNF–FLS axis is a key 
driver of the chronic unremitting character of RA 
synovitis.8

The molecular mechanisms resulting in non-re-
solving inflammation in the context of RA remain 
obscure.5 9 10 An inflammatory response typically 
follows a multistep evolution from induction to 
resolution aiming to finally restore the function 
and structure of the affected tissues.11 12 Along 
these lines, Mϕ rapidly adjust the temporal order 
of their responses to inflammatory challenges (eg, 
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exposure to TNF or toll-like receptor (TLR) ligands) by transi-
tioning from an acute proinflammatory to a subsequent homeo-
static phenotype that promotes tissue repair and the resolution 
of inflammation.13 This is a tightly regulated process mediated 
by: (1) feedback loops that limit inflammatory cytokine produc-
tion (eg, the interleukin (IL)-10/signal transducer and activator 
of transcription (STAT) 3 axis),14 (2) signalling brakes (eg, A20, 
ABINs, SOCS) that restrain inflammatory signalling15 16 and (3) 
chromatin remodelling that represses expression of proinflam-
matory genes.17–19 The result of these homeostatic molecular 
events is that following exposure to inflammatory stimuli (eg, 
TNF) macrophages typically display: (1) robust but transient 
expression of proinflammatory transcripts (eg, TNF, IL-1β, 
CXCL8) and (2) desensitisation (tolerance) to subsequent 
inflammatory stimulation. Tolerance induction in macrophages 
is opposed by interferron (IFN)-γ and type I IFNs,19 and thus it 
is possible that the IFN signatures expressed in RA synovium or 
other unknown mechanisms prevent complete tolerisation and 
maintain synovial macrophage capacity to produce inflamma-
tory cytokines.

Within the chronically inflamed RA synovium, FLS are exposed 
to long-term inflammatory stimulation and their gene expres-
sion transitions from an early to a late programme that shapes 
aspects of their aggressive phenotype.8 In previous studies, we 
have investigated the molecular mechanisms that shape this late 
gene expression programme and have identified fundamental 
differences between FLS and Mϕ in terms of the kinetics, quality 
and quantity of their TNF-induced inflammatory program.20–22 
Whereas macrophages display transient expression of inflam-
matory genes (eg, IL6 and CXCL8), one single pulse with TNF 
triggers in RA FLS prolonged activation of nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-κB), sustained 
chromatin accessibility in the promoters of key inflammatory 
genes (eg, IL6 and CXCL10), non-terminating transcription of 
IL6, continuous expression of cytokines, chemokines and tissue 
destructive enzymes, as well as mitogen-activated protein kinases 
(MAPK)-dependent messenger RNA (mRNA) stabilisation of 
arthritogenic transcripts (eg, IL6, CXCL1, CXCL3, CXCL8, 
CCL2 and PTGS2).20–22 In addition, on exposure to TNF, RA 
FLS acquire a ‘short-term inflammatory memory’ potentially 
resulting from the induction of transcription factors (eg, STAT1) 
and chromatin modifications that are not rapidly reversed or 
are turned over with slow kinetics.21 Overall, the results of 
our previous studies20–22 support a model where the aggres-
sive FLS behaviour might be the result of sustained signalling 
and prolonged chromatin remodelling that cooperatively drive 
continuously active transcription together with mRNA stabilisa-
tion of arthritogenic transcripts.

To gain further insights into mechanisms that underlie the 
sustained inflammatory response of FLS to TNF, we under-
took an integrated transcriptomic and epigenomic approach to 
analyse this response at the genome-wide level and to compare 
it to the transient inflammatory response induced by TNF in 
macrophages. A striking finding of this comparative analysis 
was that many TNF-inducible proinflammatory genes that are 
transiently expressed and/or tolerised in macrophages, are not 
repressed and are expressed with sustained kinetics in FLS. 
Aspects of this differential regulation are reflected by divergent 
baseline and TNF-induced chromatin states (epigenomic land-
scapes) of these two cell types. These findings indicate that TNF 
reprograms the epigenomic landscape of FLS and suggest that 
such reprogramming contributes to sustained and prolonged 
TNF-induced inflammatory gene expression.

MeTHOds
Synovial tissues were obtained from patients with RA who 
underwent total knee replacement or elbow synovectomy. The 
diagnosis of RA was based on the 1987 American College of 
Rheumatology criteria.23 Detailed experimental procedures are 
described in the online supplementary methods, including cell 
purification and culture, sequencing (RNA-sequencing (RNA-
seq), chromatin immunoprecipitation-sequencing (ChIP-seq), 
assay for transposable accessible chromatin by high throughput 
sequencing (ATAC-seq)), bioinformatics analysis, quantitative 
reverse transcription PCR (RT-qPCR) and statistical analysis.

ResulTs
TnF-induced gene set whose expression is transient in 
macrophages but sustained in Fls
We had previously found that expression of several inflamma-
tory genes that is transient after TNF stimulation of macro-
phages is instead sustained up to at least 24–72 hours in FLS.20–22 
To better characterise this gene set that escapes downregulation 
in FLS, we analysed our previously generated RNA-seq data sets 
(dbGAP: phs001371.v1.p1 and online supplementary figure 
S1).19 Analysis of FLS RNA-seq data using an updated compu-
tational pipeline and more stringent statistical cut-off (adjusted 
p<0.05) (online supplementary methods and online supple-
mentary figure S1) revealed six clusters of TNF-inducible genes 
(R1–R6), including gene clusters induced with sustained kinetics 
over a 72-hours time course (clusters R3, R4, R5 and R6; online 
supplementary figure S1A). A comparison of the TNF response 
in macrophages and FLS is presented in the online supplemen-
tary figure S2. We then identified a set of 280 genes induced 
transiently in macrophages, with peak expression at 1–6 hours, 
but with sustained kinetics in FLS, with peak expression at 24–72 
hours (figure 1 and online supplementary figure S1D and S1E). 
This fibroblast-sustained gene set (FSGs, n=280) included key 
inflammatory genes such as IL6, CXCL8, CXCL10 and MMP19 
(figure 1B), which is in accord with and confirms our previous 
work.20–22

To gain insight into the functions of these genes that escape 
downregulation in FLS, we performed ingenuity pathway anal-
ysis and found that these genes were significantly associated 
with inflammatory pathways implicated in RA pathogenesis 
(figure 1C). Analysis to identify upstream regulators of these 
genes likewise recovered inflammatory factors, including TNF 
and NF-κB (figure 1D). Expression of representative inflamma-
tory genes contained within this gene set are shown in a heatmap 
in figure 1E and the entire gene list is provided in the online 
supplementary table 1. Overall, these genome-wide results 
support the notion that the expression of a substantial fraction 
of the TNF-induced inflammatory response is not effectively 
terminated in FLS.

Genes that are tolerised in macrophages escape repression 
in Fls
A subset of TNF-inducible genes transiently expressed in macro-
phages are ‘tolerised’, a process whereby genes are repressed after 
a primary stimulation with inflammatory factors such as lipo-
polysaccharide (LPS) or TNF and become resistant to induction 
by secondary challenge with prototypical inflammatory stimuli 
such as LPS.18 19 We analysed the patterns of expression of genes 
tolerised by initial stimulation of macrophages with TNF19 to 
test the notion that such genes would not be repressed in FLS. 
Interestingly, out of a well-defined set of 466 tolerised genes (T 
genes) in macrophages,19 80 exhibited sustained expression in 
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Figure 1 Genes that are transiently induced by TNF in macrophages exhibit sustained expression in FLS. (A) Kinetic analysis of TNF-induced mRNA 
transcripts whose expression is transient in macrophages but sustained in FLS. RNA-seq analysis was performed in a time course of TNF stimulation 
(10 ng/mL) using macrophages (three replicates from independent blood donors) and FLS (two replicates from independent patients with RA). Two 
hundred and eighty genes (FSGs) transiently expressed in macrophages but sustained in FLS are displayed on a heatmap (upper panels). Bar graphs 
(lower panels) represent CPM values for the FSGs. Error bars indicate SEM. (B) Representative genes from the gene set of the FSGs are presented in 
CPM values. (C and D) Ingenuity pathway analysis of the FSGs defined in (A). (E) Expression of a subset of gene transcripts from the FSGs defined 
in (A) is presented relative to the maximum expression. CPM, counts per million; FLS, fibroblast-like synoviocytes; FSG, fibroblast-sustained genes; 
IL, interleukin; LPS, lipopolysaccharide; Mϕ, macrophages; mRNA, messenger RNA; MAPK, mitogen-activated protein kinases; NF-κB, nuclear factor 
kappa-light-chain-enhancer of activated B cells; RA, rheumatoid arthritis; RNA-seq, RNA-sequencing; TNF, tumour necrosis factor.
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Figure 2 Tolerised genes in macrophage exhibit sustained expression in FLS after TNF exposure. (A) Venn diagram showing the overlap between 
466 macrophage tolerised genes (robustly LPS-inducible genes that are minimally induced by secondary LPS in macrophages pretreated with TNF) 
and the FSGs identified in figure 1A. (B) Heatmap depicting expression of the 80 genes in the overlap region in (A) presented relative to the maximum 
expression. (C and D) Ingenuity pathway analysis of the 80 genes that were tolerised in macrophages but whose expression was sustained in RA 
FLS. FLS, fibroblast-like synoviocytes; FSG, fibroblast-sustained genes; IFN, interferron; IL, interleukin; IFN, interferron; LPS, lipopolysaccharide; Mϕ, 
macrophages; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; RA, rheumatoid arthritis; TGFB1, transforming growth factor beta 
1; TNF, tumour necrosis factor.

FLS (figure 2A,B). These 80 genes were similarly associated with 
inflammatory pathways relevant for RA pathogenesis (figure 2C) 
and upstream regulators such as TNF and NF-κB (figure 2D); 
these genes are highlighted in red font in online supplemen-
tary table 1. These results reinforce the notion that mechanisms 
which suppress expression of a subset of TNF-inducible genes 
in macrophages are not operable in FLS and thus may enable an 
exaggerated inflammatory response.

epigenomic analysis of TnF-stimulated Fls
Sustained TNF-induced transcription (as measured by primary/
nascent RNA transcripts) and opening/activation of chromatin 
(as measured by formaldehyde-assisted isolation of regulatory 
elements (FAIRE) and ChIP-qPCR for histone acetylation) at 
promoters of select genes20 21 in FLS suggested that epigenetic 
chromatin-based mechanisms may contribute to sustained gene 
expression and thus escape from repression. We investigated 
this possibility by performing an epigenomic analysis combining 
ATAC-seq that measures open chromatin24 and ChIP-seq for 
histone 3 lysine 27 acetylation (H3K27ac), an established 
measure of regulatory element activity25 26 (online supplemen-
tary figure S3).

Similar to TNF-induced genes (online supplementary figure 
S1A: clusters R1–R6), TNF-induced H3K27ac peaks in FLS 
segregated into six clusters (figure 3A: clusters H1–H6), whose 
kinetic patterns of induction generally resembled the patterns 
of TNF-inducible gene expression (compare figure 3A to 
online supplementary figure S1A). Notably, both RNA-seq and 
ChIP-seq data revealed distinct clusters of genes expressed with 
transient versus sustained kinetics (clusters 1 and 2 vs 3–6). Gene 
ontology (GO) analysis of TNF-induced genes (online supple-
mentary figure S1B) confirmed at a genome-wide level previous 
results with select genes21 27 that the TNF-induced inflammatory 
response in FLS expands to include IFN-STAT-inducible genes 
at later time points. In addition, genes expressed transiently only 
at 3 hours (online supplementary figure S1B, cluster R1) were 
related to transforming growth factor beta (TGFβ) and growth 
factor signalling, whereas late expressed genes were related 
to cytokine/chemokine production and cholesterol synthesis 
pathways (online supplementary figure S1B, cluster R6). Strik-
ingly, genes associated with the various clusters of TNF-induc-
ible H3K27ac peaks showed similar functional associations 
on GO analysis (figure 3B): H1 early transient peaks associ-
ated with TGFβ signalling, H2–H5 peaks with inflammatory 
and IFN-STAT pathway genes and H6 peaks associated with 
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Figure 3 Epigenomic landscape changes in FLS after TNF exposure. (A) Genome-wide H3K27ac ChIP-seq analysis (two biological replicates 
from independent patients with RA) of differentially induced peaks at each TNF-stimulated time points (3, 24 and 72 hours). The left panel depicts 
K-means clustering of 12 941 peaks (one per row) that were induced more than fourfold by TNF (p<0.0001) into six clusters (H1–H6); expression 
is presented relative to the maximum (set as 1). Box graphs represent H3K27ac ChIP-seq normalised tag densities (log2) at enhancers of a given 
cluster under the indicated conditions (right). ****P<0.0001, Wilcoxon matched-pairs signed rank test. (B) GREAT gene ontology analysis using the 
peaks in each cluster defined in (A). (C) Heatmap presentation of the percentage of genes (percentage of gene overlap) in each gene expression 
clusters R1–R6 (online supplementary figure S1A) that overlap with genes associated with H3K27ac enhancer clusters H1–H6 identified in (A). (D) 
Box graphs represent ATAC-seq normalised tag densities (log2) at H3K27ac peaks defined in (A). This represents quantitation of the data shown as 
a heatmap in online supplementary figure S3D. ****P<0.0001, Wilcoxon matched-pairs signed rank test. (E) Representative University of California 
Santa Cruz Genome Browser tracks displaying normalised profiles for H3K27ac ChIP-seq and ATAC-seq signals at BMP5 (cluster 1) and IL6 (cluster 6) 
locus. (F) Motifs enriched under inducible ATAC-seq peaks at 72 hours of TNF stimulation. ChIP-seq and ATAC-seq analyses were performed with two 
FLS replicates from independent patients with RA that yielded similar results (online supplementary figure S3A). ATAC-seq, assay for transposable 
accessible chromatin by high throughput sequencing; ChIP-seq, chromatin immunoprecipitation-sequencing; FLS, fibroblast-like synoviocytes; FSG, 
fibroblast-sustained genes; H3K27ac, histone 3 lysine 27 acetylation; IFN, interferron; IL, interleukin; IRF, interferon regulatory factors; NF-κB, nuclear 
factor kappa-light-chain-enhancer of activated B cells; C/EBP, CCAAT/enhancer-binding protein; RA, rheumatoid arthritis; TGF, transforming growth 
factor; TNF, tumour necrosis factor.

https://dx.doi.org/10.1136/annrheumdis-2018-214783
https://dx.doi.org/10.1136/annrheumdis-2018-214783
https://dx.doi.org/10.1136/annrheumdis-2018-214783
http://ard.bmj.com/


1210 Loh C, et al. Ann Rheum Dis 2019;78:1205–1214. doi:10.1136/annrheumdis-2018-214783

Rheumatoid arthritis

chemotaxis and lipid metabolic pathways. This analysis reveals 
that TNF induces sustained H3K27ac at a subset of regulatory 
elements and suggests that histone acetylation and thus activa-
tion of regulatory elements help drive the pattern of TNF-in-
duced gene expression. Comparison of the relationship between 
gene sets R1–R6 and peak sets H1–H6 partially supported this 
notion by showing increased overlap of R2, R5 genes with H2, 
H5 peaks, R1 genes with H1 peaks and R6 genes with H6 peaks 
(figure 3C). Relatively weak gene–peak relationships observed 
in figure 3C may be related to regulation of several genes by 
individual regulatory elements or an individual gene by several 
regulatory elements, differential function of regulatory elements 
at different time points and the inherent uncertainty in knowing 
whether a given enhancer regulates the nearest genes. Further-
more, H3K27ac can act as a ‘bookmark’ that by itself does not 
recruit transcriptional machinery and thus drive transcription, 
but instead poises cells for robust responses to subsequent envi-
ronmental challenges.

To gain greater insight into regulation of chromatin accessi-
bility during a TNF response in FLS, we performed ATACseq 
analysis (online supplementary figure S3D). Interestingly, chro-
matin accessibility (as defined by ATACseq normalised tag 
counts) at the regulatory regions H1–H6 defined in figure 3A 
paralleled the patterns of H3K27ac (compare figure 3D to 
right panel of figure 3A). Examples of chromatin regulation at 
a transiently expressed gene (BMP5) and a gene with sustained 
TNF-induced expression (IL6) are shown in the gene tracks in 
figure 3E. These results establish that TNF induces sustained 
acetylation and opening of chromatin in FLS.

ATACseq yields sharply delimited peaks centred around the 
region of greatest chromatin accessibility, which enables anal-
ysis to determine which DNA motifs are enriched under peaks 
and thus to infer which transcription factors (TFs) can bind 
and contribute to gene expression. De novo motif enrichment 
analysis under ATACseq peaks that were induced in a sustained 
manner by TNF revealed highly significant enrichment of 
binding motifs for canonical TNF-activated ‘inflammatory’ TFs 
of the NF-κB, AP-1, CCAAT/enhancer-binding protein (C/EBP) 
and interferon regulatory factor (IRF) families (figure 3F and 
online supplementary material 1 S3C); the IRF sequence also 
binds the STAT1/STAT2/IRF9-containing ISGF3 complex that 
is activated by type I IFNs. These results are in accord with 
previous work showing sustained TNF-induced inflammatory 
signalling in FLS20 21 28 and suggest that this late phase signal is 
delivered to chromatin to activate gene expression.

Persistent histone acetylation at genes that escape repression 
in Fls
The silencing of tolerized and transiently expressed genes in 
TNF-stimulated macrophages is characterised by a return to an 
inactive chromatin state, which can be refractory to inflamma-
tory challenge.17–19 We therefore tested the notion that escape 
from transcriptional inactivation, and thus sustained expres-
sion, of genes in FLS may be maintained by persistent histone 
acetylation. To this end, we analysed the epigenomic landscape 
surrounding the FSGs that ‘escape repression’ as defined in 
figure 1. We compared H3K27ac peaks, which indicate active 
enhancers, surrounding these FSGs in FLS and macrophages. 
Strikingly, TNF induced H3K27ac at 783 regions associated with 
these genes in FLS, but H3K27ac induction was minimal if not 
absent at these regions in macrophages (figure 4A,B). In accord 
with the histone acetylation data, TNF substantially increased 
chromatin accessibility at these loci in FLS, but much less so in 

macrophages (figure 4C). Similar results were obtained when we 
analysed the 80 genes defined in figure 2 that escaped tolerance 
in FLS (online supplementary figure S4). These results demon-
strate that the activation of enhancers and opening of chromatin 
by TNF in FLS is associated with sustained expression of genes 
that are not repressed in this cell type. When we extended the 
analysis to H3K27ac peaks associated with the FSGs in resting 
cells, we found that this segment of the epigenomic landscape 
was markedly different (online supplementary figure S4D): 
358 macrophage-specific peaks (206+118+23+11; shaded 
in green), 1199 FLS-specific peaks (862+280+52+5; shaded 
in red) and 205 peaks common to both cell types at baseline 
(149+46+5+5; shaded). Thus, a different epigenomic land-
scape between the two cell types likely contributes to the distinct 
TNF-induced responses.

De novo motif enrichment analysis under TNF-induced 
ATACseq peaks in this gene set revealed highly significant enrich-
ment of binding sequences for NF-κB, AP-1 and IRF family 
proteins (figure 4D). Representative gene tracks showing differ-
ential regulation of histone acetylation and chromatin accessi-
bility in FLS and macrophages at the CXCL1 locus are depicted 
in figure 4E. These results are in accord with a model where 
TNF-induced NF-κB signalling is rapidly induced and termi-
nated in macrophages,18 but a sustained TNF-induced NF-κB 
signalling in FLS20 maintains open chromatin and histone acetyl-
ation, which contributes to sustained transcription. The results 
also suggest a role for AP-1 and IRF proteins in sustaining tran-
scription at this gene set, possibly in cooperation with NF-κB.

TnF-induced histone acetylation contributes to sustained 
gene expression in Fls
We reasoned that if sustained histone acetylation maintains 
expression of the ‘non-repressed’ genes in FLS, expression of 
these genes should be sensitive to inhibition of the function 
of acetylated histones. We therefore addressed the functional 
importance of TNF-induced histone acetylation for sustained 
gene expression using the inhibitor I-BET151 to suppress inter-
action of acetylated histones with bromodomain and extra-ter-
minal (BET) proteins Brd2, Brd3 and Brd4.29 BET proteins ‘read’ 
histone acetylation and couple this positive histone mark to the 
transcriptional machinery, thereby promoting gene expression.29

Strikingly, I-BET significantly suppressed expression of 1697 
genes in TNF-stimulated FLS (greater than twofold, p<0.05) 
(figure 5A). GO analysis of these genes showed IFN and chemo-
kine-related pathways (figure 5B). Focusing on TNF-inducible 
genes, we found that among 911 genes which were significantly 
induced by TNF (greater than twofold, p<0.05), 617 genes 
(68%) were significantly suppressed (greater than twofold, 
p<0.05) by I-BET (figure 5C). Out of the 280 FSGs, 110 genes 
(39%) were significantly suppressed (>1.5-fold, p<0.05) by 
I-BET (figure 5D), including IL6, CXCL10, CXCL8, CCL2, 
MMP8, MMP19 (figure 5E and online supplementary figure 
S5A). These results support the notion that sustained TNF-in-
duced histone acetylation contributes to gene expression that 
persists to late time points.

dIsCussIOn
Previous work from our team and others has shown that in 
macrophages, the expression of proinflammatory genes is tightly 
controlled: after an early acute induction, the expression of 
a large subset of these genes is repressed.17 18 Notably, a frac-
tion of these repressed genes become desensitised (tolerised) to 
subsequent inflammatory stimulation. The current study reveals 

https://dx.doi.org/10.1136/annrheumdis-2018-214783
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Figure 4 Persistent H3K27 acetylation is associated with sustained gene expression in FLS. (A) Heatmaps of normalised tag densities for H3K27ac 
ChIP-seq peaks associated with the FSGs defined in figure 1A in FLS and macrophages. (B) Histogram of H3K27ac-seq normalized tag densities 
for peaks defined in (A). (C) Histogram of ATAC-seq normalised tag densities at H3K27ac peaks defined in (A). (D) Motifs enriched under inducible 
ATAC-seq peaks associated with the FSGs at 72 hours of TNF stimulation. (E) Representative University of California Santa Cruz Genome Browser 
tracks displaying normalised profiles for H3K27ac ChIP-seq and ATAC-seq signals at the CXCL1 locus. Box enclose genomic regions that are 
differentially regulated across conditions. ATAC-seq, assay for transposable accessible chromatin by high throughput sequencing; ChIP-seq, chromatin 
immunoprecipitation-sequencing; FLS, fibroblast-like synoviocytes; FSG, fibroblast-sustained genes; H3K27ac, histone 3 lysine 27 acetylation; IRF, 
interferon regulatory factors; Mϕ, macrophages; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; RA, rheumatoid arthritis; TNF, 
tumour necrosis factor.

fundamental genome-wide differences between FLS and macro-
phages in the transcriptional regulation of proinflammatory 
genes, with potential implications for FLS-mediated perpetua-
tion of RA synovitis. We have discovered a set of TNF-inducible 
arthritogenic genes, termed FSGs, which are repressed and thus 
transiently expressed in macrophages, but in RA FLS, these genes 
escape from repression and are expressed with prolonged and 
unremitting kinetics that parallel the unremitting kinetics of RA 
synovitis. Our genome-wide analysis in FLS suggests that TNF 
induces sustained chromatin activation in regulatory elements 
of the genes that escape repression. Such lack of repression 
likely reflects a cell-type specific difference between FLS and 
macrophages, as it was also observed with osteoarthritis (OA) 
FLS and may represent a normal part of stromal cell physiology. 
Although these findings are not RA specific, they identify lack of 

transcriptional repression in FLS as a novel mechanism by which 
these cells may contribute to chronic unremitting synovitis in RA 
and other inflammatory diseases.

RA FLS, compared with FLS derived from OA, maintain ex 
vivo increased proliferative, migratory and invasive capacity.30 31 
In two recent reports, we have also discovered that RA FLS 
display enhanced cytokine production, and on exposure to 
TNF they gain a short-term inflammatory memory.20 21 These 
phenotypic abnormalities have been explained on the basis 
of inflammation-induced chromatin modifications that are 
either permanent (chromatin imprinting)4 or reverse with slow 
kinetics.21 Most studies investigating the role of chromatin 
in regulating the aggressive behaviour of RA FLS have used 
gene-specific approaches20 21 32 33 and only recently genome-
wide approaches have been incorporated.27 34–38 This prior work 

http://ard.bmj.com/
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Figure 5 Transcriptomic analysis of I-BET effects on TNF-induced inflammatory gene expression in FLS. (A) Volcano plot of transcriptomic changes 
in RA FLS stimulated with TNF (10 ng/mL) in the presence or absence of I-BET (10 M) for 24 hours; red dots correspond to genes with significant 
(p<0.05) and greater than twofold expression changes. RNA sequencing was performed in three independent biological replicates (FLS derived from 
three different patients with RA). (B) REACTOME pathway analysis of 1697 genes significantly suppressed by I-BET (greater than twofold and p<0.05) 
in TNF-stimulated FLS. (C) Heatmap depicting expression of genes that are TNF upregulated (greater than twofold and p<0.05) and I-BET suppressed 
(greater than twofold and p<0.05). Out of 911 TNF upregulated genes, 617 genes are suppressed by I-BET. (D) One hundred and ten genes out 280 
FSGs were significantly suppressed by I-BET. (E) Representative TNF-inducible genes which were suppressed by I-BET (gene expression presented 
in CPM values). CPM, counts per million; FLS, fibroblast-like synoviocytes; FSG, fibroblast-sustained genes; I-BET, bromodomain and extra-terminal 
protein inhibitor; IL, interleukin; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; RA, rheumatoid arthritis; TNF, tumour necrosis 
factor.
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Figure 6 Three-component model that explains the sustained expression of arthritogenic genes (FSGs) in RA FLS. TNF triggers in RA FLS: (1) 
prolonged activation of NF-κB, (2) chromatin remodelling (increased H3K27ac and chromatin accessibility) and (3) MAPK-dependent mRNA 
stabilisation. Prolonged activation of NF-κB together with chromatin remodelling maintain continuous transcription of arthritogenic genes in RA FLS. 
Continuous transcription and mRNA stabilisation contribute to the sustained expression of these genes (FSGs) in RA FLS, ultimately perpetuating 
synovitis. FLS, fibroblast-like synoviocytes; FSG, fibroblast-sustained genes; H3K27ac, histone 3 lysine 27 acetylation; mRNA, messenger RNA; MAPK, 
mitogen-activated protein kinases; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; RA, rheumatoid arthritis; TNF, tumour 
necrosis factor.

has provided insights into epigenomic mechanisms underlying 
gene expression that is sustained in RA FLS on ex vivo culture 
in the absence of TNF and other inflammatory factors character-
istic of RA synovitis and has revealed stable differences between 
RA and OA FLS. Our study instead analyses for the first time 
at a genome-wide level the response of FLS to TNF as a model 
of inflammatory effects that may occur in vivo in patients and 
compares TNF responses in RA FLS and macrophages. These 
findings suggest mechanisms whereby an FLS-specific chromatin 
landscape can sustain unremitting expression of arthritogenic 
genes and thereby contribute to pathogenesis. Future work 
analysing freshly isolated RA, OA and normal FLS will reveal 
the effects of the in vivo inflammatory environment on the epig-
enomic landscape.

A key question that emerges from this study is how, during 
the course of an inflammatory response, a subset of arthrito-
genic genes repressed in macrophages escapes repression and 
tolerisation in RA FLS. Our previously reported work20–22 and 
the current study suggest in RA FLS a three-component model 
to explain the sustained unremitting expression of arthritogenic 
genes, mediated by inflammation triggered: (1) prolonged acti-
vation of NF-κB, (2) chromatin remodelling and (3) mRNA 
stabilisation (figure 6). According to this model, RA FLS display 
on exposure to TNF continuous upstream activation of NF-κB 
and MAPK signaling,20 22 potentially due to ineffective induction 
or function of signalling brakes.20 In parallel, RA FLS display 
at base line a permissive chromatin state that is further acti-
vated by TNF stimulation (TNF-induced histone acetylation and 
chromatin accessibility) allowing unopposed binding of tran-
scription factors (such as p65, STAT1, IRFs) at promoters and 
enhancers of arthritogenic genes20 21 that maintain continuous 
transcription of these genes. In addition to the mechanisms that 

sustain chromatin accessibility and transcription, TNF induces 
in RA FLS a MAPK-dependent mRNA stabilisation of a subset of 
genes, allowing prolonged accumulation of transcripts which are 
translated to arthritogenic mediators.22

A striking finding of the current study is that 80 of the 280 
FSGs that escape repression in FLS were desensitised (tolerised) 
in macrophages. A key mechanism that drives gene tolerisation 
in macrophages is chromatin remodelling from a permissive 
to a non-permissive state.19 What is the molecular mechanism 
preventing chromatin inactivation and tolerisation of these 
arthritogenic genes in RA FLS? One plausible explanation is 
that in contrast to macrophages, RA FLS lack the IL-10/STAT-3 
homeostatic loop (online supplementary figure S2), potentially 
due to low IL-10 Ra expression,39 and instead a feed-forward 
IL-6/STAT-3 loop is in place that in the context of the FLS 
chromatin landscape operates as a proinflammatory signal.40 
In addition, our team has recently shown a cooperative func-
tion on chromatin regulation of transcription factors of the 
IRFs and NF-κB families downstream of type I interferon and 
TNF signalling that prevents tolerisation of proinflammatory 
genes.19 Along these lines, we have found in this study that in 
FLS, the accessible chromatin in regulatory elements of the 
genes that escape tolerisation is enriched in binding motifs for 
NF-κB, IRFs and AP-1. This finding suggests that the cooper-
ative binding of these TFs potentially maintains chromatin 
accessibility and prevents tolerisation of these genes. Overall, 
the results of the current study provide new insights about the 
role of the RA FLS-specific chromatin landscape in perpetu-
ating synovitis and suggest that altering the chromatin states in 
RA FLS, for example, by using BET inhibitors, is a potentially 
attractive therapeutic strategy.

https://dx.doi.org/10.1136/annrheumdis-2018-214783
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Key messages

What is already known about this subject?
 ► Health-related quality of life (HRQoL) 
impairment in patients with psoriatic arthritis 
(PsA) can be significant, similar in extent to 
patients with rheumatoid arthritis. The presence 
of plaque psoriasis, in addition to arthritis, is 
thought to be a significant contributor to overall 
morbidity in patients with PsA.

 ► While current therapies can have varying 
success in treating the differing manifestations 
of PsA, it is currently unclear to what degree 
treating joint and/or skin symptoms in PsA 
correlates with improvements in patients’ 
HRQoL.

What does this study add?
 ► Leveraging data from clinical trials in PsA, 
improvements in joint symptoms were 
pivotal in improving overall patient HRQoL. 
However, improvements in both joint and skin 
manifestations were necessary to achieve 
optimal patient HRQoL improvements in both 
physical and mental domains.

How might this impact on clinical practice or 
future developments?

 ► The results of this study indicate that treatment 
regimens that effectively treat patient joint and 
skin symptoms should be considered to achieve 
optimal improvements in overall HRQoL.

AbsTrACT
Objective Determine the contribution of joint and skin 
improvements to health-related quality of life (HRQol) in 
patients with psoriatic arthritis (Psa).
Methods sPiRiT-P1 and sPiRiT-P2 are phase 3 trials 
investigating ixekizumab, an interleukin-17a antagonist, 
in the treatment of patients with active Psa. Patients 
were randomised to ixekizumab or placebo. Outcomes 
included the Disease activity index for Psoriatic arthritis 
(DaPsa), the Psoriasis area and severity index (Pasi), the 
european Quality of life-Five Dimensions (eQ-5D) Visual 
analogue score (Vas), the 36-item short-Form Health 
survey (sF-36) and the Work Productivity and activity 
impairment (WPai) Questionnaire. The contribution of 
joint and skin improvements to HRQol was modelled 
using a smoothing spline method and depicted with 
response surface graphics.
results in this integrated analysis, 402 patients with 
Psa had baseline psoriasis of ≥3% of body surface area. 
We applied response surface modelling to this patient 
data set to investigate the relationship between DaPsa, 
Pasi and HRQol improvements at week 24. The greatest 
improvement in eQ-5D Vas was associated with the 
largest per cent improvements in both DaPsa and Pasi 
together, rather than DaPsa or Pasi alone. similar 
observations were made in domains of sF-36 and WPai.
Conclusion Optimal improvements in patients’ HRQol 
were dependent on successful treatment of both joint 
and skin symptoms.

InTrOduCTIOn
Psoriatic arthritis (PsA) is a chronic immune-me-
diated inflammatory disease involving articular 
and extra-articular symptoms, particularly psori-
asis (PsO).1 Of note, health-related quality of life 
(HRQoL) impairment in PsA is similar to rheuma-
toid arthritis (RA), even though patients with PsA 
may have, on average, fewer joints involved as 
compared with those with RA, and may relate to the 
additional burden of skin PsO and other domains 
of disease.2–7 While current disease-modifying 
antirheumatic drugs (DMARDs) can have varying 
success in treating the differing manifestations of 
PsA, it is currently unclear to what degree treating 
joint and/or skin symptoms in PsA correlates with 
improvements in patients’ HRQoL. In this post 
hoc analysis, we leveraged clinical trial data from 
SPIRIT-P1 and SPIRIT-P2,8 9 which investigated 

the interleukin-17A antagonist ixekizumab for the 
treatment of PsA, to assess the contributions of 
joint and skin symptom improvements on patients’ 
HRQoL.

MeTHOds
study design and patient population
Data within this integrated post hoc analysis were 
derived from SPIRIT-P1 (NCT01695239) and 
SPIRIT-P2 (NCT02349295). The study design 
and patient populations for each study have been 
described previously.8 9 Briefly, the SPIRIT studies 
are phase 3 double-blind, placebo-controlled clin-
ical trials involving patients with active PsA. In 
SPIRIT-P1, the patient population was biologic 
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Table 1 Baseline characteristics of patients with baseline ≥3% BSA 
and ≥10% BSA

sPIrIT Trial Integrated database

≥3% bsA (n=402)* ≥10% bsA (n=224)†

Age, years 49.8 (11.6) 49.1 (11.7)

Male 206 (51.2%) 131 (58.5%)

Weight, kg 87.8 (21.4) 88.4 (21.8)

BMI, kg/m2 30.5 (7.4) 30.2 (7.4)

Race

 White 369 (92.0%) 199 (89.2%)

 Asian 22 (5.5%) 18 (8.1%)

 Other 10 (2.4%) 6 (2.7%)

Time since psoriatic arthritis 
diagnosis, years

8.6 (7.9) 8.7 (7.6)

Time since psoriasis diagnosis, 
years

16.9 (12.6) 17.5 (12.4)

cDMARD current use 226 (56.2%) 122 (54.5%)

  Methotrexate current use 188 (46.8%) 104 (46.4%)

Prior TNFi experience 203 (50.5%) 106 (47.3%)

Baseline disease scores

 Tender joint count, 68 joints 22.1 (15.0) 22.3 (14.9)

 Swollen joint count, 66 
joints

11.9 (8.6) 11.8 (8.0)

 CRP, mg/L 16.7 (27.2) 17.5 (27.6)

 DAPSA score 48.7 (22.6) 49.0 (22.0)

 % BSA of psoriasis ‡ 18.3 (18.5) 28.7 (19.1)

 PASI total score 8.5 (8.3) 12.0 (9.3)

Baseline quality of life scores

 DLQI total score 8.7 (6.9) 9.8 (7.2)

 EQ-5D VAS score 52.5 (21.0) 51.5 (20.9)

 SF-36 domain scores

   Bodily pain 37.9 (19.7) 38.5 (20.4)

   General health 44.6 (19.3) 44.5 (19.4)

   Mental health 64.4 (21.8) 64.2 (21.6)

   Physical functioning 41.8 (26.2) 42.6 (26.2)

   Role emotional 71.7 (27.0) 72.7 (26.8)

   Role physical 43.9 (25.0) 44.1 (25.4)

   Social functioning 63.3 (27.4) 64.7 (27.7)

 Vitality 40.6 (21.8) 41.7 (21.1)

  WPAI—activity impairment 53.0 (25.3) 50.7 (24.9)

Data presented are mean (SD) or n (%).
*Placebo: n=134, ixekizumab: n=268.
†Placebo: n=68, ixekizumab: n=156.
‡BSA severity ratings: <3%=mild, 3%–10%=moderate, >10%=severe.
BMI, body mass index; BSA, body surface area; cDMARD, conventional disease-
modifying antirheumatic drug; CRP, C reactive protein; DAPSA, Disease Activity 
Index for Psoriatic Arthritis; DLQI, Dermatology Life Quality Index; EQ-5D, European 
Quality of Life-Five Dimensions; PASI, Psoriasis Area and Severity Index; SF-36, 
36-Item Short-Form Health Survey; TNFi, TNF inhibitor; VAS, Visual Analogue Score; 
WPAI, Work Productivity and Activity Impairment.

DMARD-naive. In SPIRIT-P2, patients must have had an inade-
quate response or intolerance to TNF inhibitors. In both trials, 
enrolled patients had ≥3 of 68 tender joint and ≥3 of 66 swollen 
joint counts and had an active or documented history of PsO at 
study entry.

Patients were randomised to placebo (until week 24) or ixeki-
zumab 80 mg once every 4 or 2 weeks. At week 16, patients 
deemed inadequate responders were required to add/modify 
medications. In these analyses, patients were included regardless 
of the treatment group.

Outcomes
Improvements in joint and skin symptoms were measured as 
per cent improvement from baseline by Disease Activity Index 
for Psoriatic Arthritis (DAPSA) and Psoriasis Area and Severity 
Index (PASI) scores, respectively.10 11 DAPSA is a composite 
measure incorporating swollen and tender joints, function, pain 
and disease activity, but does not directly measure PsO skin 
symptoms.11 Improvements in HRQoL were measured as change 
from baseline (CFB) by the following instruments: European 
Quality of Life-Five Dimensions (EQ-5D) Visual Analogue Score 
(VAS), activity impairment domain of the Work Productivity and 
Activity Impairment (WPAI) Questionnaire12 and 36-Item Short-
Form Health Survey (SF-36).13

statistical analyses
Post hoc analyses were conducted on all ixekizumab-treated and 
placebo-treated patients with a baseline PsO of ≥3% or ≥10% 
body surface area (BSA) from the integrated data set. Missing 
data were imputed with the last observation carried forward. For 
patients classified as inadequate responders at week 16, data for 
week 24 were imputed from the week 16 time point.

The combined effects of joint and skin improvements on 
HRQoL were modelled using the smoothing spline method 
(both as CFB).14 HRQoL was assumed to be a smooth function 
of joint and skin symptoms without imposing specific functional 
form. The smooth function was expressed as a linear combina-
tion of a collection of basis functions. The degree of smoothness 
was controlled by an additional parameter to avoid overfitting. 
The unknown parameters involving the basis function can be 
solved efficiently using ridge regression techniques, whereas the 
smoothing parameter is selected using restricted marginal like-
lihood. This analysis was conducted using R V.3.3.3 with the 
general smoothing splines (gss) package (V.2.1–7 or later).

results
We investigated the relationship between improvements in joint 
and skin symptoms at week 24 on patients’ HRQoL using inte-
grated results from the SPIRIT trials for 402 patients with active 
PsA and BSA ≥3% (including 224 patients with BSA ≥10%) 
at baseline (table 1). Joint involvement was similar in the BSA 
≥3% and BSA ≥10% groups. Smoothing spline modelling 
was performed and a colour spectrum was applied to HRQoL 
improvements (figure 1A,B).

In models with EQ-5D VAS, HRQoL improvements were 
highest (33.1 CFB) when patients achieved 100% improve-
ment in both DAPSA and PASI scores (figure 2). Joint symptom 
improvement alone (ie, 100%/0% DAPSA/PASI improvements) 
yielded a 17.7 CFB improvement. while skin symptom clear-
ance alone (ie, 0%/100% DAPSA/PASI improvements) yielded a 
−1.2 CFB improvement. In patients with ≥10% BSA, a greater 
dependence on skin symptom improvement was necessary to 
achieve optimal EQ-5D VAS scores (figure 2). Similar results 

were observed in models with the activity impairment domain of 
WPAI (online supplementary figure S1). When the models were 
adjusted for age, gender and biologic experience as covariates, 
similar results were also observed (data not shown).

In models incorporating all SF-36 domains, improvement in 
joint symptoms alone yielded achievement of minimally clinically 
important difference (MCID) (≥5 improvement) in all domains 
in patients with ≥3% BSA; however, when skin symptom 
improvements were also present, less joint symptom improve-
ment was needed to achieve MCIDs for the domains (except 
vitality) with general health and social functioning particularly 
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Figure 1 Response surface modelling. (A) Three-dimensional scatterplot and (B) response surface of scatterplot estimated by smoothing spline 
method of skin (y-axis, PASI—percent improvement), joint (x-axis, DAPSA—percent improvement) and HRQoL (z-axis, EQ-5D—change from baseline) 
improvement at week 24. A colour spectrum is applied to health-related quality of life (blue (least improvement) to red (greatest improvement)). 
DAPSA, Disease Activity Index for Psoriatic Arthritis; EQ-5D, European Quality of Life-Five Dimensions; PASI, Psoriasis Area and Severity Index; VAS, 
Visual Analogue Score.

Figure 2 Impact of joint and skin improvements on patient health-related quality of life as measured by EQ-5D VAS. Heat maps depict change from 
baseline in EQ-5D VAS at week 24, with a range from least improvement (blue) to greatest improvement (red). Joint and skin improvements measured 
by per cent improvements from baseline DAPSA and PASI scores at week 24, respectively. Patients with baseline psoriasis of ≥3% (A) and ≥10% BSA 
(B) are depicted in the left and right panels, respectively. BSA, body surface area; DAPSA, Disease Activity Index for Psoriatic Arthritis; EQ-5D, European 
Quality of Life-Five Dimensions; PASI, Psoriasis Area and Severity Index; VAS, Visual Analogue Score.

dependent on skin symptom resolution (online supplementary 
Figure S2A). The greatest improvements were observed across 
all domains, except bodily pain, when both joint and skin symp-
toms improved.

In patients with ≥10% BSA, the necessity of skin symptom 
improvement increased for general health, social functioning, 
bodily pain, and vitality (online supplementary Figure S2B). In 
contrast, improvement in joint symptom alone was sufficient 
for optimal improvements in mental health and role emotional, 

which also exhibited the smallest CFB at week 24 in the 
modelling.

discussion
We leveraged data from two phase 3 clinical trials to model the 
relative impact of joint and skin improvements on HRQoL in 
patients with active PsA and PsO. As measured by non-disease-spe-
cific patient-reported outcome (PRO) measures, improvements 
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in joint symptoms were a larger driver of improvements in 
patient HRQoL than those for PsO. However, improvements 
in both joint and skin manifestations are necessary to achieve 
optimal patient HRQoL levels.

In the models built with patients with greater PsO involve-
ment at baseline (≥10% BSA), skin symptom improvement was 
more prominent in positively affecting the scores of EQ-5D VAS, 
WPAI—activity impairment domain, and four of eight domains 
of SF-36. Importantly, the levels of tender and swollen joints and 
DAPSA scores were similar between patients with baseline PsO 
of ≥3% and BSA of ≥10%. Collectively, these data indicate that 
the relative contribution of skin improvement to improvements 
in HRQOL is dependent, to a degree, on the level of PsO at 
initiation of treatment.

In two domains of SF-36 (mental health and role emotional), 
there was less dependence on skin improvements to achieve 
HRQoL improvements in the models built with data from 
patients with baseline PsO of ≥10% BSA. Reasons for this obser-
vation are unclear as PASI responses have been previously asso-
ciated with improvement in the mental aspects of HRQoL in 
patients with PsA.15 16 These two particular domains exhibited 
the smallest overall improvements at week 24. Coupled with 
fewer patients with baseline PsO of ≥10% BSA, pattern esti-
mates could have been more greatly influenced by fewer subjects 
within certain regions of the model.

Previous clinical trials have investigated the relative impact 
of improvements in joint and skin symptoms on PROs.15 16 
Collectively, the studies demonstrated that the greatest improve-
ments in HRQoL were achieved when patients achieved clini-
cally significant improvements in both joint and skin symptoms, 
particularly with respect to the mental aspects of the disease 
(eg, SF-36 MCS). Improvements in the physical aspects of the 
disease (eg, SF-36 PCS) were more strongly associated with joint 
symptom improvement.

The analyses presented here demonstrate that HRQoL 
improvements, measured by SF-36 domains, as well as the EQ-5D 
VAS and WPAI domains, require both joint and skin improve-
ments for optimal responses. These analyses differ from previous 
disclosures, in part, by examining the correlation of a response 
rather than the ability of a patient to achieve a response.15 16 
With current therapies, it may be possible for patients to achieve 
higher clinical efficacy benchmarks than those previously consid-
ered standard (eg, PASI75 and American College of Rheuma-
tology response criteria with 20% improvement (ACR20)). 
Using our methods herein, we were able to predict the impact 
of reaching higher efficacy thresholds on patient HRQoL. In 
addition, previous reports examined only patients treated with 
TNF inhibitors. We applied the relative efficacy improvements 
from both placebo-treated and ixekizumab-treated patients to 
our model.

To measure joint symptom improvement, we utilised DAPSA, 
which incorporates PROs. Considering that we employed PRO 
to measure patient HRQoL, this could potentially lead to some 
bias. Therefore, we also measured joint symptom improvement 
using either tender or swollen joint counts. Both of these models 
also suggest that improvements in both joint and skin manifes-
tations are necessary to achieve optimal patient HRQoL levels 
(online supplementary figures S3 and S4).

There are limitations to our analyses. Relatively smaller 
numbers of patients have joint symptom improvement alone 
than those of patients having skin symptom improvement alone. 
However, the wide distribution of joint and skin improvements 
still allows coverage of the entire spectrum without extrapo-
lating the result beyond what was observed. DAPSA and PASI, 

as measures in themselves, cannot fully capture the extent of PsA 
severity. DAPSA does not directly assess periarticular domains of 
PsA (enthesitis and dactylitis), while PASI does not necessarily 
account for difficult-to-treat locations of PsO (eg, genital, palms 
and nails). Future analyses incorporating these domains, which 
can influence HRQoL, would provide additional insight. Lastly, 
the interpretation of these analyses was limited to patients with 
PsA with PsO of ≥3% BSA as reliable assessment of PsO activity 
becomes problematic in patients with less extensive disease. It is 
therefore unclear to what extent these results are applicable to 
patients with milder PsO.

In summary, using clinical trial data, we demonstrated that 
improvements in both joint and skin manifestations are neces-
sary for optimal HRQoL in patients with active PsA and PsO. 
Therefore, therapies targeting both joint and skin symptoms 
should be preferred to achieve optimal improvements in overall 
quality of life.

Author affiliations
1Department of Medicine, school of Medicine, University of California, san Diego, la 
Jolla, California, Usa
2Department of Dermatology, icahn school of Medicine at Mt. sinai, new York, new 
York, Usa
3Department of Geriatric and environmental Dermatology, nagoya City University 
Graduate school of Medical sciences, nagoya, Japan
4Department of Medicine, Division of Rheumatology, and Department of 
Dermatology, Harvard Medical school, Boston, Massachusetts, Usa
5Department of Medicine, Division of Rheumatology, and Department of 
Dermatology, Brigham and Women’s Hospital, Boston, Massachusetts, Usa
6lilly Research labs, eli lilly and Company, indianapolis, indiana, Usa
7Comprehensive Center of inflammation Medicine, University Hospital schleswig-
Holstein Campus, luebeck, Germany

Acknowledgements The authors thank Brian s Comer, PhD, and David W 
Mcilwain, PhD, for medical writing support, and Prashant Raj Kumar, BPT, and Julie 
sherman for editorial assistance during the development of the manuscript. all are 
employees of eli lilly and Company.

