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2008–2018: a decade of 
recommendations for systemic 
lupus erythematosus
Dimitrios T Boumpas,1,2 George K Bertsias,3 Antonis Fanouriakis1

Recommendations represent a popular 
way of integrating evidence-based medi-
cine to clinical practice. These systemati-
cally developed statements can assist 
practitioner and patient decisions about 
appropriate healthcare, facilitate teaching 
of students and physicians, and educate 
patients. In 2008, the first European 
League Against Rheumatism (EULAR) 
recommendations for the management of 
general systemic lupus erythematosus 
(SLE) were published in the Annals of the 
Rheumatic Diseases (ARD).1 These were 
based on a combination of evidence and 
expert opinion, and followed the standard 
EULAR operating procedures. The effort 
involved experts on SLE, skilled method-
ologists and meticulous fellows who 
undertook an exhaustive systematic litera-
ture research (SLR). In this EULAR-en-
dorsed project, a panel of European lupus 
experts was first updated on current liter-
ature and issues on SLE, and then devel-
oped and voted on the questions to be 
included in the SLR in an open and 
rigorous process. During the second 
phase, the results of the SLR were 
presented to the panel which then formu-
lated, graded and voted on the recommen-
dations. Recommendations covered the 
diagnosis, monitoring and management of 
general SLE with a few statements on 
neuropsychiatric and renal disease. Other 
EULAR panels also prepared recommen-
dations for clinical trials in SLE,2 3 as well 
as more specific recommendations on the 
diagnosis and management of neuropsy-
chiatric SLE4 and lupus nephritis,5 the 
latter in collaboration with the European 
Renal Association–European Dialysis 
Transplantation Association.

Subsequently, in 2012, the American 
College of Rheumatology developed 
guidelines for screening, treatment and 

management of lupus nephritis.6 In the 
same year, the Kidney Disease Improving 
Global Outcomes—an international 
organisation—developed guidelines for 
the management of lupus nephritis.7 All 
three sets of lupus nephritis guidelines 
were published in the same year and were 
based on the same body of evidence. As 
expected, their main statements agreed, 
but there were also notable differences 
reflecting the focus and composition of 
each group (reviewed in Wilhelmus et al8).

More recently, the British Society for 
Rheumatology (BSR) also published guide-
lines for the diagnosis, monitoring and 
management of SLE in adults.9 Notably, 
in the BSR guidelines, lupus is divided 
into mild, moderate and severe disease 
with treatment recommendations adjusted 
accordingly. EULAR has also recently 
updated its recommendations, and these 
are currently under review.

This ‘flurry’ of recommendations 
clearly demonstrates a perceived need in 
the community to avoid fragmentation 
and optimise the management of SLE, a 
complex disease where multiple medical 
specialties are often involved in the care 
of patients, by establishing an integrated 
approach based on widely accepted prin-
ciples and evidence-based recommen-
dations. Crucial elements in developing 
credible recommendations include (1) a 
clear understanding of the target group to 
be following these recommendations (ie, 
generalists vs specialists vs lupus experts), 
(2) the quality of expertise and the inclu-
siveness of experts with differing views, 
(3) the inclusion of health professionals 
and patients, and (4) the rigorousness of 
the SLR methodology and its assessment. 
It is crucial that all interested parties and 
stakeholders such as physicians, patients, 
government bodies, insurance agencies 
and third payers realise that recommenda-
tions are developed for ‘group of patients’ 
to improve homogeneity of care, and 
they cannot limit physicians’ freedom or 
substitute for their clinical judgement in 
treating ‘individual’ patients. In simple 
terms, recommendations ‘are not the 
law’ rather an effort to provide general 

guidance to physicians treating patients. 
To use the airplane analogue, recommen-
dations are the ‘manual of procedures’ not 
to substitute for the pilot’s experience 
and judgement. An important measure of 
success for each set of recommendations 
is reaching the target group of physi-
cians and their compliance. Accordingly, 
a limited number of simple, crystal clear, 
concise and unequivocal statements in an 
eye-friendly and user-friendly format (eg, 
using diagrams and algorithms) are of 
paramount importance.

In ARD, a group of leading lupus experts 
from the Latin American Group for the 
Study of Lupus (Grupo Latinoamericano 
De Estudio del Lupus)–Pan-American 
League of Associations of Rheumatology 
presents their own recommendations for 
the management of SLE.10 The authors 
argue that although guidelines for SLE 
treatment do exist, there is scarce evidence 
to support specific therapies for Latin 
American patients. Accordingly, in their 
work, the authors have also considered the 
impact of racial/ethnic background and 
socioeconomic status on lupus outcomes 
and treatment response. Medication vari-
ables such as cost and availability were also 
considered since they may affect adher-
ence and are relevant in decision-making. 
The recommendations are presented by 
organ involved with the following format: 
(1) interventions considered for evalua-
tion; (2) benefits and harms of treatments; 
(3) recommendation statement with 
grading of evidence. Although SLE mani-
festations tend to occur simultaneously in 
more than one organ, in most cases, treat-
ment directed to the more severe manifes-
tation(s) is also effective for the less severe 
disease manifestations.

Undoubtedly, regional efforts to 
develop treatment recommendations 
could facilitate the dissemination and 
implementation in local communities. Yet, 
there is little evidence to support Latin 
American–specific lupus therapies and 
interventions. In our opinion, these recom-
mendations represent a regional effort 
to develop guidelines with the potential 
of improved penetration to the commu-
nity. The presented evidence (found in 
online supplementary material) is—in 
our judgement—biased towards (the few) 
randomised controlled trials—as opposed 
to observational studies—in SLE, which 
is a limitation since valuable real-life data 
might have been ignored. Experience has 
shown that physicians using recommenda-
tions also seek for practical information 
such as working definitions for treatment 
response (or failure), or guidance on the 
dosage of drugs (eg, corticosteroids), or 
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the duration of their use. Inclusion of such 
information in the subsequent updates 
could increase the usefulness of these 
recommendations.

Notwithstanding these limitations, the 
rheumatological community welcomes the 
efforts of this active group of SLE experts 
from Latin America and eagerly awaits 
to see the dissemination and usage of the 
recommendations in their community, 
accompanied by studies measuring their 
impact on improving the quality of care 
for patients with lupus.
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AbsTRACT
Systemic lupus erythematosus (SLE), a complex and 
heterogeneous autoimmune disease, represents 
a significant challenge for both diagnosis and 
treatment. Patients with SLE in Latin America face 
special problems that should be considered when 
therapeutic guidelines are developed. The objective of 
the study is to develop clinical practice guidelines for 

Latin American patients with lupus. Two independent 
teams (rheumatologists with experience in lupus 
management and methodologists) had an initial 
meeting in Panama City, Panama, in April 2016. 
They selected a list of questions for the clinical 
problems most commonly seen in Latin American 
patients with SLE. These were addressed with 
the best available evidence and summarised in a 
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box 1 GLADEL–PANLAR Latin American guidelines for the 
treatment of systemic lupus erythematosus

Overarching principles
a. Treatment should be individualised, specialists and generalists

should work together and the active involvement of patients 
and their family members on the overall therapeutic plan 
should be emphasised.

b. The therapeutic goal should be to reach and maintain
remission or low-disease activity as soon as the diagnosis is 
made and for as long as possible.

c. Treatment should include photo-protection, osteoporosis, 
cardiovascular, metabolic syndrome and infection prevention, 
psychological support and pregnancy counselling.

d. All patients with lupus should receive AMs, except those who
refuse them or who have absolute contraindications to take 
them.

e. GCs, if clinically needed, regardless of patient’s disease
manifestations, should be prescribed at the lowest possible 
dose and for the shortest period of time.

AM, antimalarials; GC, glucocorticoid; GLADEL, Grupo Latino Americano 
de Estudio del Lupus; PANLAR, Pan-American League of Associations of 
Rheumatology.

standardised format following the Grading of Recommendations 
Assessment, Development and Evaluation approach. All preliminary 
findings were discussed in a second face-to-face meeting in 
Washington, DC, in November 2016. As a result, nine organ/system 
sections are presented with the main findings; an ’overarching’ 
treatment approach was added. Special emphasis was made on 
regional implementation issues. Best pharmacologic options were 
examined for musculoskeletal, mucocutaneous, kidney, cardiac, 
pulmonary, neuropsychiatric, haematological manifestations and the 
antiphospholipid syndrome. The roles of main therapeutic options 
(ie, glucocorticoids, antimalarials, immunosuppressant agents, 
therapeutic plasma exchange, belimumab, rituximab, abatacept, 
low-dose aspirin and anticoagulants) were summarised in each 
section. In all cases, benefits and harms, certainty of the evidence, 
values and preferences, feasibility, acceptability and equity issues 
were considered to produce a recommendation with special focus 
on ethnic and socioeconomic aspects. Guidelines for Latin American 
patients with lupus have been developed and could be used in 
similar settings.

INTRODuCTION
Systemic lupus erythematosus (SLE) is a complex multisys-
temic autoimmune disease resulting, oftentimes, in irreversible 
damage, diminished quality of life and reduced life expec-
tancy.1–3 Genetic and environmental factors play important roles 
in its pathogenesis.4–8 Disease manifestations and severity vary 
according to the patients’ racial/ethnic background and socio-
economic status (SES).1 9 10 Data from Grupo Latino Ameri-
cano de Estudio del Lupus (GLADEL), Lupus in Minorities: 
Nature vs Nurture (LUMINA) and the Lupus Family Registry 
and Repository cohorts have demonstrated that Latin American 
and North American Mestizo patients (mixed Amerindian and 
European ancestry), African descendants and Native Americans 
develop lupus earlier11 12 although diagnostic delays may occur.1 
They also experience more severe disease, have higher disease 
activity levels,1 accrue more organ damage2 and have higher 
mortality rates,1 succumbing mainly to disease activity and/or 
infections.1 3 13–15

Although guidelines for SLE treatment do exist and there is 
scarce evidence to support specific therapies for Latin Amer-
ican patients with lupus,16–21 this regional effort has considered 
the impact of racial/ethnic background1 10 22–28 and SES3 9 on 
lupus outcomes and treatment response.25 26 Other medica-
tion variables such as cost and availability were also taken into 
account since they affect adherence and are relevant in deci-
sion-making.27 28 GLADEL and the Pan-American League of 
Associations of Rheumatology have joined efforts to produce 
these guidelines,29 which are presented by organ systems, 
although manifestations usually occur in more than one. Never-
theless, treatment is usually tailored to the more severe manifes-
tation(s), which usually benefits the less severe.

METHODs
Two working teams on logistics and methodological issues 
constituted by experienced Latin American rheumatologists and 
experts in the Grading of Recommendations Assessment, Devel-
opment and Evaluation (GRADE) guideline system developed a 
framework for these guidelines. Nine organ/system sections were 
prepared with the main findings. Special emphasis was placed on 
reviewing local problems and regional publications.

The GRADE approach was followed in the process (http://
www. gradeworkinggroup. org) answering the clinical questions 

voted most relevant by the panel. The description of the meth-
odology followed to develop these guidelines has already been 
published.29 All authors listed in this manuscript have partici-
pated in planning, drafting, reviewing, final approval and are 
accountable for all aspects of the manuscript. No ethical approval 
was required by institutions. We present the final recommenda-
tions and their supporting information. Comments from three 
patients with SLE were also considered.

REsuLTs
For each of the subheadings listed below, the panel considered 
interventions based on experience, availability, affordability and 
a stepwise therapeutic approach of the different alternatives. 
Standard of care (SOC) was defined as the use of hydroxychlo-
roquine (HCQ) and, if clinically indicated, low-dose gluco-
corticoids (GC) (prednisone ≤7.5 mg or equivalent for the 
shortest time).24 Chloroquine remains an alternative for some 
of the Latin American countries where HCQ is not available and 
careful monitoring of eye side effect is recommended. Overar-
ching principles are shown in box 1. Tables summarising the 
evidence that was considered in the process are shown in online 
supplementary tables in https:// doi. org/ 10. 5061/ dryad. bg8452h.

Musculoskeletal manifestations
a. Which is the best treatment for adult patients with SLE and

musculoskeletal (MSK) manifestations?

Interventions considered
(1) SOC; (2) SOC plus methotrexate (MTX); (3) SOC plus 
leflunomide (LFN); (4) SOC plus belimumab; (5) SOC plus 
abatacept (ABT); (6) other options: azathioprine (AZA), myco-
phenolate mofetil (MMF), cyclosporine A (CsA) or rituximab 
(RTX) (online supplementary tables S2.1.1, S2.1.4, S2.1.6, 
S2.1.7, S2.2.11, S2.1.11, S2.1.12, S2.1.14, S2.1.15, S2.1.17, 
S2.2.1, S2.2.2, S2.2.4, S3.1.1, S3.1.3–S3.1.6, S3.2.1, S3.2.2, 
S12.2–S12.5, S12.8–S12.10).

http://www.gradeworkinggroup.org
http://www.gradeworkinggroup.org
https://dx.doi.org/10.1136/annrheumdis-2018-213512
https://doi.org/10.5061/dryad.bg8452h
https://dx.doi.org/10.1136/annrheumdis-2018-213512
https://dx.doi.org/10.1136/annrheumdis-2018-213512
https://dx.doi.org/10.1136/annrheumdis-2018-213512
https://dx.doi.org/10.1136/annrheumdis-2018-213512
http://ard.bmj.com/
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Table 1 GLADEL–PANLAR recommendations for musculoskeletal 
and cutaneous manifestations in patients with systemic lupus 
erythematosus

Treatment recommendations
Quality of 
the evidence

strength of 
recommendation

Musculoskeletal (MsK) manifestations 

In adult patients with SLE and MSK manifestations

First line: Use SOC (GCs and AMs) alone over 
adding other IS.

Low Weak

If disease remains active after SOC, add either 
MTX or LFN or belimumab or ABT over other IS.

Low to 
moderate

Weak

Cutaneous manifestations

In adult patients with different manifestations of cutaneous lupus

First line: Use SOC alone over adding  
other IS.

Low Weak

If disease remains active after SOC, add MTX, 
AZA, MMF, CsA, CYC or belimumab over  
other IS.

Low to 
moderate

Weak

ABT, abatacept; AM, antimalarials; AZA, azathioprine; CsA, cyclosporine A; CYC, 
cyclophosphamide; GC, glucocorticoid; GLADEL, Grupo Latino Americano de 
Estudio del Lupus; IS, immunosuppressant; LFN, leflunomide; MMF, mycophenolate 
mofetil; MTX, methotrexate; PANLAR, Pan-American League of Associations of 
Rheumatology; SLE, systemic lupus erythematosus; SOC, standard of care.

Benefits and harms
Although the panel judged that compared with SOC alone, 
adding MTX, LFN, belimumab or ABT is possibly associated 
with beneficial effects, a significant proportion of patients will 
achieve adequate symptom control with SOC and could be 
spared the adverse effects/excess costs associated to those other 
options.

Recommendation
The panel suggests SOC alone over adding other immunosup-
pressant (IS) in adult patients with SLE with MSK manifestations 
(weak recommendation based on low certainty of the evidence). 
It suggests also adding either MTX, LFN, belimumab or ABT to 
those failing to respond to SOC (weak recommendation based 
on low to moderate certainty of the evidence). Cost and avail-
ability may favour MTX (table 1).

Cutaneous manifestations
a. Which is the best treatment for adult patients with different

manifestations of cutaneous lupus?

Interventions considered
(1) SOC; (2) SOC plus MTX; (3) SOC plus AZA; (4) SOC plus 
MMF; (5) SOC plus CsA; (6) SOC plus belimumab; (7) SOC 
plus ABT; (8) SOC plus acitretin; (9) SOC plus atacicept; (10) 
SOC plus cyclophosphamide (CYC) (online supplementary 
tables S4.1.1–S4.1.7, S4.2.1–S4.2.5, S4.3.1, S4.4.1, S4.4.2, 
S4.5.1–S4.5.13).

Benefits and harms
The panel judged that a significant proportion of patients will 
achieve adequate symptom control with SOC and could be 
spared the adverse effects/costs of the other therapies.

Recommendation
The panel suggests SOC alone over adding other IS in adult 
patients with SLE with cutaneous manifestations (weak recom-
mendation based on low certainty of the evidence). It also 

suggests adding MTX, AZA, MMF, CsA, CYC or belimumab to 
patients failing to respond to SOC (weak recommendation based 
on low to moderate certainty of the evidence). Cost and avail-
ability may favour MTX and AZA (table 1).

Adult kidney manifestations
a. Which is the best induction treatment for adult patients with

lupus nephritis?

Interventions considered
(1) GCs; (2) GCs plus high-dose CYC; (3) GCs plus low-dose 
CYC; (4) GCs plus MMF; (5) GCs plus RTX plus MMF; (6) GCs 
plus tacrolimus (TAC); (7) GCs plus AZA (online supplementary 
tables S1.1.1.2, S1.1.1.7, S1.1.1.8, S1.1.1.10, S1.1.2.2, S1.1.2.5, 
S1.1.2.7, S1.1.3.2, S1.1.4.1, S1.2.6).

Benefits and harms
Based on the identified evidence the panel concluded that 
compared with GCs alone, the addition of other IS (CYC, MMF 
or TAC) is associated with significant benefits, higher remission 
rates and lower progression rates to end-stage renal disease 
(ESRD). Head-to-head comparisons between MMF, TAC and 
high-dose CYC showed that MMF and TAC are associated with 
less adverse effects than high-dose CYC. Between low and high-
dose CYC the balance favours the former because of better safety 
profile and comparable efficacy, although this conclusion is 
based on one trial that included predominantly Caucasians. RTX 
did not provide additional benefits when combined with MMF.

Recommendation
The panel recommends SOC (GCs and antimalarials (AM)) in 
addition to an IS (CYC in high or low doses, MMF or TAC) over 
GCs alone, for induction in patients with SLE-related kidney 
disease (strong recommendation based on moderate certainty of 
the evidence). Although more African-American descendants and 
Hispanic patients responded to MMF than CYC (25), limited 
access to MMF and TAC in several Latin American countries, 
due primarily to cost issues, makes CYC the best alternative for 
induction (high or low dose) in these regions (table 2).

 
b. Which is the best maintenance treatment for adult patients

with lupus nephritis?

Interventions considered
Recommendations are applicable to patients showing partial or 
total remission after induction therapy aiming at sustaining renal 
remission, preventing relapses and achieving the best long-term 
outcome. The following interventions were considered: (1) AZA; 
(2) MMF; (3) CYC; (4) TAC; and (5) CsA (online supplemen-
tary tables S1.1.1.7, S1.1.2.1, S1.1.2.2, S1.2.1, S1.2.3, S1.2.4, 
S1.2.5, S1.2.6, S1.2.7).

Benefits and harms
The panel concluded that long-term IS agents during mainte-
nance therapy prolong stable renal function, reduce proteinuria, 
extend renal survival and minimise the toxicity of GCs. AZA, 
CYC, MMF and CsA seem to be equivalent regarding efficacy 
but MMF and AZA have a better safety profile, particularly 
regarding gonadal toxicity and blood pressure control. We found 
very low certainty of the evidence for TAC as maintenance 
therapy, with studies mostly restricted to Asian populations.

https://dx.doi.org/10.1136/annrheumdis-2018-213512
https://dx.doi.org/10.1136/annrheumdis-2018-213512
https://dx.doi.org/10.1136/annrheumdis-2018-213512
https://dx.doi.org/10.1136/annrheumdis-2018-213512
https://dx.doi.org/10.1136/annrheumdis-2018-213512
https://dx.doi.org/10.1136/annrheumdis-2018-213512
https://dx.doi.org/10.1136/annrheumdis-2018-213512
https://dx.doi.org/10.1136/annrheumdis-2018-213512
https://dx.doi.org/10.1136/annrheumdis-2018-213512
http://ard.bmj.com/
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Table 3 GLADEL–PANLAR recommendations for cardiac and 
pulmonary manifestations

Treatment recommendations
Quality of 
the evidence

strength of 
recommendation

Cardiac manifestations

In adult patients with lupus-related acute pericarditis

Use SOC plus colchicine over SOC plus NSAIDs 
or belimumab.

Low Weak

Pulmonary manifestations

In adult patient with lupus-related diffuse alveolar haemorrhage

Use intravenous GCs plus CYC and/or 
intravenous Ig and/or TPE and/or RTX over GCs 
alone.

Very low Strong*

*Strong recommendation supported on possible benefits in the context of a life-
threatening situation.
CYC, cyclophosphamide; GC, glucocorticoid; GLADEL, Grupo Latino Americano de 
Estudio del Lupus; Ig, immunoglobulin; NSAID, non-steroidal anti-inflammatory 
drug; PANLAR, Pan-American League of Associations of Rheumatology; RTX, 
rituximab; SOC, standard of care; TPE, therapeutic plasma exchange.

Table 2 GLADEL–PANLAR recommendations for adult and 
childhood-onset lupus nephritis

Lupus nephritis

Treatment recommendations
Quality of 
the evidence

strength of 
recommendation

Induction therapy for adult patients with lupus-related nephritis

Use SOC (GCs and AMs) plus another IS agent 
(CYC, MMF or TAC) over GCs alone.

Moderate Strong

Maintenance therapy for adult patients with lupus-related nephritis

Use MMF or AZA over CYC. Low Strong*

Induction therapy for childhood patient with lupus-related nephritis

Use high-dose GCs (prednisone 1–2 mg/kg/day, 
maximum 60 mg/day) plus another IS agent 
(MMF or CYC) over high-dose GCs alone.

Low Weak

Maintenance therapy for childhood patient with lupus-related nephritis

Use MMF or AZA over CYC. Low Weak

*Strong recommendation supported on high certainty in less adverse events with 
MMF or AZA than with CYC.
AM, antimalarials; AZA, azathioprine; CYC, cyclophosphamide; GC, glucocorticoid; 
GLADEL, Grupo Latino Americano de Estudio del Lupus; IS, immunosuppressant; 
MMF, mycophenolate mofetil; PANLAR, Pan-American League of Associations of 
Rheumatology; SOC, standard of care; TAC, tacrolimus. 

Recommendation
The panel recommends AZA or MMF over CYC for mainte-
nance in patients with SLE-related nephritis (strong recommen-
dation based on low certainty of the evidence, since certainty in 
better efficacy of MMF or AZA over CYC is low but certainty 
of fewer adverse effects is high). Cost and availability issues may 
favour AZA (table 2).

Childhood-onset lupus nephritis
a. Which is the best induction treatment for childhood-onset

lupus nephritis (cLN)?

Interventions considered
(1) MMF plus GCs; (2) CYC plus GCs; (3) GCs (online supple-
mentary table S9.2.3).

Benefits and harms
The panel concluded that both MMF plus high-dose GCs (pred-
nisone 1–2 mg/kg/day, maximum 60 mg/day) and CYC plus high-
dose GCs are associated with significant benefits in comparison 
to GCs alone. No significant differences between these two 
alternatives were noted. The panel pointed that differential 
pharmacokinetic effects of MMF in cLN may exist, which could 
require dosing increase.30 Risk of reduction of ovarian reserve 
and sperm abnormalities should be considered in patients with 
cLN treated with CYC.

Recommendation
The panel suggests high-dose GCs plus MMF or CYC over high-
dose GCs alone in patients with cLN as induction therapy (weak 
recommendation based on low certainty of the evidence). Cost 
and availability may favour CYC despite the risk of gonadal 
toxicity (table 2).

 
b. Which is the best maintenance treatment for cLN?

Interventions considered
(1) SOC plus MMF; (2) SOC plus AZA (online supplementary 
table S9.2.3).

Benefits and harms
The panel concluded that MMF or AZA decreases the occur-
rence of ESRD without significant adverse events, as main-
tenance therapy for cLN. The panel pointed that differential 
pharmacokinetic effects of MMF in cLN may exist, which may 
require dosing increase.30

Recommendation
The panel suggests MMF or AZA over CYC for patients with 
cLN who responded, partially or completely, to induction 
therapy (weak recommendation based on low certainty of the 
evidence). Cost and availability may favour AZA (table 2).

Cardiac manifestations
a. Which is the best treatment for adult patients with lupus-re-

lated acute pericarditis?

Interventions considered
(1) SOC plus colchicine; (2) SOC plus non-steroidal anti-in-
flammatory drugs (NSAID); (3) SOC plus belimumab; (4) 
low to moderate dose of GCs for 4 weeks and slow tapering 
(online supplementary tables S6.2.1 and S6.3.1).

Benefits and harms
Based on the identified evidence the panel concluded that the 
use of SOC combined with colchicine is associated with signifi-
cant benefits (decrease in pericarditis recurrence rate) compared 
with SOC alone. Belimumab probably made little or no differ-
ence in pericarditis-related symptom improvement.

Recommendation
The panel suggests SOC plus colchicine over SOC plus NSAIDs 
or belimumab for patients with acute SLE-related pericarditis 
(weak recommendation based on low certainty of the evidence) 
(table 3).

Pulmonary manifestations
a. Which is the best treatment for lupus-related diffuse alveolar

haemorrhage (DAH)?
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Table 4 GLADEL–PANLAR recommendations for neuropsychiatric 
and haematological manifestations

Treatment recommendations
Quality of 
the evidence

strength of 
recommendation

Neuropsychiatric manifestations

In adult patients with lupus-related severe, acute neuropsychiatric manifestations

Use GCs plus CYC over GCs alone or GCs plus 
RTX.

Low Weak

Haematological manifestations

In patients with severe acute lupus-related haemolytic anaemia (haemoglobin  
≤8 g/dL)

Use high-dose GCs. Low Weak

If life-threatening or haemolytic anaemia 
remains active use RTX. Cost and availability 
may prompt the use of IS over RTX.

Low Weak

In patients with severe lupus-related thrombocytopenia (platelet count ≤30 x10^9/L)

Use high-dose GCs. Moderate Weak

If first line failure, or life-threatening bleeding, 
urgent surgery or patients with current and 
ongoing infections: Use intravenous Ig with/
without GCs or RTX plus GCs. Cost and 
availability may prompt the use of IS over RTX.

Moderate Strong

CYC, cyclophosphamide; GC, glucocorticoid; GLADEL, Grupo Latino Americano 
de Estudio del Lupus; Ig, immunoglobulin; IS, immunosuppressant; PANLAR, Pan-
American League of Associations of Rheumatology; RTX, rituximab.

Interventions considered
(1) High-dose GCs plus CYC; (2) high-dose GCs plus intrave-
nous immunoglobulins (Ig); (3) high-dose GCs plus therapeutic 
plasma exchange (TPE); (4) high-dose GCs plus RTX (online 
supplementary tables S6.1.1 and S6.1.2).

Benefits and harms
In the absence of trustworthy evidence regarding the effects 
of the different interventions in this scenario and considering 
DAH’s high mortality rate, the panel decided that intense and 
early approach is mandatory without prioritising one interven-
tion over another.

Recommendation
The panel recommends that patients with SLE-related DAH be 
treated with intravenous GCs plus CYC and/or intravenous Ig 
and/or TPE and/or RTX over GCs alone (strong recommenda-
tion based on very low certainty of the evidence, since possible 
benefits exist in a life-threatening situation). Cost and avail-
ability may favour GC plus CYC (table 3).

Neuropsychiatric manifestations
a. Which is the best treatment for adult patients with lupus-re-

lated severe, acute neuropsychiatric manifestations?

Interventions considered
(1) High-dose GCs; (2) high-dose GCs plus CYC; and (3) high-
dose GCs plus RTX (online supplementary tables S5.1.1, S5.1.2, 
S5.1.3, S5.1.6, S5.2.1, S5.2.3, S5.3.3, S5.4.1, S5.4.3, S5.5.1, 
S5.5.2, S5.6.1).

Benefits and harms
The panel concluded that both options (GCs plus CYC and GCs 
plus RTX) were associated with large benefits and moderate 
harms in comparison to GCs plus placebo in patients with acute 
neurological manifestations. No studies comparing these two 
options were identified. In terms of SLE and severe neurolog-
ical manifestations, clinical trials with GCs plus CYC focused 
on both general neurologic manifestations, and on seizures, 
psychosis, myelitis, peripheral neuropathy, brain stem disease 
and optic neuritis, specifically. No data were found regarding 
other neuropsychiatric manifestations. The panel significantly 
weighted the fact that the certainty of the evidence was better 
for CYC than RTX and that RTX was only evaluated in refrac-
tory patients.

Recommendation
The panel suggests using GCs plus CYC over GCs alone or GCs 
plus RTX for the treatment of severe neurologic manifesta-
tions in patients with SLE (weak recommendation based on low 
certainty of the evidence). Cost and availability may favour CYC 
(table 4).

Haematological manifestations
a. Which are the best interventions for patients with severe

acute lupus-related haemolytic anaemia (haemoglobin  
≤8 g/dL)?

Interventions considered
(1) High-dose GCs; (2) GCs plus RTX (online supplementary 
tables S7.1.12 and S7.1.13).

Benefits and harms
The panel concluded that compared with GCs as the first-line 
therapy, the addition of RTX provided moderate beneficial effects 
(reducing the risk of flare) and moderate harms (increasing the 
risk of infections). However, the panel significantly weighted the 
risks associated with RTX as well as availability and cost issues.

Recommendation
The panel suggests using high-dose GCs for patients with severe 
haemolytic anaemia (weak recommendation based on low 
certainty of the evidence).

It also suggests RTX for patients with life-threatening haemo-
lytic anaemia and/or for those in whom high-dose GC treat-
ment fails (weak recommendation based on low certainty of the 
evidence). Cost and availability, however, may prompt the use 
of IS instead of RTX although no data support this assertion 
(table 4).

 
a. Which are the best interventions for patients with se-

vere lupus-related thrombocytopenia (platelet count ≤ 30
x10^9/L)?

Interventions considered
(1) High-dose GCs; (2) high-dose GCs plus RTX; (3) high-dose 
GCs plus intravenous Ig (online supplementary tables S7.1.12, 
S7.1.13, S7.1.15).

Benefits and harms
The panel concluded that compared with GCs as the first-line 
therapy, RTX and intravenous Ig provided moderate beneficial 
effects (increasing the platelet count). The harmful effects were 
judged as moderate for RTX (increase in infections) and small 
for intravenous Ig (infusion reactions).

The panel significantly weighted the risks associated with 
RTX as well as availability and cost issues. In life-threatening 
situations, the panel significantly weighted intravenous Ig’s and 
RTX’s beneficial effect on platelet count.
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Recommendations
The panel suggests using high-dose GCs in patients with lupus 
with severe lupus thrombocytopenia (weak recommendation 
based on moderate certainty of the evidence).

It also recommends intravenous Ig with/without GCs or RTX 
plus GCs for patients who are refractory to high-dose GCs, 
those with life-threatening bleeding, those requiring urgent 
surgery and those with infections (strong recommendation based 
on moderate certainty of the evidence). Cost and availability, 
however, may prompt the use of IS instead of RTX although 
there are no data to support this assertion (table 4).

Antiphospholipid syndrome
a. Which is the best treatment for adult patients with SLE with

antiphospholipid syndrome (APS) and venous thromboem-
bolic disease (VTD)?

Interventions considered
(1) Extended anticoagulation (AC) with vitamin K antagonist 
(compared with not-extended AC); (2) high-intensity AC (inter-
national normalised ratio (INR) 3–4.5) compared with moder-
ate-intensity AC (INR 2–3) (online supplementary tables S10.2.1 
and S10.2.2).

Benefits and harms
The panel judged the effect of extended AC as a large benefit, 
reducing VTD with increase in bleeding risk as a moderate harm. 
For the comparisons of different AC intensities, the panel decided 
to use the evidence from observational studies because it judged 
that it probably better reflects reality given that the randomised 
controlled trials (RCT) are severely flawed (indirectness of inter-
vention as most patients did not reach the INR >3 goal). They 
judged the reduction in VTD as a large benefit and the bleeding 
increase as a large harm. Hence, the panel considered that the 
balance could favour the intervention only when the risk of VTD 
recurrence is particularly high.

Recommendation
The panel recommends extended AC with vitamin K antagonist 
therapy for patients with APS with VTD (strong recommenda-
tion based on moderate certainty of evidence).

The panel recommends standard (INR 2.0–3.0) over high-in-
tensity (INR 3.0–4.0) AC for patients with APS with VTD (strong 
recommendation based on very low certainty of the evidence, 
since certainty of the effect on VTD recurrence is very low but 
certainty in bleeding risk is high (significant increase in major 
bleeding with INR 3.0–4.0)).

 
b. Which is the best treatment for adult patients with SLE with

APS and stroke?

Interventions considered
Extended antithrombotic therapy with: (1) vitamin K antago-
nist; (2) low-dose aspirin (LDA: 81–100 mg/day); (3) vitamin K 
antagonist plus LDA; (4) high-intensity AC (INR 3–4.5) (online 
supplementary tables S10.3.1 and S10.3.2).

Benefits and harms
The panel decided to use the body of evidence provided by 
observational studies because it probably better reflects reality 
as the RCTs are severely flawed (indirectness of population 
as most patients were inadequately diagnosed with APS). The 
panel judged the observed reduction in arterial thrombosis with 

high-intensity AC as a large benefit, and the bleeding increase as 
a large harm. Also, it was noted that the observed basal risk (risk 
with LDA) of thromboembolic recurrence in patients with APS 
and arterial events was particularly high, compared with the risk 
of recurrence in patients with VTD.

Recommendation
The panel suggests extended high-intensity (INR 3.0–4.0) over 
standard-intensity AC (INR 2.0–3.0) or LDA alone for patients 
with SLE with APS and stroke (weak recommendation based on 
very low certainty of the evidence).
c. Which is the best treatment for pregnant SLE women with

antiphospholipid antibodies and recurrent pregnancy loss?

Interventions considered
(1) HCQ plus LDA; (2) HCQ plus LDA plus heparin; (3) HCQ 
plus intravenous Ig (online supplementary tables S10.5.1, 
S10.5.2, S10.5.3, S10.5.4, S10.5.5, S10.5.6, S10.5.7, S10.5.8).

Benefits and harms
The panel judged the observed reduction in pregnancy loss with 
the addition of heparin to LDA as a large benefit. This inter-
vention was not associated with significant harms. The addition 
of GCs or intravenous Ig to heparin plus LDA was associated 
with large harms (significant increase in premature delivery) 
without relevant benefits. Regarding heparin administration, 
the panel considered the reduction in pregnancy loss with low 
molecular weight heparin (LMWH) in comparison with unfrac-
tionated heparin (UFH) as a large benefit without significant 
adverse effects. No additional benefits were observed with 
LMWH-enoxaparin 80 mg compared with 40 mg.

Recommendation
The panel recommends HCQ plus LMWH plus LDA over HCQ 
plus LDA or adding GCs or intravenous Ig for pregnant patients 
with SLE with antiphospholipid antibodies and recurrent preg-
nancy loss (strong recommendation based on moderate certainty 
of the evidence (LMWH plus LDA vs other alternatives) and 
very low certainty of the evidence (GCs and intravenous Ig 
vs other alternatives), since high certainty of harms related to 
GCs (increased premature delivery) and intravenous Ig (costs 
increase, burden related to drug administration) exists).

It also suggests LMWH at a dose of 40 mg/day over UFH or 
higher doses of LMWH (weak recommendation based on low 
certainty of the evidence) (table 5).

DIsCussION
Treatment of SLE in Latin America remains a challenge despite 
several guidelines published on the management of this 
disease.16–21 The distinct epidemiology, healthcare resources, 
socioeconomic issues and priorities were considered to develop 
these guidelines.

Although these guidelines consider region limitations, the 
inclusion of alternative approaches for tailoring treatment did 
not exclude the task of providing physicians with the state-of-
the-art findings in the field. This was a major advantage of the 
present work since highlighting these advances provides valuable 
basis for future requirement of government authorisation of new 
drugs in these countries.

Of note, problems faced by Latin American countries are 
shared by several developing nations. Therefore, it is expected 
that these guidelines will also be very useful for them. Further-
more, due to ever increasing globalisation and the increase 
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Table 5 GLADEL–PANLAR recommendations for adult patients with 
SLE with antiphospholipid antibodies or antiphospholipid syndrome

Antiphospholipid syndrome

Treatment recommendations
Quality of 
the evidence

strength of 
recommendation

In adult patients with lupus with APs and venous thromboembolic disease

Use extended over time-limited anticoagulation. Moderate Strong

Use standard-intensity anticoagulation (INR 
2.0–3.0) over high-intensity anticoagulation 
(INR 3.0–4.0).

Very low Strong*

In adult patients with sLE with APs and stroke

Use high-intensity anticoagulation (INR 3.0–
4.0) over standard-intensity anticoagulation 
(INR 2.0– 3.0) or LDA.

Very low Weak

In pregnant lupus women with obstetric APs and recurrent pregnancy losses

Use HCQ plus LMWH plus LDA over HCQ plus 
LDA, or adding GCs or intravenous Ig.

Moderate Strong

*Strong recommendation supported on high certainty in significant bleeding risk 
increase with high-intensity anticoagulation.
APS, antiphospholipid syndrome; GC, glucocorticoid; GLADEL, Grupo Latino 
Americano del Estudio de Lupus; HCQ, hydroxychloroquine; Ig, immunoglobulin; 
INR, international normalised ratio; LDA, low-dose aspirin; LMWH, low molecular 
weight heparin; PANLAR, Pan-American League of Associations of Rheumatology; 
SLE, systemic lupus erythematosus. 

of migratory movements of people from countries with more 
susceptible SLE groups in terms of frequency and disease severity 
both in terms of race/ethnicity (Mestizos, Asians, Africans) and 
low SES to countries with better life opportunities, we consider 
that these guidelines may be used by physicians anywhere in the 
world, even in developed countries, where such individuals may 
migrate to and seek care for their lupus.

We acknowledge as a limitation that certainty of the evidence 
was not as high as desirable for most recommendations and prob-
ably biased by few randomised clinical trials. Although regional 
information was published on several topics1 4 10 11 23 24 31–49 we 
recognise that these guidelines should be updated as research-
based changes in our understanding of SLE emerge. Regardless, 
the publication of these guidelines must be followed by health 
system engagement and implementation by specialists, major 
steps towards improvement of lupus treatment in Latin America 
and low/middle-income countries.
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AbsTrACT
Autoinflammatory diseases (AIDs) are a relatively new 
family of disorders, defined about 19 years ago. Some 
of them are hereditary and some are not. The names 
given to these diseases do not follow any systematic 
guidelines, and sometimes the same disorder carries 
several names. The aim of this study is to refine the 
definition of AIDs and to provide some conventions 
for their naming. We focused mainly on monogenetic 
AIDs. Delphi technique, which enables consensus 
among a group of experts through internet and mail 
communication and questionnaires, was employed. 
After achieving 100% consensus among six members 
of a steering committee, the questionnaire containing 
AID definitions and the agreed-upon conventions were 
sent to 26 physicians and researchers working in the 
field of AIDs in order to gain broader support for the 
committee’s proposals. The committee proposed the 
following definition for AIDs: “Autoinflammatory diseases 
are clinical disorders caused by defect(s) or dysregulation 
of the innate immune system, characterized by recurrent 
or continuous inflammation (elevated acute phase 
reactants-APR) and the lack of a primary pathogenic role 
for the adaptive immune system (autoreactive T-cells or 
autoantibody production).” Several rules were defined 
for guiding the naming of these diseases among which 
are: abandoning eponyms and preferring the name of 
the gene over its encoded protein. The new definition 
for AIDs allows inclusion of clinical disorders mainly 
associated with defects in the innate immune system. The 
new conventions propose names with clinical meaning 
and in some cases even clues for treatment. 

Taxonomy is the science of naming. It is relevant 
to all fields of biology in which we name plants, 
animals, objects and diseases. In medicine, naming 
of diseases or syndromes has a special importance 
since it can give some clue about the nature of the 
clinical condition, its clinical features, pathogen-
esis and sometimes even an approach to treatment. 
Naming is also important for accurate and effective 
communication among different health disciplines. 
However, medical disorders have not been named 
in a standard way.1 Physicians, who treat patients 
with a particular disorder or face a new clinical 
condition, are often the first to propose a name for 
the disease. Expert working groups may later revise 
the names to improve their usefulness.

Names of medical disorders are often derived 
from one or a combination of the following sources: 

genetic basis or biochemical defect; geographic 
spread or by eponyms. The main drawback of many 
names is the lack of a clinical meaning that could 
help the novice to understand the origin of the 
disease or recognise its clinical characteristics.

The autoinflammatory diseases (AIDs) are a group 
of medical disorders, derived from defects or dysreg-
ulation of the innate immune system.2 This family 
of diseases was established in 1999 following the 
identification of the genes underlying two recur-
rent fever syndromes: familial Mediterranean fever 
(FMF)3 4 and TNF-receptor-associated periodic 
syndrome (TRAPS).5 Over the last 19 years, more and 
more diseases have been classified among this group 
of disorders, some of which may not fit well with the 
classical definition of the AIDs. Moreover, many of 
them were given names with no systematic guide-
lines or rules. In some cases, the same disease carries 
several names (table 1).6–48 This has led to a chaotic 
situation in naming these clinical disorders and has 
called for a better standardisation of this field. This 
need is accentuated by recent progress in next gener-
ation sequencing techniques, which have led to an 
increasing capability to identify new genes and new 
syndromes, expanding the spectrum of AIDs.

Indeed, following the International Society for 
Systemic Autoinflammatory Diseases (ISSAID) 
meeting in Lausanne, in 2013, a mandate was given 
to one of us (E B-C) to undertake a preliminary 
consensus-based exercise for the following aims: 
(1) to refine the definition of the ‘autoinflamma-
tory diseases’; (2) to provide some rules and new 
proposals for naming this current group of clinical 
conditions and those that will be identified in the 
future.

MeTHods
In order to find the different definitions proposed 
for AIDs over the years, we searched the MEDLINE/
PubMed Central (PMC) from 1998 to January 
2016, using the MESH search term: ‘autoinflamma-
tory diseases’ (online supplementary figure S1). In 
order to find the names used for each AID, we took 
one of their current names as depicted in table 1 and 
searched for papers where they were first reported. 
Then, we searched for reviews on these items to 
find additional synonymous names. Table 1 is based 
on a list of AIDs published by one of the authors 
(IT),49 properly integrated and updated during the 
consensus process and finally approved by all the 
steering committee members. It focused—mainly—
on monogenic disorders.

http://www.eular.org/
http://ard.bmj.com/
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Table 1 Current name of the disorder (in bold) and additional names (normal characters) derived from the literature

Current name of the disorder and additional names Proposed nomenclature

CAPs—Cryopyrin-associated periodic fever syndrome22 NLrP3-associated autoinflammatory disease (NLrP3-AId)

 CINCA—Chronic infantile neurological, cutaneous and articular syndrome,19 
NOMID—Neonatal onset multisystem inflammatory disease

Severe

 MWS—Muckle-Wells syndrome20 Moderate

 FCAS—Familial cold autoinflammatory syndrome21 Mild

CArd14-associated disease CArd14-associated psoriasis

 PRP—Familial pityriasis rubra pilaris32

  CAMPS—CARD14-mediated pustular psoriasis33

Cherubism45 sH3bP2 deficiency with multilocular cystic disease of the mandibles (sdCM)

 Familial multilocular cystic disease of the jaws46

 Cherubism—familial fibrous dysplasia of the jaws47

 CGCL—Central giant cell lesion48

CrMo—Chronic recurrent multifocal osteomyelitis31 Chronic non-bacterial osteomyelitis (CNo)—(when the gene is known it should be 
added)

Majeed syndrome,28 congenital dyserythropoietic anaemia and chronic recurrent 
multifocal osteomyelitis30

LIPIN2-associated disease 29 LPIN2-CNo

dIrA—deficiency of the IL-1 receptor antagonist26 (No change)

dITrA—deficiency of the IL-3 6receptor antagonist27 (No change)

FCAs2—Familial cold autoinflammatory syndrome 236 NLrP12-associated autoinflammatory disease (NLrP12-AId)

 Guadeloupe fever, NALP12 periodic fever syndrome36

Pyrin-associated autoinflammatory disease (PAAd) 

FMF—Familial Mediterranean fever9 (No change)

 Benign paroxysmal peritonitis,6 periodic disease,7 Armenian disease, periodic 
disease ‘Maladie periodique’,8 FMF,9 recurrent polyserositis,10 familial paroxysmal 
polyserositis11

PAANd—Pyrin-associated autoinflammation with neutrophilic dermatosis12 (No change) 

JMP Proteasome-associated autoinflammatory syndrome (PrAAs) 

Joint contractures, muscle atrophy, microcytic anaemia and panniculitis-induced 
lipodystrophy,40

PsMb8-PrAAs, PsMb4/PsMb9-PrAAs, PsMb4/PsMb9-PrAAs, PsMA3/PsMb8-
PrAAs

Chronic atypical neutrophilic dermatosis with lipodystrophy and elevated temperature 
(CANDLE) syndrome, 39 Nakajo-Nishimura syndrome (NNS)41

Mevalonate kinase disease (deficiency)15 16 Mevalonate kinase deficiency  (MKd) 

HIds—Hyper Igd syndrome17

Mevalonic aciduria 
Mild
severe

Dutch type periodic fever18 (Add porokeratosis or retinitis pigmentosa when present)

IL-10 deficiency IL-10 deficiency-associated inflammatory bowel disease

 IBD—IL-10R-associated very early34

  Infantile colitis35

Nod2 CArd15-associated disease Nod2-associated granulomatous disease
(Optional: add Blau syndrome or IBD according to the main clinical features)

  Blau syndrome,23 early onset sarcoidosis,24 familial Crohn’s disease25

PAPA/Pyogenic arthritis, pyoderma gangrenosum and acne syndrome37 38 PsTPIP1-associated arthritis, pyoderma gangrenosum and acne (PAPA)

PFAPA—Periodic fever, aphthous stomatitis, pharyngitis and adenitis (No change)

 Periodic fever, aphthous stomatitis, pharyngitis and adenitis or periodic fever 
aphthous pharyngitis and cervical adenopathy43

 Marshall's syndrome44

schnitzler syndrome42 (No change)

  PUPAP—Periodic fever with urticaria and paraprotein

TrAPs—TNF receptor-associated periodic fever syndrome3 (No change)

 Familial Hibernian fever13

 Familial autosomal-dominant periodic fever14

The last column reports the proposed nomenclature for the AIDs as results of the consensus process.
AIDs, autoinflammatory diseases.

For choosing the best definition for AIDs and the most appro-
priate name for each AID, we have used the Delphi technique, 
which enables consensus among a group of experts through mail 
communication.50 The Delphi method is essentially a series of 
questionnaires involving several steps, each of which is based on 

the results of the previous step. The process stops when consensus 
of at least 80% of the participants on each item is reached.51

An ad hoc steering committee of six clinicians and researchers 
from six different countries who are working in the field of auto-
inflammation was established.

http://ard.bmj.com/
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The first Delphi questionnaire was built through sending 
broad and open-ended questions in order to elicit different opin-
ions from the panellists about the current definitions and names 
of AIDs.

Once received, the replies from the panellists were analysed to 
generate a series of statements that were employed as the basis 
for follow-up questionnaires that were sent back to the indi-
vidual participants. In each subsequent questionnaire, the panel-
lists were also provided with the overall results (responses) of 
the previous questionnaire from all the members. After achieving 
100% consensus among the steering committee members, the 
questionnaire containing the AIDs definitions and the agreed-on 
names of AIDs were sent to 26 physicians and researchers 
working in the field of AIDs around the world. They were 
identified in the Paediatric Rheumatology International Trials 
Organization (PRINTO) mailing list through their high active 
participation in the Eurofever registry.52 53 The aim of this step 
was to gain broader support for the committee’s proposals and 
to consider changes once a name was rejected by or was not 
acceptable to more than 80% of the participants of the large 
group of AIDs experts. Delphi survey implementation was 
conducted by PRINTO.54 

resuLTs
AIds proposed definition
The literature review disclosed 536 papers of which only 7 specif-
ically dealt with the definitions of AIDs5 49 55–59 (online supple-
mentary figure S1). The first definition for AIDs was proposed 
by the NIH group in 1999.5 This definition was as follows: ‘The 
autoinflammatory syndromes are systemic disorders character-
ised by apparently unprovoked inflammation in the absence of 
high-titre autoantibodies or antigen-specific T lymphocytes’. 
This definition was based mainly on the two diseases whose 
related genes had then been identified: FMF and TRAPS.3–5 
Since in both diseases the flares appeared mostly spontaneous, 
the definition included the word ‘unprovoked’. The definition 
stresses the lack of involvement of the adaptive immune system 
in these disorders, since no autoantibodies or autoreactive T-cells 
were involved.

Seven years later McGonagle and McDermott suggested 
another definition: ‘AIDs are characterised by self-directed 
inflammation, whereby local factors at sites predisposed to 
disease lead to activation of innate immune cells, including 
macrophages and neutrophils, with resultant target tissue 
damage. For example, disturbed homeostasis of canonical cyto-
kine cascades (as in the periodic fevers), aberrant bacterial sensing 
(as in Crohn’s disease), and tissue microdamage predispose one 
to site-specific inflammation that is independent of adaptive 
immune responses’.55 The authors proposed that immunolog-
ical diseases ought to be conceived as a continuum with ‘pure 
monogenic autoinflammatory diseases’ at one end and ‘pure 
monogenic autoimmune diseases’ at the other. This definition is 
relatively complex, but explicitly invokes innate immunity and 
widens the spectrum of AIDs.

Later, several other definition or refinement were 
proposed.49 56–58 In a recent study, de Jesus et al provide an 
outstanding classification of AIDs strictly based on their patho-
physiology.59 However, the authors do not propose a new defi-
nition for the AIDs.

Given the proliferation of AID definitions, with sometimes 
conflicting concepts, the steering committee agreed to adopt the 
first and original definition with minor modifications: ‘Autoin-
flammatory diseases are clinical disorders caused by defect(s) 

or dysregulation of the innate immune system, characterised 
by recurrent or continuous inflammation (elevated acute phase 
reactants (APR)) and the lack of a primary pathogenic role for 
the adaptive immune system (autoreactive T-cells or autoanti-
body production)’.

This definition emphasises the essential fact that the disor-
ders are caused by defects in the innate immune system and 
are continuous or recurrent. The word ‘unprovoked’ has been 
deleted since in many cases there is a trigger for the acute flares.

The steering committee is aware that diseases such as 
PLCG2-associated antibody deficiency and immune dysregula-
tion (PLAID) or Heme-oxidised IRP2 ubiquitin ligase1 (HOIL-1) 
deficiency, traditionally included among the AIDs, will not be 
part of this group, because they may contain components of the 
adaptive immune system such as autoantibodies.60 The ‘Inter-
feronopathies’ include some disorders also manifesting autoanti-
bodies. However, the consensus seemed to be that for disorders 
like Aicardi-Goutières syndrome in which nucleic acid sensing is 
primarily intracellular, autoantibodies usually play a minor role 
in disease pathogenesis, and thus the autoinflammatory desig-
nation may still be appropriate. In their recent review, Rodero 
and Crow propose that ‘type I interferonopathies can reason-
ably be considered as autoinflammatory in origin, with ‘spill-
over’ into autoimmunity in some cases’.61 The group of ‘typical’ 
autoimmune diseases includes disorders affecting primarily or 
only the adaptive system such as systemic lupus erythematosus, 
Hashimoto thyroiditis, DNAse deficiencies and autoimmune 
lymphoproliferative syndrome.

AIds proposed nomenclature
The current names for AIDs bring several problems and issues, 
which called for a new approach and nomenclature modifi-
cation; many AIDs possess more than a single name (FMF—
seven different names, TRAPS—three and so on) (table 1 and 
online supplementary table S1); different clinical presentations 
are associated with similar sequence alterations in the same gene, 
for example, Muckle-Wells syndrome (MWS), familial cold auto-
inflammatory syndrome (FCAS) and neonatal onset multisystem 
inflammatory disease (NOMID) are associated with NLRP3 
gene whereas FMF and pyrin-associated autoinflammation with 
neutrophilic dermatosis (PAAND) are associated with MEFV 
gene. In addition, discussion arose about several topics briefly 
summarised herein: In naming AIDs, should we use the name 
of the gene or that of the encoded protein (MEFV or pyrin)? 
Should we include typical clinical features or just genetic attri-
butes? Should historical names be retained?

Following more than six cycles of Delphi questionnaires 
and oral discussions among the six members of the steering 
committee with further involvement of the 26 AIDs experts 
around the world—a consensus of at least 80% was reached for 
the nomenclature of the diseases shown in tables 1 and 2.

General conventions
The proposed names for AIDs have been established according 
to the rules and suggestions outlined in box 1.

In many diseases, the course of the disease is episodic with 
frequent attacks and attack-free intervals. When the frequency 
of the attacks is relatively regular (as is the case with Periodic 
fever, aphthous stomatitis, pharyngitis and adenitis (PFAPA) 
and sometimes with mevalonate kinase deficiency (MKD), we 
preferred the term ‘periodic’. When the attacks do not have a 
regular pattern, we suggested the word ‘recurrent’.

https://dx.doi.org/10.1136/annrheumdis-2017-212515
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Table 2 Results from the Delphi questionnaires for consensus on 
nomenclature

definition or disease

Group of 
AIds experts 
consensus
(n=26)

Definition

 Autoinflammatory diseases are clinical disorders caused 
by defect(s) or dysregulation of the innate immune system, 
characterised by recurrent or continuous inflammation 
(elevated APR) and by the lack of a primary pathogenic 
role of the adaptive immune system (autoreactive T-cells or 
autoantibody production).

87%

Final names proposed for the AIDs

  CARD14-associated psoriasis 91%

 CNO: Chronic non-bacterial osteomyelitis 87%

 DIRA: Deficiency of the IL-1 receptor antagonist 96%

 DITRA: Deficiency of the IL-36 receptor antagonist 96%

 IL-10 deficiency-associated inflammatory bowel diseases 83%

 PAAD: Pyrin-associated autoinflammatory disease:
 FMF, PAAND

88%

 MKD: Mevalonate kinase deficiency 87%

  NLRP3-AID—NLRP3-associated autoinflammatory disease 88%

  NLRP12-AID—NLRP12-associated autoinflammatory disease 88%

  NOD2-associated granulomatous diseases 83%

 PAPA: PSTPIP1-associated arthritis, pyoderma gangrenosum 
and acne

87%

 PFAPA: Periodic fever, aphthous stomatitis, pharyngitis and 
adenitis

83%

 PRAAS: Proteasome-associated autoinflammatory syndrome 84%

 Schnitzler syndrome 87%

 SDCM—SH3BP2 deficiency with multilocular cystic disease 
of the mandibles

94%

 TRAPS—TNF receptor-associated periodic fever syndrome 83%

AIDs, autoinflammatory disease; APR, acute phase reactants; PAAND, pyrin-
associated autoinflammation with neutrophilic dermatosis.

box 1 recommendations for naming autoinflammatory 
diseases

1. Try not to change wherever the name is appropriate.
2. Avoid names of persons or geographical spread of disease

(eponyms).
3. Include the genetic basis (name of the gene) of the disease

where it is known (prefer the name of the gene over the
name of the encoded protein unless the name of the gene is
not accurate or meaningless).

4. Include key clinical features where appropriate.
5. Shorten the name as much as possible.
6. Choose a name that is as clear as possible.
7. In diseases where our knowledge about the pathogenesis is

still limited, leave the previous name (periodic fever, aphthous
stomatitis, pharyngitis and adenitis).

8. In diseases with different phenotypes but mutations in the
same gene, use a general ‘roof’ name with subtypes (pyrin-
associated autoinflammatory disease, NOD2).

9. When the clinical features seemed to be ‘continuous’ give
a general name (‘roof’ name) and classify the various
presentations according to their phenotypic severity (NLRP3-
associated autoinflammatory disease, mevalonate kinase
deficiency).

In the past, both terms, ‘periodic’ and ‘recurrent’, have been 
used interchangeably but now the term ‘periodic’ remained in 
the names of three conditions only: cryopyrin-associated peri-
odic fever syndrome (CAPS), TRAPS and PFAPA. In TRAPS, we 
decided to keep the original name ‘periodic’, although its flares 
are recurrent rather than periodic. In CAPS, we propose a new 
name (NLRP3-AID) which does not contain the word ‘periodic 
since the attacks are not periodic’. Thus, we strongly suggest 
using the more appropriate terms in naming disorders in the 
future.

As a general rule, we tried to use names containing aetiopatho-
logical (genetic) features of the disease and where appropriate 
or possible, to add a significant clinical characteristic of the 
syndrome. Thus, we left the name TRAPS without change, since 
it consists of its genetic aetiology (mutations in TNFRSF1A gene) 
and characteristic clinical features (periodic (recurrent) fever). 
On the other hand, the name hyper IgD syndrome (HIDS) was 
abandoned since it is an absolutely inaccurate name: serum IgD 
is not always elevated in these patients while it may be elevated 
in other AIDs. Therefore, this name was replaced by MKD based 
on our knowledge of the gene involved, mevalonate kinase 
(MVK). In this way, a physician or researcher who approaches 
these names for the first time may have immediately a basic 
understanding of the disorder and sometimes even a clue to the 
potential treatment.

In cases where the choice was between using the name of 
the gene associated with the disease or the protein encoded 
by the gene, we preferred the name of the gene over that 
of the protein unless the former was meaningless. A typical 
example is the choice of NLRP3 gene over cryopyrin despite 
the tendency of some clinicians to stay with the former term 
CAPS. Fortunately, in many cases, the name of the gene and 
the encoded protein are the same (MK, NOD2) making the 
choice easier. However, this was not the case with the MEFV 
gene and pyrin where the name of the protein was chosen, as 
will be discussed later.

In our proposals for new taxonomy of AIDs, we tried to 
avoid the use of names of persons (such as Nakajo Nishimura 
syndrome) or geographical distribution of the disease (such as 
Guadeloupe fever) or names with unusual meaning (such as 
‘Cherubism’).

specific names
In the case of CAPS—which encompasses three clinical entities 
(FCAS, MWS, NOMID/CINCA), the committee has proposed 
using a single name; NLRP3-associated autoinflammatory disease 
(NLRP3-AID). Since the various disorders reflect different levels of 
phenotypic severity of the same disease, it was suggested to add the 
adjectives: mild, moderate and severe phenotypes, instead of using 
the historical names FCAS, MWS and CINCA/NOMID, respec-
tively (table 1 and online supplementary table S1).

In familial cold autoinflammatory syndrome 2 (FCAS2) (Guade-
loupe fever), different families present with different phenotypes.36 
Since the gene associated with the disease (NLRP12) is known, the 
committee decided to name this syndrome NLRP12-associated 
autoinflammatory disease (NLRP12-AID).

In the case of MEFV-associated diseases, the question raised 
was as follows: should we use the old name FMF or ‘atypical 
FMF’ for all syndromes associated with mutations in the MEFV 
gene even if they have totally different clinical manifestations? 
Alternatively, should we find a different way to classify these 
disorders? The committee chose to use a general name (as a 
‘roof‘) ‘pyrin-associated autoinflammatory diseases’ (PAAD) 

https://dx.doi.org/10.1136/annrheumdis-2017-212515
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Figure 1 The group of diseases associated with MEFV sequence alterations. The ‘roof’ name is a general name whereas the subtypes are more 
specific and meaningful. AIDs, autoinflammatory diseases; CNO, chronic non-bacterial osteomyelitis; FMF, familial Mediterranean fever. 

which includes all diseases associated with pyrin defects or MEFV 
mutations. Under this general term, there are subtypes of disor-
ders with different names, according to their clinical presen-
tation or genetic features, such as PAAND, FMF and so on62 
(figure 1). Although it is preferred using the name of the gene 
over the name of the encoded protein, in the case of FMF, the 
protein pyrin was chosen rather than the MEFV gene. One of the 
reasons was that the name MEFV, which was coined to denote its 
association with FMF, is no longer accurate, since it may lead to 
totally different AIDs, such as PAAND and CRMO-like disorder. 
In addition, we did not change the name of FMF, although 
sometimes it is neither familial nor restricted to the Mediter-
ranean basin and in rare cases, it may even be without a docu-
mented fever. Most members of the steering committee thought 
that FMF is a well known and defined entity and that changing 
the name would cause discomfort and confusion among the AID 
clinical community. The name FMF remained under the ‘roof ’ 
of ‘pyrin-associated autoinflammatory diseases’ (PAAD) as a clin-
ical entity which is restricted mainly to Middle Eastern patients 
or to patients elsewhere, whose disease is associated with exon 
10 mutations.63

Regarding Mevalonate kinase disorders the committee 
suggested leaving MKD as a general name with the option of 
adding ‘mild’ for those with HIDS and ‘severe’ for those with 
mevalonic aciduria.64 In rare cases, where the patient with MKD 
has also retinitis pigmentosa or porokeratosis, it is suggested to 
mention these manifestations in addition to MKD (table 1 and 
online supplementary table S1).

The name NOD2-associated granulomatous disease was 
chosen by the committee for the three phenotypes: Blau 
syndrome, familial sarcoidosis and familial Crohn's disease. 
Since all these syndromes are characterised by granulomas, this 
feature was included in the name. Nevertheless, an option was 
offered to add inflammatory bowel disease (IBD) in cases where 
the intestines are the main site of involvement for example, 
NOD2-associated granulomatous IBD (formerly called familial 
Crohn's disease).

The name for CRMO was replaced by the name chronic non- 
bacterial osteomyelitis (CNO). The reason for that was the pres-
ence of many cases where the disease was neither recurrent nor 
multifocal. Furthermore, the new name emphasises the main 
feature of the disease, non-bacterial osteomyelitis. Since this 
clinical entity may be associated with mutations in various genes, 
it is optional to add the name of the gene when it is known. For 
example, in case the gene involved is LPIN2, it can be marked 
as LPIN2-CNO (previously known as Majeed’s syndrome). In 
adults, patients with sporadic CNO are usually diagnosed with 

SAPHO, a symptom complex of synovitis, acne, pustulosis, 
hyperostosis and osteitis.65

Chronic atypical neutrophilic dermatosis with lipodystrophy 
and elevated temperature syndrome (CANDLE syndrome) 
gained a new name: PSMB8-PRAAS—where PSMB8 stands for 
Proteasome Subunit Beta 8 and PRAAS for PRoteasome-Associ-
ated Autoinflammatory Syndrome. This name replaces also the 
eponym Nakajo Nishimura syndrome, and JMP which stands 
for Joint contractures, Muscle atrophy, microcytic anaemia and 
Panniculitis-induced lipodystrophy. The name PSMB8-PRAAS 
consists of the genetic aetiopathology of the disorder but does 
not include any clinical feature of the disease.

CARD14-associated disease is usually characterised by psori-
asis with or without pustulosis. Therefore, the name was refined 
to be CARD14-associated psoriasis.

Since the three variants of IL-10 deficiency are always associ-
ated with inflammatory bowel disease, the committee proposed 
a single name as IL-10 deficiency-associated IBD.

The names, deficiency of the interleukin 1 receptor antago-
nist (DIRA), deficiency of the interleukin 36 receptor antago-
nist (DITRA), pyogenic arthritis, pyoderma gangrenosum and 
acne (PAPA) and PFAPA remained unchanged since they already 
conform to our naming conventions. However, the letter P in 
the abbreviation ‘PAPA’ now stands for the name of the gene 
PSTPIP1 rather than ‘Pyogenic’ and, therefore, the new name is 
‘PSTPIP1-associated arthritis, pyoderma gangrenosum and acne’ 
(PAPA).

The name ‘Cherubism’ was derived from the Biblical ‘cherub’ 
(plural cherubim) who has four faces of different species and 
several pairs of wings,. For most physicians, this name does not 
mean much and therefore, the committee proposed the name 
SH3BP2 deficiency with multilocular cystic disease of the mandi-
bles (SDCM). This name gives the aetiopathological basis of the 
syndrome with the main clinical feature of fibrous dysplasia of 
the mandibles.

Finally, the name ‘Schnitzler syndrome’ also remained as 
an historical one, since its pathogenesis is still obscure and its 
relationship with NLRP3 mutations has not been established.66 
A proposal to convert the name of the syndrome to a clinical 
description: ‘late onset gammopathy with recurrent urticaria 
and fever’ did not gain support from most of the committee 
members.

dIsCussIoN
The definition of AIDs has changed over the years in order to 
accommodate the new diseases discovered since 1999—the year 
the term was first proposed.2 5 49 55–58 Widening the scope and 
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spectrum of definition of AIDs resulted in the inclusion of disor-
ders with additional defects in the adaptive immune system such 
as PLAID or HOIL-1 deficiency. Most defects in the immune 
system may affect primarily either the innate or the adaptive 
arm. However, it is becoming increasingly obvious that the 
innate immune system almost always has an effect on the adap-
tive system. This leads to the situation that there are disorders 
that do not fit neatly into the ‘pure’ autoinflammatory or auto-
immune categories and reside actually in a ‘grey zone’ between 
these two groups. In order to include these disorders with the 
typical AIDs under the same ‘rafter’, Peckham et al offered the 
term ‘autoinflammatory-immune diseases’.67 We believe that this 
new name may lead to confusion since all the disorders caused 
or related to defects in the immune system can be classified 
under this wide term with no clear categorisation. The interfer-
onopathies are clinical disorders caused by defects in the innate 
response, leading to inflammation after DNA sensing. The acti-
vation of cells of the adaptive immunity is a secondary effect of 
this condition and seems to play a minor role in their patho-
genesis. Therefore, they may create the bridge which fits the 
concept that the AIDs, and the autoimmune diseases are actu-
ally in the same spectrum of immune disorders. This continuum 
model is further supported by the recent discovery of the innate 
lymphoid cells. These cells are defined by differential expres-
sion of cell-surface markers and are activated by neuropeptides, 
cytokines and other alarmins.68 Their specialised distribution in 
lymphoid and non-lymphoid tissues, coupled with their func-
tional heterogeneity, has provoked a fundamental reassessment 
of how they integrate innate and adaptive immune responses.

As already mentioned, many of the current names of AIDs 
were not appropriate, inaccurate or lack any clinical meaning. 
Therefore, an attempt to establish new conventions for naming 
them was really needed.

The conventions (box 1), and the ensuing proposals (table 1 
and online supplementary table S1), call for using the name of 
the gene associated with the disease when it is known rather 
than the encoded protein. In these cases, demonstration of func-
tional significance of the identified sequence alteration is manda-
tory. The main advantage of using the name of the gene is that 
such a name gives the physician a clue about the pathogenesis 
of the disease and sometimes even about a potential treatment. 
Moreover, it may allow definite diagnosis using genetic testing. 
However, it should be borne in mind that including the gene 
in the name of the disease may pose a problem in cases where 
the clinical features of the patient are compatible with a certain 
diagnosis while no expected sequence alteration is found. Thus, 
the main drawback of using the name of the gene is that definite 
diagnosis can be made only by genetic testing.

In cases where the clinical features and the genetic testing 
results are in accord, the name is appropriate and the diagnosis 
is correct and definite. When there is a clearly pathogenic muta-
tion but the clinical features are completely incompatible with 
the expected diagnosis, one should consider a different disease 
with a different name. This situation is illustrated by the case of 
the MEFV mutation S242R, which causes neutrophilic derma-
tosis. The name of this disease is not ‘FMF’ or ‘atypical FMF’ 
despite the fact that there are MEFV mutations—but ‘PAAND’. 
Similar approach may be applied in the case of PSTPIP1 with the 
new mutation and different clinical presentation.69 We suggest 
here a ‘roof ’ name: PSTPIP1-associated AIDs with two subtypes: 
PAPA and PAMI (PSTPIP1-associated myeloid-related protein-
aemia inflammatory syndrome). However, we cannot add this 
approach to table 1 since it was not discussed in the Delphi ques-
tionnaires among the large group of participants.

When the clinical features are typical for a certain disease (eg, 
FMF) and yet no genetic support for this diagnosis is found, 
one can denote this medical condition as an FMF-like disease. 
However, a better choice would be to leave the case as an unde-
fined AID until mutations in other genes are found or additional 
explanations for the disease are given. The reason is that clinical 
features typical for one AID may be associated with mutations 
in different genes. For example, in a recent report, Karacan 
et al described two Turkish families in whom four patients 
presented with typical clinical features of FMF.70 Genetic anal-
ysis performed in these patients failed to show MEFV mutations. 
However, total exon sequencing revealed that two patients were 
homozygous for mutations in MVK and the two other patients 
carried mutations in the TNFRSF1A gene. These cases illustrate 
the difficulties in making a diagnosis of AID based on clinical 
features only and justify the proposal to use the gene in naming 
AIDs wherever it is known.

The way we proposed naming CAPS and FCAS 2, namely 
NLRP3-AID and NLRP12-AID, respectively, may pave the way 
for naming future disorders to be discovered or identified among 
the other members of the large family of NOD-like receptors. 
Similarly, PSMB8-PRAAS, the name which was proposed to 
replace CANDLE syndrome, JMP and NNS, may also serve as an 
example for naming additional proteasome associated diseases to 
be discovered, just by changing their number. In fact, Brehm et al 
recently described several cases that carry mutations in PSMA3 
(encodes α7), PSMB4 (encodes β7), PSMB9 (encodes β1i) and 
proteasome maturation protein (POMP).71

Unfortunately, the current study did not include many other 
monogenic AIDs such as those associated with ADA2, NLRC4, 
NLRP1 genes or X linked inhibitor of apoptosis deficiency and 
(SLAM)-associated protein deficiency.72 The reason is that we 
limited ourselves mainly to the basic list reported by Touitou  
et al.49 However, we hope that the conventions we propose 
herein may help modifying names of additional diseases—old 
and new—when, they do not follow the rules suggested.

For this project, we used the Delphi technique which allowed 
discussion via an ad hoc web-based system developed by the 
PRINTO staff under the supervision of NR who has an extensive 
expertise in consensus formation methodologies. The PRINTO 
system allowed remote interaction between the participants who 
had the possibility to share written comments with the other 
participants in a transparent and traceable way. A limitation 
of the current work was that for lack of funding we could not 
conduct a formal nominal group technique which is a guided 
face-to-face discussion and interaction, among small groups 
of experts. However, the additional discussion of the ad hoc 
steering committee consensus proposal by another group of 26 
worldwide experts in the field of AIDs further strengthens these 
proposals.

In conclusion, the currently proposed rules for nomenclatures 
of AIDs are expected to allow a better organisation of these 
groups of immune diseases. However, taxonomy is a dynamic 
process and some of the proposed names may be changed in 
the future as we gain a better knowledge about their pathogen-
esis. The proposed taxonomy may gain a broader consensus 
following an effective communication with other societies such 
as the International Union of Immunological Societies Expert 
Committee.
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AbsTrACT
Objectives Methotrexate is considered to be first-
line therapy for rheumatoid arthritis (rA). However, 
a substantial proportion of treated patients do not 
achieve the desired goals of therapy. this analysis 
aimed to identify predictors of insufficient response to 
methotrexate in patients with early rA.
Methods the optimal protocol for treatment Initiation 
with Methotrexate and Adalimumab (optIMA) and 
prEMIEr studies in patients with rA for <1 and <3 
years, respectively, examined the efficacy of methotrexate 
and adalimumab in methotrexate-naive patients. this 
post hoc analysis included patients for whom initial 
methotrexate monotherapy was not successful after 6 
months. Candidate predictors of insufficient response 
and clinically relevant radiographic progression (Crrp) 
included demographics, baseline disease characteristics 
and time-averaged disease variables over a 12-week 
interval. In optIMA, adalimumab was added to therapy 
after insufficient treatment response; in prEMIEr, initial 
methotrexate therapy was continued; clinical, functional 
and radiologic outcomes were assessed after 1 year.
results Baseline 28-joint disease Activity Score based 
on C-reactive protein (dAS28(Crp)) and time-averaged 
dAS28(Crp) over 4, 8 and 12 weeks were the strongest 
predictors of insufficient response to methotrexate 
and Crrp. Addition of adalimumab to methotrexate 
therapy was associated with better clinical, functional 
and radiographic outcomes after 1 year compared with 
continuing on methotrexate monotherapy.
Conclusions In patients with early rA, baseline disease 
characteristics and early disease activity can predict 
response to methotrexate treatment and radiographic 
progression at 6 months. the addition of adalimumab at 
6 months after methotrexate failure is associated with 
improved outcomes. these results support treatment-
to-target strategies and timely adaptation of therapy in 
patients with early rA.
Trial registration number nCt00420927, 
nCt00195663; post-results.

InTrOduCTIOn
Disease-modifying antirheumatic drugs (DMARDs) 
such as methotrexate are currently recommended 
as first-line therapy for the treatment of rheumatoid 
arthritis (RA).1 2 However, if patients do not attain 

the desired goal of therapy (eg, remission or at 
least low disease activity (LDA)) after 6 months of 
an initial treatment strategy, consideration must be 
given for adjustment of therapy.1 Furthermore, joint 
damage, one of the hallmarks of RA, develops in 
many patients during the early stages of the disease 
and can continue despite conventional synthetic 
DMARD therapy, leading to bone and cartilage 
loss.3–7 Adding a biologic DMARD could be consid-
ered in patients with an insufficient response to 
methotrexate when risk factors are present.1

The Optimal Protocol for Treatment Initiation 
with Methotrexate and Adalimumab (OPTIMA) and 
PREMIER studies examined the efficacy of meth-
otrexate and adalimumab in methotrexate-naive 
patients with early RA.6 8 The studies used different 
protocols when patients did not achieve response to 
methotrexate after 6 months: in OPTIMA, adalim-
umab was added to therapy from week 26 onward 
for patients with insufficient response to metho-
trexate, whereas in PREMIER, initial methotrexate 
therapy was maintained for up to 2 years.

The objective of this post hoc analysis of data 
from the randomised, double-blind OPTIMA and 
PREMIER studies in patients with early RA was 
to identify predictors of insufficient response to 
methotrexate and clinically relevant radiographic 
progression (CRRP) after 6 months of methotrexate 
monotherapy, as well as to evaluate the subsequent 
benefits of treatment adjustment (OPTIMA) versus 
no treatment adjustment (PREMIER).

MeTHOds
study patients, designs and treatments
The methods and results of the trials have been 
described previously (see also online supplemen-
tary table 1).6 8 9 Briefly, OPTIMA was a 78-week, 
randomised, double-blind, double-period, phase 4 
trial conducted between December 2006 and July 
2010.8 9 In period 1, methotrexate-naive patients 
were randomised 1:1 to receive adalimumab 
40 mg every other week plus methotrexate weekly 
(titrated to 20 mg/week by week 8) or placebo 
every other week plus methotrexate weekly for 26 
weeks. In period 2, patients who did not achieve 
the stable LDA target during period 1 continued 
or initiated adalimumab 40 mg every other week 

http://www.eular.org/
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http://crossmark.crossref.org/dialog/?doi=10.1136/annrheumdis-2018-213502&domain=pdf&date_stamp=2018-010-10
NCT00420927
NCT00195663
https://dx.doi.org/10.1136/annrheumdis-2018-213502
https://dx.doi.org/10.1136/annrheumdis-2018-213502
http://ard.bmj.com/


1567Smolen JS, et al. Ann Rheum Dis 2018;77:1566–1572. doi:10.1136/annrheumdis-2018-213502

Clinical and epidemiological research

Table 1 Baseline demographics, disease characteristics and prior therapies of the pooled predictors analysis populations

Characteristic

Pooled for prediction of insufficient response to methotrexate (n=687) Pooled for prediction of CrrP (n=670)

Insufficient responders (n=525) responders (n=162) CrrP (n=171) no CrrP (n=499)

Demographic characteristics

 Women, n (%) 398 (76) 113 (70) 126 (74) 372 (75)

 White, n (%) 483 (92) 148 (91) 158 (92) 456 (91)

 Age (years) 51.3 (13.7) 48.8 (13.2) 50.9 (14.9) 50.7 (13.3)

 RA duration (years) 0.5 (0.6) 0.5 (0.6) 0.5 (0.6) 0.5 (0.6)

Disease characteristics

 CRP (mg/L) 35.7 (36.5) 26.4 (28.2) 50.7 (45.7) 27.6 (28.1)

 TJC68 30.1 (14.8) 23.9 (12.7) 30.7 (13.7) 28.0 (14.8)

 SJC66 20.4 (11.4) 15.6 (9.1) 22.3 (11.5) 18.3 (10.8)

 DAS28(CRP) 6.2 (0.9) 5.6 (1.0) 6.4 (0.9) 6.0 (1.0)

 SDAI 46.7 (13.8) 38.0 (13.9) 49.4 (14.4) 43.1 (14.0)

 CDAI 43.3 (12.6) 35.4 (12.3) 44.4 (12.4) 40.4 (13.0)

 HAQ-DI (range, 0–3) 1.6 (0.6) 1.3 (0.7) 1.6 (0.6) 1.5 (0.7)

 mTSS 15.5 (20.6) 12.2 (17.9) 20.7 (22.1) 12.4 (18.6)

CRRP, n (%) 146 (28) 25 (15) NA NA

Insufficient responders, n (%) NA NA 146 (85) 364 (73)

Prior therapies, n (%)

 Systemic glucocorticoids 216 (41) 79 (49) 61 (36) 225 (45)

 ≥1 DMARD 88 (17) 28 (17) 34 (20) 78 (16)

Values are mean (SD), unless otherwise indicated.
Insufficient response to methotrexate was defined as not achieving DAS28(CRP) <3.2 at week 24/26 for OPTIMA or week 20/24 for PREMIER.
CRRP was defined as an increase in mTSS of >1.5 from baseline to week 26 for OPTIMA or week 24 for PREMIER.
CDAI, Clinical Disease Activity Index; CRP, C-reactive protein; CRRP, clinically relevant radiographic progression; DAS28(CRP), 28-joint Disease Activity Score based on CRP; 
DMARD, disease-modifying antirheumatic drug; HAQ-DI, Health Assessment Questionnaire Disability Index; mTSS, modified total Sharp score; NA, not available; OPTIMA, Optimal 
Protocol for Treatment Initiation with Methotrexate and Adalimumab; RA, rheumatoid arthritis; SDAI, Simplified Disease Activity Index; SJC66, swollen joint count based on 66 
joints; TJC68, tender joint count based on 68 joints.

plus methotrexate weekly. PREMIER was a 2-year, randomised, 
double-blind, placebo-controlled phase 3 trial conducted 
between December 2000 and April 2004.6 Patients were 
randomised 1:1:1 to receive adalimumab 40 mg every other 
week plus methotrexate weekly (titrated to 20 mg/week by week 
9), adalimumab 40 mg every other week plus placebo weekly, or 
placebo every other week plus methotrexate weekly for 2 years. 
This post hoc analysis included only patients who received initial 
methotrexate monotherapy in OPTIMA or PREMIER and did 
not achieve stable LDA. Stable LDA was defined as achieving 
28-joint Disease Activity Score based on C-reactive protein 
(DAS28(CRP)) <3.2 at two consecutive assessments (weeks 22 
and 26 in OPTIMA and weeks 20 and 24 in PREMIER).

Assessments
Predictors were assessed for insufficient response to methotrexate, 
defined as not achieving stable LDA at 6 months, or experiencing 
CRRP, defined as an increase in modified total Sharp score (mTSS) 
of >1.5 from baseline to 6 months based on a prior definition of 
increase >3 in 1 year.10 Stable DAS28(CRP) <3.2 was chosen as 
the definition of insufficient response because it was the primary 
endpoint at the 6-month time point in the OPTIMA trial8 and was 
the decisive outcome for subsequent randomisation for the phase 
2 portion of that trial.9

Assessments after 6 months (week 26 in OPTIMA and week 24 
in PREMIER) included clinical outcomes at week 78 for OPTIMA 
and week 76 for PREMIER: the proportion of patients achieving 
LDA (DAS28(CRP)<3.2), DAS28(CRP) <2.6, Simplified Disease 
Activity Index (SDAI) ≤3.3 and Clinical Disease Activity Index 
(CDAI) ≤2.8. Physical function was evaluated using the Health 
Assessment Questionnaire Disability Index (HAQ-DI) and reported 
as the mean score at week 78/76 and the proportion of patients 

achieving clinically meaningful improvement in HAQ-DI (change 
of ≥0.22)11 from week 26 to 78 (OPTIMA) or week 24 to 76 
(PREMIER). Radiologic outcomes were assessed using the mTSS 
and reported as the mean score at week 78/76 and the proportion 
of patients achieving change in mTSS (ΔmTSS) of ≤0.5 from week 
26 to 52 or 78 (OPTIMA) or week 24 to 52 or 76 (PREMIER; 
value at week 76 estimated from linear extrapolation between 
actual assessments at weeks 52 and 104).

statistical analyses
Backward logistic regression was used to identify potential predic-
tors of insufficient response to methotrexate therapy and CRRP 
during the first 6 months of therapy in a pooled analysis of patients 
with available data in OPTIMA and PREMIER. Two models were 
used. The first model included demographic and disease factors 
(including DAS28(CRP), SDAI or CDAI) at baseline only. The 
second model included baseline factors and postbaseline, time-av-
eraged disease parameters for three time intervals (through 4, 8 
and 12 weeks of methotrexate exposure; three separate models 
fitted). Time-averaged variables were calculated as area under 
the curve standardised for length of time interval. Factors were 
removed from the models if their significance level rose to 0.1.

The percentage of patients achieving DAS28(CRP) <3.2, 
DAS28(CRP) <2.6, SDAI ≤3.3 and CDAI ≤2.8 at 1 year after the 
6-month assessment was analysed using non-responder imputation 
and Χ2 test (or Fisher’s exact test if ≥20% of the cells had expected 
counts ≤5). Differences in mean outcomes between patients who 
switched to adalimumab rescue therapy in OPTIMA and patients 
who continued to receive methotrexate monotherapy in PREMIER 
were assessed using a t-test. A multivariate logistic regression 
adjusted for study (OPTIMA or PREMIER) and baseline charac-
teristics (age, sex, RA duration, rheumatoid factor status, previous 
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Figure 1 Backward logistic regression analysis of baseline predictors, including DAS28(CRP), of insufficient response to methotrexate at 6 months 
(A) and CRRP at 6 months (B) in patients with early RA receiving methotrexate monotherapy. Insufficient response to methotrexate was defined 
as not achieving DAS28(CRP) <3.2 at weeks 22 and 26 (OPTIMA study) or weeks 20 and 24 (PREMIER study). CRRP was defined as increase in 
mTSS of >1.5 from baseline to week 26 (OPTIMA study) or week 24 (PREMIER study). Predictors analysis considered 500 methotrexate insufficient 
responders and 156 methotrexate responders; CRRP analysis considered 481 patients without CRRP and 163 patients with CRRP. The OR for each 
continuous variable (age, BMI, CRP at BL, DAS28 at BL, mTSS, PGA at BL, Pt Pain at BL, RF and weight) reflects the effect of a 1-unit change in that 
variable; thus, the ORs differ partly because of the different relative meaning of a 1-unit change, such as for DAS28 (scale, about 1–10) compared 
with SDAI (scale, 0 to about 86). The full regression models, before elimination of factors with p≥0.1, included age, race (white vs non-white), 
sex (male vs female), weight, RA duration, RF, BMI and mTSS; BL values for CRP, tender joint count based on 68 joints, swollen joint count based 
on 66 joints, Health Assessment Questionnaire Disability Index, Pt Pain, Pt Global Assessment of Disease Activity on a 100 mm visual analogue 
scale, PGA and DAS28; and prior use of DMARDs (yes vs no), number of prior DMARDs and prior use of GCs (yes vs no). *P<0.05; statistically 
significant difference. BL, baseline; BMI, body mass index; CRP, C-reactive protein; CRRP, clinically relevant radiographic progression; DAS28, 28-joint 
Disease Activity Score; DMARD, disease-modifying antirheumatic drug; GC, glucocorticoid; mTSS, modified total Sharp score; MTX, methotrexate; 
OPTIMA, Optimal Protocol for Treatment Initiation with Methotrexate and Adalimumab; OR, odds ratio; PGA, Physician Global Assessment of Disease 
Activity on a 100 mm visual analogue scale; Pt, patient; RA, rheumatoid arthritis; RF, rheumatoid factor; SDAI, Simplified Disease Activity Index. 

DMARD use, tender joint count, swollen joint count, CRP, DAS28, 
HAQ-DI, mTSS and erosion score) was used to determine the odds 
ratios (ORs) of achieving categorical clinical, functional and radio-
graphic outcomes between the OPTIMA and PREMIER patients.

resulTs
Predictors of insufficient response to methotrexate and CrrP 
at 6 months
Patients
The pooled analysis (PREMIER and OPTIMA) of predictors of 
insufficient response to methotrexate included 525 insufficient 

responders and 162 responders who had data for all independent 
variables. The pooled CRRP analysis included 171 patients with 
CRRP and 499 without CRRP. More patients with an insuffi-
cient response to methotrexate were women and had significantly 
higher baseline mean values for age, CRP, tender and swollen joint 
counts, DAS28(CRP), SDAI, CDAI, HAQ-DI and mTSS compared 
with patients achieving stable LDA with methotrexate (table 1). 
Similarly, patients with CRRP had significantly higher mean CRP, 
tender and swollen joint counts, DAS28(CRP), SDAI, CDAI and 
mTSS values at baseline versus patients without CRRP (table 1).
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Figure 2 Backward logistic regression analysis of baseline and postbaseline predictors, including DAS28(CRP), of insufficient response to 
methotrexate at 6 months (A) and CRRP at 6 months (B) based on data from weeks 0–4, weeks 0–8 and weeks 0–12 in patients with early RA 
receiving methotrexate monotherapy. Week 4 analysis considered 485 methotrexate insufficient responders and 151 methotrexate responders, week 
8 analysis considered 507 methotrexate insufficient responders and 160 methotrexate responders and week 12 analysis considered 500 methotrexate 
insufficient responders and 156 methotrexate responders. Week 4 analysis considered 471 patients without CRRP and 153 patients with CRRP, week 
8 analysis considered 491 patients without CRRP and 163 patients with CRRP and week 12 analysis considered 481 patients without CRRP and 163 
patients with CRRP. Insufficient response to methotrexate was defined as not achieving DAS28(CRP) <3.2 at weeks 22 and 26 (OPTIMA study) or 
weeks 20 and 24 (PREMIER study). CRRP was defined as an increase in modified total Sharp score of >1.5 from baseline to week 26 (OPTIMA study) 
or week 24 (PREMIER study). The OR for each continuous variable (age, BMI, mTSS, RF, TA-CRP, TA-DAS28, TA-PGA, TA-Pt Pain, TA-PtGA, TA-TJC68, 
weight) reflects the effect of a 1-unit change in that variable; thus, the ORs differ partly because of the different relative meaning of a 1-unit change, 
such as for DAS28 (scale, about 1–10) compared with SDAI (scale, 0 to about 86). The full regression models, before elimination of factors with p≥0.1, 
included age, race (white vs non-white), sex (male vs female), weight, RA duration, RF, BMI and mTSS; TA values for CRP, TJC68, swollen joint count 
based on 66 joints, HAQ-DI, Pt Pain, PtGA, PGA and DAS28; and prior use of DMARDs (yes vs no), number of prior DMARDs and prior use of GCs (yes 
vs no). *P<0.05; statistically significant difference. BMI, body mass index; CRP, C-reactive protein; CRRP, clinically relevant radiographic progression; 
DAS28, 28-joint Disease Activity Score; DMARD, disease-modifying antirheumatic drug; GC, glucocorticoid; HAQ-DI, Health Assessment Questionnaire 
Disability Index; mTSS, modified total Sharp score; MTX, methotrexate; OPTIMA, Optimal Protocol for Treatment Initiation with Methotrexate and 
Adalimumab; OR, odds ratio; PGA, Physician Global Assessment of Disease Activity on a 100 mm visual analogue scale; Pt, patient; PtGA, Patient 
Global Assessment of Disease Activity on a 100 mm visual analogue scale; RA, rheumatoid arthritis; RF, rheumatoid factor; SDAI, Simplified Disease 
Activity Index; TA, time averaged; TJC68, tender joint count based on 68 joints. 

Model with baseline factors
In the baseline model, DAS28(CRP) was the most statistically 
significant predictor that was positively associated with insufficient 
response to methotrexate and CRRP at 6 months (figure 1A,B). 
In separate analyses, SDAI and CDAI also predicted insufficient 
response to methotrexate at 6 months, similar to the primary 
analysis with DAS28(CRP), but did not predict CRRP (online 
supplementary figures 1 and 3). Male sex and prior use of systemic 
glucocorticoids were the strongest negative predictors of insuffi-
cient response to methotrexate (figure 1A; online supplementary 
figures 1A and 3A); prior systemic glucocorticoid use was also 

a negative predictor of CRRP (figure 1B; online supplementary 
figures 1B and 3B).

Model with baseline and postbaseline factors
In the baseline and postbaseline (time-averaged) predictors model, 
higher time-averaged DAS28(CRP) through week 12 was the stron-
gest positive predictor of insufficient response to methotrexate 
and CRRP at 6 months (p<0.001 for both; figure 2). Additionally, 
high values of time-averaged DAS28(CRP) through weeks 4 and 
8 (p<0.001 for all) were also positive predictors of insufficient 

https://dx.doi.org/10.1136/annrheumdis-2018-213502
https://dx.doi.org/10.1136/annrheumdis-2018-213502
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https://dx.doi.org/10.1136/annrheumdis-2018-213502
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Table 2 Baseline demographics, disease characteristics and prior 
and concomitant therapies of patients who had an insufficient 
response to methotrexate

Characteristic

Patients with an insufficient response to 
methotrexate at 6 months (n=525)*

OPTIMA
Adalimumab
rescue (n=348)

PreMIer
Methotrexate
Monotherapy (n=177)

Demographic characteristics

 Women, n (%) 266 (76) 132 (75)

 White, n (%) 313 (90) 170 (96)

 Age (years) 50.7 (13.9) 52.5 (13.3)

 RA duration (years) 0.3 (0.3) 0.8 (0.9)

 Weight (kg) 77.5 (20.8) 76.5 (18.6)

 BMI (kg/m2) 28.4 (6.8)† 27.6 (6.6)

Disease characteristics

 RF+, n (%) 302 (88)‡ 147 (83)

 CRP (mg/L) 32.6 (33.3) 41.8 (41.6)

 TJC68 28.6 (14.7) 33.3 (14.7)

 SJC66 19.1 (10.7) 22.9 (12.3)

 DAS28(CRP) 6.1 (0.9)§ 6.4 (0.8)¶

 SDAI 45.2 (13.7)§ 49.7 (13.5)**

 HAQ-DI (range, 0–3) 1.7 (0.6)† 1.5 (0.7)¶

 mTSS 11.7 (18.5)† 23.0 (22.5)**

 >1 erosion, n (%) 217 (63)† 155 (89)**

Prior therapies

 Systemic glucocorticoids, n (%) 133 (38) 83 (47)

 ≥1 DMARD, n (%) 34 (10) 54 (31)

Values are mean (SD), unless otherwise indicated.
*n consists of patients treated with placebo+methotrexate who did not achieve 
DAS28(CRP) <3.2 at week 24/26 for OPTIMA or week 20/24 for PREMIER.
†n=347 non-missing values.
‡n=344 non-missing values.
§n=341 non-missing values.
¶n=176 non-missing values.
**n=174 non-missing values.
BMI, body mass index; CRP, C-reactive protein; DAS28(CRP), 28-joint Disease 
Activity Score based on CRP; DMARD, disease-modifying antirheumatic drug; HAQ-
DI, Health Assessment Questionnaire Disability Index; mTSS, modified total Sharp 
score; NA, not available; OPTIMA, Optimal Protocol for Treatment Initiation with 
Methotrexate and Adalimumab; RA, rheumatoid arthritis; RF, rheumatoid factor; 
SDAI, Simplified Disease Activity Index; SJC66, swollen joint count based on 66 
joints; TJC68, tender joint count based on 68 joints.

methotrexate response and CRRP. As in the model with only base-
line factors, time-averaged SDAI and CDAI were also predictors of 
these outcomes (online supplementary figures 2 and 4). Male sex 
was again the strongest negative predictor of insufficient response 
to methotrexate (figure 2A; online supplementary figures 2A and 
4A), and prior glucocorticoid was the strongest negative predictor 
of CRRP in the time-averaged model (figure 2B; online supple-
mentary figures 2B and 4B).

efficacy at 6 months and onward among patients with an 
insufficient response to methotrexate
Patients
In OPTIMA, 348 patients who did not achieve the stable LDA 
target of DAS28(CRP) <3.2 after 26 weeks of methotrexate mono-
therapy (ie, had an insufficient response to methotrexate) and 
who advanced to adalimumab plus methotrexate rescue therapy 
were included in this analysis. In PREMIER, 177 patients who did 
not achieve the stable LDA target of DAS28(CRP) <3.2 after 24 
weeks of methotrexate monotherapy and continued that regimen 
were included in this analysis. Most demographics and baseline 
disease characteristics were different between patients who had an 
insufficient response to methotrexate in OPTIMA and PREMIER 
(table 2). Mean baseline disease duration was 0.3 and 0.8 years, 
respectively. The mean mTSS was lower among patients who 
had an insufficient response to methotrexate in OPTIMA than 
in PREMIER (11.7 vs 23.0), and a lower percentage of patients 
in OPTIMA than in PREMIER (63% vs 89%) had >1 erosion at 
baseline.

Disease activity
Although by definition none of the patients evaluated here had 
achieved stable LDA (ie, on at least two assessments) by 6 months, 
a small and similar percentage of patients achieved LDA (10% 
vs 12%) in OPTIMA and PREMIER at 6 months (week 26 or 
24, respectively). The mean (SD) DAS28(CRP) scores also were 
similar at the same time points (4.5 (1.2) vs 4.4 (1.1); p=0.144). 
After 1 year of additional treatment (ie, at week 78 in OPTIMA 
or week 76 in PREMIER), a significantly higher percentage of 
patients who received adalimumab rescue therapy at week 26 
in OPTIMA, versus patients who continued to receive metho-
trexate monotherapy in PREMIER, achieved LDA (64% vs 41%, 
respectively; p<0.001), and their mean DAS28(CRP) score was 
significantly lower (2.9 vs 3.6; p<0.001). Similar patterns of 
improvement were also observed in the proportion of patients 
achieving DAS28(CRP) <2.6 (48% vs 19%), SDAI ≤3.3 (32% 
vs 10%) and CDAI ≤2.8 (32% vs 10%) at week 78 (OPTIMA) 
or week 76 (PREMIER), respectively (all p<0.001), as well as in 
mean SDAI (10.3 vs 16.0; p<0.001) and mean CDAI (9.5 vs 14.9; 
p<0.001). In multivariate regression analyses, switching to adalim-
umab rescue therapy was associated with significantly greater odds 
of achieving LDA (ie, DAS28(CRP) <3.2) versus continuing on 
methotrexate (OR 3.25 (95% CI 1.83 to 5.74); p<0.001). Similar 
results were observed for DAS28(CRP) <2.6 (OR 3.27 (95% CI 
1.74 to 6.14); p<0.001), SDAI ≤3.3 (OR 3.30 (95% CI 1.52 to 
7.15); p=0.002) and CDAI ≤2.8 (OR 3.43 (95% CI 1.58 to 7.44); 
p=0.002).

Functional and radiographic outcomes
Functional and radiographic outcomes demonstrated similar 
patterns as disease activity outcomes. At week 78 (OPTIMA) or 
week 76 (PREMIER), significantly greater proportions of patients 
who switched to adalimumab rescue therapy achieved improvement 
in HAQ-DI of ≥0.22 (54% vs 30%; p<0.001), and these patients 

also had significantly greater mean changes in HAQ-DI from week 
26/24 to week 78/76 (−0.3 vs −0.1; p<0.001) versus those who 
continued on methotrexate monotherapy. However, there was no 
difference in the mean HAQ-DI scores between groups at week 
78/76 (0.7 vs 0.8; p=0.236), although baseline HAQ-DI scores 
were higher in insufficient methotrexate responders in OPTIMA 
versus PREMIER (1.7 vs 1.5; table 2), and therefore overall reduc-
tion from baseline was also much larger in OPTIMA. At week 
52, 88% of patients who switched to adalimumab rescue therapy 
achieved ΔmTSS of ≤0.5 vs 57% of patients who continued on 
methotrexate (p<0.001); the mean changes from week 26 were 
0.0 and 2.2 (p<0.001) in the two groups, respectively. Similarly, at 
week 78/76, patients who switched to adalimumab rescue therapy 
achieved ΔmTSS of ≤0.5 with significantly greater frequency (88% 
vs 41%; p<0.001) and had significantly less mean progression in 
mTSS from week 26/24 (0.1 vs 4.7; p<0.001) versus those who 
continued on methotrexate monotherapy. Furthermore, switching 
to adalimumab rescue therapy was associated with greater odds of 
achieving improvement in HAQ-DI of ≥0.22 at week 78/76 (OR 

https://dx.doi.org/10.1136/annrheumdis-2018-213502
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2.27 (95% CI 1.26 to 4.11); p=0.006), ΔmTSS of ≤0.5 at week 52 
(OR 4.71 (95% CI 2.56 to 8.65); p<0.001) and ΔmTSS of ≤0.5 
at week 78/76 (OR 8.96 (95% CI 4.94 to 16.27); p<0.001) versus 
continuing on methotrexate monotherapy.

dIsCussIOn
Although methotrexate remains the first-line treatment strategy in 
patients with RA,1 only 28%–44% of patients with early RA exhibit 
sufficient clinical response to methotrexate monotherapy within 6 
months,4 12 13 and another treatment strategy must be considered in 
those for whom the treatment is insufficient. Because radiographic 
damage occurs early in the course of RA,3 timely adaptation of 
therapy after failure of the initial treatment strategy may be neces-
sary to prevent irreversible damage. Current recommendations 
suggest adjusting therapy when patients have no improvement by 
3 months or have not reached the therapeutic target by 6 months.1 
Consequently, identifying patients who are at risk of methotrexate 
failure would facilitate a more targeted therapy strategy and allow 
earlier adjustment of treatment.

In our post hoc analysis of two randomised, double-blind, 
placebo-controlled trials in patients with early RA receiving initial 
methotrexate monotherapy, baseline disease activity by composite 
measures was the strongest positive predictor of insufficient 
response to the starting therapy at 6 months. Although metho-
trexate was the starting treatment in our analysis, prior research 
suggests that the predictive value of early disease activity on later 
outcomes is independent of the particular regimen, as correlations 
in a previous report were observed whether patients received metho-
trexate monotherapy or methotrexate plus a tumour necrosis factor 
(TNF) inhibitor.14 Furthermore, in our analysis, early clinical activity 
(ie, time-averaged DAS28(CRP), SDAI and CDAI over 4, 8 and 12 
weeks) was a significant predictor of insufficient response to metho-
trexate, suggesting that changes in clinical disease activity as early as 
4 weeks can predict response to methotrexate treatment at 6 months. 
Similarly, various predictors for response to methotrexate therapy in 
patients with RA have been identified in previous studies, including 
high disease activity (measured by DAS, SDAI or CDAI) and HAQ 
score at baseline14 15 and disease activity (measured by DAS28, SDAI 
or CDAI) at 3 months.14 Early disease activity has been previously 
found to predict later disease activity in patients with RA treated 
with the TNF inhibitor certolizumab pegol.16 17 An analysis of seven 
pivotal, randomised trials in early and established RA demonstrated 
that disease activity response reached at 3 months is significantly 
associated with reaching target at 6 months; interestingly, the type 
of treatment did not significantly influence the accuracy of the anal-
ysis.18 More studies are warranted to confirm these results.

Besides being predictors of insufficient response to metho-
trexate, baseline and time-averaged disease activity were also 
significant predictors of CRRP in the present analysis. Baseline 
DAS28 and mTSS were also identified as predictors of radio-
graphic progression in early RA in a previous study.19 This is 
in line with other studies that have long found that markers of 
disease activity (eg, CRP, erythrocyte sedimentation rate and 
swollen joint count) are predictors of radiographic progres-
sion, aside from autoantibody positivity and presence of early 
damage.7 20–26 Our findings also showed that glucocorticoid 
treatment at baseline was a negative predictor of CRRP in the 
baseline and time-averaged models (and also of insufficient 
response to methotrexate in the baseline models), similar to 
established understanding.27 Overall, these results are in line 
with the treatment-to-target strategy and support timely adapta-
tion of therapy with TNF inhibitors in patients who have insuf-
ficient response to methotrexate.1 2

When assessing response to methotrexate, more consistent 
results have been obtained in other studies when using sex as a 
predictor. Men respond better to methotrexate therapy than 
women, and studies in early RA have identified female sex as a 
predictor of poor response to methotrexate.12 28 29 Greater body 
mass index also has been shown previously to negatively predict 
radiographic progression.30 31 Our findings were consistent with 
these patterns. Overall, these data suggest that women with early 
RA who receive methotrexate may benefit from frequent early 
monitoring of disease activity, allowing for the opportunity to 
adjust treatment within the first 3–6 months for those with insuf-
ficient response. Indeed, it is currently recommended to change 
treatment regimen if disease activity has not improved by at least 
50% within 3 months after treatment start.1 18

When assessed for long-term outcomes, patients who received 
adalimumab rescue therapy at week 26 (OPTIMA) had signifi-
cantly greater improvements and odds of achieving LDA at week 
78 compared with patients who received methotrexate mono-
therapy (PREMIER) for 76 weeks. Nonetheless, 41% of patients 
who received methotrexate monotherapy achieved LDA at week 
76. A previous study demonstrated delayed response to metho-
trexate monotherapy versus methotrexate combined with adalim-
umab.32 Taken together, these results suggest that, although more 
patients receiving combination therapy achieve LDA earlier, some 
patients receiving methotrexate monotherapy will achieve treat-
ment response later. Future analyses should explore what factors 
predict successful long-term methotrexate treatment in some 
patients, despite an insufficient response at 6 months, to identify 
who might not require adaptation of therapy.

In this post hoc analysis, integration of the populations 
randomised to receive methotrexate in the OPTIMA and 
PREMIER trials allowed identification of outcomes and predic-
tors of insufficient response to methotrexate and CRRP. However, 
because population differences can impact treatment response,33 
the possible heterogeneity between pooled study populations is a 
limitation of this analysis. Other limiting factors included possible 
patient selection bias and multiple comparisons and the fact that 
the analyses compared the results of two separate trials that were 
not conducted head to head, were done in different calendar 
years and had non-identical designs and baseline characteristics. 
Also, smoking status, citrullinated peptide positivity and erosions 
(except as part of mTSS) were not included in the predictor regres-
sion models. Furthermore, addition of glucocorticoids when 
methotrexate treatment failed was not part of the study protocols. 
However, because (based on recent insights) conducting a 2-year 
methotrexate monotherapy study in patients with an insufficient 
response to methotrexate is not in line with current ethical consid-
erations, this analysis provides data not attainable in future studies.

In patients with early RA, baseline disease characteristics and 
patient demographics as well as early disease activity can predict 
response to methotrexate treatment and radiographic progression 
at 6 months. In patients who did not achieve LDA after 6 months 
of initial methotrexate monotherapy, the addition of adalimumab 
to the treatment regimen was associated with better clinical, func-
tional and radiographic outcomes. These results support, and indi-
rectly confirm, treatment-to-target strategies and timely adaptation 
of therapy with TNF inhibitors in patients with early RA and iden-
tify risk factors of patients who are not responding sufficiently to 
methotrexate.
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AbsTrACT
Objective We aimed to determine the agreement 
between rheumatologist-judged inflammatory back pain 
(IBp) and criteria defining IBp in patients with psoriatic 
arthritis (psA) and predictive value of IBp in identifying 
axial involvement in psA.
Methods Using prospectively collected data, we 
investigated the agreement between rheumatologist 
judgement of IBp and IBp criteria (Calin, rudwaleit 
and Assessment of Spondyloarthritis International 
Society) using the kappa coefficient. We also determined 
the sensitivity, specificity and likelihood ratios of the 
presence of back pain, rheumatologist-judged IBp and 
the three IBp criteria for detecting axial psA (AxpsA). 
Finally, we compared the clinical and genetic markers in 
patients with psA with axial radiological changes with 
and without back pain.
results 171 patients (52% male, mean age 46.6 years) 
were identified. ninety-six (56.13%) patients reported 
chronic back pain. Sixty-five (38.01%) had IBp. 54 (32%) 
patients had evidence of radiological change in the spine. 
the agreement between rheumatologist judgement of 
IBp and IBp criteria was highest for the Calin criteria 
(0.70). positive likelihood ratio for the presence of 
radiological axial involvement was highest for rudwaleit 
criteria (2.17). no differences between patients with 
AxpsA with or without back pain were found, except for 
higher Bath Ankylosing Spondylitis disease Activity Index 
and lower prevalence of human leucocyte antigen-B*38 
in those with back pain.
Conclusion rheumatologist-judged IBp or the criteria 
for IBp developed for ankylosing spondylitis may not 
perform well when ascertaining axial involvement in psA.

InTrOduCTIOn
Psoriatic arthritis (PsA) is an inflammatory 
arthritis associated with psoriasis. PsA has a broad 
spectrum of features that manifests as peripheral 
arthritis, enthesitis, dactylitis or axial arthritis. 
The presence of axial involvement is a marker 
of PsA severity, since patients with axial arthritis 
have more severe peripheral arthritis, compared 
with those without.1 Therefore, recognising axial 
involvement may help in stratifying patients for 
more aggressive therapy.

However, recognising axial involvement in PsA 
may be difficult. There is no widely accepted defini-
tion of axial involvement in PsA and estimates vary 
from 25% to 70%.2–4 Definitions of axial disease 
in PsA have varied and have included the presence 
of isolated radiographic unilateral at least grade 2 

sacroiliitis scored according to the New York (NY) 
criteria, bilateral grade 2 or unilateral grade 3 or 
4 radiographic sacroiliitis, syndesmophytes or bone 
marrow oedema on MRI.5 In patients with PsA with 
predominantly axial disease, based on data extrapo-
lated from ankylosing spondylitis (AS), it is recom-
mended that tumour necrosis factor inhibitors be 
considered for treating active axial arthritis despite 
non-steroidal anti-inflammatory drug (NSAID) 
therapy.6

Thus, an important question when evaluating a 
patient with PsA is to determine if axial PsA (AxPsA) 
is present. Patients with AxPsA do not report as 
much pain as patients with AS. In fact, studies 
found that between 45% and 55% of patients with 
AxPsA do not have inflammatory back pain (IBP) 
symptoms.7–9 On the other hand, patients with PsA 
are older and tend to be overweight or obese; thus, 
they might have non-specific back pain (nsBP). 
Moreover, many patients with PsA and chronic back 
pain have peripheral arthritis, enthesitis, dactylitis, 
psoriasis and elevated C-reactive protein (CRP); 
therefore, the likelihood of having axial involve-
ment is high compared with subjects without PsA 
presenting with chronic back pain.

Three sets of criteria exist for defining IBP: 
Calin,10 Rudwaleit11 and Assessment of Spondy-
loarthritis International Society (ASAS) criteria.12 
These criteria have been validated in subsequent 
studies to have sensitivities and specificities of over 
70% for detecting IBP as judged by rheumatologists 
who were experts in SpA. However, it is not clear 
whether these criteria are useful for screening for 
axial involvement in PsA. We therefore aimed to 
determine the predictive value of IBP criteria for 
identifying AxPsA. Subsequently, in an exploratory 
analysis, we also aimed to determine differences 
in the demographic and disease characteristics 
between patients with AxPsA with and without 
back pain.

MeTHOds
At the University of Toronto PsA clinic, patients 
with PsA are followed prospectively at intervals 
of 6–12 month according to a standard protocol. 
Radiographs of peripheral joints and spine are 
performed at baseline and 2-year intervals. MRI is 
done only if there is a suspicion of axial involve-
ment, and the X-rays are unremarkable or suspi-
cious. All data are tracked in a computerised 
database. At each protocol visit, a rheumatologist 
expert in PsA records the presence of back pain, 
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Table 1 Demographics and disease characteristics of study subjects 
(n=171)

Variable
Mean (sd) or 
proportion

Sex, male/female 52%/48%

Age at onset of PsA in years 43.34 (13.6)

Age at first PsA clinic visit in years 46.72 (13.0)

Prevalence of back pain*

 IBP (by rheumatologist) 65 (38.01%) 

 nsBP (by rheumatologist) 31 (18.12%) 

 No back pain (by rheumatologist) 75 (43.8%) 

Psoriasis duration in years 16.86 (14.5)

PsA duration in years 3.38 (5.1)

Swollen joint count (ACR 66) 2.85 (4.0)

Tender joint count (ACR 68) 5.64 (7.5)

Clinically damaged joint count (ACR 68) 1.09 (3.9)

Psoriasis area and severity index 3.84 (5.4)

Radiological damage in peripheral joints, n (%) 65 (38.01%)

Radiological change in spine, n (%) 54 (31.68%)

 Satisfying New York radiographic criteria for AS, n (%) 27 (15.79%) 

 Any axial radiographic change (sacroiliitis grade 2± 
syndesmophytes), n (%) 

45 (26.32%) 

 Any axial disease on MRI†, n (%) 9/31 (29.03%) 

 Axial involvement without back pain, n (%) 18/54 (33.33%) 

*As judged by expert rheumatologist.
†Among 31 patients who had MRI done.
AS, ankylosing spondylitis; ACR, American College of Rheumatology; IBP, 
inflammatory back pain; nsBP, non-specific back pain; PsA, psoriatic arthritis.

as well as the individual criteria used to determine if the back 
pain is inflammatory or not including age at onset, duration, 
insidious onset, the presence of morning stiffness and its dura-
tion, improvement with exercise and with rest, alternating 
buttock pain, pain at second half of the night with improve-
ment on getting out of bed and responsiveness to NSAIDs. 
From these data, it was electronically determined if the patient 
satisfied each of the criteria for IBP (Calin, Rudwaleit and 
ASAS criteria); the rheumatologist did not explicitly deter-
mine if any of the above criteria were fulfilled. In addition, 
the expert rheumatologist also records whether a patient has 
back pain, and whether it is inflammatory or non-specific or 
both based on clinical judgement. Clinical judgement of the 
type of back pain is left to the discretion of the expert who 
makes the judgement after considering the patient’s history 
and physical examination but not imaging and is likely but 
not necessarily to consider features of IBP mentioned above. 
Other information collected includes the presence of periph-
eral arthritis, enthesitis, dactylitis, psoriasis and comorbidi-
ties including cardiovascular comorbidities such as body mass 
index (BMI), diabetes mellitus (DM), hypertension and hyper-
cholesterolaemia. The components of the Bath Ankylosing 
Spondylitis Metrology Index (BASMI) are also measured by 
the clinician, and the patients complete the Bath Ankylosing 
Spondylitis Disease Activity Index (BASDAI) and Bath Anky-
losing Spondylitis Functional Index (BASFI). Routine labora-
tory assessments include erythrocyte sedimentation rate and 
CRP. Radiographs of the pelvis, cervical thoracic and lumbar 
spine as well as hands and feet are evaluated by two rheu-
matologists by consensus; sacroiliitis is scored according to 
the NY scoring method from grades 0 to 4, and the presence 
and site of syndesmophytes (marginal or paramarginal) are 
recorded. The X-rays were read by at least two expert rheuma-
tologists by consensus. The assessments of axial involvement 
have previously shown to be reliable.13 MRI of the sacroiliac 
joints (SIJs) and spine is conducted if there is clinical suspi-
cion of axial involvement and the radiographs are normal. The 
readers were aware of the diagnosis of PsA but not about axial 
symptoms or signs when reading the images. Typing of the 
human leucocyte antigen (HLA)-A, HLA-C, HLA-B, HLA-DR 
and DQ loci are done using sequence-specific oligonucleotide 
(SSO) probes with the reverse line blot technique (RELI SSO 
HLA typing kits, Invitrogen, Burlington, Ontario, Canada).

For this study, the inclusion criteria included patients with PsA 
satisfying Classification of Psoriatic Arthritis (CASPAR) criteria, 
with or without back pain, and whose first clinic visit was 
between January 2010 and May 2015. The patients also had 
to have had baseline radiographs of their SIJ and spine. From 
the clinical research database, the information required for this 
study was extracted from data collected at the first clinic visit. 
Patients with axial involvement were also classified into two 
mutually exclusive groups based on the presence of back pain 
and radiographical changes as follows:
1. Those with axial radiological (X-ray or MRI) abnormalities

with back pain. X-ray abnormalities included at least unilat-
eral grade 2 radiographic sacroiliitis or syndesmophytes. MRI
abnormalities included inflammatory (bone marrow oedema
on short tau inversion recovery (STIR) images) or structural
changes (bone erosion, fat infiltration, bone spur or ankylosis
on T1-weighted images) in SIJs or spine as reported by an ex-
perienced musculoskeletal radiologist. No formal definition
(ASAS/Spondyloarthritis Research Consortium of Canada)
was utilised. Back pain was either inflammatory or non-spe-
cific according to the judgement by expert rheumatologist.

2. Those with axial radiological (X-ray or MRI) abnormalities
without back pain. Patients with radiological involvement
described in group 1 above but without back pain.

The results of HLA typing for the markers (HLA-B*27, 
HLA-B*08, HLA-B*38, HLA-B*39, and HLA-C*06) were 
extracted from the research laboratory database.

statistical analyses
We first investigated the agreement between rheumatologist 
judgement of the presence or absence of IBP and the presence 
of IBP according to the three IBP criteria using the kappa coeffi-
cient. Subsequently, we calculated the sensitivity and specificity 
of the presence of back pain, rheumatologist-judged IBP, and the 
three IBP criteria for detecting AxPsA defined by X-ray (at least 
grade 2 sacroiliitis or syndesmophytes) or MRI (inflammatory 
or structural changes in SIJs or spine) abnormality. Positive and 
negative likelihood ratios (LRs) were calculated. Finally, the 
demographic, clinical features and genetic marker information 
were compared between the two groups described above—
AxPsA with or without back pain using t-test, Wilcoxon test or 
Χ2 test, as appropriate. P value <0.05 was set as the threshold of 
rejecting a null hypothesis. SAS (V.9.3) was used for all statistical 
analyses.

resulTs
One hundred and seventy-one patients who satisfied inclusion 
criteria were identified from the database.

demographics
The demographics of the patients are summarised in table 1. 
Majority of the patients were male (52%) and had a mean (SD) 
age of onset of PsA of 43.34 (13.6) years and mean (SD) age at 
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Table 2 Agreement between rheumatologist judgement of 
inflammatory back pain (IBP) and IBP criteria

Criteria
Patients with back pain=96, 
Kappa coefficient, 95% CI

Calin 0.70 (0.56 to 0.85) 

Rudwaleit 0.59 (0.44 to 0.74) 

Assessment of Spondyloarthritis 
International Society 

0.61 (0.46 to 0.76) 

Table 3 Sensitivity, specificity and likelihood ratios (LRs) of the 
various criteria in detecting axial disease

Criteria

Any X-ray or MrI change as gold standard (n=171)

specificity sensitivity lr+ lr−

Rheumatologist-reported 
back pain

48.72 66.67 1.3 0.68

Rheumatologist judgement 
of inflammatory back pain

75.21 46.3 1.87 0.71

Calin 73.5 46.3 1.75 0.73

Rudwaleit 82.91 37.04 2.17 0.76

Assessment of 
Spondyloarthritis 
International Society 

82.05 33.33 1.86 0.81

Table 4 Comparison between patients having axial involvement 
with and without back pain

With back pain, 
n=36

Without back 
pain, n=18 P values

Demographics and disease characteristics

 Age (years)* 44.29 (11.3) 50.12 (14.7) 0.11

 Male (%) 20 (55.56) 11 (61.11) 0.70

 Psoriasis duration (years)* 15.20 (14.1) 16.6 (13.8) 0.73

 Psoriatic arthritis duration (years)* 2.34 (4.3) 2.23 (2.9) 0.41

 Number of tender/swollen joints* 8.37 (9.2) 6.44 (8.5) 0.54

 Number of swollen joints* 3.03 (5.8) 3.28 (5.0) 0.42

 Radiographic damage n (%) 13 (36.11) 11 (61.11) 0.08

 PASI* 4.36 (8.6) 3.44 (5.1) 0.68

 BASMI* 2.34 (1.2) 2.21 (0.7) 0.89

 BASDAI* 5.72 (1.9) 4.27 (1.9) 0.046

 BASFI* 4.94 (2.7) 3.03 (2.5) 0.06

Genetic markers (%)

 HLA-B*27 9 (25) 2 (11.11) 0.23

 HLA-B*08 5 (13.89) 2 (11.11) 0.77

 HLA-B*38 1 (2.78) 5 (27.78) 0.006

 HLA-B*39 2 (5.56) 0 0.31

 HLA-C*06 5 (13.89) 3 (16.67) 0.79

*Mean (SD).
BASMI, Bath Ankylosing Spondylitis Metrology Index; BASDAI, Bath Ankylosing Spondylitis 
Disease Activity Index; BASFI, Bath Ankylosing Spondylitis Functional Index; HLA, human 
leucocyte antigen; PASI, Psoriasis Area and Severity Index.

first PsA clinic visit of 46.72 (13.0) years. Ninety-six (56.13%) 
patients reported chronic back pain. Sixty-five (38.01%) had IBP 
and 31 (18.12%) had nsBP. 

radiology data
Table 1 shows that 27 out of 171 (15.79%) patients with baseline 
X-rays fulfilled the NY radiographic criteria for AS, and 45 out of 
171 (26.32%) patients had radiographic sacroiliitis not satisfying 
NY criteria (excluding grade 1) and/or syndesmophytes. Nine 
out of 31 (29.03%) patients with no axial disease on X-ray had 
evidence of axial disease on MRI. Eighteen out of 54 (33.33%) 
patients had axial involvement without back pain.

Agreement between rheumatologist
The agreement (kappa coefficient) between rheumatologist 
judgement of IBP and IBP criteria in patients with back pain was 
moderate and was highest for the Calin criteria (0.70, 95% CI 0.56 
to 0.85), followed by the ASAS criteria (0.61, 95% CI 0.46 to 0.76) 
and the Rudwaleit criteria (0.59, 95% CI 0.44 to 0.74) (table 2).

sensitivity, specificity and lrs of the various criteria in 
detecting axial disease
Using any X-ray or MRI change as the ‘gold standard’ for axial 
involvement in all 171 patients, the specificity was high for rheu-
matologist judgement of IBP, Calin, Rudwaleit and ASAS criteria; 
however, sensitivity was low. Table 3 summarises the sensitivity, 
specificity and LRs. By comparing the positive LRs, the Rudwa-
leit criteria (2.17) performed the best to rule in axial disease. By 
comparing the negative LRs, rheumatologist-reported back pain 
(0.68) performed the best for ruling out axial disease.

Clinical features, comorbidities and key genetic markers in 
patients with PsA with axial involvement with and without 
back pain
In an exploratory analysis within patients with PsA with back 
involvement as defined by X-rays or MRI, we compared those 
with (n=36) or without (n=18) back pain. We combined those 

with IBP and nsBP together since the nsBP group was small 
(only seven patients). There were largely no statistically signif-
icant differences in the demographic and disease characteristics 
between the two groups as shown in table 4. As expected the 
BASDAI was significantly higher and there was a trend towards 
a higher BASFI in patients with back pain. The prevalence of 
HLA-B*38 was significantly higher in patients without back 
pain. There were no significant differences in the prevalence of 
HLA-B*27, -B*08, -B*39 and -C*06 between patients with and 
without back pain (table 4).

dIsCussIOn
Detection of axial arthritis in patients with PsA is important but 
difficult. We therefore aimed to investigate the performance of 
the methods used to identify AxPsA in patients with PsA. We 
show that although there is a very good agreement between the 
IBP criteria and rheumatologist-judged IBP in PsA, the positive 
LR of IBP (either by rheumatologist judgement or by IBP criteria) 
for AxPsA is quite low. The Rudwaleit criteria had the highest 
LR+ to detect any radiological change, whereas rheumatolo-
gist-reported back pain had the lowest LR−. On comparing the 
demographic and disease-related actors and HLA alleles asso-
ciated with psoriatic disease, there were no striking differences 
between with axial involvement with and without back pain, 
except that patients with back pain has a higher BASDAI and 
those without back pain had higher prevalence of HLA-B*38.