Contributors aK contributed to the acquisition of data and the analysis and 
interpretation of the study results. aG and CYl contributed to the conception of 
the work and the analysis and interpretation of the study results. aM and JFM 
contributed to the analysis and interpretation of the study results. JB contributed 
to the design of the study and the interpretation of study results. Cls contributed 
to the acquisition and interpretation of the study results. MMH contributed to the 
conception of the work, the design of the study, and the analysis and interpretation 
of the study results. DT contributed to the acquisition, analysis and interpretation of 
the study results. all authors contributed to the critical revisions and approved the 
final version of the manuscript.

Funding This project was supported by eli lilly and Company.

Competing interests aK has been a consultant for eli lilly and Company. aG 
has received consulting or advisory board honoraria, speaking honoraria and/or 
grants from abbvie, BMs, Celgene Corporation, Dermira, eli lilly and Company, 
incyte Corporation, Janssen Biotech, Janssen-Ortho, leO Pharma, Us, lilly iCOs 
llC, novartis, sun Pharmaceuticals and UCB. aM has received grant support and 
lecture fees from abbVie, esai, Kyowa Hakko Kirin, leo Pharma, Maruho, Mitsubishi 
Tanabe Pharma, novartis and Torii Pharmaceutical and lecture fees from Celgene, eli 
lilly Japan and Janssen Pharmaceutical. JFM has received consulting fees, speaking 
fees and/or honoraria from abbVie, eli lilly, novartis, Pfizer, UCB, Celgene, sanofi, 
Regeneron, Merck, Biogen idec and Janssen, and has served as a paid consultant for 
investment analysis companies Cowen Group and GlG. CYl, JB and MMH are full-
time employees and shareholders of eli lilly and Company. Cls is a former employee 
and shareholder of eli lilly and Company. DT has been a consultant and advisor and 
has received speaking fees and grants, and served as an investigator in clinical trials 
for the following companies: abbVie, almirall, amgen, Biogen idec, BMs, Boehringer 
ingelheim, Celgene, Dignity, Dermavant, eli lilly, Galapagos, GsK, Galderma, leO 
Pharma, Janssen-Cilag, MsD, novartis, Pfizer and Regeneron.

Patient and public involvement statement This research was done without 
patient involvement. Patients were not invited to comment on the study design and 
were not consulted to develop patient relevant outcomes or to interpret the results. 
Patients were not invited to contribute to the writing or editing of this document for 
readability or accuracy.

Patient consent for publication not required.

Provenance and peer review not commissioned; externally peer reviewed.

https://dx.doi.org/10.1136/annrheumdis-2018-215003
http://ard.bmj.com/


1219Kavanaugh A, et al. Ann Rheum Dis 2019;78:1215–1219. doi:10.1136/annrheumdis-2018-215003

Psoriatic arthritis

data availability statement lilly provides access to all individual participant 
data collected during the trial, after anonymisation, with the exception of 
pharmacokinetic or genetic data. Data are available to request 6 months after 
the indication studied has been approved in the Usa and eU and after primary 
publication acceptance, whichever is later. no expiration date of data requests is 
currently set once they are made available. access is provided after a proposal has 
been approved by an independent review committee identified for this purpose and 
after receipt of a signed data sharing agreement. Data and documents, including the 
study protocol, statistical analysis plan, clinical study report and blank or annotated 
case report forms, will be provided in a secure data sharing environment for up to 2 
years per proposal. For details on submitting a request, see the instructions provided 
at www. clin ical stud ydat arequest. com.

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 Ritchlin CT, Colbert Ra, Gladman DD. Psoriatic arthritis. N Engl J Med 

2017;376:957–70.
 2 Husted Ja, Gladman DD, Farewell VT, et al. Health-related quality of life of patients 

with psoriatic arthritis: a comparison with patients with rheumatoid arthritis. Arthritis 
Rheum 2001;45:151–8.

 3 Kotsis K, Voulgari PV, Tsifetaki n, et al. anxiety and depressive symptoms and illness 
perceptions in psoriatic arthritis and associations with physical health-related quality 
of life. Arthritis Care Res 2012;64:1593–601.

 4 Michelsen B, Fiane R, Diamantopoulos aP, et al. a comparison of disease burden 
in rheumatoid arthritis, psoriatic arthritis and axial spondyloarthritis. PLoS One 
2015;10:e0123582.

 5 sokoll KB, Helliwell Ps. Comparison of disability and quality of life in rheumatoid and 
psoriatic arthritis. J Rheumatol 2001;28:1842–6.

 6 Genovese MC, Weinblatt Me, Mease PJ, et al. Dual inhibition of tumour necrosis 
factor and interleukin-17a with aBT-122: open-label long-term extension studies in 
rheumatoid arthritis or psoriatic arthritis. Rheumatology 2018;57:1972–81.

 7 Weiss sC, Kimball aB, liewehr DJ, et al. Quantifying the harmful effect of psoriasis on 
health-related quality of life. J Am Acad Dermatol 2002;47:512–8.

 8 Mease PJ, van der Heijde D, Ritchlin CT, et al. ixekizumab, an interleukin-17a specific 
monoclonal antibody, for the treatment of biologic-naive patients with active psoriatic 
arthritis: results from the 24-week randomised, double-blind, placebo-controlled and 
active (adalimumab)-controlled period of the phase iii trial sPiRiT-P1. Ann Rheum Dis 
2017;76:79–87.

 9 nash P, Kirkham B, Okada M, et al. ixekizumab for the treatment of patients with 
active psoriatic arthritis and an inadequate response to tumour necrosis factor 
inhibitors: results from the 24-week randomised, double-blind, placebo-controlled 
period of the sPiRiT-P2 phase 3 trial. Lancet 2017;389:2317–27.

 10 Fredriksson T, Pettersson U. severe psoriasis--oral therapy with a new retinoid. 
Dermatologica 1978;157:238–44.

 11 schoels M, aletaha D, Funovits J, et al. application of the DaRea/DaPsa score for 
assessment of disease activity in psoriatic arthritis. Ann Rheum Dis 2010;69:1441–7.

 12 Reilly MC, Zbrozek as, Dukes eM. The validity and reproducibility of a work 
productivity and activity impairment instrument. Pharmacoeconomics 1993;4:353–65.

 13 Ware Je, sherbourne CD. The mos 36-item short-form health survey (sF-36). i. 
conceptual framework and item selection. Med Care 1992;30:473-–83.

 14 Gu C. smoothing spline anOVa Models. in: 433. 2 ed. new York: springer-Verlag, 
2013.

 15 Kavanaugh a, antoni C, Krueger GG, et al. infliximab improves health related quality 
of life and physical function in patients with psoriatic arthritis. Ann Rheum Dis 
2006;65:471–7.

 16 Kavanaugh a, Mcinnes iB, Krueger GG, et al. Patient-reported outcomes and the 
association with clinical response in patients with active psoriatic arthritis treated 
with golimumab: findings through 2 years of a phase iii, multicenter, randomized, 
double-blind, placebo-controlled trial. Arthritis Care Res 2013;65:1666–73.

http://creativecommons.org/licenses/by-nc/4.0/
http://dx.doi.org/10.1056/NEJMra1505557
http://dx.doi.org/10.1002/1529-0131(200104)45:2<151::AID-ANR168>3.0.CO;2-T
http://dx.doi.org/10.1002/1529-0131(200104)45:2<151::AID-ANR168>3.0.CO;2-T
http://dx.doi.org/10.1002/acr.21725
http://dx.doi.org/10.1371/journal.pone.0123582
http://www.ncbi.nlm.nih.gov/pubmed/11508587
http://dx.doi.org/10.1093/rheumatology/key173
http://dx.doi.org/10.1067/mjd.2002.122755
http://dx.doi.org/10.1136/annrheumdis-2016-209709
http://dx.doi.org/10.1016/S0140-6736(17)31429-0
http://dx.doi.org/10.1159/000250839
http://dx.doi.org/10.1136/ard.2009.122259
http://dx.doi.org/10.2165/00019053-199304050-00006
http://www.ncbi.nlm.nih.gov/pubmed/1593914
http://dx.doi.org/10.1136/ard.2005.040196
http://dx.doi.org/10.1002/acr.22044
http://ard.bmj.com/


1220  Baraliakos X, et al. Ann Rheum Dis 2019;78:1220–1225. doi:10.1136/annrheumdis-2018-214983

Spondyloarthritis

TranslaTional science

What constitutes the fat signal detected by MRI in 
the spine of patients with ankylosing spondylitis? A 
prospective study based on biopsies obtained during 
planned spinal osteotomy to correct hyperkyphosis or 
spinal stenosis
Xenofon Baraliakos,   1 Heinrich Boehm,2 reza Bahrami,2 ahmed samir,2,3 
Georg schett,   4 Markus luber,4 andreas ramming,4 Juergen Braun1

To cite: Baraliakos X, 
Boehm H, Bahrami r, 
et al. Ann Rheum Dis 
2019;78:1220–1225.

Handling editor Josef s 
smolen

1rheumazentrum ruhrgebiet, 
ruhr-University Bochum, Herne, 
Germany
2Department for spinal surgery, 
Zentralklinik Bad Berka, Bad 
Berka, Germany
3orthopedics and Trauma 
Department, cairo University, 
cairo, egypt
4Department of internal 
Medicine 3 - rheumatology 
and immunology, Friedrich-
alexander-University (FaU) 
erlangen-nürnberg and 
Universitätsklinikum erlangen, 
erlangen, erlangen, Germany

Correspondence to
associate Professor Dr. 
 Xenofon Baraliakos, 
rheumazentrum ruhrgebiet, 
ruhr-University Bochum, Herne 
44649, Germany;  
 xenofon. baraliakos@ 
elisabethgruppe. de

received 25 December 2018
revised 7 May 2019
accepted 8 May 2019
Published online First 
23 May 2019

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

Key messages

What is already known about this subject?
 ► Fatty lesions (FL), similar to bone marrow (BM) 
oedema, are characteristic MRI findings of 
patients with ankylosing spondylitis (AS) and 
degenerative disc disease.

 ► FL are associated with syndesmophyte 
formation in AS.

What does this study add?
 ► The presence of FL on MRI corresponds to fat 
deposition in the BM of patients with advanced 
AS.

 ► AS seems to lead to a change in the BM 
microenvironment with local disruption of 
haematopoiesis and replacement by fat.

How might this impact on clinical practice or 
future developments?

 ► These data add to our understanding of 
structural progression in patients with axial 
spondyloarthritis, indicating a possible ‘window 
of opportunity’ for earlier stages of the disease 
with respect to development of new bone 
formation.

AbSTrACT
Objective study the Mri signal of fatty lesions (Fl) by 
immunohistological analysis of vertebral body biopsies of 
patients with ankylosing spondylitis (as) compared with 
degenerative disc disease (DDD).
Methods Biopsies obtained during planned surgery 
from vertebral edges where Mri signals of Fl was 
detected were stained with H&e. immunofluorescence 
(iF) staining was performed to quantify osteoblasts and 
osteoclasts. Bone marrow (BM) composition, grade of 
cellularity and quantification of cells were analysed on 
six randomly chosen high-power fields (HPF; 0.125 mm2) 
at 200-fold magnification per patient by two experienced 
researchers in a blinded manner.
results Biopsies of 21 patients with as and 18 with 
DDD were analysed. adipocytes were found in the BM of 
19 patients with as (90.5%) versus 5 with DDD (27.8%) 
(p<0.001), while inflammatory infiltrates were found 
in in the BM of 8 patients with as (38.1%) versus 14 
with DDD (77.8%) (p=0.035) and fibrosis in 6 patients 
with as (28.6%) versus 4 with DDD (22.2%) (p=n .s.). 
The most frequently detected cells were adipocytes 
in as (43.3%) versus DDD (16.1%, p=0.002) and 
inflammatory mononuclear cells in DDD (55%) versus 
as (11.0%, p=0.001). Using iF staining, there was more 
osteoblastic than osteoclastic activity (6.9 vs 0.17 cells/
HPF) in Fl as compared with inflammatory BM (1.3 vs 
7.4 cells/HPF), respectively.
Conclusion Mri Fl correspond to presence of 
adipocytes, resulting to change of cellular homeostasis 
towards diminution of osteoclasts in the BM of patients 
with as. The cross-talk between the different cell types 
and osteitis, fat and new bone formation needs further 
study.

InTrOduCTIOn
Ankylosing spondylitis (AS), the prototype of axial 
spondyloarthritis, is characterised by inflamma-
tion and new bone formation predominantly in 
the axial skeleton. The MRI signal corresponding 
to ‘inflammation’ in patients with AS is what has 
been internationally defined and named as bone 
marrow (BM) oedema or osteitis. In contrast, new 
bone formation in form of syndesmophytes and 
ankylosis are better detected by conventional radi-
ography. Using MRI, an intermediate step between 

osteitis and bone formation in the form of tissue 
metaplasia to development of fatty lesions (FL) has 
been detected.

Immunohistological features of inflammation 
in form of osteitis have been studied in biopsies 
obtained from both sacroiliac joints1–3 and the 
spine,4 and infiltrates of different cell types and 
inflammatory cytokines and other mediators have 
been described.5 Furthermore, based on the associ-
ation with human leucocyte antigen B27 and endo-
plasmic reticulum aminopeptidase 1, a role for the 
immune system in the pathogenesis of AS seems 
likely.6

As recently shown,7 8 new bone formation in AS 
is linked to both osteitis and also to the so-called 
‘fatty lesions’—both of which are well detected by 
MRI.7 The exact sequence of pathological events 
leading to new bone formation is not really known 
because sequential MRIs have not been performed 
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Figure 1 Example of sagittal and axial MRIs of a patient with AS (A) and a patient with DDD (B) who participated in the study. The arrowheads 
point the area of the vertebral body from where the respective biopsies were obtained, hyperintense signal indicating fatty lesions and ankylosis in AS 
or osteophyte in DDD. AS, ankylosing spondylitis; DDD, degenerative disc disease.

Figure 2 Characteristic images of the different compositions of the bone marrow that were differentiated from the obtained biopsies, in H&E 
staining and 100-fold magnification. (A) Fatty bone marrow with adipocytes as seen mainly in patients with AS, not displaying signs of damage 
related to their original cellular appearance. (B) Inflammatory bone marrow with lymphocytic cells as seen mainly in patients with DDD. (C) Fibrotic 
bone marrow, as seen less frequently in both patients with AS and DDD. (D) Bone marrow with normal haematopoiesis for comparison to the 
pathological findings as described in 2A–C. AS, ankylosing spondylitis; DDD, degenerative disc disease.

in observational studies in short sequence, but it seems clear that 
the combination of osteitis with a fat signal have the strongest 
predictive capacity for syndesmophyte formation later on.7 8 The 
most likely scenario for the sequence of events is that chronic 
spinal and entheseal inflammation leads to an alteration of cells 
of the longitudinal spinal ligaments.7 However, MRI derived fat 
signals in the endplates of vertebral bodies are also observed in 
acute and chronic stages of degenerative disc disease (DDD), as 
first described by Modic.9

While the anatomic background of osteitis has been nicely 
studied in rheumatoid arthritis,10 the anatomic nature of the 
fat signal detected by MRI has not been well studied to date. 
Current hypotheses on the underlying cellular processes of this 
signal are not based on histological analyses.

In the present study, we examined the areas with FL detected 
by MRI in the edges of vertebral bodies of patients with AS or 
DDD by histology. We aimed to compare the cellular composi-
tion and osteoblastic or osteoclastic activity that underlies this 
fatty signal in both diseases.

MeTHOdS
Patients with AS or DDD undergoing planned kyphosis correction 
surgery including anterior spinal osteotomy (in AS) or surgery 
to correct spinal stenosis (in DDD) were prospectively included 
into this biopsy study after giving informed consent for the use 
of the biopsy material. All patients underwent conventional 

radiographs and MRI examinations (T1 and T2 sequences, in 
some cases also short tau inversion recovery sequences) as part 
of preparation for surgery, of the area of the surgical interven-
tion. Inclusion criterion for obtaining the biopsy was the occur-
rence of FL on MRI in the area of the planned surgery. Surgery 
was performed in a single centre and by the same experienced 
orthopaedic surgeon team (HB, AS, RB). Biopsies were obtained 
and documented under direct visual control via an anterior 
approach to the ankylosed spine from the area close to the verte-
bral edge, in which FL had been seen by MRI (figure 1A for AS 
and figure 1B for DDD). Biopsies were decalcified, embedded 
in paraffin, cut and stained by H&E by a separate investigator, 
blinded to patient‘s diagnosis. Four different compositions of the 
BM were differentiated: fat, inflammation, fibrosis and normal 
haematopoiesis (figure 2A–D). The marrow composition was 
analysed, and the cellularity was quantified as proportion of the 
surface area covered by the respective cell types. Six randomly 
chosen high-power fields (HPF; 0.125 mm2) at 200-fold 
magnification per patient were evaluated by two experienced 
researchers in a blinded manner. Finally, the histological results 
were compared with the MRI examinations of the area of the 
biopsy by a separate investigator. Furthermore, immunofluores-
cence (IF) staining was performed for quantification of osteo-
blastic and osteoclastic activity. Epitopes were retrieved from 
the formalin-fixed, paraffin-embedded axial spine sections of 
patients with AS using a heat-induced method. Briefly, sections 
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Table 1 Prevalence of each subtype of lesions (fat alone, fat with 
inflammatory findings, fat with sclerosis) as seen on MRI (A) and in 
the biopsies (B), separated by diagnosis subgroup (AS and DDD)

AS (%) ddd (%) P value

MRI results

FL alone 13 (61.9) 10 (55.6) 0.692

FL + BME 5 (23.8) 4 (22.2) 0.525

FL + fibrosis 3 (14.3) 4 (22.2) 0.908

Biopsy results

FL alone 8 (38.1) 1 (5.6) 0.018

FL + inflammatory 
cells

6 (28.6) 3 (16.7) 0.385

FL + Fibrosis 3 (14.3) 0 (0) 0.099

AS, ankylosing spondylitis; BME, bone marrow oedema; DDD, degenerative disc 
disease; FL, fatty lesion.

were alternately bathed in boiling sodium citrate buffer (10 
mM Sodium citrate, pH 6.0) or Tris-EDTA buffer (10 mM Tris 
base, 1 mM EDTA, 0.05% Tween 20, pH 9.0). The slides were 
blocked with 5% bovine serum albumin and 2% horse serum 
in phosphate-buffered saline and stained with antibodies against 
Cav 1.2 (1:100 dilution; #NBP1-22439AF647, Novus Biolog-
icals, USA) TRas osteoblast marker and tartrate-resistant acid 
phosphatase (1:100 dilution; ab191406, Abcam, UK). Alexa 
Fluor 555 or Alexa Fluor 647-conjugated antibodies (1:200 
dilution; Thermo Fisher scientific, USA) were used as secondary 
antibodies targeted against the primary antibodies. Nuclei were 
counterstained using 4′,6-diamidino-2-phenylindole (Santa Cruz 
Biotechnology, USA). The staining was analysed using a Nikon 
Eclipse 80i microscope (Nikon, the Netherlands). Total bone as 
well as osteoblast and osteoclast surfaces were quantified in the 
fluorescence images using the ImageJ software V.1.52i (National 
Institutes of Health, Bethesda, Maryland, USA). Then, the ratio 
of osteoblast or osteoclast surface to the bone surface was calcu-
lated. For the IF stainings in the FL or inflammatory BM, three 
randomly chosen HPF (0.125 mm2) at 200-fold magnification 
per patient were evaluated by two experienced researchers in 
a blinded manner. The results are given as the mean number of 
cells per patient with the indicated SEM.

Descriptive data are presented as mean values when referring 
to quantitative variables and as percentages when referring semi-
quantitative measures. The Mann-Whitney U test was used to 
compare data between AS and DDD.

reSulTS
Biopsies mostly obtained from the lower thoracic spine and 
the lumbar spine of 21 patients with AS (mean age 51.7±11.9 
years, mean disease duration 24.6±14.0 years, 18 (86%) male) 
and from the lumbar spine of 18 patients with DDD (mean 
age 60.1±12.0 years, 5 (28%) male) were available. In the AS 
group, 12/21 (57.1%) patients were receiving non-steroidal 
anti-inflammatory drugs (NSAIDs) and 9/21 (42.9%) were 
receiving biologics which were all withdrawn two half-lives prior 
to surgery. In comparison, in the DDD group, 12/18 (66.7%) 
patients were receiving NSAIDs and six patients were not 
receiving any medication preoperatively. None of the patients in 
either indication was receiving any antiosteoporotic drug.

differentiation of bM cellular composition on the patient 
level
The histological appearance of the sites with FL on MRI was 
different between the groups, with fat marrow being present in 
biopsies of 19 patients with AS (90.5%) but in only 5 with DDD 
(27.8%) (p<0.001). In contrast, inflammatory marrow changes 
resembling mononuclear infiltrates were seen in 8 patients with 
AS (38.1%) and 14 with DDD (77.8%) (p=0.035), all of which 
had appearance of osteitis concomitant to FL on MRI. Finally, 
histological findings of marrow fibrosis were found in 6 patients 
with AS (28.6%) and 4 with DDD (22.2%) (p=n.s.), also all of 
which corresponded to findings with sclerosis concomitant to FL 
on MRI (table 1).

differentiation of bM cellular composition based on the 
affected bM area
In the semiquantitative analysis, the mean distribution of the 
various BM tissue types in the biopsies differed between AS vs 
DDD, with 43.3% vs 16.1% (p=0.002) of the biopsy surface 
being covered by complete and well defined adipocytes, while 
11.0% vs 55.0% (p=0.001) of the biopsy surface was covered by 

inflammatory marrow and 9.0% vs 12.8% (p=0.890) by fibrotic 
marrow, respectively.

Quantification of osteoblastic and osteoclastic activity
Using immunofluorescence staining, a clear distinction was found 
between areas with that showed FL versus areas that showed 
inflammatory BM on T1-weighted MRI sequences. While in 
the areas with FL a high number of osteoblasts was counted 
(6.917±1.066 cells/HPF), osteoclastic activity was almost not 
present (0.1667±0.09623 cells/HPF), p<0.001 (figure 3A). 
In contrast, the opposite result was found in the areas with 
inflammatory BM, where significantly more osteoclasts were 
counted (7.375±1.599 cells/HPF), as compared with a minimal 
count of osteoblastic cells (1.292±0.3359 cells/HPF), p<0.001 
(figure 3B). Similar results were seen in the calculation of surface 
covered by osteoblasts (figure 4A) or osteoclasts (figure 4B) in 
relation to the entire surface of the analysed bone biopsy. The 
relation of osteoclasts vs osteoblasts to the examined bone 
surface was 0.480%±0.289% vs 9.570%±1.3925% in the areas 
of FL, while the reverse result was seen in the areas of inflam-
matory lesions, with 11.900%±0.297% vs 1.980%±0.440%, 
respectively (all comparisons p<0.001).

dISCuSSIOn
This is, to our knowledge, the first study to analyse the cellular 
composition of FL as detected by MRI in the vertebral edges of 
patients with AS, as compared with similar MRI lesions from 
patients suffering from a common diagnosis causing back pain in 
the general population, such as DDD. For our analyses, we used 
biopsy material obtained by spinal surgery from the anterior part 
of the vertebral bodies, which is the region of the spine that is 
known to be most commonly affected by osteophyte formation 
(syndesmophytes in AS or spondylophytes in DDD).

Our results suggest that the histological composition of the 
hyperintense signal seen on T1-weighted MRI sequences of the 
spine in patients with AS and which may be considered as a step 
prior to formation of syndesmophytes7 consists of adipocytes 
which do not display signs of damage related to their original 
cellular appearance. In contrast, in patients with DDD, we found 
a higher frequency of BM with signs of inflammation and signifi-
cantly less adipocytes despite an appearance of the MRI signal 
(hyperintensity on T1-weighted MRI) that is largely similar to 
what was seen in AS. A possible explanation for these observa-
tions may be that in the biopsies obtained from patients with 
AS, the bone quality was more intact due to the local ankylosis 
and stability of the examined areas, which may have preserved 
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Figure 3 Quantification of osteoblastic and osteoclastic activity using immunofluorescence staining. (A) Results from areas with fatty bone marrow 
and significantly higher content of osteoblasts as compared with almost no osteoclasts. (B) Results from areas with inflammatory bone marrow with 
significantly higher content of osteoclasts as compared with a minimal count of osteoblasts. ***P value <0.001 for comparison of the cell count.

Figure 4 Quantification of osteoclast (A) and osteoblast (B) surface in relation to bone surface in areas of fatty and inflammatory lesions (detected 
on MRI). BS, bone surface; OB, osteoblasts; OC, osteoclasts. ***P<0.001.

the local cellular composition (local tissue metaplasia to an FL, 
following an earlier BM oedema). In patients with DDD, the 
instability of the respective segments caused by the disc degener-
ation may have led to local stress and microfractures of the bone, 
consequently leading to damage of the local cellular composi-
tion including adipocytes and extrusion of fatty acids. The 
latter may still be depictable as fat signal by T1-weighted MRI 
sequences, but the origin of this signal is not from adipocytes in 
the area of the biopsy. Similarly, the ‘inflammatory’ lymphocytic 
BM observed in patients with DDD does most probably also 
originate from microfractures occurring in patients with DDD 
but not in those with AS because of the established ankylosis. 
Furthermore, cell proliferation is also representing a well-de-
scribed phenomenon in different stages of the osteoarthritic 
process.11 Hence, the presence of inflammatory cells in the BM 
of patients with DDD may be explained by (1) mechanical stress 
(these patients had a significant burden of pain, which was also 
a reason to undergo spinal surgery) and (2) local osteoporotic 
processes may be expected in addition to degenerative changes 
in these relatively old patients with DDD.

Finally, it is of interest that we did not detect an increased 
signal of fibrotic BM neither in the number of patients nor in the 
mean proportion of the area of the biopsies in the patients exam-
ined, irrespective of the diagnosis. These findings are in contrast 
to the sequence proposed about a decade ago,12 suggesting that 
a dense infiltration of mononuclear cells accompanied by high 

microvessel density and osteoclasts are destroying the bone 
structure in a first step, being followed by formation of a fibrous 
repair tissue with fibroblasts with remaining high microvessel 
density, a few mononuclear cells and a decreased density of 
osteoclasts and later substitution of the fibrous tissue by new 
bone formation with high osteoblast activity. Other observa-
tions from biopsies from facet joints of patients with AS have 
revealed the occurrence of parallel findings of granulation tissue 
and fat tissue in patients with AS, showing that in this region of 
the spinal skeleton, replacement of the subchondral BM by fat 
tissue is not related to progressive joint remodeling,13 something 
that might be due to the different mechanical load in the area of 
the facet joints or in areas of pseudarthrosis due to trauma,14 as 
compared with the anterior part of the spine which was exam-
ined in our study. However, it needs to be taken into account 
that these pathological processes may differ according to the 
disease stage.

The second important finding of our study are the immu-
nohistological results suggesting that a major reason for the 
occurrence of new bone formation in AS may be a distur-
bance of the homeostasis between osteoblasts and osteoclasts 
at areas of FL (figure 5). This may be especially true for the 
formation of syndesmophytes rather than spondylophytes. In 
those areas where adipocytes and the respective FL detected on 
T1-weighted MRI sequences were found, we observed almost 
no osteoclasts (figure 5). Together with the findings described 
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Figure 5 Example of a microscopic image of a biopsy taken from a patient with ankylosing spondylitis. (A) Overview (40-fold magnification) of 
an area with both fatty (**) and inflammatory (*) bone marrow patterns. (B) 200-fold magnification of one of the areas with both inflammatory 
and fatty bone marrow. In the areas with inflammatory bone marrow, only osteoclasts are stained (arrowheads) and visualised in red in TRAP/
DAPI immunofluorescence staining (C; 400-fold magnification). In contrast, in the areas with fatty bone marrow, no osteoclasts were seen, while 
osteoblasts were visualised using Cav/DAPI immunofluorescence staining (D; 400-fold magnification). DAPI, 4′,6-diamidino-2-phenylindole; TRAP, 
tartrate-resistant acid phosphatase.

above, our data may suggest that the during progression from an 
inflammatory lesion to an FL, a degradation of local osteoclasts 
may be promoted leading to a relative overexpression of osteo-
blasts which finally leads to syndesmophyte formation and anky-
losis. Of interest, this is in line with previously published data 
obtained using positron emission tomography, in which a high 
uptake of 18F-labelled fluoride, a tracer that is highly specific for 
osteoblastic activity, had been observed in areas where both BM 
oedema and FL were detected.15

The finding of a higher number of osteoclasts in comparison 
to osteoblasts in the biopsies containing inflammatory BM in 
patients with DDD can be explained by osteoporotic processes 
induced locally by the inflammation.

Our study does also have some limitations. Therefore, it needs 
to be stressed that we are only dealing with biopsies of patients 
with AS with longstanding disease—this may well be the reason 
for the low prevalence of inflammatory cells in the biopsies of 
these patients. Furthermore, the biopsies analysed were mainly 
obtained from areas identified as showing FL by MRI prior 
to surgery—thus, not allowing for analysis of tissue obtained 
from other areas. In line with that, many syndesmophytes were 
also found to develop in areas with no initial osteitis or FL on 
MRI.7 In our study, such analyses were not possible because the 
surgery performed was based on a clinical indication and not 
for the purposes of a study. Finally, in the absence of appro-
priate samples we could not compare our biopsy findings with 
serum levels of biomarkers related to new bone formation such 
as Dickkopf-11616 sclerostin,17 leptin or high molecular weight 
adiponectin,18 as previously described.

In conclusion, our data from biopsies obtained by spinal 
surgery suggest that FL on T1-weighted MRI sequences of 
patients with AS are related to a high content of adipocytes. This 
does not seem to be the same in patients with DDD, where FL 
on T1-weighted MRI sequences had less adipocytes but more 
inflammatory BM. The ‘early stage’ of inflammatory activity in 

AS may well represent a ‘window of opportunity’ for treatment 
where osteoblasts and osteoclasts are still in a relative homeo-
stasis. However, once FL with adipocytes develop in a ‘later 
stage’ of the disease, degradation of osteoclasts and a relative 
overexpression of osteoblasts may initiate new bone formation.
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AbSTrACT
Objectives We explored the impact of circulating 
anti-n-methyl-D-aspartate receptor (nMDaR) antibodies 
on the severity of fatigue in patients with systemic lupus 
erythematosus (sle).
Methods serum samples of 426 patients with sle 
were analysed for the presence of antibodies to the 
nR2 subunit of the nMDaR. in parallel, the severity of 
fatigue was determined according to the Fatigue scale 
for Motor and Cognitive functions questionnaire. in a 
subgroup of patients with sle, the hippocampal volume 
was correlated with the levels of anti-nR2 antibodies. 
isolated immunoglobulin G from patients with anti-nR2 
antibodies were used for murine immunohistochemical 
experiments and functional assays on neuronal cell lines. 
Treatment effects were studied in 86 patients with lupus 
under belimumab therapy.
results We found a close correlation between the titre 
of anti-nR2 antibodies, the severity of fatigue, the clinical 
disease activity index (systemic lupus erythematosus 
Disease activity index 2000) and anti-double stranded 
Dna antibodies—independently of the presence of 
neuropsychiatric lupus manifestations. Pathogenic effects 
could be demonstrated by (1) detection of anti-nR2 
antibodies in the cerebrospinal fluid, (2) in situ binding of 
anti-nR2 antibodies to nMDaR of the hippocampus area 
and (3) distinct functional effects in vitro: downregulating 
the energy metabolism of neuronal cells without enhanced 
cytotoxicity. Treatment with belimumab for at least 6 
months affected both the severity of fatigue and the levels 
of anti-nR2 antibodies.
Conclusion The presence of anti-nR2 antibodies in 
patients with sle with fatigue is a helpful diagnostic 
tool and may offer a major approach in the therapeutic 
management of this important disabling symptom in 
patients with sle.

InTrOduCTIOn
Systemic lupus erythematosus (SLE) is a chronic auto-
immune disease affecting multiple organ systems in a 
variety of clinical manifestations. A subscale analysis 
of quality of life (QoL) in patients with SLE revealed 
that fatigue, a rather subjective symptom with partly 
still unknown pathophysiology, may have greater 
effects on the physical QoL than disease activity or 
damage index of SLE.1 This underlines the impor-
tance of fatigue as an SLE-associated complaint 

occurring in 67%–90% of patients regardless of their 
ethnicity.2 3 Often described as a constant feeling of 
exhaustion, fatigue impairs physical as well as mental 
aspects of life and is associated with abnormal illness 
behaviours and work disability.2

Recently, the FATILUP study (FATigue in LUPus), 
which included 570 patients from the Lupus BioBank 
of the upper Rhein (LBBR), was conducted to iden-
tify the determinants associated with fatigue in a 
large cohort of european lupus patients. managed to 
identify determinants associated with fatigue. Defi-
nite depression and anxiety were found to be strong 

Key messages

What is already known about this subject ?
 ► Fatigue is known as a predominant symptom 
of patients with sytemic lupus erythematosus 
(SLE) across different ethnicities resulting 
in substantially reduced quality of life and 
work disability. However, fatigue is not part 
of clinical activity scores (eg, Systemic Lupus 
Erythematosus Disease Activity Index 2000 or 
Systemic Lupus Erythematosus International 
Collaborating Clinics).

 ► It is well established that autoantibodies 
reacting with the N-methyl-D-aspartate receptor 
are closely associated with neurocognitive 
impairment in neuropsychiatric SLE.

What does this study add ?
 ► A link between one of the most challenging 
symptoms patients with lupus suffer from and 
the presence of brain-reacting autoantibodies. 
The study offers an objective measurement for 
patients with SLE complaining about fatigue in 
routine clinical practice.

How might this impact on clinical practice or 
future developments ?

 ► The measurement of anti-NR2 antibodies 
in patients with SLE with fatigue might be 
introduced into clinical disease activity scores 
to better address the patient-related quality of 
life in future clinical studies and support the 
development of an individualised therapy of 
patients with SLE.
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contributors, whereas the use of glucocorticoids, disease activity 
(Systemic Lupus Erythematosus Disease Activity Index 2000 
(SLEDAI-2K)) and patient age were more weakly associated.4

Since fatigue itself is a complex and subjective symptom, it is 
so far not amenable to objective measurements; thus diagnosis is 
still based on questionnaires. The Fatigue Scale for Motor and 
Cognitive Functions (FSMC) was initially developed and vali-
dated for patients with multiple sclerosis in 2009. Consisting of 
20 items, it allows a semiquantitative description of severity and 
a discrimination between cognitive and motor focused fatigue 
with overall good reliability, sensitivity and specificity values.5

One major obstacle in the process of establishing objective 
diagnostic tools is the lack of a complete understanding of 
fatigue’s pathogenesis.

With regard to SLE and its neuropsychiatric manifestations 
(neuropsychiatric SLE (NPSLE)), anti-double stranded (ds) 
DNA antibodies cross-reacting with a single epitope present 
in GluN2A/B subunits of the N-methyl-D-aspartate receptor 
(NMDAR) have been identified as pathogenic factors closely asso-
ciated with NPSLE.6 7 A dose-dependent interaction between anti-
NR2 antibodies and self-antigens located in the brain as well as the 
distribution pattern of NMDAR antibodies linking either impaired 
memory and hippocampal atrophy or emotional disturbances and 
atrophy of the amygdala underline the importance of anti-NR2 
antibodies in SLE.8 9 Taking into regard the confirmed association 
of anti-NR2 antibodies and neuropsychiatric manifestations in 
patients with SLE, changes in antibody titres might possibly predict 
the clinical condition in individual patients as Ando et al postulated 
for patients with psychiatric symptoms in general.10

Based on these considerations, we sought to determine the 
relevance of circulating anti-NR2 antibodies in patients with 
SLE with fatigue.

MeTHOdS
Serum samples
We analysed serum samples from patients who fulfilled at least 
four of the American College of Rheumatology criteria (ACR) for 
the classification of SLE, after informed consent. Healthy volun-
teers (age range 18–70 years) were screened for any prior kidney 
diseases, diabetes, hypertension, apoplex, infection and auto-
immune diseases. Freshly drawn blood samples were collected, 
centrifuged and sera aliquots stored at −80°C. In the subgroup 
of belimumab-treated patients with SLE, we have used serum 
samples before and after belimumab treatment. The use of these 
specimens was approved by the Standing Committee for Clinical 
Studies of the Johannes-Gutenberg University in adherence to the 
Declaration of Helsinki. All samples were analysed retrospectively 
in Mainz.

disease activity
Disease activity was evaluated using the SLEDAI-2K and standard 
serologic activity measures (C3c, C4, anti-dsDNA antibodies, 
creatinine, C-reactive protein (CRP), erythrocyte sedimentation 
rate (ESR) and urine measures (proteinuria (24 hours collection) 
and active sediment). The following standard values were deter-
mined: C3 (0.9–1.8 g/L), dsDNA (200–1000 IU/mL) by ELISA 
and proteinuria (<150 mg/24 hours) by immunoturbidimetric 
assay. Fatigue was assessed by the FSMC questionnaire.5

Subjects MrI cohort
Forty outpatients with SLE were admitted at the Department 
of Internal Medicine of the University Medical Centre Mainz. 
All patients fulfilled the revised criteria of the ACR.11 Patients 

underwent a physical examination and laboratory testing (C3, 
C4). SLE status was assessed using the SLEDAI-2K.12 Sociode-
mographic data, SLE characteristics (ie, age at diagnosis, disease 
duration, cortisone dosage, SLEDAI-2K score), psychiatric, 
neuropsychological and structural imaging parameters of MRI 
scans were collected. As seven MRI sequences were incomplete, 
the data of 33 patients only could be analysed. None of these 
patients were part of the belimumab group.

The ACR criteria for neuropsychiatric lupus syndromes (NPSLE) 
were used to classify neuropsychiatric manifestations.13 Fourteen 
out of 33 patients fulfilled the ACR criteria. Demographical and 
clinical data did not differ between patients with SLE with and 
without neuropsychiatric syndromes (all p’s >0.05). Fifteen healthy 
controls were recruited through advertisement in a local newspaper 
and screened for the absence or presence of psychiatric disorders 
via the Stem Item Screening Questions (SSQ) from the diagnostic 
interview DIA-X.14 Determination of hippocampal volumes was 
performed using Analyse Software 150 (V.8.1; Biomedical Imaging 
Software System, Mayo Foundation for medical education and 
research, Rochester, New York, USA). Hippocampal volumetry 
methods have been described in details.15 Hippocampal volumes 
are represented as absolute volumes (left+right in mL). All partici-
pants gave written informed consent.

Cell lines
CHP-126 neuroblastoma cells (Cat. No. 300432), CCF-STTG1 
astrocytoma cells (Cat. No. 300388; Cell Lines Services, Eppel-
heim, Germany).

eLISA
Anti-NR2 antibody levels in human serum were analysed using 
Gold Dot NR2 antibody test kit (Cat. No. GD1-001, CIS 
Biotech) according to the manufacturer’s instructions.

Immunoglobulin (Ig)G purification of serum
IgGs were purified from serum of patients with SLE with high 
or low NR2 antibody titres by using the NAb Protein G Spin 
Kit (Cat. No. 89979, Thermo Scientific) according to manu-
facturer’s protocol. For desalting, the purified IgGs Zeba Spin 
Desalting Columns (Cat. No. 89889, Thermo Scientific) were 
used.

Immunoprecipitation of anti-nr2-Ab
Immunoprecipitation was performed by using Protein A/G 
PLUS-Agarose (Cat. No. sc-2003, Santa Cruz Biotechnology) 
according to manufacturer’s instructions.

Cytotoxicity and ATP quantification
The 20% purified IgGs (as described above) from patients with 
SLE with high titres of anti-NR2-Ab in culture media were 
blocked with 50 ng/µL peptide NR2B (Cat. No. crb1200337, 
Discovery antibodies, Cleveland, UK) overnight at 4°C on a 
rotating device.

We stimulated cultured cells (Roswell Park Memorial Insti-
tute medium, 20% fetal calf serum, 1% glutamin, 1% penstrep-
tomicin) for 24 hours with purified IgGs from patients with 
SLE with high titres of anti-NR2-Ab, without anti-NR2-Ab or 
healthy control serum. After incubating for 24 hours at 37°C at 
5%CO2, we analysed cytotoxicity using the ToxiLight BioAssay 
Kit (Cat. No. LT07-217, Lonza) and the ATP quantification 
using the Fluorometric and Colorimetric ATP Quantification Kit 
(Cat. No. PK-CA577-K354, PromoKine) following the manufac-
turer’s instructions.

http://ard.bmj.com/
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Figure 1 Fatigue and NR2 Abs correlate in SLE. (A) Serum NR2 antibody levels in patients with SLE and healthy controls quantified by ELISA. (B) 
Incidence of fatigue in patients with SLE evaluated by the FSMC score (self-assessment by the patient). (C) Correlation of serum NR2 antibody levels 
and the severity and type (motoric, cognitive) of fatigue (evaluated by the FSMC core). (D) Correlation analysis with clinical activity markers, graph 
displays SLEDAI-2K versus NR2 antibodies, and table displays correlation of NR2 antibodies and serological activity markers of SLE. (E) Correlation 
analysis of fatigue (by FSMC score), depression (evaluated by BDI) and NR2 antibody level in patients with SLE. Demographic and patient clinical 
characteristics are detailed in table 1. Statistics analysed by the Mann-Whitney U test. *P<0.05, **P<0.01, ***P<0.001. Values are means±SEM. BDI, 
Beck’s Depression Inventory; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; FSMC, Fatigue Scale for Motor and Cognitive functions; SLE, 
systemic lupus erythematosus; SLEDAI-2K, Systemic Lupus Erythematosus Disease Activity Index 2000.

Immunohistochemistry
Murine brain of 5-weeks-old male MRL/MpJ-Faslpr lupus mice were 
fixed in 4% phosphate buffered formalin, embedded in paraffin and 
coronal sectioned (5 µm) by the Institute for Neuropathology of 
the University Medical Center, Mainz. Sections were stained for 

the presence of NMDA-type glutamate receptor subunit 2B (puri-
fied rabbit anti-mouse GluN2B: GluRec2C-Rb-Af300, RRID: 
AB_2571762, Frontier Institute). Sections were either incubated 
with primary GluN2B antibodies at a 1:50 dilution, purified IgGs 
from patients with SLE with high titres of anti-NR2-Ab (1:20), 

http://ard.bmj.com/
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Table 1 Demographic and clinical data

SLe cohort
(n=426)

belimumab 
treated
(n=86)

Race White 381 78

Asian 25 5

Others 20 3

Sex Female 398 75

Male 28 11

Age (years) at study Mean 44.8±0.7 43.4±1.9

Range 18–76 23.9–61.9

SLe manifestations

General symptoms (fever, 
weight loss, nausea, lymph node 
swelling) 

n 108 50

% 25.35 58.14

Alopecia n 21 10

% 4.93 11.63

Skin manifestation (butterfly, 
discoid, photosensitivity) 

n 199 53

% 46.71 61.63

Polyserositis (effusion, pleuritis, 
pericarditis, myocarditis, 
infiltrates) 

n 99 24

% 23.24 27.91

Vasculitis n 86 26

% 20.19 30.23

Raynaud n 56 18

% 13.15 20.93

Arthritis n 100 32

% 23.47 37.21

Arthralgia n 242 62

% 56.81 72.09

Lupus nephritis n 110 11

% 25.82 12.79

Myalgia n 2 30

% 0.47 34.88

Myositis n 81 1

% 19.01 1.16

CnS manifestation n 83 4

% 20.2 4.65

Psychosis n 2 0

Seizure n 5 0

Organic brain syndrome n 6 0

Visual disturbance n 4 0

Cranial/peripheral nerve disorder n 25 0

Lupus headache n 5 0

CNS vasculitis n 36 4

Clinical parameter at the time of nr2
measurement 

ANA positive n 343 72

Anti-dsDNA positive n 384 61

Serum C3 level (g/l) Mean 0.96±0.1 0.87±0.03

Range 0.1–1.4 0.56–2.05

Below 0.9 g/L (n) 164 39

ESR (1 hour) (mm) Mean 22.5±0.9 21.9±2.5

Range 0–120 1.1–68

Above 10 mm (n) 246 67

SLEDAI-2K Mean 7.6±0.4 7.6±0.99

Range 0–20 1–44

CRP (mg/dL) Mean 4.9±0.3 4.5±0.68

Range 0.2–65 0.2–20

Above 5 mg/dL (n) 101 15

Continued

SLe cohort
(n=426)

belimumab 
treated
(n=86)

Creatinine (mg/dL) Mean 0.88±0.1 0.62±0.03

Range 0.56–7.05 0.62–2.05

Medication 

 Prednisolone dose (mg) dose 3.3±0.9 3.9±0.8

 Prednisolone n 293 58

 Mycophenolat mofetil n 138 36

 Cyclophophamide (only as 
induction therapy)

n 9 0

 Azathioprin n 83 37

 Hydroxychloroquin n 219 66

 Methotrexate n 14 5

ANA, antinuclear antibody; CNS, central nervous system; ESR, erythrocyte 
sedimentation rate; SLEDAI-2K, Systemic Lupus Erythematosus Disease Activity 
Index 2000; dsDNA, double stranded DNA.

Table 1 Continued

healthy control serum (1:20) or NR2 positive SLE serum which 
was blocked with peptide NR2B at a 1:20 dilution overnight at 4°C 
(details are given in the online supplementary file).

Statistical analysis
We used the non-parametric Mann-Whitney U test for compar-
ison between two groups and the Kruskal-Wallis test for compar-
isons between three or more groups. For correlation analysis, we 
used the Spearman correlation coefficient.

The data represent the mean±SEM and were prepared using 
GraphPad Prism V.7.0 (GraphPad, San Diego, California, USA).

reSuLTS
Fatigue is a predominant symptom in the Mainz lupus cohort
The Mainz lupus cohort comprises 569 patients with SLE. Anal-
ysis of this cohort versus 159 healthy controls demonstrated signifi-
cantly increased anti-NR2 antibodies in sera of patients with SLE 
(figure 1A). A subgroup of 426 patients ranging from 18 to 76 years 
completed the FSMC questionnaire (table 1). The detailed charac-
teristics of the lupus cohort at the University Medical Centre Mainz 
are given in a online supplementary table.

Correlation of circulating anti-nr2 antibodies with severity of 
fatigue in patients with SLe
Fatigue is present in 75% of 426 consecutively assessed patients with 
lupus (figure 1B). Among those, more than 50% are even graded as 
severe fatigue based on the FSMC score as determined by Penner 
et al5 (figure 1C). Using four different grades of fatigue severity, we 
investigated the correlation between the clinical extent of fatigue 
and the titre of anti-NR2 antibodies (figure 1C–E). We detected a 
significant difference between the level of anti-NR2 antibodies and 
the severity of fatigue as depicted in figure 1C. Moreover, there was 
a correlation between the levels of anti-NR2 antibodies in sera with 
the fatigue score in total as well as with its partial components repre-
senting motoric and cognitive fatigue in specific (figure 1C).

Furthermore, we investigated the relationship of anti-NR2 anti-
bodies with other parameters of disease activity in SLE. Interest-
ingly, anti-NR2 antibody titres correlated with SLEDAI-2K and 
anti-dsDNA antibodies, whereas no significant correlation was 
found with complement factors, ESR, CRP or renal function 
(figure 1D). Depression and fatigue showed a clear correlation, 
while the level of anti-NR2 antibodies did not correlate with the 
depression score (Beck’s Depression Inventory)(figure 1E).

https://dx.doi.org/10.1136/annrheumdis-2019-215098
https://dx.doi.org/10.1136/annrheumdis-2019-215098
http://ard.bmj.com/
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Figure 2 Detection of anti-NR2 antibodies in the cerebrospinal fluid of patients with SLE and binding of SLE sera within the brain. (A) In SLE sera, 
high levels of anti-NR2 antibodies were detected, while the anti-NR2 antibody titres of cerebrospinal fluid were low. (B) Immunohistochemical 
analyses showed a strong binding of SLE sera with high titres of anti-NR2B antibodies within the brain of MRL lupus mice, predominantly to the 
hippocampus area. Anti-GluN2B at a 1:50 dilution showed a strong staining of the hippocampus area (a). This staining pattern was also observed 
with SLE serum highly positive for anti-NR2 antibodies at a 1:20 dilution (b) but not in case of using a healthy control (c) or SLE serum which was 
blocked with peptide 2 (d), both 1:20 diluted. (C) Top panel: correlation analysis of the hippocampal volume and NR2 antibody levels, hippocampal 
volume and SLE activity determined by SLEDAI-2K. Bottom panel: correlation analysis of NR2 antibody levels, fatigue score, SLEDAI-2K and C3c. 
Demographic and patient clinical characteristics are detailed in table 2. Statistics analysed by the Mann-Whitney U test. *P<0.05,**P<0.01. Values 
are means±SEM. SLE, systemic lupus erythematosus; SLEDAI-2K, Systemic Lupus Erythematosus Disease Activity Index 2000.

In addition, there was no correlation between the anti-NR2 
antibody levels and the presence of neuropsychiatric disease 
manifestations (data not shown).

Anti-nr2 antibodies can be detected in the cerebrospinal 
fluid of patients with SLe and bind to the hippocampus area 
in situ
In 22 patients with SLE, we were able to analyse the levels 
of anti-NR2 antibodies in cerebrospinal fluid (CSF) samples 
(figure 2A). We detected low levels of anti-NR2 antibodies in 
CSF and simultaneously high titres of anti-NR2 antibodies in 
the sera (figure 2A).

In addition, immunohistochemistry revealed a strong binding 
of SLE sera with high titres of anti-NR2 antibodies within the 
brain of MRL lupus mice (figure 2B). The expression is predom-
inantly located at the hippocampus area (figure 2B) and can 
be specifically blocked by coincubation with NR2 peptides 
(figure 2B).

Anti-nr2 antibodies affect the hippocampus volume in 
patients with lupus with fatigue
Based on the in situ results, we sought to determine whether 
there is a long-term effect of anti-NR2 antibodies on the hippo-
campus volume of 33 patients with lupus with severe fatigue 

http://ard.bmj.com/
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Table 2 Demographic and clinical data of the MRI cohort of 
patients with SLE

Patients with SLe
(n=33)

Healthy controls
(n=15)

Race White 32 15

Asian 1 0

Others 0 0

Sex Female 30 13

Male 3 2

Age (years) at study Mean 43.5±12.2 46.9±12.2

Disease duration (years) Mean 9.8±6.1

Age at diagnosis (years) Mean 34.3±12.5

General symptoms (fever, 
weight loss, nausea, lymph node 
swelling)

N 11

% 33.33

Alopecia N 5

% 15.15

Skin manifestation (butterfly, 
discoid, photosensitivity)

N 12

% 36.36

Polyserositis (effusion, pleuritis, 
pericarditis, myocarditis, 
infiltrates)

N 5

% 15.15

Vasculitis N 8

% 24.24

Raynaud N 6

% 18.18

Arthritis N 5

% 15.15

Arthralgia N 17

% 51.51

Lupus nephritis N 5

% 15.15

Myalgia N 5

% 15.15

Myositis N 1

% 3.03

CnS manifestation n 14

% 42.42

Psychosis N 0

Seizure N 1

Organic brain syndrome N 1

Visual disturbance N 0

Cranial/peripheral nerve disorder N 4

Lupus headache N 1

CNS vasculitis N 7

Clinical parameter at the time of nr2 measurement 

SLEDAI-2K Mean 5.3±3.7

ANA positive N 23

Anti-dsDNA positive N 18

C3 (g/L) Mean 1.1±0.3

SLEDAI-2K Mean 5.3±3.7

Medication 

Prednisolone dose (mg) Dose 5.3±5.5

ANA, antinuclear antibody; CNS, central nervous system; SLE, systemic lupus erythematosus; SLEDAI-
2K, Systemic Lupus Erythematosus Disease Activity Index 2000; dsDNA, double stranded DNA.

(figure 2C). Demographic and clinical data of patients (MRI-co-
hort) and controls are given in table 2.

Following a 2-year observation time, a reduction in 
hippocampal volume was associated with high titres of anti-
NR2 antibodies, the SLEDAI-2K score and low C3c comple-
ment levels, while there was no correlation with the fatigue 
score reported by patients (figure 2C, online supplementary 
table).

Functional effects of anti-nr2 antibodies on different 
neuronal cells in vitro
Based on the initially illustrated strong correlation between anti-
NR2 antibodies and severity of fatigue in patients with lupus, in 
vitro tests were performed to reveal possible pathophysiological 
effects.

For this purpose, two different cell lines (astrocyte 
CCF-STTG1, neuroblastoma CHP-126) were exposed to anti-
NR2 antibody positive and negative serum samples of patients 
with lupus.

Those cell lines are good candidates for the in vitro experi-
ments since both express NMDA receptors 1 and 2 as shown by 
North et al and Lee et al16 17

Anti-NR2 antibodies showed a remarkable effect on cell activity 
by reducing the ATP production in neuronal cells (figure 3A, upper 
left). Moreover, this effect is mediated via the NR2 receptor since 
coincubation with NR2-blocking peptides completely abrogated 
the modulation of cell activity (figure 3A, upper right). However, 
a similar experimental setup measuring cytotoxicity did not show 
any enhanced cytotoxic effects of cultured astrocytes (figure 3B). 
Thus, anti-NR2 antibodies exert functional impairment of astro-
cytes in vitro without inducing cell death suggesting a reversible 
mechanism. Comparable results were observed for neuroblastom 
cell line (CHP-126) (data not shown).

effect of belimumab therapy on fatigue and anti-nr2 
antibodies
Based on the reported effects of belimumab on fatigue, we anal-
ysed the subgroup of belimumab treated patients in our SLE 
cohort.18 Eighty-six patients with lupus with at least 6 months 
under belimumab therapy performed the clinical fatigue score 
before and after belimumab therapy simultaneously to the eval-
uation of anti-NR2 antibody titre (figure 4).
1. In the course of belimumab therapy (mean time under thera-

py 12±8.5, range from 6 to 36 months), a significant decline 
in anti-NR2 antibody levels was monitored (figure 4A).

2. In parallel to the decrease of anti-NR2 antibodies under ther-
apy with belimumab, we observed a clinically significant re-
duction of the fatigue score, regarding the total score as well 
as the motoric and cognitive components (figure 4B).

3. Concerning our subgroup of patients with available data
on fatigue score and anti-NR2 antibody levels under ther-
apy with belimumab, a significant improvement in disease 
activity, as measured by SLEDAI-2K, was demonstrated. 
Laboratory parameters, such as anti-dsDNA antibodies, ESR, 
complement factors and CRP did not show significant differ-
ences (figure 4C).

dISCuSSIOn
Our data reveal that anti-NR2 antibodies correlated with fatigue 
severity in patients with SLE. To our knowledge, this is the first 
study to examine this relationship in a large SLE cohort. Inter-
estingly, the found correlation was not restricted to patients with 
NPSLE.

While anti-NR2 antibodies could be found in 529 patients with 
SLE, 103 patients were excluded from further analysis if (1) the 
questionnaire was not completed or (2) if the date of the question-
naire did not match the date of the serum sample in our biobank 
(range from <2 weeks apart was allowed). However, both groups 
as well as the subgroup of patients with MRI or belimumab treat-
ment did not differ regarding the clinical activity of SLE.

In general, the role of anti-NR2 antibodies in cerebrospinal 
fluid (CSF) and/or serum has been examined in studies regarding 

https://dx.doi.org/10.1136/annrheumdis-2019-215098
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Figure 3 Functional effects of anti-NR2 antibodies on astrocytes in vitro. (A) Influence of anti-NR2 antibodies on cell activity of cultured astrocytes. 
Left panel: ATP production of astrocytes incubated with SLE serum was clearly lower compared with untreated cells or astrocytes which were 
incubated with healthy control serum. Right panel: cell activity of astrocytes which were incubated with peptide 2 blocked SLE serum was significantly 
higher compared with astrocytes treated with unblocked SLE serum. (B) Cytotoxicity of anti-NR2 antibodies on astrocytes. Anti-NR2 antibodies 
showed no enhancing effect on cytotoxicity of cultured astrocytes. Statistics analysed by the t-test. *P<0.01. Values are means±SEM. SLE, systemic 
lupus erythematosus.

different NPSLE forms.9 19–24 Level of anti-NR2 antibodies in 
CSF have been found to correlate with both diffuse and focal 
NPSLE.20 21 In the study of Gono et al, serum anti-NR2A anti-
bodies correlated with higher disease activity (SLEDAI-2K), low 
leucocyte counts, low haemoglobin values and higher frequency 
of NPSLE.22 Furthermore, Lapteva et al showed an association 
of serum anti-NR2 antibodies with depressive mood (but not 
with cognitive impairment),23 whereas Omdal et al showed an 
additional correlation of these antibodies with decreased short-
time memory and learning abilities.24

Thus, since the pioneering studies of DeGiorgio et al25 on the 
cross-reactivity of anti-dsDNA antibodies with NMDAR subunits 
GluN2A and GluN2B, it has been well established that these anti-
bodies are closely associated with neurocognitive impairment in 
NPSLE.26–30

Here, we now report that anti-NMDAR antibodies strongly 
correlate with fatigue even in patients with lupus without overt 
signs of neuropsychiatric manifestations according to the ACR 
classification criteria.13

However, our data clearly show that the anti-NMDAR anti-
bodies found in our patients had a similar pathogenic potential: 
(1) they could be detected both in CSF and serum, (2) the isolated 
IgGs from patients with lupus with fatigue bound to NMDAR in 
the brain in situ and (3) anti-NR2 antibodies downregulated the 
energy metabolism of cultured neuronal cells. Further studies of 
anti-NR2-mediated fatigue will elucidate whether this mecha-
nism is unique to patients with SLE.

Increased anti-NR2 antibodies have been reported in 25%–38% 
of patients with SLE.22 31–33 It is until now unclear whether eleva-
tion of anti-NR2 antibodies in the CSF of patients with SLE is 
due to increased intrathecal synthesis or to a transport from the 
peripheral blood circulation to the CSF through a damaged blood–
brain barrier (BBB).34 35 In the study of Kowal et al, mice which 
were antigen-induced to express anti-NR2 antibodies experienced 
apoptotic cell death only after administration of lipopolysaccha-
ride (LPS), a substance known to lead to BBB breakdown.36 Anti-
NR2 antibodies bound mainly to neurons of the hippocampus and 
led to cell death causing cognitive dysfunction and altered hippo-
campal metabolism.36 The same study group showed that mice 
given a combination of serum of patient with SLE with reactivity 
to DNA/NMDAR and LPS demonstrated cognitive impairment.37

Interestingly, states of BBB disruption such as septic meningitis 
associate with rise of all intrathecal autoantibodies levels, including 
anti-NMDAR antibodies.35 Moreover, SLE (and especially NPSLE) 
is characterised by increased permeability of the BBB.38 Similarly, 
in our study, the presence of anti-NR2 antibodies and fatigue is not 
restricted to patients with SLE with NPSLE.

The experimental studies point to different pathomecha-
nisms of anti-NR2 antibodies including irreversible cell death or 
reduced energy metabolism.7 In our in vitro studies, we did not 
find a cytotoxic effect of the isolated anti-NR2 antibody IgGs, 
but a clear impact on ATP metabolism of neuronal cells. This fits 
quite well to the clinical experience that fatigue in patients with 
lupus responds to immunosuppressive therapy.18

http://ard.bmj.com/
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Figure 4 Treatment with belimumab results in reduction of serum NR2 antibodies accompanied by an amelioration of fatigue in SLE. (A) Serum NR2 
antibody levels in patients with SLE before treatment with belimumab and at least 6 month following the first treatment with belimumab quantified 
by ELISA. (B) Severity of total fatigue, motoric and cognitive fatigue before and under belimumab treatment. (C) Clinical activity (SLEDAI-2K, dsDNA, 
ESR (1 hour), C3c, C4 ad CRP) of patients with SLE before and under belimumab treatment. Demographic and patient clinical characteristics are 
detailed in table 1. Statistics analysed by the Mann-Whitney U test. *P<0.05, **P<0.01, ****P<0.0001. Values are means±SEM. CRP, C-reactive 
protein; dsDNA, double stranded DNA; ESR, erythrocyte sedimentation rate; SLE, systemic lupus erythematosus; SLEDAI-2K, Systemic Lupus 
Erythematosus Disease Activity Index 2000.

By comparison, a different pathomechanism seems to be 
involved in limbic encephalitis caused by autoantibodies to 
NMDAR subunit NR1 or voltage-gated potassium channel 
complex resulting in receptor internalisation. However, 
removing the antibodies often similarly results in complete 
remission of the neuropsychiatric manifestation.39 40

On the other hand, other experimental studies show that 
pathological changes in the brain can occur long after the expo-
sition of brain-reactive antibodies.41

To address the putative effects of long time exposure of anti-
NMDAR antibodies, we investigated the changes in hippocampus 
volume in patients with fatigue and anti-NMDAR antibodies. 
Interestingly, in our study, we found a decline in the hippo-
campus volume in patients with lupus correlating with fatigue 
and circulating anti-NMDAR antibody titres over a 2-year 
time period. Clearly, the impact of anti-NMDAR antibodies on 
‘Neuro-Lupus’ may be one factor in a complex pathophysiology 
involving microglia, cytokines and T cells.42

In recent years, plenty of autoantibodies against different neuronal 
and non-neuronal structures in the brain were discovered. The 
clinical importance of those autoantibodies remains often unclear. 
Opposite to this, our discussed link between NMDAR antibodies 
and fatigue is from major importance for the clinical practice: even 

though fatigue can be one of the most common and most chal-
lenging symptoms of SLE, it is so far not taken into consideration 
in the established activity scores such as SLEDAI-2K or SLICC. This 
can be traced back to the lack of objective measurement parameters. 
In controlled clinical studies, the Facit-Fatigue questionnaire is often 
used to assess the fatigue in the course of the study.18 We are using 
the FSMC questionnaire in our centre, originally introduced into 
MS research and recently validated for patients with SLE, since it can 
differentiate between cognitive and motoric fatigue.4 5 The results of 
our study offer a sustained clinical advantage: to add an objective 
measurement of fatigue in lupus patients to a subjective question-
naire. Anti-NMDAR antibodies should be identified routinely for 
patients with lupus suffering from fatigue.

Furthermore, the approved therapy with belimumab for 
patients with fatigue symptoms and proven anti-NMDAR anti-
bodies might offer a reasonable therapeutic option.

More studies are needed to clearly define the diagnostic and 
therapeutic impact of the growing number of brain-reactive 
autoantibodies in patients with SLE.
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Key messages

What is already known about this subject?
 ► Significant associations between Epstein-Barr 
virus (EBV) serological markers and systemic 
lupus erythematosus (SLE) have been shown.

 ► Patients with SLE have higher frequencies of 
EBV-infected cells, higher viral loads and higher 
early antigen IgG levels.

What does this study add?
 ► This is a prospective study to understand the 
contribution of EBV reactivation prior to SLE 
disease onset in at risk individuals.

 ► The study shows that previously unaffected 
relatives of patients with SLE who subsequently 
develop classified SLE have higher serological 
reactivation of EBV compared with those who 
do not transition to SLE.

 ► The study also shows that variants in genes that 
are associated with SLE and implicated in EBV 
infection, associate with transitioning to SLE.

How might this impact on clinical practice or 
future developments?

 ► Serological measures of EBV reactivation 
may provide additional biomarkers to identify 
individuals at higher risk of transitioning to 
clinical SLE.

AbSTrACT
Objective systemic lupus erythematosus (sle) is a 
systemic autoimmune disease with unknown aetiology. 
epstein-Barr virus (eBV) is an environmental factor 
associated with sle. eBV maintains latency in B cells 
with frequent reactivation measured by antibodies 
against viral capsid antigen (Vca) and early antigen (ea). 
in this study, we determined whether eBV reactivation 
and single nucleotide polymorphisms (snPs) in eBV-
associated host genes are associated with sle transition.
Methods sle patient relatives (n=436) who did not 
have sle at baseline were recontacted after 6.3 (±3.9) 
years and evaluated for interim transitioning to sle (≥4 
cumulative american college of rheumatology criteria); 
56 (13%) transitioned to sle prior to the follow-up visit. 
at both visits, detailed demographic, environmental, 
clinical information and blood samples were obtained. 
antibodies against viral antigens were measured by 
elisa. snPs in IL10, CR2, TNFAIP3 and CD40 genes 
were typed by immunochip. Generalised estimating 
equations were used to test associations between viral 
antibody levels and transitioning to sle.
results Mean baseline Vca igG (4.879±1.797 vs 
3.866±1.795, p=0.0003) and ea igG (1.192±1.113 
vs 0.7774±0.8484, p=0.0236) levels were higher in 
transitioned compared with autoantibody negative 
non-transitioned relatives. increased Vca igG and ea 
igG were associated with transitioning to sle (or 1.28 
95% ci 1.07 to 1.53, p=0.007, or 1.43 95% ci 1.06 
to 1.93, p=0.02, respectively). significant interactions 
were observed between CD40 variant rs48100485 and 
Vca igG levels and IL10 variant rs3024493 and Vca iga 
levels in transitioning to sle.
Conclusion Heightened serologic reactivation of 
eBV increases the probability of transitioning to sle in 
unaffected sle relatives.

InTrOduCTIOn
Systemic lupus erythematosus (SLE) is a systemic 
autoimmune disease that involves multiple organ 
systems and causes significant morbidity. The 
aetiology of SLE is not completely understood. 
Genetic risk factors have been associated with 
SLE.1 2 However, monozygotic twin concordance 
rates of 24%–69%3 4 suggest a role for environ-
mental factors in SLE pathogenesis.

Epstein-Barr virus (EBV) is a gamma-herpes virus 
that ubiquitously infects the majority of the world’s 
population. EBV maintains latency in B cells and 
occasionally reactivates the lytic cycle. EBV infec-
tion elicits an IgG response to viral capsid antigen 
(VCA), followed by an IgG response to early antigen 
(EA). EA IgG levels are detectable as early as a few 
months and up to 2 years following infection. VCA 
IgG responses persist for life, although levels are 
lower during latency compared with lytic infec-
tion.5 Reactivation of EBV is proposed to increase 
VCA IgG levels and also leads to detectable EA IgG 
levels.5 Serology can therefore be used to identify 
individuals with current infection or recent viral 
reactivation.

Significant associations between SLE and serolog-
ical markers of EBV infection, VCA IgG and EA IgG 
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have been shown.6–8 Patients with SLE have higher frequencies 
of EBV-infected cells, higher viral loads in blood mononuclear 
cells and higher levels of EA IgG,9–12 suggesting more frequent 
EBV reactivation. However, whether this recurring EBV reacti-
vation is a consequence of immune dysregulation and/or immune 
suppression in patients with SLE is not clear. To our knowledge, 
no prospective studies have been performed to understand the 
cause/effect relationship between viral reactivation and SLE 
classification.

The ligation of human complement receptor 2 (CR2) with 
gp350/220 glycoprotein of EBV leads to endocytosis and subse-
quent EBV infection of B cells.13 14 EBV encodes homologues 
of human proteins to aid in infection and/or maintain latency. 
An EBV homologue of interleukin 10 (IL-10) promotes B cell 
survival and induces pro-inflammatory phenotype in mono-
cytes.15 16 Latent membrane protein 1, a viral mimic of CD40, 
induces extrafollicular B cell differentiation.17 EBV infection 
induced CD40L/CD40 signalling in host cells may support viral 
persistence.18 Interestingly, candidate gene studies in patients 
with SLE relative to healthy controls have revealed that single 
nucleotide polymorphisms (SNPs) in host IL10 (rs3024505, 
rs3024495, rs3024493 and 3122605) and CD40 (rs1569723, 
rs1883832 and rs4810485) and a three SNP CR2 haplotype 
(rs3813946, rs1048971 and rs17615) are associated with lupus 
susceptibility.19–23 Relationships between EBV infection/reac-
tivation and genetic variants in host genes implicated in these 
viral-associated pathways in SLE are unknown.

In this study, we examined whether EBV serological reac-
tivation precedes SLE classification and whether the associa-
tions between serological measures of EBV reactivation and 
transitioning to SLE were modified by variants in host EBV-re-
lated genes. Interactions between EBV reactivation measures 
and SNPs in TNFAIP3, which is associated with SLE but not 
involved in EBV infection in SLE transitioning were also 
determined.

MeTHOdS
Study design and patients
Study participants were previously enrolled in the Lupus Family 
Registry and Repository and Systemic Lupus Erythematosus in 
Gullah Health studies24 25 and provided consent for recontact. 
This study analysed baseline samples of individuals (n=436) 
who had a relative with SLE and who did not meet ≥4 American 
College of Rheumatology (ACR) criteria for SLE at the time of 
their baseline visit. A follow-up study assessed ACR criteria to 
determine interim transition to classified SLE in these previously 
unaffected relatives, hereafter referred to as non-transitioned 
(<4 ACR criteria at follow-up) or transitioned (≥4 ACR criteria 
at follow-up) relatives. Unrelated unaffected controls, hereafter 
referred to as controls (n=122), were recruited at local health 
fairs in Oklahoma and were age and sex matched to SLE rela-
tives. All study participants provided informed consent prior 
to enrolment. All protocols were approved by the Oklahoma 
Medical Research Foundation (OMRF) or Medical University of 
South Carolina Institutional Review Boards to be compliant with 
the Helsinki Declaration.

Patient and public involvement
Research was done without patient involvement in the study 
design, data analysis/interpretation or writing/editing of this 
manuscript.

Autoantibody and antiviral response testing
Autoantibody testing was performed by the College of American 
Pathologists (CAP)-certified/Clinical Laboratory Improvement 
Amendments (CLIA)-approved OMRF Clinical Immunology 
Laboratory as described previously.26 27 Antinuclear antibodies 
(ANA) and antidouble-stranded DNA (dsDNA) antibodies were 
determined by indirect immunofluorescence using Hep2 cells or 
Crithidia luciliae, respectively (INOVA Diagnostics, San Diego, 
California, USA). Positivity was defined as ANA detection at a 
titre of ≥1:120 and anti-dsDNA detection at ≥1:30. Antibodies 
against extractable nuclear antigens (Ro, La, Sm, nRNP and 
ribosomal P) were detected by immunodiffusion. Anticardiolipin 
antibodies were measured by ELISA. Positivity was defined as 
>20 IgG or IgM units.

Antibodies against EBV VCA (IgG), EBV EA (IgG) (Zeus 
Scientific (Alere-Wampole/Abbott), Branchburg, New Jersey) 
and EBV VCA (IgA) (Calbiotech, El Cajon, California, USA) 
were measured using commercial ELISAs according to manufac-
turer’s instructions in samples collected at the baseline visit for 
SLE relatives and controls. Antibodies against unrelated herpes 
viruses, Cytomegalovirus (CMV, IgG) and herpes simplex virus-1 
(HSV1, IgG), and varicella zoster (VZV, IgG) (Zeus Scientific 
(Alere-Wampole/Abbott), Branchburg, New Jersey, USA) were 
also measured. Standard calibrators were used in each assay to 
calculate index values/optical density (OD) ratios, which serve 
as a semiquantitative measure of antibody levels. All assays met 
predetermined quality control measures based on positive, nega-
tive and blank controls. Positivity was defined as OD ratio ≥1.1.

Genotyping study participants
Five SNPs in IL10, three in CD40, one in CR2 and five in 
TNFAIP3, previously shown to be associated with autoimmune 
diseases, were genotyped using the ImmunoChip and were read 
on the Illumina iScan in the OMRF Clinical Genomics Centre as 
described previously.28 Each SNP was tested for consistency with 
Hardy-Weinberg proportions using a one-degree of freedom χ2 
goodness-of-fit test with a p value of 0.05 considered as evidence 
of a departure from Hardy-Weinberg equilibrium. IL10 variants, 
rs3024505, rs3024495, rs3024493 and rs3122605 were in 
strong linkage disequilibrium (r2≥0.80). Similarly, CD40 SNPs, 
rs1569723, rs1883832 and rs4810485 were in strong linkage 
disequilibrium (r2>0.80). IL10 SNP rs3024493 and CD40 SNP 
rs4810485 were therefore used as surrogates for other SNPs in 
IL10 and CD40 genes, respectively.

Statistical analysis
Viral antibody levels at baseline between transitioned rela-
tives (n=56), non-transitioned relatives (n=380) and control 
(n=122) groups were compared using the Mann-Whitney U test 
(GraphPad Prism V.7.02). The percent of individuals positive 
for antiviral responses in the different groups were compared 
by Fisher’s exact test for categorical variables (GraphPad Prism 
V.7.02). Generalised estimating equations (GEE), adjusting 
for correlation within families, were used to test associations 
between the viral antibody levels and the categorical outcome 
of transitioning to SLE. ORs are reported for one unit change in 
antibody level (OD ratio). Associations with SNPs were exam-
ined in an additive model treating the number of minor alleles as 
a continuous variable with the OR representing an increase (or 
decrease) in risk for each minor allele. OR and 95% CIs were 
determined for all models. GEE analyses were performed in SAS 
V9.4. All multivariable models were adjusted for age, sex and 
race.

http://ard.bmj.com/
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Table 1 Study participant demographics*

Variable Transitioned relatives n=56
non-transitioned relatives 
n=380 unaffected controls n=122 P value

Age at baseline: mean (median)±SD 47.4 (48.5)±12.1 47.2 (48.0)±15.8† 51.1 (51.0)±12.7 0.01

Time between recontact (years): mean 
(median)±SD

5.9 (5.1)±3.5 6.3 (5.4)±3.9† NA 0.50

Sex: female (n,%)‡ 49 (87.5) 316 (83.2) 106 (86.9) 0.49

Race (n,%)

 European American
 African American
 Native American
 Asian/Pacific Islander
 Hispanic

43 (76.8)
9 (16.1)
4 (7.1)
0 (0.0)
0 (0.0)

279 (73.4)
55 (14.5)
18 (4.7)
17 (4.5)
11 (2.9)

89 (73.0)
15 (12.3)
9 (7.4)
5 (4.1)
4 (3.2)

0.004

ANA positive baseline (n,%)§ 43 (76.8) 183 (48.2) 15 (12.3) <0.0001

Number of baseline ACR Criteria 

 0–1
 2
 3

7 (12.5)
23 (41.1)
26 (46.4)

291 (76.5)
74 (19.5)
15 (4.0)

ND <0.0001

*P value for trend. Statistically significant values (p<0.05) are in bold. 

†Not significant between transitioned and non-transitioned relatives by Mann-Whitney U test.
‡Not significant between transitioned and non-transitioned relatives by Fisher’s exact test.
§P<0.0001 between transitioned and non-transitioned relatives by Fisher’s exact test.

ACR, American College of Rheumatology; ANA, antinuclear antibodies; NA, not applicable; ND, not determined.

reSulTS
Study cohort
Nearly 75% of study participants were of European American 
descent and more than 85% were female. No significant differ-
ences were observed in average age between transitioned and 
non-transitioned relatives. Transitioned relatives had a greater 
number of confirmed ACR criteria at study enrolment, and 
higher percentages were ANA positive at baseline compared 
with non-transitioned relatives (p<0.0001, table 1).

relatives who transitioned to Sle had higher baseline 
levels of anti-VCA IgG compared with relatives who did not 
transition to Sle
To understand the contribution of EBV reactivation to SLE 
classification, we compared the anti-EBV antibody levels 
at baseline visit in transitioned and non-transitioned rela-
tives. Transitioned relatives had higher baseline VCA IgG 
levels compared with non-transitioned relatives (4.88±1.8 
vs 4.18±1.81, p=0.0086, figure 1A) and controls (4.88±1.8 
vs 4.25±1.5, p=0.02). A higher percentage of controls were 
positive for VCA IgG compared with non-transitioned relatives 
(figure 1B). However, VCA IgG seropositivity at baseline was 
not different between transitioned and non-transitioned rela-
tives (figure 1B), suggesting that both groups of SLE relatives 
had similar prior exposure to EBV. The total IgG concentra-
tions were not different between transitioned and non-transi-
tioned relatives, suggesting that the increase in VCA IgG levels 
is not due to hyperglobulinaemia in the transitioned group (see 
online supplementary figure S1).

At the baseline visit, the transitioned relatives had higher EA 
IgG levels compared with controls (1.19±1.11 vs 0.62±0.64, 
p<0.0001) (figure 1C). Baseline EA IgG levels were not 
different between transitioned and non-transitioned rela-
tives. A higher percentage of transitioned relatives were posi-
tive for EA IgG compared with controls (37.5% vs 13.11%, 
p<0.0005) but not compared with non-transitioned relatives 

(figure 1D). IgA responses against VCA were not different 
between the groups (figure 1E,F).

relatives who transitioned had higher levels of VCA IgG 
and eA IgG compared with AnA negative non-transitioned 
relatives
A higher number of transitioned relatives were ANA positive at 
baseline compared with non-transitioned relatives and controls 
(table 1). Both VCA IgG (r=0.15, p=0.002) and EA IgG levels 
(r=0.22, p<0.0001) correlated with increasing numbers of 
autoantibody specificities (see online supplementary table 1). 
To determine whether EBV serological reactivation contributes 
to ANA positivity, we divided the non-transitioned relatives 
into ANA positive (ANA+) and ANA negative (ANA-) groups 
at baseline. Transitioned relatives had significantly higher 
levels of VCA IgG compared with ANA- non-transitioned rela-
tives (4.879±1.797 vs 3.866±1.795, p=0.0003 figure 2A). 
Lower percentages of non-transitioned relatives were positive 
for VCA IgG at baseline compared with controls, irrespective 
of autoantibody positivity (figure 2B).

Transitioned relatives had higher EA IgG at baseline 
compared with ANA- non-transitioned relatives (1.192±1.113 
vs 0.7774±0.8484, p=0.0236, figure 2C). Higher percent-
ages of transitioned relatives were positive for EA IgG 
compared with ANA- but not ANA+ non-transitioned rela-
tives (figure 2D). VCA IgG and EA IgG levels were higher in 
the ANA+ non-transitioned compared with ANA- non-transi-
tioned relatives (figure 2A,C); however, the levels of total IgG 
between these two groups were similar (see online supplemen-
tary figure S1). These data suggest that increased EBV reactiva-
tion, as measured by EA IgG positivity and increased VCA IgG 
and EA IgG, may contribute to generation of autoantibodies, 
eventually contributing to autoimmunity.

Controls in this study had higher seropositivity and antibody 
levels against CMV and HSV-1 compared with transitioned and 
non-transitioned relatives (figure 2E–H). However, the levels of 

https://dx.doi.org/10.1136/annrheumdis-2019-215361
https://dx.doi.org/10.1136/annrheumdis-2019-215361
https://dx.doi.org/10.1136/annrheumdis-2019-215361
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Figure 1 Relatives who subsequently transitioned to SLE had higher baseline levels of anti-EBV IgG compared with healthy controls. IgG 
antibody levels against EBV VCA (A), EBV EA (C) and IgA antibodies against EBV VCA (E) were measured by ELISA at the baseline visit in relatives 
who transitioned to SLE (transition), relatives who did not transition to SLE (non-transition) and unaffected unrelated controls (control). Data are 
represented as median ±95% CI. *p<0.05, **p<0.01, ****p<0.0001 by Mann Whitney. Seropositivity for VCA IgG (B), EA IgG (D) and VCA IgA (F) 
was determined as described in methods. ***p<0.001, ****p<0.0001 by Fisher’s exact test. EA, early antigen; EBV, Epstein-Barr virus; SLE, systemic 
lupus erythematosus; VCA, viral capsid antigen.

Figure 2 Relatives who transitioned to classified SLE had higher levels of VCA IgG and EA IgG compared with autoantibody negative non-
transitioned relatives at baseline. Relatives who did not transition (non-transition) were divided based on their ANA positivity status (as described in 
methods). Antibody levels (A,C,E,G) and seropositivity (B,D,F,H) for VCA IgG (A,B), EA IgG (C,D), CMV IgG (E,F), and HSV-1 IgG (G, H) at the baseline 
visit were determined by ELISA. Data are represented as median ±95% CI. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 by Mann-Whitney 
(A,C,E,G) or Fisher’s exact test (B,D,F,H). ANA, antinuclear antibodies; CMV, cytomegalovirus; EA, early antigen; EBV, Epstein-Barr virus; HSV, herpes 
simplex virus; SLE, systemic lupus erythematosus; VCA, viral capsid antigen.

CMV IgG and HSV-1 IgG were not different between transitioned 
and non-transitioned relatives, irrespective of ANA positivity. 
No differences in VZV seropositivity or levels of VZV IgG were 
found between transitioned and non-transitioned relatives nor 
with healthy controls (see online supplemental figure S2). These 
data show that the differences with VCA IgG and EA IgG seen 
between the transitioned and non-transitioned relatives are specific 
for humoral responses to EBV and not a generalised dysregulation 
of immune response to herpes viruses in SLE relatives.

Increased levels of VCA IgG and eA IgG associate with 
transitioning to Sle
Our data show increased levels of VCA IgG and EA IgG at base-
line prior to transitioning to classified disease in relatives of 
patients with SLE. To determine whether these increased levels 
associate with transitioning to SLE after adjusting for age, sex 
and race, we used GEE, accounting for correlation among fami-
lies. Increasing levels of VCA IgG were associated with transi-
tioning to SLE (table 2).

https://dx.doi.org/10.1136/annrheumdis-2019-215361
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Table 2 Increasing VCA IgG and EA IgG levels are associated with 
transitioning to SLE*

Serological measures

Transitioned (n=56) 
versus non-transitioned 
(n=380) relatives
Or (95% CI), p value

Transitioned relatives 
(n=56) versus unrelated 
unaffected controls 
(n=122)
Or (95% CI), p value

VCA IgG (OD ratio) 1.28 (1.07 to 1.53), 
0.007

1.30 (1.02 to 1.65), 0.03

VCA IgA (OD ratio) 0.99 (0.78 to 1.27), 0.94 1.01 (0.73 to 1.42), 0.91

EA IgG (OD ratio) 1.43 (1.06 to 1.93), 0.02 2.11 (1.38 to 3.23), 
0.0005

CMV IgG (OD ratio) 1.03 (0.87 to 1.22), 0.72 0.89 (0.73 to 1.07), 0.21

HSV-1 IgG (OD ratio) 1.06 (0.92 to 1.22), 0.44 0.94 (0.82 to 1.09), 0.43

Statistically significant values (p<0.05) are in bold
*OR presented for one unit increase in OD ratio.
CMV, cytomegalovirus; EA, early antigen; HSV, herpes simplex virus; OD, optical 
density; SLE, systemic lupus erythematosus; VCA, viral capsid antigen.

Table 3 SNPs in IL10 are associated with transitioning to SLE

Gene SnP Minor allele MAF

Transitioned to Sle (n=52) 
versus non-transitioned relatives 
(n=354)
Or (95% CI) p value

Transitioned (n=52) to Sle versus 
unaffected controls (n=115)
Or (95% CI) p value

IL10 rs3024505 T 0.14 2.15 (1.31 to 3.53) 0.002 1.87 (1.03 to 3.39) 0.04

IL10 rs3024495 A 0.15 2.13 (1.31 to 3.45) 0.002 2.00 (1.09 to 3.65) 0.02

IL10 rs3024493 T 0.14 2.06 (1.25 to 3.37) 0.004 1.91 (1.05 to 3.50) 0.03

IL10 rs1800896 C 0.45 1.15 (0.77 to 1.72) 0.50 1.23 (0.74 to 2.06) 0.43

IL10 rs3122605 G 0.13 1.86 (1.08 to 3.21) 0.02 1.79 (0.98 to 3.27) 0.06

CD40 rs1569723 G 0.43 0.98 (0.72 to 1.33) 0.91 0.86 (0.59 to 1.23) 0.40

CD40 rs1883832 A 0.24 1.02 (0.62 to 1.68) 0.93 1.11 (0.63 to 1.94) 0.73

CD40 rs4810485 A 0.25 0.95 (0.57 to 1.59) 0.85 1.03 (0.59 to 1.80) 0.90

CR2 rs17615 T 0.31 0.97 (0.61 to 1.53) 0.88 0.72 (0.42 to 1.24) 0.24

TNFAIP3 rs5029930 C 0.14 1.41 (0.78 to 2.55) 0.25 1.49 (0.79 to 2.81) 0.22

TNFAIP3 rs5029939 G 0.05 1.19 (0.572.49) 0.65 1.96 (0.82 to 4.68) 0.13

Statistically significant values (p<0.05) are in bold. 

MAF, minor allele frequency 
; SLE, systemic lupus erythematosus; SNP, single nucleotide polymorphism.

Increased levels of VCA IgG remained significantly associated 
with transitioning to SLE after additionally adjusting the models 
for ANA positivity (OR 1.22 95% CI 1.01 to 1.47, p=0.04). EA 
IgG levels were also associated with transitioning to SLE (table 2) 
when compared with non-transitioned relatives. No significant 
interactions were found between the anti-EBV antibody levels 
and age, sex or race.

Increasing levels of VCA IgG and EA IgG were associated with 
transitioning to SLE when compared with controls (table 2), and 
the association remained after additional adjustment for ANA 
positivity (OR 1.46, 95% CI 1.09 to 1.97, p=0.01 and OR 2.00 
95% CI 1.21 to 3.31, p=0.007, respectively). Furthermore, EA 
IgG positivity was associated with transitioning to SLE (OR 4.35 
95% CI 2.03 to 9.31, p=0.0002) when compared with controls. 
Levels of CMV IgG and HSV-1 IgG were not associated with 
transitioning to SLE (table 2).

Variants in Il10 and Cd40 interact with anti-VCA antibodies 
in transitioning to Sle
Recent studies show a close association between environmental 
and host genetic factors in the development or exacerbation 
of the autoimmune response.28 29 To test whether there is an 

association between immune response to EBV and variants in 
host genes implicated in EBV infection, we determined the inter-
actions between variants in IL10, CD40 and CR2 with anti-EBV 
responses in transitioning to SLE. We also tested interactions 
between anti-EBV responses and variants in TNFAIP3, a gene 
associated with SLE but not implicated in EBV infection.

IL10 variants were associated with transitioning to SLE 
(table 3); however, no association was observed with the CD40 
variants or CR2 variant in this small cohort.

The association between VCA IgG level and transitioning to 
SLE was modified by CD40 rs4810485 (interaction p=0.0009) 
(figure 3A). Increased VCA IgG level was associated with 
increased SLE risk in relatives with 0 minor alleles (OR=1.62, 
95% CI 1.22 to 2.14), adjusting for age, sex and race (figure 3A). 
Similarly, the association between VCA IgA and transitioning to 
SLE was modified by IL10 rs3024493 (interaction p=0.008) 
(figure 3C). Although neither VCA IgA levels nor the SNP in 
CR2 were associated with transitioning to SLE independently, 
we observed a modest but significant interaction between VCA 
IgA response and the CR2 variant rs17615 in SLE transition 
risk (interaction p=0.03) (see online supplementary table 2). 
Similar results were found when comparing transitioned rela-
tives to controls (figure 3B,D). We also tested association of 
SNPs in TNFAIP3 as a gene associated with SLE but not related 
to EBV. SNPs rs5029939 (in LD with rs5029937, rs2230926) 
and rs5029930 (in LD with rs3757173) were not associated 
with transitioning to SLE (table 3). Furthermore, there were no 
significant interactions between TNFAIP3 SNPs and viral anti-
bodies in transitioning to SLE.

dISCuSSIOn
In this study, we evaluated the contribution of EBV reactivation 
to transitioning to SLE in unaffected relatives of patients with 
SLE. Our data show that SLE relatives had increased reactivation 
of EBV prior to transitioning to SLE and increasing levels of EBV 
antibodies associated with SLE disease transitioning.

EBV infection has been linked to autoantibody production 
through molecular mimicry and epitope spreading. Aberrant 
antibody responses against Epstein-Barr Nuclear Antigen-1 
(EBNA-1) can incite antibody responses against lupus autoan-
tigens, Sm and Ro.30 31 Anti-Ro responses were shown to be 

https://dx.doi.org/10.1136/annrheumdis-2019-215361
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Figure 3 Significant interactions were observed between CD40 variants and VCA IgG and between IL10 variants and VCA IgA. (A, B) VCA IgG levels 
show significant interactions with CD40 variant rs4810485 in the risk of transitioning to SLE. CD40 rs4810485: Transition n=51, relatives who did not 
transition n=355, unaffected unrelated controls n=115. (A) Interaction p value: p=0.0009 when compared with relatives who did not transition. (B) 
Interaction p value p=0.01 when compared with controls. (C,D) Significant interactions were observed between VCA IgA and IL10 variant rs3024493 
in the risk of transitioning to SLE. IL10 rs3024493: Transition n=52, relatives who did not transition n=354, unrelated unaffected controls n=116. 
(C) Interaction p value=0.008 when compared with those who did not transition. (D) Interaction p value p=0.04 when compared with controls. SLE, 
systemic lupus erythematosus; VCA, viral capsid antigen.

among the first autoantibodies detected preceding SLE classi-
fication in longitudinal samples.32 In this study, we show that 
the transitioned relatives had increased VCA IgG and EA IgG 
responses compared with non-transitioned relatives who were 
ANA- at baseline. There were significant differences between 
VCA IgG and EA IgG levels in the non-transitioned relatives 
based on their ANA positivity, and ANA+ relatives had signifi-
cantly higher EBV antibody levels compared with ANA- relatives. 
In addition, differences in VCA IgA between transitioned and 
non-transitioned groups became significant when accounting for 
IL10 rs3024493. These data support that EBV reactivation may 
contribute to autoimmune responses through facilitating the loss 
of tolerance to lupus autoantigens. A prospective natural history 
study of high-risk individuals with serial evaluations and sample 
collection is needed to precisely define the timing of SLE tran-
sition relative to EBV reactivation and to perform a trajectory 
analysis over time.

We observed higher seroprevalence and higher levels of CMV 
IgG and HSV-1 IgG in unaffected controls compared with lupus 
relatives. CMV seroprevalance shows racial/ethnic differences33 
and is influenced by socioeconomic status.34 The controls used in 
this study were recruited from community health centres where 
the exposure levels may be impacted by various factors including 
socioeconomic status. Levels of IgG directed against CMV and 

HSV-1 antigens did not show any significant differences between 
transitioned and non-transitioned relatives. Furthermore, CMV 
IgG and HSV-1 IgG were not associated with transitioning to 
SLE. We also did not observe any differences in IgG responses 
towards varicella zoster (see online Supplementary Figure S2). 
The immune response to EBV is therefore unique in those who 
transitioned and is related to ANA positivity.

We observed increased levels of both VCA IgG and EA IgG 
in transitioned, as well as non-transitioned, SLE relatives when 
compared with controls. When transitioned relatives were 
compared with either non-transitioned relatives or controls, 
the association between VCA IgG levels and transitioning to 
SLE was modified by SLE-associated SNPs in CD40 rs4810485, 
and VCA IgA levels were associated with increased risk of tran-
sitioning in individuals with 0 minor alleles at IL10 rs3024493. 
These data suggest that the genetic predisposition to SLE, 
as is expected in relatives of patients with SLE, influences 
the immune response to a latent EBV infection, and that the 
increased reactivation of EBV in the context of host genetic risk 
alleles may increase the risk of transitioning to SLE. However, 
the exact relationship between EBV antibodies and SLE risk 
alleles remains unclear. The presence of risk alleles may allow 
for a frequent reactivation of EBV through as yet unknown 
mechanisms.

https://dx.doi.org/10.1136/annrheumdis-2019-215361
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Our data show that increased serological reactivation of EBV 
prior to SLE classification is associated with transitioning to 
SLE in genetically susceptible individuals. The negative predic-
tive value for EA IgG positivity in SLE relatives was 89.33% 
and is possibly better than the currently available measures for 
assessing risk of transitioning in SLE relatives. We also show 
that there are significant interactions between SLE-associated 
variants in host genes implicated in viral-related pathways and 
measures of EBV serological reactivation. To our knowledge 
this is the first prospective study examining preclinical associa-
tion between serological measures of EBV reactivation and SLE 
disease transition.
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ABSTRACT
Objectives Mortality and worsening of organ function 
are desirable endpoints for clinical trials in systemic 
sclerosis (ssc). The aim of this study was to identify 
factors that allow enrichment of patients with these 
endpoints, in a population of patients from the european 
scleroderma Trials and Research group database.
Methods inclusion criteria were diagnosis of diffuse 
ssc and follow-up over 12±3 months. Disease 
worsening/organ progression was fulfilled if any of the 
following events occurred: new renal crisis; decrease of 
lung or heart function; new echocardiography-suspected 
pulmonary hypertension or death. in total, 42 clinical 
parameters were chosen as predictors for the analysis 
by using (1) imputation of missing data on the basis of 
multivariate imputation and (2) least absolute shrinkage 
and selection operator regression.
Results Of 1451 patients meeting the inclusion 
criteria, 706 had complete data on outcome parameters 
and were included in the analysis. Of the 42 outcome 
predictors, eight remained in the final regression model. 
There was substantial evidence for a strong association 
between disease progression and age, active digital 
ulcer (DU), lung fibrosis, muscle weakness and elevated 
C-reactive protein (CRP) level. active DU, CRP elevation, 
lung fibrosis and muscle weakness were also associated 
with a significantly shorter time to disease progression. 
a bootstrap validation step with 10 000 repetitions 
successfully validated the model.
Conclusions The use of the predictive factors presented 
here could enable cohort enrichment with patients at risk 
for overall disease worsening in ssc clinical trials.

InTROduCTIOn
Systemic sclerosis (SSc), a rheumatic disease char-
acterised by autoimmunity, tissue fibrosis and 
vasculopathy, has a high mortality rate compared 
with other rheumatic diseases.1 2 Mortality in 
SSc is the result of organ involvement, with lung 
disease (either interstitial lung disease or pulmo-
nary arterial hypertension (PAH)) being the most 
prominent risk factor for death.3 Skin fibrosis is a 
hallmark of SSc and is easily measurable in a stan-
dardised manner using the modified Rodnan skin 
score (mRSS), which has good inter-rater and intra 
rater variability.4–7 The mRSS also correlates with 

organ involvement; the rate of progression of skin 
thickness can predict early mortality in patients 
with diffuse SSc (dcSSc), while early worsening 
of mRSS (within 12 months) is associated with 
poorer survival and increased disease progres-
sion8 9 Consequently, the mRSS is widely used 
as a primary outcome parameter in clinical trials 
of patients with dcSSc or as a part of composite 
indices.9–12 However, skin fibrosis is only a surro-
gate marker for overall disease progression,13 
and the use of more relevant endpoints, such as 
worsening organ function or death, is desirable 
for clinical trials and is increasingly requested 
by regulatory authorities. One methodological 
limitation is that these events are relatively rare 
in unselected patients. In clinical trials of dcSSc, 
enriching a dataset with these endpoints requires 
identification of predictive factors associated with 
organ worsening or death; these factors can then 
be considered as inclusion criteria for clinical trial 
designs with enriched patient populations. We 

Key messages

What is already known about this subject?
 ► Capturing the complexity and heterogeneity of 
systemic sclerosis in clinical trials is difficult.

 ► The widely used modified Rodnan skin score 
failed in recent clinical trials as a surrogate 
parameter for universal disease progression. 
Using worsening of organ involvement as 
a study endpoint is impeded by its relative 
sparsity.

What does this study add?
 ► We have identified factors that are associated 
with disease progression and lead to organ 
failure.

How might this impact on clinical practice or 
future developments?

 ► The factors identified here could be used to 
select patients at risk of progressive organ 
involvement for clinical trials.

 ► Identifying patients at risk also has implications 
for clinical care.
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aimed to identify predictive factors for disease worsening and 
death in patients with dcSSc by analysing data from the large 
European Scleroderma Trials and Research (EUSTAR) group 
database.