One of the reasons that it may be important to identify patients 
with PsA who have axial disease is that the natural history of 
the disease may be different. Axial involvement in PsA is a 
marker of severity and those with axial disease often have worse 
outcomes compared with peripheral arthritis alone.1 Although 
radiographic severity appears to be worse in AS than in AxPsA 
as measured by the Bath AS Radiology Index14 and number of 
syndesmophytes,15 measures of disease activity, disability and 
metrology were high in both AxPsA and AS, with no statistically 
significant difference between groups.16 As well, the response to 

http://ard.bmj.com/


1576 Yap KS, et al. Ann Rheum Dis 2018;77:1573–1577. doi:10.1136/annrheumdis-2018-213334

Clinical and epidemiological research

treatment may be different; axial and peripheral articular mani-
festations of spondyloarthritis respond differently to treatment 
with sulfasalazine.17

There are five specific features which make up the Calin 
criteria for IBP—back pain that is insidious in onset, in a patient 
younger than 40 years, persisting for at least 3 months, and asso-
ciated with morning stiffness and improving with exercise.10 The 
Rudwaleit criteria apply to those patients with chronic back pain 
for >3 months, age younger than 50 years of age and two out 
of four of the following had to be met—morning stiffness of 
>30 min duration, improvement in back pain with activity but 
not with rest, awakening because of back pain during the second 
half of the night only and alternating buttock pain.11 The ASAS 
criteria include domains such as insidious onset, age less than 40 
years, nocturnal pain, no improvement with rest but improve-
ment with exercise.12

Patients with PsA are not as tender as patients with rheuma-
toid arthritis18 and report less back pain than patients with AS.15 
Our study found that 18 out of 54 (33.33%) patients with axial 
involvement on imaging had no back pain. Battisone et al also 
found that sacroiliitis can occur in the absence of spinal symp-
toms in PsA.3 On the other hand, IBP can be found in patients 
with PsA without axial involvement. A series from Oxford, UK, 
found that clinical features of sacroiliitis were present in 33% 
with normal MRI scans and 38% with abnormal scans.19 There-
fore, the symptoms and signs of lower back pain often do not 
correlate well with radiological evidence of sacroiliitis or spon-
dylitis. The low positive LRs of the Calin, Rudwaleit and ASAS 
criteria as well as that of rheumatologist report of back pain or 
judgement of IBP for AxPsA defined as any axial radiological 
change found in our study suggests that none of these criteria 
performed well in detecting axial disease in patients with PsA. 
Poor associations between spinal MRI changes and IBP charac-
teristics and criteria in patients with chronic back pain have been 
previously recognised.20 In AS, IBP is reported to have a positive 
LR of 3.1. The relatively high negative LRs also suggest that 
these criteria do not perform well in ruling out AxPsA.

The reasons for the poor performance of tests developed 
for AS in AxPsA are of interest. There are different radiolog-
ical characteristics between AxPsA and AS. Sacroiliitis is more 
commonly bilateral in AS but may be either unilateral or bilat-
eral in AxPsA.21 However, Jadon et al did not find unilateral or 
asymmetrical grade sacroiliitis to be characteristic of AxPsA.16 As 
well, syndesmophytes progress caudal to cranial in AS compared 
with syndesmophytes in AxPsA which progress randomly.22 It 
has also been reported that radiographic spondylitis can occur 
without sacroiliitis in PsA. It is therefore important to evaluate 
spinal radiographs in addition to SIJ radiographs and clinical 
signs and symptoms. Taylor et al evaluated 343 patients with 
PsA, 94 of them had both spinal and SIJ radiographs. Seven of 
22 patients with radiographic spondylitis did not have radio-
graphic sacroiliitis and 15 of 30 with radiographic sacroiliitis 
did not have radiographic spondylitis.4 The patients in our study 
had both spinal and SIJ radiographs done. Nearly 16% fulfilled 
the NY radiologic criteria for AS, and 26.32% had evidence 
of axial involvement not satisfying the NY criteria. Moreover, 
patients with PsA at diagnosis are generally older than those with 
AS. Patients with PsA also have higher BMI. Being overweight 
increases the likelihood in having nsBP.

A third of patients with radiological changes in the spine 
reported no back pain. Our exploratory analyses show that 
except for a significantly higher BASDAI, patients who have 
spinal radiological change and back pain have similar demo-
graphic, genetic and disease characteristics. The higher BASDAI 

score is expected given the BASDAI is a patient reported measure 
of disease activity and is strongly influenced by back pain. The 
BASMI was similar between the two groups, and there was a 
trend towards worse BASFI in those with back pain. The lower 
prevalence of HLA-B*38 is interesting; however, the number 
of patients was small and this observation would need replica-
tion in future studies. The prevalence of HLA-*27, HLA-B*08 
and HLA-C*06 was, however, similar between the two groups. 
These results indicate that the two groups are largely similar, and 
hence for the purpose of defining axial disease in PsA, symptoms 
(back pain) may not be important.

The strengths of this study are that we were able to study a 
relatively large number of patients with PsA not selected on the 
basis of axial disease who had complete information on clinical 
and radiological features, comorbidities and genetic markers. 
However, spinal MRI was not performed in all patients. A 
parallel comparison to a group of patients with axial SpA 
without psoriasis was also not done. Moreover, the number 
of patients in subgroup analyses were small. Therefore, these 
preliminary results would need to be confirmed in a larger 
study.

In conclusion, the findings of this study suggest that rheu-
matologist-judged IBP or the criteria for IBP developed for AS 
may not perform well when ascertaining axial involvement in 
PsA. Moreover, patients with axial radiological changes without 
back pain were similar to those with back pain. Thus, in order to 
stratify patients with poorer prognosis, rheumatologists should 
consider conducting axial imaging in all patients with PsA 
regardless of the presence or the nature of back pain.
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AbsTrACT
Objectives to quantify, among patients with axial 
spondyloarthritis (axSpA), the benefit on work outcomes 
associated with commencing biologic therapy. 
Methods the British Society for rheumatology 
Biologics register in Axial Spondyloarthritis 
(BSrBrAS) recruited patients meeting Assessment 
of SpondyloArthritis International Society criteria for 
axSpA naïve to biological therapy across 83 centres 
in Great Britain. Work outcomes (measured using the 
Work productivity and Activity Impairment Index) were 
compared between those starting biological therapy 
at the time of recruitment and those not. differences 
between treatment groups were adjusted using 
propensity score matching. results from BSrBr-AS 
were combined with other studies in a meta-analysis to 
calculate pooled estimates. 
results of the 577 participants in this analysis who 
were in employment, 27.9% were starting biological 
therapy at the time of recruitment. After propensity score 
adjustment, patients undergoing biological therapy, at 
12-month follow-up, experienced significantly greater 
improvements (relative to non-biological therapy) in 
presenteeism (−9.4%, 95% CI −15.3% to –3.5%), 
overall work impairment (−13.9%, 95% CI −21.1% 
to –6.7%) and overall activity impairment (−19.2%, 
95% CI −26.3% to –12.2%). there was no difference 
in absenteeism (−1.5%, 95% CI −8.0 to 4.9). despite 
these improvements, impact on work was still greater in 
the biological treated cohort at follow-up. In the meta-
analysis including 1109 subjects across observational 
studies and trials, treatment with biological therapy was 
associated with significantly greater improvements in 
presenteeism, work impairment and activity impairment, 
but there was no difference in absenteeism. 
Conclusions there is consistent evidence that 
treatment with biological therapy significantly improves 
work productivity and activity impairment in people with 
axSpA. However, there remain substantial unmet needs 
in relation to work.

InTrOduCTIOn
For working age adults, the ability to participate in 
working life is important from an economic stand-
point and for social and psychological health.1 
In a comprehensive review, Waddell and Burton2 
provided a clear evidence base for the positive 
impact work has on health and well-being. When 
these benefits are disrupted by unemployment, 

they found subsequent poorer mental and physical 
health, increased morbidity and higher consultation 
rates.2 People living with axial spondyloarthritis 
(axSpA) have identified the ability to stay at work as 
a priority.3 4

AxSpA can lead to significant functional limitations 
and reduced work productivity.4 5 Work disability 
affects up to 30% of patients with ankylosing spondy-
litis (AS).6–8 Compared with the general population, 
patients with AS report lower employment rates and 
more absenteeism.6 9 10 Boonen and van der Linden11 
reported that withdrawal from work was three times 
higher among patients with AS than observed in the 
general population, especially in those with physically 
demanding jobs.

Biological therapy leads to short-term and long-
term improvements in disease activity and health-re-
lated quality of life.12–14 However, evidence is 
equivocal on whether work outcomes are improved. 
In a systematic review, van der Burg et al15 demon-
strated significant improvements in presenteeism on 
biological therapy, but results were inconsistent on 
whether they improved absenteeism and allowed 
patients to stay in work.15

This study therefore aimed to determine, using a 
national disease register in Great Britain whether, 
among patients with axSpA, biological therapy was 
associated with better work outcomes in comparison 
with those not on such therapy, and to combine the 
results with other studies in a meta-analysis.

MeTHOds
The protocol of the British Society of Rheuma-
tology Biologics register in Axial Spondyloarthritis 
(BSRBR-AS) has previously been published.16 Briefly, 
patients were required to meet the Assessment of 
SpondyloArthritis International Society criteria for 
radiographic or non-radiographic axSpA at the time 
of recruitment and were required to be naïve to 
biological therapies. Eligible patients commencing on 
biological therapy were recruited to the ‘biological’ 
cohort, the remainder to the ‘non-biological’ cohort; 
this was based on clinical decision rather than study 
protocol. The biological cohort comprised patients 
commencing adalimumab, etanercept or certoli-
zumab pegol. Clinical data collected by site clinicians 
and research nurses at routine clinical appointments 
were entered into electronic case report forms at 
recruitment (baseline) and at 12-month follow-up. 
Patients were invited to self-complete a questionnaire 
at the same time-points, which included demographic 
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information, smoking status, alcohol consumption, disease activity, 
AS-related measures and quality of life.

The impact of axSpA on work outcomes was measured using 
the Work Productivity and Activity Impairment: Specific Health 
Problem questionnaire.17 The questionnaire has been psycho-
metrically validated in AS18 and measures absenteeism (absence 
from paid work), presenteeism (at-work productivity loss), overall 
work impairment (combination of absenteeism and presenteeism, 
ie, reduced overall productivity) and overall activity impairment 
(reduced leisure activities), in relation to their disease. Higher 
scores, expressed as percentages, represent a worse state. Partic-
ipants who were in paid employment at baseline and completed 
both a baseline and 12-month follow-up questionnaire were 
eligible for this analysis. Analysis was conducted on the June 2017 
download of data. Appropriate National Health Service (NHS) 
Research and Development approvals were obtained for each site. 
All patients provided written informed consent.

bsrbr-As analysis
The principal outcomes of interest for this analysis were changes 
in self-reported absenteeism, presenteeism, overall work impair-
ment and overall activity impairment in the biological cohort in 
comparison with the non-biological cohort. In clinical practice, 
the decision to initiate biological therapy is strongly influenced by 
disease activity,19 and therefore, the biological and non-biological 
cohorts represent distinct clinical populations and direct compar-
ison would lead to confounding by indication. This was addressed 
by propensity matching. There is currently no strong consensus on 
the approach to variable selection for propensity score models,20 
but most relevant confounders were considered in our study, and 
where there were issues of collinearity, variables were omitted 
from the model based on the variance inflation factor. Propensity 
scores were developed based on age, gender, smoking status and 
disease duration in a logistic regression model. For each individual 
commencing biological therapy, nearest-neighbour propensity 
score was used to identify an individual for matching, not starting 
biological therapy, by accounting for covariates that predict treat-
ment assignment. Density distributions of the propensity scores of 
the two treatment groups were plotted and visually compared with 
ensure that the common support condition was met as per Cali-
endo and Kopeinig.21 The standardised differences and variance 
ratios for raw and matched observations for presenteeism, work 
impairment, activity impairment and absenteeism indicated that 
matching on the propensity score balanced the covariates: differ-
ences were close to zero and variance ratios close to one. After 
propensity score matching, the differences in work outcomes for 
the biological therapy and non-biological therapy groups were 
analysed. Independent-sample Student’s t-test was used for group 
comparisons of the changes in work outcomes. A sensitivity anal-
yses was conducted to explore the degree to which unmeasured 
confounding could alter study results, using the method proposed 
by Rosenbaum.22

Data analysis was performed using STATA V.14.0.
systematic review and meta-analysis
The conduct and reporting of this meta-analysis was guided by the 
Preferred Reporting Items for Systematic Reviews and Meta-Anal-
yses statement.23

Studies were eligible for inclusion based on the following 
criteria:

 ► Population: AxSpA by recognised criteria or clinical 
diagnosis.

 ► Study design: observational studies (prospective and retro-
spective cohort studies), randomised controlled trials (RCTs) 
and quasi-RCTs.

 ► Outcomes: outcomes reported included changes in work 
measures (eg, work status, WPAI, AS-Work Instability Scale 
(AS-WIS) and sick leave) for a biological treatment group 
versus a placebo/non-biological treatment group. Studies 
must have provided data in relation to this comparison or 
provided sufficient data to allow its calculation.

If more than one publication was identified based on the same 
cohort or population, a single report was selected based on the 
relevance of work measures reported and the largest number of 
subjects.

Studies were identified by searching electronic databases: Ovid 
MEDLINE, Embase, Evidence Based Medicine and Cochrane 
Library up to March 2018. Reference lists of articles were also 
screened for inclusion. The search strategy can be found in online 
supplementary appendix 1. Potentially eligible abstracts were 
screened by two reviewers, and any disagreements were resolved 
by discussion. Ten per cent of the articles excluded at full-text 
screening were independently reviewed by a third reviewer. One 
reviewer extracted relevant data from included studies, and a 
second reviewer cross-checked the extracted data. Disagreements 
were resolved by discussion among all three reviewers. Where it 
was considered that a study was potentially eligible but the way 
that the quantitative results were presented did not meet inclusion 
criteria, the corresponding author was contacted to determine 
whether the relevant data, to make the study eligible, could be 
provided.

For continuous outcome variables, the mean difference of 
change in work parameters, comparing biological and non-bio-
logical therapy groups, was calculated with 95% CIs. Heteroge-
neity was assessed using the χ2 statistic and quantified by I2; 0% 
≤ I2≤40% is considered to indicate minimal heterogeneity and 
I2 >40% moderate to high heterogeneity.24 In cases where there 
was no evidence of moderate to high heterogeneity, a fixed-ef-
fects model with inverse variance weighting was used to obtain 
an overall mean difference or effect estimate. If moderate to high 
heterogeneity was evident between studies, a random-effects 
model was adopted, and a sensitivity analysis was conducted by 
sequentially omitting individual studies to identify the influence of 
the study on the pooled outcome.

The meta-analysis was conducted using STATA V.14.0.

resulTs
Within the BSRBR-AS, 972 participants completed and returned 
both the baseline and 12-month follow-up questionnaire, of whom 
577 (59.4%) were employed at the time of recruitment. Of these, 
161 (27.9%) patients started biological therapy, while 416 did not, 
and these two cohorts form the study population for the current 
analysis (table 1). Persons starting biological therapy were younger 
(42.4 years vs 47.0 years), more likely to be smokers (21.3% vs 
11.0%) with greater disease activity (Bath Ankylosing Spondy-
litis Disease Activity Index 5.8 vs 3.3 and Ankylosing Spondylitis 
Disease Activity Scale 3.4 vs 2.3), poorer function (Bath Ankylosing 
Spondylitis Functional Index 5.4 vs 2.7) and Bath Ankylosing Spon-
dylitis Global Disease Status 6.7 vs 3.2) (table 1). Persons starting 
biological therapy also reported higher work impairments at the 
time of recruitment. They were more likely, during the previous 
week, to be absent from work (10.9% vs 2.8%), experience greater 
at-work productivity loss (41.0% vs 20.6%), overall productivity 
loss (42.3% vs 21.4%) and activity impairment (51.0% vs 24.0%) 
(table 1). Among those who had not reached normal retirement 
age at the time of follow-up, there was no significant difference in 
the proportion who were no longer in employment at follow-up 
(biological group 5.2% vs non-biological group 4.3%).
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Table 1 BSRBR-AS study: baseline characteristics of biological and 
non-biological cohorts

biological 
cohort
(n=161)

non-
biological 
cohort 
(n=416) difference* 95% CI

Age, mean years 42.4 47.0 −4.6 −6.6 to 2.5

Male, % 64.6 67.3 −2.7 −11.3 to 5.9

Disease duration, mean 
years 7.7 12.3 −4.6 −6.5 to 2.7

Current smokers, % 21.3 11.0 10.2 3.9 to 16.5

BASDAI 5.8 3.3 2.6 2.2 to 2.9

BASFI 5.4 2.7 2.7 2.3 to 3.2

BAS-G§ 6.7 3.2 3.4 3.0 to 3.9

CRP (mg/dL) 2.8 2.4 0.4 −0.8 to 1.6

ASDAS 3.4 2.3 1.1 0.9 to 1.3

Physical job, % 44.8 51.0 −6.2 −3.1 to 15.5

WPAI measures (in the last 7 days)

 Absenteeism, % 10.9 2.8 8.1 4.7 to 11.4

 Presenteeism, % 41.0 20.6 20.4 15.9 to 24.9

 Overall
 work impairment, % 42.3 21.4 20.9 16.2 to 25.7

 Overall activity 
impairment, % 51.0 24.0 27.0 22.5 to 31.4

*Difference=biological – non-biologic cohort.
ASDAS, Ankylosing Spondylitis Disease Activity Scale; BAS-FI, Bath Ankylosing Spondylitis 
Functional Index; BAS-G, Bath Ankylosing Spondylitis Global Disease Status; BASDAI, Bath 
Ankylosing Spondylitis Disease Activity Index; BSRBR-AS, British Society of Rheumatology 
Biologics register in Axial Spondyloarthritis; CRP, C reactive protein; WPAI, Work Productivity 
and Activity Impairment.

Figure 1 Crude changes in work outcomes after 1 year: BSRBR-AS 
study. BSRBR-AS, British Society of Rheumatology Biologics register in 
Axial Spondyloarthritis.

Table 2 BSRBR-AS study: changes in work outcomes between 
biological and non-biological cohort

WPAI measures (in 
the last 7 days)

biological 
cohort

non-biological 
cohort

Mean difference 
in change* 95% CI

Absenteeism, % −1.0 0.5 −1.5 −8.0 to 4.9

Presenteeism, % −11.9 −2.5 −9.4 −15.3 to − 3.5

Overall work 
impairment, %

−11.9 2.0 −13.9 −21.1 to − 6.7

Overall activity 
impairment, %

−17.6 1.6 −19.2 −26.3 to − 
12.2

+, deterioration; −, improvement.
*Difference=biological – non-biological cohort (adjusted for differences using propensity 
score matching).
WPAI, Work Productivity and Activity Impairment.

Persons receiving treatment with biological therapy experienced 
greater improvement in all work outcomes except absenteeism, 
at 12-month follow-up, compared with persons not receiving 
biological therapy (figure 1). These improvements remained 
after propensity score adjustments for differences between the 
cohorts. Patients on biological therapy demonstrated a significantly 
greater improvement in presenteeism (−9.4%, 95% CI −15.3% 

to –3.5%), overall work impairment (−13.9%, 95% CI −21.1% 
to –6.7%) and overall activity impairment (−19.2%, 95% CI 
−26.3% to –12.2%). These figures translate into a benefit of 
over half a day in terms of full productivity per week, 12 months 
after starting biological therapy. For absenteeism, there was only a 
small improvement noted in the biological cohort and no signifi-
cant difference compared with the non-biological cohort (−1.5%, 
95% CI −8.0% to 4.9%) (table 2). Nevertheless, despite the greater 
improvement in these work indices the impact on work was still 
greater in the biological-treated compared with the non-biologi-
cal-treated cohort at follow-up (presenteeism biological cohort 
– non-biological cohort adjusted for factors used in propensity
matching: 11.5%, 95% CI 5.5% to 17.5%; overall work impair-
ment: 9.7%, 95% CI 3.6% to 15.9%; overall activity impairment: 
9.2%, 95% CI 2.5% to 16.1%).

The sensitivity analysis conducted showed that the results were 
insensitive to an unmeasured factor, which would increase the log 
odds of biological treatment by approximately 1.9 (presenteeism) 
and 2.0 (overall work impairment and activity impairment).

Meta-analysis
There were 686 publications identified, of which 547 were 
excluded because they were duplicates, conference abstracts, case 
reports or not relevant based on title and abstract screening. The 
remaining 139 publications were retrieved for full-text review. 
Of the six publications that were identified as potentially eligible, 
four were included in the meta-analysis; the remaining two were 
reporting studies already included25 26 (figure 2). Results of five 
studies (four identified in review and the current study) with a total 
of 1109 participants were therefore included in the meta-analysis. 
A summary of the characteristics of the studies included is shown 
in table 3. All of the studies (apart from BSRBR-AS) were RCTs. 
Three were multinational studies conducted in Europe, Asia and 
America,27–29 and the other was a study conducted within the UK30 
(table 3). Follow-up ranged from 3 months to 12 months, and 
the biological drugs used in the trials were infliximab, etanercept 
and secukinumab. Statistical heterogeneity tests showed minimal 
to moderate heterogeneity across studies and outcomes (I2=0%–
66%), and therefore, random effect models were used.

Three studies, with a total of 947 participants (346 biological 
therapy; 601 non-biological therapy), reported work measures 
using WPAI. There was a statistically significant difference (in 
favour of biological therapy groups) for improvement in presen-
teeism (mean difference (MD)=−5.35, 95% CI −10.68 to –0.02) 
and overall work impairment (MD=−11.20, 95% CI 
−16.31 to–6.10), that is, overall at-work productivity improved 
by 11% more among patients who received biological therapy 
compared with those on other therapies (figure 3). Furthermore, 
improvement in self-reported ability to perform daily activities was 
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Figure 2 PRISMA flow chart of study selection and inclusion (modified from Moher et al23). BSRBR-AS, British Society for Rheumatology Biologics 
Register in Axial Spondyloarthritis; OM, outcome measure; PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses; PsA, 
psoriatic arthritis; RA, rheumatoid arthritis.

on average, 12% higher in patients treated with biological therapy 
(MD=−12.13, 95% CI −18.22 to –6.03) (figure 3). In contrast, 
there was little improvement in absenteeism in either treatment 
group; absolute change in biological therapy and non-biologic 
therapy groups across studies were −2.2% and −6.3%, respec-
tively, and the pooled change in absenteeism was similar in both 
groups (MD=0.84, 95% CI −3.54 to 5.22) (figure 3).

Only two studies measured work instability that included 163 
participants (80 biological; 83 non-biological therapy). On a stan-
dardised scale, treatment with biologic therapy was associated with 
a small improvement on the AS-WIS compared with the non-bio-
logical therapy group. However, this difference was not statistically 
significant (MD=−1.16, 95% CI −2.56 to 0.26) (online supple-
mentary appendix 2).

dIsCussIOn
Patients with axSpA recruited to a national disease register, who 
started biological therapy showed, on average, significantly 
greater improvements in work outcomes compared with those 
not commencing such therapy. Furthermore, pooled data across 
five cohorts with a total of 1109 patients with axSpA quanti-
fied that treatment with biological therapy leads to greater 

improvements in both work productivity (presenteeism (5%), 
overall work impairment (11%)) and activity impairment 
(12%)). There was however no benefit across all studies in rela-
tion to absenteeism.

The main strength of the BSRBR-AS study is the large sample 
size, national coverage and prospective study design. It provides a 
sample of patients with axSpA recruited from 83 outpatient clinics, 
including both specialist and non-specialist centres across Great 
Britain. Participants starting biological therapy have been shown 
to be similar in characteristics to patients with axSpA recruited to 
the trials of biological therapies.31 Although the effects on work 
outcomes could be estimated using an RCT, work outcomes are not 
routinely collected in such trials and they are rarely long enough 
for change to occur. As this was an observational study, propen-
sity score matching techniques were used to estimate the effect 
of treatment; this statistical technique addresses ‘confounding by 
indication’ due to treatment group differences. However, propen-
sity score analysis can only take into account measured factors 32. 
It is of note that measures of disease activity were not part of the 
propensity score. However, being highly discriminatory in terms 
of treatment assignment, this is to be expected, due to the lack of 
overlap between groups.

https://dx.doi.org/10.1136/annrheumdis-2018-213590
https://dx.doi.org/10.1136/annrheumdis-2018-213590
http://ard.bmj.com/
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Figure 3 Forest plot comparing changes in WPAI outcomes between patients in the biological and non-biological treatment groups. BSRBR-
AS, British Society of Rheumatology Biologics register in Axial Spondyloarthritis; WPAI, Work Productivity and Activity Impairment.

Sensitivity analyses suggested only a strong unmeasured 
confounder could explain the differences observed. Furthermore, it 
is of note that the results from the observational study (BSRBR-AS) 
were very similar to the results from the RCTs included in the 
meta-analysis (with little heterogeneity noted) suggesting that 
residual confounding has not been a major issue.

To our knowledge, this is the first meta-analysis to quantify 
the impact of biological therapy on work participation. One 
earlier systematic review included nine trials and examined the 
effect of biological treatment on three work outcomes: work 
status, absenteeism and presenteeism.15 It showed that presen-
teeism decreased by 17%–29% and absenteeism decreased by 
8.7–22.3 days over a period of 12 months after commence-
ment of biological therapy. However, these results were based 
on single group, pre-therapy and post-therapy analysis.15

Nevertheless, our review found few studies that investigated the 
impact of biological therapy on work-related outcomes and rela-
tively small sample sizes in the included trials. Although a substan-
tial improvement in presenteeism and overall work impairment 
was achieved in the biological cohort, our study shows a persisting 
gap relative to the non-biological cohort patients with axSpA. This 
suggests that pharmacological intervention alone is not enough to 
improve work participation. Overall, the BSRBR-AS study did not 
demonstrate improvements in absenteeism, and the meta-analysis 
did not demonstrate any significant differences in the improve-
ments on absenteeism between the biological and non-biological 

treatment groups. The group who experience presenteeism 
represent a large proportion of patients with axSpA, and while 
they are at high risk of absenteeism, this outcome is considerably 
less common.33 34 While we have shown that biological therapy 
improves presenteeism (relative to not receiving biological 
therapy), it does not necessarily mean therefore that this leads to 
an improvement in absenteeism. Our data are consistent with the 
hypothesis that absenteeism is a late stage in terms of work impair-
ment that is not reversed by biological therapy alone but likely 
also to be influenced by contextual factors. Zhang et al35 assessed 
the construct validity of the WPAI questionnaire among patients 
with rheumatoid arthritis and found absenteeism to correlate the 
least with health-related outcomes compared with other WPAI 
domains.35 Saidane et al36 also demonstrated that disease severity 
and disease activity were not associated with absenteeism among 
people with AS in a cohort study.36 We have shown in a previous 
analysis from BSRBR-AS that presenteeism predicts future absen-
teeism, which predicts future work loss. Taken together, these 
results emphasise that biological therapy may be less effective at 
improving work outcome when given late in the natural history 
of the condition.37 Cost-effectiveness analysis often consider 
costs from a payer’s perspective (in the UK, the NHS) rather than 
considering the wider societal costs (and benefits) associated with 
treatment. Although presenteeism is an important outcome, it 
would be interesting to extend existing cost-effectiveness estimates 
to take important work outcomes into account. However, these 
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data were not available and is therefore beyond the scope of the 
current study.

We conclude that there is consistent evidence, across different 
study designs, that treatment with biological therapy significantly 
and meaningfully improves work productivity and activity impair-
ment in people with axSpA. However, even with the improve-
ments observed with biological therapy, there is still a substantial 
impact on work. Future studies in axSpA should include assessment 
of work outcomes as standard, ensuring a greater evidence base 
around pharmacological and non-pharmacological approaches to 
improving work outcomes in patients with axSpA.
Correction notice this article has been corrected since it published online First. 
Figure 3 has been updated.
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AbsTrACT
Objective to compare the performance of a new 
three-dimensional Mri sequence (volumetric interpolated 
breath-hold examination; Mr-ViBe) with a conventional 
t1-weighted sequence (Mr-t1) for the detection of 
erosions in the sacroiliac joints (siJs) using low-dose Ct 
(ldCt) as reference.
Methods ldCt and t1-Mri and Mr-ViBe of 110 
prospectively included patients with low back pain and 
suspected axial spondyloarthritis (axspA) were scored 
for erosions by two readers. the presence of erosions 
on the patients’ level, the erosion sum score, sensitivity 
and specificity of both Mri sequences using ldCt as a 
reference as well as agreement between the readers 
were assessed.
results Mr-ViBe had a higher sensitivity than Mr-t1 
(95% vs 79%, respectively) without a decrease in 
specificity (93% each). Mr-ViBe compared with Mr-t1 
identified 16% more patients with erosions (36 vs 30 of 
38 patients with positive ldCt findings). the erosion sum 
score was also higher for Mr-ViBe (8.1±9.3) than Mr-t1 
(6.7±8.4), p=0.003. the agreement on erosion detection 
was also higher for Mr-ViBe (κ=0.71) compared with 
Mri-t1 (κ=0.56).
Conclusion ViBe detected erosions in the siJs with 
higher sensitivity without a loss of specificity and 
superior reliability compared with a standard t1-
weighted sequence. its value for the diagnosis of axspA 
has still to be determined.

InTrOduCTIOn
Lesions of the sacroiliac joints (SIJs) are key find-
ings in axial spondyloarthritis (axSpA).1 2 Typical 
imaging findings include structural changes such 
as erosions or ankylosis in radiographs and signs of 
active inflammation such as osteitis in water-sensi-
tive, fat-suppressed sequences in MRI. Structural 
MRI changes remain to be standardised for the 
diagnosis and classification of patients with axSpA 
and are not yet part of a positive MRI definition 
of sacroiliitis according to the Assessment of Spon-
dyloArthritis international Society (ASAS).1 More-
over, it has been argued that bone marrow oedema 
might be too non-specific for a reliable diagnosis 
of axSpA in some cases—a limitation that might be 
overcome by adding structural lesions to the defi-
nition of a positive MRI.3–5 Furthermore, recent 
studies show that a T1-weighted MRI sequence is 
at least equally able to depict structural changes 

compared with radiography6 or even superior.7 
State-of-the-art MRI techniques that provide a high 
contrast of joint space and bone and thinner slices 
may further improve sensitivity for those changes 
and, therefore, the diagnostic accuracy of MRI.

The aim of our study was to compare a fast 3D 
spoiled gradient echo sequence (volumetric inter-
polated breath-hold examination, MR-VIBE) with 
a standard T1-weighted sequence (MR-T1) for the 
detection of erosions in the SIJs8 9 using low-dose 
CT (ldCT) as standard of reference.

PATIenTs And MeTHOds
subjects
One hundred and ten patients (53 men and 57 
women) from the SacroIliac joint MRI and CT 
(SIMACT) study, a prospective cross-sectional 
single-centre investigator-initiated study, and 18 
healthy age-matched and sex-matched controls 
were included in this analysis.

The study complies with the declaration of 
Helsinki and was approved by the local ethics 
committee. All patients gave written informed 
consent.

Imaging procedures
All patients, but for ethical reasons (radiation) not 
the healthy controls, underwent a ldCT scan of the 
SIJs on a 64-row dual-source scanner (Somatom 
Definition Flash, Siemens, Erlangen, Germany) 
as described in detail elsewhere.7 Directly there-
after, the patients underwent a 3-Tesla pelvic MRI 
(Magnetom Skyra, Siemens, Erlangen, Germany). 
Besides a standard STIR-weighted sequence, a stan-
dard T1-weighted (repetition time 652.0 ms, echo 
time 11.0 ms, slice thickness 3 mm, flip angle 156°, 
spatial resolution 410×512 pixels) and a high-reso-
lution iso-voxel VIBE sequence were acquired with 
a TE of 5.2 and TR of 11.7 ms, a flip angle of 10° 
and a matrix of 256×256 pixels with a slice thick-
ness of 0.6 mm. Oblique coronal slices parallel to 
the axis of the second sacral segment were acquired.

Postprocessing and scoring
The ldCT, MR-T1 and MR-VIBE datasets were 
anonymised separately using Osirix 6.4 (Pixmeo 
SARL, Bernex, Switzerland). Two readers were 
trained and scored 15 test cases in consensus before 
they separately evaluated the images blinded to 
clinical data and findings of the other modality. 

http://www.eular.org/
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However, they had access to a T2-weighted fat-suppressed 
sequence when scoring the MR images.

Each SIJ was divided into 12 regions (4 quadrants in ventral, 
middle and dorsal position), resulting in 24 regions per patient.7 
The anterior position is defined as ventral to the slices depicting 
the sacral neuroforamina (<180% circumference of S2). Pelvic 
organs and fat are seen in the middle of the image. In the middle 
position, the anterior sacral neuroforamina and the sacral bone 
is visualised. The posterior position is defined as visualising the 
entheseal joint compartment that stretches to the posterior-in-
ferior aspect of the joint. Accurate oblique-coronal slice orien-
tation is crucial. For each region, erosions were scored on a 
four-point scale as described earlier in detail7: 0—no erosions; 
1—small isolated erosions (1–2) or questionable single erosion; 
2—definite erosions (3-5; <3 mm) or larger single erosion 
(>3 mm); 3—multiple (>5) or confluent erosions. Therefore, 
the sum-score ranged from 0 to 72. The total number of erosions 
was calculated by summing the number in each region.

A patient was considered positive for erosions if any of the 24 
regions was assigned a score ≥2. The agreement of both, reader 
1 and 2, was considered necessary for a positive finding.

Additionally, the readers were asked to rate their diagnostic 
confidence using ldCT, MR-T1 and MR-VIBE on a 0-to-10 
numerical scale.

statistical analysis
We performed a contingency table analysis on the patient level to 
relate the positivity of MR-VIBE and MR-T1 for erosions to ldCT, 
which served as standard of reference. The inter-rater reliability 
was evaluated using Cohen’s kappa10 for the presence or absence 
of erosions on the patients’ level, and the intraclass correlation 
coefficient (ICC) for the total number of erosions and erosions 
sum score using a two-way mixed model for single measures. 
Erosion sum-scores, total numbers of erosions and diagnostic 
confidence related to ldCT, MR-T1 and MR-VIBE were tested 
for significant differences by a repeated-measurements analysis 
of variance with pair-by-pair comparison. The p values were 
corrected for multiple comparisons using Tukey’s test with indi-
vidual variances and considered significant if smaller than 0.05. 
Missing data, for example, incomplete imaging of a region, were 
included in the analysis as negative for all modalities. Statis-
tics were performed using GraphPad Prism (V.6.0 for MacOS, 
GraphPad Software, La Jolla, California, USA).

resulTs
The patients had a mean age of 36.1 years (range, 19–57 years) 
with a mean duration of chronic back pain of 6 years and 10 
months (range, 2 months to 32 years; median: 4 years). Eighty-
seven patients had inflammatory back pain (79.1%), 71 (64.5%) 
were HLA-B27 positive. Fifty-eight patients were diagnosed 
with axSpA (63% male, 81% HLA-B27 positive) by the expert 
rheumatologist (axSpA group: 23 with radiographic and 35 
with non-radiographic axSpA) and 52 had other diagnoses 
(non-axSpA group; 34.6% male, 46% HLA-B27 positive).

All regions were assessable in T1 and ldCT, in VIBE only 
0.3% (10/3072) regions were not fully depicted by the sequence. 
Results and overview of statistics are presented in a flow chart 
(figure 1). Using ldCT positivity (score of ≥2) as standard of 
reference the sensitivity of VIBE (93%) was higher than of T1 
(79%) with a similar specificity of 93%. The mean sum score 
of both readers for erosions was 7.1±9.0 in ldCT, 6.7±8.4 
in MR-T1 and 8.1±9.3 in MR-VIBE with a total number of 
erosions of 11.4±16.5 in ldCT, 9.2±12.1 in MR-T1 and 

15.5±21.8 MR-VIBE (see figure 2A and B). For MR-VIBE, the 
erosion score was higher in patients positive for erosions in 
ldCT (figure 2C). Examples in figure 3 illustrate that erosions 
are better visible by ldCT and MR-VIBE than by MR-T1, but 
also that MR-VIBE is sometimes even more sensitive for erosions 
than ldCT (figure 3G and I). None of the 18 healthy controls 
was scored positive for erosions by either reader in MR-T1 or 
MR-VIBE. When using the clinician’s diagnosis of axial SpA and 
an erosion score of ≥2 as a cut-off (online supplementary figure 
S1B) MR-VIBE showed a better sensitivity than MR-T1 (65% 
vs 53%, respectively) and a better specificity for a cut-off of 
a ≥1 erosion score (68 vs 53%, respectively) while there was no 
difference for an erosion score of ≥3 (see online supplementary 
figure S1).

The agreement on erosion detection on the patients’ level was 
good for ldCT and MR-VIBE (Cohen’s κ=0.77, 95% CI 0.65 
to 0.89 and 0.71, 95% CI 0.57 to 0.84, respectively) and only 
moderate for MR-T1 (κ=0.56, 95% CI 0.4 to 0.71). The ICC 
of the total erosion score was comparable for all three imaging 
modalities (online supplementary table S1).

The diagnostic confidence was highest for MR-VIBE 
(6.9±2.6), followed by ldCT (6.3±2.7) and MR-T1 (5.6±2.9). 
These differences were statistically significant for all modali-
ties: MR-VIBE vs ldCT, p=0.006; ldCT vs MR-T1, p=0.002; 
MR-VIBE vs MR-T1, p<0.0001.

dIsCussIOn
This is the first study comparing a modern three-dimensional 
MR technique (VIBE) with a standard-of-care T1-weighted 
sequence using ldCT as standard of reference for the detection 
of erosions in the SIJs. We found that MR-VIBE had a higher 
sensitivity for erosions than MR-T1 without a decrease in spec-
ificity. MR-VIBE identified 16% more patients with erosions 
compared with MR-T1 (figure 1). MR-VIBE detected signifi-
cantly more erosions (sum score and total number) than MR-T1 
but also than seen on ldCT. When erosion counts were anal-
ysed in ldCT-negative patients only, the use of MR-VIBE did not 
increase the number of false positive findings compared with 
MR-T1. MR-VIBE performed also better than MR-T1 in terms 
of inter-rater reliability. Similarly, readers’ overall diagnostic 
confidence for detecting erosions was significantly higher using 
MR-VIBE than MR-T1 or ldCT. It has to be shown how much 
a better and more reliable detection of erosions in the SI-joint 
can contribute to a better diagnosis of axSpA where all clinical, 
laboratory and imaging aspects, and not only erosions, are taken 
into account.

We believe that the higher sensitivity of MR-VIBE vs ldCT can 
be explained by the high contrast of cartilage and bone in VIBE 
images and by the image noise in the ldCT scan, which might 
obscure small lesions. This assumption is also supported by the 
absence of erosions in MR-VIBE in the healthy controls. The 
search for sensitive and specific imaging technique for detecting 
structural lesions of the SIJs has become of high relevance6 11 12 
because interpretation of radiographs has repeatedly been shown 
to be unreliable.13 14

Regarding other studies addressing this topic, Algin et al tested 
different sequences in a small cohort of 30 patients with SpA and 
9 controls and found that 3D-FLASH with fat saturation (VIBE 
is such a sequence) is the most useful technique to detect carti-
lage and bone abnormalities.15 In other anatomical locations (eg, 
hands or knee), similar high-resolution techniques are already 
standard of care.16 17

https://dx.doi.org/10.1136/annrheumdis-2018-213393
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Figure 1 Findings in a flowchart. (A) Positivity for erosions in MR-T1 and MR-VIBE is reported separately for patients positive and negative in ldCT. 
MR-VIBE detected more erosions in patients with erosions in ldCT, while there was no difference in patients who were ldCT-negative. This increases 
sensitivity without a loss of specificity. (B) For the assessment of inter-reader reliability, we analysed the number of concordant and discordant 
ratings for MR-T1 and MR-VIBE. Sensitivity, specificity and kappa values are given with the 95% CI in brackets. ldCT, low-dose CT; VIBE, volumetric 
interpolated breath-hold examination. 

Figure 2 Comparison of results in terms of the total number of detected erosions (A), the erosion sum score (B) and erosion sum score in patients 
positive and negative for erosions in ldCT (C) for ldCT (CT), MR-T1 (T1) and MR-VIBE (VIBE). MR-VIBE detects significantly more erosions (total 
number and sum score, A and B) than the other modalities, however, only in patients positive in ldCT (C). The total number of erosions is also 
significantly lower for MR-T1 compared with ldCT (A). ldCT, low-dose CT; VIBE, volumetric interpolated breath-hold examination. 

The investment of another 3 min for acquiring an MR-VIBE 
sequence to supplement the standard T1 and STIR MR protocol 
can increase the sensitivity for erosions and improve diagnostic 
confidence. That our results obtained with 3-Tesla MRI can 
also be achieved at lower field strengths is likely but has to be 

proven. Also, due to the limitations of this single-centre study, 
the application and interpretation of MR-VIBE should be tested 
in a larger multicentre trial. The availability of T2 fat-suppressed 
images during reading might have influenced the result, however, 
is more close to clinical practice.

http://ard.bmj.com/
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Figure 3 Imaging examples. (A, D and G) Oblique coronal MR-T1 sequence; (B, E and H) ldCT images in oblique coronal reconstruction; (C, F and 
I) oblique coronal MR-VIBE sequence. Slice positions and orientation are identical for T1 and VIBE. ldCT was reconstructed to match orientation and
position. (A–C) normal findings in the SIJ without erosions (erosion sum score 0 for both readers). (D–F) Patient with axial spondyloarthritis with a 
single but prominent erosion of the left iliac surface that is shown by ldCT and MR-VIBE (arrowheads) but not by MR-T1. (G–I) Patient with axial 
spondyloarthritis and multiple erosions. Some erosions (arrow) are depicted by all modalities. However, some larger erosions are hardly seen with MR-
T1 due to sclerosis, while they are more conspicuous using ldCT and MR-VIBE (arrowheads). The smallest erosions are only depicted with MR-VIBE 
(open arrowheads). ldCT, low-dose CT; VIBE, volumetric interpolated breath-hold examination. 

In summary, MR-VIBE detected SIJ erosions with higher 
sensitivity and reliability and in more patients compared with 
standard T1 MRI in a patient population with low back pain. 
Thus, the MR-VIBE sequence seems to be a valuable supplement 
to standard MR protocols for axSpA and its differential diag-
nosis; however, its value for the diagnosis of axSpA still has to 
be determined.
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AbsTrACT
background Cardiovascular (CV) involvement in 
patients with systemic lupus erythematosus (SLE) is 
presumably subclinical for the major part of its evolution. 
We evaluated the associations between high-sensitive 
troponin t (hs-tropt), a sensitive marker of myocardial 
injury, and CV involvement using cardiac magnetic 
resonance (CMr).
Methods and results this is a two-centre (London 
and Frankfurt) CMr imaging study at 3.0 tesla of 
consecutive 92 patients with SLE free of cardiac 
symptoms, undergoing screening for cardiac involvement. 
Venous samples were drawn and analysed post-hoc for 
cardiac biomarkers, including hs-tropt, high-sensitive 
C reactive protein and n-terminal pro brain natriuretic 
peptide. Compared with age-matched/gender-matched 
non-SLE controls (n=78), patients had significantly raised 
cardiac biomarker levels, native t1 and t2, aortic and 
ventricular stiffness, and reduced global longitudinal 
strain (p<0.01). In SLE, hs-tropt was significantly and 
independently associated with native t2, followed by 
the models including native t1 and aortic stiffness (Χ2 
0.462, p<0.01). there were no relationships between 
hs-tropt and age, gender, CV risk factors, duration of 
systemic disease, cardiac structure or function, or late 
gadolinium enhancement.
Conclusions patients with SLE have a high prevalence 
of subclinical myocardial injury as demonstrated by 
raised high-sensitive troponin levels. CMr with t2 
mapping reveals myocardial oedema as the strongest 
predictor of hs-tropt release, underscoring the 
inflammatory interstitial remodelling as the main 
mechanism of injury. patients without active myocardial 
inflammation demonstrate diffuse interstitial remodelling 
and increased vascular stiffness. these findings 
substantiate the role of CMr in screening of subclinical 
cardiac involvement.
Trial registration numer nCt02407197; results.

InTroduCTIon
Systemic lupus erythematosus (SLE) is a chronic 
systemic inflammatory condition associated with 
complex cardiovascular (CV) involvement with 
high morbidity and CV mortality.1–3 It is recognised 
that the first decade since the diagnosis of systemic 
disease represents a period of intense systemic 
disease activity. This includes CV involvement, 

which in contrast to systemic disease progresses 
silently for the major part of its evolution. Only a 
small proportion of patients eventually proceed into 
manifest cardiac disease, most commonly congestive 
heart failure, which is poorly reversible and diffi-
cult to treat.4–8 Underscored by the pathophysio-
logical pathways of inflammation and remodelling, 
CV involvement is phenotypically characterised 
by non-ischaemic cardiomyopathy, and coronary 
and aortic vasculitis.2 9–14 A number of previous 
studies using cardiovascular magnetic resonance 
(CMR) reported significantly elevated non-invasive 
quantifiable myocardial tissue measures of remod-
elling and inflammation T1 and T2 mapping, and 
myocardial scar by late gadolinium enhancement 
(LGE), respectively (reviewed in refs 9 10 15–21). 
Studies further demonstrated considerable vascular 
involvement in SLE, including carotid, aortic and 
coronary vessel wall vasculitis, and high frequency 
of myocardial microvascular disease and myocardial 
fibrosis.2 6 7 11 22–29 Despite the above knowledge, 
the relationship with the biomarkers of myocar-
dial injury (high-sensitive troponin, hs-TropT26 27), 
inflammation (high-sensitive C reactive protein, 
hs-CRP) and remodelling (N-terminal pro brain 
natriuretic peptide, NT-proBNP) remains unclear.28 
Furthermore, the pathophysiological relationship 
between these markers and changes observed in 
subclinical CV involvement is not ascertained.

MeTHods
Consecutive 92 patients with an established diag-
nosis of SLE as per the American College of Rheu-
matology revised classification criteria,29 without 
previously known or symptomatic cardiac disease, 
were referred for screening with CMR for CV 
involvement from the local rheumatology depart-
ments (London, n=56; Frankfurt, n=36). Seven-
ty-eight (non-SLE) subjects, matched for age, 
gender and CV risk factor profile, with low-pretest 
likelihood for left ventricular (LV) cardiomyopathy, 
no clinical or serological evidence for systemic 
inflammation, taking no anti-inflammatory medi-
cation, and no history of cardiac events or known 
coronary artery disease (CAD), served as controls. 
The general contraindication to contrast-enhanced 
CMR was observed as per local rules (known allergy 
to contrast agents, pregnancy, cochlear implants, 
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Table 1 Subjects’ characteristics, including the characteristics of 
the disease and medication of patients with SLE

Variable
Controls
(n=78)

Patients with 
sLe
(n=92)

significance
(P values)

Age (years) 42±13 43±14 0.632

Male, n (%) 9 (12) 12 (13) 0.845

BMI, kg/m2 26±3 25±5 0.523

Heart rate, bpm 62±12 65±14 0.139

BP systolic, mm Hg 115±13 119±17 0.413

BP diastolic, mm Hg 72±12 73±13 0.575

Hypertension, n (%) 15 (19) 23 (34) 0.054

Diabetes mellitus (type 2), n (%) 2 (3) 5 (7) 0.240

Hypercholesterolaemia, n (%) 13 (17) 20 (22) 0.509

Smoking, current or previous, n (%) 10 (13) 12 (16) 0.581

Time since SLE diagnosis (years) – 7 (5) – 

History of nephritis, n (%) – 45 (49) – 

CNS involvement, n (%) – 11 (12) – 

Antiphospholipid syndrome, n (%) – 28 (30) – 

SLEDAI – 6 (8) – 

Cardiac medication

 Aspirin, n (%) 2 (3) 8 (8) 0.161

 Anticoagulation, n (%) 0 (0) 29 (32) <0.001

 Beta-blockers, n (%) 3 (4) 6 (7) 0.401

 RAS inhibitors, n (%) 35 (46) 51 (55) 0.242

 Statin, n (%) 16 (21) 19 (21) 0.99

DMARDs

 None, n (%) – 6 (9) – 

 Prednisolone, n (%) – 69 (75) – 

 HCQ, n (%) – 37 (40) – 

 Mycophenolate, n (%) – 25 (27) – 

 Other, n (%) – 11 (12) – 

Blood markers

 eGFR, mL/min/1.73 m2 89±11 72±15 <0.001

 hs-CRP, mg/L 2.2±1.4 4.2±4.0 <0.001

 hs-TropT, ng/L 2.2±1.9 21.4±15.3 <0.001

 Abnormal hs-TropT (>13.9 ng/L, 
n (%))

0 (0) 50 (54) <0.001

 NT-proBNP (pg/L) 74 (42) 142 (274) <0.001

 Complement C3 (mg/L) – 103±25 – 

 Complement C4 (mg/L) – 21±9 – 

CMR measures of function and structure

 LV-EDV (index), mL/m² 76±12 80±20 0.124

 LV-ESV (index), mL/m² 29±10 34±15 0.013

 LV-EF, % 63±5 59±10 0.007

 LVmass (index), g/m² 49±12 54±17 0.048

 RV-EF, % 58±8 61±9 0.029

 LA area, cm² 18±4 20±4 0.015

 Global longitudinal strain, % 26±3 18±7 <0.001

 Global circumferential strain, % 28±5 27±7 0.262

 PWV, m/s 5.4±1.7 7.1±3.2 <0.001

 E/e’ 7.6±1.2 9.1±2.7 <0.001

CMR tissue characterisation

 Native T1 (ms) 1062±23 1156±51 <0.001

 Native T2 (ms, GraSE, n=46/56) 44±4 51±9 <0.001

 Native T2 (ms, FLASH, n=32/36) 35±4 42±7 <0.001

Myocardial LGE

Present, n (%) 0 (0) 28 (30) <0.001

 Ischaemic, n (%) – 6 (7)

Continued

Variable
Controls
(n=78)

Patients with 
sLe
(n=92)

significance
(P values)

  Non-ischaemic, n (%) – 22 (24)

Pericardial enhancement 0 (0) 9 (13) 0.001

Pericardial effusion 0 (0) 7 (10) 0.004

Microvascular disease, n (%) 0 (0) 24(26) <0.001

BMI, body mass index; BP, blood pressure; bpm, beats per minute; CMR, 
cardiovascular magnetic resonance; CNS, central nervous system; DMARDs, disease-
modifying antirheumatic drugs; EDV, end-diastolic volume; EF, ejection fraction; 
eGFR, estimated glomerular filtration rate; ESV, end-systolic volume; GraSE, gradient 
and spin echo; HCQ, hydroxychloroquine; hs-CRP, high-sensitive C reactive protein; 
LA, left atrium; LGE, late gadolinium enhancement; LV, left ventricular; NT-proBNP, 
N-terminal pro brain natriuretic peptide (expressed as median (IQR)); PWV, pulse 
wave velocity; RAS, renin angiotensin system; RV, right ventricular; SLE, systemic 
lupus erythematosus; SLEDAI, SLE Disease Activity Score Index.

Table 1 Continued

cerebral aneurysm clips, non-CMR compatible pacemakers; 
no subject was excluded due to these contraindications in the 
present study). Patient characteristics were recorded using a 
standardised questionnaire for all subjects, including symptoms, 
age, gender, body mass index, renal function, CV risk factors 
and immunosuppressive therapy (table 1).

Cardiovascular magnetic resonance
All subjects underwent a routine clinical scan protocol using 
a 3 Tesla clinical scanner (Achieva, Philips Healthcare, Best, 
The Netherlands, and Skyra, Siemens Healthineers, Erlangen), 
CMR protocol (figure 1). After standardised patient-specific 
planning, myocardial T1 and T2 mapping was performed in a 
single mid-ventricular short-axis (SAX) slice. T1 mapping was 
performed using modified Look-Locker imaging.30 31 For T2 
mapping, a hybrid gradient and spin echo (GraSE) sequence was 
used at the London site,32 whereas in Frankfurt T2 mapping 
fast low angle shot (FLASH) sequence was employed.33 34 All 
sequence types and parameters have been validated and reported 
previously.12 18 20 Sequence-specific normal ranges were 
employed (native T1: 3.0 T; mean of the normal range 1052±23 
ms; ie, upper limit of normal range: 1098 ms at 3.0 T35; native 
T2: GraSE sequence: 45±4 ms32 36; T2-FLASH sequence 
35±4 ms33 34 36). Myocardial perfusion imaging with adenosine 
infusion (140 μg/kg/min) and administration of 0.1 mmol/
kg body weight gadobutrol (Gadovist, Bayer AG, Leverkusen, 
Germany) was performed,37 38 followed by volumetric cavity 
assessment by whole-heart coverage of SAX slices. Central 
aortic pulse wave velocity (PWV), a measure of aortic stiff-
ness, was obtained with an inplane sagittal oblique acquisition 
of the ascending and descending aorta, using a retrospectively 
gated, free-breathing, phase-contrast gradient echo sequence, as 
reported previously.39 40 Representative acquisitions are included 
in figure 1.

Cardiac volume and function were quantified using commer-
cially available software (Medis, Leiden) following standardised 
postprocessing recommendations.41 LGE was characterised 
as present or absent, and ischaemic or non-ischaemic in type, 
based on the predominant pattern.38 41 Quantitative tissue 
characterisation and myocardial deformation analysis were 
performed by the core-lab (Goethe CVI, Frankfurt), blind to the 
underlying subject group allocation and the time-point of the 
examination. The rates of T1 and T2 relaxation were measured 
in the septal myocardium of the mid-ventricular SAX using 
the ConSept approach, as previously described.31 42 Areas of 
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Figure 1 CMR protocol for screening of subclinical cardiovascular involvement in SLE with representative images of acquisitions and findings in a 
patient with SLE. CMR, cardiovascular magnetic resonance; LGE, late gadolinium enhancement; LV, left ventricular; PWV, pulse wave velocity; RV, right 
ventricular; SLE, systemic lupus erythematosus.

Figure 2 Serological biomarkers in controls and patients outlining the patient subgroups with evidence of myocardial oedema based on T2 mapping 
(defined as >2 SD above the mean of the sequence-specific normal range).32 33 45 hs, high-sensitive; NT-proBNP, N-terminal pro brain natriuretic 
peptide; SLE, systemic lupus erythematosus.

LGE were excluded from mapping the region of interest (ROIs) 
to allow T1 and T2 measurements to avoid areas of replace-
ment scar.42 43 Global longitudinal and circumferential strain 
was measured within a feature tracking application using feature 
tracking two-dimensional prototype software (TomTec, Munich, 
Germany), as previously described.44 Longitudinal deformation 
was obtained in three long-axis views, whereas circumferential 
included three SAX slices. Both are expressed as an absolute 
global peak systolic strain per direction.9 All patients underwent 
venous blood sampling at the time of the CMR study. Plasma 
samples were frozen at −80°C and analysed subsequently 
using standardised commercially available test kit analysis for 
hs-TropT, hs-CRP and NT-proBNP (Elecsys 2010, Roche, Basel, 
Switzerland). Analytical validation and limits of detection of 
the hs-TropT test were used to define normal/abnormal (using 
a cut-off value of 99th percentile of 13.9 ng/L, as previously 
reported).45

statistics
Statistical analysis was performed using SPSS V.24. Normality 
of distributions was tested using Shapiro-Wilk test. Categorical 
data are expressed as counts (percentages), and continuous vari-
ables as mean±SD or median (range), as appropriate. Compar-
isons between groups were performed using Student’s t-test or 
one-way analysis of variance for normally distributed variables, 
and χ2 and Mann-Whitney test for non-normally distributed 
variables. Fisher’s exact tests were conducted for proportions. 
The associations were analysed by univariate and multivariate 
linear regression analyses. Collinearity diagnostics was used to 
examine the variance inflation factor analysis. Interobserver and 
intraobserver reproducibility and agreement of postprocessing 
approaches have been reported previously.36 42 46 All tests were 
two-tailed and p values <0.05 were considered statistically 
significant.

http://ard.bmj.com/
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Table 2 Associations of variables with hs-troponin T levels in controls and patients with SLE

hs-Troponin T Controls Patients with sLe

Variables

Correlations Pearson’s r significance (P values) Pearson’s r significance (P values)

Age (years) 0.12 0.31 0.11 0.28

Gender* (male) 0.15 0.20 0.17 0.10

hs-CRP (mg/L) 0.05 0.69 0.42 <0.001

NT-proBNP (pg/L) 0.07 0.53 0.29 0.005

eGFR (mL/min/1.73 m2) 0.11 0.33 0.02 0.89

BMI (kg/m2) 0.06 0.62 0.04 0.73

Heart rate (bpm) 0.04 0.72 0.18 0.08

Systolic BP (mm Hg) 0.01 0.93 0.13 0.12

Diastolic BP (mm Hg) 0.02 0.85 0.24 0.02

Native T1 (ms) 0.302 0.007 0.54 <0.001

Native T2 (ms) −0.2 0.08 0.60 <0.001

GLS (%) 0.16 0.18 −0.29 0.005

GCS (%) −0.14 0.24 0.01 0.91

LV-EDV (index), mL/m² 0.01 0.96 −0.05 0.62

LV-EF (%) 0.03 0.82 −0.11 0.32

LVmass (index), g/m² 0.24 0.04 0.1 0.37

RV-EF (%) 0.10 0.38 0.14 0.18

LA area, cm2 0.07 0.57 0.07 0.57

LGE present* – – 0.13 0.22

E/e’ 0.03 0.78 0.21 0.045

PWV (m/s) −0.1 0.24 0.48 <0.001

SLEDAI 0.21 0.08

Linear regression (stepwise) r2 Variable b (95% CI) significance (P values)

Controls

 Model 1 0.100 Native T1 (10 ms) 0.2 (0.1 to 0.4) 0.007

 Model 2 0.138 Native T1 (10 ms) 0.2 (0.1 to 0.0) 0.009

LVmass (index) 0.03 (0.01 to 0.08) 0.048

Patients with SLE

 Model 1 0.391 Native T2 (1 ms) 1.2 (0.9 to 1.5) <0.001

 Model 2 0.462 Native T2 (1 ms) 0.9 (0.5 to 1.2) <0.001

Native T1 (10 ms) 0.9 (0.4 to 1.5) 0.001

 Model 3 0.494 Native T2 (1 ms) 0.9 (0.6 to 1.2) <0.001

Native T1 (10 ms) 0.9 (0.3 to 1.5) 0.002

PWV (1 m/s) 3.2 (1.7 to 4.7) 0.004

Adjusted for age, gender, cardiovascular risk profile, SLEDAI, hs-CRP, NT-proBNP, eGFR, BMI, heart rate, systolic and diastolic BP, GLS, GCS, LV-EDV, LV-EF, LVmass (index), RVEF, 
LA area, LGE and E/e’.
*Bivariate correlations are expressed with Pearson’s (or Spearman’s for categorical variables) coefficient, as suitable for the type of data. Abbreviations as per table 1.
GCS, global circumferential strain; GLS, global longitudinal strain.

resuLTs
Subject characteristics, results of blood markers and CMR 
measurements are summarised in table 1. Patients were 
well matched to controls for age, gender, blood pressure, heart 
rate and CV risk profile. The average duration of systemic 
disease was 7±5 years. Patients with SLE took a variety of 
disease-modifying antirheumatic medication, including prednis-
olone (39, 42%), hydroxychloroquine (37, 40%), mycopheno-
late (25, 27%) or others (11, 12%). Twenty-nine patients with 
SLE (32%) were taking anticoagulation treatment in the context 
of antiphospholipid syndrome.

Compared with controls, LV end-systolic volume (LV-ESV) 
and mass were increased and LV ejection fraction reduced 
in patients with SLE (p<0.05 for all), although the means 
remained within the normal range.47 48 Myocardial native T1 
and T2 and central aortic PWV were significantly higher in 
patients with SLE, whereas the global longitudinal strain (GLS) 

was reduced (p<0.001 for all). LGE was present in 28 (30%) 
patients with SLE, of whom a minority (6, 7%) were ischaemic 
in type.41 Pericardial enhancement and effusion were present 
in 9 (13%) and 7 (10%) patients (figure 1). Myocardial perfu-
sion imaging in patients with SLE revealed no subjects with 
regional hypoperfusion due to obstructive epicardial CAD,40 
whereas microvascular disease pattern was observed in 24 
(31%).11

Hs-TropT levels were detectable in 81% (n=139) of all 
subjects. A total of 50 (64%) patients with SLE had hs-TropT 
above the 99th percentile,45 49 although only 4 (8%) above 
the clinically relevant threshold >30 ng/L.49 Compared with 
controls, patients with SLE had mildly but significantly raised 
hs-CRP and NT-proBNP and reduced estimated glomerular 
filtration rate levels (p<0.01; table 1). In patients with evidence 
of myocardial oedema defined as raised native T2 (defined 
as >2 SD above the mean of the sequence-specific normal range, 
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Figure 3 Associations between native T1 (A) and native T2 (B) serological biomarkers. Analytical LoD (13.9 ng/L45) and of clinically relevant range 
in the context of an acute coronary syndrome (30 ng/L27 49 50) are marked, as well as the upper limit of LoD (>2 SD above the normal range) for native 
T135 and a relative (sequence-specific) increase in T2, as a proportion of SD of the normal range (SD=2 ms). hs-CRP, high-sensitive C reactive protein; 
hs-TropT, high-sensitive troponin T; LoD, limits of detection; NT-proBNP, N-terminal pro brain natriuretic peptide; SLE, systemic lupus erythematosus. 