MeTHOdS
Patients and study design
This study used prospectively collected data from the EUSTAR 
database. The structure of the EUSTAR database and minimum 
essential dataset have been described previously.14 15

Data from patients with dcSSc (as defined by LeRoy et al)16 
were included if they had a visit in 2009 or later (defined as 
the baseline visit) and either a follow-up visit or death within 
12±3 months after baseline. Twelve months was chosen as the 
primary analysis point, as this reflects the usual study duration 
of SSc trials targeting fibrosis.

definition of disease worsening
An expert group (YA, MM-C, CPD, OD, JP) defined the 
combined endpoint of disease worsening, which was agreed 
on by nominal group technique. A patient was considered to 
have organ worsening if he or she fulfilled any of the following 
criteria within 12±3 months of the baseline visit: new-onset 
renal crisis; decrease in forced vital capacity (FVC)≥10%; 
new left ventricular ejection fraction (LVEF)<45% or decrease 
in LVEF by>10% for patients with baseline LVEF<45%; 
new-onset echocardiography-suspected pulmonary hyperten-
sion (PH) (as defined by the treating physician); or death. Vari-
able definitions, recoding of variables and handling of missing 
values are described in the online supplementary appendix.

Statistical analysis
For variables with >10% missing data, the missing not at 
random (MNAR) assumption was explored where possible, 
but the analyses did not support the assumption of MNAR, 
instead random missingness was assumed (see online supple-
mentary appendix for more details).

Missing data were imputed on the basis of multiple imputa-
tion (MI) using the R package mice. For the imputation model, 
all 42 variables from the full model, including the dependent 
variable ‘disease worsening’, were included. With the function 
quickpred, predictors were automatically selected (1) with 
an absolute correlation with the target variable of ≥0.2 and 
(2) with a proportion of usable cases (ie, cases with missing 
data on the target variable that had observed values on the 
predictor) of ≥0.25. The order of variable imputation was 
defined according to the number of missing cases. Depending 
on the scale of the target variable, MI was performed using 
either linear regression ( norm. nob), logistic regression (logreg) 
or polytomous, ordered regression (polr) for factors with more 
than two levels. Based on the fraction of missing informa-
tion,17 100 imputed datasets were generated. Further details 
of statistical analysis are described in the online supplementary 
appendix.

Patient and public involvement
This was a retrospective study using a registry with patient 
data from different primary investigation sites. However, 
neither direct patients nor the public were involved. Study 
results will be disseminated within patient communities via 
the Federation of European Scleroderma Associations and its 
patient congresses.

ReSulTS
Baseline characteristics
In total, 1451 patients met the inclusion criteria at the time 
of data extraction (10 February 2016). Of these, 706 had 
data on the presence of the combined endpoints available and 
were included in the analysis. Patient baseline characteristics 
are shown in table 1, with a comparison between the 706 
included patients and the 745 excluded patients shown in the 
online supplementary table S2. There was no major difference 
between these groups, although numerically, patients without 
missing data had a slightly higher disease duration and more 
renal crises but less frequent active disease. Hence, there was 
no major selection bias. However, a bias based on unmeasured 
variables cannot be excluded.

Predictive factors for disease worsening
Of 706 patients with available data, 228 (32.3%) fulfilled the 
pre-defined criteria for disease worsening within 12±3 months 
of the baseline visit. The most common forms of disease wors-
ening were deterioration of FVC and death (table 2). Renal crisis 
and worsening of LVEF were rare.

Figure 1 presents the multiple imputation—least absolute 
shrinkage and selection operator (MI-LASSO) regression coeffi-
cients based on averages across 100 imputed datasets, presented 
on a logarithmic OR scale evaluated for 24 varying penalisa-
tion factors (lambda). The regression coefficient estimates at 
each selected penalisation factor indicate the extent to which 
they contribute to a change in the probability of disease progres-
sion in terms of ORs in comparison to the population mean. 
The smaller the lambda, the larger the penalisation; therefore, 
average regression coefficients are shrunk towards zero. The 
model with the smallest Bayesian Information Criterion (BIC) 
was chosen as the final model. If a regression coefficient was 
shrunk to zero, the predictor variable was no longer retained in 
the final model.

Table 3 shows the final model, with OR and 95% CI based on 
all 100 imputed datasets. All ORs were>1 and, therefore, posi-
tively associated with disease worsening. There was substantial 
evidence for a strong association between disease progression 
and age, active digital ulcers (DUs), C-reactive protein (CRP) 
elevation, lung fibrosis and muscle weakness. The p values 
for pericardial effusion, proteinuria and significant dyspnoea 
suggest only weak or very weak evidence for an association with 
disease worsening.

As muscle weakness was a non-objectively defined, patient-re-
ported parameter, we aimed to further characterise patients 
with this symptom. In patients defined as having muscle weak-
ness, the frequency of creatine kinase (CK) elevation was higher 
than in those without weakness (19.9% (n=31/156) vs 6.2% 
(n=32/513); p<0.0001 by χ2 test); a higher frequency of gastro-
intestinal symptoms (39.0% (64/164) vs 21.1% (113/535); 
p<0.0001 by χ2 test); and a higher number of deaths (25.0% 
(41/164) vs 8.9% (48/537); p<0.0001 by χ2 test) were also 
observed in those with muscle weakness compared with those 
without.

Applicability and feasibility of the predictors retained in the 
final model
To illustrate the impact of the final model on the probability of 
increasing the number of patients with worsening organ func-
tion in a given selection of patients, we calculated the outcome 
probabilities for combinations of risk factors from the final 
model in the 706 study patients (table 4). As suggested by the 
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Table 1 Clinical and demographic characteristics of the 706 
patients from the EUSTAR database included in the analysis

Characteristics
Patients 
(n=706)

Available data 
(% patients)

Demographic

Male sex 172 (24.4) 100

Age, mean±SD 52.9±12.9 100

Disease duration, months (mean±SD) 101.1±94.0 94.1

Body weight, kg (mean±SD) 64.6±13.4 97.2

Laboratory parameters

ANA positive 657 (94.4) 98.6

ACA positive 48 (7.1) 96.3

Anti-Scl70 positive 414 (60.2) 97.5

Anti-U1RNP positive 27 (4.7) 81.3

Creatine kinase elevation 64 (9.5) 95.2

Proteinuria 57 (8.4) 95.6

Hypocomplementaemia 39 (6.3) 88.1

ESR>20 mm/1 hour, mean±SD 25.3±20.6 94.5

CRP elevation 190 (27.7) 97.0

Vascular

Raynaud’s present 683 (96.7) 100

DU ever 266 (38.1) 98.9

Active DU* 126 (18.1) 98.7

Scleroderma (puffy fingers) 303 (44.2) 97.2

Worsening of finger vascularisation within the 
last month

162 (23.3) 98.3

Musculoskeletal

Tendon friction rubs 89 (12.8) 98.3

Joint synovitis 108 (15.4) 99.3

Joint contractures 310 (44.4) 98.9

Muscle weakness 164 (23.4) 99.3

Skin

mRSS, mean±SD 14.2±9.1 93.2

Worsening of skin changes within the last 
month

141 (20.3) 98.3

Skin progression rate, mean±SD 0.6±1.7 88.2

Cardiopulmonary

Arterial hypertension 154 (21.9) 99.6

Pericardial effusion 58 (8.9) 92.5

Echocardiography-suspected PH 113 (16.3) 98.0

Conduction blocks 104 (15.6) 94.2

Abnormal diastolic function 170 (25.0) 96.2

Lung fibrosis† 131 (19.7) 94.3

Significant dyspnoea 91 (13.2) 97.7

DLCO, %predicted (mean±SD) 64.1±20.2 94.1

FVC, %predicted (mean±SD) 86.4±21.3 96.5

FEV1, %predicted (mean±SD) 85.0±18.7 78.3

TLC, %predicted (mean±SD) 84.2±19.9 66.1

LVEF, %predicted (mean±SD) 61.7±7.0 96.5

Gastrointestinal

Oesophageal symptoms 455 (64.5) 99.9

Stomach symptoms 192 (27.4) 99.3

Intestinal symptoms 177 (25.2) 99.3

Kidney

Renal crisis 34 (4.8) 99.4

Disease activity

Active disease‡ 191 (30.7) 88.1

Continued

Characteristics
Patients 
(n=706)

Available data 
(% patients)

Data are n (%) unless otherwise stated. (Percentages with characteristics were 
calculated from numbers of patients with data available).
Clinical manifestations were defined according to the EUSTAR definitions.15

Presence of significant dyspnoea was based on the judgement of the treating 
physician.
*Active DUs was a composite endpoint that was considered positive if either DU 
(from the minimal essential dataset) or digital gangrene was present.
†Lung fibrosis was defined as FVC<60% or FVC<70% and presence of lung fibrosis 
on high-resolution computed tomography.
‡Active disease was defined as score >3 calculated according to the EScSG disease 
activity indices for SSc.38

ACA, anti-centromere antibody; ANA, anti-nuclear antibody; CRP, C-reactive protein; 
DLCO, diffusion capacity of the lung for carbon monoxide; DU, digital ulcer; ESR, 
erythrocyte sedimentation rate;EScSG, European Scleroderma Study Group; EUSTAR, 
European Scleroderma Trials and Research; FEV1, forced expiratory volume after 1 
s; FVC, forced vital capacity; LVEF, left ventricular ejection fraction;mRSS, modified 
Rodnan skin score; PH, pulmonary hypertension; TLC, total lung capacity.

Table 1 Continued

Table 2 Frequency of disease worsening

disease worsening Yes no Missing

Any* 228 (32.3) 478 (67.7) —

Worsening FVC 103 (14.6) 514 (72.8) 89 (12.6)

Death within 12 (±3) months 92 (13.0) 614 (87)

New echocardiography-suspected PH 37 (5.2) 582 (82.4) 87 (12.3)

New renal crisis 7 (1.0) 613 (86.8) 86 (12.2)

Worsening LVEF 5 (0.7) 614 (87.0) 87 (12.3)

Data are n (%).
*Patients were considered to have disease worsening if death occurred within 12±3 
months after baseline or if worsening was present for any of the other components.
FVC, forced vital capacity; LVEF, left ventricular ejection fraction; PH, pulmonary 
hypertension.

high ORs for lung fibrosis and CRP elevation (see table 3), these 
two factors alone increased the probability for an event during 
the observation time to 52.0% in patients aged 60 years and 
57.9% in patients aged 70 years (table 4) compared with 32.2% 
for the overall study population. If patients had lung fibrosis, 
muscle weakness, DU and CRP elevation, the probability for an 
event was 74.5% at 60 years and 78.8% at 70 years (table 4). 
However, depending on the number of predictors included, the 
number of selected patients decreased, for example, the optimal 
combination for maximum enrichment left only eight patients 
who had lung fibrosis, muscle weakness, CRP elevation and 
present DUs in our study population (table 4).

Impact of predictors from the final model during long-term 
observation
To evaluate the impact of the predictors retained in the final 
model on survival, we additionally calculated long-term event-
free survival curves for patients with SSc with and without risk 
factors. Specifically, we tested the most clinically feasible combi-
nations of increased CRP and presence of lung fibrosis or DU. 
These combinations showed a significantly worse event-free 
survival with the risk factors present (figure 2). With the pres-
ence of lung fibrosis and elevated CRP, the median time to an 
outcome event was 1.53 years versus 4.48 years for patients 
without any risk factors, that is, active DU, CRP elevation, signif-
icant dyspnoea, lung fibrosis, muscle weakness, pericardial effu-
sion or proteinuria (figure 2A; p<0.001 by log-rank test). Active 
DU and elevated CRP shortened the median time to an outcome 
event from 4.48 years to 1.82 years (figure 2B; p<0.001 by 
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Figure 1 Average regression coefficients across 100 imputations 
plotted against the penalisation parameter, lambda. The vertical dashed 
line represents the selected model chosen as it had the smallest 
Bayesian information criterion. Traces in colour are those of the 
regression coefficients (and hence predictor variables) that remained in 
the final model. Traces for excluded regression coefficients are plotted in 
black and are not specified in the legend. CRP, C-reactive protein.

Table 3 Final regression model for disease worsening

p Value OR 95% CI

Age (years) 0.001 1.02 1.01 to 1.04

lung fibrosis 0.0004 2.21 1.43 to 3.41

CRP elevation 0.002 1.80 1.23 to 2.63

Muscle weakness 0.015 1.64 1.10 to 2.45

Active du 0.026 1.64 1.06 to 2.54

Proteinuria 0.064 1.75 0.97 to 3.16

Pericardial effusion 0.098 1.65 0.91 to 2.97

Significant dyspnoea 0.491 1.20 0.72 to 2.00

Parameters in bold had strong evidence for a significant association with disease 
progression in the final model.
CRP, C-reactive protein; DU, digital ulcer.

Table 4 Probability (%) of disease worsening for combinations of 
predictors in study population (n=706)

Other risk factors*

Age Patient 
numbers†60 years 65 years 70 years

Lung fibrosis 37.5 40.4 43.3 131/666

Lung fibrosis and CRP elevation 52.0 55.0 57.9 47/650

Active DU 30.9 33.5 36.1 126/697

Lung fibrosis and active DU 49.7 52.6 55.6 31/662

Muscle weakness 30.9 33.5 36.2 164/701

Lung fibrosis, muscle weakness 
and active DU

61.8 64.6 67.3 16/660

Lung fibrosis, muscle weakness,
CRP elevation and active DU

74.5 76.7 78.8 8/646

*Predictors not specified in each row are set to zero.
†Patient numbers irrespective of age that fulfil the criteria within the whole study 
population.
CRP, C-reactive protein; DU, digital ulcer.

log-rank test). The additional analysis of four risk factors on 
their own showed that each (active DU, raised CRP, presence of 
lung fibrosis and muscle weakness) was associated with a signifi-
cantly increased incidence of outcome events during follow-up 
as well as in combination (each p<0.001 by log-rank test; see 
online supplementary figure S5).

Model validation
A bootstrap with 10 000 repetitions was used to validate the 
final model chosen by the BIC. The C-index, which is identical 
to the area under the receiver operating characteristic, is a good 
measure to estimate discrimination. This in turn refers to the 
ability of the model to separate patients with and without the 
outcome event. The final model had a C-index of 0.711, which 
was 0.705 at validation, indicating good calibration (ie, agree-
ment between actual and predicted probabilities) (see online 
supplementary figure S1).

dISCuSSIOn
By using a novel statistical approach to analyse data from a 
clinical registry, we successfully identified predictors of severe 
disease worsening—defined as organ failure within a period 
of 12±3 months—in patients with dcSSc. Based on our 
logistic regression model, we showed that the probability of a 
60-year-old patient with lung fibrosis, DU, muscle weakness and 
CRP elevation developing disease worsening within the obser-
vation period increases to 74.5% compared with 32.2% for the 

whole study population. The predictive factors of age, presence 
of DU, lung fibrosis, CRP elevation and muscle weakness repre-
sent important aspects of the disease and also correspond to the 
key characteristic features of vasculopathy (DU), autoimmunity/
inflammation (CRP elevation) and tissue fibrosis (lung fibrosis). 
In addition to being predictive in our model for progression of 
disease after 12±3 months, the presence of DU, lung fibrosis, 
CRP elevation and muscle weakness could also predict, alone 
or in combination, disease progression over a longer period of 
time (up to 6 years after the baseline visit). This confirms the 
role of CRP elevation as an indicator of active disease and its 
potential relevance as an inclusion criterion in trials.18–21 The 
data also support the notion that the presence of muscle weak-
ness may include patients with overt myositis/myopathy, as well 
as patients with gastrointestinal problems being more likely to 
have malnutrition and consecutive muscle weakness.

DUs were identified in a previous EUSTAR study as a risk factor 
for cardiovascular worsening and mortality.22 Lung involvement 
in SSc is well known,3 and this is reflected in the high incidence 
of worsening FVC (14.6%) in the present study, while develop-
ment of PH was the third most frequent event (5.2%) leading 
to disease worsening. The relatively high frequency of the FVC 
endpoint corresponds to the high OR for lung fibrosis in the 
final model. The discriminative value of a 10% decline in FVC 
has recently been confirmed by another report showing that this 
magnitude of decline is associated with increased mortality.23 The 
percentage of patients with a significant FVC decline is similar 
to the patients with SSc receiving placebo from the Scleroderma 
Lung Study I/II analysis (approximately 15%).24 The percentage 
of patients developing new echocardiography-suspected PH in 
our analysis was slightly higher than in the at-risk population 
included in the Pulmonary Hypertension Assessment and Recog-
nition of Outcomes in Scleroderma registry (7% at 2 years)25 
and much higher than in unselected patients, where the annual 
incidence is approximately 1.4%–1.5%.26 27 This is most likely 
due to a combination of patient selection in our cohort and use 
of an echocardiography-suspected PH definition that was not 
strictly based on right heart catheterisation data but based on 
assessment by the treating physician. The mortality rate within 
12±3 months among patients with dcSSc in the present study 
(13%) was relatively high compared with earlier reports from 
the EUSTAR database (5-year mortality from diagnosis in all 
patients with SSc of 11%)28 but also surpasses the 13% early 
mortality (within 3 years) recently reported in a multinational 
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Figure 2 Event-free survival in patients with SSc depending on risk 
factors for progression of organ damage. (A) Event-free survival of 
patients with SSc fulfilling the inclusion criteria (diffuse SSc, death or 
at least one follow-up visit earliest at 12±3 months after baseline visit 
in 2009 or later) with risk factors (elevated CRP and presence of lung 
fibrosis) versus no risk factors (active DU, CRP elevation, significant 
dyspnoea, lung fibrosis, muscle weakness, pericardial effusion and 
proteinuria). The median survival time for patients with and without risk 
factors was 1.53 years (95% CI 1.13 to 1.99) and 4.48 years (95% CI 
3.70 to 4.97), respectively. The log-rank test was significant (p<0.001). 
(B) Event-free survival of patients with SSc fulfilling the inclusion criteria 
with risk factors (elevated CRP and active DU) versus no risk factors. 
The median survival time for patients with and without risk factors was 
1.82 years (95% CI 1.23 to 2.47) and 4.48 (95% CI 3.70 to 4.97) years, 
respectively. The log-rank test was significant (p<0.001). CRP, C-reactive 
protein; DU, digital ulcer; LF, lung fibrosis; SSc, systemic sclerosis.

inception cohort.29 However, the cohort used in the present 
analysis was selected to include dcSSc only, and thus was prone 
to have more complications than a general SSc cohort. In addi-
tion, deaths in the present study were all-cause deaths and not 
limited to SSc-related causes, with 63.3% of deaths documented 
as SSc related. However, currently, there is no clear definition of 
SSc-related mortality.

Our study was designed to address two important limitations 
that are often encountered when searching for predictive factors 
in large datasets from patient registries. First, there is often a 
high incidence of missing data, and second there are limits to 
the number of potential predictive variables that can be included 
in the statistical model. Observations with missing data on any 

predictor variable will be eliminated in the process of ordinary 
logistic regression, so that only a ‘full dataset’ with valid data on 
all candidate predictor variables can be used in the final anal-
ysis. As patient registries such as EUSTAR depend on data input 
from many clinical centres, they typically have a certain amount 
of missing data. In addition, a low incidence of outcome events 
limits the number of predictive variables that can be used for the 
analysis, as the ratio of outcome events to predictor variables in 
the model should ideally be 1:10 or lower.30 The issue of missing 
data was addressed in our analysis by imputing missing data on 
the basis of MI. The issue of limited predictive variables was 
addressed by using LASSO, a different type of regression anal-
ysis that allows selection and reduction of predictor variables 
(‘shrinkage’).31

It is possible that collection of some variables in the EUSTAR 
database began only recently or changed their definition during 
the data collection period. For example, PH is now mainly 
recorded as PAH. While PAH is currently defined in EUSTAR 
by mean pulmonary arterial and wedge pressures measured 
during right heart catheterisation, when the registry was initi-
ated, PH was estimated by echocardiography. Hence, echocar-
diography-suspected PH in our study possibly overestimates 
true PAH. It seems likely that, as genuine PAH is strongly asso-
ciated with mortality in SSc, the 92 deaths (13%) include some 
deaths resulting from PAH. Despite these limitations, our novel 
approach to the data in the EUSTAR registry successfully iden-
tified clinical features that allow enrichment of patients with 
dcSSc with disease worsening defined by organ failure.

Enriching a recruitment for clinical trials for progression of 
organ damage is not the same as for disease worsening as defined 
by progression of skin fibrosis. Therefore, the predictive factors 
that allow selection of patients with a higher probability for future 
increase in mRSS—baseline mRSS, joint synovitis, age, gender, 
disease duration and CK elevation32—are different. mRSS is a 
validated marker of overall disease severity and progression; 
baseline mRSS predicts both worsening and improvement of skin 
fibrosis,33 progression of skin fibrosis within 1 year is associated 
with a decline in lung function and decreased survival, and skin 
progression rate and trajectories are linked to increased mortality 
and the risk of renal crisis.12 13 34 However, skin fibrosis remains 
a surrogate marker and is not a direct measure of overall disease 
morbidity and mortality. In addition, it did not perform well as a 
primary outcome measure in recent randomised controlled trials 
for SSc35–37 (while other secondary and exploratory endpoints 
such as FVC and patient-reported outcomes have shown prom-
ising trends), indicating that the mRSS has inefficient sensitivity 
to change according to morbidity.18

Clinical trial design in SSc is undergoing major changes in the 
selection of endpoints; it is likely that these will change from use 
of mRSS as the most common primary endpoint to other items 
or indices considering progression of organ involvement, overall 
disease progression and death. In addition to the endpoints used 
in this study, these could also encompass the mRSS or other 
outcomes including gastrointestinal involvement (weight loss), 
digital ischaemia, myopathy, disability and other features that 
have an impact on patients’ lives. So far, little information has 
been available about which patient cohorts could be used for 
these analyses to allow for enough events and to make these 
novel study designs possible. This study provides evidence-based 
information from the largest SSc database available worldwide 
regarding which patients are appropriate for inclusion in these 
clinical trials. Although self-reported muscle weakness is difficult 
to use in clinical trials, an increased CRP and the presence of 
lung fibrosis and DUs are feasible inclusion criteria for further 
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clinical trials. However, the selection of enrichment criteria for 
a clinical study must be balanced against feasibility of recruit-
ment and representation of a broader SSc population. Hence, 
this study provides key data to inform a novel study design that 
could likely be applied in the near future.
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AbSTrACT
Objectives systemic sclerosis (ssc) is an autoimmune 
disease with unknown pathogenesis manifested by 
inflammation, vasculopathy and fibrosis in skin and 
internal organs. Type i interferon signature found in ssc 
propelled us to study plasmacytoid dendritic cells (pDcs) 
in this disease. We aimed to identify candidate pathways 
underlying pDc aberrancies in ssc and to validate its 
function on pDc biology.
Methods in total, 1193 patients with ssc were 
compared with 1387 healthy donors and 8 patients 
with localised scleroderma. Pcr-based transcription 
factor profiling and methylation status analyses, single 
nucleotide polymorphism genotyping by sequencing and 
flow cytometry analysis were performed in pDcs isolated 
from the circulation of healthy controls or patients with 
ssc. pDcs were also cultured under hypoxia, inhibitors 
of methylation and hypoxia-inducible factors and 
runt-related transcription factor 3 (rUnX3) levels were 
determined. To study runx3 function, Itgax-cre:Runx3 
f/f mice were used in in vitro functional assay and 
bleomycin-induced ssc skin inflammation and fibrosis 
model.
results Here, we show downregulation of transcription 
factor rUnX3 in ssc pDcs. a higher methylation 
status of the RUNX3 gene, which is associated with 
polymorphism rs6672420, correlates with lower RUNX3 
expression and ssc susceptibility. Hypoxia is another 
factor that decreases RUNX3 level in pDc. Mouse 
pDcs deficient of Runx3 show enhanced maturation 
markers on cpG stimulation. in vivo, deletion of Runx3 
in dendritic cell leads to spontaneous induction of skin 
fibrosis in untreated mice and increased severity of 
bleomycin-induced skin fibrosis.
Conclusions We show at least two pathways 
potentially causing low rUnX3 level in ssc pDcs, and we 
demonstrate the detrimental effect of loss of Runx3 in 
ssc model further underscoring the role of pDcs in this 
disease.

InTrOduCTIOn
Systemic sclerosis (SSc) is an autoimmune disease 
characterised by vasculopathy and immune activa-
tion, ultimately leading to fibrosis of the skin and 
internal organs. Although several leaps forward 
have been made in understanding SSc, key events 

in pathogenesis and subsequent forthcoming cura-
tive therapy still needs to be developed. Fibroblasts 
have long been regarded as the key players in SSc 
pathogenesis, but as research in SSc has inten-
sified, there is more focus now on investigating 
the involvement of immune system in early phase 
of the disease.1 2 This is supported by findings in 
a genome-wide association study that most genes 

Key messages

What is already known about this subject?
 ► In systemic sclerosis (SSc), the role of 
plasmacytoid dendritic cells (pDCs) in disease 
pathogenesis have become evident in recent 
years; however, the mechanisms underlying 
their aberrancies have not been fully explored.

What does this study add?
 ► Runt-related transcription factor 3 (RUNX3) is 
downregulated in pDCs of patients with SSc, 
and this correlates with skin severity.

 ► Downregulation of RUNX3 is associated with 
hypermethylation of RUNX3 at two loci, the 
presence of single nuclear polymorphism 
rs6672420, and this downregulation can be 
induced by hypoxia.

 ► In mouse, bone marrow-derived pDCs devoid of 
Runx3 display elevated levels of costimulatory 
molecules and lower expression of CD62L, 
indicating an increased maturation status.

 ► On injection with bleomycin, mice with 
dendritic cell-specific deletion of Runx3 show 
aggravated skin inflammation and fibrosis, 
concomitant with an enhanced pDC infiltration 
and increased CD86 expression.

How might this impact on clinical practice or 
future developments?

 ► This study demonstrates the detrimental effect 
of low RUNX3 expression in pDCs that further 
underscores the pathogenic role of pDCs in this 
disease. Therefore, targeting pDCs or pathways 
regulating RUNX3 may alleviate pDC-driven 
inflammatory and fibrotic processes in SSc.
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Table 1 Clinical characteristics

Controls SSc LoS

Phenotype Boston Utrecht Spain Boston Utrecht Spain Utrecht

N 10 30 1347 36 43 1114 8

Female 50% 73% 68% 75% 65% 71% 38%

PAH N.A. N.A. N.A. 38% 5% 6% N.A.

ANA N.A. N.A. N.A. 71% 92% 75% N.A.

Subtype

lcSSc N.A. N.A. N.A. 33% 51% 58% N.A.

dcSSc N.A. N.A. N.A. 66% 23% 24% N.A.

MEP N.A. N.A. N.A. N.A. N.A. N.A. 50%

Linear N.A. N.A. N.A. N.A. N.A. N.A. 25%

Deep N.A. N.A. N.A. N.A. N.A. N.A. 0%

Generalised N.A. N.A. N.A. N.A. N.A. N.A. 25%

ANA, antinuclear antibodies; LoS, localised scleroderma; MEP, morphea en plaques; 
N, number;N.A., not applicable; PAH, pulmonary arterial hypertension;SSc, systemic 
sclerosis; dcSSc, diffuse cutaneous SSc; lcSSc, limited cutaneous SSc.

associated with SSc susceptibility have pivotal functions within 
the immune system, such as CD247, STAT4 and IRF5.3

Type I interferon (IFN) is a group of cytokines important 
in mediating immune response particularly against viruses; 
however, it can also play a pathogenic role in autoimmune 
diseases. The increased expression of type I IFN and the induc-
ible genes are evident in systemic sclerosis as well as in systemic 
lupus erythematosus (SLE), Sjögren’s syndrome, antiphospho-
lipid syndrome and rheumatoid arthritis.4–7 This high type I IFN 
activation is attributed to plasmacytoid dendritic cells (pDCs), 
a specialised antigen-presenting cells capable of immediately 
producing massive amount of type I IFN on activation.8 9 pDCs 
are also able to produce inflammatory cytokines such as inter-
leukin (IL)-6, tumour necrosis factor alpha (TNF-α) and IL-12, 
as well as presenting antigen to T cells, thereby orchestrating an 
array of innate of adaptive immune responses. Moreover, pDCs 
from patients with SSc produced CXCL4 that can directly affect 
endothelial cell, fibroblasts, and toll-like receptor signaling on 
immune cells.10 11 We and other previously reported aberrant 
pDCs phenotype and tissue distribution in patients with SSc 
and SSc animal models.10–14 To investigate this dysfunction, 
we screened transcription factors expression known to play a 
role in differentiation and regulation of dendritic cell lineage in 
pDCs from patients with SSc. Here, we identified transcription 
factor runt-related transcription factor 3 (RUNX3) to be down-
regulated by epigenetic mechanisms in pDC of patients with 
SSc. Downregulation of Runx3 in mice pDCs leads to enhanced 
expression of costimulatory molecules. Dendritic cell (DC)-spe-
cific ablation of Runx3 also results in aggravation of bleomy-
cin-induced skin inflammation and fibrosis.

MATerIALS And MeTHOdS
Patients and controls
All included patients fulfilled the American College of Rheuma-
tology (ACR)/ the European League Against Rheumatism (EULAR) 
2013 classification criteria for SSc15 (patient characteristics are 
displayed in table 1). Additionally, patients presenting with a typical 
phenotype of localised scleroderma were included. Both patients 
and controls were included in the study after written informed 
consent. All patients with SSc included in this study were classified 
as having limited cutaneous (lcSSc) or diffuse cutaneous (dcSSc) 
using the criteria postulated by LeRoy et al.16 Patients who fulfilled 
the classification criteria but did not present with skin fibrosis are 
referred as patients with non-cutaneous SSc. A further subdivision 

was made between early dcSSc (edSSc) as patients having a disease 
duration <2 years and late dcSSc (ldSSc) as patients having a 
disease duration longer than 3 years. The presence of pulmonary 
fibrosis was investigated by a high-resolution CT scan. Involvement 
of the of the lungs was defined as a forced vital capacity <70% of 
the predicted value and a diffusion capacity of the lung for carbon 
monoxide of less than 70% of predicted. Pulmonary arterial hyper-
tension was diagnosed by right heart catheterisation and consid-
ered confirmed if the mean pulmonary artery pressure was greater 
than 25 mm Hg at rest with a normal wedge pressure. For the 
sequencing of the RUNX3 gene, we used DNA from 47 Spanish 
patients and 47 controls. For the replication of the RUNX3 poly-
morphisms, identified by sequencing, we used DNA from 1114 
Spanish patients and 1347 Spanish controls. Thirty-six patients and 
17 controls were included in the RNA expression mapping of the 
transcription factors and were recruited from Boston University 
Medical Center. For protein validation of RUNX3 in pDCs, micro 
RNA (miRNA) analysis and functional assays, patients and healthy 
controls (HCs) were recruited from the University Medical Center 
Utrecht. All patients had active disease at the time of sampling. 
None of the patients included in the RUNX3 expression and meth-
ylation analysis used azathioprine, which is able to alter methyla-
tion patterns. Ongoing treatment regimen at the time of sampling 
is reflected in the online supplementary table S1.

Animals
Runx3-/- mice were originally developed by Yoram Groner.17 
CD11c-Cre (Itgax-Cre) and Runx3f/f mice were obtained from 
Jackson Laboratories. Mice were maintained at the Boston Univer-
sity School of Medicine Laboratory Animal Sciences Center or 
Central Laboratory Animal Research Facility of Utrecht University. 
Experiments were conducted under protocols approved by the 
Boston University Institutional Animal Care and Use Committee 
(Boston, Massachusetts, USA) and Ethical Committee on Animal 
Experimentation of University Medical Center Utrecht (Utrecht, 
the Netherlands) in accordance with Association for Assessment 
and Accreditation of Laboratory Animal Care International 
(AAALAC) guidelines or the guide for the care and use of labo-
ratory animals as defined by Federation of European Laboratory 
Animal Science Associations (FELASA).

For SSc model, mice were treated with intradermal injection 
of saline or bleomycin (200 µL, 500 µg/mL, Bleomedac, Medac) 
into the back of adult female mice (either Itgax-Cre:Runx3f/f or 
Runx3f/f) daily for 2–4 weeks. Mice were sacrificed by cervical 
dislocation, skin biopsies (4 mm diameter) were obtained and 
stored in RNA later for total RNA extraction or snap frozen 
for collagen quantification or fixed in formalin for histological 
analysis and immunohistochemistry.

Detailed information for all methods, including primer sets 
(see online supplementary tables S5–S7) can be found in the 
online supplementary materials and methods.

reSuLTS
runX3 is downregulated in pdC of patients with SSc and 
correlates with skin fibrosis
We previously found pDCs to be increased in the skin of patients 
with SSc but a decreased percentage in the circulation.10 18 To deter-
mine the possible cause of pDC dysfunction in patients with SSc, 
we selected transcription factors known to be involved in differ-
entiation of DC lineage in both human and mice: BATF3, GFI1, 
ID2, IRF1, IRF2, IRF8, RELB, RUNX3, SPI1, SPIB and E2.2.19 
We tested the expression levels of these transcription factors in 
pDCs isolated from the blood of patients with SSc of an initial 
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set of lcSSc (n=4), late diffuse cutaneous SSc (ldcSSc; n=4), early 
dcSSc (edcSSc; n=4) patients and HCs (n=7). From this analysis, 
transcription factor RUNX3 was the most differentially expressed 
transcription factor between patients with SSc and HCs (p=0.01) 
(figure 1A). Other transcription factors such as ID2 and IRF8 were 
also downregulated, as we previously reported.18 We confirmed 
this result using a larger cohort of lcSSc (n=8), ldcSSc (n=8), 
edcSSc (n=8) patients and HCs (n=10). Again, we observed a 
striking decrease in the expression levels of RUNX3 in all patients 
with SSc, but also in each of the different subsets as compared 
with HCs (all p<0.001) (figure 1B). We further confirmed the 
downregulation of RUNX3 in patients with SSc on protein level 
in particular in patients with dcSSc (figure 1C,D, online supple-
mentary figure S1A). Importantly, RUNX3 protein levels in pDCs 
were correlated with the level of skin activity as measured by modi-
fied Rodnan skin score (mRSS) in 15 patients with SSc (figure 1E, 
Spearman ρ=−0.606, p<0.05). However, no correlation with the 
presence of autoantibodies or lung involvement was found. These 
data indicate that RUNX3 to be downregulated in pDCs of these 
patients that is associated with skin fibrosis.

runX3 is hypermethylated in pdCs from patients with SSc 
and associated with its downregulation
We next assessed the mechanism of downregulation of RUNX3 
gene expression in SSc pDCs. The most common mechanism to 
silence RUNX3 expression is through hyperymethylation. This 
phenomenon has been described for a number of cancers, but as 
well in T cells from patients with SLE and patients with antineutro-
phil cytoplasmic antibody+Wegener’s disease.20–22 To investigate 
methylation status of the RUNX3 gene comprehensively, we used a 
quantitative methylation-specific PCR approach that targeted nine 
CpG-rich regions near the RUNX3 transcription start (figure 2A). 
We observed an overall increase in the percentage of methyla-
tion in patients with SSc, which was significant at two loci, one 
closest to the transcription start point and one at the most distant 
point from the transcription start we investigated (figure 2B). 
Interestingly, methylation levels of these two sites were correlated 
with each other (r=0.822, p<0.001) However, only the degree 
of methylation at the transcription start had a direct correlation 
with lower RUNX3 expression (r=−0.429, p=0.029) (see online 
supplementary table S2). We did not observe a difference in meth-
ylation patterns between men and women (data not shown); this 
is noteworthy since oestrogen has been suggested to be able to 
regulate RUNX3 methylation patterns.23 Next, we isolated pDCs 
from patients with SSc and cultured them in the presence of 
demethylating agent 5-Aza-CdR (figure 2C). Intriguingly, RUNX3 
expression was increased in pDCs on treatment with 5-Aza-CdR 
(figure 2D), indicating that RUNX3 expression in SSc pDCs can 
potentially be restored by demethylation.

MiRNAs have also been shown to regulate of RUNX3 expres-
sion. miR-130b has been shown to decrease expression of RUNX3 
in gastric tumour cells,24 and miR-210 was described to suppress 
RUNX3 expression in epithelial cells.25 However, we did not 
observe any significant correlation between mir-130b and mir-210 
expression and RUNX3 expression levels in pDCs of these patients 
(see online supplementary table S2, supplementary figure S2).

A functional polymorphism in the runX3 gene is associated 
with SSc susceptibility and increased runX3 methylation
To investigate a possible genetic defect underlying the change in 
RUNX3 expression in pDCs, we sequenced the RUNX3 coding 
region using specific primers in a Spanish cohort including 94 
individuals. We identified one known polymorphism present in 

this gene that showed substantial allelic variance to be replicated 
(rs6672420) and a novel polymorphism for which a custom 
genotyping assay was designed (see online supplementary table 
S3). For the purpose of replicating these polymorphisms, we 
used a large Spanish SSc cohort, consisting of 1114 patients with 
SSc and 1347 healthy controls. The novel rare variant carrier 
in the SSc group was confirmed using a custom TaqMan single 
nucleotide polymorphism (SNP) genotyping assay. However, no 
additional carriers were identified, and no association of this 
polymorphism was observed. Therefore, this variant was not 
considered in further analyses.

Interestingly, we found an association between rs6672420 
with overall SSc susceptibility (p=0.028, OR 1.14 95% CI 1.01 
to 1.27; see online supplementary table S4). Of interest, this 
SNP confers a missense mutation causing amino-acid change 
18 Ile >Asn in exon 1. Triggered by reports from the field of 
epigenetics showing that SNPs can alter the methylation signa-
ture of genes in an allele-specific manner, we investigated the 
connection of the abovementioned SNP on the methylation 
status of the RUNX3 gene in pDCs.26 Interestingly, this non-syn-
omonous SNP rs6672420, was significantly associated with the 
degree of methylation of the RUNX3 gene (p=0.03) (figure 2E).

Hypoxia decreases runX3 expression in pdCs
Vascular alterations in patients with SSc can cause a decreased 
level of oxygen in the affected tissues that can directly aggra-
vate fibrosis.27 28 Hypoxia has been described to lower RUNX3 
expression in gastric cancer cell lines.29 To investigate whether 
similar mechanism occurs in pDCs, we cultured pDCs from 
healthy donors under normoxic (21% O2) or hypoxic (1% O2) 
conditions for overnight. We found RUNX3 level to be signifi-
cantly decreased in pDCs exposed to hypoxia as compared with 
the normoxia (figure 2F). No difference in cell viability was 
observed in both conditions (see online supplementary figure 
S1B,C). Since hypoxia-inducible factors (HIFs) are the main 
responders in hypoxic condition, we investigated the potential 
cross-talk with RUNX3 downregulation during hypoxia. Using 
specific antagonists, inhibition of HIF-1α and HIF-2α during 
hypoxia did not consistently alter RUNX3 expression in pDCs 
(figure 2G). Thus, hypoxic suppression of RUNX3 in pDCs is 
likely to be independent of HIF-1 signalling.

runX3-deficient pdCs have altered tissue distribution 
and increased maturation markers upon toll-like receptor 
activation
To investigate whether Runx3 could directly affect pDCs 
frequency in vivo, we measured the distribution of pDCs in 
different lymphoid organs of Runx3-/- mice. Interestingly, 
pDC frequencies in Runx3-/- mice were found to be higher in 
the draining lymph nodes as compared with their wild-type 
(WT) littermates (see online supplementary figure S3). Similar 
to patients with SSc, there was a trend of decreased circulating 
pDC in and Runx3-/- mice. pDC frequency was not altered in 
bone marrow or spleen. This indicates that the depletion of 
Runx3 could alter pDC distribution in vivo.

Next, we investigated the functional effect of Runx3 deletion in 
pDC maturation, as this has only been described in conventional/
myeloid DC (cDC).30 Due to difficulty of obtaining viable adult 
Runx3-/- mice, and in addition to the deletion effect on other 
cell types, we used a Cre-lox system to specifically knockdown 
Runx3 in the DC lineage (CD11c/Itgax-Cre:Runx3f/f, figure 3A). 
We differentiated bone marrow cells from Itgax-Cre:Runx3f/f 
(Cre+) or Runx3f/f (Cre−) control mice towards dendritic cells 
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Figure 1 Identification of RUNX3 downregulation in pDCs from systemic sclerosis patients. (A) mRNA expression of 11 transcription factors of 
pDCs from 12 patients with SSc (4 edcSSc), 4 ldcSSc and 4 lcSSc with 7 HCs from identification cohort by RT-PCR is shown (RUNX3, p=0.01, fold 
change −3.19). (B) We validated these results in an enlarged cohort with 10 HC and 24 SSc (8 edSSc, 8 ldcSSc and 8 lcSSc) patients using RT-PCR. (RE; 
mean±SEM). (C,D) The protein expression of RUNX3 in CD123 +BDCA2+pDCs was assessed by intracellular flow cytometry in an independent cohort, 
and representative histograms are shown (HC, filled histogram with dashed line; SSc, open histogram with solid line; isotype control, filled histogram 
with solid line). Quantification of protein expression in pDCs is shown from 17 HC and 16 SSc patients (D; left panel) and further analysed in different 
SSc subtypes, including those with ncSSc (D; right panel). (E) Correlation of RUNX3 protein level in pDCs of limited and diffuse patients with SSc 
(n=15) with modified Rodnan skin score as measured by Spearman’s analysis. *P<0.05, ***P<0.001. edcSSc, early diffuse cutaneous SSc; HC, healthy 
control; ldcSSc, late diffuse cutaneous SSc; lcSSc, limited cutaneous SSc; ncSSc, non-cutaneous SSc; mRNA, messenger RNA; pDCs, plasmacytoid 
dendritic cells; RE, relative expression; RT-PCR, reverse transcription PCR; RUNX3, runt-related transcription factor 3; SSc, systemic sclerosis.
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Figure 2 Potential factors causing low RUNX3 expression in pDCs in systemic sclerosis patients. (A) Location of the MS-PCR primers around the 
RUNX3 P2 promoter transcription start site. (B) Mean percentage methylation at 9 different CpG-rich regions near the transcription start of the 
RUNX3 gene in 8 HCs and 19 patients with SSc, there is significantly more methylation at CpG island region 1 and 7 in patients with SSc (p=0.03 and 
p=0.02, respectively). (C) For in vitro experiments, pDCs were isolated from patients with SSc or HC and cultured overnight in different conditions as 
indicated. (D) The effect of demethylation agent 5-Aza-CdR in cultured pDCs from patients with SSc (3 lcSSc, 1 dcSSc) on RUNX3 expression is shown. 
(E) Effect of the rs6672420 polymorphism on methylation (p=0.03). TT represents the homozygous minor allele vs the other two genotypes. (F) RUNX3 
mRNA expression in pDCs cultured under normoxic or hypoxic conditions was determined. (G) The effects of HIF-1α and HIF-2α inhibitors during pDC 
culture under hypoxia on RUNX3 level are shown. *P<0.05, **P<0.01. dcSSc, diffuse cutaneous SSc; HC, healthy control; ; lcSSc, limited cutaneous 
SSc; mRNA, messenger RNA; MS-PCR, methylation-specific PCR; pDCs, plasmacytoid dendritic cells; RT-PCR, reverse transcription PCR; RUNX3, runt-
related transcription factor 3; SSc, systemic sclerosis.

using stem cell factor (SCF) and Flt3-L. After 8 days of differen-
tiation, we saw a higher percentage of cells expressing costimu-
latory molecule CD86 in Itgax-Cre:Runx3f/f pDCs as compared 
with Runx3f/f controls (see online supplementary figure S4). The 
percentage of cells not expressing CD62L was also increased 
Itgax-Cre:Runx3f/f pDCs, indicating an increased maturation 
status (see online supplementary figure S4). We further magnet-
ically sorted B220+ pDCs and challenged them with CpG and 
determined the expression of costimulatory molecules. After 
24 hours, we observed a higher percentage CD40+, CD80+ 
and CD86+ cells in Itgax-Cre:Runx3f/f pDCs, as compared 
with Runx3f/f pDCs (figure 3B) cells. These changes were also 
reflected in the amount of expression of these molecules per cell 

(median fluorescence intensity, figure 3C). This was accompa-
nied by decreased expression of CD62L (figure 3B,C), signifying 
a higher maturation status of these cells. However, we did not see 
any changes with regards to IFN-α secretion (figure 3D). Thus, 
similar to previous report on cDC, Runx3 deletion increased 
maturation markers of pDC on TLR activation.

deletion of runX3 in dC leads to spontaneous induction 
of skin inflammation and fibrosis in untreated mice and 
increased severity of bleomycin-induced skin fibrosis
Multiple reports have suggested the role of DCs in bleomycin-in-
duced SSc model.31 32 To investigate the effect of DC-specific 
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Figure 3 Runx3 deletion in mouse pDC primes for toll-like receptor activation. (A) Itgax-Cre and Runx3f/f were crossed to develop Itgax-Cre:Runx3f/f 
mice that lacks Runx3 expression in DCs. For in vitro DC experiments, bone marrow cells were isolated and differentiated into dendritic cells using SCF 
and Flt3-L. for in vivo experiments, mice were treated with bleomycin subcutaneously and skin was collected for further analysis. (B) pDCs derived 
from bone marrow of Itgax-Cre:Runx3f/f (Cre+, open circle) mice or Runx3f/f control mice (Cre−, solid circle) were purified using B220 microbeads 
and stimulated with CpG for 24 hours. Representative flow cytometry plots of CD40, CD80 and CD86, and CD62L (top, middle) and quantifications 
are shown (bottom). (C) ΔMFI after CpG stimulation are shown as compared with medium control. (D) The level of secreted IFN-α by pDCs after CpG 
stimulation was measured by ELISA. Unpaired t-test was used for analysis. *P<0.05, **p<0.01. ΔMFI, normalised median fluoresecnece intensity; DC, 
dendritic cell; IFN-α, interferon alpha; pDC, plasmacytoid dendritic cell.
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Figure 4 Increased skin inflammation and fibrosis in mice with dendritic cells lacking Runx3. Itgax-Cre:Runx3f/f (Cre+, open circle) mice or Runx3f/f 
control mice (Cre−, solid circle) were treated with bleomycin or saline (NaCl) subcutaneously. (A) Skin sections were subjected to trichrome staining 
and shown at ×20 magnification. (B) Quantification dermal layer thickness as measured by histological analysis are shown. (C) Skin collagen content 
was measured using hydroxyproline assay. (D) The messenger RNA expression of pro-inflammatory gene Tnfa and pro-fibrotic genes Ctgf, Serpine1, 
Timp1 and were determined by quantitative RT-PCR. (E,F) Skin sections were subjected to staining for (E) αSMA (indicated with arrows) and (F) 
FAP, and representative pictures of each group are shown. Scale bar indicates 50 µM. Four to five mice per group were used in each group, one-way 
analysis of variance was used. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. αSMA, alpha smooth muscle actin; FAP, fibroblast activation protein.

Runx3 deletion in the SSc bleomycin model, we administrated 
bleomycin subcutaneously daily to the back of Itgax-Cre:Runx3f/f 
mice and Runx3f/f control mice. After injection of bleomycin, 
Itgax-Cre:Runx3f/f mice showed increased dermal thickness and 
skin collagen content as compared with Runx3f/f control mice 

(figure 4A–C). Moreover, the expression of pro-inflammatory 
marker Tnfa, and pro-fibrotic markers Ctgf, Serpine1 and Timp1 
were higher in the skin of Itgax-Cre:Runx3f/f mice on bleomycin 
exposure (figure 4D). Strikingly, the numbers of cells positive 
for myofibroblast marker alpha smooth muscle actin (figure 4E) 
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and fibroblast activation marker fibroblast activation protein 
(figure 4F) were increased in the skin on bleomycin treatment 
and further enhanced in Itgax-Cre:Runx3f/f mice. We could not 
find differences in Il6 or IFN-regulated genes Ifit1 and Mx2; 
however, the expression of pro-inflammatory chemokine Cxcl4 
was increased in Itgax-Cre:Runx3f/f mice (see online supplemen-
tary figure S5A). Hence, mice harbouring Runx3 deficiency in 
CD11c+ DCs had exacerbated skin inflammation and fibrosis 
on exposure to bleomycin.

The role of pDCs in bleomycin model has been demon-
strated recently.33 34 In line with this finding, the number of 
Siglec-H+ dermal pDCs was significantly increased in the 
skin after bleomycin treatment (figure 5A,B). Remarkably, the 
number of dermal pDCs was already high in saline-treated Itgax-
Cre:Runx3f/f mice, and this pDC infiltration was drastically 
increased on bleomycin treatment (figure 5A,B). This finding 
was corroborated by expression of Siglech that was higher in 
the skin of Itgax-Cre:Runx3f/f mice and further increased on 
exposure to bleomycin (figure 5C) but not other lineage markers 
(see online supplementary figure S5B). As pDCs are crucial in 
initiating adaptive immune responses with cDCs in the lymph 
node,35–37 we also assessed pDC phenotype in the inguinal lymph 
node after bleomycin treatment. Remarkably, the percentage of 
CD86+ pDCs were increased Itgax-Cre:Runx3f/f mice on bleo-
mycin injection (figure 5D,E), similar to our findings after CpG 
stimulation in vitro. These suggest that pDCs accumulate in the 
skin and their increased of costimulatory molecule CD86 in 
the lymph node are associated with the worsening of disease in 
Itgax-Cre:Runx3f/f mice on bleomycin treatment.

runX3 is downregulated in skin and lung of patients with 
SSc
Since RUNX3 is expressed in a wide variety of immune cells, we 
asked whether RUNX3 expression was dysregulated in affected 
skin and lungs of patients with SSc where active inflammatory 
and fibrotic processes occur. In the sclerotic skin lesions of 
patients with SSc, we found a significant decrease of RUNX3 
expression compared with healthy skin (see online supplemen-
tary figure S6A). As a comparison with an unrelated fibrotic skin 
disease, RUNX3 level was unaltered in the skin of patients with 
localised scleroderma. Next, we determined RUNX3 level in 
lung biopsies in patients with progressive SSc-related intersti-
tial lung disease. We observed a significant downregulation of 
RUNX3 in fibrotic lung tissue as compared with control lungs 
(see online supplementary figure S6B). Thus, downregulation of 
RUNX3 also occurs in the affected tissues of patients with SSc, 
indicating its potential dysregulation in other cell types.

dISCuSSIOn
In this study, we showed that pDCs from patients with SSc had 
lower expression of RUNX3. This decreased of expression was 
associated with the higher methylation status of the gene which 
in turn was associated with the presence of a non-synonymous 
SNP in the RUNX3 gene. The presence of this SNP increased 
the risk of developing SSc in a large Spanish SSc cohort as well. 
Furthermore, our data demonstrated that RUNX3 downregula-
tion altered pDC functionality and tissue distribution in mouse 
and enhanced their response on TLR activation. Moreover, mice 
with DC-specific Runx3 ablation showed spontaneous induc-
tion of skin inflammation and fibrosis in untreated mice and 
increased severity of bleomycin-induced skin inflammation and 
fibrosis when compared with WT mice.

The RUNX family are evolutionary conserved proteins, 
sharing a homologous N-terminal runt domain and DNA 
binding capacity and are thought to mainly function as regu-
lators of cell differentiation in many different lineages. Runx1 
is critical in maintenance of haematopoietic stem cells and 
often implicated in haematological malignancies, and Runx2 
is a regulator of epithelial–mesenchymal transition.38 39 Runx1 
and Runx3 are differentially expressed during CD4/CD8 T cell 
differentiation in the thymus, Th1/Th2 polarisation, as well as 
Treg function.40–42 Runx3 has been previously implicated in 
the development of langerhans cells,43 as a regulator in macro-
phage activation as well as an acting downstream molecule of 
the pro-fibrotic factor transforming growth factor beta (TGF-β) 
in DCs.30 44 Our data have shown associations between Runx3 
expression, pDC frequency and their function, suggesting a 
novel role of Runx3 as a regulator in the pDC lineage.

Epigenetic mechanisms are key components in regulating gene 
expression through DNA methylation, histone modifications and 
miRNA, and their potential as therapeutic target in SSc is being 
investigated.45 46 Although hypermethylation of genes involved in 
SSc pathogenesis has been previously shown to be play a role in 
fibroblasts,46 little research has been performed within the immune 
compartment of SSc. The mechanism of RUNX3 downregula-
tion has been most studied in the field of cancer; RUNX3 is one 
of the most hypermethylated gene in solid tumours, including 
breast, bladder, colorectal and gastric tumours.47–49 In SSc pDCs, 
we demonstrated higher methylation level at RUNX3 promoter, 
with one of the sites next to the transcription start. Interestingly, 
a study investigated the methylation status of several transcription 
factors responsible for the differentiation of human mesenchymal 
stem cells, found that the same region adjacent to RUNX3 tran-
scription start to be hypermethylated, as RUNX3 expression was 
decreased.50 In our study, we identified a functional polymorphism 
located in exon 1 of the RUNX3 gene to be associated with a higher 
degree of methylation at the RUNX3 transcription start site.

Various factors underlying RUNX3 methylation have been 
proposed. Oestrogen has been shown to be directly involved in the 
silencing of the RUNX3 gene in mammosphere-derived cells.51 We 
compared the frequency of RUNX3 methylation between men and 
women as a surrogate marker for oestrogen influence; however, 
we did not observe any significant difference. The Gram-nega-
tive bacteria Helicobacter pylori (HP) is known to induce RUNX3 
hypermethylation by production of liposaccharides and nitric 
oxide.47 HP infection is very common in patients with SSc, with the 
most aggressive strain of HP being the most prevalent.52 Although 
pDCs are known to be present in the lamina propia, it is unknown 
whether HP infection could have a systemic effect on circulating 
pDC or precursor cells in the bone marrow. Hypoxia is another 
possible mechanism of RUNX3 downregulation. In hypoxic condi-
tion, G9a histone methyltransferase and HDAC1 are recruited to 
RUNX3, leading to histone 3 Lys 9 methylation and H3 deacetyl-
ation.29 Indeed, in pDCs cultured under hypoxic environment, 
RUNX3 expression was decreased. Considering the extensive 
vasculopathy and pulmonary involvement present in SSc, hypoxia 
could be a relevant factor. Additionally, CXCL12, a chemoattrac-
tant that is increased in SSc skin,53 has been shown to downregu-
late RUNX3 in monocytes/macrophages.54 More recently, a long 
non-coding RNA HOXD-AS1 has been demonstrated to suppress 
RUNX3 expression in melanoma cell lines.55

To investigate the effect of RUNX3 in pDCs, using Runx3-/- mice 
we found a higher percentage of pDCs limited to the lymph node 
but not in other lymphoid organs. This mouse strain has been previ-
ously shown to lack Langerhans cells.30 However, in this model, 
the contribution of other cell types involved in DC development, 
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Figure 5 Enhanced plasmacytoid dendritic cells infiltration and activation in DC-specific Runx3 deleted mice. Itgax-Cre:Runx3f/f (Cre+, open circle/
bar) mice or Runx3f/f control mice (Cre−, solid circle/bar) were treated with bleomycin or saline (NaCl) subcutaneously. (A,B) Skin sections were 
subjected to Siglec-H staining and (A) representative pictures and (B) quantification of Siglec-H+ cells/field are shown. (C) The mRNA expression 
of pDC marker Siglech in treated skin were determined by quantitative RT-PCR. (D,E) The frequency of CD86+ pDCs in the lymph node (LN) after 
bleomycin treatment was assessed by flow cytometry. (D) A representative plot and (E) quantification are shown. Four to five mice per group were 
used in each group, one-way ANOVA was used for analysis. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. ANOVA, analysis of variance; DC, 
dendritic cell; pDCs, plasmacytoid dendritic cells; SSC: side-scatter.
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or the presence of RUNX3 p33 isoform in this strain,56 cannot be 
excluded. Interestingly, a study using bone marrow cells-targeted 
Runx3 ablation (Mx1-Cre:Runx3f/f) showed that these mice have 
increased haematopoietic stem/progenitor cells compared with the 
controls; however, mature pDCs or their progenitors frequency 
were not assessed.57 Furthermore, Runx3 has been shown to regu-
late lymph node-homing receptor CCR7.58 Potentially, this could 
contribute to the reduced levels of circulating pDCs in patients with 
SSc and mice with experimental SSc, possibly to lymph nodes or 
inflamed tissue. In patients with SSc, we and others have demon-
strated increased presence of pDCs in the skin,10–13 33 34 corrobo-
rating this assumption. The role of RUNX3 in pDCs differentiation 
or homeostasis in vivo still needs further investigation.

Our data demonstrated that Runx3-deficient pDCs have an 
increased maturation phenotype on TLR stimulation in vitro 
and on bleomycin treatment in vivo, corroborating previous 
finding.30 Interestingly, Runx3 isoforms have been shown to 
directly interact with transcription factor downstream of TLR 
signalling NF-κB,59 suggesting a direct role of Runx3 in directly 
regulating TLR responses. Furthermore, our observation on an 
increase of CD86+ pDCs in the inguinal lymph node of bleomy-
cin-treated mice, implied pDC activation in the skin and subse-
quent migration to the skin draining lymph node. Increased 
expression of CD86 in pDC in the lymph node has been shown 
in infection models60 61 and CD80/CD86 deficiency ameliorated 
skin inflammation in a pDC-dependent imiquimod-induced 
systemic autoimmune disease model.36

Two key studies have recently demonstrated the pathogenic role 
of pDCs in SSc pathogenesis.33 34 In line with these findings, we 
observed pDC infiltration to the skin when exposed to bleomycin, 
mimicking pDC accumulation in the skin of patients with SSc. 
Interestingly, untreated mice with DC-specific deletion of Runx3 
(Itgax-Cre:Runx3f/f) had a higher amount of pDCs in the dermis 
and spontaneously developed inflammation and fibrosis of the skin. 
Moreover, these mice were more prone to bleomycin treatment 
and developed a more severe skin inflammation and fibrosis when 
compared with WT mice. Spontaneous development of inflamma-
tion and fibrosis of the skin, as well as disease exacerbation in these 
mice on bleomycin injection may be attributed to hyperactivation of 
DCs. Furthermore, using zDC-DTR mice, Chia et al depleted cDCs 
during the course of bleomycin treatment.62 Although they found 
that cDCs promoted adipose-derived stromal cells to maintain 
adipose tissue architecture, depletion of cDCs altered the expres-
sion of pro-fibrotic genes without changing dermal thickening or 
collagen content. pDCs were not affected in this model and could 
still contribute to inflammation and dermal fibrosis. Altogether, skin 
inflammation and fibrosis in bleomycin SSc model is likely to be 
driven by accumulation and activation of pDCs, and Runx3 down-
regulation in pDCs exacerbates the disease even further.

Gene expression studies of skin and lung samples have revealed 
important pathways involved in SSc pathogenesis.63–65 Here, we 
found a downregulation of RUNX3 expression in the skin and 
lung of patients with SSc. Although pDCs infiltration occurs in 
the skin and lungs of patients with SSc,10 33 34 these analyses were 
still derived from whole tissues that is likely to reflect transcrip-
tomic profile of predominant cells in this tissue, such as macro-
phages. Indeed, signatures of macrophage activation and TGF-β 
signalling were seen in the skin and lung obtained from patients 
with SSc.65 66 Moreover, RUNX3 expression was found in the 
epidermis and hair follicle in human skin.67 The role of RUNX3 
downregulation in specific subsets of immune cells and stromal 
cells in SSc development warrants further investigation.

In summary, we have shown that RUNX3 downregulation 
as mediated by hypermethylation or hypoxia that leads to pDC 

dysfunctions observed in SSc. An increased response to TLR acti-
vation in Runx3-deficient pDCs indicate its potential homeostatic 
contribution in dampening immune responses by DC. Conse-
quently, DC-specific Runx3-deletion led to aggravated bleomy-
cin-induced skin inflammation and fibrosis in mouse. Our study 
has revealed a pivotal role of RUNX3 in regulating pDC function 
in the context of SSc pathogenesis (see online supplementary figure 
S7). Further research on the mechanisms of RUNX3 actions will 
clarify and improve our understanding on the role of RUNX3 and 
pDC in other immune-mediated disorders.
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Key messages

What is already known about this subject?
 ► Systemic sclerosis (SSc) is a multifactorial 
inflammatory and fibrotic disease involving 
chemokines in its pathophysiology.

What does this study add?
 ► We revealed the elevation of CCL24 in SSc 
circulation and skin and established its 
involvement in fibroblast activation and 
differentiation into myofibroblasts.

How might this impact on clinical practice or 
future developments?

 ► Using CM-101, a monoclonal antibody that 
selectively targets CCL24, we significantly 
decreased the inflammatory and fibrotic 
features of bleomycin-induced experimental 
dermal and pulmonary fibrosis mouse models. 
Our data support a potential therapeutic effect 
of CM-101 in SSc patients.

AbSTrACT
Objectives We aimed to assess the expression of the 
ccl24 chemokine in systemic sclerosis (ssc) and to 
evaluate the possible pathogenic implications of the 
ccl24/ccr3 axis using both in vitro and in vivo models. 
We further investigated the efficacy of an anti-ccl24 
monoclonal antibody (mab), cM-101, in inhibiting cell 
activation as well as dermal and pulmonary inflammation 
and fibrosis in experimental animal models.
Methods We used elisa and fluorescence 
immunohistochemistry to determine ccl24 levels in 
serum and ccl24/ccr3 expression in skin biopsies of 
ssc patients. skin fibroblasts and endothelial cells treated 
with ccl24 or ssc serum with or without cM-101 
were used to follow cell activation and differentiation. 
Prevention and treatment in vivo bleomycin (BlM)-
induced models were used to evaluate experimental 
dermal and pulmonary fibrosis progression following 
treatment with the cM-101 mab.
results ccl24 circulating levels were significantly 
elevated in ssc patients. ccl24/ccr3 expression was 
strongly increased in ssc skin. Blockade of ccl24 with 
cM-101 significantly reduced the activation of dermal 
fibroblasts and their transition to myofibroblasts induced 
by ssc serum. cM-101 was also able to significantly 
inhibit endothelial cell activation induced by ccl24. 
in BlM-induced experimental animal models, cM-101 
profoundly inhibited both dermal and pulmonary fibrosis 
and inflammation.
Conclusions ccl24 plays an important role in 
pathological processes of skin and lung inflammation 
and fibrosis. inhibition of ccl24 by cM-101 mab can be 
potentially beneficial for therapeutic use in ssc patients.

InTrOduCTIOn
Systemic sclerosis (SSc or scleroderma) is a connec-
tive tissue disease characterised by excessive fibrosis 
and extracellular matrix deposition in the skin, 
lung, and other visceral organs.1 Despite recent 
advances in understanding the disease pathogenesis, 
the pathogenic processes underlying the various 
phenotypic manifestations, intensification of symp-
toms and clinical expression of the disease are still 
not well understood. Disease progression is char-
acterised by an early inflammatory onset followed 
by tissue fibrosis and proliferative vasculopathy. 
In the clinic, these events are leading to skin 
fibrosis, interstitial lung disease, myocardial insuf-
ficiency, vascular obliteration, distal ulcerations and 
gangrene. The early inflammatory phase involves 

the immune cell network including lymphocytes, 
eosinophils and monocytes, as well as endothelial 
and endothelial progenitor cells. In the advanced 
phase, fibroblasts and myofibroblasts take the lead 
to generate tissue fibrosis.2–4

Chemokines are a group of small signalling 
proteins that induce migration and activation of 
cells.5 During inflammation, immune cells release 
chemokines that promote cellular migration, induce 
immune cell and fibroblast activation, trigger differ-
entiation of T-cells to the T helper phenotype and 
induce transition of fibroblasts to profibrotic myofi-
broblasts.6 7 In SSc pathogenesis, chemokines have 
been proposed to foster migration and activation of 
inflammatory and fibrotic cells, inducing the secre-
tion of cytokines that promote collagen and matrix 
deposition in the affected organs.8 Indeed, patients 
with SSc exhibit increased systemic levels of proin-
flammatory chemokines including CCL2, CCL5, 
CCL3, CXCL8, CXCL9, CXCL10 and CXCL16 
(Chemokine c-c and c-x-c motifs ligand).9–12 
Some were also shown to be correlated to limited 
or diffuse cutaneous disease phenotype and/or to 
organ-specific pathology as lung disease or skin 
vascular inflammation.13–15

CCL24 (Chemokine c-c motif ligand 24, 
eotaxin-2) is a chemokine that promotes immune 
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Figure 1 Elevation of CCL24 in systemic sclerosis (SSc) serum. CCL24 
serum levels in healthy volunteers (n=23), patients with limited SSc 
(n=10) and patients with diffuse SSc (n=27) were measured using a 
commercial Enzyme-Linked Immunosorbent Assay (ELISA) kit. Mean 
concentration of CCL24 were 262±32, 816±94 and 1072±146 for 
healthy controls, limited SSc and diffuse SSc patients, respectively. Each 
dot represents a subject. Bars represent the mean±SEM. ***P<0.0001 
(non-parametric Mann-Whitney U test).

cell trafficking and activation as well as profibrotic activities 
through the CCR3 receptor (C-C chemokine receptor type 3).16 
Both CCL24 and CCR3 were shown to be involved in lung and 
skin inflammation and fibrosis in previous studies.17–19

CCR3 is robustly expressed on eosinophils and recent data 
suggested that eosinophilic inflammation might be involved in 
the pathogenesis and progression of SSc. In SSc patients, eosin-
ophil counts, but not total leukocytes, were significantly higher 
than in patients with other connective autoimmune diseases. 
Eosinophil counts correlated positively with both intersti-
tial lung disease severity and modified Rodnan skin thickness 
score.20 Notably, CCR3 was demonstrated to be expressed on 
oral and dermal fibroblasts where it modulates wound healing 
and tissue remodelling processes.17 21 A recent study by Lee et al 
also showed overexpression of CCR3 on monocyte populations 
isolated from SSc patients.22

CCL24 was shown to be involved in proinflammatory reac-
tions, specifically contributing to the type 2 immune reaction 
involving Th2 lymphocytes and M2 macrophages that were 
shown to be present in skin lesions of SSc patients.23 24 Accord-
ingly, CCL24 was found to play a dominant role in inducing 
profibrotic effects and to be overexpressed in fibrotic lungs 
and bronchoalveolar lavage fluid from patients with idiopathic 
pulmonary fibrosis (IPF), a disease sharing similar lung dysfunc-
tion features with SSc.18 25 26 Furthermore, CCL24 was shown to 
promote collagen production in human lung fibroblasts27 and to 
be constitutively expressed by dermal fibroblasts.28

Altogether, these studies may suggest a potential role of 
CCL24/CCR3 signalling in the pathogenesis of SSc.

CM-101 is a humanised monoclonal antibody (mAb) that 
targets the human chemokine CCL24. Previous studies have 
shown that administration of CM-101, by binding CCL24 with 
high affinity, reduced proinflammatory responses in animal 
models of several diseases including atherosclerosis, rheumatoid 
arthritis and multiple sclerosis.29–31 This experimental evidence 
supports the ability of CM-101 to significantly interfere with 
proinflammatory processes in vivo.

In light of these results, we aimed to test the expression levels 
of CCL24 both in the circulation and in the skin of SSc patients, 
compared with healthy individuals. In addition, we aimed to 
assess the ability of the CCL24 blocking antibody CM-101 to 
interfere with profibrotic activities induced by CCL24 both in 
vitro and in experimental models of dermal and pulmonary 
fibrosis in vivo.

MeTHOdS
Methods used are available in the online supplement.

reSulTS
elevated levels of CCl24 and increased expression of CCr3 in 
SSc patients compared with healthy subjects
Initially, we aimed to test whether the circulating levels of CCL24 
were altered in SSc patients compared with healthy individuals. 
Serum levels of CCL24 were significantly increased in all 37 SSc 
patients compared with healthy controls (n=23) (1003±110 and 
262±32 pg/mL, respectively, p<0.0001, non-parametric Mann-
Whitney U test). Notably, in diffuse SSc patients (n=27), CCL24 
levels were fourfold higher than in healthy controls (1072±146 
and 262±32 pg/mL, respectively, p<0.0001, non-parametric 
Mann-Whitney U test), while in limited SSc patients (n=10), a 
threefold elevation (816±94 pg/mL) was found compared with 
healthy volunteers (p<0.0001, non-parametric Mann-Whitney 
U test) (figure 1).

Next, we wanted to assess the expression of CCL24 and its 
receptor CCR3 in skin biopsies of early diffuse SSc patients. 
Using immunofluorescence staining of skin sections, we demon-
strated that the expression of both CCL24 and CCR3 is consid-
erably upregulated in SSc compared with healthy control skin 
(figure 2A–D). Indeed, CCL24 and CCR3 expression were 
negligible in healthy skin (figure 2A,C). Conversely, in SSc 
skin, we observed significantly higher numbers of CCL24-pos-
itive mononuclear cells, captured in specific dermal locations 
(p<0.001 vs healthy skin, figure 2A,B). In particular, these cells, 
highly expressing CCL24, were identified during the process of 
extravasation and migration into dermal tissue, within the vessel 
lumen, passing between CD31-positive microvascular endothe-
lial cells, as well as in the perivascular areas, where they were 
found to express CCL24 in a granular pattern (figure 2A). A 
strong CCR3 expression was detected in SSc dermal micro-
vascular endothelial cells and spindle-shaped fibroblasts and 
epidermal keratinocytes (figure 2C). Densitometric analysis of 
immunofluorescence staining intensity confirmed that CCR3 
expression was significantly increased in SSc skin biopsies with 
respect to controls (p<0.001, figure 2D). Furthermore, double 
immunofluorescence with the myofibroblast marker α-smooth 
muscle actin (α-SMA) revealed the presence of numerous profi-
brotic myofibroblasts strongly expressing CCR3 in SSc dermis 
(figure 2E). Taken together, these observations suggest that the 
CCL24/CCR3 axis may play a role in SSc pathophysiology.

CM-101 attenuates CCl24-induced migration of dermal 
fibroblasts
We, next, aimed to test the involvement of CCL24 in SSc 
pathogenesis and whether blocking CCL24 activity can halt 
the inflammatory and fibrotic processes leading to reduced 
tissue damage. For this purpose, we used CM-101, a mAb that 
targets CCL24, thus blocking its activity. We first evaluated the 
capacity of CM-101 to interfere with the migration and acti-
vation of dermal fibroblasts by using commercially available 
normal human dermal fibroblasts (NHDF cells). CCL24 induced 
3.2 fold increase of NHDF chemotaxis (p<0.05). Preincubation 
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Figure 2 Expression of CCL24 and CCR3 in systemic sclerosis (SSc) skin tissue. (A–D) Immunofluorescence analyses of CCL24 and CCR3 on skin 
sections from patients with early diffuse SSc (n=5) and healthy controls (HC; n=5). Representative images of skin sections double-immunostained for 
CCL24 (A) or CCR3 (C) (both green) and the pan-endothelial cell marker CD31/platelet-endothelial cell adhesion molecule (PECAM-1) (red) are shown. 
Nuclei were counterstained using 4′,6-diamidino-2-phenylindole (DAPI) (blue). Arrowheads indicate spindle-shaped dermal fibroblasts. Scale bar: 50 
µm. (B) Quantitative analysis of CCL24-positive cells counted in 10 randomly chosen microscopic high-power fields (hpf; ×40 original magnification) 
of the dermis per sample (n=5 for both HC and SSc). (D) Densitometric analysis of CCR3 immunofluorescent staining intensity on digitised images 
of skin sections (n=5 for both HC and SSc) expressed as optical density in arbitrary units (au). Data are mean±SEM. Student’s t-test was used for 
statistical analyses. (E) Representative images of SSc skin sections double-immunostained for CCR3 (green) and α-SMA (red) and counterstained 
with DAPI (blue). Both single and overlay images are shown. Note the strong expression of CCR3 in numerous α-SMA-positive dermal myofibroblasts 
(arrowheads; shown at higher magnification in the insets). Scale bar: 50 µm. α-SMA, α-smooth muscle actin.

of CM-101 with CCL24 led to a significant, dose-dependent, 
reduction of migration index to 1.2, 1.4 and 2.4 when 100, 50 
and 10 nM CM-101 was added (p<0.01, p<0.01 and p<0.05, 
respectively), respectively (figure 3A).

CM-101 reduces SSc serum-induced dermal fibroblast 
activation and transition to myofibroblasts and interferes 
with endothelial cell activation
In SSc, the conversion of fibroblasts into myofibroblasts is evident 
by the expression of α-SMA and is a detrimental event fostering 
the progression to advanced fibrosis. In order to evaluate the 

influence of CM-101 on fibroblast to myofibroblast transi-
tion, NHDF cells were incubated with sera from SSc patients 
that were either untreated or preincubated with CM-101. The 
expression of α-SMA was measured to evaluate myofibroblast 
transition and cell activation. As shown in figure 3B, treating 
cells with SSc serum induced cell activation and upregulation of 
α-SMA expression. This effect was significantly attenuated by 
50% when cells were treated with SSc serum preincubated with 
CM-101 (10 µg/mL). These results suggest that CM-101 may 
attenuate the transition of fibroblasts to myofibroblasts induced 
by SSc sera (figure 3B). To further assess the effect of CM-101 on 
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Figure 3 CM-101 attenuates fibroblast and endothelial cell activation and inhibits fibroblast migration and transition to myofibroblasts. (A) CM-
101 attenuates normal human dermal fibroblast (NHDF) migration towards CCL24. Migration experiments were performed using a traswell assay. In 
some experimental conditions, CCL24 was pretreated with CM-101 as indicated. Data are expressed as % migrating cells per high power field. Bars 
represent the mean±SD level of migration using migration index from three independent experiments. *P<0.05 and **p<0.01. n.s., not significant. 
(B) Representative FACS (Flow cytometry) plots demonstrating α-SMA expression in NHDF cells incubated with systemic sclerosis (SSc or scleroderma) 
serum with or without CM-101 (10 or 5 µg/mL). Similar results were obtained with five different serum samples. Graph represents mean of average 
α-SMA expression in NHDF cells treated with five SSc serum samples. The results were calculated for each individual serum sample, comparing 
α-SMA expression prior to and following CM-101 treatment (*p<0.05, **p<0.01 for 5 µg/mL and 10 µg/mL CM-101, respectively). Basal α-SMA 
expression in serum-free treated cells yielded low detection levels (4.6%±1.2%, data not shown). (C) NHDF cell activation following treatment with 
SSc serum, with or without preincubation with CM-101, was assessed by fluorescent calcium release (Fluo-4). (D) Activation of HUVEC endothelial 
cells following treatment with SSc sera from two donors (D1 and D2) was assessed by vascular cell adhesion molecule 1 (VCAM-1) expression. 
Activation levels were tested with or without preincubation of patient sera with CM-101 (50 or 10 µg/mL). Results are shown as mean±SEM. *P<0.05 
and **p<0.01 (Student’s t-test). α-SMA, α-smooth muscle actin; IgG, control commercial human immunoglobulin G.

the activation of dermal fibroblasts, we examined cell activation 
using calcium influx release following incubation with SSc sera. 
Preincubation of the sera with 50 or 10 µg/mL CM-101 resulted 
in significantly reduced calcium influx release by 50% and 25%, 
respectively, compared with cells activated with sera without 
antibody (both p<0.01) (figure 3C).

To assess, the effect of CM-101 on endothelial cell activation, 
we measured the expression of VCAM-1, an adhesion mole-
cule known to be highly expressed on activated endothelial 
cells. VCAM-1 was quantified using flow cytometry following 
human umbilical vein endothelial cells (HUVEC) activation with 
SSc sera. Following preincubation of the sera with CM-101 
at a concentration of 10 or 50 µg/mL, VCAM-1 expression 
was reduced by an average of 36% and 61%, respectively, in 

comparison with cells treated with patient serum alone (both 
p<0.01) (figure 3D).

CCl24 is a significant driver of inflammation and fibrosis in 
bleomycin-induced dermal fibrosis mouse models
The evidence that the significant NHDF activation induced by 
CCL24 could be dampened using a CCL24 blocking antibody 
in vitro, led us to explore the importance of CCL24 in dermal 
fibrosis. For this purpose, we employed the commonly used 
bleomycin (BLM)-induced dermal fibrosis experimental murine 
model. We first employed the BLM model on CCL24 knockout 
mice compared with wild-type (WT) mice. Mice lacking the 
CCL24 gene showed a reduced response in all tested disease 
parameters. Histological assessment revealed reduced dermal 
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Figure 4 CCL24 gene inactivation and anti-CCL24 monoclonal antibody both prevent fibrosis and inflammation in the bleomycin (BLM)-
induced dermal fibrosis mouse model. CCL24 knockout (KO) and wild-type (WT) mice were injected subcutaneously with BLM for 21 days daily. 
(A) Representative images of H&E-stained skin sections. (B) Dermal skin thickness in the CCL24 KO mice following BLM injections compared with 
WT mice treated with BLM. (C) Inflammatory infiltrate into the BAL fluid in the CCL24 KO mice compared with WT mice. (D) Expression of α-SMA 
assessed by real-time PCR in skin samples from BLM model compared with healthy WT mice. CCL24 KO mice retained low expression of α-SMA 
following daily BLM injections for 21 days. (E and F) BLM prevention model included four arms (n=8 mice each). Vehicle-injected control group, BLM 
group treated with BLM + PBS and two groups injected with BLM together with CM-101 in two different doses: BLM + CM-101 0.5 mg/kg and BLM 
+ CM-101 2.5 mg/kg. (E) Dermal thickness was assessed in mice treated with CM-101 0.5 or 2.5 mg/kg two times per week for 21 days in parallel 
to daily subcutaneous BLM administration. (F) Skin collagen content (µg per mg skin tissue) was measured by Sircol assay in skin lysates from BLM-
induced dermal sclerosis mice treated with CM-101 or PBS. Bars represent the mean±SEM. *P<0.05 and ***p<0.001 (Student’s t-test). α-SMA, 
α-smooth muscle actin; PBS, phosphate-buffered saline.

thickness as well as attenuated infiltration of immune cells into 
the bronchoalveolar lavage (BAL) fluid (p<0.05) (figure 4A–C). 
α-SMA expression in the skin lesions taken from knockout 
mice compared with WT was significantly reduced as evident 
by quantitative real-time PCR analysis and similar to the levels 
detected in healthy mice (p<0.05) (figure 4D). The reduction 
in α-SMA further supports the attenuated process of fibroblast 
activation in the skin and is complementary to the in vitro data 
shown in figure 3. Next, we performed a prevention model, in 
which CM-101 was administered together with the first BLM 
injection before the onset of the pathological skin lesions and 
throughout disease progression. We observed a significant effect 
on histopathological skin features in mice treated with BLM 

and CM-101 when compared with those treated with BLM 
and phosphate-buffered saline (PBS). CM-101 prevented the 
increase in both dermal thickness (figure 4E) and skin collagen 
content (figure 4F). Dermal thickness showed statistically signif-
icant differences both for 0.5 and 2.5 mg/kg doses of CM-101, 
as compared with BLM and PBS treated groups (31% and 57% 
reduction of dermal thickness, respectively, both p<0.001) 
(figure 4E). The prophylactic effect of CM-101 was also evident 
by a significant dose-dependent reduction of skin collagen 
concentration (57% and 64% reduction at 0.5 mg/kg and 2.5 
mg/kg of CM-101, respectively, both p<0.001) (figure 4F).

In a second set of experiments, the efficacy of CM-101 was 
tested using a treatment model where CM-101 was administered 
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Figure 5 CM-101 treatment attenuates skin fibrotic remodelling in the bleomycin (BLM)-induced dermal fibrosis mouse model. Model includes 
four arms (n=8 mice each). Vehicle-injected control group, two BLM groups injected with BLM + PBS and one BLM + CM-101 2.5 mg/kg. BLM 
baseline (8 days) assessed disease stage when CM-101 treatment initiated at day 8 and BLM (21 days) representing the end stage of this model. 
(A) Representative images of H&E and Masson’s trichrome (MT) staining of skin sections from BLM-induced dermal sclerosis mice. (B) Dermal 
thickness shows increase thickness following BLM treatment and reduction of thickness when mice were further treated with CM-101. (C) Skin 
collagen concentration was measured in skin lysates using Sircol assay. (D and E) BAL fluid was assessed by flow cytometry for total white blood 
cell (WBC) and mononuclear cell counts. (F) Skin tissue homogenates from BLM (21 days) and BLM + CM-101 2.5 mg/kg (50 µg total protein 
per lane) were analysed by western blot using anti-α-SMA primary antibodies. β-tubulin was measured as a loading control. Graph reports 
densitometry quantification values of α-SMA levels in skin extracts (n=5 mice in each group). Bars represent the mean±SEM. *P<0.05, **p<0.01 and 
***p<0.001(Student’s t-test). α-SMA, α-smooth muscle actin; PBS, phosphate-buffered saline.

only after the onset of fibrotic signs, 8 days following the first 
BLM injection.32 Histological assessment of skin lesions stained 
with H&E and Masson’s trichrome revealed significant eleva-
tion of dermal thickness and collagen deposition following 21 

days of BLM administration. This elevation was significantly 
reduced when mice were treated with CM-101 (figure 5A). 
Both skin thickness and collagen deposition were significantly 
reduced in the 2.5 mg/kg CM-101-treated group as compared 
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Figure 6 CM-101 attenuates lung fibrosis and inflammation in the bleomycin (BLM)-induced pulmonary fibrosis mouse model. Model includes four 
arms (n=11 mice each). Vehicle-injected control group and BLM baseline to assess disease stage when CM-101 treatment initiated at day 10. BLM 
group injected with BLM + PBS and BLM + CM-101 2.5 mg/kg (from day 10, two times per week). (A) Representative images of H&E and Masson’s 
trichrome (MT) staining of lung sections from vehicle control mice, BLM baseline, BLM and BLM + CM-101 2.5 mg/kg treatment groups. (B) BLM + 
CM-101 2.5 mg/kg treated mice show significant reduction of fibrosis measured by Ashcroft score compared with BLM group. (C) Similar model was 
conducted and compared lung collagen concentration in lung lysates from vehicle control group, BLM injected with BLM + PBS, BLM + CM-101 2.5 
mg/kg group and BLM + IgG 2.5 mg/kg group. Collagen amount was measured using Sircol assay. (D) The analysis of bronchoalveolar lavage fluid to 
assess infiltration of immune cells into the lung was done by counting of white blood cells (WBC) using COBAS 6000. Bars represent the mean±SEM. 
*P<0.05, **p<0.01 and ***p<0.005 (Student’s t-test). IgG, immunoglobulin G; PBS, phosphate-buffered saline.

with the mouse group treated with BLM alone (p<0.001 and 
p<0.01, respectively) (figure 5B,C). Another feature that char-
acterises the BLM model and is similar to human SSc is the 
development of bronchoalveolar inflammation.33 To evaluate 
the effect of CM-101 on lung inflammation, we collected BAL 
fluid and assessed the number of white blood cells (WBC) and 
mononuclear cells, which represent the cell population that is 
directly involved in the inflammatory process. Treatment with 
BLM for 21 days significantly increased WBC and mononuclear 
cells in BAL fluid (p<0.05). The number of WBC and mono-
nuclear cells was decreased significantly following CM-101 
treatment compared with the BLM-administered group (p<0.05 
and p<0.01, respectively) (figure 5D,E). To further characterise 
the effect that CM-101 had on skin fibrosis, myofibroblast 
activation was evaluated by quantification of α-SMA levels in 
the skin of mice treated with BLM, in presence or absence of 
CM-101 (figure 5F). Western blot analysis of skin homogenates 
from CM-101-treated mice revealed a significant 66% reduc-
tion in α-SMA compared with vehicle-treated group (p<0.05) 
(figure 5F).

CM-101 inhibits lung fibrosis and inflammation in the blM-
induced pulmonary fibrosis mouse model
There are major similarities in the features of the lung disease in 
patients with SSc and IPF. In both diseases, there is evidence of 
inflammatory and fibrotic processes dominating the pathological 
picture with the involvement of similar cellular components.34 
CCL24 was reported in the past as being significantly and differ-
entially expressed in lungs of IPF patients.25 26

Although there are no animal models that precisely exem-
plify pulmonary fibrosis, the intratracheal injected BLM model 
is considered a well-established experimental model, especially 
for testing pharmaceuticals compounds.35 We, thus, explored the 

experimental IPF model in C57BL/6 mice given a single intratra-
cheal administration of BLM with or without CM-101.

Overall, we found that CM-101 had a significant antifibrotic 
and anti-inflammatory effect in the experimental BLM-induced 
lung fibrosis model as compared with vehicle-treated animals 
that included either PBS or irrelevant immunoglobulin G (IgG).

BLM animals treated with PBS revealed massive immune 
cell infiltration, extensive fibrosis and severe tissue injury as 
compared with significantly reduced histopathological changes 
in H&E-stained and Masson’s trichrome-stained lung sections 
from the CM-101-treated group (figure 6A). Quantifying 
fibrosis using Ashcroft score36 revealed a 40% reduction of 
fibrosis following CM-101 treatment compared with the BLM 
+ PBS-treated group (figure 6B).

In addition, CM-101-treated mice exhibited significantly 
reduced levels of lung collagen. Indeed, collagen content was 
decreased to similar levels as in healthy animals (16.9±2 and 
14.8±4.77 for no BLM and BLM + CM-101 groups, respec-
tively), whereas a twofold increase in lung collagen content was 
observed in the BLM + PBS-treated and BLM + IgG-treated 
groups (31.1±3.22 and 30.2±3.21, respectively) (both 
p<0.001, figure 6C). To further evaluate the inflammatory 
status, we performed BAL fluid immune cell count. We found 
robust attenuation of immune cell infiltration to the BAL fluid 
obtained from the BLM animals treated with CM-101 compared 
with BLM animals treated with either PBS or IgG, as testified by 
significantly reduced WBC counts (p<0.01, figure 6D) .

dISCuSSIOn
Chemokines are fundamental effectors involved in diverse inflam-
matory processes and act as a potent chemoattractant that regu-
late cell trafficking, angiogenesis and even collagen production.8 
Dysregulation of chemokine pathways has a significant impact 
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on the pathogenesis of several autoimmune diseases37 38 partici-
pating in both disease development and progression. Specifically, 
it was shown over the years that chemokines play a significant 
role in the pathogenesis of SSc,8 promoting the transformation 
of fibroblasts into myofibroblasts, fostering migration and acti-
vation of inflammatory cells and impairing angiogenesis and 
vasculogenesis in these patients.10 39–41

CCL24 is a chemokine that was previously shown to be 
involved in proinflammatory and profibrotic processes. It was 
demonstrated to induce proliferation and collagen synthesis of 
human lung fibroblasts27 and could serve as a differentiating 
marker in pulmonary fibrosis compared with pneumonitis.42 
Here, we show, for the first time, that CCL24 levels are signifi-
cantly increased in serum samples and skin biopsies from SSc 
patients. In diffuse SSc skin, CCL24 expression was evident in 
perivascular mononuclear cell infiltrates as well as in cells in 
transition through the vessel wall from the bloodstream to the 
dermal tissue. The receptor for CCL24, CCR3, was also strongly 
expressed on SSc dermal microvascular endothelial cells and 
α-SMA-positive myofibroblasts. Conversely, skin sections from 
healthy donors showed negligible staining for either CCL24 or 
CCR3. These collective observations led us to assume that the 
CCL24/CCR3 axis may play an important role in driving migra-
tion of inflammatory cells from the periphery into inflamed 
fibrotic skin and that it may act locally to foster fibroblast acti-
vation. Neutralising CCL24 using the novel CM-101 antibody 
had a robust effect on both fibrosis development in vivo and 
on fibroblast activation in vitro. We observed a dose-dependent 
decrease in fibroblast migration towards CCL24 following treat-
ment with CM-101. Moreover, adding CM-101 to sera from 
SSc patients was able to inhibit serum-induced dermal fibroblast 
activation, significantly reducing α-SMA expression and calcium 
influx in these cells. Of note, the finding that CM-101 was able 
to significantly attenuate such activation in the presence of sera 
that contains a wide panel of chemokines and cytokines, suggests 
that CCL24 may be a major contributor to fibroblast activation. 
In addition, the ability of CM-101 to attenuate CCL24-induced 
endothelial cell activation, measured by their VCAM-1 expres-
sion, further supports the broad effect of CCL24 to induce the 
activation of different cell types that are known to be involved 
in SSc pathogenesis as well as the broad applicability of CM-101 
in inhibiting these activities.43 Collectively, our in vitro obser-
vations suggest that CCL24 is a prominent trigger of fibroblast 
and endothelial cell activation and that the blocking antibody 
CM-101 is potently capable of mitigating these processes.

SSc patients present changes in inflammatory mediators, 
growth factors and profibrotic cytokines that all take part in 
the development of the disease. These factors influence several 
cell compartments within the target organs promoting tissue 
remodelling and damage. To evaluate the relevance of CCL24 
and the effect of CM-101 in this complex array of factors, we 
employed the murine model of BLM-induced skin sclerosis 
that is considered a proper model to reflect SSc-related skin 
fibrosis.33 44 Mice lacking the CCL24 gene demonstrated robust 
attenuation of disease parameters compared with WT controls, 
which further supports the potential importance of the CCL24/
CCR3 pathway in skin fibrosis. CM-101 treatment in the early 
phase of the inflammatory and fibrotic process, in a prevention 
mode, resulted in a dose-dependent reduction of skin thickness 
and collagen deposition. Moreover, in a treatment mode, when 
fibrosis and inflammation were already established, CM-101 was 
also shown to attenuate significantly the severity of skin fibrosis 
and thickness. Lung fibrosis and inflammation features of inter-
stitial lung disease (ILD), accounting for major disease-related 

complications and mortality, were also significantly reduced in 
CM-101 treated animals. Collectively, the data show a broad 
effect of anti-CCL24 treatment, reducing tissue damage of both 
skin and lung.

Tissue fibrotic remodelling in SSc and IPF patients involves 
a relentless inflammatory component followed by replacement 
of the healthy tissue with fibrous, matrix-rich abnormal scar-
ring.2 8 The robustness and complexity of the underlying patho-
genic processes clearly suggest that multiple cellular pathways 
are operative in dictating the fate of the afflicted tissues in both 
conditions. In this context, CCL24 appears to promote several 
of those pathways as testified by the beneficial effects achieved 
in our in vivo models through its specific blockade using the 
CM-101 mAb.

To date, effective treatments for SSc patients that can alter 
established fibrosis and inhibit disease progression are limited. 
Alongside few medicinal treatments that are available, several 
new emerging therapies have shown benefit in SSc patients 
including both haematopoietic and also mesenchymal stem cell-
based therapy protocols. However, in most of these options, 
liver toxicity, severe adverse effects and complications limit long-
term effective treatment availability. Our findings provide the 
first evidence that an anti-inflammatory, antifibrotic approach 
selectively targeting the CCL24 pathway robustly attenuates 
experimental skin and lung inflammation and fibrosis. These 
preclinical data may support the translation to clinic of an 
anti-CCL24 antibody to attenuate the progression of fibrosis in 
SSc and IPF patients.
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Key messages

What is already known about this subject?
 ► Hedgehog signalling is playing a central role in 
fibroblast activation and tissue fibrosis.

What does this study add?
 ► The hedgehog acyltransferase (HHAT) is 
overexpressed in systemic sclerosis (SSc) in a 
transforming growth factor-β (TGFβ)-dependent 
manner and induces a shift from monomeric to 
oligomeric sonic hedgehog (SHH).

 ► Inhibition of long-range SHH signalling by 
knockout of HHAT reduces TGFβ-dependent 
fibroblast activation.

 ► Knockout of HHAT ameliorates experimental 
fibrosis in murine models of SSc.

How might this impact on clinical practice or 
future developments?

 ► HHAT inhibitors, which are in clinical 
development, selectively inhibit profibrotic 
long-range SHH signalling and would thus 
improve tolerability without amelioration of the 
antifibrotic effects of SHH inhibition.

AbSTrACT
Objectives systemic sclerosis (ssc) is characterised 
by aberrant hedgehog signalling in fibrotic tissues. The 
hedgehog acyltransferase (HHaT) skinny hedgehog 
catalyses the attachment of palmitate onto sonic 
hedgehog (sHH). Palmitoylation of sHH is required for 
multimerisation of sHH proteins, which is thought to 
promote long-range, endocrine hedgehog signalling. The 
aim of this study was to evaluate the role of HHaT in the 
pathogenesis of ssc.
Methods expression of HHaT was analysed 
by real-time polymerase chain reaction(rT-Pcr), 
immunofluorescence and histomorphometry. The effects 
of HHaT knockdown were analysed by reporter assays, 
target gene studies and quantification of collagen 
release and myofibroblast differentiation in cultured 
human fibroblasts and in two mouse models.
results The expression of HHaT was upregulated in 
dermal fibroblasts of patients with ssc in a transforming 
growth factor-β (TGFβ)/sMaD-dependent manner. 
Knockdown of HHaT reduced TGFβ-induced hedgehog 
signalling as well as myofibroblast differentiation 
and collagen release in human dermal fibroblasts. 
Knockdown of HHaT in the skin of mice ameliorated 
bleomycin-induced and topoisomerase-induced skin 
fibrosis.
Conclusion HHaT is regulated in ssc in a TGFβ-
dependent manner and in turn stimulates TGFβ-induced 
long-range hedgehog signalling to promote fibroblast 
activation and tissue fibrosis. Targeting of HHaT might be 
a novel approach to more selectively interfere with the 
profibrotic effects of long-range hedgehog signalling.

Fibrosis is a hallmark of systemic sclerosis (SSc) and 
a major life-threatening disease complication.1 The 
accumulating extracellular matrix leads to tissue 
fibrosis and failure of affected organs. Effective and 
well-tolerated targeted therapies for the treatment 
of fibrosis in SSc are not yet available for clinical 
use.2 3

Aberrant hedgehog signalling has been char-
acterised as a central mechanism underlying the 
persistent fibroblast activation in SSc4–7 and other 
fibrotic diseases.8 Hedgehog signalling is acti-
vated by two different mechanisms in SSc. Sonic 
hedgehog (SHH), the predominant ligand in the 
skin, is overexpressed, which promotes stabilisation 
of the downstream transcription factor GLI2.5 In 
addition, GLI2 is a direct transcriptional target of 

transforming growth factor-β (TGFβ).7 Activation 
of hedgehog signalling promotes fibroblast-to-my-
ofibroblast transition and fibrosis, whereas targeted 
inhibition of hedgehog signalling ameliorates 
fibrosis in various preclinical models.5–7

Hedgehog acyltransferase (HHAT, also known 
as skinny hedgehog) catalyses the attachment of 
the fatty acid palmitate onto SHH.9 10 Palmitoyla-
tion of SHH by HHAT is essentially required for 
multimerisation of SHH proteins to large signalling 
complexes. The formation of those large hedgehog 
signalling complexes is thought to promote long-
range signalling of SHH in an endocrine manner.11 
Inhibition of HHAT may, thus, predominantly 
interfere with long-range hedgehog signalling, with 
minor effects on autocrine and paracrine functions. 
In contrast to other targets in the hedgehog pathway 
such as SMOOTHENED or GLI-transcription 
factors that equally interfere with short-range and 
long-range signalling, the predominant inhibition 
of long-range signalling upon inhibition of HHAT 
may allow for residual homoeostatic functions 
executed by autocrine and paracrine short-range 
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Figure 1 HHAT is overexpressed in fibroblasts in SSc. (A) Immunofluorescence staining for HHAT in the skin of patients with SSc and matched 
healthy volunteers. Sections are costained with the fibroblast marker prolyl-4-hydroxylase-β (P4H) and DAPI at 200-fold and 1000-fold magnification. 
Semiquantitative analysis of HHAT staining in fibroblasts (as changes of HHAT staining intensity in P4Hβ positive cells using Image J) in the skin of 
patients with SSc and healthy volunteers (n=five patients with SSc and five matched controls). (B) mRNA and protein levels of HHAT in fibroblasts of 
patients with SSc and healthy individuals (n=9). (C, D) Expression of HHAT in bleomycin-induced skin fibrosis. (C) mRNA and protein levels of HHAT 
in murine skin. (D) Immunofluorescence staining (400-fold and 1000-fold magnification) with quantification (n=6). *p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 
0.001. DAPI, 4',6-diamidino-2-phenylindole; HHAT, hedgehog acyltransferase; mRNA, messenger RNA; NaCl, sodium chloride; SSc, systemic sclerosis.

signalling. This may be particularly relevant in SSc, as the serum 
levels of SHH are upregulated in patients with SSc and correlate 
with fibrotic manifestations.12

In the present study, we aimed to investigate the role of HHAT 
in fibroblast activation, and to analyse the therapeutic effects of 
targeted inactivation of HHAT in preclinical models of SSc.