Figure 4 Associations between native T1 and aortic (PWV) and ventricular stiffness (E/e’) and global longitudinal strain (GLS) outlining the 
patient subgroups with evidence of myocardial oedema based on T2 mapping (defined as >2 SD above the mean of the sequence-specific normal 
range).32 33 45 PWV, pulse wave velocity; SLE, systemic lupus erythematosus.

n=48 (61%)),32 33 45 there was also a significant rise in hs-TropT, 
hs-CRP and NT-proBNP (figure 2).

Analyses of the relationships between hs-TropT, serological 
markers and CMR measures of CV involvement are presented 

in table 2 and figures 3 and 4. In controls, hs-TropT levels 
were mildly associated with native T1 and LVmass (<0.05). In 
patients with SLE, hs-TropT was associated with native T1 and 
T2, GLS, E/e’, PWV, hs-CRP and NT-proBNP (p<0.01 for all). 

http://ard.bmj.com/
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Table 3 Histopathological and immunohistochemical (IHC) and 
results of patients who underwent endomyocardial biopsy following 
CMR study

endomyocardial biopsy findings Case 1 Case 2 Case 3

RV biopsy + +

LV biopsy +

Cardiomyocytolysis + ++ +

SM-Aktin+myofibroblasts

  Endomyocardial + – – 

  Perivascular + + +

  Interstitial + ++ ++

Cell infiltration

  Neutrophil – – – 

  Eosinophil – – – 

  Giant cell – – – 

  Lymphocyte B (CD20+) – – +

  Lymphocyte T (CD3+) + + +

Macrophage (CD68+, MHC-II+) ++ ++ ++

Vasculitis (CD34+) – – +

Amyloid (Congo Red staining) – – – 

Viral presence (PCR) – – – 

Desmin (IHC) – – – 

Iron loading (Berlin blue) – – – 

Comparative individual results

Native T1 (ms) 1265 1250 1288

Native T2 (ms) 42 56 46

hs-TropT (pg/mL) 62 76 85

- none, + present-mild, ++ present strong .
CMR, cardiovascular magnetic resonance; hs-TropT, high-sensitive troponin T; LV, left 
ventricular; RV, right ventricular; SM, smooth muscle.

Furthermore, hs-CRP was associated with PWV (r=0.46), native 
T1 (r=0.39) and T2 (r=0.56) (p<0.01 for all), but not E/e’. 
NT-proBNP was moderately associated with PWV (r=0.35), 
native T1 (r=0.34), native T2 (0.29) and strongly associated with 
E/e’ (r=0.79) and left atrium (LA) area (r=0.60) (p<0.01 for 
all). In patients with SLE, there was no association with LVmass, 
left ventricular ejection fraction or left ventricular end-diastolic 
volume for any of the serological markers. The results of multi-
variate linear regression analysis (stepwise) of the relationships 
with hs-TropT are presented in table 2. On the contrary, in 
patients with SLE, hs-TropT was independently associated with 
native T2 (χ2 0.391, p<0.01), followed by the models which 
also included native T1 and PWV (χ2 0.462, p<0.01). The rela-
tionships between diffuse myocardial remodelling by native T1 
and markers of aortic and ventricular stiffness and deformation 
were significant and accentuated in the subgroups of patients 
with evidence of myocardial inflammation (figure 3). The results 
of patients (n=3) who underwent endomyocardial biopsy (EMB) 
following CMR findings are included in table 3 and figure 5.

dIsCussIon
Patients with SLE and no known or symptomatic cardiac disease 
have a high prevalence of subclinical myocardial injury, as 
evidenced by detectable hs-TropT release. The extent of subclin-
ical myocardial injury is independently associated with the 
relevant components of CV involvement, including myocardial 
inflammation (by native T2), interstitial remodelling (by native 
T1), aortic (by PWV) and ventricular stiffness (by E/e’), respec-
tively. There are no relationships between hs-TropT and changes 
of cardiac function or structure. The role of inflammation as the 

pathophysiological driver of myocardial injury is further reiter-
ated by a considerably greater rise of hs-TropT (as well as hs-CRP 
and NT-proBNP) in the subgroup of patients with significantly 
raised native T2, indicating the presence of oedema (33,34). 
These findings substantiate the role of CMR with native T1 and 
T2 mapping and PWV in screening for the presence of subclin-
ical cardiac involvement.

The present observations importantly complement the 
insights of previous studies in deciphering the natural course 
of inflammatory cardiomyopathy in patients with SLE.15 18 The 
significantly and prevalently raised troponin levels in patients 
with SLE provide a sensitive validation of the subclinical 
myocardial injury.26 We and others have previously shown 
raised troponin levels in clinically manifest lupus myocarditis 
(10,16,52-54). In the present study, the post-hoc analysis of 
systematically collected research blood samples in patients 
with no known CV involvement reveals detectable troponin 
release in a majority of patients with SLE, which are on average 
significantly higher than in non-SLE controls.28 50 Different 
from the presentation of an acute coronary syndrome, troponin 
levels in most patients with SLE remain below the acute coro-
nary syndrome (ACS) threshold (>30 ng/L),45 49 indicating a 
much smaller amount of the total myocardial necrosis in SLE 
myocardial injury, compared with an acute atherosclerotic 
coronary artery occlusion. This important difference in the 
underlying pathophysiology—the non-coronary mechanism 
of myocardial injury in SLE—is further apparent through 
the absence of a typical ischaemic pattern of LGE, corre-
sponding to a coronary vascular territory. On the contrary, 
the pattern of myocardial scar (if observed) is non-ischaemic 
and intramyocardial (41,43) (figure 1). Furthermore, tissue 
characterisation with native T2 mapping, a sensitive marker 
of myocardial oedema, is the strongest predictor of hs-TropT 
release, demonstrating the underlying myocardial inflamma-
tion as the main mechanism of injury. hs-TropT levels and 
native T1 both remain significantly elevated (compared with 
controls) in patients without significant myocardial oedema 
(normal native T2), although commonly beyond the abnormal 
threshold (hs-TropT—13.9 ng/L; native T1—1098 ms; please 
see the Methods section), indicating the sustained diffuse 
process of interstitial remodelling and fibrosis.43 46 These 
observations correspond with the finding of hs-CRP rise in 
the group with oedema (raised native T2) but not without, 
despite it being commonly subdued in SLE.51–53 A number of 
previous observations on NT-proBNP levels in patients with 
SLE, such as associations with echocardiographic LA diameter 
and aortic stiffness,54 but not LV structure or function, were 
also replicated in our study.55 We expand these observations 
by demonstrating systematic associations between NT-proBNP 
with aortic and ventricular stiffness (by PWV and E/e’), and 
interstitial and inflammatory remodelling (by native T1 and 
T2). In non-ischaemic cardiomyopathy, myocardial native 
T1 correlates with the degree of aortic and ventricular stiff-
ness38 56 57; similar associations in the present cohort of patients 
with SLE relate the communality of vascular and myocardial 
remodelling processes. Our findings also revealed detectable 
structural LV enlargement (LV-ESV and LVmass) and reduc-
tion in global LV and RV function, although not reaching the 
clinically relevant thresholds nor showing significant associa-
tion with hs-TropT. Thus, the absence of significant associa-
tions between hs-TropT and markers of cardiac structure and 
function exposes the limited value of methods, such as echo-
cardiography, in detecting early abnormalities or assessment of 
the subclinical disease. Our observations first communicate the 
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Figure 5 Endomyocardial biopsy findings following CMR involvement (case 1, table 3) showing diffuse macrophage-rich infiltration (CD68+ 
with expressed MHC II) and interstitial and perivascular fibrosis. No evidence of myocardial infiltration with giant cells, eosinophils or CD20+ 
B lymphocytes. Histological findings are consistent with active chronic myocarditis. Corresponding CMR images with native T1 and T2 measurements 
and late gadolinium enhancement. CMR, cardiovascular magnetic resonance; MHC, major histocompatibility complex. 

link between the pathophysiological mechanism of myocar-
dial inflammation and CV involvement based on the common 
direction of change in the serological and imaging measures. 
Second, native T1 and T2 are quantitative measures of tissue 
abnormalities, allowing to stratify the degree of inflamma-
tory and interstitial myocardial involvement. Third, whereas 
significant hs-TropT levels correspond well with the presence 
of myocardial oedema, ‘biochemically low-grade’ troponin 
release (<13.9 ng/L) in patients with diffuse fibrosis but 
no active inflammation may lead to falsely misclassify this 
subgroup as having no CV involvement. Native T1 can unravel 
myocardial abnormalities that develop beyond the analyt-
ical limits of detection by the hs-TropT assay (45). Whereas 
it might be possible to adjust the troponin thresholds to the 
context of inflammatory injury, further studies are required 
to establish the sensitivity/specificity ranges, prognostic asso-
ciations and its ability to change treatment. Troponin identi-
fies patients with sufficiently active inflammation leading to 
cell necrosis and its release. Also, raised troponin levels may 
frequently persist over several weeks, obscuring the insight 
into changes in disease activity or recovery. On the contrary, 
imaging measures respond rapidly to altered disease dynamics 
and/or to anti-inflammatory treatment, providing an objec-
tive and immediate clinical assessment.10 56 While not used 
routinely to support the diagnosis of myocardial involvement 
in SLE, the results from the few patients who underwent EMB 
following CMR results corroborate our findings with histolog-
ical evidence of chronic autoimmune macrophage-rich diffuse 

interstitial myocardial inflammation and interstitial and peri-
vascular fibrosis.4

A few limitations apply. This is a two-centre multivendor 
observational study with patients on stable treatment, as 
guided by their systemic and not cardiac disease. Whereas an 
effect of reduced inflammation due to treatment could not 
have been fully avoided, we strived for consecutive broad 
inclusion of subjects with SLE, allowing a balanced and real-
istic representation of a typical cohort. Standardisation of data 
acquisition and postprocessing for application of T1 and T2 
mapping methods were achieved by unifying the T1 mapping 
imaging parameters, performing the on-the-fly image quality 
control and by using centralised postprocessing.35 Whereas the 
T2 mapping sequence was different at the two sites, the acqui-
sitions show similar precision and accuracy (ie, sensitivity to 
inflammatory substrate).57

In summary, patients with SLE without known or symp-
tomatic cardiac disease have a high prevalence of subclin-
ical myocardial injury as evidenced by a significant hs-TropT 
elevation. This is paralleled by a significant rise in hs-CRP and 
NT-proBNP, as well as of the non-invasive imaging measures 
of CV inflammatory involvement. We demonstrate a strong 
and predictive relationship between hs-TropT and non-inva-
sive tissue measures of diffuse myocardial fibrosis and inflam-
mation by native T1 and T2, aortic by PWV, and ventricular 
stiffness by E/e’, respectively, but not changes in cardiac func-
tion or structure. Taken together, these findings reveal a signif-
icant subclinical CV involvement in patients with SLE, which 
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is amenable to detection with non-invasive tissue character-
isation measures and is directly related to CV inflammatory 
injury.
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AbsTrACT
Introduction Autoinflammatory diseases can cause 
irreversible tissue damage due to systemic inflammation. 
recently, the Autoinflammatory disease damage Index 
(AddI) was developed. the AddI is the first instrument 
to quantify damage in familial Mediterranean fever, 
cryopyrin-associated periodic syndromes, mevalonate 
kinase deficiency and tumour necrosis factor receptor-
associated periodic syndrome. the aim of this study was 
to validate this tool for its intended use in a clinical/
research setting.
Methods the AddI was scored on paper clinical cases 
by at least three physicians per case, independently of 
each other. Face and content validity were assessed 
by requesting comments on the AddI. reliability was 
tested by calculating the intraclass correlation coefficient 
(ICC) using an ’observer-nested-within-subject’ design. 
Construct validity was determined by correlating the 
AddI score to the physician Global Assessment (pGA) of 
damage and disease activity. redundancy of individual 
items was determined with Cronbach’s alpha.
results the AddI was validated on a total of 110 paper 
clinical cases by 37 experts in autoinflammatory diseases. 
this yielded an ICC of 0.84 (95% CI 0.78 to 0.89). 
the AddI score correlated strongly with pGA-damage 
(r=0.92, 95% CI 0.88 to 0.95) and was not strongly 
influenced by disease activity (r=0.395, 95% CI 0.21 to 
0.55). After comments from disease experts, some item 
definitions were refined. the interitem correlation in all 
different categories was lower than 0.7, indicating that 
there was no redundancy between individual damage 
items.
Conclusion the AddI is a reliable and valid 
instrument to quantify damage in individual patients 
and can be used to compare disease outcomes in 
clinical studies.

InTroduCTIon
Autoinflammatory diseases (AID) are character-
ised by seemingly unprovoked, recurrent episodes 
of inflammation caused by activation of the innate 
immune system. The four most common monogenic 
AIDs are cryopyrin-associated periodic syndromes 
(CAPS), tumour necrosis factor receptor-associated 
periodic syndrome (TRAPS), mevalonate kinase 
deficiency (MKD) and familial Mediterranean fever 
(FMF).1 2 Chronic inflammation in AIDs may cause 
irreversible damage in multiple organ systems, 
such as visual loss, deafness, joint restriction and 
amyloidosis.3

Even though targeted therapy for these AIDs has 
become available,4–6 permanent damage may still 
accumulate before diagnosis or start of therapy. 
Furthermore, the majority of studies on new biolog-
ical therapies for AIDs are recently initiated, with 
limited follow-up, hence the potency of these drugs 
to prevent or stop the development of damage is 
not yet known.3 7 8 The Autoinflammatory Disease 
Damage Index (ADDI) has been developed to 
enable assessment of the long-term burden of AIDs 
in a standardised manner, as a comprehensive tool 
measuring damage in patients with AIDs.5 Although 
developed for the four main monogenic AIDs, 
the ADDI may potentially also be useful in other 
diseases with autoinflammatory features.9 10

To properly validate a damage index such as the 
ADDI, several aspects are important: reliability, 
content validity, face validity, criterion validity and 
construct validity.11 A reliable index means that 
for a given patient, different observers will give 
the same score; this can be assessed by calculating 
the interobserver variability (intraclass correlation 
coefficient, ICC). Content validity tests whether the 
content of the index truthfully reflects the subject 
the index applies to. Face validity is the subjective 
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impression whether a test measures the intended phenomenon. 
Criterion validity tests whether an index is as good as the gold 
standard. Construct validity consists of convergent and discrim-
inant validity: convergent validity determines whether an index 
correlates to a similar index (eg, whether the ADDI correlates to 
other indices of damage or impairments in daily living), whereas 
discriminant validity determines whether the index is different 
from a dissimilar index (eg, the ADDI should not correlate with 
indices of disease activity).

Continuously during development and validation of the 
ADDI, content validity, face validity and adherence to the 
OMERACT principles (truth, discrimination and feasibility) 
were assessed.12–14 As a reference standard for disease damage 
in AIDs is lacking, criterion validity cannot be determined. 
Physician Global Assessment (PGA) of damage can be consid-
ered the best alternative for a gold standard, but it is not a vali-
dated measure. Therefore, we decided to use the PGA-damage 
to assess construct validity rather than criterion validity. Hence, 
in this study we aimed to investigate the reliability and construct 
validity, using paper clinical cases of patients with FMF, CAPS, 
TRAPS and MKD, designed to ensure that all the damage items 
were adequately covered.

MeTHods
development of the validation plan
Together with an experienced methodologist (HvS), a validation 
plan was developed. Paper clinical cases were based on real patient 
data, but modified to protect patient privacy and to ensure that 
all damage items would be sufficiently represented and different 
degrees of damage could be tested. Using a pilot with a limited 
number of cases and expert participants, a preliminary ICC was 
determined and the final number of cases required for the vali-
dation was calculated. All expert physicians who participated in 
the development of the ADDI (top 40 enrollers in the Eurofever 
Registry and nine experts from the Americas) were invited to 
participate in the validation process. One expert involved in the 
development of paper cases (JF) did not take part in the scoring.

development of the cases
The cases for validation of the ADDI were derived from anony-
mised clinical data of patients with confirmed FMF, CAPS, 
TRAPS and MKD included in the European-based online Euro-
fever Registry.15 16 All physicians involved in the Eurofever 
project (Executive Agency for Health and Consumers, Project 
No 2007332) were asked to complete follow-up data on patients 
they had entered in the registry. The registry collects detailed 
information on all potential organ involvement as well as general 
features of AIDs. To cover a wide case mix, expert physicians 
from the Americas were asked to submit their anonymous 
patient data using a preformed template. The patient informa-
tion retrieved from the Eurofever Registry and American cases 
served as a resource for paper clinical case scenarios. Cases were 
modified to ensure that each ADDI item was represented at least 
four times. Precautions were made to provide a similar number 
of cases for each disease and to have cases with different grades 
of disease activity and damage. All paper cases were checked for 
comprehensiveness and realistic character by one expert (JF).

Case distribution
The case summaries were distributed via a web-based survey, 
in which experts completed the ADDI, estimated the degree 
of disease damage and disease activity using a 10-point 
PGA-damage and PGA-activity, respectively, and could provide 

comments. The distribution of cases followed the ‘observer-nest-
ed-within-subject’ design, meaning that a large group of experts 
all scored a subset of the cases.11 Each group of four experts 
scored 10 cases each, a minimum of three doctors was needed 
per group to calculate the ICC. Additional experts were asked 
to complete the survey when necessary. An equal proportion of 
adult and paediatric physicians was ensured in each participant 
group. Furthermore, each group contained four doctors from 
different countries and centres.

definition of damage
Damage is defined as persistent or irreversible change in struc-
ture or function, which is present for at least 6 months. Damage 
items should not be scored if they are attributed to ongoing 
disease activity. Damage may be the result of prior disease 
activity, complications of therapy or comorbid conditions that 
developed after the onset of AID signs and symptoms. If damage 
has been present for longer than 6 months, but later resolves, it 
should still be scored in order to capture the damage that was 
present in the individual for that time period. This definition can 
be found within in the ADDI in earlier versions of the damage 
index.12

statistical analysis
Statistical analyses were performed in IBM SPSS Statistics V.21. 
The total score of the ADDI is the sum of points given for all 
categories. The ICC was determined to assess the reliability 
of the damage index as a whole, as well as for the eight cate-
gories and all individual items. The ICC determined absolute 
agreement, for example, whether two different physicians give 
the exact same score for a given patient, and considered single 
measures, indicating reliability of a single observer.11 The ICC 
was also assessed for the PGA-damage and the PGA-activity, in 
order to determine whether these measurements would be suffi-
ciently reliable to test construct validity. An ICC of 0.8 or higher 
was considered indicative for excellent reliability.11 17 Cronbach’s 
alpha was used to determine possible redundancy of different 
items (eg, whether two items would score the same damage). 
An interitem correlation of more than 0.7 was considered to 
indicate redundancy.18 A Spearman rank test was used to assess 
discriminant and convergent validity, correlating the ADDI to 
PGA-activity and PGA-damage, respectively. A Spearman rank 
test with r=0.1–0.3 was considered weak, r=0.3–0.5 was 
considered moderate and r>0.5 was considered strong.19

discussion on the items and definitions
A small team (NMtH, ALJvD, JF) discussed all items with an 
ICC below 0.7. This discussion encompassed possible explana-
tions for a low score (eg, unclear definition of an item or the 
lack of a growth chart hampering easy scoring of growth failure). 
Further, based on experts’ comments and suggestions during 
the scoring, possibilities to improve the item and/or definition 
were discussed. The initial and refined items were proposed to 
all experts via a web-based survey and subsequently discussed 
in an open face-to-face meeting at the Paediatric Rheumatology 
Congress in Athens (PReS 2017). Consensus was considered 
achieved if more than 70% of experts agreed.

resulTs
Pilot
A pilot study with 15 paper cases was completed by four experts. 
This yielded a preliminary ICC of 0.85 (95% CI 0.70 to 0.94), 
which implied that a minimum of 90 cases would be needed for 
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Table 1 Intraclass correlation coefficient (ICC) of the total ADDI 
score in all patients (overall), the ICC of the ADDI in the four different 
diseases and separate ICCs for each category and damage item. 
Numbers in brackets indicate the 95% CI

ICC (95% CI)

overall 0.84 (0.78 to 0.89)

Per disease 

 CAPS 0.82 (0.71 to 0.91)

 TRAPS 0.62 (0.39 to 0.80)

 FMF 0.84 (0.72 to 0.92)

 MKD 0.73 (0.55 to 0.86)

Per category 

  reproductive 0.67 (0.59 to 0.76)

 Sub/infertility 0.72 (0.63 to 0.79)

   Amenorrhea 0.57 (0.46 to 0.67)

  renal/amyloidosis 0.88 (0.84 to 0.92)

 Amyloidosis 0.76 (0.69 to 0.82)

 Proteinuria 0.80 (0.73 to 0.85)

 Renal insufficiency 0.84 (0.78 to 0.88)

  developmental 0.54 (0.43 to 0.64)

 Growth failure 0.57 (0.46 to 0.67)

   Puberty delay 0.29 (0.16 to 0.43)

  serosal 0.64 (0.54 to 0.72)

  Serosal scarring 0.64 (0.54 to 0.72)

  neurological 0.75 (0.67 to 0.81)

 Developmental delay 0.48 (0.37 to 0.60)

 Cognitive impairment 0.54 (0.43 to 0.65)

 Elevated ICP 0.65 (0.56 to 0.74)

 CNS involvement 0.67 (0.58 to 0.75)

  ears 0.86 (0.82 to 0.90)

   Hearing loss 0.86 (0.82 to 0.90)

  ocular 0.74 (0.66 to 0.80)

   Ocular damage 0.74 (0.66 to 0.80)

  Musculoskeletal 0.73 (0.64 to 0.80)

 Joint restriction 0.52 (0.41 to 0.63)

 Bone deformity 0.74 (0.66 to 0.81)

 Osteoporosis 0.86 (0.81 to 0.90)

 Musculoskeletal pain 0.47 (0.35 to 0.58)

ADDI, Autoinflammatory Disease Damage Index; CAPS, cryopyrin-associated 
periodic syndrome; CNS, central nervous system; FMF, familial Mediterranean fever; 
ICP, intracranial pressure; MKD, mevalonate kinase deficiency; TRAPS, tumour 
necrosis factor receptor-associated periodic syndrome. 

the validation of the ADDI. We therefore decided to assign 110 
cases to the experts.

Collection of cases
A total of 120 patients whose follow-up had been documented 
in the Eurofever Registry were identified, and an additional 20 
cases were submitted by non-European experts. By selecting and 
combining case information, a total of 110 cases were compiled 
from these 140 cases. The final paper clinical cases included 
29 patients with CAPS, 27 with TRAPS, 29 with FMF and 25 
with MKD.

Validation
In total, 37 of 44 participants responded. In 10 groups at least 
three participants responded, which led to 100 cases that could 
be used for the analyses. Due to insufficient response in one 
group, these 10 cases could not be used. Each item received 
a non-zero score (indicating presence of that item) at least 18 
times.

Intracluster correlation coefficient
The ICC of the ADDI was 0.84 (95% CI 0.78 to 0.89). This 
indicates good inter-rater reliability. The ICCs per disease, 
for different organ systems and the individual damage items 
are shown in table 1. The highest ICC was found for the item 
‘hearing loss’ (0.86, 95% CI 0.81 to 0.90) exceeding the overall 
ICC, the lowest ICC was found for the item ‘puberty delay’ 
(0.29, 95% CI 0.16 to 0.43).

Construct validity
The ICCs of PGA-damage (0.75, 95% CI 0.67 to 0.81) and 
PGA-activity (0.62, 95% CI 0.52 to 0.71) were considered suffi-
ciently reliable to determine construct validity. A strong relation 
was found between the score of the ADDI and PGA-damage 
(Spearman’s r=0.92, 95% CI 0.88 to 0.95, p<0.001, see 
figure 1). This correlation coefficient indicates that an increase 
in the ADDI score is strongly associated with an increase in the 
total estimated damage. The relation between disease activity 
(PGA-activity) and the ADDI score was much weaker (Spear-
man’s r=0.40, 95% CI 0.21 to 0.55, p<0.001, see figure 2), indi-
cating that the ADDI is not primarily driven by disease activity.

Interitem correlation
In order to assess whether items had too much overlap, inter-
item correlation was determined using Cronbach’s alpha. Of 
specific interest was the interitem correlation between cognitive 
impairment (mainly relating to adult patients or adolescents) and 
developmental delay (mainly relating to paediatric patients), as 
the experts worried that these might have too much overlap. 
The interitem correlation between cognitive impairment and 
developmental delay was 0.66, indicating that there was minimal 
redundancy. All interitem correlation matrixes can be found 
in online supplementary table 1a–e.

Comments from the experts
The ADDI was considered a simple and easily applicable tool. 
The most important feedback during the survey included 
comments and uncertainties about scoring, for example, due 
to limited information in the case description (eg, the lack of 
growth charts to completely assess growth failure), unclear defi-
nitions in the ADDI (eg, whether psychiatric comorbidities are 
part of the item central nervous system (CNS) involvement), or 
doubts about the severity of organ involvement (eg, severity of 

visual loss). A full overview of these comments can be found in 
online supplementary table 2.

Other important comments comprised item scoring (suggesting 
a higher/lower weighting), or suggestions to refine item defini-
tions. These suggestions were presented to all participants using 
an online survey. The results of this survey were subsequently 
discussed in a face-to-face meeting. Following this meeting, the 
maximum total score of the category ‘reproductive’ was limited 
to 2, in order to reduce sex differences in scoring of this cate-
gory. Furthermore, slight changes were made in the definitions 
for growth failure, CNS involvement, joint restriction, puberty 
delay and serosal scarring (online supplementary table 2). The 
revised ADDI can be found in table 2.

All items were considered truthful, discriminative and feasible; 
however, doubts were raised about the reliability and feasibility 
of the scoring of musculoskeletal pain as there is no objective test 
to assess this. Despite that, it was considered that this particular 
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Figure 1 Correlation of the mean ADDI score and the mean score 
of damage (PGA-damage) per case, assessed by at least three 
observers. Each dot represents a patient case. The line indicates the 
correlation. ADDI, Autoinflammatory Disease Damage Index; PGA, 
Physician Global Assessment. 

Figure 2 Correlation of the mean ADDI score and the mean 
score of activity (PGA-activity) per case, assessed by at least three 
observers. Each dot represents a patient case. The line indicates the 
correlation. ADDI, Autoinflammatory Disease Damage Index; PGA, 
Physician Global Assessment.

item was sufficiently valid and very important to patients; there-
fore it was kept as part of the ADDI.

dIsCussIon
This validation study demonstrates that the ADDI is a reliable 
tool to measure damage in the four main monogenic AIDs. 
Most items were considered clearly defined and easy to score. 

Further, the ADDI correlated well with the estimated damage 
and was not strongly influenced by disease activity, indicating 
good convergent and discriminant validity, respectively. No 
significant overlap was found between items, therefore all items 
were included in the final version of the ADDI. Some items were 
slightly refined, based on comments provided by the clinical 
experts.

This is the first validation of a disease damage index for AIDs. 
An ICC of 0.84 is comparable to other damage indices for rheu-
matic diseases, such as the Juvenile Arthritis Damage Index 
(ICC 0.85–0.97),20 Localized Scleroderma Skin Damage Index 
(ICC 0.99),21 Cutaneous Lupus Erythematosus Disease Area 
and Severity Index (ICC 0.86),22 Vasculitis Damage Index (ICC 
0.94)23 and Combined Damage Assessment (ICC 0.78).23

A key strength of this validation study is the participation of 
adult and paediatric experts worldwide who all provided patient 
cases and scored the ADDI. This makes it plausible that the 
ADDI can be used in clinical settings involving paediatric as well 
as adult patients with FMF, CAPS, TRAPS or MKD. However, 
the fact that the AID experts scoring the cases were also involved 
in the development of the ADDI and the collection of patient 
information might have resulted in a relatively high ICC. Physi-
cians with less knowledge of the tool or AIDs in general might 
encounter more difficulties interpreting the damage items and 
scoring the ADDI.

Another strength of this study is the development of cases, 
which were based on actual patient data while modifications 
were made to ensure a sufficient representation of all damage 
items. The total of 110 cases is a large number for validation, 
given the rarity of these diseases. However, the lack of valida-
tion in a real clinical setting is also a drawback of this study. 
The modification of cases could have resulted in less realistic 
scenarios. Additionally, scoring paper cases may be easier than 
applying ADDI in the clinical setting as all the information is 
summarised and presented in a uniform way. On the other hand, 
due to the nature of cases (paper clinical instead of real patients) 
participants may have interpreted data more ambiguously than 
they would in real life. Scoring anonymous cases, without 
knowing the patients or being able to ask additional questions, is 
probably harder than in daily practice. Indeed, comments of the 
participants reflected some of these difficulties they experienced 
when assessing the paper cases.

Some important issues could not yet be addressed due to the 
design of this validation study. The responsiveness to change, 
that is, whether accrued damage over time is also reflected in 
an increasing score of the ADDI in an individual patient, could 
not be determined. A long-term observational study would be 
needed to measure responsiveness to change and subsequently 
assess the minimal clinically important difference of the ADDI. 
Further, convergent validity of the ADDI should preferentially 
include correlations with scores on quality of life and functional 
ability, especially because the damage items in the ADDI had 
been selected for their impact on patients’ lives. As the infor-
mation about quality of life and functional ability was lacking 
in the Eurofever Registry, this part of the construct validity 
was impossible to assess. Moreover, ideally the discriminative 
validity of the ADDI should be assessed by its correlation to a 
validated activity index, such as the Auto-Inflammatory Disease 
Activity Index (AIDAI).24 25 As we could not derive the AIDAI 
values from the patient data, we used PGA-activity as a surrogate 
marker. However, the ICC of PGA-activity was low with a broad 
CI, meaning that this estimate for activity as provided by the 
experts was not a very reliable measure. This may be explained 
by the characteristics of these AIDs, for example, episodes of 
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Table 2 Definitive ADDI including glossary of terms

damage item Grading* Points†

Reproductive Max 2

 Sub/infertility 2

  Amenorrhea 1

Renal/amyloidosis Max 6

 Amyloidosis Limited/extensive1 2/3

 Proteinuria 1

 Renal insufficiency Moderate/severe2 2/3

Developmental Max 3

 Growth failure 2

  Puberty delay 1

Serosal Max 1

 Serosal scarring 1

Neurological Max 6

 Developmental delay 2

 Cognitive impairment 3

 Elevated intracranial pressure 2

 Central nervous system involvement 3

Ears Max 2

  Hearing loss Moderate/severe3 1/2

Ocular Max 3

  Ocular involvement Mild/moderate/severe4 1/2/3

Musculoskeletal Max 4

 Joint restriction 2

 Bone deformity 2

 Osteoporosis 1

 Musculoskeletal pain 1

The total ADDI score is the sum of the eight categories (maximum 27 points). 
*Grading: scoring depends on the severity of damage:
1Amyloidosis: limited, affecting one organ extensive, affecting more than one organ.
2Renal insufficiency: moderate, glomerular filtration rate (GFR) between 15 and 60 mL/min/1.73 m2; severe, GFR <15 mL/min/1.73 m2, dialysis or transplantation.
3Hearing loss: moderate, hearing impairment without requirement of hearing aids or a cochlear implant; severe, hearing impairment requiring hearing aids or a cochlear implant.
4Ocular involvement: mild, ocular damage without visual impairment; moderate, with visual impairment; severe, legal blindness.
†Points are given when the item is present. For items with grading in severity, the lowest score is given for mild involvement and the highest for severe involvement. For each category, 
the score is limited to a specific maximum.
ADDI, Autoinflammatory Disease Damage Index; Max, maximum. 
Glossary of terms 
Amenorrhea: Primary amenorrhea: absence of menarche at the age of 16 years or absence of menarche 5 years after the larche in a woman. Secondary amenorrhea: absence of the 
menses for six consecutive months or more in a woman who previously had menstrual cycles.
Amyloidosis: Symptomatic amyloidosis confirmed by examination of tissue sections by Congo red dye or serum amyloid P component (SAP) scintigraphy.
Bone deformity: Bone deformation or overgrowth on clinical examination and/or imaging studies.
Central nervous system involvement: Focal deficits (gross and/or fine sensorimotor), diffuse deficits (eg, memory, behaviour), seizures and spinal cord symptoms. Neuropsychiatric 
disorders unrelated to the disease should not be scored.
Cognitive impairment: Requirement of special education because of cognitive impairment or IQ below 70 as defined by neuropsychological assessment (eg, Wechsler Intelligence Scale 
for Children, WISC) or other age-appropriate equivalents.
Developmental delay$: Failure to reach age-appropriate developmental milestones, including language/speech, motor, social/emotional, and cognitive milestones.
Elevated intracranial pressure: Signs and/or symptoms of elevated intracranial pressure supported by appropriate techniques#.
Growth failure: Defined as the presence of at least two of the three features:
 • Lower than the third percentile or −2 SD height for age.
 • Growth velocity over 6  months lower than the third percentile or −2 SD for age.
 • Crossing at least two centiles (5%, 10%, 25%, 50%, 75%, 90%, 95%) on growth chart.

For patients older than 18 years: Pathological short stature (eg, below third percentile or −2 SD for normal ethnic population).
Hearing loss: Sensorineural hearing impairment of better ear, confirmed by audiometry or another age-appropriate technique, or requirement of hearing aids or a cochlear implant.
Infertility: A disease of the reproductive system defined by the failure to achieve a clinical pregnancy after 12 months or more of regular unprotected sexual intercourse, not due to 
known disorders in the unaffected partner. 
Joint restriction: Fixed limitation in the normal range of motion of joints affecting function, with or without destructive arthropathy or avascular necrosis. 
Musculoskeletal pain: Non-inflammatory musculoskeletal pain impairing activities of daily living. 
Ocular involvement: Ocular damage (eg, optic nerve atrophy, elevated intraocular pressure or cataract) of better eye, documented by an ophthalmologist, with or without visual 
impairment. 
Osteoporosis: Reduced bone mineral density with vertebral collapse and/or pathological fractures confirmed with imaging, which may include bone densitometry. Requires both 
evidence of decreased bone density and fracture, ‘low bone density’ by itself is insufficient.
Proteinuria: Persistent urinary protein-to-creatinine ratio of >20 mg/mmol in the first morning void; and/or a daily protein excretion of >0.3 g/24 hours, or urine albumin-to-creatinine 
ratio of >15 mg/mmol.
Puberty delay: A Tanner stage below −2 SDs for age or below the third percentile for age or any Tanner stage after pharmacological induction of puberty.
Renal insufficiency: Glomerular filtration rate (GFR) of <60 mL/min/1.73 m2, dialysis or transplantation.
Serosal scarring: Symptomatic adhesions or fibrosis affecting pericardium, pleura, peritoneum and/or retroperitoneum, supported by imaging techniques, endoscopy or surgery.
$Only for paediatric patients; #such as funduscopy, neuroimaging or lumbar cerebrospinal fluid (CSF) pressure measurement. 
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febrile attacks with symptom-free periods in-between. Alto-
gether, a long-term prospective study assessing the ADDI, AIDAI 
and scores of quality of life and functional ability in patients over 
time is needed to address the above-mentioned issues.

Besides the strong correlation between the ADDI and 
PGA-damage, the ADDI also moderately correlated to the PGA 
of disease activity. For a perfect discriminant validity, there 
would be no correlation between the ADDI and an activity score. 
However, in this case some degree of correlation is acceptable 
and probably unavoidable, since patients with more disease 
activity over the years generally accrue more damage. Further-
more, some items such as hearing loss may (initially) reflect both 
activity and damage. This overlap is partly prevented by the 
criterion that an item should be present for at least 6 months 
to be scored as a damage item. Therefore, disease activity has 
limited influence on the ADDI score.

Although the overall ICC was >0.8, the ICC of some indi-
vidual items was less than 0.6. This could be explained by limited 
information provided in some of the paper cases, less experience 
of adult rheumatologists with paediatric measures (eg, scoring of 
pubertal delay) or the more subjective nature of some items (eg, 
musculoskeletal pain). Indeed, objective items such as hearing 
loss, renal insufficiency and osteoporosis all had an individual 
ICC of >0.8. As the overall ICC was good and the nature of 
the cases may be an important reason for a lower ICC, items 
scoring less than 0.6 were deemed acceptable, although some-
times with small alterations in the definition. A study testing the 
ADDI in real-life patients and also by individuals not involved in 
its development would be needed to overcome the above-men-
tioned issues.

During the face-to-face meeting, it was suggested to omit 
musculoskeletal pain from the ADDI, as it seems to be more 
subjective than the other items. Musculoskeletal pain, and other 
less objectively scored items such as fatigue and headache, might 
better be captured by patient-reported outcome measurements 
(PROM) in addition to the ADDI. A combination with (items 
from) the juvenile autoinflammatory disease multidimensional 
assessment report (JAIMAR) is worth considering.26 However, 
the JAIMAR is only validated on patients with FMF. Because 
musculoskeletal pain was emphasised by the patient representa-
tives during the development phase of the ADDI as an important 
long-term disease burden in their daily activities, it was decided 
to keep this item in the ADDI, at least until a composite damage 
assessment including internationally validated PROMs is 
available.

As we found a relatively high ICC for the PGA-damage among 
the experts, one could argue that a detailed damage index is not 
necessary when the PGA is also reliable. However, we would 
still recommend the use of a damage index, since the physicians 
scoring the ADDI were considered experts in the area of AIDs, 
therefore their estimation of damage might be more accurate 
than that of physicians with less experience. Second, even though 
the estimates of PGA-damage might be reliable, an estimate of 
damage on a numerical scale does not give transparent infor-
mation on why a certain amount of damage was estimated for a 
patient. The ADDI provides insight to the reasons why a certain 
level of damage is scored for a patient. Third, the ADDI provides 
a useful aide memoire and systematic means of collecting and 
quantifying damage, which is crucial to enable future compari-
sons between different studies.

Since damage prevention is one of the main purposes in the 
anti-inflammatory treatment of AIDs, its reliable assessment is an 
important measure in clinical practice as well as in therapeutic 
trials. As more information becomes available for the long-term 

outcomes of AIDs, the ADDI will have to reflect these in a data-
driven manner. So far, it can be considered a reliable tool to 
assess disease damage for the four most commonly encountered 
monogenic AIDs.
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AbsTrACT
Objectives the relationship between radiographic 
evidence of osteoarthritis and knee pain has been weak. 
this may be because features that best discriminate 
knees with pain have not been included in analyses. 
We tested the correlation between knee pain and 
radiographic features taking into account both image 
analysis features and manual scores.
Methods Using data of the Multicentre osteoarthritis 
study, we tested in a cross-sectional design how well 
X-ray features discriminated those with frequent knee 
pain (one question at one time) or consistent frequent 
knee pain (three questions at three times during the 
2 weeks prior to imaging) from those without it. We 
trained random forest models on features from two 
radiographic views for classification.
results X-rays were better at classifying those with 
pain using three questions compared with one. When 
we used all manual radiographic features, the area 
under the curve (AUC) was 73.9%. Using the best model 
from automated image analyses or a combination of 
these and manual grades, no improvement over manual 
grading was found.
Conclusions X-ray changes of oA are more strongly 
associated with repeated reports of knee pain than pain 
reported once. in addition, a fully automated system 
that assessed features not scored on X-ray performed no 
better than manual grading of features.

InTrOduCTIOn
Despite considerable effort, the existence of pain 
has not found to be strongly correlated with radio-
graphic osteoarthritis (OA).1–5 First, this poor 
agreement may be because the global measures of 
radiographic disease that are used in these studies 
are insensitive to specific features that are better 
correlated with pain than global scores. Second, 
these studies have generally been limited to 
uniplanar radiographs and therefore miss features 
that are correlated with the presence of pain. Third, 
some individuals may have knee pain as part of a 
syndrome of widespread pain and do not have OA. 
Last, knee pain is often transient and radiographic 
disease may be more likely in persons in whom it is 
consistently reported.

Previous studies involve the investigation of 
correlation between individual structural features 
such as osteophytes and joint space narrowing 
(JSN)2 5 6 and pain. Felson and colleagues7 gave an 
alternative definition of OA based on a combina-
tion of structural features and showed a modestly 

improved correlation with pain. Minciullo et al8 
used constrained local models (CLMs) to find 
landmark points for the knee joint in both lateral 
and PA radiographs and extracted features related 
to bone shape, texture and their combination to 
predict onset of knee pain, showing a weak correla-
tion with structural features and suggesting that the 
lateral view contains features that are significantly 
more discriminative compared with the PA view. 
Galvan-Tejada et al1 used radiographs from the 
osteoarthritis initiative (OAI) to prove that osteo-
phytes are early predictors of joint pain, while joint 
space reduction is not clearly associated with future 
joint pain.

The objective of our work was to determine the 
correlation between knee pain and various sets of 
radiographic features of OA obtained at the time 
of the pain report, using both features automati-
cally extracted from knee radiographs and manual 
grades assigned by clinicians. To do so, we built 
random forest classifiers using a large collection of 
features and, unlike most previous works, we used 
both posteroanterior and lateral radiographs. We 
also tried combining structural features with image 
independent features such as age and Body Mass 
Index (BMI), which are known to increase risk of 
developing OA.4 Furthermore, we tried to exclude 
from the study people who were experiencing 
widespread pain, under the assumption that such 
pain may not be due to OA.

MeTHOds
Images were taken from the Multicentre Osteoar-
thritis Study (MOST) dataset.9 Bilateral PA standing 
flexed and unilateral weight bearing, flexed lateral 
radiographs were obtained at baseline. At baseline, 
subjects were asked three times whether they had 
knee pain, aching or stiffness on most of the last 
30 days. First, a telephone screening (TScreen) 
done roughly 2 weeks before the clinic visit was 
performed to check eligibility criteria. Second, 
before the visit, participants filled a Self-Assessed 
Questionnaire (SAQ) at home. Last, an interview 
was done as part of the clinical visit (Clinic). We 
used the TScreen, the Clinic and SAQ variable 
together to create a measure we called ‘Consistent 
Pain’. By consistent pain, we meant selecting partic-
ipants who gave the same binary score at all three 
time points. We used data on right knee pain and 
right knee imaging findings. We characterised wide-
spread pain as present when the person reported 
frequent pain above and below the waist and on 
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Figure 1 Our model for lateral radiographs (right) was made of four subshapes: the patella (21 points), the lateral femoral condyle (24 points), the 
medial femoral condyle (25 points) and the tibia (32 points). We considered the femur as the union of the two femoral condyles (49 points). The PA 
model (left) was made of two shapes: the femur and the tibia (37 points each, a total of 74 points).

both sides of the body and in the axial region. In our experi-
ments, we only considered data from the baseline.

The radiographic grades used in our work were assigned by 
central readers as part of the MOST study protocol. Two types 
of features were used in our experiments.

 ► Manual grades for features of OA assigned by readers during 
the MOST study. We used scores for all the features that 
were read on both the PA and lateral views, including Kell-
gren-Lawrence (KL grades.

 ► Shape, texture and appearance features automatically 
extracted using CLMs to find landmark points in radiographs.

CLMs have been successfully applied in medical imaging on a 
large variety of radiographic images.8 10 11 Our models for lateral 
and PA radiographs are shown in figure 1.

Appearance model
We extracted features by building an appearance model. 
Combined appearance models 12 are an attempt to better use 
textural information and are based on a statistical model that 
uses shape as one of its components. Such a model incorporates 
non-redundant information of the shape and the texture of the 
object of interest. For full details see Minciullo et al.8

Object detection and shape model matching
We developed an automatic system to locate the outlines of the 
bones in both radiographic views. It first finds the position of 
a bounding box around the joint and then refines this with a 
shape model matching algorithm—for full details, see Minciullo 
et al, Gall et al and Lindner et al.11 13 14

Analysis approach
First, we tested the relation of individual features and KL grades 
with the presence of pain. All the experiments were performed 
training and testing a random forest classifier with 40 trees, 
running a 5-fold cross validation with five repeats. We used the 
area under this receiver operator characteristic (ROC)curve to 
determine the relation of knee pain with radiographic features. 
We report the SD of the performance evaluated using the AUC 
over five repetitions.

We compared a single question for frequent knee pain with 
the same question administered three times in relation to the 
baseline MOST visit. For the latter approach, we compared 
people who consistently reported knee pain to those who did 
not report knee pain at any of the three time points.

The subsequent analyses tested whether automated image 
analysis generated a higher AUC than did a combination of 
manually scored features. In addition, we tested whether a 
combination of information provided by image analysis and 
manual grading improved on the ROC curve area compared 
with manual grading alone.

χ² tests were used to assess the difference in AUC between the 
manual scoring (as the gold standard), adding BMI and sex and 
the best fully automated model. The p value of 0.05 or below 
was selected to indicate that the ROC curve differed from the 
gold standard statistically significantly.

resulTs
We studied 2756 MOST participants at baseline. The mean age 
was 62.3 years (SD 8) and mean BMI was 30.7 (SD 5.9). Of 
those studied, 60% were women.

Testing individual radiographic features
There are 36 individual radiographic features (mostly Osteoar-
thritis Research Society International (OARSI) grades) scored 
from the PA and lateral radiographs (listed in table 1). For each, 
we measured the AUC when using the grade as the only feature in 
a classifier. We observe that KL grade, osteophytes, JSN and scle-
rosis were the most discriminative with the KL grade achieving 
the best result. On the other hand, chondrocalcinosis, cyst, attri-
tion and ossification of the patella-tendon performed no better 
than chance. While some of these results were expected, bone 
attrition (as MRI feature) was previously found to be associated 
with OA pain.5

Testing combinations of radiographic features
Next we combined all the available manually graded features 
considering all pain scores defined previously (see table 2). 
Removing participants with widespread pain made little 
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Table 1 Testing each radiographic feature individually using the 
pain score reported during the visit (Clinic)

Variable AuC (%)

Chondrocalcinosis (OARSI grades 0–1) PF joint on LA view 50±0.3

Osteophytes (OARSI grades 0–3) femur anterior PF joint on LA view 58.3±0.2

Osteophytes (OARSI grades 0–3) femur posterior PF joint on LA view 60±0.5

Joint space narrowing (OARSI grades 0–3) lateral TF compartment on 
LA view

55.2±0.2

Joint space narrowing (OARSI grades 0–3) medial TF compartment on 
LAT view

59.1±0.3

Effusion (OARSI grades 0–1) PF joint on LA view 56±0.3

Kellgren & Lawrence (grades 0–4) on PA view 64.8±0.1

Chondrocalcinosis (OARSI grades 0–1) lateral TF compartment on PA 
view

50.4±0.3

Cyst (OARSI grades 0–3) femur lateral TF compartment on PA view 50.6±0.3

Osteophytes (OARSI grades 0–3) femur lateral TF compartment on PA 
view

60.2±0.2

Sclerosis (OARSI grades 0–3) femur lateral TF compartment on PA view 54.3±0.3

Joint space narrowing (OARSI grades 0–3) lateral TF compartment on 
PA view

54.9±0.3

Attrition (OARSI grades 0–1) lateral TF compartment on PA view 50.6±0.2

Cyst (OARSI grades 0–3) tibia lateral TF compartment on PA view 50.6±0.2

Osteophytes (OARSI grades 0–3) tibia lateral TF compartment on PA 
view

60±0.2

Sclerosis (OARSI grades 0–3) tibia lateral TF compartment on PA view 54.2±0.3

Chondrocalcinosis (OARSI grades 0–1) medial TF compartment on PA 
view

50.7±0.1

Cyst (OARSI grades 0–3) femur medial TF compartment on PA view 50.8±0.3

Osteophytes (OARSI grades 0–3) femur medial TF compartment on PA 
view

61±0.3

Sclerosis (OARSI grades 0–3) femur medial TF compartment on PA view 57.7±0.2

Joint space narrowing (OARSI grades 0–3) medial TF compartment on 
PA view

57.7±0.2

Attrition (OARSI grades 0–1) medial TF compartment on PA view 52.1±0.2

Cyst (OARSI grades 0–3) tibia medial TF compartment on PA view 51.5±0.3

Osteophytes (OARSI grades 0–3) tibia medial TF compartment on PA 
view

59.7±0.2

Sclerosis (OARSI grades 0–3) tibia medial TF compartment on PA view 58.3±0.4

Ossification (OARSI grades 0–3) patella tendon lower PF joint on LA 
view

49.5±0.1

Ossification (OARSI grades 0–3) patella tendon upper PF joint on LA 
view

50±0.6

Ossified loose body (OARSI grades 0–1) femur posterior PF joint on LA 
view

52.2±0.3

Ossification of quadriceps femoris insertion (OARSI grades 0–3) PF joint 
on LA view

51±0.3

Cyst (OARSI grades 0–3) PF joint on LA view 51±0.2

Joint space narrowing (OARSI grades 0–3) PF joint on LA view 53.2±0.3

Sclerosis (OARSI grades 0–3) PF joint on LA view 53.1±0.4

Osteophytes (OARSI grades 0–3) patella inferior PF joint on LA view 59.5±0.2

Osteophytes (OARSI grades 0–3) patella superior PF joint on LA view 60.1±0.3

Osteophytes (OARSI grades 0–3) tibia anterior PF joint on LA view 55.5±0.1

Osteophytes (OARSI grades 0–3) tibia posterior PF joint on LA view 59.4±0.3

Bold values correspond to the best results. 

Table 2 Performance of R classifiers when using all the available 
clinician grades as features

Features # samples AuC±sd
P value vs 
referent

Telephonic screening interview

 Manual grades 2756 62.8±0.4 Referent

 Manual Grades+Gender+BMI 66±0.5 <0.001

 Best automated 63.8±0.2 0.15

Manual+Automated 65.6±0.3 <0.001

Removing widespread pain 1374 61±0.2 0.51

Clinic

 Manual grades 2756 66.4±0.2 Referent

 Manual Grades+Gender+BMI 68.8±0.2 <0.001

 Best automated 65.6±0.9 0.29

 Manual+Automated 63±0.3 0.01

 Removing widespread pain 1374 61±0.2 0.02

Self-assessed questionnaire (HOME)

 Manual grades 2756 66.7±0.3 Referent

 Manual Grades+Gender+BMI 68.9±0.4 <0.001

 Best automated 67.7±0.3 0.30

 Manual+Automated 68±0.2 0.05

 Removing widespread pain 1374 69±0.2 0.10

Consistent pain (answered yes to pain at all 
time points)

 Manual grades 1066 73.9±0.5 Referent

 Manual Grades+Gender+BMI 76.1±0.2 0.01

 Best automated 73.1±0.7 0.97

Manual+Automated 75.6±0.6 0.14

 Removing widespread pain 565 78±1 0.04

The p values compare the AUCs with the referent in that pain group. For example, 
for telephone screening, compared with manual grades, none of the other 
approaches was significant.* Sometimes these p values show significantly worse 
AUCs than the referent.
*Comparison eliminating participants with widespread pain was performed using 
manual grades+Gender+BMI features. 
Bold values correspond to the best results. 

difference to the manual model, while adding BMI and sex 
significantly improved the ROC for both Clinic and SAQ pain. 
The AUCs for consistent pain were higher, especially for manual 
grades (eg, 73.9 vs 62.8–66.7) and the SD around these esti-
mates were narrow.

When working with each pain score individually, the results 
show that using the best performing automated model gives 

results that were not significantly different from those of manual 
grades.

The combination between manual grades and the appearance 
features extracted from the model was not more discriminative 
than manual grades alone.

dIsCussIOn
We found that identifying persons with consistent knee pain 
using manually read radiographic features gave the highest AUC. 
The best model using features computed automatically from 
the images could be used to discriminate pain from non-pain, 
without significant loss in AUC compared with using manual 
grades. Furthermore, removing participants with widespread 
pain made the classification better for consistent pain.

The main strengths of this work are (1) the size of the dataset 
used, one order of magnitude larger than most similar studies, 
(2) we presented the most comprehensive corpus of experiments 
looking at correlations between radiographs and symptomatic 
OA, using both PA and lateral view images, therefore including 
PF joint15 and posterior compartments and (3) we explored for 
the first time OARSI grades of the lateral view of the MOST 
study and their combination with other radiographic features.

Limitations are the absence of skyline view radiographs, which 
could provide further discriminative information, but were not 
acquired during the MOST study. We did not have information 
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on the duration of knee pain and examined only cross-sectional, 
not prospective, data. The correlations with more chronic or 
persistent pain and the impact of other risk factors remain to be 
determined. The extension of this work to MRI features, that 
have been shown to be more correlated with symptoms, is a 
promising addition for future work. Another area of interest will 
be the search for patterns in fMRI related to pain perception in 
participants with OA or at risk of developing it.
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ABsTrACT
Background Glucocorticoid (GC) therapy is frequently 
used to treat rheumatoid arthritis due to potent anti-
inflammatory actions of GCs. direct actions of GCs on 
immune cells were suggested to suppress inflammation.
Objectives define the role of the glucocorticoid 
receptor (Gr) in stromal cells for suppression of 
inflammatory arthritis.
Methods Bone marrow chimeric mice lacking the Gr in 
the hematopoietic or stromal compartment, respectively, 
and mice with impaired Gr dimerisation (Grdim) were 
analysed for their response to dexamethasone (dEx, 
1 mg/kg) treatment in serum transfer-induced arthritis 
(StIA). Joint swelling, cell infiltration (histology), 
cytokines, cell composition (flow cytometry) and gene 
expression were analysed and rnASeq of wild type and 
Grdim primary murine fibroblast-like synoviocytes (FLS) 
was performed.
results Gr deficiency in immune cells did not impair 
GC-mediated suppression of StIA. In contrast, mice 
with Gr-deficient or Gr dimerisation-impaired stromal 
cells were resistant to GC treatment, despite efficient 
suppression of cytokines. Intriguingly, in mice with 
impaired Gr function in the stromal compartment, 
GCs failed to stimulate non-classical, non-activated 
macrophages (Ly6Cneg, MHCIIneg) and associated anti-
inflammatory markers Cd163, Cd36, AnxA1, MertK 
and Axl. Mice with Gr deficiency in FLS were partially 
resistant to GC-induced suppression of StIA. Accordingly, 
rnASeq analysis of dEx-treated Grdim FLS revealed a 
distinct gene signature indicating enhanced activity and 
a failure to reduce macrophage inflammatory protein 
(Mip)-1α and Mip-1β.
Conclusion We report a novel anti-inflammatory 
mechanism of GC action that involves Gr dimerisation-
dependent gene regulation in non-immune stromal 
cells, presumably FLS. FLS control non-classical, 
anti-inflammatory polarisation of macrophages that 
contributes to suppression of inflammation in arthritis.

InTrOduCTIOn
Rheumatoid arthritis (RA) is characterised by 
severe infiltration of various immune cells into the 
joints and a tight interplay of these immune cells 
with non-immune stromal cells, like fibroblast-like 
synoviocytes (FLS).1 2 Pro-inflammatory cytokines 
secreted by immune cells result in the activation, 
hyperproliferation and cytokine secretion of FLS. 

RA is mainly medicated with glucocorticoids 
(GC)3 4 due to their strong immune suppressive 
effects, however, long-term usage is compromised 
by severe side effects such as osteoporosis, insulin 
resistance and GC resistance.5 6 A better under-
standing of the cell type-specific actions of GCs 
will provide rationales for specialised treatment 
strategies to overcome these negative side effects.

GCs act via the glucocorticoid receptor (GR), 
a nuclear receptor that operates as ligand-in-
duced transcription factor acting as a homodimer 
or monomer. The dimeric GR directly interacts 
with GC-response elements on the DNA, mainly 
inducing gene expression, a mechanism called 
transactivation. GR dimers are strong inducers of 
metabolic genes and were considered to be mainly 
responsible for side effects.7 The monomeric GR 
binds either directly to DNA8 9 or indirectly via 
transcription factors (eg, NF-κB and AP-1) leading 
in the latter case to transrepression of gene 
activity. Previously, transrepression in immune 
cells was considered to mediate the anti-inflam-
matory effects of GCs.7 This view, however, was 
challenged by recent studies with mice harbouring 
an impaired GR dimerisation (GRdim),10 which fail 
to suppress inflammation in response to GCs in 
lethal inflammation11 12 acute lung injury13 and 
antigen-induced arthritis (AIA).14

Non-immune cells, in particular FLS, were reported 
to exhibit a strong decrease of inflammatory medi-
ators on GC treatment in vitro.15 16 Whether direct 
GC actions on these stromal cells contribute to the 
suppression of inflammation in vivo is still unknown. 
Thus, we addressed this question in a T cell indepen-
dent model of arthritis, the serum transfer-induced 
arthritis (STIA) model.

Herein, we show that direct actions of GCs on 
immune cells are not sufficient to reduce inflam-
mation in STIA, whereas intact GR dimerisation 
in stromal cells such as FLS is required to increase 
proportion of non-classical Ly6Cneg, MHCIIneg 
macrophages, and to suppress STIA.

MeTHOds
Methods are available in the online supplementary 
methods.

statistics
Results are presented as mean±SEM and statis-
tical analysis was performed with two-way 
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Figure 1 GR deficiency in stromal cells abrogates anti-inflammatory effects of glucocorticoid (GC) treatment in serum transfer-induced arthritis 
(STIA). (A) Scheme of fetal liver cell transfer into irradiated wt recipient mice. Mice were either reconstituted with wt donor fetal liver cells (wt→wt) 
or with GR-deficient donor fetal liver cells (GRdel→wt). (B) Ankle thickness and (C) clinical score of mice treated with PBS (black and red) or DEX 
(grey and blue). (D) AUC of the clinical score of mice treated with PBS (black and red) or DEX (grey and blue). (E) H&E staining of paraffin sections of 
hind paws of wt→wt and GRdel→wt mice (scale bar=200 µm); asterisks show the area of inflammation. Group size n=5 mice per group. (F) Scheme 
of bone marrow transplantation of irradiated wt and GR-deficient recipients with wt donor bone marrow cells (wt→wt and wt→GRnull). (G) Ankle 
thickness and (H) clinical score of mice treated with PBS (black and red) or DEX (grey and blue). (I) AUC of the clinical score of mice treated with 
PBS (black and red) or DEX (grey and blue). (J) H&E staining of paraffin sections of hind paws of wt→wt and wt→GRnull mice (scale bar=200 µm); 
asterisks show area of inflammation. Group size n=5 mice per group. AUC, area under the curve; DEX, dexamethasone; GR, glucocorticoid receptor; 
ns, not significant; PBS, phosphate buffered saline; wt, wild type. 

analysis of variance (ANOVA), followed by Tukey’s post hoc 
test (multiple comparisons for qRT-PCR, flow cytometry and 
area under the curve), with one-way ANOVA (ankle swelling) 
and a two-tailed Student’s t-test (cytokine analysis, efferocy-
tosis measurements and cartilage and bone destruction).

resulTs
Functional Gr in stromal cells is crucial to mediate the anti-
inflammatory effects of GC treatment
First, we tested whether GCs act directly on immune cells to 
suppress inflammation by using the STIA model. To eliminate 
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radiosensitive immune cells, we irradiated wild-type (wt) recip-
ient mice and reconstituted them with fetal liver cells of GR-de-
ficient donor mice (GRdel→wt) and as control with cells of wt 
donor mice (wt →wt) (figure 1A). GRdel→wt mice were deficient 
for the GR in the haematopoietic compartment (online supple-
mentary figure 1A). The absence of GR in radiosensitive immune 
cells did not lead to differences in the onset or progression of 
STIA in wt→wt and GRdel→wt mice (figure 1B–D). Surprisingly, 
daily GC treatment starting at day 4 efficiently reduced ankle 
thickness (figure 1B) and clinical score (figure 1C,D), as well as 
infiltrating immune cells (figure 1E) in wt→wt and GRdel→wt 
mice. Thus, deletion of the GR in radiosensitive immune cells 
had no influence on GC therapy of STIA. Next, we generated 
mice with GR deletion in the radioresistant compartment by 
using irradiated tamoxifen-inducible GRflox; Rosa-26-Cre ERT 
(‘GRnull’) mice as recipients and reconstituted them with wt bone 
marrow (wt→GRnull and wt→wt, figure 1F) (online supplemen-
tary figure 1B). GR-deficient mice with a GR competent haema-
topoietic system (wt→GRnull) had a strongly attenuated response 
to dexamethasone (DEX) treatment compared with DEX-treated 
wt→wt controls assessed by ankle thickness (figure 1G), clinical 
score (figure 1H,I) and cellular infiltration (figure 1J). Cartilage 
and bone injury was strongly reduced by DEX in wt→wt mice, 
and to a lesser extent in wt→GRnull mice (online supplementary 
figure 2). In conclusion, GR expression in stromal cells is crucial 
for anti-inflammatory action of GCs.

The anti-inflammatory actions of GC treatment require intact 
Gr dimerisation in stromal cells
To test the impact of intact GR dimerisation on exogenous 
GC exposure in STIA, we analysed mice with an impaired 
GR dimerisation (GRdim). In contrast to wt mice, GRdim mice 
were resistant to DEX treatment in STIA reflected by sustained 
inflammation (figure 2A–D). Cartilage and bone injury was less 
reduced in DEX-treated GRdim mice as compared with wt mice 
(online supplementary figure 3).

To address whether the necessity of GR dimerisation for 
suppression of inflammation is restricted to stromal cells, we 
analysed lethal irradiated GRdim mice that received wt bone 
marrow (figure 2E, online supplementary figure 1C). In contrast 
to control mice (wt→wt), GRdim mice with a wt haematopoietic 
compartment (wt→GRdim) did not respond to DEX treatment 
in STIA (figure 2F–I). Thus, GR dimerisation in stromal cells is 
essential to suppress inflammation in arthritis.

loss of Gr dimerisation in stromal cells has no effect on 
cytokine suppression
Since suppression of cytokines is a hallmark of the anti-inflam-
matory activities of GCs, we determined serum cytokine levels 
after 72 hours of DEX treatment in wt→wt and wt→GRdim 
chimeric mice. Despite the fact that wt→GRdim mice were resis-
tant to GC therapy (figure 3A, online supplementary figure 1D), 
we observed a reduction of interleukin (IL)-1β, tumour necrosis 
factor (TNF)α and interferon-γ in both wt→wt and wt→GRdim 
mice (figure 3B). Thus, GC-mediated suppression of cytokines is 
insufficient to fully suppress STIA.

Gr dimers in stromal cells induce non-classical, non-activated 
macrophages
Flow cytometry analysis of joints of wt→wt and wt→GRdim 
mice after DEX treatment (figure 4 and online supple-
mentary figure 5) revealed a significant reduction of the 
fraction of infiltrating leucocytes (CD45pos) and myeloid 

cells (CD11bpos) in DEX-treated wt→wt mice, but not in 
wt→GRdim mice (figure 4A). Neutrophils (CD45pos, CD11bpos, 
Ly6Gpos) and T cells (CD45pos, CD3pos) were not changed in 
wt→wt or wt→GRdim mice (figure 4A). In addition, the frac-
tion of classical activated macrophages (Ly6Cpos, F4/80pos 
and F4/80pos, MHCIIpos) of CD11bpos cells (figure 4B) was 
also unchanged. Strikingly, we detected a strong and signif-
icant induced fraction of non-classical (CD11bpos, Ly6Cneg, 
F4/80pos) and non-activated macrophages (CD11bpos, F4/80pos, 
MHCIIneg) (figure 4B). This was supported by an increased 
ratio of non-activated macrophages to activated macrophages 
(MHCIIneg/MHCIIpos) in DEX-treated wt→wt mice, but not in 
wt→GRdim mice (figure 4C).

Accordingly, anti-inflammatory macrophage marker gene 
expression (CD163, CD36, AnxA1, Axl and MerTK) was 
induced in DEX-treated wt→wt mice but not in wt→GRdim mice 
(figure 5A,B). Of note, complete GRdim mice treated with DEX 
showed a comparable lack of upregulation of CD163, CD36 and 
Axl mRNA expression (online supplementary figure 6). Thus, 
in STIA DEX treatment increases the fraction of non-classical, 
non-activated anti-inflammatory macrophages dependent on GR 
dimerisation in stromal cells.

Gr deficiency in Fls delays GC-induced suppression of sTIA
Next, we addressed to which extent the GR in FLS mediates the 
GC-induced suppression of inflammation in STIA. We therefore 
crossed GRflox mice to Col1a2CreERT mice17 to generate tamox-
ifen-inducible GRflox; Col1a2-CreERTtg/+ mice (GRCol1a2-CreERT). 
We observed a strong reduction of GR mRNA expression in FLS 
isolated from the joints (online supplementary figure 7A) and 
reduced GR protein expression in cadherin-11 positive cells 
(online supplementary figure 7B). Subsequently, we subjected 
these mice to STIA and started DEX treatment after STIA induc-
tion when an ankle thickness of 0.93±0.12 and 0.89±0.11 mm 
was reached in mutant and control mice. Strikingly, DEX treat-
ment of GRCol1a2-CreERT mice resulted in a delayed and reduced 
reduction of the ankle thickness and clinical score compared 
with GRflox littermates (figure 6A,B). Histological analysis 
revealed ongoing infiltration of immune cells in the joints of 
DEX-treated GRCol1a2-CreERT mice, where inflammatory infiltra-
tion was resolved in DEX-treated GRflox mice (figure 6C). Thus, 
deletion of the GR in FLS reduces the anti-inflammatory respon-
siveness towards DEX treatment in STIA.

As FLS sustain inflammation in arthritis in tight interplay 
with macrophages, we subsequently analysed to which extent 
impaired GR dimerisation in FLS changes the effects of GCs 
on macrophage function. We therefore cultured wt and GRdim 
FLS with GR-deficient macrophages treated with IL1β and 
DEX and determined their capacity of efferocytosis of labelled 
apoptotic T lymphocytes. DEX-treated cocultures of wt FLS 
and macrophages showed a small, but significant increase of 
efferocytosis that was absent in cultures of macrophages with 
GRdim FLS (online supplementary figure 8). Next we analysed 
the transcriptome of wt and GRdim FLS treated with IL-1β and 
DEX by RNASeq. We found 346 genes upregulated and 212 
genes downregulated in GRdim FLS compared with wt FLS. 
Among these genes, classically known GR-target genes such 
as Gilz, Metallothionein-1 and 2 and Fkbp5 were strongly 
induced in wt FLS treated with IL-1β and DEX, whereas in 
GRdim FLS these genes were significantly less induced (online 
supplementary figure 9A). Enriched KEGG pathways included 
cell cycle, cell adhesion, extracellular matrix (ECM)-receptor 
interaction and others, indicating a higher activity of GRdim 
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Figure 2 Intact GR dimerisation in stromal cells is crucial for proper anti-inflammatory glucocorticoid (GC) actions in serum transfer-induced 
arthritis (STIA). (A) Ankle thickness and (B) clinical score of wt mice and mice with an impaired GR dimerisation (GRdim) treated with PBS (black and 
red) or DEX (grey and blue). (C) AUC for the clinical score of wt and GRdim mice treated with PBS (black and red) or DEX (grey and blue). (D) H&E 
staining of paraffin sections of hind paws of wt and GRdim mice (scale bar=200 µm); asterisks show area of inflammation. Group size n=5–7 mice 
per group. (E) Scheme of bone marrow transplantation of irradiated wt and GRdim recipient mice that were reconstituted with wt bone marrow 
cells (wt→wt and wt→GRdim). (F) Ankle thickness and (G) clinical score of mice treated with PBS (black and red) or DEX (grey and blue). (H) AUC 
of the clinical score of mice treated with PBS (black and red) or DEX (grey and blue). (I) H&E staining of paraffin sections of hind paws of wt→wt 
and wt→GRdim mice (scale bar=200 µm); asterisks show area of inflammation. Group size n=4–6 mice per group. AUC, area under the curve; DEX, 
dexamethasone; GR, glucocorticoid receptor; ns, not significant; PBS, phosphate buffered saline; wt, wild type. 

FLS exposed to DEX (online supplementary figure 9C). Inter-
estingly, we found macrophage-associated chemokines "macro-
phage inflammatory protein -1α and -β" (Mip-1α and Mip-1β) 
strongly downregulated in wt but not in GRdim FLS (online 
supplementary figure 9B). These results were confirmed 
by a multiplex analysis of wt and GRdim FLS supernatants 
(figure 6E). However, classical inflammatory cytokines, like 

IL-6 and TNFα, were sufficiently suppressed by DEX in both 
wt and GRdim FLS (figure 6E).

Taken together FLS with compromised GR dimerisation are 
less efficient to induce macrophage efferocytosis, have a distinct 
gene signature including enriched KEGG pathway for cell cycle 
and cell adhesion, and are impaired in DEX-mediated chemo-
kine regulation.
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Figure 3 Impaired GR dimerisation in stromal cells abrogates suppression of serum transfer-induced arthritis (STIA) but does not affect cytokine 
suppression by glucocorticoids (GC). (A) Ankle thickness and clinical score of irradiated wt and GRdim recipient mice reconstituted with wt bone 
marrow (wt→wt and wt→GRdim) treated for 72 hours with PBS (black and red) or DEX (grey and blue). (B) Serum cytokine levels of IL-1β, TNFα and 
IFNγ are suppressed in both wt→wt and wt→GRdim mice after DEX treatment. *p<0.05, group size n=5–6 mice per group. DEX, dexamethasone; GR, 
glucocorticoid receptor; IFN, interferon; IL, interleukin; PBS, phosphate buffered saline; TNF, tumour necrosis factor; wt, wild type. 

Figure 4 Glucocorticoids (GC) reduce the percentage of CD45pos and CD11bpos cells and increase the fraction of non-classical, non-activated 
macrophages after 72 hours ofDEX treatment during serum transfer-induced arthritis (STIA) by a GR dimer-dependent mechanism in stromal cells. 
(A) Haematopoietic cells (CD45pos) and myeloid cells (CD11bpos) presented as percentage of single cells, and neutrophils (Ly6Gpos) and T cells (CD3pos) 
presented as percentage of CD45pos cells in the ankles of irradiated wt and GRdim mice reconstituted with wt bone marrow (wt→wt (black) and 
wt→GRdim (white)) treated with PBS or DEX for 72 hours. (B) Classical macrophages (Ly6Cpos, F4/80pos), non-classical macrophages (Ly6Cneg, F4/80pos), 
activated macrophages (MHCIIpos, F4/80pos) and non-activated macrophages (MHCIIneg, F4/80pos) in wt→wt (black) and wt→GRdim (white) mice 
after PBS or DEX treatment for 72 hours presented as percentage of CD11bpos cells and (C) the ratio of non-activated macrophages versus activated 
macrophages. *p<0.05; **p<0.01; ***p<0.001 by two-way analysis of variance (ANOVA) followed Tukey’s multiple comparison correction, group size 
n=5–6 mice per group. DEX, dexamethasone; GR, glucocorticoid receptor; Mø, macrophages; PBS, phosphate buffered saline. 

http://ard.bmj.com/
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Figure 5 The GR dimer in stromal cells mediates the induction of genes of anti-inflammatory macrophages after DEX treatment in serum transfer-
induced arthritis (STIA). (A) Quantitative RT-PCR of isolated ankle mRNA extracts showing the regulation of CD163, CD36, AnxA1, Axl and MerTK 
after 72 hours of DEX treatment in wt→wt and wt→GRdim mice. Group size n=5–6 mice per group. (B) Quantitative RT-PCR of isolated ankle mRNA 
extracts showing the regulation of CD163, CD36, AnxA1, Axl and MerTK after 10 days of DEX treatment in wt→wt and wt→GRdim mice. Group 
size n=4–6 mice per group. *P<0.05; **P<0.01; ***P<0.001 by two-way analysis of variance (ANOVA) followed Tukey’s multiple comparison 
correction. DEX, dexamethasone; GR, glucocorticoid receptor; PBS, phosphate buffered saline. 

dIsCussIOn
Here we show for the first time that stromal cells, presumably 
FLS, are essential for suppression of inflammation by GCs in 
an arthritis mouse model that closely resembles the pathology 
of the human disease. In STIA, GR deficiency in immune cells 
is dispensable for anti-inflammatory effects of GCs. These find-
ings challenge the general assumption that the GR mediates 
anti-inflammatory actions mainly by direct actions on immune 
cells. We could further show that functional GR dimerisation in 
stromal cells is crucial to mediate the anti-inflammatory effects, 
emphasising the importance of GR dimerisation for mediating 
GC actions in multiple models of arthritis such as AIA, G6PI 
arthritis14 and STIA. The spontaneous resolution of STIA in the 
absence of DEX, however, is not affected by an impaired GR 
dimerisation (data not shown).

Intriguingly, repression of inflammatory cytokines by GCs in 
a therapeutic setting was not affected by impaired GR dimeri-
sation in stromal cells, despite an ongoing joint inflammation. 
In addition, we could show that DEX treatment from day 0 
onwards does not prevent initiation of STIA, but strongly impairs 
progression of disease comparable to therapeutic conditions 
(online supplementary figure 4). Thus, although cytokines like 

IL-1β and TNFα are shown to be important for the induction 
of STIA18 their decline alone is not enough to inhibit progres-
sion of inflammation. This finding is important considering the 
increasing focus on cytokine inhibitors as treatment for patients 
with arthritis. Recombinant IL1 receptor antagonist treatment in 
patients with RA shows only weak effects.19 Also, TNFα inhibi-
tors failed to exert effective disease remission and 20%–40% 
of patients are not responding at all to the therapy.20 However, 
cytokine blockade, achieved with different functional antibody 
treatments, can result in positive outcomes,20 and cytokine 
suppression has shown to affect bone and cartilage destruction in 
arthritis.21 Here we observed a strong attenuation of DEX-me-
diated reduction in bone and cartilage damage, when GR in 
stromal cells was compromised, indicating that reduction of 
cytokines alone is not sufficient to reduce STIA-induced damage.

Since the immune cells in the bone marrow chimeric wt→GRdim 
mice are still expressing the functional GR we hypothesise that 
the suppression of these cytokines is mediated by a direct effect 
of DEX on immune cells. This is supported by findings that mice 
with a macrophage-specific GR deletion or a complete impaired 
GR dimerisation are not able to suppress lipopolysaccharide-in-
duced cytokine expression after DEX treatment in vitro.22 23 Of 

https://dx.doi.org/10.1136/annrheumdis-2017-212762
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Figure 6 GR deficiency in FLS results in delayed suppression of STIA after DEX treatment and impaired GR dimerisation in FLS leads to a distinct 
gene expression pattern after DEX treatment. (A) Ankle thickness and clinical score of tamoxifen-inducible GRCol1a2-CreERT and GRflox control mice 
treated with PBS (black and red) or DEX (grey and blue). (B) AUC of the clinical score of tamoxifen-inducible GRCol1a2-CreERT and GRflox control mice 
treated with PBS (black and red) or DEX (grey and blue). (C) H&E staining of paraffin sections of hind paws of GRCol1a2-CreERT and GRflox control mice. 
Original magnification: 5× (scale bar=200 µm), asterisks show the area of inflammation. Group size n=5–7 mice. *P<0.05 by two-way analysis of 
variance (ANOVA) followed Tukey’s multiple comparison correction. (D) Differentially expressed genes of wt and GRdim FLS treated with interleukin 
(IL)-1β and DEX by RNASeq analysis. n=3. (E) Cytokine multiplex analysis of supernatants of wt and GRdim FLS treated with control medium, DEX, 
IL-1β or in combination with DEX and IL-1β. n=4. *p<0.05 and **p<0.01 by two-way ANOVA followed Tukey’s multiple comparison correction. (F) 
Scheme of glucocorticoid (GC)-induced suppression of STIA. AUC, area under the curve; DEX, dexamethasone; FLS, fibroblast-like synoviocytes; GR, 
glucocorticoid receptor; ns, not significant; PBS, phosphate buffered saline; STIA, serum transfer-induced arthritis; TNF, tumour necrosis factor; wt, wild 
type. 

note, GCs did not alter the percentage of classical activated macro-
phages (F4/80pos, Ly6Cpos and F4/80pos, MHCIIpos), but reduced the 
fraction of CD45pos and CD11bpos cells. Thus, they might be the 
targets of cytokine suppression. However, we could show that GCs 
increased the relative abundance of non-classical, non-activated 
macrophages (F4/80pos, Ly6Cneg and F4/80pos, MHCIIneg).

These anti-inflammatory acting macrophages were previously 
shown to be essential for the resolution of STIA and collagen-in-
duced arthritis.24 25 In line with the induction of the percentage of 
anti-inflammatory macrophages we detected only in wt mice an 
increased expression of several anti-inflammatory markers known 
to be associated with increased phagocytosis and efferocytosis 

activity (CD163, CD36, AnxA1, Axl and MerTK). For instance, 
AnxA1-deficient mice have decreased levels of phagocyting cells.26 
CD36 silencing attenuates efferocytosis27 and loss of MerTK and 
Axl results in a lack of apoptotic cell clearance, induction of auto-
immunity28 and aggravated STIA.29 Accordingly, cocultures of FLS 
with macrophages failed to increase efferocytosis in the presence 
of GRdim FLS. Taken together, the failure of wt→GRdim mice to 
increase these factors upon DEX treatment suggests an impaired 
clearance of apoptotic cells after DEX treatment, resulting in an 
ongoing inflammation. This emphasises the possibility to improve 
therapeutic strategies by inducing the generation of non-classical, 
non-inflammatory macrophages.

http://ard.bmj.com/
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We suggest that the induction of therapeutically important 
anti-inflammatory macrophages can be indirectly stimulated 
by actions of stromal cells, in particular FLS. So far, FLS were 
mainly characterised as drivers of chronic inflammation in RA 
due to their hyperproliferation and secretion of multiple inflam-
matory mediators such as cytokines, matrix metalloproteinases 
and other factors.30 It is also well known that FLS contribute 
substantially to the TNF response of macrophages31 and support 
monocyte survival and integrity in the lining structure.32 We also 
could show a slightly increased efferocytosis efficiency of Mø 
cocultured with wt FLS compared with those that were cocul-
tured with GRdim FLS, when treated with IL-1β and DEX. GRdim 
FLS show a specific gene signature induced by DEX exposure. 
Cell cycle-associated factors and their regulators, but also cell 
adhesion molecules are in general higher expressed, suggesting 
a higher proliferative and migratory activity of FLS. Whether 
this is the reason for failing to trigger anti-inflammatory macro-
phages in vivo in GRdim mice requires further investigation. In 
addition, GRdim FLS are resistant to DEX-mediated suppres-
sion of macrophage-recruiting cytokines Mip-1α and Mip-1β. 
Interestingly, Mip-1α-deficient mice are protected from collagen 
induced arthritis (CIA), which was independent of serum TNFα 
levels that were equal in wt and Mip-1α-deficient mice.33 This 
is supported by anti-Mip-1α antibody treatment of CIA mice 
resulting in the attenuation of CIA.34 Taken together, these data 
imply an important crosstalk between FLS and macrophages in 
GC-induced suppression of STIA.

So far, GC actions on FLS were considered as anti-inflam-
matory due to the attenuation of expression of inflammatory 
mediators15 16 mediated by the monomeric GR. Challenging 
this view, we provide here the concept that FLS can mediate 
anti-inflammatory effects evoked by GCs and their dimerised 
receptor by increasing anti-inflammatory macrophage popula-
tions (figure 6F).

The action of GR in FLS and stromal cells is essential; the 
action of GR in macrophages themselves does not suffice to 
reduce inflammation. Accordingly, liposomal-packed pred-
nisolone only reduced inflammatory gene expression but did 
not induce non-classical, anti-inflammatory macrophages.35 
Supporting our conclusion, prednisolone-carrying liposomes 
targeting synovial lining cells strongly increase therapeutic bene-
fits in collagen-induced arthritis36 and adjuvant arthritis in rats.37

In summary, our data revealed a major role of stromal cells 
such as FLS in GC-mediated suppression of arthritis to induce 
anti-inflammatory acting macrophages. Exploiting the GC-in-
duced anti-inflammatory crosstalk between stromal cells and the 
immune system will provide novel rationales for therapies with 
higher efficiency and may avoid side effects of steroid therapy.
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ABsTrACT
tetraspanins function as membrane adaptors altering 
cell-cell fusion, antigen presentation, receptor-mediated 
signal transduction and cell motility via interaction with 
membrane proteins including other tetraspanins and 
adhesion molecules such as integrins. Cd82 is expressed 
in several malignant cells and well described as tumour 
metastasis suppressor. rheumatoid arthritis (rA) is based 
on persistent synovial inflammation and joint destruction 
driven to a large extent by transformed-appearing 
activated synovial fibroblasts (SF) with an increased 
migratory potential.
Objective Cd82 is upregulated in rA synovial 
fibroblasts (rASF) compared with osteoarthritis (oA) SF 
as well as within rA compared with oA synovial lining 
layer (LL) and the role of Cd82 in rASF was evaluated.
Methods Cd82 and integrin immunofluorescence was 
performed. Lentiviral Cd82 overexpression and sirnA-
mediated knockdown was confirmed (realtime-pCr, 
Western blot, immunocytochemistry). rASF migration 
(Boyden chamber, scrape assay), attachment towards 
plastic/Matrigel, rASF-binding to endothelial cells (EC) 
and Cd82 expression during long-term invasion in the 
SCId-mouse-model were evaluated.
results Cd82 was induced by proinflammatory stimuli 
in SF. In rA-synovium, Cd82 was expressed in rASF 
close to blood vessels, LL, sites of cartilage invasion 
and colocalised with distinct integrins involved in 
tumour metastasis suppression but also in rA-synovium 
by rASF. Cd82 overexpression led to reduced rASF 
migration, cell-matrix and rASF-EC adhesion. reduced 
Cd82 expression (observed in the sublining) increased 
rASF migration and matrix adhesion whereas rASF-EC-
interaction was reduced. In SCId mice, the presence of 
Cd82 on cartilage-invading rASF was confirmed.
Conclusion Cd82 could contribute to rASF migration 
to sites of inflammation and tissue damage, where Cd82 
keeps aggressive rASF on site.

InTrOduCTIOn
The proteins of the tetraspanin superfamily func-
tion as membrane adaptors facilitating protein 
interactions.1 2 There are 34 known tetraspanins in 
mammals and of those 33 are expressed in humans. 
Tetraspanins alter processes including antigen 
presentation, receptor-mediated signalling and 
cell motility. The effects are mediated by forming 
multimeric complexes consisting of tetraspanins 
and other proteins including kinases, adhesion 
molecules and adaptor proteins.2 Tetraspanins form 
interlinked networks of functional hubs, called 

tetraspanin-enriched microdomains regulating the 
clustering of associated receptors on the cell.1

Structure and splicing variants of the tetraspanin 
CD82 are well described3 4 with varying glycosyla-
tion.5 6 Although CD82 is expressed in different 
tissues including bone marrow as well as hemato-
poietic cells,5 its function in inflammatory diseases 
is unclear. CD82 is a well characterised metastasis 
suppressor of different solid malignant tumours 
without affecting primary tumour growth4 7 and a 
recognised biomarker to predict metastatic poten-
tial.5 CD82 inhibits multiple steps of the metastatic 
cascade including cell motility, invasion, cell-cell-in-
teraction, proliferation, apoptosis and senescence.2 
Regarding cell-cell-adhesion, CD82 overexpression 
enhances homophilic aggregation of different cells 
including tumour cells and leucocytes2 4 and medi-
ates hematopoietic progenitor cell/osteoblast and 
tumour cell/endothelial cell (EC) interactions.8 9 In 
cell-matrix-adhesion, CD82 is negatively correlated 
with solid tumour cell adhesiveness onto matrices,3 
whereas in leukaemia cells CD82 had opposite 
effects.7

CD82 regulates the signalling of membrane mole-
cules by altering their distribution, thus inhibiting 
migration and invasiveness of solid tumour cells.2 4 
CD82 interacts with cell surface molecules such as 
integrins via its extracellular loops and mediates 
rearrangement and clustering of these molecules on 
the cell surface. Trafficking of cell adhesion proteins, 
for example, integrins and CD44, is modified by 
CD82 thus altering their initiated outside-in signal-
ling and their cell surface presence.3 10 11 CD82 is 
partially localised in lipid rafts.12 DARC, a CD82 
binding partner, is a cell surface protein expressed 
in endothelium.8 DARC/CD82 engagement inhibits 
tumour cell proliferation and induces senescence. 
However, experimental CD82 overexpression did 
not inhibit proliferation of cancer cells.3

CD82 expression in melanoma cells reduced IL-8 
secretion facilitating adherens junction disassembly 
and tumour cell extravasation.13 14 In turn, silencing 
CD82 in leukaemia stem cells reduced IL-10 and 
MMP915 while overexpression induced IL-10 in 
melanoma.16 CD82 serves as negative regulator of 
epidermal growth factor receptor (EGFR) signalling 
via association with the EGFR17 18 and suppresses 
the TGF-β1 pathway, which in turn affects 
CD82-mediated migration inhibition.19 Interest-
ingly, CD82 expression is induced by proinflamma-
tory cytokines such as IL-6, TNFα, IL-1β, growth 
factors and hypoxia.2 4

http://www.eular.org/
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Rheumatoid arthritis (RA) is a chronic autoinflamma-
tory joint disease and with key therapeutic targets being 
TNFα, IL-6, IL-1β.20 CD82 was increased in RA syno-
vial fibroblasts (RASF) compared with primarily non- 
inflammatory osteoarthritis (OA)SF21 as well as in the hyper-
plastic synovial lining layer (LL) of patients with RA.22 RASF 
are permanently activated cells showing increased migration 
towards and invasiveness into cartilage of affected joints, 
thereby being a key cell promoting joint inflammation and 
destruction but also carrying the disease to non-affected 
areas.23 24 Due to the increased presence of CD82 in the RA 
synovial LL and close to the microvasculature, the effects of 
CD82 on RASF were evaluated with focus on RASF adhesion, 
migration and proliferation.

MeTHOds
For detailed methods, see online supplementary file 1.

Tissues and cells
Synovium and cartilage were obtained during knee replace-
ment surgeries (Agaplesion Markus-Hospital Frankfurt/Main). 
Patients fulfilled the ACR classification criteria.25–27 Non- 
arthritic synovial fibroblasts (NSF) served as control. The 
study was approved by the local ethics committee. All patients 
gave written informed consent. Synovium was snap frozen or 
digested for cell isolation. SF were cultured in DMEM (GE 
Healthcare, Germany) containing 10% fetal calf serum (FCS) 
(Sigma-Aldrich, Germany), 100 U/mL penicillin/streptomycin 
(Applichem, Germany), 10 mM HEPES (GE Healthcare).28 
Proteins for 16 hours stimulation: 50 ng/mL TNFα, 10 ng/
mL IL-1β, 2 ng/mL TGF-β (R&D-Systems, Germany), 25 µg/
mL adiponectin, 100 ng/mL visfatin (Biovendor, Heidelberg, 
Germany), 10 ng/mL lipopolysaccheride (LPS) (Sigma-Aldrich).

Cd82 overexpression/knockdown
For lentiviral Cd82 transduction, Precision LentiORF individual 
clone and Precision LentiORF red fluorescent protein *(RFP) 
were used (MOI=5, GE Healthcare). After 48 hours, blastici-
din-S-hydrochloride was added resulting in stable CD82 overex-
pression (>90%). Mock treated cells served as control.

The Amaxa Nucleofector II (program U23) and Basic Nucle-
ofector Kit (primary mammalian fibroblasts, Lonza, Germany) 
were used. siRNA: ON-TARGETplus SMART pool CD82 siRNA; 
non-targeting-pool (NTP) siRNA (PerbioScience, Germany). At 
day 5–6 after nucleofection, maximum CD82 protein reduction 
was confirmed by Western blot.

Western blot
Cells were lysed (1% Nonidet P-40, Sigma-Aldrich) with 0.05M 
Tris-HCl pH6.7 containing complete protease inhibitor mix 
(Roche). Antibodies: anti-human CD82 (ab59509, Abcam, 
Cambridge, UK); anti-mouse horseradish peroxidase(HRP)-con-
jugated secondary (Agilent Technologies). Loading control: 
Cyclophilin B (Abcam). Band intensity was quantified using the 
ImageJ software.

Immunohistochemistry/immunofluorescence
Acetone-fixed sections or chamber slides were blocked in 2% 
BSA. Antibodies: anti-human CD82 (ab109529), isotype control 
(ab125938, Abcam). Secondary antibodies: biotinylated goat 
anti-rabbit (550338, BD Biosciences) and HRP-conjugated 
streptavidin (016-030-084, Dianova, Germany). Peroxidase 

substrate kit (AEC, Vector-Laboratories, Germany) detection 
was used.

Fluorescent double-staining: Blocking: FCS, chicken serum 
and BSA (10%). First antibodies: anti-human Integrin α6 
(MAB1350, R&D), αV (MAB-1980, Merck Millipore), β1 
(CP26, Merck Millipore), CD82 (PA5-20356, Thermo Fisher). 
Secondary antibodies: anti-mouse (Alexa-Fluor 488, A-11001), 
anti-rabbit (Alexa Fluor 546, A11071, Thermo Fisher). Nuclei 
were DAPI stained (Sigma Aldrich). Staining was evaluated as 
indicated in the online supplementary method.

sCId-mouse-model
Female immunodeficient Crl-scidBR mice (Charles River, 
Germany) were kept pathogen-free with water and food ad 
libitum. Animals underwent inverse-wrap implantation29 with 
subcutaneous implantation of human RASF together with 
human cartilage (intact areas from OA cartilage) in a Gelfoam 
matrix (Pfizer, USA) at the ipsilateral side. Contralaterally, 
cartilage without RASF was implanted.23 30 Implants removed 
after 60 days were snap frozen, 5 µm sections H/E-stained and 
scored.23 29 30

Laser-mediated microdissection (LMM)
Eight µm cryosections on PEN-membrane coated slides (P.A.L.M., 
Germany) were fixed, nuclei haematoxylin-stained and dehy-
drated. LMM was performed using a Robot-MicroBeam laser 
microscope (P.A.L.M. Microlaser Technologies). Dissected areas 
(3000 cells) from different tissues/implants were collected in 
RLT-lysis buffer (RNA from different tissues was pooled before 
isolation).

real-time PCr
For RNA isolation of LMM samples, the RNeasy Micro Kit, 
otherwise Mini Kits (Qiagen) were used. RNA was transcribed 
using AMV reverse transcriptase (Promega, Madison, USA) and 
random hexamer primers (Roche Diagnostics). Real-time PCR 
followed by melting curve analysis was performed using a Light-
Cycler (Roche).5 6 Primers: human CD82 forward 5′-ggtgtg-
gatcctggccgacaagagc-3′/reverse 5′-atgcagcccaggaagcccatgagc-3′. 
Results were normalised to 18S rRNA and analysed using the 
LightCycler software.31

Migration assay
The lower compartment of a Boyden chamber containing a 8 µm 
pore membrane (GE Water and Process Technologies, Germany) 
coated with fibronectin was filled with DMEM containing 10% 
FCS (as chemoattractant) and RASF (harvested with Accutase) 
in DMEM with 2% FCS placed on top (three replicates each). 
After 16 hours, migrated cells on membranes were fixed, haema-
toxylin-stained and nuclei counted. 6.5 mm polycarbonate filters 
were used in the transwell assay (Corning, USA) under the same 
conditions. Migrated cells at the lower filter sides were detached 
and counted. For statistics, means per biological sample were 
used.

Cell motility assay
Fibroblasts (100% confluency) on uncoated plates were wounded 
with micropipette tips (scratch). Supernatants were replaced, 
cells incubated for 17 hours, then photographed. Gap closure 
was evaluated in five experimental replicates. The number of 
nuclei moved into the scratch was counted (mean per biological 
sample used for statistics).

https://dx.doi.org/10.1136/annrheumdis-2018-212954
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Figure 1 Localisation of CD82 and integrins. Immunofluorescence for CD82 (red) and integrins (green) was performed, nuclei were stained blue 
(DAPI). Synovial tissues from seven different patients with RA were evaluated and the presence of CD82 and integrins evaluated for each tissue, 
representative tissues are shown. (A) Integrin alpha V was localised close to and in vessel walls (upper panel) and at the cartilage invasion zone. 
Colocalisation shows double-stained cells especially in the lining layer and invasion zone (yellow). (B) Integrin beta 1 was localised at the vessel 
wall, the lining layer and to a limited extent at the cartilage invasion zone. CD82-overlay showed a strong signal at the inner vessel layer as well as 
sublining cells and some double positive cells at the invasion zone. (C) Integrin alpha 6 was expressed in the inner layer of vessels and weakly in the 
sublining, invasion zone and lining layer. Overlay with CD82 was most prominent within the lining layer and vessels. C, cartilage; Inv, invasion zone; 
RA, rheumatoid arthritis. 

Adhesion assay
SF detached with Accutase were added to 24-well plates coated 
with/without Matrigel (BD Biosciences) and incubated for 
1 hour. The plate was shaken 5 min full speed thrice. Cells were 
stained with 0.1% crystal-violet dye in methanol and counted 
(three wells per population, means used for statistics).

Cell-to-cell binding assay
HUVEC or primary EC from human varicose veins (for details, 
see online supplementary file 1) were cultured on rat tail 

collagen-I-coated plates (Life Technologies) until confluency. 
RASF were Calcein-AM (Thermo Fisher) stained and detached 
using Accutase. RASF added to confluent EC-layers were incu-
bated 30 min. Plates were shaken 5 min at full speed. Attached 
fibroblasts were counted (three different wells, mean per 
population used for statistics).

Proliferation assay
RASF were BrdU (proliferation 5-bromo-2′-deoxyuridine) 
labelled for 24 hours using a colorimetric BrdU-ELISA assay 

https://dx.doi.org/10.1136/annrheumdis-2018-212954
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Figure 2 CD82 in RA synovial tissue and RASF. (A) mRNA after LMM of SL and LL was isolated from different RA synovial tissues in three different 
RNA pools (6, 3, 3 with a total of 12 tissues analysed). Pooled RNA was used for real-time PCR (normalised to 18S and sublining set to 1) revealing 
a significantly stronger expression within the RA LL compared with the sublining (parametric paired two-tailed t-test). (B) TNFα, IL-1β and LPS 
significantly induced CD82 in RASF as well as (C) OASF vs unstimulated control (p>0.005 each, Mann-Whitney test; n=4 each). (D) NSF showed 
similar results except for TNFα showing a weak CD82-induction. Visfatin and adiponectin induced CD82 in RASF and OASF to a lower extent 
compared with unstimulated control (RASF: Visfatin p=0.002, n=6, adiponectin p=0.005, n=4; OASF: Visfatin p=0.002, n=6, adiponectin p=0.005, 
n=4; Mann-Whitney test). TGF-β reduced CD82 expression in RASF (p=0.005) but not OASF (p=0.999) compared with unstimulated control. Of note, 
unstimulated OASF had lower CD82 levels than RASF in the unstimulated control. n=4 each, except n=6 for visfatin (Mann-Whitney test). Values are 
presented as x-fold versus unstimulated control (set to 1). LL, lining layer; LMM, laser-mediated microdissection; NSF, non-arthritic synovial fibroblasts; 
OASF, osteoarthritis synovial fibroblasts; RA, rheumatoid arthritis; RASF, RA synovial fibroblasts; SL, sublining layer. 

(Merck Millipore) according to the manufacturer and quantified 
using a TECAN reader.

statistics
GraphPad Prism 6.0 was used. Data were analysed paramet-
rically using RM one-way ANOVA with Geissner-Green-
house correction followed by Tukey’s multiple comparisons 
test with individual variances computed for each compar-
ison. Figure 2A shows the parametric paired two-tailed t-test. 
Figure 2B,C were calculated with Mann-Whitney test. Data in 
figures are shown as box-whisker plots with median, 25th/75th 
percentile (box) and lowest/highest value (whiskers) per 
data set. P values less than 0.05 were considered significant 
(*p<0.05/**p<0.005/***p<0.001/n.s.=not significant).

resuLTs
Cellular and compartmental Cd82 localisation
The increased CD82 expression in cultured RASF compared 
with OASF and in the RA synovial LL and close to blood vessels 
versus OA synovial tissue has previously been described21 22 and 
could be confirmed (figure 1) by immunofluorescence showing 
an increased presence of CD82 also in the invasion zone into 
cartilage. LMM out of the LL and sublining from n=6 different 
synovial tissues was performed, RNA from 12 tissues (different 
patients) was pooled (one pool of 6, two pools of 3 tissues) and 
subsequent real-time PCR performed. Comparison showed that 
tissue mRNA expression of CD82 was significantly stronger in 
the RA LL compared with sublining cells (figure 2A).

The percentage of positive tissues (12 in total) was calculated 
in LL, outer LL, vessel wall, EC layer, lymphocyte infiltrates 
and cartilage invasion zone of immunofluorescence stainings. 
One hundred per cent (12/12) RA tissues were CD82-posi-
tive in the outer LL and total LL. Lymphocyte infiltrates were 

CD82-negative. Several cells showed CD82 signals in sublining 
and vessel walls (100% of tissues). Cartilage invading cells were 
CD82-positive (100% of tissues).

αV-integrin was positive in 80% of outer LL, 100% were posi-
tive in the deeper LL. Several double stained cells were located in 
the outer LL (figure 1A). Single sublining cells were αV-positive 
(100%), but double-stained cells were detectable in only 50% of 
tissues. αV-positive vessel walls were detectable in 100% of tissues. 
CD82 and αV-double-positive cells were limited to the vessel wall 
(figure 1A). Cartilage invading cells showed weaker αV-integrin 
signals compared with CD82, not all cells being αV-positive.

β1-integrin was present in outer and deeper LL areas of all tissues 
(100%). In sublining, single cells were β1-positive. CD82/ß1-pos-
itive cells were mainly detectable in the outer LL (figure 1B). All 
tissues displayed β1-integrin positive vessel walls. Deeper areas but 
not EC showed a CD82/β1-overlay. CD82/β1-positive cartilage 
invading cells were detectable in all tissues (figure 1B).

α6-integrin was positive in the outer LL (100%) whereas deeper 
areas were negative or contained single positive cells (figure 1C). 
An overlay was only observed at the outer LL. In vessels, EC were 
α6-positive (100%) and double-positive for CD82. At the invasion 
zone, none of the tissues showed α6 signals.

Cd82 induction in rAsF by proinflammatory factors
To evaluate the factors responsible for the increased presence of 
CD82 in RA-synovium, proinflammatory factors increased in RA 
were used for SF stimulation and CD82 expression was measured. 
RASF/OASF were stimulated with proinflammatory factors 
(TNFα, IL-1β, LPS), TGF-β or adipokines (visfatin, adiponectin). 
All stimuli influenced CD82 expression on RASF (figure 2B). 
Although cultured SF already produce CD82 on RNA and protein 
level, CD82 was significantly induced by TNFα, IL-1β and LPS 
in RASF and OASF (figure 2B,C). Adipokines induced CD82 

http://ard.bmj.com/
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Figure 3 CD82 overexpression in synovial fibroblasts. (A) Immunocytochemistry showed the induction of CD82 in RASF in comparison to mock-
treated as well as leRFP-treated cells in contrast to the isotype control. Magnification: 10×. (B) Quantification of Western blots was performed using 
the ImageJ software showing CD82 protein induction compared with leRFP (set to 1) and mock-treated cells. CD82 could be overexpressed in primary 
human synovial fibroblasts by lentiviral gene transfer in patients with weak CD82 expression (left) as well as moderate CD82 expression (right panel) 
as shown in exemplary Western blots. (C) Real-time PCR confirmed the CD82 upregulation after transduction in comparison to mock treated or RFP 
control (n=5 RASF from different patients) with 10-fold to 189-fold upregulation for the respective transduced cells (each population was significant 
in replicate measurements. Test: one-way ANOVA). LeCD82: lentiviral CD82 overexpression. leRFP: lentiviral red fluorescent protein overexpression. 
Mock: treatment control without virus. ANOVA, analysis of variance; RA, rheumatoid arthritis; RASF, RA synovial fibroblasts. 

expression significantly but to a lower extent in both RASF and 
OASF (figure 2B, C).

For OASF, the baseline expression of CD82 was lower, similar 
to previously published results.21 22 Therefore, the relative CD82 
inducibility was higher in OASF due to the lower CD82 baseline 
levels. NSF showed comparable results to OASF except for TNF 
showing weaker CD82-induction (figure 2D). Although TGF-β 
significantly reduced the CD82 expression in RASF (figure 2A), 
the grade of regulation was low and not detectable for OASF 
(figure 2B).

Cd82 overexpression in rAsF
CD82 expression level in RASF from different patients varied. 
For lentiviral overexpression, RASF with moderate to interme-
diate CD82 expression were used. In comparison to mock and 
RFP-transduced cells, overexpression of CD82 in RASF resulted 
in an induction of CD82 on protein (figure 3A,B) and RNA level 
(n=5, figure 3C).

Cd82 overexpression: fibroblast motility, migration, adhesion, 
proliferation
Lentiviral CD82 overexpression significantly reduced RASF 
migration (Boyden chamber) compared with RFP and to mock 

(figure 4A). In the cell motility assay, a significant reduction 
of RASF migration into the gap was observed for CD82-trans-
duced RASF compared with mock (figure 4B). Apoptosis was 
not altered by CD82 (not shown) and RASF proliferation was 
non-significantly reduced after CD82 overexpression compared 
with controls (figure 4C). Cell-to-cell binding of RASF to 
confluent EC-layers showed reduced RASF-EC-interaction in 
CD82-overexpressing cells (figure 4D) and adhesion to culture 
plates was significantly reduced (figure 4E).

Confirmation of Cd82-expression of rAsF under in vivo 
conditions
To evaluate whether cultured RASF express similar CD82 levels 
compared with sites of cartilage invasion in vivo, the SCID-
mouse-model was used. Human RASF (one population with 
intermediate CD82 expression) were implanted together with 
human cartilage subcutaneously at the ipsilateral site. Contralat-
erally, human cartilage was implanted without RASF. As shown 
previously, human RASF invade the coimplanted and contra-
lateral cartilage.23 Using LMM, cells at the implant cartilage 
invasion zone were isolated (n=6 animals). Pooled RNA was 
evaluated for CD82 expression compared with cultured RASF 
used for implantation. The presence of human CD82 at sites of 

http://ard.bmj.com/
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Figure 4 Effect of CD82 overexpression on cell migration, adhesion and proliferation. (A) CD82 significantly reduced RASF migration in the Boyden 
chamber assay towards a higher FCS gradient after 16 hours compared with mock-treated as well as RFP overexpressing cells (RFP set to 100% 
vs CD82 p=0.0004 and to mock p=0.0029; n=5, one-way ANOVA with Geissner-Greenhouse correction and Tukey’s multiple comparisons test). (B) 
Cell motility was also significantly reduced by CD82 overexpression in the cell motility assay (scratch assay) without chemoattractant after 17 hours 
in comparison to mock control (leRFP set to 100% vs CD82 p=0.0771 and to mock p=0.0197; n=5, one-way ANOVA with Geissner-Greenhouse 
correction and Tukey’s multiple comparisons test). (C) Proliferation of CD82 overexpressing cells was not significantly reduced after 24 hours compared 
with RFP or mock (CD82 vs RFP, p=0.0594; vs mock p=0.0600; n=5, one-way ANOVA with Geissner-Greenhouse correction and Tukey’s multiple 
comparisons test). (D) CD82 overexpression reduced RASF adhesion to EC compared with RFP (leRFP set to 100%, p=0.0765; n=5) without reaching 
significance (one-way ANOVA with Geissner-Greenhouse correction and Tukey’s multiple comparisons test). (E) Adhesion of RASF to culture surfaces 
was significantly reduced compared with RFP overexpressing RASF (leRFP set to 100%, p=0.0314; n=5, one-way ANOVA with Geissner-Greenhouse 
correction and Tukey’s multiple comparisons test). Mock: Treatment control without virus. leRFP: lentiviral red fluorescent protein overexpression. 
LeCD82: lentiviral CD82 overexpression. ANOVA, analysis of variance; EC, endothelial cells; RA, rheumatoid arthritis; RASF, RA synovial fibroblasts. 

cartilage invasion (online supplementary file 2) was comparable 
to cultured RASF used for implantation with similar levels of 
human (not mouse) CD82 mRNA (online supplementary file 2). 
Of note, human CD82 expression was comparable in the inva-
sion zone of both sites (data not shown).

Cd82 knockdown in rAsF
To evaluate whether CD82 downregulation has opposite 
effects, siRNA-mediated CD82 knockdown was confirmed by 
Western blot (figure 5A). RASF adhesion was induced by CD82 

knockdown in contrast to RASF cell-to-cell binding to EC, which 
was reduced versus NTP and mock (figure 5B). CD82 knock-
down significantly increased RASF migration towards a higher 
FCS gradient as chemoattractant (figure 5C). Similarly, cell 
motility assays without chemoattractant showed increased RASF 
migration compared with NTP or mock (figure 5D).

dIsCussIOn
In RA-synovium, CD82 expression was mainly detectable in the 
hyperplastic LL and vessels.21 22 We observed a CD82 induction 

https://dx.doi.org/10.1136/annrheumdis-2018-212954
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Figure 5 Effect of CD82 knockdown on RASF. (A) Knockdown 
efficiency of siRNA-mediated CD82 knockdown was confirmed by 
Western blot and signal intensity quantified (ImageJ software) showing 
a significant CD82 reduction compared with NTP siRNAs and mock 
controls (vs NTP, p=0.0002, vs mock p=0.0001, one-way ANOVA with 
Geissner-Greenhouse correction and Tukey’s multiple comparisons 
test was used). (B) siRNA-mediated knockdown of CD82 significantly 
induced cell-matrix adhesion of RASF (left; NTP set to 100% vs CD82 
p=0.0166) and to mock (p=0.0230; n=5) in contrast to reduced cell-
to-cell binding capacity of RASF to EC (right; NTP set to 100% vs CD82 
p=0.0015) and to mock (p=0.0064; n=5, RM one-way ANOVA test as 
described in methods). (C) Migration of RASF towards a higher FCS 
gradient was significantly increased in comparison to controls (CD82 
vs NTP p=0.0437; vs mock p=0.0199; n=4) as well as cell motility (D) 
without chemoattractant shown in the scratch motility assay (CD82 vs 
NTP p=0.0045; vs mock p=0.0420; n=4, RM one-way ANOVA test as 
described in methods). ANOVA, analysis of variance; EC, endothelial 
cells; NTP, non-targeting-pool; RA, rheumatoid arthritis; RASF, RA 
synovial fibroblasts. 

in RASF by proinflammatory factors, which could explain the 
increased CD82 expression in inflamed RA tissue similar to 
the situation in cancer.2 4 Interestingly, the proinflammatory 
stimuli were also able to induce CD82 in OASF. However, due 
to chronic inflammation in RA, the exposure of SF to these 
factors is increased in RA. Aside of the LL, we found increased 
CD82 levels in RASF at the cartilage invasion zone, which was 

also confirmed in the SCID-mouse-model. In contrast, the main 
localisation of CD82 in the sublining was around vessels. There-
fore, CD82 expression in RASF appears dependent on the local-
isation within the tissue and on local factors.

SF, especially activated fibroblasts in the LL, express increased 
amounts of different integrins, including the collagen receptor 
α1β1, the fibronectin receptor α5β1, the laminin receptors 
α3β1 and α6β1, the vitronectin receptor αvβ3.32 CD82 has 
been described to attenuate β1-integrin activation in prostate 
cancer cells33 but also to downregulate the level, activity and 
signalling of integrins,34 the latter correlating with decreases 
in focal adhesions, stress fibres34 35 and maturation of β1-inte-
grin.34 In our study, β1-integrin was colocalised with CD82, 
especially in deeper areas of the LL but also in invading RASF. 
We observed a reduced migration after CD82-overexpression, 
likely contributing to RASF accumulation at sites of cartilage 
invasion, a process that could be increased by inflammation.24 36 
CD82 colocalised with αVβ3-integrin on experimental overex-
pression in ovarian cancer cells.37 The expressions of CD82 
and αV-integrin, however, was inversely correlated in cancer4 
and EC.10 We observed the colocalisation of CD82 with αV-in-
tegrin mainly in single cells of the invasion zone and LL. Asso-
ciation of CD82 with α6-integrin decreased adhesion and 
migration of prostate cancer cells.38 In our study, α6-integrin 
was not detectable close to cartilage invasion and colocalisation 
with CD82 was limited to the LL. The strongest colocalisation 
with CD82 was present in the endothelium, supporting the role 
of endothelium in RASF recruitment and mobility. The RASF 
recruitment and the increased integrin expression at the site of 
cartilage invasion is well known.39 However, the CD82-induc-
tion at sites of cartilage erosion may contribute to hold acti-
vated RASF on-site.

CD82-overexpression significantly reduced RASF motility 
similar to the observations in tumour cells.4 7 Interestingly, 
cell-matrix adhesion and binding to EC were reduced by CD82 
overexpression, suggesting a reduced potential for RASF-attach-
ment to EC in local vessels. The increased expression of CD82 in 
the vascular wall and its close proximity22 suggests a role of CD82 
in vascular activation including synovial neoangiogenesis.40

Due to lower CD82 expression in RASF in the sublining, a 
CD82 knockdown was performed showing that the migra-
tory capability of RASF was significantly increased. However, 
cell-to-cell binding of RASF to EC was reduced in contrast to 
cell-matrix adhesion, which was increased in contrast to CD82 
overexpression. Therefore, RASF in the sublining expressing less 
CD82 may be able to migrate but their capacity to attach to EC 
is not increased. Potentially, at sites of inflammation and matrix 
destruction CD82-induction takes place, contributing to RASF 
accumulation. A similar observation has been made for podo-
planin (PDPN) and CD248 with a high expression of PDPN in 
the LL, whereas CD248 expression was restricted to sublining 
cells.41 In this study, TNF or IL-1β also increased PDPN expres-
sion whereas TGF-ß induced CD248. Local RASF-proliferation 
may also contribute to increased RASF numbers at the site of 
erosion. In our study, CD82-overexpression had only limited 
effects on RASF-proliferation.

CD82 appears to play a role in cell adhesion and motility in 
the inflamed rheumatoid synovium. Our data show that CD82 
is induced by inflammation, both in RASF close to vessels and 
at sites of cartilage damage. On cellular level, this may be medi-
ated by interaction of CD82 with surface integrins, expressed 
at the sites of cartilage invasion and LL. Reduced CD82 in the 
sublining may facilitate RASF migration to sites of inflammation 
and tissue damage.

http://ard.bmj.com/
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ABsTrACT
Objectives While new treatments for rheumatoid 
arthritis (rA) have markedly improved disease control 
by targeting immune/inflammatory pathways, current 
treatments rarely induce remission, underscoring the 
need for therapies that target other aspects of the 
disease. Little is known about the regulation of disease 
severity and joint damage, which are major predictors of 
disease outcome, and might be better or complementary 
targets for therapy. In this study, we aimed to discover 
and characterise a new arthritis severity gene.
Methods An unbiased and phenotype-driven strategy 
including studies of unique congenic rat strains was used 
to identify new arthritis severity and joint damage genes. 
Fibroblast-like synoviocytes (FLS) from rats and patients 
with rA expressing or not Huntingtin-interacting protein 
1 (HIp1) were studied for invasiveness, morphology and 
cell signalling. HIp1 knockout mice were used in in vivo 
confirmatory studies. paired t-test was used.
results dnA sequencing and subcongenic strains 
studied in pristane-induced arthritis identified a new 
amino acid changing functional variant in HIp1. HIp1 
was required for the increased invasiveness of FLS from 
arthritic rats and from patients with rA. Knocking down 
HIp1 expression reduced receptor tyrosine kinase-
mediated responses in rA FLS, including rAC1 activation, 
affecting actin cytoskeleton and cell morphology and 
interfering with the formation of lamellipodia, consistent 
with reduced invasiveness. HIp1 knockout mice were 
protected in Krn serum-induced arthritis and developed 
milder disease.
Conclusion HIp1 is a new arthritis severity gene and 
a potential novel prognostic biomarker and target for 
therapy in rA.

InTrOduCTIOn
Rheumatoid arthritis (RA) is one of the most 
common autoimmune diseases affecting nearly 1% 
of the population and is associated with reduced 
quality of life and increased risk for disability and 
reduced survival.1–3 New and more effective thera-
pies developed over the past two decades targeting 
the inflammatory mediators such as TNFα, costim-
ulatory molecules and immune cells4–7 have signifi-
cantly improved quality of life and disease control. 
However, disease remission remains uncommon 
underscoring the residual need for better treatments 
for RA. Current therapies targeting different aspects 
of the immune response render patients more 
susceptible to infections, suggesting that greater 

inhibition of immunity or inflammation would not 
be helpful.8 However, there are other approaches 
to target pathogenic mechanisms that should not 
increase the risk for infections. Currently, little is 
known about the regulation of disease severity and 
joint damage, which are major predictors of disease 
outcome and the risk for disability. Therefore, iden-
tifying severity and joint damage genes might yield 
promising novel targets for therapy. To our knowl-
edge, few and small RA cohorts have prospectively 
studied the genetics of disease severity and joint 
damage,9 and therefore very few discoveries have 
emerged from those studies.10 11

We used an unbiased strategy including unique 
congenic strains in rat models of RA varying in 
disease phenotype, and here report that Hunting-
tin-interacting protein 1 (HIP1) is a mediator of 
arthritis severity and joint damage. Fibroblast-like 
synoviocytes (FLS) from arthritis-protected 
congenic rats carrying ACI alleles at the Cia25/Pia42 
locus had reduced invasiveness, a property known 
to strongly correlate with joint damage in rodent 
models of arthritis12 and also in RA.13  HIP1 was 
required for increased invasiveness of FLS from 
both arthritic rats and patients with RA, and thus is 
a promising therapeutic target. The mechanism of 
HIP1 regulation of invasiveness was analysed.

MATerIAl And MeTHOds
Congenic and subcongenic breeding
DA.ACI(Cia25/Pia42) congenic breeding was 
previously reported.14 We used a genotype-guided 
strategy to backcross congenics with DA/HsdNsi 
(DA) to generate partially overlapping subcon-
genics. Subcongenics sharing ACI alleles in the same 
recombinant interval were intercrossed to generate 
homozygous subcongenics, which were expanded 
and then used in arthritis studies. Rats and mice 
were kept in SPF conditions. Breeding and in vivo 
experiments were conducted under an Institutional 
Animal Care and Use Committee-approved protocol 
at the Feinstein Institute for Medical Research.

Induction of arthritis and disease severity scoring 
in rats
Pristane-induced arthritis (PIA) was induced by 
intradermal injection of 150 µL of pristane (Sigma, 
St. Louis, Missouri, USA)15 16 and CIA by injection 
of rat type II collagen (RII) with incomplete Freud’s 
adjuvant as previously described.14 A well-estab-
lished and reproducible arthritis scoring system 
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Figure 1 Physical map of the DA.ACI(Cia25/Pia42) congenic and recombinant (R) subcongenic strains. SSLP and SNP markers and their physical 
location (Mb) are shown on the left. The right side of the figure shows the refined Cia25/Pia42 1.7 Mb interval defined by Rhbdd2 and D12Rat8 (green 
box) and selected genes in the interval. (P=protected; NP=not protected; white segments=homozygous DA alleles; black segments=homozygous ACI 
alleles; striped segments=recombination intervals).

was used to evaluate rat joints including a functional param-
eter (weight bearing; score 0–80 per rat per time point).17 The 
arthritis severity index (ASI; disease severity over time) provides 
a comprehensive evaluation of disease severity and correlates 
with histological damage.16

Arthritis studies in HIP1-/- (knockout) mice
HIP1+/- mice (C57BL/6 background) (gift from T. Ross, UT 
Southwestern Medical Center, Dallas, Texas, USA) were bred 
to homozygosity. The C57BL/6 background is susceptible to 
KRN serum-induced arthritis18 but resistant to CIA or PIA. 
KRN arthritogenic serum was generated by breeding KRN TCR 
transgenic mice (gift from C. Benoist, Harvard, Boston, Massa-
chusetts, USA) with NOD (KRNxNOD F1) and serum collected 
from arthritic mice. The serum was administered at 150 µL IP on 
day 0 and day 2.18 HIP1-/- mice and HIP1 wild-type littermate 
controls were scored daily using a previously reported system19 
without knowledge of genotype (blindly) for 16 days.

Histology
Ankles were collected at the end of the in vivo studies, fixed 
in 1% formalin, decalcified, embedded in paraffin, sectioned, 
stained with H&E and assessed as previously described.16

Isolation and culture of Fls
FLS (human and rodent) were obtained as previously described.19 
Briefly, freshly obtained synovial tissues were minced and incubated 
with a solution containing DNase (0.15 mg/mL), hyaluronidase 
type I-S (0.15 mg/mL) and collagenase type IA (1 mg/mL) (Sigma) in 
DMEM (Invitrogen, Carlsbad, California, USA) for 1 hour at 37°C. 
Cells were washed and resuspended in complete media containing 
DMEM supplemented with 10% FBS (Invitrogen), glutamine 

(300 ng/mL), amphotericin B (250 µg/mL) (Sigma) and gentamicin 
(20 µg/mL) (Invitrogen). After overnight culture, non-adherent 
cells were removed and adherent cells cultured. All experiments 
were performed with FLS after passage four (>95% FLS purity).

Invasion assay
The in vitro invasiveness of FLS was assayed in a transwell 
system using Matrigel-coated inserts (BD Biosciences, Franklin 
Lakes, New Jersey, USA), as previously described.12 19 Briefly, 
70%–80% confluent cells were harvested by trypsin-EDTA 
digestion and resuspended in 500 µl of serum-free DMEM. 
2×104 cells were placed in the upper compartment of each 
Matrigel-coated inserts. The lower compartment was filled 
with media containing 10% FBS or RTK ligands and the plates 
were incubated at 37°C for 24 hours. After 24 hours, the upper 
surface of the insert was wiped with cotton-swabs to remove 
non-invading cells and the Matrigel layer. The opposite side of 
the insert was stained with Crystal Violet (Sigma) and the total 
number of cells that invaded through Matrigel counted at 25× 
magnification. Experiments were done in duplicate.

sirnA knockdown
Dharmacon SMARTpool siRNA targeting either HIP1, GAPDH 
or a non-coding control was purchased from GE Lifesciences 
(Lafayette, Colorado, USA) and transfected into DA or RA FLS 
according to the manufacturer’s instructions. Cells were then 
incubated at 37°C for 24–48 hours prior to initiating the inva-
sion assays. Knockdown was confirmed with qPCR and western 
blot.

http://ard.bmj.com/
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Figure 2 Decreased arthritis severity and joint damage in rats carrying ACI alleles at the R6 interval. (A) DA rat joints had pronounced ankle 
swelling, and (B,C) synovial hyperplasia, cartilage and bone erosions and inflammatory cell infiltration detectable as early as day 21 after the 
induction of disease. (D) Joints from DA.ACI(Cia25/Pia42-R6) subcongenics developed minimal arthritis on a few interphalangeal joint (joint swelling) 
but (E,F) retained a normal joint architecture with no damage. H&E staining; 100× magnification.

Figure 3 Decreased invasiveness and morphological changes in FLS from DA.ACI(Cia25/Pia42-R6) subcongenics. (A) FLS derived from Cia25/
Pia42-R6 subcongenics were 78% less invasive than DA. *P=0.026, Mann-Whitney test; n=6 (per strain). (B) DA FLS had an elongated shape with 
linearised actin filaments and polarised formation of lamellipodia stained positive for p-FAK (top panels), while FLS from R6 subcongenics had a 
round morphology with disorganised actin filaments and p-FAK positive lamellipodia-like structures all around the cell periphery (bottom panels). (C) 
Sequencing data showing the amino acid changing G to C SNP in DA and ACI (R6 subcongenic). FLS, fibroblast-like synoviocytes. 

Immunofluorescence microscopy
Immunofluorescence was performed as previously reported.19 
Cells were treated with siRNA and then stimulated with either 
vehicle, FBS 10% or PDGFβ 50 ng/mL (Gemini Bioproduct, 
Sacramento, California, USA) for 15 min, fixed with 4% formal-
dehyde, permeabilised with PBS-Triton 0.01% and stained with 
phalloidin (Thermo Scientific) and anti-phospho-FAK (Abcam, 
Cambridge, Massachusetts, USA). Cells were visualised and 
scored using a LEICA DMi8 microscope (Leica, Buffalo Grove, 
Illinois, USA) and analysed with LASX software (Leica).