Material and methods are described in the online 
Supplementary.

reSulTS
HHAT is overexpressed in SSc fibroblasts
We first analysed the expression of HHAT in SSc skin. HHAT 
was overexpressed in SSc skin as compared with matched skin 
samples from healthy individuals (figure 1A). HHAT expression 
tended to be higher in patients with higher modified Rodnan 
skin score (mRSS) scores and active disease, but these find-
ings did not reach statistical significance. Costaining with the 
fibroblast-marker prolyl-4-hydroxylase-β demonstrated that 
fibroblasts prominently express HHAT and that the number 
of HHAT-positive fibroblasts is increased in SSc (figure 1A). 
HHAT-positive cells also costained intensely for the hedgehog 
transcription factor GLI2 with higher numbers of HHAT and 
GLI2 double-positive fibroblasts in SSc than in controls (online 
supplementary figure 1). The upregulation of HHAT in SSc 
fibroblasts persisted under culture conditions with increased 
mRNA and protein levels of HHAT even after several passages 
in vitro (figure 1B). Moreover, the expression of HHAT was 
also upregulated in bleomycin-induced skin fibrosis compared 
with non-fibrotic control mice injected with sodium chloride 
(figure 1C,D).

HHAT expression is induced by canonical TGFβ signaling
Persistent activation of TGFβ signalling is a common denom-
inator of fibrotic conditions and of cultured SSc fibroblasts.2 
We, therefore, hypothesised that TGFβ signalling might drive 
the overexpression of HHAT in SSc. Stimulation of cultured 
fibroblasts with TGFβ increased the mRNA and protein levels of 
HHAT in a time-dependent manner (figure 2A). Consistent with 
those in vitro data, activation of TGFβ signalling by overexpres-
sion of a constitutively active TGFβ-receptor-type I (TBRIact) 
in the skin of mice upregulated HHAT expression (figure 2B). 
The central regulatory effects of TGFβ on HHAT expression 
in fibrosis were further highlighted by selective inhibition of 
the TGFβ receptor type I kinase using SD208. Treatment with 
SD208 prevented the increases in HHAT mRNA and protein in 
mice challenged with bleomycin (figure 2C).

Knockdown of Smad3 in human dermal fibroblasts by small 
interfering RNA (siRNA) reduced the stimulatory effects of 
TGFβ on HHAT expression (online supplementary figure 2A). 
To confirm the relevance of a Smad3-dependent induction of 
HHAT in vivo, we costained skin sections of mice challenged 
with bleomycin or overexpressing TBRIact for HHAT and phos-
phorylated Smad3 (pSmad3). HHAT staining colocalised with 
pSmad3 and all HHAT-positive cells were positive for pSmad3 
(online supplementary figure 2B).

HHAT promotes TGFβ-dependent fibroblast-to-myofibroblast 
differentiation
Given the TGFβ-dependent induction of HHAT, the require-
ment of HHAT for the secretion of active hedgehog ligands and 
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Figure 2 TGFβ induces the expression of HHAT (A) mRNA and protein levels of HHAT in human fibroblasts stimulated with TGFβ for different time 
periods (n=6 biological replicates with ≥2 technical replicates). (B) mRNA and protein levels of HHAT in the skin of mice overexpressing TBRIact 
(n=3 biological replicates with ≥2 technical replicates). (C) mRNA levels of HHAT in the skin of control mice, mice challenged with bleomycin and 
bleomycin-challenged mice treated with the TGFβ receptor type I kinase inhibitor SD208 (n=5 biological replicates with ≥2 technical replicates). 
(D) Hedgehog reporter activity in in TGFβ-stimulated 3T3 fibroblasts with or without HHAT knockdown (n=3 biological replicates with ≥2 technical 
replicates). (E) mRNA levels of the hedgehog target genes PTCH-1, PTCH-2, CYCLIN D1 and GLI2 in human dermal fibroblasts. (F) Levels of COL1A1 
mRNA and collagen protein as well as expression of αSMA and stress fibre formation (representative images shown at 200-fold magnification and 
quantification), (n≥4 biological replicates with ≥2 technical replicates for all readouts in E, F). *p ≤ 0.05, ** p ≤ 0.01. αSMA, alpha smooth muscle 
actin; HHAT, hedgehog acyltransferase; LacZ, attenuated adenovirus encoding for LacZ served as controls; NaCl, sodium chloride; TGFβ, transforming 
growth factor-β; TBRIact, TGFβ-receptor-type I.

the increased levels of SHH in SSc, we hypothesised that the 
upregulation of HHAT may contribute to the profibrotic effects 
of TGFβ. SiRNA-mediated knockdown of HHAT inhibited the 
stimulatory effects of TGFβ on hedgehog activity in NIH3T3-
Light2 reporter cells (figure 2D) and also reduced the upregu-
lation of the hedgehog target genes PTCH1, PTCH2, CYCLIN 
D1 and GLI2 by TGFβ (figure 2E). Moreover, knockdown of 
HHAT inhibited the stimulatory effects of TGFβ on collagen 
production in SSc fibroblasts with reduced mRNA levels of 
COL1A1 and decreased release of collagen protein (figure 2F). 
Knockdown of HHAT also reduced the expression of αSMA and 
the formation of stress fibres (figure 2F).

To confirm that knockdown of HHAT blocks long-range 
hedgehog signalling, we cocultured hedgehog reporter cells and 
fibroblasts with modulated HHAT expression in different condi-
tions; either as mixed culture with direct physical contact or with 
physical separation in transwell assays. In transwell assays, the 
reporter can only be activated by long-range signalling, whereas 
it is activated by both, short-range and long-range signalling, in 

direct cocultures. Consistent with a potent inhibition of long-
range hedgehog signalling on HHAT inactivation, knockdown 
of HHAT completely abrogated TBR-induced hedgehog-driven 
reporter activity in transwell assays. In mixed cultures, knock-
down of HHAT reduced the reporter activity by 65%±9%, but 
allowed for residual induction by TBR (35%) due to maintained 
short-range signalling (online supplementary figure 3 A,B). 
Consistent with these findings, knockdown of HHAT reduced 
the release of oligomeric SHH complexes at 180, 120 and 75 
kDa, but not of monomeric SHH at 19 kDa in both settings 
(online supplementary figure 3C).

Knockdown of HHAT ameliorates experimental fibrosis
We next targeted HHAT expression in the skin of mice chal-
lenged with bleomycin using siRNA/atelocollagen complexes 
(online supplementary figure 4). Injection of siRNA against 
HHAT decreased the expression of the hedgehog target genes 
cyclin D1 and Gli2 as compared with bleomycin-challenged 

https://dx.doi.org/10.1136/annrheumdis-2019-215066
https://dx.doi.org/10.1136/annrheumdis-2019-215066
https://dx.doi.org/10.1136/annrheumdis-2019-215066
http://ard.bmj.com/


1272 Liang R, et al. Ann Rheum Dis 2019;78:1269–1273. doi:10.1136/annrheumdis-2019-215066

Systemic sclerosis

Figure 3 Knockdown of HHAT ameliorates experimental fibrosis A–C: bleomycin-induced skin fibrosis: (A) mRNA levels of the hedgehog target 
genes Ptch-1, Ptch-2, Cyclin D1 and Gli2. (B) Representative H&E-stained (top) and trichrome-stained (bottom) skin sections at 200-fold magnification. 
n=6 mice for all groups and outcomes. (C) Effects of HHAT-knockdown on bleomycin-induced dermal thickening, enumerated myofibroblast counts 
and the hydroxyproline content. (D–F) Topoisomerase-induced skin fibrosis. (D) mRNA levels of the hedgehog target genes Ptch-1, Ptch-2, Cyclin D1 
and Gli2. (E) Representative H&E-stained (top) and trichrome-stained (bottom) skin sections at 200-fold magnification. n=6 mice for all groups and 
outcomes. (F) Dermal thickness, enumerated myofibroblast counts and hydroxyproline content. *p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. CFA, Complete 
Freund's Adjuvant; HHAT, hedgehog acyltransferase; NaCl, sodium chloride; siHHAT, HHAT small interfering RNA.

mice injected with non-targeting siRNA (figure 3A). The inhi-
bition of hedgehog signalling translated into potent antifibrotic 
effects. Knockdown of HHAT reduced bleomycin-induced 
dermal thickening, myofibroblast counts and hydroxyproline 
levels (figure 3B,C).

SiRNA against HHAT also prevented the upregulation of 
HHAT and decreased the expression of hedgehog target genes 
in topoisomerase-challenged mice (figure 3D). Knockdown of 
HHAT ameliorated topoisomerase-induced dermal thickening, 
inhibited myofibroblast differentiation and reduced the deposi-
tion of hydroxyproline (figure 3E,F).

DiSCuSSiOn
Long-range hedgehog signalling seems to play a central role in 
the pathogenesis of SSc as evidenced by the recent demonstration 
of elevated serum levels of SHH in patients with SSc and their 
correlation with fibrotic manifestations.12 Selective targeting of 
long-range hedgehog signalling via HHAT offers theoretical advan-
tages over broad-spectrum inhibition of autocrine, paracrine and 
endocrine hedgehog signalling. Although the broad inhibition of 
hedgehog signalling seems better tolerated than interference with 
other stem cell pathways,13 safety concerns with impaired differ-
entiation of stem cells remain with long-term treatment. Selective 

inhibition of long-range hedgehog signalling would ameliorate 
those concerns. Targeted inactivation of HHAT interferes with the 
formation of oligomeric SHH and thus with long-range hedgehog 
signalling, but allows to maintain the homoeostatic auto and para-
crine functions of monomeric SHH required, for example, for 
differentiation and maturation of stem cells.10 11 Targeting long-
range hedgehog signalling may, thus, be an approach to reduce the 
adverse events of broad spectrum hedgehog inhibition, but main-
tain its antifibrotic effects. Indeed, siRNA-mediated knockdown 
of HHAT did not induce obvious alterations of the skin histology 
and potently inhibited fibroblast-to-myofibroblast transition and 
collagen release in vitro and in two mouse models in vivo.

We and others provided evidence for a cross-talk of hedgehog 
and TGFβ signalling and demonstrated that TGFβ promotes 
hedgehog signalling by inducing the ligand SHH and in partic-
ular the transcription factor GLI2.4 5 7 14–20 We now extend 
those findings and provide evidence that TGFβ may particu-
larly promote long-range hedgehog signals. The upregulation of 
HHAT by TGFβ may shift the balance from rather homoeostatic 
auto and paracrine signals to endocrine signalling to promote 
tissue remodelling. Indeed, the upregulation of HHAT is central 
for TGFβ-induced hedgehog activity and directly contributes to 
the profibrotic effects of TGFβ.
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TGFβ is a core pathway of fibrosis and is thus an obvious 
candidate for antifibrotic therapies. Targeting long-range 
hedgehog signalling as an important profibrotic downstream 
mediator of TGFβ may offer advantages over other approaches: 
(1) upstream targeting of TGFβ signalling at the levels of TGFβ 
isoforms or TGFβ receptors is associated with the formation of 
keratoacanthomas and increased risk of autoimmunity, (2) In 
contrast to many other downstream mediators of TGFβ signal-
ling, we already have gathered considerable clinical experience 
with inhibition of hedgehog signalling, although not with direct 
inhibition of HHAT.

In summary, we demonstrate that TGFβ induces HHAT 
expression to promote a shift from homoeostatic towards profi-
brotic long-range hedgehog signalling and that inhibition of 
long-range signalling by inactivation of HHAT maintains potent 
antifibrotic effects. These findings may have translational impli-
cations as HHAT inhibitors are in development.
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Key messages

What is already known about this subject?
 ► Behçet’s disease (BD) is a chronic systemic 
vasculitis with life-threatening complications 
associated with thrombosis.

What does this study add?
 ► High levels markers of neutrophil extracellular 
traps (NETs) are present in Behçet’s patients 
and may contribute to the procoagulant state.

 ► Neutrophils from Behçet’s patients are prone to 
NETosis.

 ► NETs are present in inflamed vessels of Behcet’s 
patients in areas of vasculitic inflammation and 
thrombosis.

How might this impact on clinical practice or 
future developments?

 ► NETs may represent a biological marker of BD 
severity and targeting NETosis may provide 
a therapeutic option in the treatment of this 
disease and its associated complications.

ABsTrACT
Objectives Behçet’s disease (BD) is a chronic systemic 
vasculitis. Thrombosis is a frequent and life-threatening 
complication. The pathogenesis of BD is poorly 
understood and evidence supporting a role for primed 
neutrophils in BD-associated thrombotic risk is scant. To 
respond to inflammatory insults, neutrophils release web-
like structures, known as neutrophil extracellular traps 
(neTs), which are prothrombotic. We evaluated the role 
of neTs and markers of neTs in BD.
Methods Blood samples were collected from patients 
with BD, according to the international study Group 
criteria for Behçet’s disease, and healthy donors (HD). 
neT components, including cell-free Dna (cfDna) 
and neutrophil enzymes myeloperoxidase (MPo), were 
assessed in serum or in purified neutrophils from patients 
with BD and HD.
results Patients with active BD had elevated serum 
cfDna levels and MPo-Dna complexes compared with 
patients with inactive BD and to HD. in addition, levels 
of cfDna and MPo-Dna complexes were significantly 
higher in patients with BD with vascular involvement 
compared with those without vascular symptoms. 
Purified neutrophils from patients with BD exhibited 
spontaneous neTosis compared with HD. Thrombin 
generation in BD plasma was significantly increased 
and positively correlated with the levels of MPo-Dna 
complexes and cfDna. importantly, Dnase treatment 
significantly decreased thrombin generation in BD 
plasma but not in HD plasma. in addition, biopsy 
materials obtained from patients with BD showed neTs 
production in areas of vasculitic inflammation and 
thrombosis.
Conclusions our data show that neTs and markers 
of neTs levels are elevated in patients with BD and 
contribute to the procoagulant state. Targeting neTs may 
represent a potential therapeutic target for the reduction 
or prevention of BD-associated thrombotic risk.

InTrOduCTIOn
Behçet’s disease (BD) is a chronic systemic vascu-
litis characterised by mucocutaneous, ocular, 
gastrointestinal and cerebral recurrent lesions. This 
immune-inflammatory disorder involves different 
vessel types and sizes of the vascular tree and is 
often complicated by recurrent thrombosis, partic-
ularly in the venous compartment.1 However, the 
exact pathogenic mechanism underlying the throm-
botic tendency is still unclear.2 Diagnosis of BD is 

primarily based on clinical manifestations and new 
criteria of the International Team for the revision of 
the international criteria for Behçet disease (ICBD) 
are now used in numerous studies.3

The general pathophysiology of BD is poorly 
understood, although dysregulation of adaptive and 
innate immunity in response of infectious triggers 
has been described.4 Chronic inflammation present 
in BD indicates an increased oxidative condition 
that induces platelet, leucocyte and endothelial cell 
activation through the release of proinflammatory 
cytokines and chemokines. Neutrophils of patients 
with BD are hyperactivated and exhibit increased 
phagocytosis and superoxide production,5 which 
potentially contribute to clot formation by fibrin-
ogen oxidation.6

Under inflammatory or infectious conditions, 
neutrophils are able to generate neutrophil extra-
cellular traps (NETs) via a distinct process of cell 
death termed NETosis.7 NETs consist of extruded 
cell-free DNA (CfDNA) decorated with histones 
and granular components that include antimicrobial 
peptides and proteases. The molecular pathways 
leading to NETosis include calcium mobilisation, 
generation of reactive oxygen species (ROS), 
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nuclear delobulation involving enzymatic activities of myelop-
eroxidase (MPO) and neutrophil elastase and chromatin modifi-
cation via the citrullination of histones by the peptidyl arginine 
deiminase (PAD4).8 Numerous studies have implicated NETs in 
the aetiology of autoinflammatory or autoimmune conditions 
such as systemic as autoimmune vasculitis.9 10 Furthermore, 
NETs are now recognised as a key trigger of thrombus initiation 
and progression in pathological conditions such as, deep vein 
thrombosis in mice and humans11 but also in arterial diseases 
such as stroke and myocardial infarction.12 13 In this study, we 
hypothesise that NETs might be the missing link in thrombo-
sis-associated BD.

MATerIAl And MeTHOds
Patients
Patients over 18 years old of age diagnosed with BD according 
to ICBD from two departments of internal medicine in Paris 
were included. Patients treated with biologics or with cortico-
steroids >10 mg/day were excluded. Patients were divided into 
active BD (ABD) or inactive BD (IBD). Patients with IBD were 
defined by the absence of clinical manifestation (except unmod-
ified aphthous ulcers or arthralgia) and increased inflammatory 
parameters. Patients with ABD were defined by the presence 
of clinical manifestation of BD and increased inflammatory 
parameters in the absence of infection and requiring a treatment 
modification, blood samples were collected before treatment 
modification.

Patients were also divided into angio BD or non-angio BD: 
patients were defined as angio BD if they had a history of arterial 
aneurysm or occlusion and/or venous thrombosis.

Demographic, clinical and analytical parameters were prospec-
tively collected.

Patient involvement
We provided instructional support to foster knowledge of 
research concepts and terminology. If the patients asked, we 
provided them information about the course of the study. 
Patients will be informed of the publication of the study and an 
understandable explanation will be given.

MATerIAl
sample collection
Blood samples from healthy donors (HD) or Behcet’s patients 
were collected by venipuncture into vacutainers containing 3.2% 
sodium citrate. Platelet-poor plasma (PPP) was prepared. Sera 
were obtained from blood collected in dry tubes and centrifuga-
tion at 2500 g for 12 min.

neutrophil isolation
Blood was collected by venipuncture into ethylenedi-
aminetetraacetic acid (EDTA)-coated vacutainers. Neutrophils 
were isolated by a single-step centrifugation of whole blood 
onto Polymorphprep as per the manufacturer’s recommenda-
tion less than 3 hours after venipuncture. Briefly, whole blood 
was layered onto Polymorphprep and centrifuged at 450 g for 
40 min. The granulocyte layer was resuspended in Roswell Park 
Memorial Institute (RPMI) media with EDTA 2 mM and centri-
fuged at 500 g for 5 min. Cells were resuspended in RPMI with 
fetal bovine serum (FBS) 3% at a final concentration of 105/mL. 
Viability, assessed using tryptan blue, was >99% and purity, 
assessed by flow cytometry, was >94%.

cfdnA quantification
cfDNA in serum was quantified using Quant-iT PicoGreen DNA 
quantification kit (Invitrogen) in accordance with the manufac-
turer’s instructions. Briefly, pure dsDNA standards and samples 
were incubated for 5 min with 100 µL of Quant-iT PicoGreen 
reagent. Fluorescence signals were measured in a microplate 
fluorescence reader (FLUOstar Optima, BMG labtech) with 
filter settings of 485 nm (excitation) and 538 nm (emission).

Myeloperoxydase (MPO)-dnA complexes
MPO-DNA complexes were identified using a capture ELISA.14 
As the capturing antibody, 5 µg/mL anti-MPO monoclonal anti-
body (Abcam) was coated to 96-well microtiter plates overnight 
at 4°C. After blocking in incubation buffer, 40 µL of patient 
serum was added per well in combination with the peroxidase-la-
belled anti-DNA monoclonal antibody (component no. 2 of 
cell death detection ELISA kit; Roche, Cat. No:11774425001) 
following the manufacturer’s instructions. After 2 hours of 
incubation at room temperature (RT) on a shaking device, the 
samples were washed phosphate-buffered saline (PBS) and the 
3.3’, 5.5’-tetramethylbenzidine was added. The absorbance at 
450 nm wavelength was measured using a microplate fluores-
cence reader (FLUOstar Optima, BMG labtech) after 15 min 
incubation at 37°C in the dark.

rOs generation by flow cytometry
Neutrophils at 5.106/mL were incubated with an ROS probe 
(probeCM-H2DCFA) (Molecular probes) and then stimulated, 
or not, with 25 nM of phorbol 12-myristate 13-acetate (PMA) 
for 20 min. Reaction was stopped by adding PBS with 2% bovine 
serum albumin (BSA) and EDTA 2 mM. Fluorescence was 
measured by flow cytometry (Acurri C6, BD).

Visualisation and quantification of neTs
Isolated neutrophils (105 cells) were seeded on glass coverslips 
and allowed to adhere for 30 min before stimulation with PMA 
(25 nM) for 3 hours at 37°C and 5% CO2 and then fixed with 
paraformaldehyde for 30 min. Neutrophils were then stained for 
NETs markers. Briefly, after 1-hour blocking (PBS with 3% goat 
serum, 1% BSA), NETs were detected using an mouse anti-MPO 
primary antibody (Abcam, Cambridge, Massachusetts, USA), 
diluted 1/100 in blocking buffer for 2 hours at 37°C. Slides 
were then incubated with 1/200 Alexa Fluor 555 goat anti-
mouse antibody,) for 2 hours at 37°C. DNA was stained with 
4′,6-diamidino-2-phenylindole (DAPI) (Fluoroshield Mounting 
Medium with DAPI, Abcam). NETs were visualised by using a 
nanozoomer imaging fluorescence microscope (Hamamatsu) 
and blindly quantified using image J software. Images were eval-
uated for MPO and DNA costaining; nuclear phenotypes and 
NETs were counted and expressed as percentage of the total 
number of cells in the fields.

Thrombin generation assay
Thrombin generation was continuously measured in plate-
let-free plasma (PFP) using the thrombogram method as previ-
ously described.15 Tissue factor 0.5pM (TF; Diagnostica Stago) 
was used as trigger. In some experiments, PFP was incubated for 
2 hours at 37°C with DNAse (Pulmozyne, Roche) 100 µg/mL or 
vehicle (HEPES buffer) before the assay.

Immunofluorescence
Four micrometre paraffin-embedded human aorta sections 
were incubated overnight with the primary anti-MPO antibody 
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Table 1 Main characteristics of patients with BD according to active 
or inactive status

Total (n=73) Active (n=28) Inactive (n=45)
P 
value

Age (year) 39±11.42 35±8 42±12 0.04

Sex, male n (%) 48 (65.7) 21 (75) 27 (60) NS

Clinical features n (%)

 Oral ulcers 60 (82.2) 21 (75) 39 (86.7) NS

 Genital ulcers 39 (53.4) 18 (64.2) 23 (51.1) NS

 Skin involvement 46 (63.0) 20 (71.4) 26 (57.7) NS

 Ocular involvement 36 (49.3) 16 (57.1) 20 (44.4) NS

 Neurological 
involvement

16 (21.9) 4 (14.2) 12 (26.7) NS

 Cardiac involvement 4 (5.5) 1 (3.5) 3 (6.6) NS

 Venous lesions 22 (30.1) 11 (39.3) 11 (24.4) NS

 Arterial lesions 7 (9.6) 3 (10.7) 4 (8.9) NS

 Joint involvement 29 (39.7) 11 (39.3) 18 (40) NS

 Gut involvement 5 (6.7) 2 (7.1) 3 (6.7) NS

ICBD

 4 20 (27.4) 6 (21.4) 14 (31.1) NS

 5 36 (49.3) 15 (53.6) 21 (46.6) NS

  >6 17 (23.3) 8 (28.6) 9 (20.0) NS

CRP, μmol/L 15.29±36.3 34±55 5.25±10.7 0.001

White cell count 10^9/L 8.7±4.7 10.4±5.9 7.29±2.5 0.017

BD, Behçet’s disease; CRP, C reactive protein; ICBD, International criteria for Behçet’s 
disease; NS, not significant.

(dilution 1:100, Abcam) or anticitrullinated histone H4 (dilu-
tion 1:500, Millipore). Primary antibodies were visualised with 
an Alexa-647 labelled antibody against rabbit immunoglobu-
lins (Interchim, France). Slides were prepared with mounting 
medium supplemented with DAPI (Prolong Gold antifade 
reagent, Abcam). Immunofluorescence staining was visualised 
using the nanozoomer.

statistics
Continuous variables are presented with the median and 
extreme values or with the mean±SEM Categorical variables 
are presented with counts and proportions. Statistical compar-
isons were performed by using the Mann-Whitney U test for 
quantitative unpaired data, two-way analysis of variance or 
Kruskal-Wallis for multiple comparisons, Spearman correlation 
test for correlations. All statistical tests were two tailed with a 
significance level of 0.05. Statistical significance was evaluated 
using GraphPad Prism V.5.00 for Mac (GraphPad Software, San 
Diego, California, USA).

resulTs
Clinical characteristics of patients and healthy controls
Seventy-three patients were included in the study. Clinical 
characteristics and laboratory findings of patients are shown in 
table 1. Twenty-eight patients (38.4%) were classified as active. 
Active patients were younger than inactive ones (35 years vs 42 
years, respectively, p=0.04) and had greater biological signs 
of inflammation (C reactive protein (CRP) 34 vs 5.25 mg/L, 
respectively, p=0.001 and leucocytes count at 10.4 10ˆ9/L vs 
7.29 10ˆ9/L p=0.017). Forty-two (57.5%) received colchi-
cine, 42 (57.5%) glucocorticoids (<10 mg/day) and 29 (39.7%) 
disease-modifying antirheumatic drugs (DMARDs). Fifteen HDs 
were recruited, of which 8 (53.3%) were men and the mean age 
was 36 years old.

neTs component levels are increased in serum of Behcet’s 
patients
We assess cfDNA levels, indirect markers of NETs and circulating 
MPO-DNA complex in serum of patients and HD. In serum, 
the levels of cfDNA and circulating MPO-DNA complexes were 
higher in patients than in HD (1669±122.6 vs 951.2±63.9 
ng/mL, p=0.0001 and 2.321±0.187 vs 0.316±0.098 OD 
p=0.0001, respectively). Interestingly, the levels of cfDNA and 
circulating MPO-DNA complexes were significantly higher in 
active patients than in inactive (figure 1A,B). In addition, levels 
of cfDNA and MPO-DNA complexes were significantly higher 
in angio-BD patients compare to non-angio BD (figure 1C,D).

The levels of cfDNA and circulating MPO-DNA complexes 
were positively correlated (r2=0.576, p<0.001) but were not 
correlated with age, CRP or leucocytes count (cfDNA and CRP, 
p=0.6, cfDNA and leucocytes, p=0.1, MPO-DNA complexes 
and CRP, p=0.4, MPO-DNA complexes and leucocytes, p=0.9). 
Levels of cfDNA and circulating MPO-DNA complexes were not 
different between groups based on clinical characteristics (sex, 
skin, ocular neurological joint and gut involvement), treatments 
(colchicine, glucocorticoids, immunosuppressive and anticoagu-
lant) received (see online supplementary figure S1A,B) and ICBD 
score (see online supplementary figure S1C,D).

Behcet’s neutrophils are primed to neTosis
We hypothesised that the increased level of NETs in BD could 
be secondary to an increased release by neutrophils. Neutro-
phils isolated from Behçet patients produced more ROS than 
those isolated from HD in resting conditions (1618±241.9 vs 
622.1±120.2 MFI, respectively) and after stimulation with 
PMA (9037±2079 vs 2367±894 MFI, respectively) (see online 
supplementary figure S2-A). We then assessed the ability of puri-
fied neutrophils from patients and HD to undergo NETosis. 
As shown in figure 2, neutrophils isolated from active patients 
produced more NETs than those from inactive and HD’s 
patients (51.21±3.3 vs 29.35±2.6 vs 7.2%±1.2%, respectively) 
in resting conditions. After PMA activation BD-derived neutro-
phils produced more NETs than HD’s (41.8±4.8 vs 18%±3.8%, 
respectively, p=0.0023) (see online supplementary Figure S2B). 
Patient’s or HD’s neutrophils treated with DNAse show no NETs 
formation. These results indicate that BD neutrophils are in a 
preactivated state and are prone to NETosis.

Hypercoagulability in Behcet’s patients is associated with 
increased levels of neTs component
To investigate the role of markers of NETs in the hypercoagu-
lable state in Behcet’s patients, we performed thrombin gener-
ation in PPP. As shown in figure 3, the peak and the velocity 
of thrombin generation and the endogenous thrombin poten-
tial (ETP)) in plasma from active Behçet’s patients were higher 
than in Inactive and HD plasma (341±12.5 vs 239.6±16.35 vs 
154.7±12.61 nM, 105.6±11.1 vs 56.0±7.4 vs 31.25±3.9 nM/
min and 2293±106.4 vs 1867±117.6 vs 1408±92.6 nM/Min, 
respectively). However, the other parameters (lag time and time 
to peak) were not statistically different between patients and HD 
(see online supplementary table S1). These data indicate that the 
propagation phase of the coagulation is enhanced in BD plasma.

Interestingly, the peak and velocity were positively correlated 
with cfDNA (r2=0.80 p=0.02 and r2=0.85 p=0.006, respec-
tively) (figure 4A,B), and with circulating MPO-DNA complexes 
(figure 4C,D) (r2=0.9 p=0.001 and r2=0.85 p=0.006, respec-
tively) levels in serum. To assess the effect of cfDNA in thrombin 
generation, plasma from HD and BD was incubated with or 
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Figure 1 Soluble markers of NETs are increased in serum from Behçet’s patients. Cell-free DNA and MPO-DNA complexes were quantified in the 
serum from (A, B) HD (n=8), IBD (n=23), ABD (n=16) and (C, D) angio-BD (n=16), non-angio BD (n=22). Data are shown as means±SEM for statistical 
analyses, Kruskal-Wallis test was used; *P<0.05, ****P<0.0001. ABD, active Behcet’s disease; BD, Behcet’s disease; HD, healthy donor; IBD, inactive 
Behcet’s disease; MPO, myeloperoxidase; NET, neutrophil extracellular trap.

without DNAse. In the presence of DNAse, the peak of thrombin 
and the velocity and the ETP were significantly reduced in inac-
tive and active plasma patients whereas DNAse had no effect 
on thrombin generation parameters in HD plasma (figure 5 and 
see online supplementary table S2), suggesting that the elevated 
levels of markers of NETs in BD contribute to the procoagulant 
state. As a control, we performed thrombin generation in HD’s 
plasma with NETs supplemented or not with DNAse (see online 
supplementary figure S3) and confirmed that markers of NETs 
enhanced the thrombin generation.

neTs are identified in inflammatory aorta from Behçet’s 
patients
To obtain evidence of in vivo NETs formation and confirma-
tion of a putative pathogenic role on vessels, we analysed aorta 
samples obtained from Behçet’s patients with oral ulcers. Histo-
logical evaluation confirmed the presence of both vasculitis and 
microthrombosis on aorta sections. Vascular pathology was 
revealed by perivascular neutrophilic inflammation with fibri-
noid necrosis and thrombosis at the intima layer of the aorta. 
Patients were characterised as follows: patient 1, a 39-year-old 
woman with an history of oral and genital ulcers, developed a 
pseudo-aneurysm of the subrenal abdominal aorta, patient 2, 
a 55-year-old man, had an inflammatory syndrome, oral and 
genital ulcers and a positive pathergy test with a thrombus in 
the right ventricle, patient 3, a 58-year-old man with an history 
of oral and genital ulcers, had a pseudoaneurysm of the abdom-
inal aorta with aortitis. All these patients fulfilled ICB criteria 
and respond to immunosuppressive therapies after surgery. By 
immunofluorescence microscopy, we quantified infiltrating 

NETing neutrophils (positive staining for MPO, citrullinated 
histone 4 and DNA) in the aorta. Immunofluorescence studies 
suggested the presence of NETs in areas presenting with vasculitis 
or thrombotic lesions and in areas of neutrophilic infiltration. 
These results demonstrate that infiltrating NETing neutrophils 
are seen in areas of vasculitis and microthrombi in tissues from 
patients with BD, suggesting a potential role of NET formation 
in the pathogenesis of the disease (figure 6).

dIsCussIOn
BD is a model of human vasculitis that primarily affects young 
adults. Although the pathogenesis of BD is largely unknown, it is 
accepted that BD is at the crossroads between autoimmune and 
autoinflammatory diseases.4 Besides adaptive immune system 
dysregulation, innate immunity seems to be involved in the 
pathophysiology of the disease.5 6 Recurrent thrombosis events 
occur more frequently in male patients with active disease, 
involving both arterial and venous vessels of all sizes, but deep 
and superficial vein thrombosis of the lower extremities are the 
most common vascular manifestations of the disease.3 4

So far, there is no clear evidence of thrombosis mechanisms 
in Behçet patients and there is no specific tool or plasma/serum 
biomarker to identify and quantify the severity of BD. Patients 
with BD present with increased circulating leukocytes as well as 
high levels of cytokines.5 Despite the poorly defined aetiology of 
BD, neutrophil hyperfunction has been proposed to be the basis 
of BD since 1975 when increased chemotaxis of BD neutro-
phils was first demonstrated in vitro.16 17 Then, BD neutrophils 
were found to be activated using flow cytometry in BD-active 
cases.18 Similarly, infiltrate of neutrophils were evidenced by 
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Figure 2 BD-derived PMNs exhibit increased spontaneous NETosis. (A) Immunofluorescence staining of neutrophils after 3 hours in resting 
condition. Delobulated and spread neutrophils are shown; nets stained in purple corresponding to the costaining of MPO (red) and DAPI (blue). (B, C) 
Patients with ABD-derived PMNs (n=9) exhibit more nets than IBD (n=9) and HD-derived PMNs (n=10) in resting condition. Angio-BD patients derived 
PMNs (n=8) exhibit more nets than non-angio-BD (IBD) (n=10) and HD-derived PMNs (n=10) in resting condition data are the mean±SEM of more 
than three experiments. For statistical analyses, two-way analysis of variance or Mann-Whitney U test was used. *P<0.05, **P<0.01, ***P<0.001. 
ABD, active Behcet’s disease; BD, Behcet’s disease; DAPI, HD, healthy donors; IBD,inactive Behcet’s disease; MPO, myeloperoxidase; NETs, neutrophil 
extracellular traps; PMNs, polymorphonuclear leukocytes.

histopathology in skin, synovial, intestinal and central nervous 
system biopsies.19 20 More recently, a study has shown increased 
ROS production by neutrophils.6 All these data support the 
critical role of neutrophils in BD pathophysiology. Based on 
clinical outcomes, the European League Against Rheumatism 
recommendations for the management of BD has suggested that 
thrombosis should be treated with immunosuppression3 rather 
than anticoagulation, which suggests a continuous cross-talk 
between inflammation and coagulation. However, the causal 
link between activated leucocytes and thrombosis has not yet 
been clearly established in BD.

In the present study, we show that neutrophils from patients 
with BD are prone to undergo NETosis in vitro even without 
stimulation. Consistent with previous studies, we observed that 
ROS levels in BD neutrophils are higher compared with HD. 
Importantly, we show that markers of NETs are significantly 
increased in the serum of active BD compared with inactive BD 
and to HD, supporting our hypothesis that activated neutrophils 
and NETs might play a role in BD pathophysiology.

Besides the fact that NETs levels and markers of NETs are 
increased in BD in the active stage, we showed that they are 
higher in angio-Behçet patients than in non-angio Behçet 
suggesting an association with the potential to contribute to the 
vascular disease.

Espinosa et al found that BD is associated with endothelial 
cell injury accompanied by increased thrombin generation.21 

Presence of thrombophilic factors in BD does not seem to be 
the basis of this clinical and biological hypercoagulable state. As 
NETs are now well known to play a key role in thrombosis,22 
we aimed to investigate the role of NETs in BD in an in vitro 
model of thrombin generation. NETs can activate coagulation 
via the intrinsic and extrinsic pathways, and increase polyphos-
phate-triggered thrombin generation in plasma.6 Histones have 
been shown to increase thrombin generation in a platelet-depen-
dent and platelet-independent manner23 and addition of NETs 
in a PFP has been shown to enhance thrombin generation.23 In 
the context of BD, platelets have been shown to be sensitive 
to adenosine diphosphate (ADP)-dependent activation. Like 
in patients with sepsis, it is likely that the platelets–thrombin–
NETs axis promotes intravascular coagulation and vascular 
dysfunction in BD. Our report is in agreement with a previous 
study by Mejia et al, that thrombin generation, more specifically 
the velocity, in BD is increased.24 Other procoagulant parame-
ters were also measured by using calibrated automated throm-
bogram (CAT) and rotational thromboelastometry (ROTEM) 
which are two global haemostasis assays. Both ROTEM and 
CAT tests revealed that patients with BD have a procoagulant 
state and reported that patients with BD have increased levels 
of fibrinogen, plasminogen activator inhibitor-1 (PAI-1) and 
thrombin–antithrombin complex (TAT) arguing for a global 
prothrombotic state of this pathology.2 Notably, Yurdakul et al 
showed that D-dimer levels are increased in the acute phase of 
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Figure 3 Enhancement of thrombin generation in Behçet’s plasma. (A) Thrombin generation (IIa) was measured in platelet-free plasma from healthy 
donors (HD) (n=25) and inactive (IBD) (n=15) and active (ABD) (n=12) Behçet’s patients and different parameters were measured: (B) the peak, (C) 
the ETP (endogenous thrombin potential) and (D) the velocity. Data are the mean±SEM of ≥3 experiments. For statistical analyses, two-way ANOVA 
test and Bonferroni multiple comparison tests were used: *P<0.05, **P<0.01, ***P<0.001. ANOVA, analysis of variance; ABD, active Behcet’s 
disease; IBD, inactive Behcet’s disease.

Figure 4 Positive correlation of soluble NET components and thrombin generation. The values of thrombin generation peak and velocity measured 
in the plasma of patients with BD are plotted as a function of CfDNA (A, B) or MPO-DNA complexes (C, D). These data are shown as linear regression 
and 95% CIs. For statistical analyses, Spearman correlation test was used (n=9, p values are indicated on the plots). BD, Behcet’s disease; CfDNA, cel-
free DNA; dsDNA, double-stranded DNA; MPO, myeloperoxidase; NET, neutrophil extracellular trap.

thrombosis in patients with BD.25 In addition, our results show 
that the velocity and peak of thrombin generation are positively 
correlated with markers of NETs in sera and that disruption of 
NETs with DNAse significantly reduces thrombin generation in 

BD but not in HD. These data suggest that increased levels of 
soluble NETs components in BD’s sera represent an important 
factor promoting efficient thrombin generation in an in vitro 
model.
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Figure 5 DNase reduces thrombin generation in Behçet’s plasma. Healthy donor (HD) (n=7), inactive Behçet's disease (IBD) (n=10) and active 
Behçet's disease (ABD) (n=8). Behcet’s plasma was incubated for 2 hours at 37°C with DNase or vehicle. Thrombin generation was triggered and 
parameters were analysed: (A) the peak, (B) the velocity, (C) the endogenous thrombin potential (ETP). Data are the mean±SEM of >3 different 
experiments. For statistical analyses, Wilcoxon matched pair tests were used. *P<0.05, *P<0.01, ***P<0.001.

Interestingly, several cases of patients with BD with intrac-
ardiac thrombi revealed that anticoagulation treatments fail to 
prevent recurrent thrombosis but immunosuppressive medi-
cations are much more effective.26 In light of our results, we 
suggest that NETs markers have the potential to contribute to 
the vascular lesions in patients with BD and targeting NETs 
may be worthy of interest in patients with BD. Consistent with 
this hypothesis, and in accordance with histological studies of 
thrombi in other diseases, our immunopathology analysis showed 
the presence of NET markers such as MPO and citrullinated 
histones in vascular lesions and intracardiac thrombi. Indeed, 
the prothrombotic role of NETs has been initially documented 
in the venous compartment such as in the deep vein thrombosis 
disease. However, there is now mounting evidence showing that 
NETs-associated thrombi are also located in arterial diseases. 
For example, Mangold et al reported in 111 patients with acute 
coronary syndrome the presence of NETs in coronary throm-
bectomies and thrombus NETs burden correlated positively with 
infarct size.27 Similarly, two different studies reported the pres-
ence of NETs in thrombi retrieved during endovascular therapy 
in patients with acute ischaemic stroke which contribute to the 
thrombolysis resistance.12 13

NETs have been also implicated in the pathogenesis of many 
inflammatory diseases. For example, previous studies have 
shown neutrophils from antineutrophil cytoplasmic antibody-as-
sociated vasculitis (AAV) patients release more NETs in vitro. 
In addition, it has been shown that these patients have not 
only elevated levels of NETs9 in the circulation but NETs are 
also present in skin lesions10 and thrombi from AAV patients.28 
Similarly, neutrophils from patients with rheumatoid arthritis 
(RA), were shown to undergo NETosis contributing to the 
inflammatory response in synovial fibroblasts through IL17A 

and TNFα.29 30 NETs have been also reported to be a source 
of autoantigens in patients with RA.31 Neutrophils in gout are 
associated with the formation of proinflammatory NETs through 
both autophagy and IL-1β.32 Interestingly, these cytokines are 
increased in BD and IL17, TNFα and IL-1β play an important 
role in Behçet-associated inflammation.4 In a recent study, NETs 
from patients BD have been shown to contribute to the endothe-
lial dysfunction by decreasing cell proliferation and increasing 
cell apoptosis suggesting a role of NETs beyond thrombosis.33 
Interestingly, treatments widely used in BD such as colchicine, 
anti-TNFα or anti IL-6 were recently found to inhibit in vitro 
NETs extrusion and further abridged the endothelial dysfunction 
and the activation of immune cells, thus influencing the global 
activity of the vascular system. Potential therapeutic targets that 
can reduce circulating NETs include: ROS scavenger as N-acetyl-
cysteine, PAD inhibitors as Cl-amidine and DNAse have already 
been used with proven efficacy in systemic lupus erythema-
tous34 35 and RA.36 37

One limitation of this study pertains to the use of samples 
from some patients who were already receiving colchicine 
or DMARDs. However, we did not observe any correlation 
between the use of these medications and the ability of patient’s 
neutrophils to form NETs. The second limitation is the use of an 
in vitro model of thrombin generation that may not reflect the 
complex mechanism of clot formation and vascular injury that 
may be involved in BD.

Taken together, our results suggest that NETs and markers of 
NETs are increased in patients with BD and may have the poten-
tial to contribute to the vascular manifestations. Further studies 
are needed to explore the different mechanisms by which NETs 
collaborate with other cell types and lead to endothelial dysfunc-
tion. Identifying the role of NETosis in BD pathogenesis could 
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Figure 6 NETs are present in inflamed vessels of patients with angio-Behcet.Paraffin-embedded biopsy tissue samples obtained from three patients 
with confirmed angio-Behcet were stained for citrullinated-histone H4 (cit-H4), myeloperoxidase (MPO) or H&E. Representative images are displayed. 
biopsy from patient #1 and #3 demonstrated aortitis with neutrophilic infiltrates. Biopsy from patient #2 showed intracardiac thrombi enriched with 
leucocytes. Original magnification,×10 and x63; scale bar=200 µm

provide new potential targets for the treatment of this disease 
and its associated complications.
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Optimal time between the last methotrexate 
administration and seasonal influenza 
vaccination in rheumatoid arthritis: post hoc 
analysis of a randomised clinical trial

Methotrexate (MTX), a mainstay treatment for rheumatoid 
arthritis (RA), suppresses immune responses to influenza vacci-
nation by approximately 15%–20%.1 To improve responses, 
MTX can be stopped or a higher dose of influenza antigen 
can be administered. A pilot study showed that holding MTX 
for 2 weeks before and 2 weeks after vaccination, or for 4 
weeks after vaccination reversed MTX-induced suppression of 
vaccine responses, but with a tendency to increasing RA flare.2 
A subsequent randomised clinical trial (RCT) showed that 
discontinuing MTX temporarily for 2 weeks after vaccina-
tion improved vaccine responses to an extent similar to those 
after discontinuation of MTX for 4 weeks, with no increase 
in RA disease activity.3 In the latter trial, patients skipped two 
doses of MTX after vaccination. Since levels of MTX in blood 
fall after the last dose, the time between the last MTX dose 
and vaccination may influence vaccine responses. Here, we 
examined clinical factors associated with improved vaccine 
responses after MTX discontinuation.