Confocal microscopy
RA FLS were cultured and treated with siRNA and PDGFβ 
50 ng/mL as described above, then fixed, permeabilised and 
stained with anti-GM130 (Golgi) (Abcam, Cambridge, Massa-
chusetts, USA), anti-clathrin heavy chain Alex-Fluo488 (Thermo 

Scientific, Rockford, Illinois, USA) or anti-PDGFRβ (Cell 
Signaling, Danvers, Massachusetts, USA). Cells were visualised 
and scored using a LEICA SP5 DM microscope and analysed 
with LASX software (Leica).

sequencing candidate genes within the refined 1.7 Mb Cia25/
Pia42-r6 interval
Genes in the refined interval were identified from the Rat 
Genome Database, Ensembl and NCBI20–22 and the conservation 
of gene number and order was confirmed in the most updated 
versions of syntenic intervals in the mouse and human genomes. 
The sequencing analyses focused on coding regions of each 
gene, using cDNA generated from splenic RNA. All genes were 
expressed in the spleen and those also expressed in FLS were 
sequenced. PCR products were sequenced bidirectionally by a 
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Figure 4 DA FLS transfected with HIP1 alleles derived from R6 (ACI) 
have reduced invasiveness. (A) The number of invading GFP-positive 
DA FLS was markedly reduced after transfection with the R6 (ACI) 
HIP1 allele (top panels), but the number of invading DA.ACI(Cia25/
Pia42-R6) (R6) FLS was not affected by transfection with HIP1 alleles 
from DA (bottom panels). (Matrigel invasion assay; 25× magnification). 
(B) Transfection with the HIP1 allele from R6 (ACI) reduced the 
invasiveness of DA FLS by 50%, while transfection with HIP1 alleles 
from DA did not increase the invasiveness of R6 FLS. (P=0.016, paired 
t-test; n=4 per treatment in duplicates). FLS, fibroblast-like synoviocytes; 
HIP1, Huntingtin-interacting protein 1. 

service contractor (Genewiz) using BigDye Terminator reagents 
(ABI) and data analysed with DNASTAR/Lasergene package 
(Madison, Wisconsin, USA).

Cloning and expression of dA and r6 (ACI) HIP1 alleles
cDNA from DA and the R6 (ACI) HIP1 were subcloned into 
PCDNA3.1 as an N-terminal GFP fusion protein using TOPO-TA 
expression kit (Invitrogen). The clones were confirmed by 
sequencing. DA and R6 FLS cells were transiently transfected 
with the other strain’s HIP1 allele by TransIT2020 (Mirus Bio, 
Madison, Wisconsin, USA) with 500 ng of HIP1-GFP constructs 
(from the other strain) or empty vector (PCDNA3.1-GFP). 
Twenty-four hours after transfection, FLS were trypsinised, 
counted and used in the in vitro invasion assay. After 24 hours, 
non-invading cells were wiped from the upper surface of the 
insert and total GFP positive cells that invaded through the 
Matrigel were counted at 10× magnification in a fluorescence 
microscope. Cell viability was assessed 48 hours after transfec-
tion (time required for transfection and invasion) by CellTitre 
One Solution (Promega). Similarly, Western blot was performed 
48 hours post-transfection to confirm HIP1-GFP allele overex-
pression (140 KDa) using anti-HIP1 antibody (Sigma, diluted 
1:5000). Endogenous HIP1 protein (115 KDa) served as the 
loading control.

rAC1 activity
RAC1 activity was measured in cell lysates using the RAC1 
G-ELISA Activation kit (Cytoskeleton, Denver, Colorado, USA), 
according to the manufacturer’s instructions.

resulTs
refining the chromosomal interval containing the Cia25/
Pia42 gene
We have previously studied an F2 intercross between the arthri-
tis-susceptible and erosive rat strain DA (DA/HsdNsi) and 
MHC-identical but arthritis-resistant and non-erosive strain ACI 
(ACI/HsdNsi) in collagen-induced arthritis (CIA). One of the 
major arthritis severity quantitative trait loci (QTL) we identi-
fied in this intercross was Cia25/Pia42 on rat chromosome 12.23 
DA.ACI(Cia25/Pia42) congenics were generated containing a 
22.3 Mb interval derived from the ACI strain and introgressed 
into DA. These congenics were protected in both CIA and even 
more significantly in the also erosive model PIA.14

Using a genotype-guided breeding strategy, partially overlap-
ping congenics were generated and studied in PIA leading to 
the reduction of the gene-containing interval from 22.7 Mb to 
a 1.7 Mb region on rat chromosome 12 contained within the 
DA.ACI(Cia25/Pia42-R6) (R6) subcongenic line (figure 1 and 
online supplementary figures 1 and 2). The defined region 
contained 41 genes (online supplementary table 1). While 
DA rats developed severe disease with early erosive changes 
(figure 2A–C) protected R6 congenics had minimal disease with 
no significant joint damage (figure 2D–F and online supplemen-
tary table 2), suggesting that the gene in this interval might regu-
late FLS invasiveness and destruction.

The Cia25/Pia42 locus regulates Fls invasiveness
Primary FLS cell lines generated from R6 subcongenics (which 
carry ACI alleles at the protective 1.7 Mb interval) were 78% 
less invasive than FLS from DA rats (p=0.026; figure 3A), 
suggesting that the arthritis severity gene acted at least in part 
via FLS. DA FLS cultured with FBS developed a predominantly 
elongated shape with polarised formation of lamellipodia and 

thick linearised actin filaments, while R6 subcongenic-derived 
FLS had a round shape with non-polarised formation of lamelli-
podia and disorganised actin filaments, characteristics of non-in-
vading cells (figure 3B).

Identification of HIP1 as a new arthritis severity and Fls 
invasion gene
As the arthritis gene contained within the Cia25/Pia42 interval 
regulated FLS invasion we devised an integrated approach to 
determine the specific gene(s) involved. Specifically, we sequenced 
the genes in the 1.7 Mb interval, analysed the potential func-
tional consequences of amino acid coding region changes using 
SIFT24 and PolyPhen2,25 and determined their expression in FLS 
(rat and human). Using this strategy, we identified three genes 
expressed in FLS and with amino acid changing SNPs predicted 
to have functional consequences. One of these three genes, 
HIP1, was expressed in synovial tissues, with higher protein 
levels in DA compared with R6 subcongenics, correlating with 
cell invasiveness (online supplementary figure 3). HIP1 protein 
was also abundantly expressed in human RA FLS.

https://dx.doi.org/10.1136/annrheumdis-2018-213498
https://dx.doi.org/10.1136/annrheumdis-2018-213498
https://dx.doi.org/10.1136/annrheumdis-2018-213498
https://dx.doi.org/10.1136/annrheumdis-2018-213498
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Figure 5 Reduction of DA FLS invasion by HIP1 siRNA knockdown and 
location of HIP1 non-synonymous SNP. (A) siRNA knockdown of HIP1 
reduced the number of invading FLS by 42% compared with the siRNA 
control group. Mean±SEM; n=7; p=0.046, paired t-test. (B) Schematic 
depiction of HIP1 and the location of the A749P SNP in the RTK-binding 
region. FLS,  fibroblast-like synoviocytes; HIP1, Huntingtin-interacting 
protein 1. 

Figure 6 Knockdown of HIP1 in RA FLS reduces RTK ligand-induced 
invasion. RA FLS subjected to HIP1 siRNA knockdown showed (A) a 
40% reduction in cell invasion induced with 50 ng/mL PDGFβ (*p=0.01; 
n=8) and (B) a 57% reduction in the invasion induced with 1 µg/
mL EGF (#p=0.06; n=7). Mean±SEM; paired t-test. FLS, fibroblast-like 
synoviocytes; HIP1, Huntingtin-interacting protein 1. 

Six SNPs were identified in HIP1 coding regions. These 
included four synonymous changes, one amino acid changing 
SNP predicted to be non-functional (non-polar to non-polar) 
and only one non-synonymous C2245G SNP that caused an 
A749P (non-polar to polar) amino acid change (figure 3C) in 
its receptor tyrosine kinase (RTK) binding region. HIP1 is a 
35-exon, 1038-amino acid protein in the rat and 1037-amino 
acid protein in humans expressed in increased levels in several 
cancers26 27 and capable of transforming cells and increasing 
accumulation of RTK such as EGFR.28

HIP1 alleles from dA and r6 (ACI) strains differentially affect 
Fls invasion
To determine whether HIP1 alleles from DA and R6 (ACI) 
directly modified and accounted for the difference in FLS inva-
siveness the two different alleles were cloned into a PCDNA3.1 
construct as an N-terminal GFP fusion protein and reciprocally 
transfected into FLS cells of R6 (ACI) and DA rats, followed 
by invasion studies in the Matrigel transwell system. DA FLS 
transfected with the R6 (ACI) HIP1 allele had a significant 50% 
reduction in the number of invading cells (p=0.016, paired 
t-test; figure 4A) without affecting cell survival, suggesting a 
dominant negative effect of the R6 (ACI) HIP1 allele on inva-
siveness. Transfection of the DA HIP1 allele into R6 FLS had no 
detectable effect on invasiness (figure 4B).

HIP1 is required for increased invasiveness of dA Fls
To examine whether HIP1 is required for FLS invasiveness 
siRNA was used to knock down HIP1 in DA cell lines. siRNA 
HIP1 reduced the mRNA and protein levels of HIP1 by more 
than 60% (online supplementary figure 4) and reduced invasi-
ness by 42% compared with control siRNA (p=0.046, paired 
t-test; figure 5). The reduction in FLS invasiveness seen in 
HIP1 knocked down cells was similar to that seen in congenics 
compared with DA and as well as in the DA FLS transfected 
with R6 alleles, suggesting that HIP1 accounted for most of the 
differences in FLS invasiveness.

HIP1 regulates invasiveness of human rA Fls
HIP1 was also expressed in RA FLS. To examine whether HIP1 
was required and critical for RA FLS invasiveness siRNA was 
used to knock down HIP1. Similarly to DA FLS, knockdown 
of HIP1 in RA FLS reduced cell invasiveness by nearly 44% 
compared with control siRNA (p=0.057, paired t-test; online 
supplementary figure 5).

HIP1 mediates rA and rodent Fls invasion induced by rTK 
ligands
Given the known interaction between the region containing the 
A749P amino acid changing SNP and RTKs (figure 5B), it was 
considered that HIP1 might be regulating invasion mediated 
by these receptors or RTK-induced HIP1 interaction with actin 
to modify the cell morphology. In the presence of PDGFβ DA 
FLS were highly invasive while FLS from congenics remained 
minimally invasive (online supplementary figure 6). Next, the 
role of HIP1 in RTK-mediated invasion was examined in cells 
from patients with RA. siRNA knockdown of HIP1 significantly 
reduced PDGFβ-induced (50 ng/mL) invasion by 40% (p=0.01, 
paired t-test; figure 6A) and EGF-induced (1 µg/mL) invasion by 
57% (figure 6B).

HIP1 is required for PdGF-induced cell morphological and 
cytoskeleton changes in rA Fls
RA FLS transfected with siRNA control and stimulated with 
PDGFβ developed the typical elongated FLS morphology 

https://dx.doi.org/10.1136/annrheumdis-2018-213498
https://dx.doi.org/10.1136/annrheumdis-2018-213498
https://dx.doi.org/10.1136/annrheumdis-2018-213498
http://ard.bmj.com/


1632 Laragione T, et al. Ann Rheum Dis 2018;77:1627–1635. doi:10.1136/annrheumdis-2018-213498

Basic and translational research

with thick actin filaments (figure 7A) and polarised formation 
of lammelipodia with colocalisation of p-FAK (figure 7B,C). 
However, knockdown of HIP1 induced an atypical stellate 
morphology, with thin and disorganised actin filaments, few 
thick actin fibres and non-polarised formation of small lamel-
lipodia-like structures (figure 7D-F). These lamellipodia-like 
structures were seen around the cell periphery and did not 
have the characteristic colocalisation with p-FAK, suggesting a 
non-invading and non-mobile cell.

HIP1 regulates rTK cell signalling in rA Fls, regulating rAC1 
activity
In order to characterise specific RTK intracellular signalling 
proteins regulated by HIP1, RA FLS treated with siRNA control 
or siRNA HIP1 were stimulated with vehicle or PDGFβ (50 ng/
mL). Knockdown of HIP1 significantly reduced RAC1 activity 
by 50% (p=0.0018, paired t-test; figure 7G) compared with 
control siRNA. There was also a trend towards reduction in 
levels of p-ERK (data not shown).

The phosphorylation of each of five different tyrosines in 
PDGFR (tyr740, tyr1021, tyr751, tyr771, tyr1009) in RA FLS 
was not consistently affected by HIP1 siRNA. Moreover, no 
significant differences were detected in levels of other intracel-
lular phosphorylated signalling proteins including those impli-
cated in RTK signalling such as p-CREB, p-JNK, p-NFkB, p-p38, 
pAkt, p-p70S6K p-STAT3, p-STAT5 and p-FAK. mRNA levels 
of MMP1, MMP2, MMP3, MMP8, MMP9, MMP10, MMP12 
and MMP13 as well as levels of proinflammatory mediators 
IL-1β, IL-6 and TNFα were also not significantly affected by 
HIP1 knockdown (data not shown).

stable expression of rTK on the cell surface of Fls requires 
HIP1
Total protein levels of PDGF receptors were not affected by 
HIP1 knockdown in RA FLS. However, HIP1 knockdown was 
associated with a 17% reduction in cell surface levels of PDGFR 
compared with control siRNA (flow cytometry mean 3440.68 vs 
4146.48 MFI; p=0.0289, paired t-test; n=4 different cell lines; 
figure 7H). The levels of PDGFR on the cell surface remained 
lower in HIP1 knockdown cells at most time-points except for 
at 5 min poststimulation with PDGFβ when levels were also 
reduced in control siRNA. Those observations suggested an 
effect of HIP1 on PDGFR endocytosis. Confocal microscopy 
revealed that HIP1 knockdown reduced PDGFR and clathrin 
localisation at the plasma membrane with increased diffuse cyto-
plasmic distribution (figure 7I–O). These results suggest that 
while HIP1 stabilises clathrin vesicles as previously known, it is 
also required for the stable expression of PDGFR in the plasma 
membrane.

HIP1 knockout mice are protected and develop milder 
arthritis
To determine whether HIP1 was a critical regulator of arthritis 
severity in vivo, we used a HIP1 functional knockout mouse. 
HIP1 knockout mice were significantly protected developing 
lower arthritis severity scores compared with littermate wild-
type HIP1 in KRN serum-induced arthritis (p=0.001, Mann-
Whitney test; figure 8).

dIsCussIOn
While biologics and small molecules that target the immune 
response in RA have significantly improved disease control, 
disease outcomes and quality of life, most patients achieve 

only a moderate improvement and disease remission remains 
uncommon. Better understanding of disease pathogenesis 
including the unexplored topic of regulation of disease severity 
and joint damage might generate better targets for treatment, in 
isolation or combined with existing therapies. Currently, very 
little is known about the genes implicated in the regulation of 
these processes.29 30

In the present study, we report the discovery of a previously 
unsuspected arthritis severity gene, HIP1. We started with an 
unbiased strategy using unique congenic and subcongenics 
studied in well-established rat models of RA. HIP1 regulates 
FLS invasiveness which strongly correlates with histological 
and radiographic damage in rodent models of arthritis12 and 
in RA.13 HIP1 is a 35-exon gene encoding a 1037-amino acid 
protein expressed in most tissues, including brain, lungs and 
urinary tract, characterised by four main domains implicated 
in its different cellular functions: (1) the N-terminal domain 
binds phospholipids; (2) a coiled-coil domain binds clathrin, 
Huntington protein, the androgen receptor and is required for 
dimerisation; (3) an RTK-binding domain and (4) the C-ter-
minal domain has a nuclear localisation signal and binds actin31 
(figure 5C). The A749P HIP1 SNP was localised in the RTK 
binding region and regulates RTK signalling. Confirming these 
effects in rats, knockdown of HIP1 similarly affected RTK 
signalling in FLS from patients with RA.

We demonstrate that HIP1 regulates disease severity, joint 
damage and invasiveness of FLS derived from patients with RA 
and from rats with arthritis. The effect of HIP1 in FLS invasive-
ness was confirmed using independent experimental strategies. 
We also demonstrate that HIP1 is required for the morpholog-
ical and cytoskeletal characteristics of invading FLS, such as 
thick and organised actin filaments and the polarised forma-
tion of lamellipodia. In the absence of HIP1, RA FLS developed 
morphological and cytoskeletal characteristics of a cell that is 
unable to migrate or invade.

We further demonstrate that HIP1 is required for the stable 
expression of RTK in the FLS cell surface and for RTK-mediated 
FLS invasion and intracellular signalling. We describe that HIP1 
regulates RAC1 activation. RAC1 has been documented to be 
of major importance in actin cytoskeleton rearrangements and 
hence in cell invasion.32 33 Given that no significant differences in 
tyrosine phosphorylation were detected in PDGFR itself, HIP1 
might increase PDGF-induced invasion by regulating both the 
cell surface expression of PDGFR and signalling events down-
stream from the receptor to modulate RAC1 activation.

RA FLS have characteristics that resemble those of cancer 
cells, including increased cell numbers (hyperplasia), increased 
in vitro longevity, increased invasiveness beyond tissue bound-
aries and increased expression of oncogenes, proteases and 
other mediators of invasion.34–36 RA FLS can move from one 
joint to another, like a cancer potentially ‘spreading’ disease.37 
HIP1 is expressed in increased levels in several cancers and 
its levels correlate with poor prognosis in prostate cancer and 
glioblastoma.26 27 38 Interestingly, both prostate cancer and 
glioblastomas are known to have increased levels of activated 
RAC1 and increased RAC1-mediated invasion,39 40 raising 
the possibility that HIP1 may be an important contributor to 
RAC1 activation in those and other cancer cells. While in vitro 
overexpression of HIP1 transforms benign cells and affects 
receptor trafficking,41 its role in cancer remains incompletely 
understood. Our discoveries raise the possibility that the asso-
ciation of increased HIP1 levels with worse outcome in certain 
cancers might be related to increased local or metastatic cancer 
invasiveness.

http://ard.bmj.com/
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Figure 7 HIP1 effects on RA FLS morphology, actin filaments, RAC1 and PDGFRβ localisation. (A) RA FLS transfected with control siRNA and 
stimulated with PDGFβ (50 ng/mL) retained a typical elongated morphology with thick actin filaments, polarised formation of lamellipodia with (B 
and C) colocalisation with phospho-FAK. (D) siRNA knockdown of HIP1 induced a stellate and atypical morphology in RA FLS, with mostly thin and 
disorganised actin filaments (E) with small and non-polarised lamellipodia-like structures that had (F) reduced colocalisation with p-FAK. Knockdown 
of HIP1 significantly reduced PDGFβ-induced (5 min) (G) RAC1 activation by 50% (p=0.0018; n=4). (H) Levels of PDGFRβ were reduced by 17% in 
the cell surface of RA FLS knockdown for HIP1 before stimulation with PDGFβ 50 ng/mL (*p<0.05; paired t-test) and remained similarly lower at all 
time-points except 5 min poststimulation (n=4; flow cytometry). (I) Confocal microscopy scoring of PDGFR location in the cell revealed increased cell 
membrane localisation in RA FLS treated with siRNA control, while siRNA HIP1 treated cells had a predominantly cytoplasmic distribution (#p<0.01, 
t-test). (J–L) Increased localisation of clathrin (green) and PDGFR (red) near or at the plasma membrane in RA FLS treated with siRNA control. (M–O) 
RA FLS knockdown for HIP1 had reduced cell membrane and a more diffuse cytoplasmic localisation of clathrin and PDGFR. FLS,  fibroblast-like 
synoviocytes; HIP1, Huntingtin-interacting protein 1. 
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Figure 8 Reduced arthritis severity in homozygous HIP1 knockout 
mice. Homozygous HIP1 knockout mice developed a milder form of 
KRN serum transfer-induced arthritis compared with littermate controls. 
*P=0.032 (day 16), Mann-Whitney test. HIP1, Huntingtin-interacting
protein 1.

The central role for HIP1 in arthritis severity was further 
demonstrated in in vivo studies in KRN serum induced arthritis. 
HIP1 homozygous knockout mice were protected and devel-
oped a milder form of arthritis. The KRN model is short-lived 
and joint erosive changes are not typically observed and there-
fore could not be examined. HIP1 knockout mice had reduced 
joint swelling, which suggests that HIP1 also affects components 
of the inflammatory response in the joints.

HIP1 has not been associated with susceptibility to RA in 
genome-wide association studies. However, our results demon-
strate that HIP1 is a severity and joint damage regulatory gene 
and not a susceptibility gene. Until now, very few and small 
cohorts have prospectively followed patients with RA to assess 
the genetic regulation of disease severity and joint damage,9 
and therefore only few discoveries have emerged from those 
studies.10 11 As such, it will be interesting to see whether HIP1 
is also associated with genetic risk for disease severity and joint 
damage.

This is the first time that HIP1 has been implicated in arthritis 
severity and in the regulation of cell invasion. This new discovery 
suggests that HIP1 has the potential to become a new target for 
therapy in RA that, like IL-6 and TNFα, is not associated with 
genetic susceptibility to disease.

We acknowledge that the 1.7 MB rat chromosomal interval 
containing HIP1 contained a total of 41 genes (online supple-
mentary table 1), and therefore we do not exclude the possi-
bility that one or more of those genes might also regulate 
arthritis and/or arthritis-related phenotypes. Once we detected 
DNA sequencing differences in HIP1 from arthritis-susceptible 
and protected congenic strains, and evidence that HIP1 alleles 
regulated rat FLS behaviour, we focused our work on HIP1. 
We then demonstrated that HIP1 regulates the behaviour and 
cell signalling of FLS obtained from patients with RA. Addi-
tional evidence implicating HIP1 in arthritis was provided in 
studies with HIP1 homozygous knockout mice with KRN serum 
induced arthritis. While the arthritis studies in HIP1 knockout 
mice were conducted with a small number of mice (HIP1 homo-
zygous knockout are known to be poor breeders), they were still 
able to provide important supportive evidence implicating HIP1 
in the regulation of disease in vivo. These new findings and the 

discovery of a new gene regulating disease severity are of major 
interest to rheumatologists and open the possibilities for novel 
pathogenic aspects and novel targets for treatment.

A major limiting and concerning factor associated with 
most of the available treatments for RA is immunosuppression 
and increased risk of infections. HIP1 knockout mice did not 
develop any systemic or spontaneous severe infection suggesting 
that they were not immunocompromised. These observations 
raise the possibility that targeting this gene with a small molecule 
could be a promising future therapy to use alone or in combina-
tion with existing biologics that might not increase the risk of 
infections.

In conclusion, we have identified HIP1 as a new arthritis 
severity and joint damage gene. HIP1 inhibition might be a 
feasible future option to treat RA as a monotherapy or in combi-
nation with a well-established agent such as anti-TNFα or others 
to target the FLS to reduce joint damage. HIP1 also has the 
potential to become a prognostic biomarker in RA.
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ABsTrACT
Objectives recent studies indicate that glucose 
metabolism is altered in rheumatoid arthritis (rA) 
fibroblast-like synoviocytes (FLS). Hexokinases (HKs) 
catalyse the first step in glucose metabolism, and HK2 
constitutes the principal HK inducible isoform. We 
hypothesise that HK2 contributes to the synovial lining 
hypertrophy and plays a critical role in bone and cartilage 
damage.
Methods HK1 and HK2 expression were determined 
in rA and osteoarthritis (oA) synovial tissue by 
immunohistochemistry. rA FLS were transfected with 
either HK1 or HK2 sirnA, or infected with either 
adenovirus (ad)-GFp, ad-HK1 or ad-HK2. FLS migration 
and invasion were assessed. to study the role of HK2 in 
vivo, 108 particles of ad-HK2 or ad-GFp were injected 
into the knee of wild-type mice. K/Bxn serum transfer 
arthritis was induced in HK2F/F mice harbouring Col1a1-
Cre (HK2Col1), to delete HK2 in non-haematopoietic cells.
results HK2 is particular of rA histopathology (9/9 
rA; 1/8 oA) and colocalises with FLS markers. Silencing 
HK2 in rA FLS resulted in a less invasive and migratory 
phenotype. Consistently, overexpression of HK2 resulted 
in an increased ability to migrate and invade. It also 
increased extracellular lactate production. Intra-articular 
injection of ad-HK2 in normal knees dramatically 
increased synovial lining thickness, FLS activation and 
proliferation. HK2 was highly expressed in the synovial 
lining after K/Bxn serum transfer arthritis. HK2Col1 mice 
significantly showed decreased arthritis severity, bone 
and cartilage damage.
Conclusion HK2 is specifically expressed in rA synovial 
lining and regulates FLS aggressive functions. HK2 might 
be an attractive selective metabolic target safer than 
global glycolysis for rA treatment.

InTrOduCTIOn
Rheumatoid arthritis (RA) is a systemic autoim-
mune disease that leads to chronic inflammation 
and progressive joint destruction.1 One of the 
apparent histopathological changes of the joint in 
RA is the hypertrophic synovial lining.2 3 Fibro-
blast-like synoviocytes (FLS) are stromal cells that 
give structure to the synovial lining and are contrib-
uting to RA pathology by invading and promoting 
cartilage destruction, expressing metalloproteases 
(MMP) and inducing chronic inflammation by 
secreting pro-inflammatory cytokines and chemo-
kines.2 4 5 There is an unmet need to target FLS 

aggressive phenotype in RA in combination with 
current therapies.

Different approaches have highlighted under-
lying mechanisms that explain RA FLS behaviour, 
including activation of signalling pathways6 7, and 
epigenetic modifications.8 9 RA FLS metabolism 
has gained attention as recent studies have pointed 
out to modifications in RA FLS cell metabolism.3 10 
Many key signalling pathways that are activated by 
the inflamed joint microenvironment converge to 
adapt cell metabolism in order to support FLS acti-
vation and aggressive phenotype, suggesting that 
the study of metabolic changes in RA FLS and key 
players could potentially lead to the identification 
of new therapeutic agents.3 10–12

Among other metabolic changes, our recent work 
and others have highlighted a critical role of glucose 
metabolism in activated FLS.13 14 The high level of 
activity in glycolytic inflamed tissues is manifested 
by the use of positron emission tomography (PET), 
which can be observed by PET in swollen joints.15 16 
Also, synovial fluid from patients  with RA has higher 
levels of lactate and less glucose levels than osteo-
arthritis (OA) synovial fluid.17 18 This dependency 
of activated cells on accelerated glucose metab-
olism could render them more vulnerable to the 
disruption of glucose metabolism and support that 
targeting glucose metabolism might be a reasonable 
complementary approach for patients with RA.11

Hexokinases (HKs) catalyse the first committed 
step in glucose metabolism.19 20 By catalysing the 
phosphorylation of glucose to G6P, hexokinases 
promote and sustain a concentration gradient that 
facilitates glucose entry into cells and the initiation 
of all major pathways of glucose utilisation. HK1 
is constitutively expressed in most mammalian 
adult tissues. HK2, which also has high affinity for 
glucose and harbours two catalytic domains, consti-
tutes the principal inducible isoform.21 The identi-
fication of isoform-specific contributors to elevated 
cell glucose metabolism without compromising 
systemic homeostasis or normal metabolic func-
tions could make targeting cell metabolic changes 
an approach more feasible.

Here, we test the hypothesis that HK2 is a specific 
isoform contributing to elevated cell glucose metab-
olism in RA FLS and is a key regulator of aggressive 
FLS phenotype. We show that HK2 expression is 
elevated in the RA synovial tissue and overexpres-
sion of HK2 in the murine synovial lining promotes 
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Figure 1 HK2 expression in the inflamed synovial lining of patients with rheumatoid arthritis (RA). (A) Representative immunohistochemistry (IHC) 
images of HK2 staining in RA and osteoarthritis (OA) synovium. (B) Representative IHC images of double-colour staining of HK2 (red) and vimentin 
(black), vascular cell adhesion protein 1 (VCAM1) (black) or podoplanin (PDPN) (black) in a RA human synovium. (C) Immunoblot (IB) of the indicated 
proteins in RA fibroblast-like synoviocytes (FLS) at baseline and after PDGFor LPS stimulation for 24 and 48 hours. (D) IB and quantification of the 
indicated proteins in RA FLS after tumour necrosis factor (TNF) or hypoxia (1%) stimulation. Results are average of three different RA FLS lines. Values 
are the mean ±SEM. *p<0.05.

hypertrophy of healthy synovium as well as RA FLS activation. 
HK2 deletion in FLS decreases its aggressive phenotype, and 
HK2 deletion in Col1a1-expressing cells ameliorates disease 
severity of arthritis. Taken together, our data suggest that HK2 is 
involved in FLS activation and synovial hypertrophy and could 
play a role in RA.

MeTHOds
Human synovium and FLs
Human synovium or FLS were extracted from patients with RA 
or OA undergoing total joint replacement. All patients with RA 
met the American College of Rheumatology 1987 revised criteria 
for seropositive RA as previously described.22 23 FLS were used 
between p4 and p9 passages.

More detailed methods are provided as online supplementary 
methods.

resuLTs
HK2 expression is mainly induced in the inflamed synovial 
lining of patients with rA
We first studied the expression of both HK isoforms in synovium 
to determine whether or not HK2 is an inducible isoform in 
synovial tissue. Immunohistochemistry (IHC) analysis of HK2 
expression in RA synovium revealed that HK2 was detected 
in RA synovial tissue, very predominant in the lining but also 
in sublining (figure 1A). Of interest, while HK2 expression 
was abundant in all RA synovial samples tested (nine different 
RA donors), both lining and sublining were negative for HK2 

expression in most OA synovial samples (seven out of eight 
different OA donors) (figure 1A). HK1 expression, as expected, 
was uniformly present in both OA and RA synovial tissue (online 
supplementary figure 1A). Of note, when cultured in vitro, both 
RA and OA FLS cell lines expressed HK2 at basal level, although 
HK2 expression level was higher in RA than in OA FLS (online 
supplementary figure 1B).

We then performed a double-colour IHC to determine whether 
or not FLS expressed HK2 in the RA synovium. We identified 
FLS as cells positive for vimentin, vascular cell adhesion protein 
1 (VCAM1) or podoplanin (PDPN).2 24 As shown in figure 1B, 
HK2-positive staining colocalised with all the different FLS 
markers in the lining. Of interest, other cells in the sublining 
of some RA samples, which were negative for FLS markers, did 
expressed HK2, suggesting that other synovial cell types could 
also upregulate HK2 expression in RA synovial tissue.

effect of HK2 modulation in aggressive functions of human 
FLs
In order to investigate the role of HK2 in RA FLS functions, we 
conducted in vitro studies. We first studied whether inflamma-
tory mediators implicated in FLS inflammatory response upreg-
ulated HK2 expression. As shown in figure 1C, D, stimulation 
of RA FLS with platelet-derived growth factor (PDGF), lipo-
polysaccharide (LPS), tumour necrosis factor (TNF) or hypoxia 
increased the expression of HK2 protein. TNF and hypoxia 
stimulation also increased HK2 protein levels in OA FLS (online 
supplementary figure 1C).
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Figure 2 Effect of HK2 modulation in human rheumatoid arthritis (RA) fibroblast-like synoviocytes (FLS) migration and invasion. (A) RA FLS were 
transfected with either siRNA control, siRNA HK1 or siRNA HK2 as detailed in 'Methods'. Representative images of invasion area (upper panels) and 
migration (lower panels) are shown. Quantification, as detailed in 'Methods', of area of invasion and migration after PDGF stimulation for 24 hours 
are shown. Results are average of three different RA FLS lines. Values are the mean ±SEM (B) RA FLS were infected with adenovirus carrying GFP 
(ad-GFP), adenovirus carrying human HK1 (ad-hHK1) or HK2 (Ad-hHK2) as detailed in 'Methods'. Representative images of invasion area (upper 
panels) and migration (lower panels) are shown. Quantification, as detailed in 'Methods', of area of invasion and migration after PDGF stimulation 
for 24 hours are shown. Results are average of three different RA FLS lines. Values are the mean ±SEM (C) qPCR analysis of the indicated genes in RA 
FLS 72 hours after ad-GFP, ad-HK1 and ad-HK2 infection. Results are average of five different RA FLS lines. Values are shown as mean ±SEM. *p<0.05; 
**p<0.01. (D) Left: RNA levels of GLUT1 in RA FLS, 72 hours after ad-GFP, ad-HK1 or ad-HK2 infection. Results are average of three different RA 
FLS lines. Values are the mean ±SEM. Right: RA FLS were infected with ad-GFP, ad-HK1 or ad-HK2. Media was changed 48 hours after infection and 
lactate was measured in the supernatants at 2 and 4 hours. Data are pooled from thee technical replicates, and three different RA FLS lines. Values 
are the mean ±SEM. (e) RA FLS were infected with ad-GFP or ad-hHK2 as detailed in 'Methods'. Representing images and quantification are shown 
of area of invasion after PDGF stimulation for 24 hours in the presence or absence of 10 μM 7AAC. Results are average of three different RA FLS lines. 
Values are the mean ±SEM. *p<0.05, **p<0.01, ***p<0.001.

We then silenced HK1 and HK2 expression in those cell lines. 
Online supplementary figure 2A, B shows HK1 and HK2 expres-
sion by qPCR and immunoblotting (IB) after HK silencing in RA 
FLS. As glycolysis inhibition was shown to induce cell death in 
FLS,25 we confirmed that HK1 or HK2 silencing did not change 
cell viability or shape (online supplementary figure 2C). As 
shown in figure 2A, RA FLS after HK silencing were less invasive 
(HK1: p<0.001; HK2: p<0.05) and migration measured by the 
length of the scar was also diminished (HK1: p<0.0001; HK2 
p<0.001). Yet, HK silencing did not modify interleukin (IL)-6, 
IL-8 or MMP expression (online supplementary figure 2D).

We also tested the effect of HK2 overexpression in RA FLS 
by infecting with adenovirus carrying human HK1 or HK2 
(ad-huHK1 or ad-huHK2). Online supplementary figure 3A and 
B shows HK1 and HK2 expression by qPCR and IB after ad-HK 
infection in RA FLS. After HK2 overexpression, RA FLS were 
more invasive than after HK1 overexpression (HK2: p=0.01, 
figure 2B). HK2 overexpression also decreased the length of 
the scar in the migration assay in FLS although did not reach 

significance (figure 2B), and increased RNA levels of the pro-in-
flammatory cytokine IL-6, IL-8 and MMP (figure 2C). Yet, it 
did not induce any change in proliferation (online supplemen-
tary figure 3C) Interestingly, both HK1 and HK2 overexpression 
increased RA FLS extracellular lactate production but only HK2 
overexpression also increased GLUT1 mRNA levels (figure 2D). 
Yet, inhibition of the extracellular lactate transporters after HK2 
overexpression by 7AAC, which specifically inhibits monocar-
boxylate transporter 1 and 4 (MTC1/4), did not abolish HK2 
invasive phenotype in RA FLS (figure 2E).

HKs can bind to mitochondria through their N-terminal 
hydrophobic regions. Confocal studies were conducted to deter-
mine HKs intracellular distribution in FLS. Of interest, these 
studies showed that the distribution of HKs in non-infected FLS 
was different between HK1 and HK2. While HK1 was colocal-
ised with or adjacent to mitochondria, HK2 was only partially 
mitochondria-bounded and it also displayed diffuse cyto-
plasmic distribution (figure 3A and online supplementary figure 
4). Notably, after HK1 overexpression, the intensity of HK1 

https://dx.doi.org/10.1136/annrheumdis-2018-213103
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Figure 3 Intracellular distribution of hexokinases (HKs) and osteoarthritis (OA) fibroblast-like synoviocytes (FLS) phenotype after HKs 
overexpression. (A) Intracellular distribution of HKs (in green) and mitochondria (Tom20; in red) in FLS at baseline (upper panels) and after 
Ad- infection (lower panels) examined by confocal microscopy. Figure shows overlapping images (yellow, colocalisation of HKs with Tom20). 
Representative images of three different rheumatoid arthritis (RA) FLS are shown. (B) qPCR analysis of the indicated genes in OA FLS 72 hours after 
adenovirus carrying GFP (ad-GFP) and adenovirus carrying human HK2 (ad-HK2) infection. Results are average of three different OA FLS lines. Values 
are shown as mean ±SEM. *p<0.05. (C) OA FLS were infected with ad-GFP or ad-hHK2 as detailed in 'Methods'. Representative images of invasion 
area of three different OA FLS cell lines are shown. (D) OA FLS were infected with ad-GFP or ad-hHK2 as detailed in 'Methods'. Quantification, as 
detailed in 'Methods', of area of invasion after PDGF stimulation for 24 hours is shown. Results are average of four different OA FLS lines. Values are 
the mean ±SEM.

colocalisation with mitochondria and mitochondria distribution 
differed considerably from HK2 distribution and colocalisation 
after HK2 overexpression, which may explain the discrepancies 
observed after HK1 and HK2 overexpression (figure 3A and 
online supplementary figure 4).

We finally addressed whether HK2 overexpression could 
induce an inflammatory phenotype in OA FLS. As shown in 
figure 3B, overexpression of HK2 induced an increase of RNA 
levels of the pro-inflammatory cytokine IL-6, IL-8 and MMP in 
OA cell lines. Of interest, the overexpression of HK2 induced 
an invasive phenotype compared with ad-GFP but not in all 
OA FLS cell lines tested. As opposed to the homogeneity of 
the HK2 overexpression effect on RA FLS, the invasive pheno-
type after HK2 overexpression varied among OA FLS cell lines 
(figure 3C), and overall quantification (figure 3D) did not show 
significant differences, suggesting that HK2 expression contrib-
utes but is not sufficient to completely recapitulate the aggressive 
phenotype of RA FLS.

HK2 overexpression leads to a synovial lining hypertrophy in 
murine healthy joints
In order to assess the effect of HK2 overexpression in synovial 
tissue in vivo, we intra-articularly injected adenovirus carrying 

murine HK2 (ad-mHK2) into murine knees, and adenovirus 
carrying GFP (ad-GFP) as a control in the contralateral knee 
of wild-type (WT) healthy mice. Overexpression of HK2 in the 
synovial lining was effective since HK2 expression was increased 
in ad-mHK2-injected joints compared with ad-GFP-injected 
joints (figure 4A). Interestingly, we observed that intra-articular 
injection of ad-mHK2 in normal knees dramatically increased 
synovial lining thickness (mean±SEM: ad-GFP: 0.54±0.21; 
ad-HK2: 2.91±0.28; p<0.00001) (figure 4B). We also observed 
synovial lining from ad-HK2-injected knee migrating towards the 
cartilage compared with ad-GFP-injected knees (mean±SEM: 
ad-GFP: 0.75±0.22; ad-HK2: 2.03±0.29; p=0.0015) 
(figure 4B). Double-colour IHC with vimentin confirmed HK2 
expression in FLS after ad-mHK2 injection (figure 4C).

We then tested if HK2 overexpression modified FLS activation 
and proliferation by staining for anti-alpha smooth muscle actin 
(α-sma), a myofibroblastic marker, MMP3 and Ki67, a marker 
of proliferative cells. Figure 4D shows that anti α-sma staining 
was increased in ad-mHK2-injected knees compared with 
ad-GFP-injected knees. MMP3 staining was also widely present 
in the hypertrophic lining in ad-mHK2 synovium (figure 4D). 
Of interest, intra-articular injection of ad-mHK2 also increased 
the number of positive Ki67 cells in the synovium (figure 4E) 
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Figure 4 HK2 overexpression leads to a hypertrophic synovia in healthy joints. Control wild-type (WT) mice (n=13) were injected intra-articularly in 
one knee with 108adenovirus carrying murine HK2 (ad-mHK2) and adenovirus carrying GFP (ad-GFP) in contralateral knee. (A) Representative image 
of HK2 staining of the indicated mice. (B) Upper panels: representative images of H&E showing hypertrophy (arrow indicates synovial hypertrophy), 
and quantification (mean±SEM: ad-GFP: 0.54±0.21; ad-HK2: 2.91±0.28; p<0.00001) are shown. Lower panels: representative images of H&E showing 
synovial attachment to cartilage (arrow indicates synovial migration), and quantification (mean±SEM: ad-GFP: 0.75±0.22; ad-HK2: 2.03±0.29; 
p=0.0015) are shown. (C) Representative immunohistochemistry (IHC) image of double-colour staining of anti-vimentin (red) and anti-HK2 (black) 
of the indicated mice. (D) Representative IHC image of anti-alpha-sma and MMP3 of the indicated mice. (E) Representative Ki67 staining of the 
indicated mice and quantification of Ki67-positive cells in the synovium of ad-GFP or ad-HK2-injected knees (mean±SEM: ad-GFP: 16.5±8.7; ad-HK2: 
87.14±56.64, p=0.05, n=6 per group). (F) Representative IHC image of double-colour staining of anti-vimentin (black) and anti-Ki67 (red) of the 
indicated mice. (G) Representative images of H&E showing sublining infiltration (100× magnification in upper images and 400× magnification in 
lower images) of indicated mice. Quantification: mean±SEM: ad-GFP: 0.08±0.08; ad-HK2: 0.92±0.29; p=0.02. (H) Representative IHC image of F4/80, 
iNOS and vimentin (black) and iNOS (red) staining of the synovial of the indicated mice.

mean±SEM: ad-GFP: 16.5±8.7; ad-HK2: 87.14±56.64, 
p=0.05. Double-colour IHC with vimentin showed some 
Ki67-positive cells in vimentin positive cells, suggesting that 
HK2 overexpression in FLS-induced FLS proliferation in vivo 
(figure 4F).

We also determined whether the overexpression of ad-mHK2 
in the lining induced the recruitment of infiltrating cells. 
Although the response was more heterogeneous than the 
synovial hypertrophy induction by HK2 overexpression, we 
observed a mild sublining infiltration in 6 out of 13 knees after 
ad-mHK2 injection compared with none after ad-GFP injec-
tion (mean±SEM: ad-GFP: 0.08±0.08; ad-HK2: 0.92±0.29; 
p=0.02) (figure 4G). When observed at higher magnification, 
most of the infiltrating cells were mononuclear cells (figure 4G). 
We then stained for F4/80, a marker of monocyte-macrophage 
lineage, and for iNOS, which stains activated myeloid cells. We 
observed that both sublining infiltrating cells were positive for 
F4/80 and iNOS. Double-colour IHC with vimentin and iNOS 

confirmed that most of vimentin-positive cells were negative for 
iNOS, suggesting that the infiltrating cells were indeed activated 
myelomonocitic cells (figure 4H).

HK2 expression in murine joints is also increased in synovial 
FLs after arthritis induction
The effect of HK2 on FLS migration and invasion led us to 
evaluate the role of HK2 in the K/BxN arthritis model. The 
K/BxN passive serum transfer model is FLS dependent and 
requires only innate immunity.26 27 PDPN, glycoprotein highly 
expressed in activated RA FLS, is also expressed in the arthritic 
murine lining (figure 5A). As we recently published,14 several 
genes related to glucose metabolism were upregulated early in 
the course of the arthritis, at day 5 after K/BxN serum transfer, 
in enriched arthritic CD45negPDPNpos cells. We confirmed that 
HK2 expression had higher expression in enriched arthritic 
CD45negPDPNpos cells (1.04±0.4 in normal joints vs 1.8±0.3 in 
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Figure 5 Specific deletion of HK2 in Col1a1 expressing cells ameliorates arthritis in an animal model of inflammatory arthritis. Serum passive K/
BxN arthritis was induced after intraperitoneally injection of 150 µL of K/BxN mouse serum on day 0. (A) Representative immunohistochemistry 
(IHC) images at day 9 after serum injection of PDPN expression in synovial tissue of arthritic wild-type (WT) mice. (B) Gene expression level of HK2 
in isolated CD45negPDPNpos cells from control mice or KRN-induced arthritic mice. HK2 expression is increased in arthritic CD45negPDPNpos (1.04±0.4 
in normal joints vs 1.8±0.3 in arthritic joints; p=0.03). (C) Representative IHC images at day 9 after serum injection of HK2 expression in synovial 
tissue of arthritic WT mice versus control WT mice. (D) Single cells from arthritic joints were enriched for CD45-PDPN+ as described in 'Methods'. 
Shown sorted populations for further RNAseq analysis. (E) Heat map of gene expression level of isolated CD45negPDPNpos cells compared with 
CD45negPDPNneg from arthritic joints as described in 'Methods'.

arthritic joints: p=0.03; 1.8±0.3 in arthritic CD45negPDPNpos 
cells vs 0.25±0.09 in arthritic CD45negPDPNneg cells: p<0.01) 
(figure 5B). HK2 was highly and uniformly expressed in the inva-
sive lining in arthritic joints (figure 5C). Several glucose metab-
olism related genes together with other markers of activated 
FLS were also increased at the peak of the arthritis in CD45neg-

PDPNpos cells compared with CD45negPDPNneg (figure 5D, E). 
Specifically, GLUT1, ENO1 but also pyruvate kinase muscle 
isoenzyme 2, pyruvate dehydrogenase kinase (PDK) 1 and 3 
were upregulated in this population.

Conditional knockout of HK2 in Col1a1-expressing cells has 
an ameliorated arthritic disease
As there is no available Cre-recombinase expressing strain that 
deletes specifically in FLS, we generated HK2F/F Col1a1-Cre 
(HK2Col1) mice to delete HK2 in collagen type I expressing 
cells including FLS. As shown in figure 6A, HK2 was deleted 
in HK2Col1 joint FLS. We then conducted the arthritic model 
of K/BxN serum-transfer arthritis. Deletion of HK2 in Col1a1 
expressing cells significantly decreased arthritis severity (clinical 
score at day 12 was 9±2.5 in WT mice vs. 6.1±3.2 in HK2F/

FCol1a1-Cre; p=0.02) (figure 6B). Histopathological studies 
at day 12 showed that bone erosion (p=0.04) and cartilage 

damage (p=0.05), but not less cellular infiltration was reduced 
in HK2Col1 mice compared with littermate control (figure 6C, 
D). Of note, MMP3 and Ki67 expression that were upregulated 
in K/BxN arthritis synovium were decreased in HK2Col1 mice 
compared with littermate control (figure 6E).

dIsCussIOn
The concept of metabolic reprogramming to improve immu-
notherapy slowly is being translated into autoimmune diseases 
to complement current therapies.28 Yet, there are little data 
about targeting metabolic changes in RA. We here showed that 
targeting the first step in glucose metabolism could be a potential 
selective metabolic therapy for RA and regulates FLS aggressive 
behaviour.

Although previous works have demonstrated a role of 
glucose metabolism in cell activation and function,29–31 inhib-
iting general glucose metabolism is not desirable in the overall 
body. Thus, there is a need of finding specific metabolic targets 
that are induced in activated cells such as FLS. HKs are the first 
enzymatic step in glucose metabolism. While HK1 is a ubiqui-
tously expressed enzyme in all living cells, HK2 is an inducible 
form and only expressed in adulthood in some organs. Our data 
suggest that HK2 constitutes an attractive potential selective 
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Figure 6 Specific deletion of HK2 in Col1a1 expressing cells ameliorates arthritis in an animal model of inflammatory arthritis. Serum passive K/
BxN arthritis was induced after intraperitoneally injection of 150 µL of K/BxN mouse serum on day 0. (A). Immunofluorescence of the murine synovium 
(vimentin in red; HK2 in green; DAPI blue) in the indicated mice, showing that HK2Col1 synovial cells lack HK2 in murine fibroblast-like synoviocytes 
(FLS) compared with control HK2F/F.(B) Clinical arthritis scores were determined in HK2F/F and HK2Col1 mice after arthritis induction. Values are the 
mean±SEM of 10 mice per group. *p<0.05. (C) Sections of the ankle joints of HK2F/F and HK2Col1 mice were stained with H&E or Safranin O on day 
12 after arthritis induction. (D) Histological scores were determined on day 12 after serum transfer in HK2F/F and HK2Col1 mice. (E) Representative 
immunohistochemistry images of MMP3 and Ki67 of the indicated mice.

target for arthritis therapy. Indirect evidence of HK2 redun-
dancy in adulthood is the fact that global HK2 ablation in adult 
mice was well tolerated, and HK2-deficient mice were indistin-
guishable from control mice both morphologically, and in terms 
of growth, bodyweight and glucose homeostasis.19 Adult tissues 
that abundantly express HK2 also express relatively high levels 
of HK1, which might play a compensatory or redundant role in 
the absence of HK2.

Here, we have observed that HK2 is not expressed in most of 
OA patient’s synovial tissue. Consistent with the idea of upregu-
lation secondary to synovial inflammation, we observed that its 
expression was induced by inflammatory and activation signals 
including LPS, PDGF, TNF and hypoxia. In K/BxN model of 
mice, its expression is also elevated in inflamed joints but not in 
healthy joints. Interestingly, HK2 mRNA expression levels are 
also increased in TNF or IL-1β-stimulated RA FLS as published 
in Geo Datasets (Array GSE49604, GSE516, GSE2676), 
together with other glucose metabolism related genes. While 
both HK1 and HK2 silencing reduced migratory and invasive 
phenotype of RA FLS, only the overexpression of HK2 contrib-
uted to aggressive phenotype of FLS since its overexpression 
increased the invasiveness of these cells and induced IL-6, MMPs 
and IL-8 mRNA expression. Other studies performed in cancer 
cells observed similar effects. When HK2 was silenced, breast 
cancer cells were less migratory after in vitro TNF stimulation,32 
and pancreatic cells were less metastatic in an in vivo model.33 
Although extracellular lactate was shown to be involved in cancer 
cell invasive phenotype,33 in RA FLS, the inhibition of lactate 
transporters (MTC1 and 4) did not reverse the HK2-dependent 
invasive phenotype. Interestingly, although both HK2 and HK1 
similarly increase extracellular lactate, only HK2 and not HK1 

overexpression triggers a FLS aggressive phenotype, suggesting 
the involvement of glycolysis independent mechanisms. Confocal 
studies revealed that HK1 and HK2 differ in their intracellular 
colocalisation, but further mechanistic studies are warranted. Of 
note, HK2 deletion was not sufficient to modulate IL-6 or TNF 
expression, which might indicate that targeting HK2 will not 
change pro-inflammatory cytokine profile and could potentially 
complement current immunotherapies.

In addition, HK2 overexpression in the synovium of a healthy 
murine knee transformed the thin lining into a hypertrophic 
synovium and it also enhanced FLS activation and migration 
towards cartilage. HK2, therefore, led a healthy normal synovial 
lining into a hypertrophic and aggressive synovium upregulating 
α-sma and MMP3 expression, and also stimulating proliferation 
as shown by the presence of Ki67 cells in vimentin positive cells. 
Yet, HK2 overexpression did not increase proliferation in vitro, 
suggesting that other mediators are involved in the prolifera-
tion observed in the in vivo experiments. The myofibroblastic 
marker α-sma might explain the migratory phenotype since 
α-sma has been associated with higher contractile profile in 
fibroblasts.34 Whether or not HK2 also plays a role in synovial 
macrophage recruitment, activation and differentiation requires 
further studies. Although double-colour IHC showed that most 
of HK2-positive cells colocalised with vimentin-positive cells, 
suggesting FLS HK2 involvement in recruiting and activating 
synovial macrophages, we cannot rule out a direct activation of 
macrophages by the ad-HK2.

Partial ablation of HK2 in FLS slightly ameliorated the clinical 
signs of arthritis animal model. We did not see a significant effect 
on inflammation, probably because as shown in vitro, deletion 
of HK2 in FLS was not sufficient to modulate the expression 
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of inflammatory mediators. Yet, histological scores of bone and 
cartilage damage were significantly improved in HK2Col1 mice, 
suggesting a predominant role of HK2 in synovial migration and 
invasion. Col1a1-Cre does not delete only in FLS so the effect of 
HK2 deletion in other cells including chondrocytes and osteo-
blasts needs further attention. Although our conditional mice 
explains the effect of HK2 in non-haematopoietic cells, double-
staining IHC suggest that human RA synovial cells other than 
FLS also expresses HK2, so further experiments are needed to 
study the effect of HK2 in other synovial cell types.

This is the first study to identify an isoform-specific contrib-
utor to metabolism changes in RA synovial tissue that could be 
selectively targeted without compromising systemic homeostasis 
or corresponding metabolic functions in normal cells, offering a 
safer and novel additional approach for combination therapy in 
RA joint disease independent of systemic immunosuppression. 
Given HK2 selective overexpression in RA inflamed synovium, 
and its restricted distribution of expression in normal adult 
tissues, HK2 constitutes an attractive potential selective target 
for arthritis therapy and safer than global glycolysis inhibition.

Author affiliations
1department of Medicine, University of California San diego, San diego, California, 
USA
2department of pharmacology, University of California, San diego, California, USA
3rheumatology research Group, Institute of inflammation and Ageing, College of 
Medical and dental Sciences, University of Birmingham, Queen Elizabeth Hospital, 
Birmingham, UK
4Medicine, VA San diego Healthcare System/UC, San diego, California, USA
5department of Surgery, University of California, San diego, California, USA
6department of Biochemistry and Molecular Genetics, University of California, 
Chicago, Illinois, USA
7department of Medicine, Autonomous University of Barcelona, Bellaterra, Spain

Acknowledgements the authors thank tissue technology Shared resources 
(ttSr) and microscope core: nIndS p30 nS047101.

Contributors All authors were involved in drafting the article or revising it critically 
for important intellectual content, and all authors approved the final version to be 
published. MG had full access to all of the data in the study and takes responsibility 
for the integrity of the data and the accuracy of the data analysis. Study conception 
and design: MFB, AnM, SM and MG. Acquisition of data. MFB, pGo, rGC, ApC, JMS, 
rS and ESL. Analysis and interpretation of data: MFB, ESL,nH, CdB, AnM, SM, GF 
and MG.

Funding MG was supported by nIH 1K08Ar064834, r03Ar068094 and 
rheumatology research Foundation. rGC’s work was supported by a fellowship 
from the Boehringer-Ingelheim Foundation. AC was supported by a Wellcome trust 
Clinical Career development Fellowship (Wt104551MA). Additional support was 
provided by grants dK-054441-15 and CA-188652 to AnM, r56 HL097037 to SM; 
and r01 CA206167 and the VA merit award Bx000733 to nH. this work was also 
supported in part by the Erickson Family. 

Competing interests none declared.

Patient consent not required.

Provenance and peer review not commissioned; externally peer reviewed.

RefeRences
 1 Firestein GS. Evolving concepts of rheumatoid arthritis. Nature 2003;423:356–61.
 2 Bartok B, Firestein GS. Fibroblast-like synoviocytes: key effector cells in rheumatoid 

arthritis. Immunol Rev 2010;233:233–55.
 3 Bustamante MF, Garcia-Carbonell r, Whisenant Kd, et al. Fibroblast-like synoviocyte 

metabolism in the pathogenesis of rheumatoid arthritis. Arthritis Res Ther 
2017;19:110.

 4 Bottini n, Firestein GS. duality of fibroblast-like synoviocytes in rA: passive responders 
and imprinted aggressors. Nat Rev Rheumatol 2013;9:24–33.

 5 neumann E, Lefèvre S, Zimmermann B, et al. rheumatoid arthritis progression 
mediated by activated synovial fibroblasts. Trends Mol Med 2010;16:458–68.

 6 Hammaker d, Firestein GS. "Go upstream, young man": lessons learned from the p38 
saga. Ann Rheum Dis 2010;69(Suppl 1):i77–82.

 7 Hammaker d, Sweeney S, Firestein GS. Signal transduction networks in rheumatoid 
arthritis. Ann Rheum Dis 2003;62(Suppl 2):86ii–9.

8 Araki Y, tsuzuki Wada t, Aizaki Y, et al. Histone Methylation and StAt-3 differentially 
regulate Interleukin-6-Induced Matrix Metalloproteinase Gene Activation in 
rheumatoid Arthritis Synovial Fibroblasts. Arthritis Rheumatol 2016;68:1111–23.

 9 Bottini n, Firestein GS. Epigenetics in rheumatoid arthritis: a primer for 
rheumatologists. Curr Rheumatol Rep 2013;15:372.

 10 Falconer J, Murphy An, Young Sp, et al. review: synovial cell metabolism and chronic 
inflammation in rheumatoid arthritis. Arthritis Rheumatol 2018;70:984–99.

 11 Semerano L, roméo pH, Boissier MC. Metabolomics for rheumatic diseases: has the 
time come? Ann Rheum Dis 2015;74:1325–6.

 12 Guma M, Sanchez-Lopez E, Lodi A, et al. Choline kinase inhibition in rheumatoid 
arthritis. Ann Rheum Dis 2015;74:1399–407.

 13 Fearon U, Canavan M, Biniecka M, et al. Hypoxia, mitochondrial dysfunction and 
synovial invasiveness in rheumatoid arthritis. Nat Rev Rheumatol 2016;12:385–97.

 14 Garcia-Carbonell r, divakaruni AS, Lodi A, et al. Critical role of Glucose Metabolism 
in rheumatoid Arthritis Fibroblast-like Synoviocytes. Arthritis Rheumatol 
2016;68:1614–26.

 15 Vijayant V, Sarma M, Aurangabadkar H, et al. potential of (18)F-FdG-pEt as a valuable 
adjunct to clinical and response assessment in rheumatoid arthritis and seronegative 
spondyloarthropathies. World J Radiol 2012;4:462–8.

 16 Vogel WV, van riel pL, oyen WJ. FdG-pEt/Ct can visualise the extent of inflammation 
in rheumatoid arthritis of the tarsus. Eur J Nucl Med Mol Imaging 2007;34:439.

 17 Bushinsky dA, Frick KK. the effects of acid on bone. Curr Opin Nephrol Hypertens 
2000;9:369–79.

 18 treuhaft pS, MCCarty dJ, Mc dJ. Synovial fluid pH, lactate, oxygen and carbon dioxide 
partial pressure in various joint diseases. Arthritis Rheum 1971;14:475–84.

 19 patra KC, Wang Q, Bhaskar pt, et al. Hexokinase 2 is required for tumor initiation 
and maintenance and its systemic deletion is therapeutic in mouse models of cancer. 
Cancer Cell 2013;24:213–28.

 20 Wilson JE. Isozymes of mammalian hexokinase: structure, subcellular localization and 
metabolic function. J Exp Biol 2003;206(pt 12):2049–57.

 21 robey rB, Hay n. Mitochondrial hexokinases, novel mediators of the antiapoptotic 
effects of growth factors and Akt. Oncogene 2006;25:4683–96.

 22 Alvaro-Gracia JM, Zvaifler nJ, Brown CB, et al. Cytokines in chronic inflammatory 
arthritis. VI. Analysis of the synovial cells involved in granulocyte-macrophage colony-
stimulating factor production and gene expression in rheumatoid arthritis and its 
regulation by IL-1 and tumor necrosis factor-alpha. J Immunol 1991;146:3365–71.

 23 Alvaro-Gracia JM, Zvaifler nJ, Firestein GS. Cytokines in chronic inflammatory 
arthritis. V. Mutual antagonism between interferon-gamma and tumor necrosis 
factor-alpha on HLA-dr expression, proliferation, collagenase production, and 
granulocyte macrophage colony-stimulating factor production by rheumatoid arthritis 
synoviocytes. J Clin Invest 1990;86:1790–8.

 24 Ekwall AK, Eisler t, Anderberg C, et al. the tumour-associated glycoprotein podoplanin 
is expressed in fibroblast-like synoviocytes of the hyperplastic synovial lining layer in 
rheumatoid arthritis. Arthritis Res Ther 2011;13:r40.

 25 del rey MJ, Valín Á, Usategui A, et al. Hif-1α Knockdown reduces Glycolytic 
Metabolism and Induces Cell death of Human Synovial Fibroblasts Under normoxic 
Conditions. Sci Rep 2017;7:3644.

 26 Kyburz d, Corr M. the Krn mouse model of inflammatory arthritis. Springer Semin 
Immunopathol 2003;25:79–90.

 27 Lee dM, Kiener Hp, Agarwal SK, et al. Cadherin-11 in synovial lining formation and 
pathology in arthritis. Science 2007;315:1006–10.

 28 Guma M, tiziani S, Firestein GS. Metabolomics in rheumatic diseases: desperately 
seeking biomarkers. Nat Rev Rheumatol 2016;12:269–81.

 29 Galván-peña S, o’neill LA. Metabolic reprograming in macrophage polarization. Front 
Immunol 2014;5:420.

 30 Van den Bossche J, o’neill LA, Menon d. Macrophage Immunometabolism: Where Are 
We (Going)? Trends Immunol 2017;38:395–406.

 31 Borregaard n, Herlin t. Energy metabolism of human neutrophils during phagocytosis. 
J Clin Invest 1982;70:550–7.

 32 Gao Y, Yang Y, Yuan F, et al. tnFα-YAp/p65-HK2 axis mediates breast cancer cell 
migration. Oncogenesis 2017;6:e383.

 33 Anderson M, Marayati r, Moffitt r, et al. Hexokinase 2 promotes tumor growth 
and metastasis by regulating lactate production in pancreatic cancer. Oncotarget 
2017;8:56081–94.