This is a post hoc analysis of the RCT that investigated the 
effect of MTX discontinuation for 2 weeks on responses to 
seasonal influenza vaccination.3 Briefly, 316 patients with RA 

(diagnosed according to 1987 American College of Rheumata-
logists criteria) receiving a stable dose of MTX for 6 weeks or 
longer were randomised to continue (156 in the MTX-continue 
group) or to hold MTX for 2 weeks (160 in the MTX-hold 
group) after quadrivalent influenza vaccine containing H1N1, 
H3N2, B-Yamagata and B-Victoria (GC Influenza, GC Pharma, 
South Korea). A positive vaccine response was defined as a 
greater than or equal to fourfold increase in haemagglutination 
inhibition (HI) antibody titre. A satisfactory vaccine response 
was defined as a positive response to ≥2 of four vaccine anti-
gens. The benefit of MTX discontinuation was assessed using 
logistic regression analysis to estimate the odds ratio (95% CI) 
for a satisfactory vaccine response in both groups according 
to vaccination time after the last dose of MTX. Patients in the 
MTX hold group were subdivided into eight groups according 
to the number of days between the last MTX administration 
and vaccination (figure 1, panel A). The baseline character-
istics of these subgroups did not differ and neither did the 
baseline dose of MTX (table 1). The vaccine response, fold 
increase in HI antibody titres and rate of postvaccination sero-
protection were not associated with the time between the last 
MTX dose and the time of vaccination (figure 1, panels B–D; 
online supplementary table S1). The absence of impact of the 
number of days between the last MTX dose and vaccination 
could be due to the small patient numbers in eight subgroups. 
The patients were divided into two subgroups: patients who 
received vaccination within 3 days of the last MTX dose 
and those who received it after 4 days of the last MTX dose. 
The vaccine responses did not differ between them (online 

Letter

Figure 1 Vaccine response according to the number of days between the last methotrexate (MTX) dose and vaccination. (A) Patients were grouped 
according to the number of days between the last MTX dose and vaccination. (B) Positive response against a number of antigens. (C) Fold change 
in antibody titres. (D) Rate of seroprotection against four individual antigens. Differences between groups were examined using the χ2 (for vaccine 
response and seroprotection) and Kruskal-Wallis (for fold change) test as appropriate. For a complete set of the data, please refer to the online 
supplementary table S1.
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supplementary table S2). Therefore, vaccinations can be given 
irrespective of the time of the last MTX dose. Patients should 
be advised to simply skip 2 weekly doses of MTX following 
vaccination. This supports the notion that the effects of MTX 
on humeral immunity occur rapidly, despite the delayed effects 
on arthritis; therefore, the absence of MTX during the first 2 
weeks postvaccination is critical for humoral immunity.4

RA disease activity, seropositivity or use of conventional or 
biologic disease-modifying antirheumatic drugs (DMARDs) had 
no additional effect over MTX discontinuation (online supple-
mentary figure S1). Therefore, patients taking higher doses of 
MTX appeared to benefit more from MTX discontinuation.2

In conclusion, patients with RA should hold MTX for 2 weeks 
after vaccination, regardless of the time of their last dose prior 
to vaccination.
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Table 1 Characteristics of patients in the MTX discontinuation group according to the number of days between the last MTX dose and 
vaccination
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Female (%) 9 (90%) 10 (83.3%) 19 (76%) 18 (100%) 14 (87.5%) 26 (89.7%) 22 (95.7%) 22 (81.5%) 140 (87.5%) 0.273

Age, years 56.1±9.8 53.9±11.4 56±9.4 53.9±11.9 52.4±11.4 54.3±9.1 47.7±9 55.8±10.4 53.7±10.3 0.128

RA duration, years 7.6±5.4 5.1±3.2 8.8±7.1 10.2±7.9 4.5±3.9 6.9±7.1 6.4±6.2 5.5±4.5 6.9±6.2 0.084

RF positivity 9 (90%) 10 (83.3%) 19 (76%) 18 (100%) 14 (87.5%) 26 (89.7%) 22 (95.7%) 22 (81.5%) 140 (87.5%) 0.273

ACPA positivity 5 (50%) 10 (83.3%) 22 (88%) 14 (77.8%) 15 (93.8%) 22 (75.9%) 22 (95.7%) 24 (88.9%) 134 (83.8%) 0.059

DAS28-CRP 1.7±0.5 1.9±0.8 2.4±1.1 2.7±1.3 2.3±1.2 2.4±1.1 2.1±0.8 2.4±1.1 2.3±1.1 0.309

Treatment

 GC 5 (50%) 6 (50%) 10 (40%) 12 (66.7%) 6 (37.5%) 11 (37.9%) 11 (47.8%) 13 (48.1%) 74 (46.3%) 0.680

 GC dose, mg/day 1.7±2 1.1±1.5 1.8±2.3 2.5±2.3 1.6±2.3 1.4±2.2 1.5±1.8 1.7±2 1.7±2.1 0.704

 MTX, mg/week 12±3.5 12.5±2.8 12.3±3.5 13.2±2.7 14.4±3.2 12.6±2.9 13.3±2.4 14.1±3.7 13.1±3.2 0.231

 Sulfasalazine 2 (20%) 0 (0%) 1 (4%) 0 (0%) 2 (12.5%) 1 (3.4%) 2 (8.7%) 2 (7.4%) 10 (6.3%) 0.421

 HQC 3 (30%) 4 (33.3%) 8 (32%) 2 (11.1%) 2 (12.5%) 4 (13.8%) 5 (21.7%) 3 (11.1%) 31 (19.4%) 0.350

 Leflunomide 3 (30%) 4 (33.3%) 3 (12%) 7 (38.9%) 3 (18.8%) 4 (13.8%) 7 (30.4%) 6 (22.2%) 37 (23.1%) 0.353

 Tacrolimus 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 2 (6.9%) 0 (0%) 0 (0%) 2 (1.3%) 0.464

Biological DMARDs 1 (10%) 0 (0%) 5 (20%) 3 (16.7%) 1 (6.3%) 4 (13.8%) 1 (4.3%) 2 (7.4%) 17 (10.6%) 0.568

 TNF inhibitor 1 (10%) 1 (8.3%) 5 (20%) 0 (0%) 1 (6.3%) 3 (10.3%) 1 (4.3%) 1 (3.7%) 13 (8.1%) 0.393

 Abatacept 1 (10%) 0 (0%) 1 (4%) 1 (5.6%) 1 (6.3%) 0 (0%) 2 (8.7%) 0 (0%) 6 (3.8%) 0.354

 Tocilizumab 1 (10%) 0 (0%) 1 (4%) 1 (5.6%) 0 (0%) 2 (6.9%) 1 (4.3%) 1 (3.7%) 7 (4.4%) 0.950

 Rituximab 1 (10%) 0 (0%) 0 (0%) 1 (5.6%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 2 (1.3%) 0.066

Tofacitinib 1 (10%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (0.6%) 0.063

The data are expressed as the mean±SD or as number (%). Groups were compared using the χ2 test, Fisher’s exact test or analysis of variance as appropriate.
ACPA, anti-citrullinated peptide antiboidy; CRP, C-reactive protein; DAS28, Disease Activity Score in 28 joints; DMARDs, disease-modifying antirheumatic drugs; ESR, erythrocyte sedimentation rate; GC, glucocorticoids; HCQ, hydroxychloroquine; 
LEF, leflunomide; MTX, methotrexate; RA, rheumatoid arthritis; RF, rheumatoid factor; TNF, tumour necrosis factor.
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Table 1 Multivariate analysis of anti-TNF steady state blood levels 
in relation to MTXPG levels after adjusting for dosage, obesity status, 
CRP levels, disease duration and previous anti-TNF

Random
adalimumab levels
µg/mL (n=83)

Random
etanercept levels
µg/mL (n=86)

Total R2 37.0% 8.8%

Intercept 3.88±2.59 1.33±1.57

RBC MTXPG3 (nmol/L) 0.07±0.03 (p=0.01)* −0.01±0.01 (p=0.44)

Anti-TNF dose (mg/week) 0.47±0.10 (p<0.01) 0.06±0.03 (p=0.07)

BMI >30 (kg/m2) −4.26±1.33 (p<0.01) −0.18±0.49 (p=0.72)

CRP (mg/L) −0.46±0.16 (p<0.01) −0.05±0.03 (p=0.12)

Disease duration (years) 0.05±0.07 (p=0.50) −0.03±0.02 (p=0.23)

Previous anti-TNF −2.54±1.66 (p=0.13) −0.06±0.77 (p=0.94)

*Each unit RBC MTXPG3 (expressed as nmol/L) was associated with 0.09 units 
higher adalimumab levels (expressed as µg/mL). Estimates are given for each of the 
anti-TNFs as dependent variables with RBC MTXPG3, anti-TNF dose, obese status, 
CRP, disease duration and previous anti-TNFs as independent predictors.
BMI, body mass index; CRP, C reactive protein; RBC MTXPG, red blood cells 
methotrexate polyglutamate; TNF, tumour necrosis factor.

Differing contribution of methotrexate 
polyglutamates to adalimumab blood levels as 
compared with etanercept

Methotrexate (MTX) is known to improve blood levels and clin-
ical outcome to anti-tumour necrosis factor (anti-TNF) therapy 
by reducing the formation of antidrug antibodies.1 Recent find-
ings indicate that MTX prevents immunisation against TNF 
inhibitors through de novo purine biosynthesis inhibition and 
generation of immunosuppressive adenosine.2 This effect is 
mediated by activation of MTX prodrug to MTX polyglutamates 
(MTXPG), and we previously reported that MTXPG levels were 
associated with improved steady state levels of infliximab.3 In 
this study, we extended these observations and evaluated the 
impact of MTXPG on adalimumab and etanercept levels.

The study was cross-sectional by design, multicentred (three 
sites) and enrolled 169 consecutive consented adult rheumatoid 
arthritis subjects under MTX in combination with adalimumab 
(83 subjects) or etanercept (86 subjects). All patients enrolled 
were inadequate responders to MTX prior to starting anti-TNF 
therapy and had received MTX with anti-TNF therapy for least 
3 months. At the time of a single visit, anticoagulated blood was 
collected randomly with respect to the last subcutaneous injection 
of adalimumab or etanercept. Adalimumab and etanercept levels 
were determined using a TNF reporter gene assay (expressed as 
µg/mL plasma).3 Red blood cells (RBC) MTXPG levels (up to 5 
glutamic residues) were determined using liquid-chromatography 
(expressed as nmol/L) as described.3 C reactive protein (CRP) levels 
were determined using immunoturbidimetry. All subjects provided 
informed consent and the protocol was approved by internal 
review boards at each of the participating institution. Statistical 
analysis consisted of multivariate linear regression with anti-TNF 
levels as the dependent variable and RBC MTXPG3 (long-chain, 
the preponderant MTXPG in circulating RBCs) as the indepen-
dent predictor, adjusting estimates for TNF dosage, obesity status 
(body mass index >30 kg/m2), CRP levels, duration of disease and 
previous anti-TNF usage. Estimates are reported as mean with SEs).

All 169 subjects enrolled in this study (59±1 years; 82% females) 
were under MTX therapy (102±5 months) and were prescribed 
anti-TNF therapy for 59±3 months. Mean MTX dosage was 
16±0.4 mg/week, and mean RBC MTXPG3 levels were 38±2 
nmol/L. CRP levels were 8.0±0.5 mg/L with 39% subjects obese. 
Demographics by anti-TNF groups are presented in online supple-
mentary table 1. Mean steady state adalimumab and etanercept 
levels were 11.8±0.8 µg/mL and 3.2±0.2 µg/mL, respectively, 
while mean RBC MTXPG3 was 38±2 nmol/L and 39±2 for adali-
mumab and etanercept, respectively.

Heightened long-chain RBC MTXPG3 levels was associated 
with higher steady state adalimumab (p=0.01) blood levels, 
while there was no impact on etanercept blood levels (p=0.44) 
(table 1). These observations remained significant after adjusting 
for anti-TNF dosage, obesity status (which had a negative impact 
on adalimumab levels), CRP levels (which tended to associate 
with lower levels for both monoclonal antibodies), previous use 
of TNF and disease duration. Very-long chain MTXPG4-5 also 
associated with elevated adalimumab levels (online supplemen-
tary table 1).

These data are consistent with the notion that MTX polyglu-
tamation may impact infliximab and adalimumab pharmacoki-
netics that are immunogenic and prone to anti-idiotype antibody 
formation.4 Because etanercept is a fusion TNF receptor construct 

with little incidence of antidrug antibodies, the impact of MTX 
metabolism on its exposure is negligible. We acknowledge that 
our study was cross sectional and that the findings from this 
pilot study are limited steady state levels. However, our find-
ings suggest that the optimisation of background MTX therapy 
and achievement of adequate MTXPG levels may potentiate the 
efficacy of infliximab and adalimumab in addition to facilitating 
dosage reduction strategies in therapeutic drug monitoring inter-
ventions.5 6
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Table 1 Characteristics of patients with GLA variants

Sex Age Variant Freq norm dbfgp.org fabry-database.org Duro et al 2018 LysoGb3 (ng/mL) RF CCP Diagnosis

Female 62 p.Asp313Tyr 0.50% Benign Polymorphism GVUS <0.6 0 0 RA

Female 43 p.Asp313Tyr 0.50% Benign Polymorphism GVUS 0.7 1 1 RA

Female 58 p.Ala143Thr 0.07% Likely benign Polymorphism GVUS 0.7 0 0 SScl

Female 64 p.Asp313Tyr 0.50% Benign Polymorphism GVUS <0.5 0 1 RA

Female 79 p.Arg118Cys 0.05% Likely benign NA GVUS <0.5 1 1 RA

Female 65 p.Asp313Tyr 0.50% Benign Polymorphism GVUS 0.7 0 1 RA

Female 70 p.Arg252Thr Unknown Benign NA NA 0.8 0 0 RA

Female 60 p.Asp313Tyr 0.50% Benign Polymorphism GVUS <0.5 1 1 RA

Details of patients with variants in the alpha-galactosidase A gene identified in the early arthritis cohort. Genotype–phenotype correlation of the respective variants according 
to dedicated databases (dbfgp.org and fabry-database.org) or current literature (GVUS: genetic variant of unknown significance)1 as well as their approximate frequency in 
caucasians (freq norm, according to dbfgp.org), and concentration of globotriaosylsphingosine (lysoGb3; normal ≤0.9 ng/mL), the presence (‘1’) of rheumatoid factor (RF), 
antibodies to citrullinated peptides (CCP) and the final clinical diagnosis (diagnosis, RA: rheumatoid arthritis, SScl: systemic sclerosis). NA, not available.

Clinical characteristics of patients with alpha-
galactosidase A gene variants in a German 
multicentre cohort of early 
undifferentiated arthritis

Fabry disease (FD) is a rare lysosomal storage disorder caused by 
mutations of the alpha-galactosidase A gene (GLA) which causes 
premature morbidity due to organ dysfunction following depo-
sition of globotriaosylceramide (Gb3).1 Presenting symptoms 
include musculoskeletal pain such as acroparesthesias2 which 
often result in rheumatological consultations.3 Concerns have 
been raised that patients with FD are often falsely attributed 
with classical rheumatological diagnoses, precluding early effec-
tive treatment.3

We therefore performed GLA sequencing (Centogene, 
Rostock, Germany) in a multicentre national cohort of 798 
patients with early undifferentiated arthritis (500 female, mean 
follow-up 19.5±7.4 months) (Course And Prognosis of Early 
Arthritis study, CAPEA,4 ethics approval 3368). Patients aged 
above 18 years with clinical arthritis for ≤26 weeks in ≥2 joints, 
or 1 joint with morning stiffness >30 min were eligible for 
inclusion.

As detailed in table 1, eight heterozygous variants in female 
patients were found, none of which was considered to be patho-
genic for FD (resulting prevalence in women [age 55.3±14.7 
years]: 1.6%). Globotriaosylsphingosine values were tested 
in these patients by tandem mass spectrometry (Centogene) 
to further exclude active disease.5 Seven of the patients were 
diagnosed with rheumatoid arthritis (RA) and one patient with 
systemic sclerosis. In order to assess whether the presence of GLA 
variants (exposition) were associated to a distinct phenotype 
(outcome), patients with RA with GLA variants were compared 
with patients with RA without GLA variants. Generalised linear 
mixed modelling with a random intercept for matched cases was 
performed after 1:3 propensity-score matching including age, 
sex and disease duration (matching variables) within the patients 
diagnosed with RA (n=660 including 7 GLA-variant cases 
described in table 1). The presence of a GLA variants was associ-
ated to a reduced swollen joint count (OR 0.085, p=0.047), but 
not to a higher frequency of symptoms typically associated to 
FD, that is, congestive heart failure, renal insufficiency, pulmo-
nary disease, gastrointestinal complaints (all p=1.0), cerebral 
ischaemia (p=0.76) or a combination thereof (p=0.98). In a 
longitudinal analysis (follow-up 23.1±2.3 [GLA variants] and 
20.3±6.7 months [wild type]), cases with GLA variants favour-
ably responded to standard-of-care treatment for RA with reduc-
tion in the DAS28 (OR 0.92, p<0.001), Simplified Disease 
Activity Index (OR 0.49, p<0.001) and Clinical Disease Activity 
Index (OR 0.54, p<0.001). These trends over time were also 
observed in patients with RA without GLA variants. Interest-
ingly, patients carrying GLA variants also showed improvements 
in several items including joint function (‘Health Assessment 
Questionnaire’, OR 0.98, p=0.02), tender joint count (OR 0.78, 
p<0.001) and duration of morning stiffness (OR 0.08, p=0.01). 
The latter items were not significantly improved in patients with 
RA without GLA variants.

Our data thus suggest that, at least under the present inclu-
sion criteria (≥1 clinically swollen joint), FD is unlikely to be 
systematically overlooked in clinical rheumatology practice in a 
large national cohort. It has to be stressed, however, that rheu-
matologists should nevertheless be alert to the rare differential 
diagnosis of FD as they are often among the first specialists 
consulted due to acral pain.2 3 FD should especially be consid-
ered in individuals complaining about acral pain without any 
confirmed joint swelling. Helpful clinical signs include angio-
keratomas, multiorgan dysfunction, especially chronic heart 
failure, renal insufficiency, stroke and a family history thereof. 
Of note, X-chromosomal heritage results in a preponderance for 
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more severe symptoms in men,6 which may explain the lack of 
male cases in our study. Interestingly, patients with GLA variants 
improved in more items compared with wild-type RA. We are 
not aware of any systematic differences of treatment strategies 
in either group. So far, GLA variants have not been identified 
as modifiers of RA disease severity; verification in independent 
cohorts is hence warranted.
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Smoking does not protect patients with axial 
spondyloarthritis from attacks of uveitis

Acute anterior uveitis (AAU) is the the most common extra-
axial manifestation in axial spondyloarthritis (axSpA) and can 
lead to visual impairment if untreated. Cross-sectional axSpA 
studies have consistently reported lower odds of AAU in current 
smokers than ex or never smokers,1 2 which is in contrast to 
higher AAU risk among smokers in the general population.3 
One explanation for this apparent paradox is behaviour change; 

those with AAU may be more likely to quit smoking. However, 
this does not explain the higher odds of AAU in never smokers. 
Another possibility is that smoking is protective for AAU as it is 
for ulcerative colitis, which shares patho-aetiology with axSpA 
and AAU.4 If smoking is protective of AAU, it should also reduce 
the frequency of flares. We examined the impact of smoking 
status on the number of AAU episodes among patients with AAU.

The British Society for Rheumatology Biologics Register 
for Ankylosing Spondylitis is a prospective study of patients 
fulfilling the ASAS criteria for axSpA.5 AAU diagnoses were 
physician confirmed. The number of documented episodes of, 
and treatment for, AAU between each study visit was extracted 
from patient records. The maximum number of episodes in 
each 12-month period was our outcome of interest. Participants 
who received AAU treatment were assumed to have had an 
episode. Study visits with ≤6-month interval were discarded to 
reduce the likelihood of recording the same episode more than 
once. We used negative binomial mixed models to test whether 
smoking status (current, ex or never) was associated with 
frequency of episodes, adjusting for age, gender, symptom dura-
tion, the Bath AS Disease Activity Index and use of TNF inhibi-
tors. Since smoking has been suggested to influence response to 
biologic therapy, we also stratified the analysis for the biologic 
and non-biologic cohorts. As sensitivity analysis, we restricted 
the maximum number of episodes per year to 5 and 10 to test 
whether effect estimates were robust against potential outliers.

Among 2420 axSpA participants, 632 (26%) were diagnosed 
with AAU through the study period, contributing 1457 patient-
years of follow-up. The mean age was 50.8 years (SD ±13.3) 
and 68% were men. The number of recorded AAU episodes per 
12-month period ranged from 0 to 15. Compared with never 
smokers, both current (incidence rate ratio (IRR) 1.33; 95% 
CI 0.92 to 1.92) and ex-smokers (IRR 1.19; 95% CI 0.88 to 
1.59) had higher incidence of AAU attacks, although not statis-
tically significant. In the biologic cohort, current smokers had 
76% per year higher incidence (IRR 1.76; 95% CI 1.02 to 3.04) 
compared with never smokers, while ex-smokers had 29% 
higher incidence (IRR 1.29; 95% CI 0.77 to 2.15) (figure 1). 
As covariates, age and symptom duration were not associated 
with IRR of AAU episodes. Results from sensitivity analyses were 
similar (see online supplementary text).

In this longitudinal axSpA cohort, we showed general 
trends that smoking was associated with increased incidence 
rate of AAU episodes. The ‘protective’ effect of smoking seen 
in cross-sectional studies is likely not causal. This is consistent 
with increased risk of uveitis observed among smokers in the 
general population.3 Although nicotine may have anti-inflamma-
tory properties, cigarette smoking is overall pro-inflammatory. 
Spurious relationships can emerge when studies restrict to a 
disease population: smoking, which is known to increase risk of 
psoriatic arthritis in the general population, was found to reduce 
this risk when restricted to patients with psoriasis.6 Larger popu-
lation studies are needed to further examine the role of collider 
bias for smoking and AAU in axSpA. Smoking increases radio-
graphic progression in AS and may reduce response to treatment; 
our study provides yet another line of evidence highlighting the 
importance of smoking cessation among patients with axSpA.
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Figure 1 Smoking was associated with higher incidence rate of acute anterior uveitis (AAU) episodes.
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Relationship between exposure to air pollutants 
and development of systemic autoimmune 
rheumatic diseases: a nationwide population-
based case–control study

Air pollutants are a heterogeneous mixture of gases and parti-
cles including particulate matter <2.5 µm in size (PM2.5), 
particulate matter <10 µm in size (PM10), nitrogen dioxide 
(NO2), carbon monoxide (CO), sulfur dioxide (SO2) and 
ozone (O3). Air pollutants have proinflammatory effects and 
are therefore among the environmental factors contributing to 
the generation of inflammation and autoimmunity. However, 
there is scanty data supporting the correlation between 
air pollution and systemic autoimmune rheumatic diseases 
(SARDs), which mainly include systemic lupus erythematosus 
(SLE), rheumatoid arthritis (RA), systemic sclerosis and auto-
immune myositis.

We investigated the relationship between air pollutants expo-
sure and SARDs in a nationwide population-based case–control 
study. From the National Health Insurance Research Database, 
we identified Chinese adult incident cases afflicted with one of 
SARDs as well as age-matched and gender-matched controls 
in a 1:4 ratio from 1 January 2012 to 31 December 2013 
(table 1). Long-term residential exposure to air pollutants was 
estimated based on the monitoring data from Environmental 
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Table 1 Baseline characteristics and the exposure levels of air pollutants in patients with SARDs and age-matched and sex-matched controls

Variable
Patients with SLE 
(n=1858)

Controls 
matched to 
patients with 
SLE (n=7432)

Patients with 
RA (n=5283)

Controls matched 
to patients with 
RA (n=21132)

Patients with 
systemic sclerosis 
(n=287)

Controls matched 
to patients with 
systemic sclerosis 
(n=1148)

Patients with 
autoimmune 
myositis (n=313)

Controls matched 
to patients with 
autoimmune 
myositis 
(n=1252)

Age, years (mean±SD) 44.8±16.6 44.8±16.6 55.0±14.0 55.0±14.3 55.3±14.0 55.3±14.6 53.0±14.0 52.5±14.0

Female, n (%) 1568 (84) 6272 (84) 3972 (75) 15 888 (75) 214 (75) 856 (75) 183 (59) 732 (59)

Urbanisation, n (%)

 Level 1 546 (31) 2200 (32) 1626 (33) 6549 (33) 89 (33) 353 (32) 92 (32) 395 (33)

 Level 2 521 (30) 2101 (30) 1483 (30) 5817 (29) 72 (26) 291 (27) 82 (28) 353 (30)

 Level 3 286 (17) 1150 (17) 783 (16) 3278 (17) 48 (18) 182 (17) 56 (19) 209 (18)

 Level 4 385 (22) 1536 (22) 1086 (22) 4245 (21) 65 (24) 269 (25) 61 (21) 235 (20)

Family income (NTDs), n (%)

  ≦15,840 1092 (59) 4386 (59) 1991 (38)* 8280 (39) 107 (37) 452 (39) 107 (34) 486 (39)

 15,841–28,800 580 (31) 2268 (31) 2329 (44) 9139 (43) 136 (47) 528 (46) 130 (42) 512 (41)

 28,801–45,800 140 (8) 571 (8) 653 (12) 2652 (13) 32 (11) 121 (11) 53 (17) 170 (14)

  ≧45,801 46 (3) 207 (3) 310 (6) 1061 (5) 12 (4) 47 (4) 23 (7) 84 (7)

Air pollutants (mean±SD)

 Particulate matter2.5 (μg/m3) 32.3±7.2 32.4±7.3 32.4±7.3 32.6±7.5 32.4±7.1 32.9±7.3 31.6±7.2 32.2±7.1

 Particulate matter10 (μg/m3) 54.5±12.5 54.8±12.9 54.7±13.0 55.0±13.1 54.3±12.3 55.6±12.8 52.9±12.5* 54.5±12.7

 SO2 (ppb) 3.8±1.4 3.9±1.4 3.8±1.4* 3.9±1.5 3.8±1.4 4.0±1.4 3.7±1.3* 3.9±1.4

 NO2 (ppb) 18.7±5.1 18.6±5.1 18.8±5.2 18.8±5.2 18.7±4.9 18.6±5.3 18.5±5.3 18.9±5.0

 CO (ppm) 0.5±0.1 0.5±0.1 0.5±0.1 0.5±0.1 0.5±0.1 0.5±0.2 0.5±0.1 0.5±0.1

 O3 (ppb) 27.7±3.3 27.9±3.3 27.7±3.2 27.7±3.3 27.7±3.4 27.9±3.4 27.8±3.4 27.7±3.3

 Pollutant Standards Index† 54.4±7.1 54.5±7.3 54.5±7.4 54.6±7.4 54.5±7.0 55.0±7.2 53.6±7.3 54.4±7.2

*P<0.05 compared with age-matched and sex-matched controls.
†Pollutant Standards Index (PSI): the index incorporates five air pollutants SO2, particulate matter10, NO2, CO and O3. A subindex value is calculated for each pollutant based on the pollutant's ambient air concentration. 
The highest subindex is regarded as the PSI value.
CO, carbon monoxide; NO2, nitrogen dioxide; NTD, new Taiwan dollar (1 NTD = EUR$0.03 on 23 March 2019); O3, ozone; RA, rheumatoid arthritis; SARD, systemic autoimmune rheumatic disease; SLE, systemic lupus 
erythematosus; SO2, sulfur dioxide.

Protection Agency in 2011. The average levels of air pollut-
ants in 368 townships across Taiwan throughout the entire 
year were calculated using the Cressman interpolation anal-
ysis in Grid Analysis and Display System. The Pollutant Stan-
dards Index (PSI) was derived from the highest value for the 
five pollutants (ie, SO2, NO2, O3, CO and PM10) after trans-
forming their concentrations onto a 0–500 scale.1 Multivar-
iate logistic regression analysis was performed to assess the 
association between exposures to each air pollutant (model 
1, adjusting for age, gender, levels of urbanisation, family 
income and levels of exposure to other air pollutants) or PSI 
(model 2, adjusting for age, gender, levels of urbanisation and 
family income) and the development of SARDs. We revealed 
a positive correlation between NO2 exposure levels and the 
development of SLE (OR 1.46, 95% CI 1.03 to 2.08 per 10 
ppb increment), and a negative correlation for CO exposure 
levels (OR 0.29, 95% CI 0.12 to 0.70 per 1 ppm increment) 
(figure 1).

The aetiopathogenesis of SARD is complex. Air pollutants 
are postulated to induce autophagy, apoptosis and necrosis in 
human bronchial epithelial cells, and thus to promote pulmo-
nary/systemic inflammation.2 A few epidemiological studies 
revealed a link between air pollution and SARDs, particularly 
RA and SLE.3 In the present study, we demonstrate different 
associations between each air pollutant and the development 
of SARDs. The discrepancy may be explained by the different 
interactions between air pollutants exposure and dysregulated 
immune system in disparate diseases.

The average exposure levels of SO2 were significantly lower 
in patients with RA and autoimmune myositis, when compared 
with matched controls (table 1). Interestingly, a negative asso-
ciation of SO2 with all four SARDs was also observed in the 
multivariate analysis, although the statistical significance was 

not achieved. In the multivariate analysis, we discovered a 
positive association of NO2 exposure with the development 
of SLE. Regarding its immunological effects, chronic expo-
sure to NO2 could induce an inflammatory response.4 5 These
observations may support our presented results. Another 
novel finding is the negative association of CO exposure with 
the development of SLE. Given that CO is an endogenous 
biological mediator, a number of studies have demonstrated 
its anti-inflammatory effects.6 Besides, the CO-releasing mole-
cules have been investigated as a treatment for autoimmune 
diseases in murine models. These observations resonated with 
our findings.

In conclusion, we reveal significant associations between 
air pollutants exposure and the development of SLE, but not 
other SARDs, in Chinese adults. The development of SLE 
was positively associated with NO2 exposure, but negatively 
with CO exposure. More studies in the future are required 
for further confirmation due to the exploratory nature of the 
present study.
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Figure 1 Multivariate analyses of associated factors for SARDs in terms of levels of exposure to air pollutants or Pollutant Standards Index. #ORs as 
regards to levels of exposure to each air pollutant were adjusted for age, gender, levels of urbanisation, family income and levels of exposure to other 
air pollutants (model 1), and ORs as regards to Pollutant Standards Index were adjusted for age, gender, levels of urbanisation and family income 
(model 2). CO, carbon monoxide; NO2,nitrogen dioxide; O3, ozone; SO2, sulfur dioxide; SARD, systemic autoimmune rheumatic disease.
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Table 1 Performance of the EULAR/ACR IIM and the ASSD criteria 
according to the antisynthetase antibodies positivity*

Antibodies N EULAR/ACR
EULAR/ACR punctuating
non-Jo1 ARS† Solomon

Anti-Jo1 17 (100) 17 (100) 17 (100) 11 (64.7)

Anti-PL12 8 (100) 2 (25) 8 (100) 2 (25)

Anti-PL7 4 (100) 0 (0) 4 (100) 1 (25)

Anti-EJ 4 (100) 2 (50) 4 (100) 0 (0)

Anti-OJ 4 (100) 1 (25) 3 (75) 3 (75)

Total 37 (100) 22 (59.5) 36 (97.2) 17 (45.9)

Bold and italic values indicate the number of cases with non-anti-Jo1 ARS that met EULAR/ACR criteria 
and those that are reclassified.
*Results are expressed as number (percentage).
†As a theoretical exercise, we assigned to each ARS the same weight as anti-Jo1 in the EULAR/ACR 
criteria.
ARS, antisynthetase antibodies; ASSD, antisynthetase syndrome; EULAR/ACR, European League Against 
Rheumatism/American College of Rheumatology classification criteria; IIM, idiopathic inflammatory 
myopathies.

Idiopathic inflammatory myopathies and 
antisynthetase syndrome: contribution of 
antisynthetase antibodies to improve current 
classification criteria

The presence of muscle weakness and anti-Jo1 anti-aminoacyl 
transfer RNA synthetase (ARS) autoantibodies are evaluated 
in the new European League Against Rheumatism/American 
College of Rheumatology (EULAR/ACR) proposed classification 
criteria for adult and juvenile idiopathic inflammatory myop-
athies (IIM), as well as in the Solomon proposed criteria for 
antisynthetase syndrome (ASSD) diagnosis.1 2 That favours an 
overlapping in both criteria fulfilment; however, ASSD is not 
considered among the IIM subgroups classification.

Anti-Jo1 ARS positivity is the highest weighted criterion in the 
EULAR/ACR criteria. Furthermore, anti-PL7 and anti-PL12 ARS 
were found to be strongly associated with IIM during the criteria 
development; however, the low number of observations limited 
their reliability analysis, and they were not finally included.1 3 
Anti-EJ, anti-OJ and other ARS were not considered at all due 
to the limited availability of detection methods at the start of the 
criteria development.3 On the other hand, any ARS positivity is 
considered in Solomon’s criteria.

Thus, according to other authors, we purpose that IIM and 
ASSD classification criteria might need a revision to better 
homogenise patient groups.3–6 Therefore, we designed this study 
to evaluate if the detection of ARS other than anti-Jo1 could 
improve the EULAR/ACR criteria performance, and addition-
ally to contribute to a better classification of the antisynthetase 
syndromes.

We retrospectively analysed a cohort of 37 patients with clin-
ical suspicion of IIM or ASSD and positive ARS in the myositis 
immunoblot. The main objectives were to assess: (1) the rate of 
patients meeting EULAR/ACR and Solomon’s criteria; (2) the 
rate of patients with anti-Jo1 and with non-anti-Jo1 ARS that 
fulfilled them; and (3) the rate of patients with non-anti-Jo1 ARS 
meeting the EULAR/ACR criteria if we assign to these antibodies 
the same weight as anti-Jo1 ARS. For information about data 
source, statistical analysis and characteristics of the study popu-
lation, see online supplementary text and online supplementary 
Table S1.

As a result, 22 patients (59.5%) met EULAR/ACR criteria (13 
probable and 8 definitive) and 17 patients (45.9%) met Solo-
mon’s criteria. When analysing the compliance of them together, 
we found that 13 patients (35.1%) fulfilled both criteria, repre-
senting the 59.1% of those patients who met EULAR/ACR 
criteria and the 76.5% of those who met Solomon’s criteria.

Analysing by antibodies, all patients with anti-Jo1 ARS (n=17) 
met EULAR/ACR criteria (11 probable and 6 definitive). Among 
the patients with non-anti-Jo1 ARS (n=20), only 5 (25%) met 
the criteria (2 probable and 3 definitive); however, if we gave 
the anti-Jo1 weight to the other ARS when applying the EULAR/
ACR criteria, 19 of the 20 cases (95%) would meet them (7 
probable and 12 definitive) (table 1). Besides, considering the 
clinical features, 10 of the 20 patients with non-anti-Jo1 ARS 
(50%) presented clinically objectified muscle weakness, and only 
4 of them met EULAR/ACR criteria; nevertheless, weighing any 
ARS as anti-Jo1, the other six cases would be reclassified as IIM.

In summary, we have observed that a high rate of patients 
with clinical suspicion of IIM or ASSD and positive ARS 
fulfilled EULAR/ACR and also Solomon’s criteria; and that 
all cases with anti-Jo1 positivity met EULAR/ACR criteria, 
but not those with other ARS. Additionally, when we applied 
the EULAR/ACR criteria assigning to all ARS the same weight 
as anti-Jo1, all except one patient fulfilled the criteria; thus, 
the most important result was that all patients with clin-
ically objectified muscle weakness and non-anti-Jo1 ARS 
that initially did not meet the EULAR/ACR criteria could be 
re-classified as IIM.

To conclude, the main limitations of this study are the 
retrospective design, the relatively small size of the sample 
and the absence of a comparator group. However, it suggests 
that the detection of non-anti-Jo1 ARS in patients with myop-
athy suspicion could increase the sensitivity of the EULAR/
ACR classification criteria; and that the ASSD, when presents 
myositis, should be considered among the IIM classification 
subgroups.
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Use of dual-energy CT to detect and depict 
bone marrow oedema in rheumatoid arthritis: is 
it ready to substitute MRI?

MRI can visualise and depict bone marrow oedema, which is 
known to be a strong independent predictor for radiographic 
progression in patients with rheumatoid arthritis (RA).1 2 Recent 
advances in dual-energy CT have enabled the direct visualisa-
tion of traumatic bone marrow oedema with high sensitivity 
and specificity through implementation of virtual non-calcium 
(VNCa) images.3–7 

We have recently read Jans and colleagues’ letter8 entitled, 
‘Dual-energy CT: a new imaging modality for bone marrow 
edema in rheumatoid arthritis,’ published online this June, 
which mentioned the use of dual-energy CT to visualise bone 
marrow oedema of the hand and wrist in patients with active RA 
and deduced that the colour-coded VNCa images could differ-
entiate normal bone marrow from bone marrow oedema and 
corresponded well to bone marrow oedema on MRI. While we 
appreciate the authors’ innovative attempts, we believe there are 
several issues concerning this novel imaging modality that are 
worth mentioning before this technology is applied to the clin-
ical practice.

We would like to draw attention to the figure 1 in this 
letter8, where the extent of bone marrow oedema in CT and 
MRI imaging is compared. Based on our experience with VNCa 
application in dual-energy CT, we can see clearly that there are 
significant discrepancies in the extent of bone marrow oedema 
in ‘head of MC’ between figure 1B and C as well as between 
figure  1E and F. Furthermore, bigger disagreement occurs in 
carpal bones, which, in contrast to MRI, it was almost impos-
sible to accurately score bone marrow oedema in some of them, 
especially the trapezoid and lunate bone (figure  1H,I). Actually, 
it is reasonable to score grade 2 for both trapezoid and lunate 
on VNCa image, whereas both bones should be scored grade 
3 on MR image according to the Outcome Measures in Rheu-
matology Clinical Trials (OMERACT) RA MRI scoring system. 
Differences between these subjective visual analyses could be due 
to the inherent limitation of dual-energy CT which the VNCa 
algorithm may produce artefacts that might hamper the accurate 
analysis of bone marrow in small bones and can result in lack of 
visible oedema. In addition, dual-energy VNCa images are the 
inability to show mild bone marrow oedema directly adjacent to 
cortical bone, which is due to incomplete masking of the cortex 
and spatial averaging.7

However, the authors of this study report that the agreement 
between dual-energy CT and MRI for detection of bone marrow 
oedema in the eight carpal bones was almost ‘very good’ over 
70% except trapezoid bone. Are these conflicting results due to 
the great variation of this technique or the patient’s age? After 
all, osteoporosis is a cause of marrow oedema that can be misin-
terpreted on VNCa images alone. It has been documented that 
reader confidence for negative interpretations was highest in 
elderly patients whose marrow was entirely replaced by fat and 
who had minimal degenerative changes.7

Another major flip side is that the relatively small number of 
positive bones is included in this exploratory analysis. Although 
20 patients were enrolled, the majority of affected bones were 
less than five, and the positive rate was so low that it was difficult 

to draw a credible conclusion. Therefore, conclusion should 
be deduced with caution and at the same time, qualitative and 
quantitative analysis studies on large-scale cases need to be vali-
dated before this technology is trully applied to clinical practice.

In conclusion, we believe dual-energy CT represents a poten-
tial imaging modality for detection of bone marrow oedema in 
RA, but further research is required to validate its utility and to 
avoid potential pitfalls.
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Response to: ‘The use of dual-energy CT to 
detect and depict bone marrow oedema in 
rheumatoid arthritis: is it ready to substitute 
MRI?’ by Wu et al

We wish to thank the authors for their interest in our paper.1 
We agree that the corresponding dual-energy CT (DECT) and 
MRIs in the published paper2 show a certain degree of visual 
discrepancy. However, when comparing the two imaging modal-
ities on a single slice, discrepancies may occur due to differences 
in the imaging plane, slice thickness, postprocessing, as well as 
differences between both techniques to detect a certain feature. 
In our study, a global evaluation of all slices in all available planes 
was performed. It is recognised that recording bone marrow 
oedema (BME) on a single slice is a potential pitfall. This is why 
imaging in two planes and the presence of BME on two consecu-
tive slides3 are mandatory in the assessment of BME.

It remains challenging to determine the exact outline of BME 
in MRI and DECT alike. MRI became the gold standard simply 
because no other technique was available. Based on our expe-
rience, BME is ill-defined on MRI as well. This is reflected in 
the rheumatoid arthritis MRI scoring system (RAMRIS) scoring 
system for BME on MRI, where the scale is 0–3 based on the 
proportion of bone with oedema, as follows—0: no oedema; 1: 
1%–33% of bone oedematous; 2: 34%–66% of bone oedema-
tous; and 3: 67%–100%.4

We agree that small pockets of BME directly adjacent to the 
cortex may be difficult to depict on DECT. In our paper, we 
stated that the currently poor spatial resolution makes quantifi-
cation of BME difficult.

We also agree that DECT for detection of BME is best 
performing when the red bone marrow is entirely replaced by 
fat.5 Hence, our study group of subjects with RA and a mean age 
of 60.7 was ideal for DECT as red bone marrow is no longer 
present in the hand and wrist of these patients.

As already stated in our paper, we acknowledge that a major 
limitation of our study is the small number of positive bones in 
this exploratory analysis, which may be due to the inclusion of 
patients who received treatment at the time of the scans. Large 
qualitative and quantitative analysis studies are mandatory for 
validation of this new technology before it can be applied to 
research or clinical practice. Our study showed that DECT is 
a new technique that enables detection and depiction of BME 
in RA. DECT is a fast, cheap and accessible potential imaging 

modality for detection of BME in RA with superb visualisation 
of structural lesions, but further research is required before it can 
substitute MRI.
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Checkpoint inhibitors and arthritis: seeking 
balance between victories and defeats

Eventually, we heard the French proverb “dans la médicine 
comme dans l’amour, ni jamais, ni toujours” suggesting that 
medicine is unpredictable. The introduction of new therapeutic 
interventions in clinical practice accompanies this rule, arising 
both certainties and doubts, until experiences are shared to 
generate a conduit guide. However, just like any guide, medical 
guidelines should work as compasses, not as anchors, because 
real-life medicine constantly exposes physicians to new and 
unfamiliar situations, replete with previously unheard-of and 
unweighted variables.

The introduction of immune checkpoint inhibitors (ICIs) in 
the treatment of cancer is an example of this situation. Despite 
these drugs are one of the greatest therapeutic advances of medi-
cine in the last decades, positive points emerge and also negative 
ones, providing a cascade of new knowledge, including rheu-
matic immune-related adverse event (irAE) induced by ICI.1 2 
We read with great interest a manuscript written by Chan and 
Bass in this journal reporting a case of polymyalgia rheumatica 
(PMR) induced by ICI therapy that was partially treated with 
a MEK 1/2 inhibitor, proposing a possible correlation between 
the MEK/ERK pathway and PMR.1 We emphasise that this was 
only allowed after the fortuity irAE associated with ICI therapy, 
coupled with the acumen of Chan and Bass to identify this 
possible correlation.

In the last 2 years, countless publications have flooded the 
journals with case series addressing the rheumatic irAE associ-
ated with the ICI. In February 2018, a practical guideline about 
the management of those irAEs was published in the Journal of 
Clinical Oncology.3 This guideline brought a breath to those 
professionals who longed for a specific orientation regarding 
the management of all irAEs. Interestingly, the guideline sepa-
rated the rheumatic manifestations into inflammatory arthritis, 
polymyalgia rheumatic-like syndrome and myositis, as well as in 
three symptom grade system (mild, moderate and severe).3 The 
recommendations are illustrated in a table of that article wisely 
warning that “all recommendations are expert consensus based, 
with benefits outweighing harms and with moderate strength of 
recommendations”.3

We do not have the intention to solve the numerous questions 
that arose after the recognition of this entity, even though scien-
tific evidence is still lacking so far. However we would like to 
score four ‘practical topics’ that still should be answered.

1) In the so-called “mIld cases” of arthrItIs
assocIated wIth IcI, should oncologIsts actually 
expect refractorIness from the cortIcosteroId 
therapy to refer to the rheumatologIst?
We suggest that there are four reasons indicating that an 
earlier referral to the rheumatologist should be preferred: (1) 
the distinction between an inflammatory arthritis and a PMR 
syndrome may not be simple for the non-rheumatologist4; (2) 
classic inflammatory arthritis and PMR usually have different 
prognostic features as well as different management on rheu-
matology practice4; (3) these conditions may persist even after 
discontinuation of ICI therapy2; and (4) even if remote, there is 
a possibility that the articular manifestation has no correlation 
with ICI therapy, but with the neoplasm itself or another vari-
able not previously considered. Thus, we see no reason to wait 
for specific situations (eg, refractory to corticoid) to referral to 
rheumatology.

2) In the so-called “moderate and severe cases” of
rheumatIc Irae, should we advIse the oncologIst 
to hold or not to hold the IcI therapy?
Daniel Kahneman is a psychologist who, interestingly, won the 
Nobel Prize in Economic Sciences. His book Thinking Fast and 
Slow comments about human psychological reactions based on 
hope to gain and fear to lose.5 He stated that usually people 
are willing to take a risk to prevent the loss of something, but 
are not prone to take a risk for an uncertain gain. In other 
words, it seems that for most people, the pain of loss is greater 
than the pleasure of winning. This also applies to our patients, 
and so we ask: is the ‘pain’ of losing the therapeutic effect of 
ICI greater or less than the pain of rheumatic symptoms?

Thus, although the articular pain may greatly impact the 
patient’s quality of life, knowing that they can be handled 
satisfactorily with disease-modifying antirheumatic drugs 
(DMARDs), while maintaining the ICI therapy, would not 
this be a good alternative? This question brings us to the third 
point.

3) Is there any problem to concomItant use
of dmard and IcI therapy?
This questioning arose after we noticed the guideline insis-
tence on the use of symptomatic drugs, especially prednisone, 
delaying the introduction of DMARDs. The interface between 
oncological patients and rheumatic disease is by no means a 
new situation.6 7 Some colleagues may be thinking: “but the use 
of checkpoint inhibitors is a new situation; I will not risk using 
DMARDs in these cases”. It is a fair reluctance. This is why 
recent publications come to help us to shape our approach. 
Approximately 30% of patients with pre-existing rheumatic 
disease have experienced flares of their prior disorder in asso-
ciation with treatment using ICI for malignancy.8 9 In those 
cases, should we stop ICI therapy or should we stop the 
DMARD and add prednisone? Although this question seems 
rhetorical, fortunately, we may offer a third option. Metho-
trexate (MTX), leflunomide, hydroxychloroquine and sulfas-
alazine have been used concurrently with ICI therapy in some 
cases without any known damage so far. One consideration 
with these therapies, however, is their slow onset of action. 
So, in patients with limited life expectancy, they may fail to 
achieve optimal effect quickly enough to improve the impair-
ments in quality of life.10–12

Even that, despite oncologists may be reluctant in the 
concomitant use of DMARD and ICI therapy, we do not see, 
until now, any contraindication of this combination, especially 
if it is a non-biologic DMARD. Although the use of MTX in 
oncology is associated with worrying adverse events, it is justi-
fied by the high doses practised by them. In rheumatology, 
the use of MTX, as well as other non-biologic DMARDs like 
hydroxychloroquine and leflunomide, is extremely safe at the 
doses practised, including in concomitance with immunobi-
ological therapies, sponsoring improvement of symptoms, 
interruption of disease progression and early weaning of the 
corticosteroid.13 14 However, although there are reports of use 
of biologic–DMARD therapy in some cases (eg, infliximab, 
tocilizumab and etanercept), due to the molecular peculiarity 
involved with those drugs, we believe that more caution is 
necessary when considering their use concomitant with ICI 
therapy, especially tocilizumab because of the overlapping risk 
of intestinal perforation, and abatacept, because it directly 
opposes the mechanism of ICIs.2 3
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4) do we have any good news for the patIent
who has musculoskeletal Irae secondary to IcI 
therapy?
As Eugen Weber said, “bad times to live are good to learn”.14 
This kind of thinking is very useful, especially when we are 
talking about cancer with our patients. Many of them think 
everything is lost and, when the ICI therapy arrives to soften 
their desires, an irAE appear. The manuscript of Kostine et al 
evaluated the prevalence and type of rheumatic irAEs in patients 
receiving ICI, as well as the correlation with tumour response.15 
Fortunately, they noted that tumour response was significantly 
higher in patients who experienced rheumatic irAEs. Although 
our tendency to find that checkpoint immunotherapy is bad for 
rheumatic diseases,16 time may show us the opposite. Talking 
about this possibility with our patients does not mean giving 
them false hope, but rather showing that a coin has two sides.

fInal consIderatIons
The balance that must be pursued should be of a controlled 
cancer disease with the patient maintaining quality of life without 
adding side effects resulting from antirheumatic drugs, including 
those associated with prolonged use of corticosteroid. It is just 
another battle in which we must seek the benefits of victory by 
avoiding the griefs of defeats.

Of course the decision of whether the ICI therapy should be 
held or not needs to be made on an individual basis, but it is 
important for the rheumatologist to keep in mind that our focus 
should be to maintain the oncologist’s comfortability with the 
ICI therapy as well as chase away the patient’s fear of losing the 
benefit of cancer treatment while maintaining them with their 
quality of life. It is a situation that a good doctor–patient rela-
tionship is essential and especially a good rheumatologist–oncol-
ogist relationship is mandatory.

Management of these cases is the time when the art overlaps 
with science. There are no masters of truth. Articles from Kostine 
et al15 and Chan and Bass1 are showing us that ‘a coin has two 
sides’, and that this theme still hangs over a penumbra. Just like 
in life, we have to have the balance to keep moving, valuing the 
victories and managing the defeats.
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Response to: ‘Checkpoint inhibitors and 
arthritis: seeking balance between victories and 
defeats’ by Moura and Moura

We appreciate the very clever analysis by Moura and Moura1 of the 
numerous questions addressed by the management of immune-re-
lated adverse events (irAEs) occurring in patients treated with 
checkpoint inhibitors, and their citation of a French proverb, 
although the exact meaning of the proverb « en médecine comme 
en amour, ni jamais ni toujours » is not that medicine is unpredict-
able, but that there are always exceptions. Medical doctors must be 
aware of these exceptions and constantly remain vigilant.

The two first questions addressed by Moura and Moura 
concern the value of a rheumatologist’s collaboration while 
guidelines have recently been published to help oncologists in 
the management of irAEs.2–4 We definitely agree with these 
authors to consider the strong value added by the rheuma-
tologist’s analysis of musculoskeletal symptoms occurring in 
patients treated with immune checkpoint inhiboitors (ICIs). 
To illustrate this point, we will shortly report on three recent 
patients referred to our rheumatology unit by their oncologist 
for a suspicion of irAE.

The first patient, an 80-year-old woman, was given nivolumab 
since 5 months for advanced renal cell carcinoma. She complained 
of pain and deformities of her fingers, and presented with an effu-
sion of the right knee. In fact, the deformities of the fingers were 
typical Heberden’s nodes and the synovial fluid analysis of the knee 
aspiration revealed 560 white blood cells/mm3, indicating an ordi-
nary degenerative process. Thus, the patient was given analgesics 
and an intra-articular steroid injection for her knee. What lessons 
can be learnt from this story? Without a rapid consultation in the 
department of rheumatology, these symptoms could be misinter-
preted as an irAE leading to the prescription of corticosteroids, 
and the patient finally referred due to corticoresistance, making the 
analysis of the situation by the rheumatologist much more difficult 
as steroids could mask many symptoms.

The second patient, a 62-year-old man, was treated with 
nivolumab for 3 months for lung cancer, when he suddenly 
complained of shoulder and pelvic girdle pain with pronounced 
morning stiffness. The stiffness was so profound that he had 
major difficulty turning over in bed or rising from a bed or 
a chair. Rheumatologists know that, for polymyalgia-rheu-
matica, symptoms intensity is not necessarily associated to 
high-dose steroids requirement. The patient was successfully 
treated with 15 mg of prednisone/day and nivolumab was 
continued. In the absence of the rheumatologist’s collabo-
ration, this event could be classified as grade 3 according to 
the Common Terminology Criteria for Adverse Events of the 
National Cancer Institute, and the patient treated with high-
dose corticosteroids, maybe with ICI withdrawal, with the risk 
of compromising the anti-tumoural effect of the treatment.