 34 Shinde AV, Humeres C, Frangogiannis nG. the role of α-smooth muscle actin in 
fibroblast-mediated matrix contraction and remodeling. Biochim Biophys Acta 
2017;1863:298–309.

http://dx.doi.org/10.1038/nature01661
http://dx.doi.org/10.1111/j.0105-2896.2009.00859.x
http://dx.doi.org/10.1186/s13075-017-1303-3
http://dx.doi.org/10.1038/nrrheum.2012.190
http://dx.doi.org/10.1016/j.molmed.2010.07.004
http://dx.doi.org/10.1136/ard.2009.119479
http://dx.doi.org/10.1136/ard.62.suppl_2.ii86
http://dx.doi.org/10.1002/art.39563
http://dx.doi.org/10.1007/s11926-013-0372-9
http://dx.doi.org/10.1002/art.40504
http://dx.doi.org/10.1136/annrheumdis-2014-206618
http://dx.doi.org/10.1136/annrheumdis-2014-205696
http://dx.doi.org/10.1038/nrrheum.2016.69
http://dx.doi.org/10.1002/art.39608
http://dx.doi.org/10.4329/wjr.v4.i12.462
http://dx.doi.org/10.1007/s00259-006-0246-8
http://dx.doi.org/10.1097/00041552-200007000-00008
http://dx.doi.org/10.1002/art.1780140407
http://dx.doi.org/10.1016/j.ccr.2013.06.014
http://dx.doi.org/10.1242/jeb.00241
http://dx.doi.org/10.1038/sj.onc.1209595
http://www.ncbi.nlm.nih.gov/pubmed/2026869
http://dx.doi.org/10.1172/JCI114908
http://dx.doi.org/10.1186/ar3274
http://dx.doi.org/10.1038/s41598-017-03921-4
http://dx.doi.org/10.1007/s00281-003-0131-5
http://dx.doi.org/10.1007/s00281-003-0131-5
http://dx.doi.org/10.1126/science.1137306
http://dx.doi.org/10.1038/nrrheum.2016.1
http://dx.doi.org/10.3389/fimmu.2014.00420
http://dx.doi.org/10.3389/fimmu.2014.00420
http://dx.doi.org/10.1016/j.it.2017.03.001
http://dx.doi.org/10.1172/JCI110647
http://dx.doi.org/10.1038/oncsis.2017.83
http://dx.doi.org/10.18632/oncotarget.9760
http://dx.doi.org/10.1016/j.bbadis.2016.11.006
http://ard.bmj.com/


1644  Jin S, et al. Ann Rheum Dis 2018;77:1644–1652. doi:10.1136/annrheumdis-2018-213511

Basic and translational research

ExtEndEd rEport

Maresin 1 improves the Treg/Th17 imbalance in 
rheumatoid arthritis through miR-21
Shengwei Jin,1 Huaijun Chen,2 Yongsheng Li,3,4 Hao Zhong,2 Weiwei Sun,2 
Jianmin Wang,5 tingting Zhang,2 Jinglan Ma,2 Songfan Yan,1 Jiangang Zhang,3,4 
Qingqing tian,2 xinyu Yang,6 Jianguang Wang2

To cite: Jin S, Chen H, 
Li Y, et al. Ann Rheum Dis 
2018;77:1644–1652.

Handling editor Josef S 
Smolen

 ► Additional material is 
published online only. to view 
please visit the journal online 
(http:// dx. doi. org/ 10. 1136/ 
annrheumdis- 2018- 213511).

For numbered affiliations see 
end of article.

Correspondence to
Mr xinyu Yang, xinyu Yang, 
department of Medicinal 
Chemistry, School of 
pharmaceutical Sciences, 
Wenzhou Medical University, 
Wenzhou, 325035, China;  
 cyrillyoung@ 163. com and dr 
Jianguang Wang, department 
of Biochemistry, School of Basic 
Medical Sciences, Wenzhou 
Medical University, Wenzhou, 
325035, China;  
 wz_ wjg@ 163. com

SJ, HC and YL contributed 
equally.

received 1 April 2018
revised 4 July 2018
Accepted 5 July 2018
published online First 
25 July 2018

© Author(s) (or their 
employer(s)) 2018. no 
commercial re-use. See rights 
and permissions. published 
by BMJ.

ABsTrACT
Objective treg/th17 imbalance plays an important 
role in rheumatoid arthritis (rA). Maresin 1 (Mar1) 
prompts inflammation resolution and regulates immune 
responses. We explored the effect of Mar1 on rA 
progression and investigated the correlation between 
Mar1 and treg/th17 balance.
Methods Both patients with rA and healthy controls 
were recruited into the study. Collagen-induced arthritis 
(CIA) model was constructed to detect the clinical 
score, histopathological changes and treg/th17 ratio. 
purified naive Cd4+ t-cells were used to study the effect 
of Mar1 on its differentiation process and micrornA 
microarray studies were performed to investigate Mar1 
downstream micrornAs in this process. MicrornA 
transfection experiments were conducted by lentivirus to 
verify the mechanism of Mar1 on treg/th17 balance.
results Compared with controls, the Mar1 
concentration was higher in the patients with inactive 
rA and lower in the patients with active rA. Expression 
of the treg transcription factor Foxp3 was the highest in 
inactive rA and the lowest in active rA, while the th17 
transcription factor rorc showed a reverse trend. An 
inverse correlation was observed between the Foxp3/
rorc ratio and disease Activity Score 28. Intervention of 
Mar1 in the CIA model reduced joint inflammation and 
damage, and improved the imbalanced treg/th17 ratio. 
Mar1 increased treg cells proportion while reduced th17 
cells proportion under specific differentiation conditions. 
Furthermore, mir-21 was verified as Mar1 downstream 
micrornA, which was upregulated by Mar1, modulating 
the treg/th17 balance and thus ameliorating the rA 
progression.
Conclusions Mar1 is a therapeutic target for rA, likely 
operating through effects on the imbalanced treg/th17 
ratio found in the disease.

InTrOduCTIOn
Rheumatoid arthritis (RA) is a common chronic 
inflammatory disease characterised by joint destruc-
tion and bone erosion, as well as other serious 
complications.1 2 Although the aetiology and patho-
genesis of RA remains largely unknown, previous 
studies pointed out that the imbalance of Th17/Treg 
may play a role in the progression of RA.3 Th17 
cells mainly promote inflammation by secreting 
interleukin (IL)-17 and thus accelerate the occur-
rence of autoimmune diseases. IL-17 can induce the 
production of pro-inflammatory cytokines (such as 
tumour necrosis factor (TNF)-α, IL-6 and IL-1β), 

chemokines (such as monocyte chemoattractant 
protein (MCP)-1 and MCP-2) and matrix metal-
loproteinases, which lead to tissue invasion and 
destruction as well as damage of articular cartilage 
and bone.4 5 In contrast, Treg cells mediate the 
anti-inflammatory response by secreting IL-10 and 
transforming growth factor (TGF)-β and maintain 
the state of autoimmune tolerance.6 In RA develop-
ment, the proportion of Treg cells decreases7 and 
their function is inhibited. TNF-α in the synovium 
of patients with RA can inhibit FoxP3 phosphoryla-
tion, restraining Treg cells proliferation and secre-
tion of functional cytokines (IL-10 and TGF-β).8 
The resulting imbalance of Th17/Treg may be 
responsible for the occurrence and development of 
RA.9

Several recent studies have demonstrated that 
multiple chemical mediators derived from ω-3 poly-
unsaturated fatty acids (ω-3 PUFA) can ameliorate 
the acute inflammatory response. Among these are 
the so-called specialised pro-resolving lipid medi-
ators, which include lipoxins, resolvins, protectins 
and maresins (MaRs).10 Maresin 1 (MaR1) is one of 
the newly identified mediators, which is produced 
from docosahexaenoic acid (DHA) in macro-
phages.11 MaR1 inhibits neutrophil infiltration,12 
promotes macrophage efferocytosis and enhances 
tissue regeneration in acute inflammation13; 
however, its effect on chronic inflammation is not 
clear. Barden reported that MaR1 increased in 
plasma and synovia from patients with RA treated 
with ω-3 PUFA.14 Dawczynski demonstrated that RA 
disease activity decreased by taking foods enriched 
with DHA,15 which is one of ω-3 PUFA metabo-
lised into MaR1 in macrophages. Serhan observed 
the reduction of MaR1 in joints of K/BxN serum 
transfer induced arthritis mice, an animal model of 
RA.16 These facts indicate a potential relationship 
between MaR1 and RA, requiring further study to 
establish and determine the functional mechanisms 
involved.

MicroRNAs (miRNAs) are small non-coding 
RNA that regulate various biological processes 
including immune and inflammatory responses.17 Li 
found that MaR1 can inhibit miR-466l expression 
in zymosan-stimulated macrophages,18 suggesting 
that MaR1 can exert its biological functions by 
regulating miRNA.

In this study, we investigated the effect of MaR1 
on RA and the balance of Th17/Treg, and the 
involvement of miRNA in this process.

http://www.eular.org/
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MeTHOds And MATerIAls
Patients and samples
Samples were obtained from patients with RA and healthy 
controls at the First Affiliated Hospital of Wenzhou Medical 
University from May 2016 to December 2017. RA diagnosis was 
based on the 2010 American College of Rheumatology criteria. 
The clinical details of the patients are shown in online supple-
mentary tables S1 to S2. Blood was acquired on the first day of 
clinical admission prior to commencement of any treatment, and 
synovium was acquired during joint arthroplasty surgery from 
patients with RA and control subjects with either femoral neck 
fractures or meniscal injuries. Synovia and blood of active and 
inactive RA groups was obtained from the same group of people, 
while synovia and synovium of normal groups were obtained 
from the same group of people. 

uPlC-Ms/Ms-based Mar1 determination
The concentration of MaR1 (7R, 14S-dihydroxy-4Z, 8E, 10E, 
12Z, 16Z, 19Z-docosahexaenoic acid, CAS no. 1268720-28-0) 
in human serum samples was assessed as described previously.18 19 
Samples (2 mL each) were placed in ice-cold methanol (4 mL). 
Prior to sample extraction, 500 pg of d4-LTB4 (5S, 12R-dihy-
droxy-6Z, 8E, 10E, 14Z-eicosatetraenoic-6, 7, 14, 15-d4 acid, 
CAS no. 124629-74-9) (Cayman Chemical, USA) was added to 
facilitate quantification. Lipid mediators (LM) were extracted 
by solid-phase extraction using a C18 column (Waters, USA). 
The methyl formate fractions were analysed for MaR1 levels 
by ultra-performance liquid chromatography tandem mass 
spectrometry (UP LC-MS/MS) using an UPLC I-Class system 
(Waters, USA) equipped with an Agilent Eclipse Plus C18 column 
(2.1 mm × 100 mm × 1.7 µm) paired with Sciex 6500 Q-TRAP 
mass spectrometer (Sciex, USA). Instrument control and data 
acquisition were performed using AnalystTM 1.6.2 software 
(Applied Biosystems, California, USA). To monitor and quan-
tify the levels of the various LM, a multiple reaction monitoring 
(MRM) method was developed with signature ion fragments for 
MaR1. Identification was conducted using previously published 
criteria where a minimum of six diagnostic ions were employed. 
Quantification was performed based on peak area of MRM tran-
sitions and the linear calibration curve of MaR1.

Collagen-induced arthritis (CIA) model, clinical evaluation and 
histological analysis
DBA/1 mice (male, 6–8 weeks, 18–20 g) were purchased from 
Shanghai SLAC Laboratory Animal. All procedures in the animal 
experiments were performed in accordance with UK (Home 
Office) regulation and approved by the Institutional Animal 
Care and Use Committee of Wenzhou Medical University.

On day 0, mice were injected intradermally at the base 
of the tail with 100 µL of type II bovine collagen (2 mg/mL) 
(Chondrex, Washington, USA) emulsified in equal volumes of 
Freund’s complete adjuvant (Chondrex). After 3 weeks, the 
mice were given a booster immunisation with 100 µL of type 
II bovine collagen (2 mg/mL) emulsified in equal volumes of 
Freund’s incomplete adjuvant. Mice were then treated with 
MaR1 (0, 20 and 100 ng) (Cayman Chemical) by tail vein 
injection every three days until day 48 and sacrificed on day 
49. Serum, joint tissues and lymph nodes were harvested for
further study (figure 2A).

Histological analysis
The knee joints were fixed in 4% paraformaldehyde, decalcified 
in 50 nM EDTA and embedded in paraffin. Sections were then 

deparaffinised, rehydrated and stained with H&E, or toluidine 
blue stain. Histology scores were assessed as previously described.20

elIsA
Cytokine concentration of TNF-α, interferon (IFN)-γ, IL-1β, 
IL-6, IL-10, IL-17 and TGF-β was detected using ELISA kits 
(Biolegend, USA). Samples were diluted to 100 μL (1:20), incu-
bated with the specific capture antibody and detection antibody, 
determined at an optical density of 450 nm.

Flow cytometry
Inguinal and axillary lymph nodes were harvested from anaes-
thetised CIA mice and gently triturated with a 300 mesh cell 
strainer. The strained cells were washed twice with phosphate 
buffered saline and resuspended in RPMI 1640 medium.

For the assessment of Th17 cells, lymphocytes were stimu-
lated for 4 hours with phorbol myristate acetate (25 ng/mL), 
Ionomycin (1 µg/mL) and brefeldin A (10 µg/mL). Cells were 
then stained with FITC conjugated anti-CD4 for 30 min in the 
dark at 4°C. Subsequently, the cells were fixed and permeabi-
lised using Cytofix/Cytoperm for 20 min in the dark at 4°C. 
The cells were then washed in 0.05% saponin before being 
labelled intracellularly with APC-Cy7 conjugated anti-IL-17 
for 30 min in the dark at 4°C. Similarly, for the assessment 
of Treg cells, lymphocytes were stained with FITC conjugated 
anti-CD4 and PE conjugated anti-CD25. Following fixing and 
permeabilising, cells were washed before being stained with 
APC-conjugated anti-FoxP3 intracellularly. Lymphocytes were 
then washed in 0.05% saponin, resuspended in a 300 µL flow 
cytometry staining buffer and then analysed using cytoflex 
(BD Biosciences, USA). The cytometric data were analysed 
with FlowJo software. All the reagents involved in flow cytom-
etry were purchased from BD Biosciences.

MirnA microarray and qPCr analysis
Total RNA samples in synovium and lymphocytes were isolated 
using TRIzol reagent (Invitrogen, Carlsbad, California, USA) 
according to the manufacturer’s protocol.

The miRNA expression profiling of naive CD4+ T-cells 
treated with 10 nM MaR1 was determined by miRNA 
microarray analysis with human miRNA array probes (Exiqon, 
Denmark).

The cDNA of mRNA and miRNA were synthesised using 
the reverse transcription kit (Bio-Rad, USA) and miRNA First 
Strand cDNA Synthesis kit (Stem-loop Method) (Sangon 
Biotech, China), respectively. The expression of mRNA and 
miRNA was detected using SsoFast EvaGreen supermix PCR 
kit (Bio-Rad) by qPCR (ABI7500, Applied Biosystems). The 
gene-specific primers used are listed in online supplementary 
table S3. The relative expression of miRNA normalised to U6 
controls, and mRNA normalised to β-actin, was calculated 
using the 2-ΔΔCt method.

Peripheral blood mononuclear cells (PBMCs) isolation and 
naive Cd4+ T-cell purification
PBMCs were isolated by Ficoll gradient centrifugation 
(Sigma-Aldrich, USA). The subpopulation of CD4+ T-lym-
phocytes was purified by immunomagnetic depletion using 
the human CD4+ T-Cell Isolation Kit II (Miltenyi Biotec, 
Germany). The purity of naive CD4+ T-cells was >95% 
confirmed by flow cytometry.

https://dx.doi.org/10.1136/annrheumdis-2018-213511
https://dx.doi.org/10.1136/annrheumdis-2018-213511
https://dx.doi.org/10.1136/annrheumdis-2018-213511
https://dx.doi.org/10.1136/annrheumdis-2018-213511
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Figure 1 Maresin 1 (MaR1) concentration and levels and Treg/Th17 balance in patients with rheumatoid arthritis (RA) and control. (A) Multiple 
reaction monitoring chromatogram shows the retention time for MaR1 (m/z 359/177). Q1, M-H (parent ion); and Q3, diagnostic ion in the tandem 
mass spectrometry (MS/MS) (daughter ion). (B) MS/MS spectrum of MaR1. (C) The levels of MaR1 in serum samples from control patients, patients 
with inactive and active RA (n=4–5 clinical samples each group) (F(2, 11)=7.090). (D, E) The expression of FoxP3 and RORc mRNA was detected in 
peripheral blood mononuclear cells from control patients (n=39), patients with inactive RA (n=30) and patients with active RA (n=33) by qPCR (F(2, 
99)=99.64 for FoxP3 and F(2, 99)=12.53 for RORc). (F) The ratio of FoxP3/RORc in control patients, patients with inactive RA and patients with active 
RA (F(2, 99)=20.26). (G) Correlation between FoxP3/RORc ratio and Disease Activity Score 28 (DAS28) score. Linear correlation was observed with 
r=−0.78, p<0.0001 (F(1, 61)=96.55) using the Pearson coefficient analysis. Data were presented with means±SD. The differences among three groups 
were assessed by one-way analysis of variance and the post hoc tests (Turkey method) was applied to investigate the differences one by one.

naive Cd4+ T-cell differentiation and transfection assay
The GV309 and GV280 lentivirus vector (Genechem, China) 
were used to upregulate and knock down miR-21 expression 
in naive CD4+ T-cells. The assays of lentivirus infection were 
performed according to manufacturer’s instructions. Briefly, 
50 µL GV309 and GV280 lentivirus vector and 50 µL poly-
brene (50 µg/mL; Sigma-Aldrich) were added in a 24-well plate 
containing 500 µL RPMI 1640 and 1×105 naive CD4+ T-cells. 
After 6 hours, the transfection medium was replaced by 500 µL 
RPMI 1640 containing 10% fetal bovine serum. The cells 
were then harvested and activated by plate-bound anti-CD3  
(5 µg/mL) and anti-CD28 (2 µg/mL) (Biolend, California, 
USA). IL-1β (10 ng/mL), IL-6 (20 ng/mL), IL-23 (100 ng/mL) 
and TGF-β (1 ng/mL) were added for Th17 cells polarisation, 
while TGF-β (2 ng/mL) and IL-2 (20 U/mL) (Miltenyi Biotec, 

Germany) were added for Treg cells polarisation. At the same 
time, MaR1 (10 nM) was added once a day for 4 days.

statistical analysis
Statistical analysis was performed using SPSS software V.19.0. 
The Shapiro-Wilk method was used to test whether the data 
were normally distributed. The Levene method was used to 
test the homogeneity of variance. Two sets of data that met 
the normal distribution and homogeneity of variance were 
analysed by Student’s t-test. Multigroup comparisons of the 
means were carried out by one-way analysis of variance test 
with post hoc contrasts by Turkey test. The Kruskal-Wallis and 
Mann-Whitney non-parametric tests were used to compare 
interassay differences in data that did not meet the normal 
distribution or the homogeneity of variance.

http://ard.bmj.com/
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Figure 2 The effect of maresin 1 (MaR1) on joint injury and inflammatory response in the collagen-induced arthritis (CIA) model. (A) Timeline of 
MaR1 treatment experiment in the CIA model. (B) Clinical scores of CIA mice during the MaR1 treatment. Mice were inspected every three days for 
severity of arthritis by two independent observers who were not aware of the animal’s treatment. Score system was defined as 0=no evidence of 
erythema and swelling, 1=erythema and mild swelling confined to the tarsals or ankle joint, 2=erythema and mild swelling extending from the ankle 
to the tarsals, 3=erythema and moderate swelling extending from the ankle to metatarsal joints and 4=erythema and severe swelling encompass the 
ankle, foot and digits, or ankylosis of the limb. Statistical significance was conducted by analysis of variance (ANOVA) of repeated measurement (F(16, 
144)=12.56). (C, D) Macroscopic images and histopathological analysis of CIA mice. Macroscopic images of mice were taken on day 49 before being 
sacrificed. Knee joints of mice were stained by H&E and toluidine blue staining. Semiquantitative scores for inflammatory cell infiltration, synovial 
hyperplasia and bone destruction were assessed by H&E staining while cartilage damage was assessed by toluidine blue staining, graded on a scale 
of 0 (normal) to 3 (severe) in 12 totally (F(2, 27)=13.77 for histological score). (E, F) Serum cytokines (interleukin (IL)-1β, IL-6, tumour necrosis factor 
(TNF)-α, interferon (IFN)-γ, IL-17, IL-10 and transforming growth factor (TGF)-β) were detected by ELISA (F(2, 27)=16.90 for IL-1β, F(2, 27)=13.48 for 
IL-6, F(2, 27)=45.79 for TNF-α, F(2, 27)=23.33 for IFN-γ, F(2, 27)=14.19 for IL-17, F(2, 27)=15.38 for IL-10 and F(2, 27)=93.77 for TGF-β). All of the 
reactions were conducted in triplicate. Data were presented with means±SD. The differences of C–F were assessed by one-way ANOVA and the post 
hoc tests (Turkey method) was applied to investigate the differences one by one. n=10 per group.

http://ard.bmj.com/
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Figure 3 Maresin 1 (MaR1) influenced the Treg/Th17 balance in collagen-induced arthritis (CIA) mice. (A, B) Representative flow cytometric 
pictures indicated the percentage of Th17 cells and Treg cells in lymph nodes of CIA mice treated with MaR1 (F(2, 27)=12.15 for Th17 cells and F(2, 
27)=72.32 for Treg cells). (C) The ratio of Treg/Th17 in lymph nodes of CIA mice treated with MaR1 (F(2, 27)=40.89). (D) The RORc and FoxP3 mRNA 
expression as well as the ratio of FoxP3/RORc in primarily cultured lymphocytes from lymph nodes of CIA mice treated with MaR1 (F(2, 27)=10.15 for 
RORc, F(2, 27)=64.94 for FoxP3 and F(2, 27)=62.28 for FoxP3/RORc). Data were presented with means±SD. The differences among three groups were 
assessed by one-way analysis of variance and the post hoc tests (Turkey method) was applied to investigate the differences one by one. n=10 per 
group.

resulT
Mar1 level decreased in patients with active rA and 
increased in patients with inactive rA
MaR1 levels were quantified by UPLC-MS/MS. The mean value 
of level was higher in inactive RA, but lower in active RA, than 
in control subjects (figure 1A–C). However, no significant differ-
ence was observed between control and inactive RA. The data of 
ELISA was similar with the UPLC-MS/MS result (online supple-
mentary figure 1).

FoxP3/rOrc ratio inversely correlated with rA disease 
activity
As Foxp3 and RORc are specific transcription factors of Treg 
and Th17 cells, respectively, the FoxP3/RORc ratio indirectly 
reflects the Treg/Th17 ratio cells. The expression of FoxP3 
mRNA in PBMCs was higher in inactive RA, but lower in 
active RA, than in control subjects (figure 1D). The result of 
RORc mRNA expression showed an inverse trend (figure 1E). 
Not unexpectedly, the FoxP3/RORc ratio in the inactive RA 
groups was the highest while that in the active RA groups 
was the lowest (figure 1F). We used the Disease Activity 
Score 28 (DAS28) to explore the relationship between disease 

activity of RA21 and the FoxP3/RORc ratio. Inverse correla-
tion of the FoxP3/RORc ratio and the DAS28 was observed 
with r=−0.78, p<0.0001 (figure 1G). Expression of RORc 
and FoxP3 in human synovium was also detected. The data 
seemed different to that of PBMCs possibly because of prior 
treatment with disease-modifying antirheumatic drugs and/or 
non-steroidal anti-inflammatory drugs in the RA cases (online 
supplementary figure S2).

Mar1 ameliorated joint injury and inflammatory response in 
CIA model
We used CIA model to study the effect of MaR1 on the RA 
process. After MaR1 treatment, the clinical scores and paw 
swelling decreased (figure 2B, C). The MaR1 intervention can 
reduce the histological score of CIA mice which was dose-de-
pendent (figure 2C, D). Furthermore, MaR1 decreased pro-in-
flammatory cytokines (TNF-α, IFN-γ, IL-1β and IL-6) and 
a Th17 cell-related cytokine (IL-17), while Treg cell-related 
cytokines (IL-10 and TGF-β) increased, thus indicating that 
it inhibits inflammatory responses effectively and may also 
modulate the Th17/Treg balance (figure 2E, F).

https://dx.doi.org/10.1136/annrheumdis-2018-213511
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Figure 4 Maresin 1 (MaR1)  affected Th17 and Treg cell polarisation from naive CD4+ T-cell. (A, B) The proportion of Th17 and Treg cells was 
detected after naive CD4+ T-cell-specific polarisation by flow cytometry. The differentiation experiments were conducted in a pairwise manner. 
Naive CD4+ T-cells from the same patient were polarised into Treg cells and Th17 cells under specific condition, and treated with MaR1 or vehicle 
at the same time (F(9, 9)=1.23 for Th17 cells and F(9, 9)=2.43 for Treg cells). (C) The expression of RORc and FoxP3 mRNA was determined by qPCR 
(F(9, 9)=1.10 for RORc and F(9, 9)=9.93 for FoxP3). (D) The concentration of interleukin (IL)-17, IL-10 and transforming growth factor (TGF)-β in cell 
supernatant was detected by ELISA (F(9, 9)=1.26 for IL-17, F(9, 9)=2.59 for IL-10 and F(9, 9)=3.02 for TGF-β). All of the reactions were conducted in 
triplicate. Naive CD4+ T-cells were isolated from peripheral blood mononuclear cells of patients with rheumatoid arthritis. Data were presented with 
means±SD and the differences were conducted by Student’s t-test. n=5 per group.

Mar1 decreased Th17 cells proportion and increased Treg 
cells proportion in CIA mice
The proportions of Th17 and Treg cells isolated from lymph 
nodes were analysed by flow cytometry to evaluate the Th17/
Treg balance in MaR1-treated mice. Compared with control 
mice, MaR1 caused a dose-dependent decrease in the percentage 
of Th17 cells (figure 3A). By contrast, MaR1 increased the 
proportion of Treg cells in a dose-dependent manner (figure 3B). 
Not surprisingly, the ratio of Treg/Th17 cells was elevated in 
the MaR1-treated group (figure 3C). The expression of FoxP3 

mRNA increased while that of RORc mRNA decreased in 
MaR1-treated mice (figure 3D).

Mar1 promoted Treg cells differentiation while inhibited 
Th17 cells differentiation
The effect of MaR1 on the differentiation of Treg and Th17 
cells was explored using naive CD4+ T-cells isolated from 
PBMCs of patients with RA. Compared with control, MaR1 
treatment decreased the proportion of Th17 cells (figure 4A). 

http://ard.bmj.com/
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Figure 5 Effect of miR-21 on the differentiation of naive CD4+ T-cells from patients with rheumatoid arthritis. (A) Heatmap analysis of miRNA 
expression profiles in naive CD4+ T-cells before and after maresin 1 (MaR1) treatment. (B) The expression of miR-146a, miR-155 and miR-21 
was verified by qPCR in independent patients (n=10) (F(9, 9)=1.19 for miR-146a, F(9, 9)=8.16 for miR-155 and F(9, 9)=7.74 for miR-21). (C, D) 
Representative flow cytometric pictures indicated the percentage of Th17 and Treg cells polarised from naive CD4+ T-cells transfected with miR-21 
(F(9, 9)=2.31 for Th17 cells and F(9, 9)=1.36 for Treg cells). (E) The expression of RORc and FoxP3 was determined by qPCR (F(9, 9)=1.54 for RORc and 
F(9, 9)=2.98 for FoxP3). (F) The concentration of interleukin (IL)-17, IL-10 and transforming growth factor (TGF)-β in supernatant was detected by 
ELISA (F(9, 9)=1.81 for IL-17, F(9, 9)=1.00 for IL-10 and F(9, 9)=2.45 for TGF-β). All of the reactions were conducted in triplicate. Data were presented 
with means±SD and the differences were conducted by Student’s t-test. n=5 per group.

http://ard.bmj.com/
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Figure 6 The mechanism of maresin 1 (MaR1) regulating Th17/Treg 
cells balance through miR-21.

In contrast, the percentage of Treg cells increased significantly 
compared with control (figure 4B). MaR1 treatment decreased 
the expression level of RORc while increasing the level of FoxP3 
(figure 4C). MaR1 decreased IL-17 but increased the IL-10 and 
TGF-β levels in the culture supernatant (figure 4D).

Mar1 promoted Treg cells differentiation and inhibited 
differentiation of Th17 cells by upregulating mir-21
To investigate the mechanism by which MaR1 influences naive 
CD4+ T-cell differentiation, the expression profile of miRNA 
was analysed by microarray in naive CD4+ T-cells treated 
with MaR1 (figure 5A). MiR-146a, miR-155 and miR-21 were 
selected for further qPCR verification experimentation, based 
on the relationship between miRNA and RA. The expression of 
miR-146a and miR-155 was downregulated while the expres-
sion of miR-21 was dramatically upregulated after MaR1 treat-
ment (figure 5B). The effect of miR-21 on naive CD4+ T-cell 
differentiation was investigated. MiR-21 decreased the propor-
tion of Th17 cells while it increased the proportion of Treg cells 
(figure 5C, D). Also, miR-21 downregulated RORc mRNA and 
upregulated FoxP3 mRNA (figure 5E). Additionally, miR-21 
decreased the level of IL-17 while increasing IL-10 and TGF-β 
levels in the culture supernatant (figure 5F).

dIsCussIOn
The function of MaR1 in acute inflammation has recently been 
demonstrated, whereas the role of MaR1 in chronic inflamma-
tory conditions such as in RA is still unclear. Giera et al identified 
MaR1 in serum and synovia from patients with RA, suggesting 

a relationship between MaR1 and RA.22 However, the differ-
ence of MaR1 concentration between normal and patients with 
RA had not been elucidated. We demonstrate here differences 
in the levels of MaR1 in healthy controls, and in patients with 
inactive and active RA. Interestingly, the data showed a decrease 
of MaR1 in patients with active RA and an increase in patients 
with inactive RA, suggesting that the disorder of MaR1 is an 
important factor in the pathogenesis of RA; and the decline of 
MaR1 in patients with RA may play a vital role in the conversion 
of the inactive phase into the active phase.

Several studies have confirmed the decreasing proportion of 
Treg cells and increasing proportion of Th17 cells in patients 
with RA.23 24 Our qPCR data also demonstrate an imbalance of 
Th17/Treg in PBMCs from patients with RA. Consistent with 
Wang,7 the expression of RORc was dramatically higher in 
patients with active RA compared with that in inactive patients 
and healthy controls while the expression of FoxP3 showed an 
reverse trend. The inverse correlation between the FoxP3/RORc 
ratio and DAS28 scores was validated in the RA patient cohort, 
suggesting a potential clinical significance of the FoxP3/RORc 
ratio as an indicator of RA disease activity.

Woo reported that ω-3 PUFAs can attenuate arthritis in K/BxN 
serum transfer induced arthritis mice in terms of clinical scores, 
ankle thickness and pathological severity.25 To explore the effect 
of MaR1 on RA progression, different doses of MaR1 were used 
for CIA mice treatment. As expected, MaR1 intervention alle-
viated the progression of arthritis in CIA mice as reflected in 
the reduction of clinical and histological scores, and remission 
of inflammatory response. Further, a higher proportion of Treg 
cells and a lower proportion of Th17 cells in lymph nodes were 
detected after MaR1 treatment using flow cytometry.

Kim and Serhan demonstrated that ω-3 PUFA and MaR1 can 
restore the Th17/Treg balance in collagen antibody-induced 
arthritis models and healthy donors, respectively.26 27 However, 
the effect of MaR1 on Th17/Treg balance in patients with RA 
has not been investigated. Therefore, we conducted the naive 
CD4+ T-cell differentiation experiments. The results showed 
that MaR1 could promote Treg cells polarisation while inhib-
iting Th17 cell polarisation. Recent studies have reported that 
miRNAs have emerged as key regulators in the process of MaR1 
exercising biological function.18 28 Thus, miRNA microarray 
studies were performed in naive CD4+ T-cells treated with 
MaR1. Based on the p value and fold changes, miR-21 was 
selected for the further study.

MiR-21 was demonstrated to play a role in regulating 
theTh17/Treg balance. A positive correlation between miR-21 
and the Treg/Th17 ratio was observed in hepatocellular carci-
noma and patients with RA.29 30 During Th17 cell differentia-
tion, miR-21 was significantly downregulated compared with 
controls.31 However, miR-21 could upregulate FoxP3 expres-
sion to promote Treg differentiation.32 As expected, our results 
showed that naive CD4+ T-cells transfected with miR-21 tended 
to polarise into Treg cells rather than Th17 cells, demonstrating 
that miR-21 is a downstream microRNA mediating the resto-
ration of MaR1 on Th17/Treg balance in patients with RA 
(figure 6).

Nevertheless, the mechanism of the effect of miR-21 on the 
balance of Th17/Treg is still unclear. In Th17 cells, STAT3 
signalling is essential for their differentiation and function.33 34 
In Treg cells, TGF-β1 influences both its differentiation and func-
tion while STAT5 regulates their differentiation.34 35 Kim and 
Iliopoulos reported that miR-21 was involved in the regulation 
of STAT3 and STAT5, respectively.36 37 An inverse correlation 
between miR-21 and STAT3 as well as the positive correlation 
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between miR-21 and STAT5 was observed in PBMCs from 
patients with RA.30 In fact, miR-21 could upregulate the expres-
sion of TGF-β1 in FLS from patients with RA.38 These results 
indicate that the effect of miR-21 on Th17/Treg balance may be 
mediated by STAT3, STAT5 and TGF-β1, which requires further 
studies for verification.

In summary, we confirmed that MaR1 can effectively amelio-
rate RA progression. The mechanism of alleviation is related to 
Treg/Th17 imbalance which is primarily mediated by miR-21.
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ABsTrACT
Objective Skin inflammation and photosensitivity are 
common in patients with cutaneous lupus erythematosus 
(CLE) and systemic lupus erythematosus (SLE), yet little is 
known about the mechanisms that regulate these traits. 
Here we investigate the role of interferon kappa (IFn-κ) 
in regulation of type I interferon (IFn) and photosensitive 
responses and examine its dysregulation in lupus skin.
Methods mrnA expression of type I IFn genes was 
analysed from microarray data of CLE lesions and healthy 
control skin. Similar expression in cultured primary 
keratinocytes, fibroblasts and endothelial cells was 
analysed via rnA-seq. IFNK knock-out (Ko) keratinocytes 
were generated using CrISpr/Cas9. Keratinocytes stably 
overexpressing IFn-κ were created via G418 selection 
of transfected cells. IFn responses were assessed via 
phosphorylation of StAt1 and StAt2 and qrt-pCr for 
IFn-regulated genes. Ultraviolet B-mediated apoptosis 
was analysed via tUnEL staining. In vivo protein 
expression was assessed via immunofluorescent staining 
of normal and CLE lesional skin.
results IFNK is one of two type I IFns significantly 
increased (1.5-fold change, false discovery rate (Fdr) 
q<0.001) in lesional CLE skin. Gene ontology (Go) 
analysis showed that type I IFn responses were enriched 
(Fdr=6.8×10−04) in keratinocytes not in fibroblast and 
endothelial cells, and this epithelial-derived IFn-κ is 
responsible for maintaining baseline type I IFn responses 
in healthy skin. Increased levels of IFn-κ, such as 
seen in SLE, amplify and accelerate responsiveness of 
epithelia to IFn-α and increase keratinocyte sensitivity 
to UV irradiation. notably, Ko of IFn-κ or inhibition of 
IFn signalling with baricitinib abrogates UVB-induced 
apoptosis.
Conclusion Collectively, our data identify IFn-κ as a 
critical IFn in CLE pathology via promotion of enhanced 
IFn responses and photosensitivity. IFn-κ is a potential 
novel target for UVB prophylaxis and CLE-directed 
therapy.

InTrOduCTIOn
Cutaneous lupus erythematosus (CLE) affects up to 
70% of patients with systemic lupus erythematosus 
(SLE) and can also exist without the presence of 
systemic disease. CLE lesions can result in disfig-
uring scars, permanent hair loss and significant loss 

of quality of life for patients.1 There are no Food 
and Drug Administration (FDA)-approved thera-
pies for CLE, largely related to a lack of pathogenic 
understanding of this disease.

A hallmark of CLE and SLE is the induction of 
skin lesions by ultraviolet (UV) light in up to 93% of 
patients.2 These lesions are characterised by inter-
face dermatitis and infiltration by both innate and 
adaptive immune cells. Patients with CLE exhibit 
increased type I interferon (IFN) signalling in their 
blood, which correlates with cutaneous disease 
activity,3 and increased expression of IFN respon-
sive genes in lesional skin.4–6 Cutaneous lesions in 
lupus are characterised by infiltration of plasmacy-
toid dendritic cells (pDCs),7 and their production of 
IFN-α is a suggested source of type I IFN signalling 
in CLE.8 9 However, the sources of IFN in cuta-
neous lupus have not been systematically evaluated.

Interferon kappa (IFN-κ) is a member of the type 
I IFN family that is expressed primarily by kerati-
nocytes.10 The chromosomal region encompassing 
IFNK has been suggested as a genetic risk locus for 
SLE, including some associations with CLE pheno-
types.11 Intriguingly, overexpression of IFNK can 
induce autoimmune phenotypes in mice.12 IFNK 
expression in keratinocytes is upregulated by 
UV light exposure,13 a well-known trigger of CLE,2 
and IFN-κ can prime keratinocytes for inflamma-
tory cytokine production. Importantly, we have 
shown that IFN-κ is required for overproduction 
of IL-6 by keratinocytes from patients with SLE.13 
Despite this knowledge, little is known about the 
function of IFN-κ in the skin and its contribution 
to CLE and UV sensitivity. We thus hypothesised 
that epidermal production of IFN-κ is elevated 
in CLE and that it is an essential contributor to 
cutaneous type I IFN responses and CLE lesions. 
Indeed, we found that IFN-κ is upregulated in CLE 
lesions and in keratinocytes from non-lesional SLE 
skin. IFN-κ is required for baseline expression of 
type I IFN-regulated genes in keratinocytes and 
drives enhanced responses to IFN-α. IFN-κ upreg-
ulates type I IFN-regulated gene expression in 
neighbouring skin cells and stimulates activation of 
dendritic cells, which are important contributors to 
CLE pathogenesis.14 Importantly, IFN-κ regulates 
the apoptotic response to UVB, and inhibition of 
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IFN responses in lupus keratinocytes abrogates their enhanced 
apoptosis to UVB. Thus, we propose IFN-κ as a novel IFN crit-
ical for CLE pathology and a potentially important target for 
photoprophylaxis and specific CLE-directed therapy.

MATerIAls And MeTHOds
Human subjects
According to the Declaration of Helsinki, all patients and 
controls gave written informed consent. The study protocol was 
approved by the Institutional Review Board of the University of 
Michigan Medical School. Patients with SLE fulfilled ≥4 ACR 
criteria,15 had a documented history of cutaneous lesions and 
were recruited from the University of Michigan Lupus Cohort. 
Patients with CLE used for microarray studies had both clinical 
and pathologic confirmation of diagnosis (online supplementary 
table S1). Normal controls were recruited by advertisement.

Cell culture
N/TERTs,16 an immortalised keratinocytes line, was used with 
the kind permission of Dr James G Rheinwald for genera-
tion of knock-out (KO) cell lines using non-homologous end 
joining (NHEJ) via CRISPR/Cas9. N/TERTs were grown in 
Keratinocyte-SFM medium (ThermoFisher #17 005–042) 
supplemented with 30 µg/mL bovine pituitary extract, 0.2 ng/
mL epidermal growth factor and 0.3 mM calcium chloride.17 
Primary human keratinocytes were established from healthy 
adults or lupus patients with a history of CLE as previously 
described.13 18 Dermal fibroblasts and endothelial cells were 
isolated from normal human skin as previously described.19 20

Generation of KO keratinocytes by CrIsPr/cas9
Guide RNAs were developed using a web interface for CRISPR 
design (http:// crispr. mit. edu). The pSpCas9 (BB)−2A-GFP 
(PX458) was a gift from Feng Zhang (Addgene plasmid #48138) 
and used as cloning backbone. We followed the CRISPR/Cas9 
protocol as previously discussed17 21 to generate TYK2 KO and 
IFNK KO cell lines. In short, for the TYK2 KO, the following 
oligonucleotides were used for annealing: TYK2E3G1F: 5′- 
CACC GGAC TCAC TGAA AGTG ACCCA-3′ and TYK2E3G1R: 
5′- AAAC TGGG TCAC TTTC AGTG AGTCC-3′. For the IFNK 
KO, the following oligonucleotides were used for annealing: 
IFNKSGRNA1F1: 5′- CACC GGTT CAGT AAGT TACA 
GTCCA-3′ and IFNKSGRNA1R1: 5′- AAAC TGGA CTGT AACT 
TACT GAACC-3′. The annealed oligonucleotides were inserted 
into the cloning vector Px458 following the Ran et al21 protocol. 
Ligated plasmids were transformed into competent Escherichia 
coli (ThermoFisher #C737303) and then plated on LB-agar 
plate overnight. Twelve colonies from each of the groups were 
selected and cultured in LB medium, and plasmids were purified 
using Qiagen mini-prep kit (cat #27106), and then the proper 
insertion of sgRNA target sequences were verified by Sanger 
sequencing. Purified plasmid was transfected into an immor-
talised keratinocyte line (N/TERTs) using the TransfeX trans-
fection kit (ATCC #ACS4005). Single cells positive for green 
fluorescent protein (GFP) were sorted into 96-well plates using 
a MoFlo Astrios #1 cell sorter and grown up to ~50% conflu-
ence. Cells from 96-well plates were transferred into 12-well 
plates and grown to 50% confluence. DNA was extracted, and 
PCR was amplified using specific primers for TYK2 and IFNK: 
TYK2: TYK2E3PCR-F:  GTCTCTGGGCTGAGACTTGG, 
TYK2E3PCR-R:  CCCCAGACTCACCAACTTTA and IFNK: 
IFNK1PCRF1:  GTGTTTGTGGCTTGAGATCC, IFNK-
1PCRR1:  GGTTGGGTGTATTGCAGAAA. Homozygous TYK2 

and IFNK mutations were verified by Sanger sequencing of the 
PCR product. For validation of findings, a total of three inde-
pendent CRISPR/Cas9 KO mutants were generated for IFNK 
and for TYK2.

Generation of IFn-κ overexpressing n/TerTs
N/TERT keratinocytes stably overexpressing IFN-κ were gener-
ated using 4D-Nucleofector X Unit (Lonza Cologne, Germany). 
Cells were prepared using standard protocol for Normal Human 
Epidermal Keratinocyte X Unit kit (4D Nucleofector Solu-
tion, supplement and 100 µL single nucleocuvette) obtained 
from Lonza. For each electroporation, 3 µg pCMV6-AC-GFP-
IFNκ plasmid (Origene, Rockville, Maryland, USA) was used. 
Unit X program used was DS-138 for stable keratinocytes. 
Following transfection, keratinocytes were grown in a 48-well 
plate using fully supplemented Keratinocyte-SFM medium, peni-
cillin streptomycin and 500 µg/mL G418 (Geneticin by Thermo 
Fisher Scientific (Waltham, Massachusetts, USA)) (for selection) 
followed by expansion for approximately 60 days. IFNκ-GFP 
overexpression was validated using western blotting.

evaluation of IFn response in n/TerT-IFn-κ cells
IFN-κ overexpressing N/TERTs were grown in parallel to wild-
type N/TERTs with 2 µg/mL anti-IFN-κ goat polyclonal neutral-
ising antibody (Santa Cruz Biotechnology, Dallas, Texas, USA) 
or 2 µg/mL isotype normal goat IgG (R&D Systems, Minneap-
olis, Minnesota, USA) for 3 days followed by stimulation with 
5 ng/mL human recombinant IFNα2 (Schering Corporation, 
Kenilworth, New Jersey, USA) for 1, 4 or 12 hours. Cells were 
harvested in Tripure (Sigma-Aldrich, St. Louis, Missouri, USA). 
RNA was isolated following protocol for Direct-zol RNA Mini-
Prep (Zageno, Berlin, Germany), and cDNA was made. RT-PCR 
for MX1 (normalised to RPLP0) was performed using ABI 
PRISM 7900HT (Applied Biosystems) using SYBR Green at the 
University of Michigan DNA-sequencing core.

dendritic cell (dC) culture
Human DCs were generated in vitro as previously described.22 
Briefly, monocytes were isolated from PBMC using MACS nega-
tive selection beads (Miltenyi) and cultured in RPMI containing 
10% FCS supplemented with GM-CSF (100 ng/mL, R&D 
Systems #215 GM-050) and IL-4 (20 ng/mL, R&D Systems 
#204-IL-010). Cultures were fed on day 4. On day 8, DCs 
were seeded into poly (2-hydroxyethyl-methacrylate) coated 
12-well culture plates (Fisher Scientific #0720082) at a density 
of 1 million cells/well and stimulated for 6 hours (PCR) or 2 days 
(flow cytometry) with conditioned mediated generated from 
control or SLE KC exposed to 50 mJ/cm2 UVB. The DCs were 
treated in the presence/absence of baricitinib. DC phenotype was 
analysed by flow cytometry using an LSR2 flow cytometer (BD) 
using antibodies against CD80 (Biolegend #305218) and appro-
priate isotype control antibodies. Data analysis was performed 
using FCS Express (V.4) software.

Microarray
Biopsies of CLE cases (n=90) were identified through the 
University of Michigan Pathology Database using the search 
terms ‘lupus’ and ‘cutaneous lupus’. Control blocks were 
obtained from healthy volunteers. Patients who met both clin-
ical and histological criteria for discoid lupus erythematosus 
(DLE) or subacute cutaneous lupus erythematosus (SCLE) were 
included in the study. Validation of clinical and pathological 
CLE diagnosis was made via review of dermatology notes for 
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each case. Detailed clinical information was obtained for each 
sample (online supplementary table S1). RNA was isolated from 
five 10 µm sections of formalin-fixed paraffin embedded blocks 
of identified skin biopsies. As previously described,23 RNA was 
extracted using the E.N.Z.A. FFPE RNA Kit (Omega Bio-tek). 
Complementary DNA was prepared and biotinylated using 
the NuGEN Encore Biotin Module (Encore Biotin Module 
Manual, P/N M01111 V.6). Labelled cDNA was hybridised at 
48°C to Affymetrix Human Gene ST 2.1 array plates, which 
were then washed, stained and scanned using the Affymetrix 
GeneTitan system (software V.3.2.4.1515) with the assistance 
of the University of Michigan DNA Sequencing Core. Quality 
control and RMA (Robust Multi-array Average)24normalisa-
tion of CEL files were performed in R software V.3.1.3 using 
custom CDF V.19 and modified Affymetrix_1.44.1 package 
from BrainArray (http:// brainarray. mbni. med. umich. edu/ brain-
array/ default. asp). Log2 expression values were batch corrected 
using Combat implemented into GenePattern (http://www. 
broadinstitute. org/ cancer/ software/ genepattern/). The baseline 
expression was defined as minimum plus one SD of the median 
of all genes. A variance filter of 80% was then applied. Of the 
25 582 unique genes represented on the Human ST2.1 chip, a 
total of 20 410 genes passed the defined criteria. The normalised 
data file was uploaded to the Gene Expression Omnibus (GEO) 
website (http://www. ncibi. nlm. nih. gov/ geo/) under accession 
number GSE81071 and will be available on acceptance of this 
manuscript.

rnA extraction, qrT-PCr and rnA-sequencing
RNAs were isolated from cell cultures using Qiagen RNeasy 
plus kit (Cat #74136). qRT-PCR was performed on a 7900HT 
Fast Real-time PCR system (Applied Biosystems) with TaqMan 
Universal PCR Master Mix (ThermoFisher Scientific). Libraries 
for RNA-seq were generated from polyadenylated RNA and 
sequenced at six libraries per lane on the Illumina Genome 
Analyzer IIx. We used Tophat225 to align RNA-seq reads 
to the human genome, using annotations of GENCODE as 
gene model.26 HTSeq was used to quantify gene expression 
levels27; normalisation and differential expression analysis were 
performed by DESeq2.28 The RNA-seq data will be made avail-
able to the GEO on the acceptance of the manuscript.

Immunostaining
According to our previous protocol,29 formalin fixed, paraf-
fin-embedded tissue slides obtained from patients with cuta-
neous lupus were heated for 30 min at 60°C, rehydrated, 
and epitope retrieved with Tris-EDTA, pH 9. Slides were 
blocked, incubated with primary antibody (IFN-κ, Abnova 
#: H00056832-M01; IFN-α, Santa Cruz #sc-80996; IFN-β, 
Biolegend #514004; MX1, Abcam #ab95926; Cytokeratin 14, 
Abcam #ab51054; p-STAT1, Cell Signaling #9167; p-STAT2, 
Cell Signaling #4441; CD11c, Abcam #ab52632; CD80, Life 
Span Biosciences #LS-C115529; CD3, Dako #A0452; CD123, 
Sigma-Aldrich #HPA003539; Mouse IgG2a, kappa isotype 
control (for IFN-κ), ThermoFisher #14-4724-81; Mouse 
IgG2a Isotype Control (for CD80), ThermoFisher #02–6200; 
Mouse IgG1, kappa isotype control (for IFN-α and IFN-β), 
ThermoFisher #14-4714-81; Rabbit IgG Isotype Control (for 
Mx1, cytokeratin 14, p-STAT1, p-STAT2 and CD11c,), LSBio 
#LS-C149375) overnight at 4°C. Slides were incubated with 
biotinylated secondary antibody (biotinylated goat antirabbit 
IgG Antibody, Vector Laboratories #BA1000; biotinylated 
horse antimouse IgG Antibody, Vector Laboratories #BA2000) 

and then incubated with fluorochrome-conjugated streptavidin. 
Slides were prepared in mounting medium with 4',6-diamidi-
no-2-phenylindole (DAPI). Images were acquired using Zeiss 
Axioskop 2 microscope and analysed by SPOT software V.5.1. 
Images presented are representative of three experiments.

Western blot
Total protein was isolated from cultured cells using Pierce 
RIPA buffer (ThermoFisher #89900) and run on precast gel 
(Bio-Rad #456–1094S). The membrane was blocked and then 
probed by a primary antibody (IFN-κ, Abnova, Catalog #: 
H00056832-M01; Tyk2, Cell Signaling #9312s; STAT1, Cell 
Signaling #9172; STAT2, Cell Signaling #4594; pSTAT1, Cell 
Signaling #9167; pSTAT2, Cell Signaling #4441; β-Actin, 
sigma #A5441), followed by a secondary antibody (antimouse 
IgG, AP-linked antibody, Cell Signaling #7056S), then washed 
five times, and substrate added (Fisher Scientific #45-000-947). 
Membrane was scanned on Molecular Dynamics STORM 860 
PhosphorImager (GE Health Care, STORM 860).

uVB irradiation and Tunel assays
Keratinocyte cultures were grown to 80% confluence and were 
irradiated in PBS with 50mJ/cm2 UVB (310 nm) via a UV-2 irra-
diator (Tyler Industries, Alberta, Canada). After media replace-
ment, cells were grown for 8 hours followed by staining for 
TUNEL according to manufacturer’s instructions (Sigma) and 
counterstaining with DAPI. Per cent TUNEL+cells were quan-
tified using CellC (# cells positive for Red (TUNEL) and DAPI 
staining/# cells DAPI positive). For CLE biopsies, TUNEL 
staining was performed according to manufacturer protocol 
(Roche #12156792910). In short, paraffin-embeded CLE and 
control slides were dewaxed and rehydrated according to stat-
dard protocol and then treated with proteinase K solution. Slides 
were then treated with TUNEL reaction mixture in a humid-
ified chamber followed by PBS washing. Finally slides were 
mounted by vectashield mounting medium with DAPI. Images 
were acquired using Zeiss Axioskop 2 microscope and analysed 
by SPOT software V.5.1. Images presented are representative of 
three experiments.

statistical analysis
Calculations were made using GraphPad Prism V.6. For in 
vitro studies, comparisons of the means between experimental 
variables was made via unpaired two-sided Student’s t-test 
for normally distributed variables and via Mann-Whitney for 
non-normally distributed variables. For both microarray and 
RNA-seq, false discovery rate (FDR) was used to control for 
multiple testing.

resulTs
IFn-κ is increased in lesional and non-lesional lupus skin
Type I IFNs have been purported to play a role in CLE; however, 
which IFNs are present in CLE are unknown. To address this, 
we investigated the expression of type I IFN family members 
in microarray data obtained from CLE lesions (n=90) and 
healthy control skin (n=13). Ten type I IFN members passed 
cut-off values for detectible expression, and of those, only 
IFNA10 (1.7-fold change, FDR q<0.05) and IFNK (1.5-fold 
change, FDR q<0.001) had significantly increased expression 
in lesional CLE skin (figure 1A). This finding held true when 
subtypes of CLE (DLE vs SCLE were considered or whether 
patients had CLE only or CLE associated with SLE (online 
supplementary figure S1A). No elevations of IFN-λ, a type III 
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Figure 1 IFN-κ is upregulated in cutaneous lupus erythematosus (CLE) lesions and lupus keratinocytes. (A) mRNA expression of type I interferon 
genes in cutaneous lupus (n=90 CLE, n=13 control). Of the 10 type I family members that had detectable mRNA expression on Affymetrix ST 2.1 
array, only IFNK (FDR q<0.001) and IFNA10 (FDR q<0.05) had significantly increased expression in CLE compared with healthy skin (IFNB was not 
detectable). (B) Immunofluorescence of CLE lesions revealed IFN-α and IFN-β1 staining in the dermis near the inflammatory infiltrate, whereas IFN-κ 
expression was seen in the epidermis and dermis of CLE lesions (epidermis is indicated by cytokeratin 14 staining). Representative staining of three 
CLE and three controls are shown. (C) Type I IFN response genes, including MX1 and OASL, are increased in CLE lesional biopsies (FDR q<0.001) 
(n=90 CLE, n=13 control). (D) In skin lesions of CLE compared with healthy skin, there is increased phosphorylation of both STAT1 (pSTAT1; red) and 
STAT2 (pSTAT2; red). Representative staining of three CLE and three controls are shown. (E) The IFN response protein MX1 was prominently expressed 
in CLE skin and exhibited colocalisation with IFN-κ in the epidermis (as evidenced by yellow colour). FDR, false discovery rate; IFN, interferon.

IFN, were detected by microarray (online supplementary figure 
S1C). To validate the microarray data, we examined expression 
of IFN-α, IFN-β and IFN-κ in CLE lesions by immunofluores-
cence. While IFN-α and IFN-β1 were exclusively found to be 
localised to the dermal inflammatory infiltrate, IFN-κ expres-
sion was localised primarily to the epidermis and costained with 
epidermal cytokeratin 14 (figure 1B and online supplementary 
figures S2 and S3). Some IFN-κ staining was also noted in the 
dermis, which may reflect IFN-κ binding to dermal mucin or 
possible secretion by infiltrative pDCs (online supplementary 
figure S4) or myeloid dendritic cells (mDCs), which has been 

reported.10 30 To confirm increased IFN signalling in CLE, 
we confirmed expression of MX1 and OASL, two type I IFN 
regulated genes, to be increased in CLE skin (8.6-fold and 
2.4-fold change, respectively, FDR p<0.001) (figure 1C and 
online supplementary figure S1B), and this was paralleled by 
increased STAT1 and STAT2 expression (online supplementary 
figure S1D) and pSTAT1 and pSTAT2 activation in lesional skin 
(figure 1D). IFN-κ demonstrated colocalisation with MX1 in 
the epidermis, whereas no costaining between IFN-κ and MX1 
was seen in the inflammatory infiltrate (figure 1E and online 
supplementary figure S3), suggesting epidermal IFN-κ along 
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Figure 2 Keratinocytes exhibit baseline type I interferon activity and express IFN-κ. (A) Unstimulated normal human keratinocytes (NHK1-3) exhibit 
heightened expression of type I IFN target genes compared with dermal fibroblasts (FB1-3) and dermal endothelial cells (EC1-4) as measured by RNA-
seq (FDR=6.8E-04). (B) RNA-seq reveals IFNK as the only type I IFN detectable in the three skin-derived cell types, and its expression was limited to 
keratinocytes. (C) Immunofluorescent colocalisation with the epidermal marker cytokeratin 14 showed colocalisation with IFN-κ in healthy epidermis, 
but no expression of IFN-α or IFN-β1. Representative of three slides is shown. (D) The type I IFN response could be transferred to fibroblasts following 
exposure to keratinocyte conditioned medium for 24 hours (KC-CM) but not non-conditioned keratinocyte medium (KC-M) or conditioned fibroblast 
medium (FB-CM), as determined by expression of MX1, IRF7 and OASL. This response could be effectively inhibited by addition of neutralising anti-
IFN-κ antibody (10 µg/mL) but not with isotype (KC-CM+Iso), anti-IFN-α (KC-CM-IFN-α_Ab) or anti-IFN-β1(KC-CM-IFNβ1_Ab) antibodies (10 µg/mL) 
(n=3 for all). Data shown with SEM, *p<0.05, **p<0.01, ***p<0.001 (unpaired two-sided Student’s t-test). n=3 for each experiment. IFN, interferon.

with dermal IFN-α and IFN-β likely contribute to the overall 
type I IFN signalling in CLE.

Keratinocyte-produced IFn-κ is the source of basal type I IFn 
activity in healthy skin
Little is known about the production of type I IFNs in the skin. To 
understand this, we started by examining healthy cultured kerati-
nocyte (KC) global gene expression using RNA-seq (n=3), fibro-
blasts (n=3) and endothelial cells (n=4) from healthy controls. 
Gene ontology analysis of transcripts differentially expressed 
uniquely to each cell population demonstrated that ‘type I 
interferon responses’ were enriched in KCs (FDR=6.8E-04) 
but not in fibroblasts or endothelial cells. Consistent with this 

observation, type I IFN response genes including MX1, OASL 
and OAS1-3, and IRF5-7 were predominantly expressed in kera-
tinocytes (figure 2A). To address the source of the type I IFN 
response in KCs, we analysed the expression of all type I IFN 
family members in those three cell types. Of the 17 known type 
I IFN family members, IFNK had higher expression in KCs and 
was the most elevated IFN when keratinocytes, fibroblasts and 
endothelial cells were compared (figure 2B). These observa-
tions were confirmed by immunofluorescence of healthy control 
skin, which demonstrated low-level expression of IFN-κ in the 
epidermis, co-localising with the epidermal marker; cytoker-
atin 14, but no expression of IFN-α or IFN-β1, was detected 
in the epidermis (figure 2C and online line supplementary 
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figures S2 and S3). Similarly, the IFN response protein MX1 was 
expressed throughout the epidermis and showed patchy colo-
calisation with IFN-κ, particularly in the basal epidermal layers 
(online supplementary figure S5). To confirm whether produc-
tion of IFN-κ from keratinocytes was functional, we collected 
the conditioned media of cultured human keratinocytes and 
transferred that to primary human fibroblast cultures. After 
6 hours in the conditioned KC medium, fibroblasts had increased 
mRNA expression of type I IFN response genes including MX1 
(p<0.001), IRF7 (p<0.01) and OASL (p<0.05) (n=3 for all), 
but no increase was seen in fibroblasts treated with non-condi-
tioned keratinocyte medium or conditioned fibroblast medium 
(figure 2D). This increase in IFN response genes was driven by 
IFN-κ as MX1, IRF7 and OASL expression could be blocked by 
addition of a neutralising antibody against IFN-κ (10 µg/mL) but 
not with isotype, anti-IFN-α or IFN-β1 antibodies (10 µg/mL).

To further study the role of IFN-κ in keratinocyte biology, 
we knocked out IFNK using NHEJ repair via CRISPR/Cas9 
in a human keratinocyte line. Guide RNA was designed for 
the IFNK gene and homozygous mutation was confirmed by 
Sanger sequencing (figure 3A). Absence of the IFN-κ protein 
was confirmed by western blotting of KC lysates (online supple-
mentary figure S6A) and ELISA from conditioned KC medium 
(figure 3B). KO of IFNK in unstimulated KCs reduced basal 
mRNA expression of type I IFN response genes compared with 
WT, including MX1 (p<0.001), IRF7 (p<0.01), IRF9 (p<0.01) 
and OASL (p<0.001) (n=3 for all) (figure 3C and online supple-
mentary figure S6A). Collectively, these data indicate that human 
keratinocytes express and secrete functionally active IFN-κ that 
is required to maintain basal expression of IFN response genes 
in keratinocytes.