The last patient, an 84-year-old man, previously treated with 
chemotherapy for a recurrent lung adenocarcinoma, was given 
nivolumab since 3 months when he developed an interstitial lung 
disease then a thyroiditis. One month later, a sudden pain of the 
right shoulder, then of both shoulders associated with morning 
stiffness of the shoulder girdle. C-reactive protein level was 
39 mg/L, antinuclear antibodies (ANA) , rheumatoid factor and 
anti-cyclic citrullinated peptide (anti-CCP) were negative. X-rays 
of the shoulders were normal while ultrasonography showed an 
effusion of both subacromial bursae. In this context, the diagnosis 
of polymyalgia rheumatica induced by the checkpoint inhibitor 

was considered, and the patient was given prednisone 15 mg/day. 
The symptoms rapidly improved on the left shoulder, but not on 
the right one, and a swelling of this right shoulder was clearly 
visible 3 weeks later. Ultrasonography and MRI showed a tissular 
mass invading the deltoid, corresponding to a muscular metas-
tasis of the adenocarcinoma. In this last case, the corticosteroids 
resistance immediately draw attention to the rheumatologist and 
rapidly reappraised the initial diagnosis. Although this patient 
undoubtedly developed irAEs, such events are not systematically 
associated with a good anti-tumoural response. ICIs are given in 
case of advanced cancer; therefore, all new musculoskeletal symp-
toms, as well as the lack of improvement with corticosteroids, must 
lead to search for metastases development.

In all these situations, the patient care was far from the 
simple application of a medical recipe, and the close collab-
oration between rheumatologists and oncologists was crucial 
for the management of the patients.

The last two questions addressed by Moura and Moura 
concern the possible negative effect of the concomitant use 
of disease-modifying antirheumatic drugs (DMARDs) and 
ICI therapy, as well as the prognosis value of musculoskeletal 
irAEs. One more time, a close collaboration between rheu-
matologists and oncologists and the constitution of cohorts 
of patients will be prerequisites to answer such major ques-
tions. It is currently impossible to affirm that synthetic or 
biological DMARDs, and even corticosteroids given to treat 
irAEs, have no negative effect on ICIs response, although 
some reports gave reassuring data.5–7 The question remains 
also unresolved for patients presenting with pre-existing 
inflammatory or autoimmune disorders requiring such 
treatment.8

In order to analyse all these crucial questions, recommen-
dations for the diagnosis and the management of musculo-
skeletal irAEs due to cancer immunotherapy will be proposed 
by the European League Against Rheumatism in the near 
future.
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Can we further SPARkle the SPAR model?

We read with great interest the simple prediction model (SPAR) for 
the prediction of progress of early interstitial lung disease (ILD) in 
systemic sclerosis.1 The prospect of identifying such a predictor 
is both exciting and thought provoking. While the finding of 
lower oxygen saturation at baseline and after the 6 min walk test 
predicting progress of ILD was a significant finding, presence of 
arthritis resulting in a similar outcome was intriguing. Though the 
paper states that the data were derived from several local databases 
and that individual data with more than 50% entries missing were 
excluded, we would appreciate if the authors could shed more light 
on the following.
1. Ever having arthritis and progression of ILD

Musculoskeletal manifestations in scleroderma are commonly 
treated with methotrexate.2 The progress/worsening of ILD by 
methotrexate has been widely contested across various disease 
groups.3 4 Hence, could it be possible that the subset of patients 
with arthritis ended up receiving methotrexate, which in turn 
was responsible for ILD progression?
2. Pattern of ILD

Though ground glass opacity and honey combing were anal-
ysed in the study, possibility of different patterns of ILD having 
different rates of progression cannot be ruled out. Would a 
subgroup analysis based on the radiographic type of ILD at base-
line contribute to a different result?
3. History of lung infections

Triggers like microaspiration, smoking and infections can 
exacerbate ILD.5 6 A subgroup analysis of smokers and those 
with significant pulmonary infections in the past 1 year may also 
provide us with useful insights.

Chengappa G Kavadichanda, Vir Singh Negi

Clinical Immunology, Jawaharlal Institute of Postgraduate Medical Education and 
Research (JIPMER), Pondicherry, India

Correspondence to Dr Chengappa G Kavadichanda, Clinical Immunology, 
Jawaharlal Institute of Postgraduate Medical Education and Research (JIPMER), 
Pondicherry 605006, India;  doc. chengappa@ gmail. com

Handling editor Josef S Smolen

Competing interests None declared.

Patient consent Not required.

Provenance and peer review Not commissioned; internally peer reviewed.

© Article author(s) (or their employer(s) unless otherwise stated in the text of the 
article) 2019. All rights reserved. No commercial use is permitted unless otherwise 
expressly granted.

To cite Kavadichanda CG, Negi VS. Ann Rheum Dis 2019;78:e93.

Received 19 June 2018
Accepted 20 June 2018
Published Online First 29 June 2018

 ► http:// dx. doi. org/ 10. 1136/ annrheumdis- 2018- 213962 

Ann Rheum Dis 2019;78:e93. doi:10.1136/annrheumdis-2018-213954

RefeRences
 1 Wu W, Jordan S, Becker MO, et al. Prediction of progression of interstitial lung 

disease in patients with systemic sclerosis: the SPAR model. Ann Rheum Dis 
2018;77:1326–32.

 2 Clements P. Management of musculoskeletal involvement in systemic sclerosis. Curr 
Treatm Opt Rheumatol 2016;2:61–8.

 3 Conway R, Low C, Coughlan RJ, et al. Methotrexate and lung disease in rheumatoid 
arthritis: a meta-analysis of randomized controlled trials. Arthritis Rheumatol 
2014;66:803–12.

 4 Conway R, Low C, Coughlan RJ, et al. Methotrexate use and risk of lung disease in 
psoriasis, psoriatic arthritis, and inflammatory bowel disease: systematic literature 
review and meta-analysis of randomised controlled trials. BMJ 2015;350:h1269.

 5 Huie TJ, Olson AL, Cosgrove GP, et al. A detailed evaluation of acute respiratory 
decline in patients with fibrotic lung disease: aetiology and outcomes. Respirology 
2010;15:909–17.

 6 Ryerson CJ, Collard HR. Acute exacerbations complicating interstitial lung disease. Curr 
Opin Pulm Med 2014;20:436–41.

Correspondence

http://www.eular.org/
http://ard.bmj.com/
http://crossmark.crossref.org/dialog/?doi=10.1136/annrheumdis-2018-213954&domain=pdf&date_stamp=2019-07-23
http://dx.doi.org/10.1136/annrheumdis-2018-213962 
http://dx.doi.org/10.1136/annrheumdis-2018-213201
http://dx.doi.org/10.1007/s40674-016-0039-6
http://dx.doi.org/10.1007/s40674-016-0039-6
http://dx.doi.org/10.1002/art.38322
http://dx.doi.org/10.1136/bmj.h1269
http://dx.doi.org/10.1111/j.1440-1843.2010.01774.x
http://dx.doi.org/10.1097/MCP.0000000000000073
http://dx.doi.org/10.1097/MCP.0000000000000073
http://ard.bmj.com/


1 of 2Ann Rheum Dis September 2019 Vol 78 No 9

Response to: ‘Can we further SPARkle the SPAR 
model?’ by Kavadichanda et al

Thank you very much for your interest in our article ‘Prediction 
of progression of interstitial lung disease in patients with systemic 
sclerosis: the SPAR model’1 and your precious questions ‘Can we 
further SPARkle the SPAR model’.2 We are glad to respond as 
below.

EvEr having arthritis and progrEssion of iLd
Musculoskeletal manifestations in scleroderma are commonly 
treated with methotrexate. The progress/worsening of ILD by 
methotrexate has been widely contested across various disease 
groups. Hence, could it be possible that the subset of patients 
with arthritis ended up receiving methotrexate, which in turn was 
responsible for ILD progression?

The causative role of methotrexate (MTX) in inducing or 
exacerbating interstitial lung disease (ILD) is quite controversial, 
especially in non-rheumatoid arthritis autoimmune diseases.3 
Furthermore, Avouac et al4 reported that the presence of joint 
synovitis was an independent predictor for disease progression 
in systemic sclerosis (SSc), suggesting that arthritis by itself is 
associated with organ manifestations independent of other 
factors such as use of MTX.

However, to address your question, we analysed the use of 
MTX at baseline from both cohorts from our paper. A total of 
50/215 (23.3%) patients received MTX in the combined cohort. 
Among those, 18/50 (36.0%) were ILD progressors and 32/165 
(19.4%) were non-progressors (p=0.015). However, after 
using multivariate logistic regression, MTX treatment was no 
longer significantly associated with ILD progression (OR 2.44, 
95% CI 0.86 to 6.97, p=0.095), while lower SpO2 after 6 min 
walk test and arthritis ever were still significant predictors. In 
the subgroup of patients treated with MTX (n=50), the SPAR 
model could still significantly distinguish ILD progressors from 
non-progressors (area under the curve (AUC) 0.85, 95% CI 0.72 
to 0.97, p<0.001). Considering the predictive performance, 
9/10 (90.0%) patients with a SPAR score of 2 were ILD progres-
sors, while 17/19 (89.5%) patients with a SPAR score of 0 were 
non-progressors. Overall, these results indicate that excise-in-
duced oxygen desaturation and presence of arthritis predict ILD 
progression independent of MTX treatment in the population 
of mild ILD associated with systemic sclerosis (mild SSc-ILD).

pattErn of iLd
Though ground glass opacity and honey-combing were analysed in 
the study, possibility of different patterns of ILD having different 
rates of progression cannot be ruled out. Would a subgroup anal-
ysis based on the radiographic type of ILD at baseline contribute 
to a different result?

We assume that you are referring to the different radio-
graphic patterns of ILD (eg, non-specific interstitial pneumonia 
(NSIP) and usual interstitial pneumonia (UIP)). In a large surgical 
biopsy series, Bouros et al5 reported that the majority of patients 
with SSc-ILD (78%) showed histologically an NSIP pattern, 
while only 8% showed an UIP pattern. Overall survival was not 
significantly different between NSIP and UIP. In contrast, disease 
extent on HRCT regardless of radiographic pattern provided 
invaluable prognostic information for SSc-ILD.6 Similarly, in 
our derivation cohort, only 3/98 (3.1%) patients had the sign of 
‘honey combing’, a typical radiographic feature of UIP pattern, 
which was consistent with our study population of mild ILD. 
Hence, we believe the subgroup analysis based on radiographic 
pattern is very unlikely to provide meaningful information.

history of Lung infEctions
Triggers like microaspiration, smoking and infections can exacer-
bate ILD. A subgroup analysis of smokers and those with signifi-
cant pulmonary infections in the past 1 year may also provide us 
with useful insights.

We fully agree with this point that smoking and pulmonary 
infections might also play a triggering role in the exacerba-
tion of ILD. Smoking status was available from the derivation 
cohort. A total of 30/98 (30.6%) patients had a history of ciga-
rette smoking (past or current) at baseline. The percentage of 
smokers did not differ significantly among ILD progressors and 
non-progressors (40.0% vs 27.4%, p=0.238). After applying 
multivariate regression, ‘ever smoker’ was also not predictive 
for ILD progression (p=0.999). In the subgroup analysis of 
smokers (n=30), we tested the performance of SPAR model, 
which showed that the SPAR model could still help to identify 
ILD progressors (AUC 0.87, 95% CI 0.72 to 1.00, p=0.001). 
Considering the predictive performance, 6/7 (85.7%) patients 
with a SPAR score of 2 were ILD progressors, while 14/15 
(93.3%) patients with a SPAR score of 0 were non-progressors.

Unfortunately, we did not have data of pulmonary infections 
1 year prior to baseline in our cohort. However, according to 
our daily experience, a low annual incidence of significant lung 
infections (<5%) was observed in patients with mild ILD asso-
ciated with SSc. In such a small subgroup analysis, any mean-
ingful findings related to pulmonary infection could hardly be 
expected.
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Is miR200b-5p a new predictor of lymphoma or 
associated with lymphocytes infiltrate within 
salivary glands?

We read with great interest the paper by Kapsogeorgou et al 
published recently in The Annals of the Rheumatic Diseases 
focusing on the link between miR200-5bp and the risk of 
lymphoma in primary Sjögren syndrome (pSS).1 In this study, 
the authors assess the level of this miRNA within salivary gland 
biopsy in three groups of patients with pSS: group 1 is made 
of patients without lymphoma, group 2 is made of patients at 
high risk of lymphoma and who developed lymphoma in median 
3.67 years after biopsy and the last group 3 is made of patients 
with lymphoma at the time of biopsy. Interestingly, the authors 
demonstrate that miR200b-5p is significantly decreased in 
patients with lymphoma and moreover in patients at high risk of 
lymphoma. This result strongly suggests that miR200b-5p could 
be considered as a new biomarker predictor of future occurrence 
of lymphoma in patients with pSS.

Autoimmune diseases are associated with an increased risk 
of lymphoma and pSS is the disease with the highest risk. It is 
now well established that the relative risk is between 10 and 20 
compared with the general population. Five to 10% of patients 
with pSS might develop lymphoma. Identifying this small group 
of patients is a real challenge and several classical predictors 
could be useful including persistent enlargement of parotid 
gland, purpura, lymphadenopathies, monoclonal gammapathy, 
lymphopaenia, low C4, presence of cryoglobulinemia.2 Most of 
these factors have been used by the authors to define the high 
risk group as previously published.3 In addition, identification 
of predictors can help better understanding the multiple step 
process promoting the escape of a B cell clone and its lymphoma-
tous transformation. More recently, identification of new predic-
tors such as ectopic germinal centres4 or high focus score (FS) 
≥3,5 rheumatoid factor and disease activity assessed by ESSDAI6 
illustrates the role of chronic B cell stimulation in lymphomagen-
esis complicating pSS. Interestingly, even if not statistically tested 
in the study by Kapsogeorgou et al, these three items were likely 
to be more prevalent in the high risk group compared with the 
group without lymphoma.

The study presented by Kapsogeorgou et al proposes that 
miR200b-5p could be a new predictor of lymphoma. Kaplan-
Meier lymphoma-free survival curve including patients at high 
risk and patients without lymphoma are very convincing. The 
authors then performed univariate and multivariate analyses to 
test if miR200b-5p level was associated with lymphoma devel-
opment. However, whether these analyses included or not 
patients with lymphoma at time of biopsy is not so clear. If they 
include the patients with existing lymphoma, the authors cannot 
conclude that decrease miR200-5p is predictive of future occur-
rence of lymphoma. If they do not include the patients with 
existing lymphoma, as specified for the receiver operating char-
acteristic (ROC) curve analysis, the number of parameters (n=8) 
included in the multivariate analysis would be excessive for a 
total population of 44 patients. 

In addition, the authors demonstrate that miR200b-5p levels 
were highly and negatively correlated with infiltration of sali-
vary glands and more specifically with the FS. This point is very 
important. Although the FS has been demonstrated to be predic-
tive of lymphoma occurrence,6 it was not included in the multi-
variate analysis to assess if the association observed between 
miR200b-5p and occurrence lymphoma is independent of the 

importance of the infiltrate or is simply a proxy and/or another 
way of measuring the lymphoid infiltration. The authors show in 
the supplementary figure S2 that the degree of infiltration does not 
affect miR200b-5p expression in minor salivary glands (MSGs). 
However, that is true for FS<3 but not if FS≥3 where the level 
of miR200b-5p is decreased. Interestingly, this threshold of 3 has 
been demonstrated to be discriminating for the risk of lymphoma 
in the study by Risselada et al. Thus, it would be helpful to compare 
the level of miR200b-5p in patients with FS<3 versus FS≥3 and 
more importantly to include FS≥3 in the multivariate analysis. 
Indeed, as discussed by the authors, considering that miR200b-5p 
is preferentially expressed by epithelial cells, decreased level of this 
miRNA could only mirror the dilution of epithelial cells among an 
increased/higher lymphoid infiltrate.

We would be very grateful to the authors if they could provide 
these additional analyses that would help better understanding 
the link between this new biomarker and future occurrence of 
lymphoma.
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Response to: ‘Is miR200b-5p a new predictor of 
lymphoma or associated with lymphocytes 
infiltrate within salivary glands?’ by Nocturne 
et al

We would like to thank Nocturne et al1 for their comments 
regarding our paper,2 giving us the opportunity to clarify possible 
obscurities and signify the predictive value of low miR200b-5p 
levels in minor salivary glands (MSGs) for the development of 
lymphoma in primary Sjögren’s syndrome (pSS).

Our findings disclosed that low miR200b-5p levels in MSGs of 
patients with pSS (1) strongly discriminate patients with SS who 
will develop or have lymphoma from those who will not, (2) 
independently predict lymphoma development, (3) are reduced 
long before the clinical onset of lymphoma, enabling thus, the 
identification and efficient monitoring of high-risk patients and 
(4) may have an application in the monitoring of therapeutic 
response. These findings strongly support the predictive value 
of miR200b-5p for monitoring lymphoma development in pSS. 
Furthermore, the simplicity of the detection assay facilitates the 
easy and reproducible application worldwide.

As addressed in the original manuscript, this new biomarker was 
found to correlate with several histological, clinical and laboratory 
parameters previously associated with lymphoma development, 
including biopsy focus score and infiltration by various types by 
infiltrating cells.2 Although the later associations could reflect that 
the low levels of miR200b-5p in patients with pSS who will develop 
or have lymphoma owe to dilution effect due to reduced numbers 
of the producing source in the inflamed tissue (most likely epithe-
lial cells), this does not seem to be the case. Hence, miR200b-5p 
levels were not found to associate with keratin transcripts, which 
reflect epithelial cell numbers. In addition, miR200b-5p levels 
in low-risk patients who did not develop lymphoma during 
follow-up were significantly higher from those in pre-lymphoma 
or lymphoma patients with pSS with similar focus scores (online 
supplementary table S3 and figure S2B of original publication). 
Moreover, the increase or reduction of miR200b-5p levels in 
the MSGs of patients who responded or relapsed, respectively, 
in therapy was not accompanied by respective change in biopsy 
focus score (data not shown). Finally, statistical analyses further 
confirmed that low miR200b-5p levels in MSGs are an indepen-
dent predictor of lymphoma development in pSS and not a result/
mirror of increased infiltration, as suggested by Nocturne et al. 
Thus, focus score as a continuous variant did not associate with 
lymphoma development in our cohort.2 Subsequent analysis on 
the basis of high/low focus score (FS ≥3 and FS <3, respectively), 
further proved that miR200b-5p predicts lymphoma development 
independently from FS. Although miR200b-5p levels were signifi-
cantly lower in MSG tissues with high FS (mean relative expres-
sion±SD: 0.42±0.19 vs 0.67±0.23 in MSGs with FS ≥3 and 
FS <3, respectively, p<0.0001) and FS ≥3 was associated with 
lymphoma in univariate analysis (p=0.004), the latter, in contrast 
to miR200b-5p levels, was not found to independently predict 
lymphoma in multivariate analysis. Moreover, FS ≥3 was unable 
to independently predict lymphoma development even when it was 
compared only with miR200b-5p levels by Cox regression anal-
ysis, further substantiating that the predictive value of miR200b-5p 
is not affected by the degree of MSG infiltration.

One of the weaknesses of the study is that the multivar-
iate analyses were performed in a limited number of patients 
for the parameters tested, including the low-risk patients with 
pSS who did not develop lymphoma during follow-up and the 

high-risk patients with pre-lymphoma (n=44). Since we could 
not exclude or select some of the parameters on an arbitrary 
basis, to validate our results regarding the independent predic-
tive value of miR200b-5p, we employed Cox regression analyses 
of miR200b-5p levels (as continuous or categorical values (low 
miR200b-5p expression levels: ≤0.4156, as defined by the speci-
ficity–sensitivity analysis)) with only one of the disease parameters 
that were associated with lymphoma development in univariate 
analyses each time or different combinations including three or 
four parameters. In every case, miR200b-5p levels, as a contin-
uous or categorical variable, remained in the equation, supporting 
its predictive value.

Finally, we would like to emphasise that all clinical, laboratory 
and histological features described in the table 1 of the original 
manuscript, including ectopic germinal centres in MSG lesions, 
biopsy FS, rheumatoid factor and disease activity as defined by 
ESSDAI score, have been statistically tested for association with 
lymphoma development in the patients with pSS who did not 
have lymphoma at the time of biopsy (low-risk and pre-lymphoma 
patients). In fact, ectopic germinal centres, rheumatoid factor and 
ESSDAI score were found to associate with lymphoma develop-
ment in univariate analysis, whereas EULAR SS disease activity 
index (ESSDAI) score has been proven as an independent predic-
tive factor of lymphoma development in multivariate analysis.2

Conclusively, our data support that miR200b-5p is a novel 
independent predictor of lymphoma development in pSS. 
Its predictive value remains to be validated in a larger cohort 
of patients with pSS, which is planned in the context of the 
HarmonicSS project (European Union Grant-731944).
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Are the loading dose treatment groups superior 
to the 150 mg without loading dose group in the 
secukinumab FUTURE 5 study?

I read with great interest the article by Mease et al1 because 
equivalence in efficacy with lesser secukinumab total doses 
could be less expensive to payers and more safe and comfort-
able to patients. However, I am somewhat disappointed with 
the reported results.

The authors state, in the ‘Discussion’ section, that secuk-
inumab has demonstrated the benefit of a loading dose 
regimen, regardless of the dose, particularly when aiming for 
higher levels of response and faster outcomes in joint and 
skin end points. Nevertheless, I think that the reported data 
do not allow this conclusion. First, statistical comparisons 
between active treatment groups were not reported. Even if 
loading dose groups had better numerical responses, it might 
have occurred by chance and the differences are small in all 
end points. Second, the 150 mg without loading dose group 
had numerically superior results in radiographic progression 
in the overall and tumour necrosis factor-naive populations. 
Third, no Candida infections occurred in the 150 mg without 
loading dose group, while five cases occurred in the other 
active groups. Fourth, the study was not powered to show 
differences between active groups.

For the sake of clarity, the authors should report the analyses 
between active groups data.
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Inflammatory cytokines, life-threatening 
arrhythmias and premature mortality in chronic 
inflammatory arthritis: time to focus on

We read with much interest the paper by Ntari et al1 and would 
like to highlight how the high prevalence of fatal arrhythmic events 
that they found in Tg197 mice might have relevant implications in 
the clinical setting.

A solid body of data supports the evidence that in patients with 
chronic inflammatory arthritis (CIA), particularly rheumatoid 
arthritis (RA), the risk of death is significantly higher than in the 
general population, and that such a premature mortality is largely 
related to fatal cardiovascular events.2 In this regard, two popula-
tion-based studies provided evidence that the prevalence of cardiac 
arrest (CA) and sudden cardiac death (SCD) is ~2 times higher 
in patients with RA than in those with no RA.3 4 In addition, in 
patients with RA, the onset of an acute coronary syndrome is char-
acterised by an increased short-term case fatality, as well as a higher 
risk to present with SCD when compared with subjects with no 
RA.5 Altogether, these data strongly suggest that excess of mortality 
in patients with CIA is due, at least in part, to an increased inci-
dence of life-threatening ventricular arrhythmias.6

In accordance with this view, accumulating evidence indi-
cates that systemic inflammation may promote a pro-arrhythmic 
substrate in CIA, via multiple effects directly or indirectly increasing 
myocardial electric instability.6 Indirect effects, including accelera-
tion of coronary atherosclerosis and myocardial remodelling, are 
the most recognised. They may lead to an increased risk of isch-
aemic heart disease and chronic heart failure, which are conditions 
inherently burdened by a high arrhythmogenic potential.6 In addi-
tion, increasing data demonstrate that inflammatory cytokines, 
particularly tumour necrosis factor alpha (TNFα), IL-6 and IL-1, 
directly affect cardiac electrophysiology by modulating the expres-
sion and function of specific ion channels in the cardiomyocyte 
resulting in a prolongation of ventricular action potential dura-
tion (APD).6 Accordingly, QTc interval, reflecting APD on surface 
ECG and representing a well-recognised risk factor for life-threat-
ening ventricular arrhythmias and SCD in the general population, 
is frequently prolonged in patients with RA,6 where it strictly 
correlates with cytokine levels,7 8 also independently predicting 
mortality.9 In addition, a recent study on a large cohort of women 
with RA demonstrated that IL-6 levels strongly predicted cardio-
vascular events, particularly fatal cardiovascular events.10

Despite such evidence, prevalence and characteristics of ventric-
ular arrhythmias in RA, and more in general in patients with CIA, 
are substantially unknown, as to date population studies investi-
gating this subject are surprisingly lacking. Thus, no direct evidence 
is currently available that the higher risk of SCD/CA in these patients 
is due to an increased incidence of lethal arrhythmias. Similarly, 
although increasing data indicate that treatment with antirheumatic 
drugs decreases the incidence of all cardiovascular events in CIA, 
such specific outcomes are so far largely unexplored.11

In this view, the paper by Ntari et al1 provides important clues in 
order to fill this gap of knowledge. In fact, the authors provided for 
the first time direct demonstration that in a murine model of cyto-
kine (TNFα)-mediated chronic polyarthritis, premature mortality 
of unknown aetiology is markedly increased (~50%) along with a 
high incidence of fatal arrhythmic events. In addition, the evidence 
that both premature death and arrhythmias occur relatively early 
(10–13 weeks of age) after mice had established arthritis (ie, 8 
weeks) supports the view that rapidly occurring electrophysiolog-
ical changes in the heart may represent an important contributing 

mechanism by which cytokine overexpression increases arrhythmic 
risk in these animals.

These findings of the study should be emphasised. In fact, in 
our opinion, they warrant large population-based studies aimed 
at defining the actual prevalence of life-threatening arrhythmias 
and SCD in CIA, as well as clinical trials to evaluate the impact 
of antirheumatic therapies, particularly anticytokine biological 
agents, on arrhythmic events and premature mortality in these 
patients. This information, besides helping clarify the pathogen-
esis of the phenomenon, may open new treatment opportunities in 
CIA, possibly also including specific antiarrhythmic interventions 
to date largely overlooked in these patients.
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Rituximab in ANCA-associated vasculitis: fewer 
infusions or ultra low-dose maintenance therapy?

Antineutrophil cytoplasmic antibody (ANCA)-associated 
vasculitis (AAV) is a life-threatening disease characterised by a 
recurrent course and progressive accumulation of irreversible 
damage of vital organs, that is, kidney and lungs. Before the 
advent of immunosuppression, AAV was usually fatal, that is, 
up to 80%–90% of patients were expected to die within 1 to 
2 years after diagnosis. Aggressive immunosuppressive treat-
ment with cyclophosphamide and high-dose corticosteroids 
has improved the outcomes in patients with AAV at the cost 
of significant toxicity.1 Not surprisingly, the researchers are 
focused on exploring the new regimens of immunosuppres-
sion that can provide a similar efficacy with an improved 
safety. These attempts were at least partly successful partic-
ularly due to the introduction of rituximab both for remis-
sion induction and maintenance treatment. Moreover, current 
evidence suggests that a proportion of patients with AAV are 
overtreated with rituximab and may benefit from an optimised 
maintenance therapy.

In the recently published multicentre, randomised controlled, 
phase III trial (MAINRITSAN2), the investigators from the 
French Vasculitis Study Group compared the efficacy and safety 
of a tailored rituximab regimen, based on monitoring of ANCA 
titre and CD19+ B-cell counts, with fixed-schedule rituximab 
infusions in 162 patients with granulomatosis with polyangiitis 
or microscopic polyangiitis, who were in complete remission 
at the time of enrolment.2 Patients from the first group were 
scheduled to receive 500 mg of rituximab at randomisation, 
while rituximab infusions were repeated only when serial moni-
toring showed an increase in ANCA titre and/or repopulation 
of B cells. Patients from the second group were treated with 
five fixed rituximab infusions (days 0 and 14 and at months 6, 
12 and 18 after the first infusion).

Tailored approach was a cost-saving technology and was 
associated with an impressive 1.5-fold reduction in the total 
number of rituximab infusions. In the tailored-infusion 
patients, any relapses and major relapses occurred numeri-
cally more frequently (approximately twofold) than in fixed 
schedule–infusion patients. We can speculate that these differ-
ences might have reached statistical significance in the larger 
population. However, relapse-free survival rates were similar 
in the two groups, and the frequency of major relapses was low. 
Therefore, tailored regimen did not lead to a clinically signif-
icant reduction in efficacy of rituximab maintenance therapy. 
Noteworthy, fewer rituximab infusions were not associated 
with a statistically significant improvement of safety, though 
the occurrence of infections was numerically lower in patients 
treated with tailored regimen (11.1% vs 19.8%).

A proportion of patients who received only one rituximab 
infusion in the tailored-regimen group were very low (4.9%), 
while two-thirds of patients were given one or two additional 
infusions of rituximab. Therefore, the majority of patients 
with AAV should receive at least two rituximab infusions to 
maintain remission. The results of MAINRITSAN2 study also 
suggest that day-14 infusion may be probably omitted without 
loss of efficacy.

The results of the MAINRITSAN2 trial were contradic-
tory and confusing. This study was undertaken to evaluate 
ANCA and circulating CD19+ B cells as indicators to reinfuse 
rituximab for maintaining remission. On one hand, tailored 
approach allowed to avoid at least one additional rituximab 

infusion in the majority of patients with AAV. On the other 
hand, neither raising ANCA titre nor CD19+ B-cell repop-
ulation did predict relapse. Moreover, every fifth relapse 
occurred in ANCA-negative patients without any circulating 
B cells. Therefore, the results of ANCA monitoring can be 
apparently misleading in individual patients, and the absence 
of CD19+ B cells in blood does not exclude the possibility 
of relapse. Nevertheless, as the proverb goes, ‘Half a loaf is 
better than no bread’. Given the lack of the reliable laboratory 
predictors of relapse in patients with AAV, it can be concluded 
that clinical features of vasculitis and dynamics of response to 
induction therapy will also remain relevant for maintenance 
treatment decisions.3

Rituximab is an expensive medication that can cause serious 
side effects. Therefore, implementation of strategies for 
reducing exposure to rituximab is an important issue both 
for the patients, healthcare providers and payers, though 
these strategies should not compromise the efficacy of treat-
ment. MAINRITSAN2 trial clearly showed that a significant 
proportion of patients can receive fewer rituximab infusions to 
maintain remission of AAV. Introduction of the reduced dose 
of rituximab may be another possible option. Schoergenhofer 
et al hypothesised that currently used doses (≥375 mg/m2) 
exceed several hundred-fold the effective dose. In an open-
label trial, infusion of 1 mg/m2 rituximab depleted 97% of all 
B cells in healthy volunteers.4 This drop was transient and 
showed an incomplete recovery after 24 hours. At 4 weeks 
after infusion, B-cell counts returned to approximately 60% 
of baseline levels. Full recovery took up to 9 months. Using the 
pharmacokinetic model, the authors suggested that rituximab 
at the lowest strength available (100 mg) may fully suppress 
CD20+ cells for 3 months. Of note, this study was small and 
was conducted in healthy volunteers. Moreover, the authors 
gave only one infusion of rituximab for safety reasons and did 
not investigate the effects of neutralising antidrug antibodies 
after repeated exposure to low-dose rituximab. However, new 
dosing regimens of rituximab seem plausible in non-malignant 
diseases.

Several small studies suggest that retreatment with low dose of 
rituximab can be effective in patients with rheumatoid arthritis 
who responded well to rituximab induction treatment. Recently, 
den Broeder et al developed a protocol for 6-month, double-
blind, randomised controlled non-inferiority trial to compare the 
effects of ultra low dose (200 or 500 mg) and standard low dose 
(1000 mg) of rituximab in patients with rheumatoid arthritis who 
are being retreated with rituximab.5 Visentini et al conducted 
a phase II trial of low-dose rituximab (250 mg/m2×2) in 52 
patients with hepatitis C virus associated mixed cryoglobulin-
emia vasculitis who were ineligible/intolerant or non-responder 
to antiviral therapy.6 The cumulative response rate at month 3 
was 81% versus 86% in 208 patients from previous studies using 
high-dose rituximab, most commonly 375 mg/m2×4. The relapse 
rate and median time to relapse in patients treated with lower 
and high doses of rituximab were also similar. The data on clin-
ical efficacy of reduced doses of rituximab in AAV are lacking. 
Remarkably, a delayed B-cell repopulation was reported in some 
rituximab-treated patients with AAV. In the single-centre retro-
spective study, median duration of B-cell depletion after rituximab 
treatment was 26 months in AAV compared with 9 months in 
rheumatoid arthritis, and 8 months in connective tissue disease 
(p<0.0001).7

In summary, the investigators from the French Vasculitis Study 
Group showed that reduced exposure to rituximab was not associ-
ated with an impaired efficacy of maintenance therapy in patients 
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with AAV. Despite limited reliability of laboratory parameters 
used to predicted relapse, that is, ANCA levels and B-cell counts, 
MAINRITSAN2 study results may lead to introduction of safer 
and more cost-effective regimens of rituximab administration. In 
our opinion, a lower maintenance dose of rituximab (eg, around 
250 mg) may be investigated in AAV, probably in patients with a 
less severe disease and/or better response to induction-remission 
treatment.
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Treatment of hip osteoarthritis 
with glucocorticoids

Osteoarthritis (OA), also known as degenerative joint disease, 
hypertrophic arthritis, senile arthritis and articular cartilage 
osteoarthritis, is a common clinical disease. The common symp-
toms of OA include pain in affected joints, aggravation after exer-
cise, remission after rest and a feeling of stiffness without activity 
for a long time.1 OA can occur in any joint, but mainly in the 
hip joint, knee joint, hand joint and spine facet joint. Recently, 
it was with great interest that we read the report entitled ‘Intra-
muscular glucocorticoid injection versus placebo injection in hip 
osteoarthritis: a 12 week blinded randomised controlled trial’ by 
Dorleijn and colleagues published online in 7 March 2018 in 
Annals of the Rheumatic Diseases.2 Dorleijn et al concluded that 
an intramuscular glucocorticoid injection showed effectiveness 
in patients with hip OA on one of the three primary outcomes 
at 2 weeks postinjection and all primary outcomes showed effec-
tiveness from 4 to 6 weeks. Certainly, the study of Dorleijn et al 
will be important for clinicians, but there are still several ques-
tions that we would like to communicate with the authors.

First, there are several OA scoring systems, such as the American 
College of Rheumatology classification criteria3 and the Kellgren 
and Lawrence (K-L) system,4 but the K-L system is the most widely 
used method for knee, hip and hand joints (table 1). Dorleijn et 
al claimed that patients with K-L ≧2 were included if they had 
symptomatic disease for ≧6 months. However, the clinical mani-
festations of patients with scores 2, 3 and 4 are different from each 
other.5 Therefore, how does the author determine the amount of 
glucocorticoid used in patients with different scores? Moreover, 
is it really appropriate to compare the efficacy of intramuscular 
glucocorticoid injection in patients with different K-L scores?

Second, currently, medications for OA include6 (1) oral: 
non-steroidal anti-inflammatory drugs, cyclooxygenase-2 
inhibitors, cartilage protectors (such as paracetamol, 
diclofenac sodium, celecoxib, glucosamine sulfate, etc) and 
other simple analgesics (tramadol, codeine, etc); (2) external 
use: mainly non-steroidal anti-inflammatory drugs such as 
valistarin, indomethacin and so on; (3) intra-articular  (IA) 
injections: mainly glucocorticoids and transparent acid salt. 
The method of intra-articular injection is easy to grasp and 
the curative effect is affirmative.7 It has been widely used in 
clinical practice in recent years. Dorleijn et al claimed that 
injection into the hip joint is challenging because the joint 
cannot be palpated and is adjacent to important neurovascular 
structures, so they decided to take intramuscular (IM) gluco-
corticoid injection. Compared with IA injection, IM glucocor-
ticoid injection may extend the side effects of glucocorticoids 
to the whole body.8 9 Additionally, since the authors found that 

IA injection of glucocorticoids is difficult, why did the author 
not choose puncture injection of glucocorticoids into the joint 
cavity under the guidance of B-ultrasound10?

Last but not least, our previous use of topical hormonal 
closure therapy was generally effective only locally, but the 
authors’ results were actually valid for closed ipsilateral hip 
joints. Considering the different treatment conclusions of 
both parties, we conducted a short-term follow-up study. 
From 15 March 2018 to 15 April 2018, 16 patients (table 2) 
with rotor bursitis and ipsilateral hip OA (K-L ≧2) provided 
informed consent. Eight of them were randomised to the gluco-
corticoid injection and others to the placebo injection. Patients 
in glucocorticoid injection group received 40 mg triamcino-
lone acetate (1 mL) while patients in placebo injection group 
received 1 mL normal saline (placebo) with an IM injection. 
The severity of hip pain at 2 weeks postinjection was measured 
on an 11-point numerical rating scale (NRS: 0–10, 0=no pain) 
at rest and during walking. The corresponding statistical 
method is the same as Dorleijn et al. However, at a 2-week 
follow-up, the glucocorticoid injection did not show a signif-
icant association with hip pain reduction at rest or walking 
compared with the placebo injection (figure 1). In view of the 
total number of patients in our study was in a small sample 
size and the mean follow-up was short, so a larger number of 
samples, further high-quality prospective comparative studies 
and long-term effects are needed to be further examined.

We utterly respect the great contributions of the authors. We 
would be very interested in the authors’ response regarding the 
above issues in the meantime.
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Table 1 Kellgren-Lawrence (K-L) system of osteoarthritis

Score Clinical manifestations

 0 Fully normal on X-rays, no stenosis of joint space, no reactive bone 
changes

 1 Suspected joint space stenosis and there may be bone callus but 
slightly

 2 Small bone defects and possible joint space stenosis clearly appear on 
the X-rays

 3 A large number of moderate osteophytes, clear joint space narrowing, 
some subchondral bone hardening and possible osteoarticular 
malformations

 4 A large number of large osteophytes, severe joint space stenosis, 
obvious subchondral bone sclerosis and obvious joint bone deformity

Table 2 General information in two groups (mean±SD)

Item
Glucocorticoid group 
(n=8) Placebo group (n=8)

Sex (M/F) 3/5 3/5

Age (years) 63.82±4.36 64.53±3.94

Weight (kg) 65.25±7.21 67.69±8.91

BMI (kg m−2) 23.18±2.58 24.01±2.82

K-L score ≧2 ≧2

BMI, body mass index; K-L score, Kellgren-Lawrence score.

Figure 1 Pain score in rest and walking during the follow-up of 
glucocorticoid and placebo group. NRS, numerical rating scale.
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Miscellaneous

Correction: Comparison of individually tailored versus fixed-
schedule rituximab regimen to maintain ANCA-associated 
vasculitis remission: results of a multicentre, randomised 
controlled, phase III trial (MAINRITSAN2)

Charles P, Terrier B, Perrodeau É, et al. Comparison of individually tailored versus fixed-
schedule rituximab regimen to maintain ANCA-associated vasculitis remission: results of 
a multicentre, randomised controlled, phase III trial (MAINRITSAN2). Ann of Rheum Dis 
2018;77:1143–9.

Table 1 has been corrected. The figures concerning ANCA-positivity rates at inclusion 
advertently inversed.

Table 1 General characteristics at inclusion

Characteristic

Rituximab infusions

Individually tailored (N=81) Fixed-schedule (N=81)

Age — yr 62±14 59±13

Female sex — no. (%) 31 (38.3) 37 (45.7)

Vasculitis type — no. (%)

 GPA 56 (69.1) 61 (75.3)

 MPA 25 (30.9) 20 (24.7)

Disease status — no. (%)

Newly diagnosed 53 (65.4) 51 (63.0)

 Relapsing 28 (34.6) 30 (37.0)

Induction treatment of last disease flare — no. (%)

 Cyclophosphamide 52 (64.2) 49 (60.5)

 RTX 28 (34.6) 32 (39.5)

 Methotrexate 1 (1.2) 0 (0.0)

Prednisone dose (mg); median (IQR) 10 (10–15) 12 (10–17.3)

Organ involvement at last flare — no. (%)

Ear, nose and throat 46 (56.8) 39 (48.1)

 Pulmonary 50 (61.7) 44 (54.3)

 Renal 60 (74.1) 56 (69.1)

GFR — ml/min/1.73 m2 at inclusion 55.6±27.3 58.9±27.0

ANCA-positive at diagnosis — no. (%)* 74/77 (96.1) 72/79 (91.1)

Indirect immunofluorescence 68/77 (88.3) 6579 (82.3)

 ELISA 64/77 (83.1) 61/79 (77.2)

 Anti-PR3 38/77 (49.4) 38/79 (48.1)

 Anti-MPO 26/77 (33.8) 24/79 (30.4)

ANCA-positive at inclusion — no. (%)† 58/80 (72.5) 45/80 (56.3)

Indirect immunofluorescence 54/80 (67.5) 40/80 (50)

 ELISA 43 (53.7) 28 (35)

 Anti-PR3 21 (26.2) 18 (22.5)

 Anti-MPO 23 (28.7) 10 (12.5)

Plus–minus values are means ±SD. GPA denotes granulomatosis with polyangiitis, MPA microscopic polyangiitis, ANCA 
antineutrophil cytoplasm antibodies, PR3 proteinase-3, MPO myeloperoxidase and GFR glomerular filtration rate.
*Data were missing for 4 individually tailored-infusion and 2 fixed-schedule patients.
†Data were missing for 1 patient in each group.

Also, the sentence in the Limitation section of the Discussion "Fixed-schedule infusion-arm 
patients were more likely to be ANCA-positive at inclusion." should read "Fixed-schedule infu-
sion-arm patients were less likely to be ANCA-positive at inclusion."

© Author(s) (or their employer(s)) 2019. No commercial re-use. See rights and permissions. Published by BMJ.
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Miscellaneous

Correction: Gout is associated with increased healthcare 
utilization after knee arthroplasty

Singh J, Cleveland JD. Gout is associated with increased healthcare utilization after knee 
arthroplasty. Ann of Rheum Dis 2019;78:1146–8.

Table 1 has been corrected. Table 1 has one row of data transposed at the bottom of the table 
(discharged to home vs inpatient facility).

Table 1 Demographic and other cohort characteristics

Entire cohort
N=8,127,182*

No gout
N=7,895,812*

Gout
N=2 31 470*

N (%), unless specified otherwise

Age, mean (SE); median 66.4 (0.03); 66.5 66.5 (0.02); 66.5 68.1 (0.05); 68.0

Age category

  <50 430 140 (5.3%) 423 713 (5.4%) 6427 (2.8%)

  50–64 2 872 619 (35.3%) 2 800 798 (35.5%) 71 821 (31.0%)

  65–79 3 969 942 (48.8%) 3 842 081 (48.7%) 127 861 (55.2%)

  ≥80 850 132 (10.5%) 824 780 (10.4%) 25 352 (11.0%)

 Gender

  Female 5 126 808 (63.1%) 5 050 791 (64.0%) 76 017 (32.8%)

  Male 2 985 796 (36.7%) 2 830 384 (35.8%) 155 412 (67.1%)

 Race

 White 5 507 281 (67.8%) 5 346 818 (67.7%) 160 463 (69.3%)

  Black 472 392 (5.8%) 453 237 (5.7%) 19 155 (8.3%)

  Hispanic 340 292 (4.2%) 333 934 (4.2%) 6358 (2.7%)

  Other/missing 1 807 102 (22.2%) 1 761 613 (22.3%) 45 489 (19.7%)

Primary diagnosis

  Rheumatoid arthritis 64 126 (0.8%) 63 330 (0.8%) 796 (0.3%)

Aseptic bone necrosis 21 031 (0.3%) 20 698 (0.3%) 333 (0.1%)

  Osteoarthritis 7 866 436 (96.8%) 7 640 179 (96.8%) 226 257 (97.7%)

  Other 173 672 (2.1%) 169 632 (2.1%) 4040 (1.7%)

  Fracture 1904 (0.0%) 1865 (0.0%) 39 (0.0%)

Hospital location/teaching

  Rural 1 041 160 (12.8%) 1 012 017 (12.8%) 29 143 (12.6%)

  Urban 3 665 765 (45.1%) 3 564 877 (45.1%) 100 888 (43.6%)

  Urban teaching 3 398 113 (41.8%) 3 297 365 (41.8%) 100 748 (43.5%)

 Insurance

  Medicaid 226 917 (2.8%) 222 499 (2.8%) 4418 (1.9%)

  Medicare 4 631 192 (57.0%) 4 485 862 (56.8%) 145 330 (62.8%)

  Other 267 624 (3.3%) 261 284 (3.3%) 6340 (2.7%)

  Private 2 947 675 (36.3%) 2 873 513 (36.4%) 74 162 (32.0%)

  Self 36 588 (0.5%) 35 831 (0.5%) 757 (0.3%)

Income category

  0-25th percentile 1 511 692 (18.6%) 1 464 907 (18.6%) 46 785 (20.2%)

  25-50th percentile 2 156 223 (26.5%) 2 094 636 (26.5%) 61 587 (26.6%)

  50-75th percentile 2 158 011 (26.6%) 2 097 245 (26.6%) 60 766 (26.3%)

  75-100th percentile 2 151 430 (26.5%) 2 093 366 (26.5%) 58 064 (25.1%)

Hospital bed size

  Small 1 408 128 (17.3%) 1 366 931 (17.3%) 41 197 (17.8%)

  Medium 2 107 250 (25.9%) 2 047 151 (25.9%) 60 099 (26.0%)

  Large 4 589 661 (56.5%) 4 460 177 (56.5%) 129 484 (55.9%)

Hospital region

  Northeast 1 359 230 (16.7%) 1 321 311 (16.7%) 37 919 (16.4%)

  Midwest 2 269 799 (27.9%) 2 207 287 (28.0%) 62 512 (27.0%)

  South 2 957 629 (36.4%) 2 869 525 (36.3%) 88 104 (38.1%)

 West 1 540 624 (19.0%) 1 497 690 (19.0%) 42 934 (18.5%)

Deyo-Charlson Score

  0 4 104 090 (50.5%) 4 019 384 (50.9%) 84 706 (36.6%)

  1 2 064 888 (25.4%) 2 005 515 (25.4%) 59 373 (25.7%)
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Entire cohort
N=8,127,182*

No gout
N=7,895,812*

Gout
N=2 31 470*

  ≥2 1 958 304 (24.1%) 1 870 913 (23.7%) 87 391 (37.8%)

 Gout 231 470 (2.8%) – 231 470 (100.0%)

In-hospital post-TKA complications

 Transfusion 1 288 544 (15.9%) 1 251 071 (15.8%) 37 473 (16.2%)

 Revision 15 310 (0.2%) 14 843 (0.2%) 467 (0.2%)

 Infection 8165 (0.1%) 7938 (0.1%) 227 (0.1%)

Died during hospitalisation 7875 (0.1%) 7709 (0.1%) 166 (0.1%)

Post-TKA healthcare utilisation

 Length of stay, mean (SE); 
median

3.53 (0.01); 2.70 3.54 (0.01); 2.70 3.59 (0.01); 2.69

Length of stay category

  ≤3 5 218 769 (64.2%) 5 068 813 (64.2%) 149 956 (64.8%)

  >3 2 908 513 (35.8%) 2 826 999 (35.8%) 81 514 (35.2%)

Discharge status

  Home 4 965 279 (61.1%) 4 827 422 (61.1%) 137 857 (59.6%)

  Rehabilitation facility† 3 130 289 (38.5%) 3 037 405 (38.5%) 92 884 (40.1%)

*U.S. National estimates were based on the following in the 20% NIS sample: All, N=1,690,531; No gout, N=1,642,585; 
gout, N=47 946.
†Rehabilitation facility included short- or long-term care hospital, skilled nursing facility (SNF), intermediate care facility, or 
a certified nursing facility.
LOS, length of stay; TKA, total knee arthroplasty.
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