Type I IFn activity in keratinocytes is dependent on Tyk2
Type I IFNs signal through the type I IFN receptor (IFNAR1 and 
IFNAR2) followed by activation of the non-receptor tyrosine 
kinase 2 (TYK2). To determine if IFN-κ used TYK2 to main-
tain basal type I IFN activity in keratinocytes, we used CRISPR/
Cas9 to knock out the TYK2 gene in N/TERT KCs (online 
supplementary figure S6B). Insertion of a frameshift mutation 
was confirmed by Sanger sequencing (online supplementary 
figure S6B). KO of TYK2 in unstimulated KCs led to decreased 
basal expression of type I IFN response genes including MX1 
(p<0.001), IRF7 (p<0.001), IRF9 (p<0.001), OASL (p<0.01) 
(n=3 for all) (figure 3D). In addition, KO of TYK2 led to an 
inability of KCs to respond to exogenous IFN-α (50 ng/mL) or 
IFN-κ (figure 3D). Notably, IFN-κ was induced by IFN-α or 
IFN-κ exposure, and this induction was abolished in TYK2 KO 
(p<0.001 for both, n=3) (figure 3D).

IFn-κ is required for rapid triggering of IFn responses in 
keratinocytes
The ability of cells to generate a rapid IFN response can depend 
on proper priming of the IFN pathway. For example, in periph-
eral blood mononuclear cells (PBMCs), basal IFN-β production 
is required to confer ‘IFN readiness’ for responses to commensal 
organisms.31 Similarly, we hypothesised that IFN-κ may provide 
a similar ‘IFN readiness’ in keratinocytes. Consistent with this 
hypothesis, baseline pSTAT1 and pSTAT2 levels were markedly 
suppressed in IFNK KO KCs compared with wild type (WT) 
(p<0.001, n=3 for each) (figure 4A,B). Similar findings were 
noted in unstimulated TYK2 cells, which serve as an IFN-signal-
ling KO control. With stimulation by exogenous IFN-α (50 ng/
mL), pSTAT1 and pSTAT2 levels in IFNK KO displayed a small 

lag in activation but approached WT levels after 20 min of stim-
ulation. In contrast, pSTAT1 and pSTAT2 in TYK2 KO remained 
suppressed at all time points (10, 20 and 30 min) (figure 4A,B), 
consistent with its role in transmitting all type I IFN signals. 
Notably, IFNK KO KCs had both a decreased and a delayed 
response to added IFN-α (as measured by mRNA expression 
of MX1 and OASL), which was most notable at lower doses of 
IFN-α stimulation (1 ng/mL and 5 ng/mL) and approximated 
WT levels of expression at higher concentrations (50 ng/mL) 
(n=3 for all) (figure 4C).

non-lesional lupus keratinocytes express increased IFn-κ, 
which contributes to dendritic cell activation, rapid IFn-
regulated gene transcription and photosensitivity
Patients with lupus have abnormal responses to UV light, which 
lead to CLE development. In order to determine whether 
‘normal’ appearing keratinocytes from patients with lupus also 
demonstrated dysregulated IFN-κ expression, we cultured kera-
tinocytes from non-lesional, non-sun-exposed skin biopsies 
from patients with SLE and a history of CLE lesions or healthy 
controls. These unstimulated keratinocytes had increased base-
line protein expression of IFN-κ and demonstrated constitu-
tively higher baseline pSTAT1 and pSTAT2 activity (n=3, two 
examples shown) (figure 5A). In contrast, keratinocytes from 
uninvolved and lesional psoriatic skin did not show increased 
IFN-κ mRNA expression (n=4) (online supplementary figure 
S7). As further validation of the increased basal IFN-κ produc-
tion in SLE KCs, we were able to induce a greater IFN response 
in fibroblasts by transfer of conditioned media from SLE KCs 
than of conditioned media from healthy control KCs (figure 5B). 
To study the impact of increased IFN-κ in KCs, we generated 
N/TERT keratinocytes overexpressing IFN-κ at about twice the 
amount of endogenous IFN-κ (figure 5C). Similar to lupus-de-
rived KCs, these cells had higher baseline expression of type I 
IFN response genes (figure 5D). IFN-κ overexpressing KCs had 
accelerated and increased early responses to IFN-α compared 
with non-overexpressing N/TERTs (as shown by MX1 mRNA 
expression at 1 hour; figure 5E). Importantly, the early upregu-
lation of MX1 was abrogated by addition of neutralising IFN-κ 
antibody (figure 5E). After 4 hours of IFN-α stimulation, N/
TERT control KCs had a robust type I IFN response that was 
also dependent on IFN-κ as neutralising antibodies also dimin-
ished MX1 expression (figure 5E). These data support a role for 
IFN-κ in CLE pathogenesis in which chronic elevation of IFN-κ 
amplifies basal IFN responses and promotes rapid response to 
other type I IFNs.

UVB induction of keratinocyte apoptosis is thought to be 
an essential trigger for CLE lesions.32 Indeed, consistent with 
reported literature,33 we detected increased apoptosis in CLE 
lesions via TUNEL staining (figure 6A). We next examined if 
increased UVB-mediated apoptosis was a feature of SLE kera-
tinocytes. As shown in figure 6B, non-lesional SLE keratino-
cytes exhibited increased UVB-mediated apoptosis compared 
with control keratinocytes (p=0.0013). We thus examined the 
impact of IFN-κ overexpression on UVB-mediated apoptosis 
in keratinocytes. As shown in figure 6C, overexpression of 
IFN-κ resulted in enhanced basal and UVB-mediated increases 
in TUNEL staining, whereas UVB-induced apoptosis was nearly 
completely abrogated in IFN-κ KO keratinocytes (figure 6D). 
Similarly, UVB-induced apoptosis could be inhibited by the Jak 
inhibitor, baricitinib, in both normal and SLE keratinocytes 
(p<0.05 and p<0.01, respectively) (figure 6E).
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Figure 3 IFNK knock-out abolishes type I interferon activity in keratinocytes. (A) A guide RNA targeting a 20nt sequence in exon 1 of the IFNK gene 
was designed, and knock-out was performed via non-homologous end-joining repair (NHEJ) resulting in the insertion of a single nucleotide (A) in the 
IFNK gene. (B) Absence of the secreted IFN-κ protein was confirmed by ELISA. (C) IFNK KO suppressed baseline type I IFN activity in unstimulated 
keratinocytes as determined by expression of MX1, IRF7, IRF9 and OASL. Data shown with SEM, **p<0.01, ***p<0.001, n=3 for all). (D) Baseline 
type I IFN activity was measured in unstimulated WT and TYK2 KO keratinocytes as determined by expression of IFNK, MX1, IRF7, IRF9 and OASL 
via real-time PCR. Similar expression changes were measured after treatment with either IFN-α (5 ng/mL) or IFN-κ (5 ng/mL). Data shown with SEM, 
**p<0.01, ***p<0.001, n=3 for all (unpaired two-sided Student’s t-test). IFN, interferon; IFNK KO, IFNK knock-out keratinocytes; TYK2 KO, TYK2 
knock-out keratinocytes; WT, N/TERTs (immortalised human keratinocytes).

One mechanism for enhanced immune activation in SLE is 
type I IFN activation of dendritic cells.34 Previously, we had 
identified increased IFN-κ secretion from SLE versus control 
keratinocytes following UVB stimulation.13 To determine 
whether conditioned medium from UV irradiated keratinocytes 
was sufficient to induce CD80 expression on dendritic cells and 
elicit a type I IFN response (via MX1 mRNA expression), SLE 
and healthy control keratinocytes were treated with UVB, and 

the supernatants were collected and added to primary dendritic 
cell cultures. Consistent with heightened type I IFN responses in 
SLE keratinocytes, all three SLE cultures resulted in induction 
of MX1 and CD80 after UVB exposure (figure 6F). Notably, 
the responses from UVB conditioned keratinocyte media were 
completely inhibited by IFN blockade by baricitinib (p<0.001) 
(figure 6F). Consistent with these findings, we observed 
increased expression of CD80 on CD11c+dendritic cells in CLE 
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Figure 4 IFN-κ is required for rapid keratinocyte responses to exogenous IFN-α. (A and B) WT, IFNK KO or TYK2 KO KCs were treated with 
or without IFN-α for the indicated time points followed by western blot for phosphorylated and total STAT1 and STAT2. Quantification of 
phosphorylation as compared with WT is shown in figure part (B. (C) WT or IFNK KO KCs were treated with the indicated concentrations of IFN-α 
followed by qRT-PCR for the indicated genes. Data shown with SEM, *p<0.05, **p<0.01, ***p<0.001, n=3 for all (unpaired two-sided Student’s 
t-test). IFN, interferon; IFNK KO, IFNK knock-out keratinocytes; KCs, keratinocytes; TYK2 KO, TYK2 knock-out keratinocytes; WT, N/TERTs (immortalised 
human keratinocytes);

skin lesions (figure 6G). These data support the upregulation of 
IFN-κ in lupus keratinocytes as a key regulator of heightened 
inflammatory and apoptotic responses in SLE skin, which leads 
to a priming of SLE skin for enhanced keratinocyte apoptosis 
and immune activation following UVB stimulation (figure 6H).

dIsCussIOn
In this study, we have identified IFN-κ as the most prominent 
type I IFN produced by keratinocytes and characterised its role 
in regulation of basal type I IFN responses in skin. Furthermore, 
we have shown that this cytokine can amplify exogenous IFN 
signals and drive enhanced type I IFN responses and photo-
sensitivity in SLE keratinocytes. Importantly, we have identi-
fied IFN-κ as one of two type I IFNs significantly increased in 
lesional CLE and have implicated it in the activation of dendritic 
cells, an important pathogenic cell population in CLE skin.

Regulation of the type I IFN response in the skin is important 
for antiviral defences, and consistent with this, IFN-κ has 
recently been found to be important for protection against 
human papillomavirus infections.35 Using high-resolution 
RNA-seq data, we found baseline type I IFN activity in kerati-
nocytes but minimal activity in dermal fibroblasts or endothelial 
cells. Others have also identified basal IFN-κ activity in healthy 
control cultured KCs through multiple methods of detection; 
however, using chromogenic immunohistochemistry, they were 
unable to detect IFN-κ in vivo. Our staining, using a different 
antibody and immunofluorescent technique with high resolution 
microscopy, was able to show the presence of IFN-κ in basal 
KC in vivo. While IFN-κ was not one of the most dysregulated 

genes in healthy control KCs, the unstimulated IFN signature 
in epithelial cells was prominent. This is consistent with new 
data that suggest very low levels (attomolar) of type I IFNs are 
sufficient for generating IFN responses.36 Importantly, the IFN 
activity was transferable to fibroblasts and endothelial cells in 
an IFN-κ-dependent manner. This suggests that IFN-κ has 
pleotropic functions in healthy skin: protecting keratinocytes 
against intracellular pathogens and ‘sounding the alarm’ to other 
immune and non-immune cell populations in the skin.

The effects of IFN-κ on upregulation of IFN response genes 
were dependent on the expression of Tyk2 and neutralised by 
anti-IFN-κ antibody, suggesting that IFN-κ is secreted by kera-
tinocytes and uses classical IFN signalling pathways to activate 
cellular responses. Both TYK2 and IFNK gene loci have been 
implicated as susceptibility factors for SLE and cutaneous mani-
festations of lupus.11 37 Our data suggest that one mechanism by 
which TYK2 might contribute to CLE susceptibility is through 
regulation of autocrine IFN-κ activity. Further studies will test 
this hypothesis.

Our data support a role for IFN-κ as a rheostat for IFN 
responses in keratinocytes. For example, we found that phos-
phorylation of STAT1 and STAT2 was delayed by the absence 
of IFN-κ and that transcriptional responses to small amounts 
of IFN-α were delayed in the absence of IFN-κ. This could be 
overcome by higher doses of IFN-α. These data suggest that 
baseline IFN-κ expression primes keratinocytes for responses 
to low grade signalling through the type I IFN receptor. This 
is similar to data that support a parallel role for IFN-β, which 
primes for IFN responses in myeloid cells in response to gut 
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Figure 5 CLE keratinocytes have heightened basal IFN-κ expression and type I IFN activity. (A) Cultured keratinocytes from uninvolved skin of 
patients with SLE and a history of cutaneous lupus exhibited increased protein expression of IFN-κ along with increased pSTAT1 and pSTAT2 activity 
(representative data from two (out of three) control and two (out of three) patients with SLE shown). (B) Fibroblasts were treated with KC media 
(KC-M) alone, conditioned media from healthy control KCs (HC-KC-CM) or conditioned media from SLE-KCs (SLE-KC-CM) (n=3 each in triplicate) for 
24 hours followed by qRT-PCR for IFN-regulated genes MX1, IRF7 and OASL. (C) KCs stably overexpressing IFN-κ were generated; representative 
western Blot of IFN-κ overexpressing line (IFN-κ OE) (both native and GFP tagged) is shown. (D) MX1 mRNA expression in IFN-κ OE compared with 
N/TERTs. (E) IFN-κ OE or N/TERTs were grown in the presence or absence of a neutralising antibody to IFN-κ for 3 days followed by stimulation with 
5 ng/mL IFN-α for the indicated time points. MX1 expression was assessed via real-time PCR, normalised to RPLP0 expression and expressed as per 
cent change over unstimulated cells. Data shown with SEM, *p<0.05, **p<0.01, ***p<0.001, n=3 for all (unpaired two-sided Student’s t-test). CLE, 
cutaneous lupus erythematosus; IFN, interferon; IFN-κ_Ab, IFN-κ antibody; Iso, isotype control for IFN-κ antibody; SLE, systemic lupus erythematosus. 

flora.31 In contrast, overexpression of IFN-κ has pathological 
consequences. Indeed, we found that ‘normal’ keratinocytes 
from patients with SLE produce more IFN-κ at baseline and that 
overexpression of IFN-κ can amplify responses to other type I 
IFNs in an IFN-κ dependent manner.

The heightened expression of type I IFN response genes in 
CLE has been known for some time.7 However, which type I 
IFNs contribute to cutaneous IFN signatures has not been exam-
ined until now. Intriguingly, we find that IFN-κ is one of only 
two type I IFNs upregulated in CLE lesions. Our data support 
keratinocytes as a source of this cytokine but does not exclude 
production by myeloid populations, which have also been cited 
to produce IFN-κ.30 38 IFN-α10 is also detected in CLE lesions, 
and we would surmise that this cytokine stems from recruited 
pDC populations in CLE skin. Importantly, given our data on 

the role of IFN-κ in fine-tuning the IFN response, we propose 
that an important step in CLE pathogenesis is the amplification 
of IFN signalling as lupus keratinocytes make more IFN-κ at 
baseline and have skewed IFN responses as a result. Paracrine 
IFN-α thus can further amplify this loop, priming for inflam-
matory responses as we have recently shown13 and upregulating 
IFN-κ (figure 3D) (summarised in figure 6H). Paracrine IFN-κ 
produced by pDCs (online supplementary figure 4) may also 
contribute to this loop. Indeed, our data may also explain the 
recent clinical trial results in which blockade of IFN-α, which 
does not block IFN-κ, results in only mild improvements in CLE 
lesions,39 whereas blockade of the type I IFN receptor, which 
blocks IFN-κ signalling as well as IFN-α, appears to result in 
more robust clinical improvement.40

https://dx.doi.org/10.1136/annrheumdis-2018-213197
http://ard.bmj.com/


1662 Sarkar MK, et al. Ann Rheum Dis 2018;77:1653–1664. doi:10.1136/annrheumdis-2018-213197

Basic and translational research

Figure 6 IFN-κ promotes UVB induced apoptosis in CLE. (A) TUNEL staining of normal and CLE skin shows prominent apoptosis in CLE epidermis. 
Figure is representative of three samples. (B) Healthy control and non-lesional SLE KCs (n=6 each) were treated with or without 50 mJ/cm2 UVB 
followed by TUNEL staining after 8 hours of culture. Representative photos are shown on the right. (C) IFNκ-OE KCs or N/TERTs were treated with 
UVB followed by TUNEL staining as in figure part B (n=5 each). (D) IFNK KO or N/TERT KCs were treated with UVB followed by TUNEL staining as in 
figure part B (n=6 each). (E) Control or SLE KCs (n=5 each) were treated with or without baricitinib (BARI) followed by treatment with 50 mJ/cm2 UVB 
followed by TUNEL staining after 8 hours of culture. (F) Condition medium from control or SLE UVB-irradiated KCs was added to monocyte-derived 
dendritic cell cultures in the presence or absence of baricitinib followed by measurement of CD80 surface expression by flow cytometry and CD80 
and MX1 mRNA expression via RT-PCR. Red dots: SLE keratinocyte conditioned media (three different patients); black dots: control conditioned media 
(three different healthy controls). All statistical comparisons made via unpaired two-sided Student’s t-test. (G) Immunofluorescent staining denotes 
increased expression of CD80 on CD11c+dendritic cells in CLE skin lesions. (H) Schematic outline of the role of IFN-κ in SLE. In control KCs, a basal 
level of IFN-κ maintains tonic low-level IFN signalling and primes for IFN responses. In SLE KCs, increased autocrine IFN-κ expression drives an 
elevated tonic IFN response and primes for rapid, robust IFN responses and apoptosis to UVB. Secreted IFN-κ can activate DCs to stimulate immune 
responses in the skin. CLE, cutaneous lupus erythematosus; DCs, dendritic cells; IFN, interferon; KCs, keratinocytes; SLE, systemic lupus erythematosus; 
UVB, ultraviolet B.

Photosensitivity is a hallmark of patients with SLE and is 
strong contributor to poor quality of life.1 Photosensitive 
lesions are characterised by increased epidermal apoptosis 
and increased inflammatory infiltrates, including dendritic 
and pDCs, in the dermis.41 Until now, we have not under-
stood why SLE skin is predisposed to this reaction. Here, we 
have identified that chronic exposure to IFN-κ is sufficient 

to increase apoptosis of keratinocytes after UVB exposure 
and that SLE keratinocytes, which overexpress IFN-κ, display 
increased sensitivity to UVB in an IFN-signalling-dependent 
manner. In addition, keratinocyte-produced IFN-κ is able to 
activate DCs, which further amplifies inflammatory responses 
after UVB exposure. This identifies regulation of IFN-κ as 
a key to controlling photosensitivity. Further research will 
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explore the mechanisms by which IFN-κ predisposes to 
photosensitivity.

Other groups have identified IFNλ, a type III IFN with impor-
tance for antiviral responses as dysregulated in CLE keratino-
cytes. IFNλ1 levels are increased via immunohistochemistry in 
the epidermis of DLE and SCLE lesions and were identified as 
increased in the serum of patients.42 Serum IFNλ3 levels (IFNλ1 
and IFNλ2 levels were undetectable in this study) may be higher 
in patients with anti-Ro antibodies, which is a common feature 
of patients with SCLE.43 Our microarray data did not support 
increased IFNλ2 or IFNλ3 in CLE biopsies. Unfortunately, 
IFNλ1 did not meet cut-off thresholds for detection. However, 
our in vitro data that evaluated the effects of IFNAR or IFNκ 
neutralisation on baseline IFN gene expression in keratinocytes 
does not support a role for IFNλ in maintaining basal IFN signa-
tures in keratinocytes. It is possible that elevated IFNλ produc-
tion may contribute stimulated IFN responses, and this can be 
addressed in future studies.

In summary, we have identified IFN-κ as a critical regulator 
of basal type I IFN responses in keratinocytes and as a dysreg-
ulated cytokine in non-lesional SLE skin, which contributes to 
amplification of IFN responses, activation of dendritic cells 
and photosensitive apoptosis. Further research into the role of 
IFN-κ in SLE and the targeting of IFN-κ in CLE lesions should 
be considered.
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ABsTrACT
Objective In systemic sclerosis (SSc), early 
microvascular injury is followed by impaired angiogenesis 
and peripheral capillary loss. Here, we investigated the 
possible contribution of the neurovascular guidance 
molecule Slit2 and its roundabout (robo) receptors to 
SSc-related endothelial cell dysfunction.
Methods Circulating Slit2 levels were measured in 
patients with SSc and healthy controls. Slit2, robo1 and 
robo4 expression was investigated in SSc and healthy 
skin biopsies and explanted dermal microvascular 
endothelial cells (MVECs). Slit2/robo4 function in MVEC 
angiogenesis was studied by cell viability, wound healing 
and capillary-like tube formation assays.
results Circulating Slit2 was significantly increased 
in either SSc or patients with a very early diagnosis of 
SSc (VEdoSS) compared with controls. Interestingly, 
serum Slit2 levels were raised in patients with VEdoSS 
with nailfold videocapillaroscopy (nVC) abnormalities, 
while they were similar in VEdoSS with normal nVC 
and controls. In SSc, Slit2 and robo4 expression was 
upregulated in clinically affected skin and explanted 
MVECs in respect to controls. the angiogenic 
performance of healthy MVECs was significantly 
reduced after challenge with recombinant human Slit2 
or SSc sera. these inhibitory effects were significantly 
attenuated when SSc sera were preincubated with 
an anti-Slit2 blocking antibody. In vitro angiogenesis 
was severely compromised in SSc-MVECs and could 
be significantly ameliorated by Slit2 neutralisation or 
ROBO4 gene silencing. Slit2/robo4 axis interfered 
with angiogenesis through the inhibition of Src kinase 
phosphorylation.
Conclusions In SSc, increased circulating levels of Slit2 
and activation of the Slit2/robo4 antiangiogenic axis 
may contribute to peripheral microangiopathy since the 
very early phase of the disease.

InTrOduCTIOn
Systemic sclerosis (SSc) is a chronic multisystem 
autoimmune disease characterised by vascular 
injury and tissue fibrosis of the skin and internal 
organs.1–3 Despite recent advances in the under-
standing of SSc pathogenesis, the primary causes 
of SSc or the molecular mechanisms underlying its 
clinical onset, progression and outcomes remain 
unclear.1–3 Peripheral microvascular abnormali-
ties and dysfunction consistently precede tissue 
fibrosis,4–6 suggesting that microvascular endo-
thelial cells (MVECs) are the primary target in 

this disease, and that the interaction of MVECs 
with other cells and pathways, such as cells of the 
immune system, smooth muscle cells and fibro-
blasts, may drive disease pathogenesis.5 Raynaud’s 
phenomenon (RP) is the first clinical manifestation 
of vascular dysfunction,7 and though its pathophys-
iology is still not completely understood, it has been 
suggested that a dysregulation in neuroendothelial 
control mechanisms may play a key role in RP 
onset.3 7

Compelling evidence indicates that blood vessels 
and nerves course throughout the body in an orderly 
pattern and that the mechanisms involved in wiring 
neural and vascular networks share some deep 
similarities.8 9 Axons are guided to their targets by 
finely tuned codes of attractive and repulsive cues, 
and recent studies revealed that these cues also help 
blood vessels to navigate to their targets.8 9 In fact, 
many molecules with attractive and repulsive prop-
erties, such as members of neuropilin/semaphorin, 
ephrin/ephrin receptor and Notch/Delta gene fami-
lies, are able to modulate the guidance of both 
nerves and blood vessels.8 9 In this context, another 
class of neurovascular guidance molecules, Slit/
Roundabout (Robo), is increasingly being appre-
ciated.10–13 Slit/Robo signalling was first identified 
by studying axonal growth cones. Slits are secreted 
glycoproteins acting as cognate ligands for trans-
membrane Robo receptors, which induce repul-
sive signals during axon guidance. Currently, three 
members of the Slit family (Slit1, Slit2 and Slit3) and 
four members of the Robo family (Robo1, Robo2, 
Robo3 and Robo4) have been described. Robo2 
and Robo3 are highly expressed in the nervous 
system but untraceable in the vascular system, 
while Robo1 has been shown to be expressed in 
both systems.10–13 The latest member of this family, 
Robo4, also called ‘magic roundabout’, is a novel 
endothelial cell protein that was recently identified 
by using bioinformatic data miming.14 A number 
of studies have highlighted important roles for the 
Slit/Robo signalling during angiogenesis. In partic-
ular, some reports have suggested that Slit2 exerts 
proangiogenic effects by promoting endothelial 
cell migration and tube formation in a Robo1-de-
pendent manner.12 15–17 Similarly, Robo1 signalling 
has been demonstrated to be necessary for vascular 
endothelial growth factor (VEGF)-induced phos-
phorylation of VEGF receptor (VEGFR)-2 in endo-
thelial cells, especially in the presence of Slit2.16 17 
On the contrary, the interaction of Slit2 with Robo4 
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exerts potent antiangiogenic properties by inhibiting VEGF-in-
duced endothelial cell migration, tube formation and vessel 
permeability in vitro and vascular leak in vivo,12 18–22 possibly 
by blocking Src family kinase activation.18 The in vivo relevance 
of these findings was confirmed with the generation of Robo4 
knockout mice that express normal levels of Slit2 and Robo1. 
These mice develop normally, suggesting that Robo4 is dispens-
able for murine developmental angiogenesis.18 23 However, in 
comparison with wild-type littermates, Robo4 knockout mice 
exhibit increased basal and VEGF-induced vascular permeability 
and pathological angiogenesis during experimentally induced 
ocular neovascularisation.12 23 These data suggest that Robo4 
is required to maintain endothelial cells in a quiescent state by 
counteracting VEGF and behaving as a negative regulator of 
angiogenesis in these model systems.

As far as neurovascular trophic factors are concerned, recent 
studies from our group demonstrated that neuropilin-1 and 
semaphorin3E are implicated in SSc-related angiogenesis distur-
bances.24 25 However, the Slit/Robo axis has never been explored 
in SSc. Therefore, the aims of the present study were to inves-
tigate whether the levels of Slit2, Robo1 and Robo4 could be 
altered in SSc circulation, skin and explanted endothelial cells 
and whether Slit/Robo-mediated mechanisms could be function-
ally implicated in the defective angiogenic process characteristic 
of this disorder.

MeTHOds
Methods and any associated references are available in the online 
supplement.

resulTs
Circulating levels of the secreted glycoprotein slit2 are 
raised in ssc and patients with a very early diagnosis of ssc 
(VedOss)
A total of 78 patients with SSc,1 64 patients not fulfilling the 
2013 American College of Rheumatology/European League 
Against Rheumatism classification criteria for SSc (ie, total 
score <9)1 and enrolled in the VEDOSS project (ie, patients 
with RP, puffy fingers and positivity of antinuclear antibodies, 
together with ‘scleroderma type’ nailfold capillaroscopic abnor-
malities or specific SSc antibody positivity)26 and 74 healthy 
individuals sorted in a discovery cohort (online supplementary 
table S1) and a replication cohort (online supplementary table 
S2) were included in this study.

In the discovery cohort, serum Slit2 levels were significantly 
higher in both patients with SSc (n=48) and patients with VEDOSS 
(n=32) in respect to controls (n=40) (p=0.022 and p=0.035, 
respectively) (figure 1A). No significant differences in circu-
lating Slit2 were detected between patients with SSc and patients 
with VEDOSS. These results were subsequently validated in the 
replication cohort, where circulating Slit2 resulted significantly 
increased in SSc (n=30) and in VEDOSS (n=32) sera compared 
with control sera (n=34) (p=0.032 and p=0.012, respectively) 
(figure 1B).

A pooled analysis was performed by combining patients and 
controls from the discovery and replication cohorts. As displayed 
in figure 1C, circulating Slit2 levels were significantly higher 
in both patients with SSc and patients with VEDOSS than in 
healthy controls (p=0.002 and p=0.001, respectively). We also 
evaluated the possible correlation of Slit2 levels with the nailfold 
videocapillaroscopy (NVC) pattern27 and the presence/absence 
of digital ulcers in SSc, as measures of peripheral microvascular 
involvement severity. Either patients with SSc with early/active 

NVC pattern or those with late NVC pattern had increased Slit2 
levels in respect to controls (p=0.009 and p=0.024, respectively) 
(figure 1D). When compared with controls, circulating Slit2 was 
also significantly elevated both in patients with SSc with digital 
ulcers (p=0.016) and in those without digital ulcers (p=0.003) 
(figure 1E). No significant association was found with other 
clinicodemographic and laboratory parameters including the SSc 
cutaneous subset. Interestingly, when we stratified patients with 
VEDOSS according to NVC changes, we found differences in 
serum Slit2 levels between patients with VEDOSS with early/
active pattern and controls (p<0.0005), while Slit2 concentra-
tions were similar in VEDOSS with normal NVC and controls 
(figure 1F).

Median and IQR values of circulating Slit2 in the study cohorts 
are summarised in online supplementary table S3.

Increased expression of slit2 and its transmembrane receptor 
robo4 in ssc endothelial cells ex vivo and in vitro
The protein expression of Slit2 and Robo1 and Robo4 receptors 
in forearm skin biopsies from patients with SSc and controls was 
investigated by immunofluorescence (figure 2A–C). The expres-
sion of either Slit2 or Robo4 was strongly increased in clinically 
affected skin from patients with SSc compared with healthy skin, 
in particular in dermal endothelial cells, perivascular cells and 
fibroblasts, as well as epidermal keratinocytes (figure 2A, C). 
No significant differences in skin expression of Slit2 and Robo4 
were observed according to disease duration or cutaneous SSc 
subsets (data not shown). The localisation of Slit2 and Robo4 
in vascular endothelial cells was highlighted by double immu-
nofluorescence staining with the pan-endothelial cell marker 
CD31 (figure 2A, C). Conversely, no difference in Robo1 immu-
nostaining was evident when comparing SSc and control skin 
sections (figure 2B). Densitometric analysis of immunofluores-
cent staining intensity confirmed that the protein expression of 
Slit2 and Robo4, but not of Robo1, was significantly increased 
in SSc dermal vessels compared with controls (p<0.001 for 
both) (figure 2D). Moreover, quantitative real-time PCR anal-
ysis revealed that SLIT2 and ROBO4 gene expression levels 
were significantly upregulated in MVECs isolated from SSc 
dermis (SSc-MVECs) compared with healthy dermal MVECs 
(H-MVECs) (p<0.001) (figure 3A). On the contrary, ROBO1 
gene expression was similar in H-MVECs and SSc-MVECs (data 
not shown). The upregulation of Slit2 and Robo4 in cultured 
SSc-MVECs was confirmed at the protein level by either Western 
blot or immunocytochemistry (figure 3B, C). In addition, Slit2 
levels were significantly higher in supernatants collected from 
SSc-MVECs (mean±SEM, 2.06±0.25 ng/mL) than in those 
from H-MVECs (mean±SEM, 1.16±0.06 ng/mL) (p<0.005) 
(figure 3D). As shown in online supplementary figure S1, treat-
ment with SSc sera was able to significantly increase Robo4 
protein levels in H-MVECs (p<0.005 vs basal H-MVECs and 
H-MVECs treated with healthy sera).

upregulation of slit2 and robo4 contributes to disturbed 
angiogenesis in ssc
It has been widely demonstrated that treatment with SSc sera 
impairs the angiogenic performance of H-MVECs24 28–30 and, as 
we demonstrate herein, SSc sera are strongly enriched in Slit2. 
Therefore, in order to clarify the regulatory effects of Slit2 
on different angiogenesis steps, such as MVEC proliferation, 
migration and tube formation, we challenged H-MVECs with 
recombinant human Slit2 or with sera from patients with SSc 
preincubated or not with an antihuman Slit2 blocking antibody. 

https://dx.doi.org/10.1136/annrheumdis-2018-213239
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Figure 1 Serum levels of Slit2 determined by colorimetric sandwich ELISA. (A–C) Serum Slit2 levels in healthy controls (HC), patients with systemic 
sclerosis (SSc) and patients not fulfilling the 2013 American College of Rheumatology/European League Against Rheumatism classification criteria for 
SSc and enrolled in the very early diagnosis of SSc (VEDOSS) project. Results from the discovery (A), replication (B) and pooled (C) cohorts are shown. 
(D and E) Serum Slit2 levels in total HC and patients with SSc stratified according to (D) nailfold videocapillaroscopy (NVC) pattern (early/active and 
late) or (E) the presence/absence of digital ulcers (DU). (F) Circulating Slit2 levels in total HC and patients with VEDOSS stratified according to NVC 
pattern (normal and early/active). Data are shown as box plots. Each box represents the 25th to 75th percentiles. Lines inside the boxes represent 
the median. Lines outside the boxes represent the 10th and the 90th percentiles. Circles indicate outliers, and asterisks indicate the extreme values. 
Mann-Whitney U test was used for statistical analysis.

Moreover, numerous studies suggested that SSc-MVECs have a 
reduced ability to proliferate, migrate and perform angiogenesis 
in vitro due to dysregulation of different angiogenic and angio-
static factors.31–40 Since we found that the angiogenesis regulator 
Slit2 is abundantly secreted by SSc-MVECs, which also express 
high levels of the Robo4 cognate receptor, we interfered with 
Slit2/Robo4 signalling by blocking secreted Slit2 or ROBO4 gene 
silencing to clarify its possible contribution to SSc endothelial 
cell dysfunction.

H-MVECs challenged with recombinant human Slit2 had a 
significant decrease in cell viability compared with basal condi-
tion (p<0.05) as assessed by WST-1 assay (figure 4A). Quan-
tification of active caspase-3 levels demonstrated that the 
aforementioned antiproliferative effects were not due to the 
induction of apoptosis by Slit2 (online supplementary figure S2). 
According to previous reports,24 28–30 treatment of H-MVECs 
with SSc sera resulted in a significant reduction in proliferation 
(p<0.05 vs untreated cells), an effect that could be significantly 

https://dx.doi.org/10.1136/annrheumdis-2018-213239
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Figure 2 Expression of Slit2 and Robo1 and Robo4 receptors in skin biopsies. (A–C) Representative microphotographs of skin sections from healthy 
controls (HC) (n=10) and patients with systemic sclerosis (SSc) (n=15) double immunostained for (A) Slit2 (red), (B) Robo1 (red), (C) Robo4 (red) 
and the pan-endothelial cell marker CD31/platelet-endothelial cell adhesion molecule-1 (green). Nuclei are counterstained with 4′,6-diamidino-2-
phenylindole (DAPI; blue). Merged images are shown in the right panels. Insets: higher magnifications of microvessels from the respective panels. 
Original magnification (×20 or ×40) is indicated in each panel. Scale bar=100 µm (×20 panels) and 50 µm (×40 panels). (D) Densitometric analysis of 
Slit2, Robo1 and Robo4 immunofluorescent staining in dermal microvessels expressed as optical density in arbitrary units (a.u.). Data are mean±SEM. 
Student’s t-test was used for statistical analysis. *P<0.001 vs HC for both Slit2 and Robo4.

attenuated when cells were challenged with SSc sera preincu-
bated with an anti-Slit2 blocking antibody (p<0.005 vs cells 
treated with non-preincubated SSc sera) (figure 4A). Conversely, 
elevated Slit2 levels were not involved in the induction of apop-
tosis by SSc sera (online supplementary figure S2). Viability of 
SSc-MVECs was significantly promoted either by treatment with 

anti-Slit2 antibody or ROBO4 gene silencing with small inter-
fering RNA (siRNA) (p<0.05 vs untreated cells for both compar-
isons) (figure 4A, B).

The in vitro wound healing assay was performed to eval-
uate the ability of MVECs to repair the injured area in the 
same experimental conditions used for the cell viability assay 

https://dx.doi.org/10.1136/annrheumdis-2018-213239
http://ard.bmj.com/


1669Romano E, et al. Ann Rheum Dis 2018;77:1665–1674. doi:10.1136/annrheumdis-2018-213239

Basic and translational research

Figure 3 Expression of Slit2 and Robo4 in dermal microvascular endothelial cells isolated from healthy controls (H-MVEC) and patients with 
systemic sclerosis (SSc-MVEC). (A) Quantification of mRNA expression by real-time reverse transcription PCR. The levels of SLIT2 (left panel) or ROBO4 
(right panel) gene expression in H-MVEC were set to 1; the other results are normalised to this value. 18S ribosomal RNA was used as reference gene. 
Bars represent the mean±SEM values of triplicate determinations from five H-MVEC and five SSc-MVEC lines. *P<0.001 vs H-MVEC (Student’s t-test). 
(B) Slit2 and Robo4 protein expression in H-MVEC and SSc-MVEC assessed by Western blot. Representative immunoblots are shown; α-tubulin was 
measured as a loading control. (C) Representative microphotographs of H-MVEC and SSc-MVEC immunostained for Slit2 (red) or Robo4 (green) and 
counterstained with 4′,6-diamidino-2-phenylindole (DAPI; blue) for nuclei. Scale bar=50 µm. (D) Slit2 levels in culture supernatants collected from 
H-MVEC and SSc-MVEC (n=5 each). Bars represent the mean±SEM values of triplicate determinations. *P<0.005 vs H-MVEC.

(figure 5). In unstimulated H-MVECs, the monolayer integ-
rity was almost completely restored at 24 hours after scratching 
(figure 5A, B). On the contrary, the ability to repair the wounded 
area was significantly impaired in H-MVECs challenged with 
recombinant Slit2 or with SSc sera (p<0.001 vs basal H-MVECs) 
(figure 5A, B). Interestingly, the SSc serum-mediated inhibitory 
effects on H-MVEC wound healing were significantly reduced 

by preincubation of sera with an anti-Slit2 antibody (p<0.005 vs 
cells challenged with non-preincubated SSc sera) (figure 5A, 
B). As expected, wound healing capacity was compromised 
in SSc-MVECs respect to H-MVECs, but it could be signifi-
cantly ameliorated by antibody-mediated neutralisation of 
Slit2 or ROBO4 gene silencing (p<0.001 vs basal SSc-MVECs) 
(figure 5A, B).

http://ard.bmj.com/
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Figure 4 Cell viability of dermal microvascular endothelial cells from healthy controls (H-MVEC) and patients with systemic sclerosis (SSc-MVEC) 
measured by WST-1 assay. (A) Cell viability was evaluated after 24 hours in H-MVEC at basal condition and after stimulation with recombinant 
human (rh) Slit2 (100 ng/mL) or 10% sera from patients with SSc (n=6) preincubated or not with an antihuman Slit2 antibody (Ab) (10 µg/mL) or 
irrelevant isotype-matched and concentration-matched IgG. SSc-MVEC were challenged with an antihuman Slit2 antibody or irrelevant IgG. SSc-
MVEC transfected with 10 nM of Robo4 small interfering RNA (siRNA) or non-silencing scrambled RNA (SCR) were also assayed. H-MVEC viability 
at basal condition was set to 100%; the other results are normalised to this value. Data are the mean±SEM of three independent experiments 
performed in triplicate with each one of the five H-MVEC and SSc-MVEC lines. Statistical analysis was carried out with Student’s t-test. *P<0.05 vs the 
corresponding basal condition and §p<0.005 vs H-MVEC challenged with SSc sera non-preincubated with anti-Slit2 antibody. (B and C) Verification 
of the silencing capacity of Robo4 siRNA. (B) ROBO4 gene expression levels in SSc-MVEC transfected with Robo4 siRNA or SCR were measured by 
quantitative real-time PCR and normalised to 18S ribosomal RNA gene levels. Values are expressed as mean±SEM of three independent experiments. 
*P<0.01 vs SCR (Student’s t-test). (C) Protein levels of Robo4 in H-MVEC transfected with Robo4 siRNA or SCR were measured by Western blot; 
α-tubulin was used as a loading control. Representative immunoblots are shown.

To verify whether the endothelial Slit2/Robo4 axis had a role 
in the modulation of the whole angiogenic process in vitro, we 
carried out the capillary-like tube formation assay on Geltrex 
matrix. The stimulation with either exogenous Slit2 or SSc sera 
significantly decreased the angiogenic response of H-MVECs in 
respect to cells at basal conditions (p<0.005 for both) (figure 6A, 
B). The negative effect of SSc sera on H-MVEC angiogenesis 
was significantly reversed by preincubation with an anti-Slit2 
blocking antibody (p<0.005 vs cells stimulated with non-pre-
incubated SSc sera) (figure 6A, B). As reported in previous 

studies,29–31 the ability of SSc-MVECs to form capillary-like 
tubular structures was dramatically impaired compared with 
H-MVECs (figure 6A, B). However, the angiogenic performance 
of SSc-MVECs could be effectively improved when targeting 
the Slit2/Robo4 axis through the addition of an anti-Slit2 anti-
body or Robo4 siRNA (p<0.005 vs basal SSc-MVECs for both 
comparisons) (figure 6A, B). In line with these findings, exper-
imental upregulation of Robo4 resulted in a significant decre-
ment in the angiogenic potential of H-MVECs, with the highest 
antiangiogenic effect being observed after administration of 

http://ard.bmj.com/
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Figure 5 Ability of dermal microvascular endothelial cells from healthy controls (H-MVEC) and patients with systemic sclerosis (SSc-MVEC) to 
repair the injured area was evaluated by the in vitro wound healing assay. (A) Wound healing capacity was assessed after 24 hours in H-MVEC at 
basal condition or after challenge with recombinant human (rh) Slit2 (100 ng/mL) or 10% SSc sera (n=6) preincubated or not with an antihuman Slit2 
antibody (Ab) (10 µg/mL) or irrelevant isotype-matched and concentration-matched IgG. SSc-MVEC incubated with anti-Slit2 antibody or irrelevant IgG 
or transfected with 10 nM of Robo4 small interfering RNA (siRNA) or non-silencing scrambled RNA (SCR) were also assayed. A representative image 
of the wounded area at 0 hours and 24 hours after scratching is shown for each experimental condition (original magnification ×10); dotted lines 
represent wound margins. (B) Histograms represent results of quantitative analysis of the percentage of wound repair. Data are mean±SEM of three 
independent experiments performed with each one of the five H-MVEC and five SSc-MVEC lines. Statistical analysis was carried out with Student’s 
t-test; *p<0.001 vs the corresponding basal condition and §p<0.005 vs H-MVEC challenged with SSc sera non-preincubated with anti-Slit2 antibody.

exogenous Slit2 to Robo4 plasmid DNA-transfected cells (online 
supplementary figure S3).

Since it has been demonstrated that Slit2 may inhibit endothe-
lial cell migration and tube formation by blocking the activation 

of the proto-oncogene tyrosine-protein kinase Src,18 we next 
assessed the phosphorylation of Src at position Y418 in our 
different experimental conditions. As displayed in figure 6C, 
treatment of H-MVECs with recombinant human Slit2 reduced 

https://dx.doi.org/10.1136/annrheumdis-2018-213239
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Figure 6 (A and B) In vitro capillary-like tube formation by dermal microvascular endothelial cells from healthy controls (H-MVEC) and patients with 
systemic sclerosis (SSc-MVEC). Capillary morphogenesis of H-MVEC was evaluated at basal condition and after stimulation with recombinant human 
(rh) Slit2 (100 ng/mL) or 10% SSc sera (n=6) preincubated or not with an antihuman Slit2 antibody (Ab) (10 µg/mL) or irrelevant isotype-matched 
and concentration-matched IgG. SSc-MVEC were tested at basal condition and on challenging with anti-Slit2 antibody or irrelevant IgG. SSc-MVEC 
transfected with 10 nM of Robo4 small interfering RNA (siRNA) or non-silencing scrambled RNA (SCR) were also assayed. Stimulation with rh vascular 
endothelial growth factor-A165 (VEGF-A165) was used as positive control of angiogenesis. (A) Representative images of capillary morphogenesis on 
Geltrex after 24 hours are shown. (B) In vitro angiogenesis quantified as per cent field occupancy of capillary projections. Capillary morphogenesis 
of H-MVEC at basal condition was set to 100%; the other results are normalised to this value. Data are the mean±SEM of three independent 
experiments performed in triplicate with each one of the five H-MVEC and five SSc-MVEC lines. Six to nine photographic fields from three plates were 
scanned for each experimental point. Student’s t-test was used for statistical analysis. *P<0.005 vs the corresponding basal condition and §p<0.005 vs 
H-MVEC challenged with SSc sera non-preincubated with anti-Slit2 antibody. (C) The protein levels of phosphorylated (p)-Src (Y418) and total Src 
were evaluated by Western blot in lysates from H-MVEC at basal condition or challenged with rh Slit2 or rh VEGF-A165. SSc-MVEC at basal condition, 
treated with anti-Slit2 antibody or irrelevant IgG, as well as transfected with Robo4 siRNA or SCR were also assayed. Representative immunoblots are 
shown. Results are representative of three independent experiments performed with each one of the five H-MVEC and five SSc-MVEC lines.

http://ard.bmj.com/
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phosphorylated (p)-Src to levels comparable with those of 
basal SSc-MVECs. On the other hand, Slit2 neutralisation or 
silencing of ROBO4 effectively increased p-Src in SSc-MVECs as 
compared with unstimulated cells (figure 6C).

dIsCussIOn
This is the first study to investigate the possible contribution of 
neurovascular guidance molecules belonging to the Slit/Robo 
family to SSc endothelial cell dysfunction. Our data show that 
serum Slit2 levels are significantly increased in both patients 
with SSc and patients enrolled in the VEDOSS project26 and 
that higher circulating Slit2 levels associate with the presence of 
microvascular abnormalities in VEDOSS. Moreover, Slit2 and 
its cognate receptor Robo4 were found to be strongly increased 
in SSc dermal microvessels when compared with healthy skin, 
and Slit2/Robo4 upregulation was maintained in vitro in dermal 
SSc-MVECs. Furthermore, our functional experiments clearly 
demonstrate that the blockade of Slit2/Robo4 axis may effec-
tively improve angiogenic functions in SSc-MVECs.

Angiogenesis requires the coordinated proliferation and 
migration of endothelial cells in developing capillaries followed 
by stabilisation of newly formed vessels.41 Given the well-docu-
mented role of secreted Slit2 as a repellent of migrating neurons 
during development, numerous recent studies demonstrated 
that this glycoprotein is also able to regulate critical endothe-
lial processes required for angiogenesis, including proliferation, 
migration, tube formation and cell permeability.10–13 Endothe-
lial cells and other resident vascular cells, such as pericytes and 
vascular smooth muscle cells, constitutively express Slit2 and/or 
Robo1 and Robo4 receptors, though the specific effects of Slit2 
on microvasculature remain unclear, as either proangiogenic or 
angiostatic activities have been reported for this secreted glyco-
protein.10–13 Our in vitro findings show that the administration 
of exogenous Slit2 to H-MVECs exerts potent antiangiogenic 
properties similar to those elicited by Slit2-enriched SSc sera, 
as testified by the ability to reduce cell viability, wound healing 
capacity and capillary-like tube formation. This is in agreement 
with recent reports showing that Slit2 inhibits chemotaxis, 
migration and invasion of different types of cancer cells42 and 
suppresses TNF-α-induced cell proliferation and migration 
of rat aortic endothelial cells.43 Strikingly, we observed that 
blocking elevated Slit2 in SSc sera resulted in significantly atten-
uated antiangiogenic effects on administration to H-MVECs. 
Therefore, these data add Slit2 to the considerable list of angio-
genesis mediators, which are dysregulated in SSc circulation and 
appear to be largely responsible for MVEC dysfunction in this 
disorder.24 28–30 39

Of note, a large body of evidence suggests that the effects of 
Slit2 may be highly cell type and/or context dependent12 and 
that this glycoprotein may switch from proangiogenic to angio-
static depending on the binding to Robo1 or Robo4 receptor and 
consequent differential modulation of VEGF/VEGFR-2 signal-
ling on endothelial cells.16–19 In particular, activation of Robo4 
by Slit2 was found to inhibit vascular migration, tube formation 
and permeability in vitro even in the presence of proangiogenic 
VEGF-A165.

18 The Robo4:Robo1 ratio is known to be greater in
MVECs than in their macrovascular counterpart, which suggests 
a predominant antiangiogenic action of Slit2 in the microvas-
culature.12 Here, we demonstrate that SSc-MVECs express and 
release large amounts of Slit2 and also display a strong upregula-
tion of Robo4 compared with H-MVECs. Conversely, no differ-
ence in Robo1 expression was detected. Thus, SSc-MVECs seem 
to present a much higher Robo4:Robo1 ratio than H-MVECs 

rendering them potentially more responsive to the antiangio-
genic and less responsive to the proangiogenic effects of Slit2. 
This was further corroborated by the evidence that administra-
tion of exogenous Slit2 profoundly impaired angiogenesis in 
H-MVECs subjected to experimental upregulation of Robo4. 
These data are consistent with previous studies demonstrating 
that overexpression of Robo4 in endothelial cells may inhibit 
cell migration mostly by downregulating the VEGFR-2 down-
stream signalling in the presence of Slit2.22 Moreover, Slit2 
is capable of inhibiting both migration and tube formation of 
Robo4+/+, but not Robo4−/− endothelial cells expressing 
normal levels of Robo1.18 Interestingly, it also appears that 
Robo4 may inhibit angiogenesis irrespective of Slit2 by acting as 
a ligand for UNC5B,23 which might explain our observation that 
Robo4 plasmid DNA transfection was sufficient to reduce the 
angiogenic response of H-MVECs even in the absence of exog-
enous Slit2. In this complex scenario, we cannot exclude that 
other mechanisms, such as an overexpression of the angiogenesis 
mediator ephrin-A1, could act as an additional molecular switch 
controlling the effects of Slit2 on target endothelial cells.44

The effective inhibitory role of Slit2/Robo4 in the different 
angiogenesis steps of SSc-MVECs was further corroborated by 
targeting this axis through the blockade of autocrine Slit2 with a 
specific neutralising antibody or ROBO4 gene silencing. In fact, 
when we interfered with Slit2/Robo4 signalling, SSc-MVECs 
exhibited a significant improvement in their ability to proliferate, 
migrate and form capillary-like structures in vitro. In endothe-
lial cells, Slit2/Robo4 axis was found to prevent the activation 
of MAP kinases,16 Arf small GTPases21 or Src family kinase 
(SFK)18 mediated by proangiogenic factors such as VEGF.45 In 
this context, we observed that treatment of H-MVECs with 
Slit2 reduced p-Src to levels comparable with those of basal 
SSc-MVECs, suggesting that this secreted glycoprotein may 
suppress angiogenesis through the inhibition of SFK signalling 
pathways. On the other hand, interfering with Slit2/Robo4 axis 
effectively increased p-Src expression in SSc-MVECs, which 
further supports that Slit2/Robo4 antiangiogenic signalling is 
triggered in SSc microvascular endothelium.

The association of circulating Slit2 levels with peripheral 
microangiopathy in patients enrolled in the VEDOSS project26 
also deserves discussion. In fact, when we stratified those 
patients according to the NVC pattern, increased serum levels 
of Slit2 specifically correlated with the presence of microvas-
cular derangement, as patients with normal NVC had Slit2 levels 
comparable with healthy controls. Thus, an increase in systemic 
Slit2 levels could reflect the presence of microvascular abnor-
malities since the very early phase of SSc. Of note, there were 
no significant differences in Slit2 levels between patients with 
VEDOSS and patients with SSc, strengthening the notion that 
patients with VEDOSS already present circulating biomarkers of 
defective angiogenesis and that the involvement of the microvas-
cular system does occur in very early disease, even when only a 
few clinical signs and symptoms are present.46

In conclusion, our findings suggest that in SSc the Slit2/Robo4 
antiangiogenic pathway is activated in dysfunctional endothe-
lium and may contribute to peripheral microangiopathy since 
the very early phase of the disease. Prospective studies on larger 
cohorts of patients are warranted to decipher whether elevated 
circulating levels of Slit2 could even serve as a biomarker 
reflecting the shift from VEDOSS to definite SSc. Moreover, it 
could be of interest to investigate whether modulation of the 
Slit2/Robo4 axis might represent a new therapeutic strategy to 
achieve vascular repair and counteract the progression of periph-
eral microangiopathy in SSc. Further work is also necessary to 
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elucidate the mechanisms underlying Slit2/Robo4 overexpression 
in SSc, which might include either transcriptional or epigenetic 
regulation as reported for a plethora of factors dysregulated in 
this disorder.47 48 Finally, though the present study was focused 
on the vascular spectrum of SSc, the upregulation of Slit2 and 
Robo4 in different skin cell types other than MVECs, such as 
keratinocytes and fibroblasts, raises the possibility that this 
pathway might participate in additional mechanisms relevant to 
disease pathogenesis.
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ABsTrACT
Objectives the objective of the present study 
was to explain why two siblings carrying both the 
same homozygous pathogenic mutation for the 
autoinflammatory disease hyper Igd syndrome, 
show opposite phenotypes, that is, the first being 
asymptomatic, the second presenting all classical 
characteristics of the disease.
Methods Where single omics (mainly exome) analysis 
fails to identify culprit genes/mutations in human 
complex diseases, multiomics analyses may provide 
solutions, although this has been seldom used in a 
clinical setting. Here we combine exome, transcriptome 
and proteome analyses to decipher at a molecular level, 
the phenotypic differences between the two siblings.
results this multiomics approach led to the 
identification of a single gene—STAT1—which 
harboured a rare missense variant and showed a 
significant overexpression of both mrnA and protein 
in the symptomatic versus the asymptomatic sister. 
this variant was shown to be of gain of function 
nature, involved in an increased activation of the Janus 
kinase/signal transducer and activator of transcription 
signalling (JAK/StAt) pathway, known to play a critical 
role in inflammatory diseases and for which specific 
biotherapies presently exist. pathway analyses based 
on information from differentially expressed transcripts 
and proteins confirmed the central role of StAt1 in the 
proposed regulatory network leading to an increased 
inflammatory phenotype in the symptomatic sibling.
Conclusions this study demonstrates the power of 
a multiomics approach to uncover potential clinically 
actionable targets for a personalised therapy. In more 
general terms, we provide a proteogenomics analysis 
pipeline that takes advantage of subject-specific genomic 
and transcriptomic information to improve protein 
identification and hence advance individualised medicine.

InTrOduCTIOn
Mevalonate kinase (MVK) deficiency is a recessive 
autoinflammatory disease caused by mutations in 
the MVK gene. Its clinical picture includes recurring 
episodes of high fever and a variety of unspecific 
symptoms, for example, cephalalgia, joint and/
or abdominal pain, diarrhoea, skin rash,1 2 which 
can be regrouped in several syndromic entities 
including the severe form known as mevalonic 
aciduria and the milder phenotype known as 

hyperimmunoglobulinaemia D and periodic fever 
syndrome (HIDS), characterised predominantly by 
recurrent fever with inflammatory symptoms.

We recently reported two sisters (42 and 45 years 
of age) that despite being both homozygous for the 
p.V377I mutation in the MVK gene (which is found
in 90% of patients with HIDS) did present radically 
opposite phenotypes, that is, one exhibited inflam-
matory symptoms while the other was disease-
free.3 Briefly, the one sister (subject S2) presented 
polyarthralgies involving fingers, wrists and ankles, 
central allodynia and hyperalgesia, small cervical 
infracentimetric painless lymphadenopathies, optic 
neuritis, frequent right upper abdominal pains, 
nausea, vomiting and disturbed night sleep. She 
presented no evidence for an autoimmune disease. 
Despite the absence of periodic fever episodes, 
known pathogenic MVK gene mutations were iden-
tified. The HIDS diagnosis was confirmed by an 
abnormal level of polyclonal IgD (690 UI/mL) and 
IgA (5.82 U/mL), a lowered MVK enzymatic activity 
in lymphocytes (0.3 μkat/kg prot; cf. 2.5<normal 
range <7.8 μkat/kg) and urinary mevalonic acid 
concentration twice above normal values (3.1 and 
4.1 mmol/mol creatinine). In contrast, although she 
carried the same homozygous p.V377I mutation, a 
similar decrease in MVK enzyme activity (0.3 µkat/
kg prot) and elevated serum levels of IgD (140 U/
mL) and IgA (2.5 U/mL), the other sister (subject 
S1) had no history of disease or inflammatory signs.

The obvious hypothesis explaining this differ-
ential clinical symptomatology in this family being 
the existence of a modifier gene, we first turned 
to family exome sequencing and differential anal-
yses between the two sisters in order to uncover 
such gene(s). Having failed to achieve this goal, 
we switched to multiomics analyses (for a review 
see Hasin et al4). Over the last few years, there 
has been indeed a massive expansion of large-scale 
genomics, transcriptomics and proteomics data that 
has facilitated the identification of potential markers 
for disease prognosis, diagnosis and treatment. 
Notwithstanding these developments, there has 
been nevertheless a lag in successfully implementing 
multiomics approaches to a single patient or family, 
with potential direct benefit to the patient. Here, 
through a multi(tri)omics analysis, we decipher at a 
molecular level, the phenotypic differences between 
patient S2 and her asymptomatic sister S1.
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MeTHOds
subjects and samples
Subjects reported in this study were members of a single non-con-
sanguineous family of European descent (online supplementary 
figure S1). Patient S2 was diagnosed as Hyper IgD syndrome, 
whereas all other members of the family (parents, one sister and 
one brother) were healthy.3 All participants gave their informed 
consent and the study was approved by Strasbourg University 
Hospitals institutional review board (immune-based diseases 
project; DC-2013–1911).

Cell culture
Peripheral blood mononuclear cells (PBMC) were isolated by 
density gradient centrifugation from blood samples of S1 and 
S2 using Ficoll-Paque. PBMC (106 cells) were seeded in 24-well 
plates in RPMI1640 supplemented with fetal calf serum (FCS), 
penicillin, streptomycin, amphotericin B (all from Invitrogen, 
Cergy-Pontoise, France) and stimulated with lipopolysaccha-
ride (LPS) (1 µg/mL; from Salmonella Abortus equi; Sigma, 
Saint-Quentin-Fallavier, France) for 3 or 6 hours at 37°C in a 
humidified atmosphere containing 5% CO2. The STAT1 defi-
cient-U3A cell line (ECACC reference 12021503) was used for 
recombinant expression of wild-type (wt) and mutated STAT1 
proteins. U3A cells were cultivated in Dulbecco's Modified Eagle 
Medium (DMEM, ThermoFisher Scientific, Waltham, Massa-
chusetts, USA) supplemented with 10% FCS, penicillin and 
streptomycin.

exome sequencing
Whole exome sequencing was performed in both parents 
and the two sisters (S1 asymptomatic and S2 symptomatic). 
Genomic DNA was extracted and purified from peripheral 
blood using standard protocols. Exome capture was performed 
with the SureSelect 50 MB Target Enrichment System 
V.3 (Agilent Technologies, Santa Clare, California, USA) 
according to the manufacturer’s protocol. Prepared libraries 
were subjected to 75 bp/35 bp paired-end sequencing on the 
SOLiD 5500 platform (ThermoFisher Scientific, Waltham, 
Massachusetts, USA). We obtained an average of 8.6 Gb of 
mappable sequence data per individual. Colour space reads 
were mapped to the hg19 reference genome with Lifescope 
software V.2.5.1 (ThermoFisher Scientific, Waltham, Massa-
chusetts, USA). The mean coverage was 152-fold (median 
of 148-fold) and 84% of the target region was covered at a 
minimum of 10×. Single-nucleotide variants and small inser-
tions and deletions were called using the GATK software5 
and algorithms of Lifescope with medium-stringency calling 
settings. Only variants called by both methods and covered 
by more than four variant reads were considered. Annotation 
was performed with the KGGSeq software package.6

rnAseq
Total RNA was extracted from 1×106 cells after 3 and 6 hours 
of culture using TRIzol reagent according to the manufactur-
er’s instruction (Invitrogen, Cergy-Pontoise, France). Experi-
ments were performed in duplicate for each condition. Purified 
RNA was checked for integrity (RIN>7) and quantified using 
a Pico Total RNA Bioanalyzer kit and Agilent 2100 BioAn-
alyzer (Agilent Technologies, Santa Clara, California, USA). 
Poly(A)+RNA was purified from 1500 ng of total RNA with 
a Micropoly(A) Purist kit (LifeTechnologies, Carlsbad, Cali-
fornia, USA). Barcoded library construction was performed 
according to the SOLiD Total RNA-Seq Kit (ThermoFisher 

Scientific, Waltham, Massachusetts, USA) with 30 ng of 
poly(A)+RNA as input material. After quantification by Qbit 
(Life Technologies, Carlsbad, California, USA), libraries were 
pooled in equimolar amounts for template beads preparation 
using the SOLiD EZ-bead System (ThermoFisher Scientific, 
Waltham, Massachusetts, USA). Finally, the prepared beads 
were subjected to sequencing using the SOLiD 5500 sequencer 
(ThermoFisher Scientific, Waltham, Massachusetts, USA) with 
the paired-end 75bp/35 pb workflow.

After sequencing, the reads were aligned against the refer-
ence genome (hg19) using the Lifescope software V.2.5.1 
(ThermoFisher Scientific, Waltham, Massachusetts, USA). 
The Bioconductor R package DESeq was used to compare the 
expression levels of the identified genes.7 After normalisation 
and hypothesis testing, differentially expressed (DE) genes were 
selected based using a fold-change cut-off of minimum 1.5 and 
an adjusted p value of maximum 0.05.

differential proteomic experiments
Detailed analytical procedures are described in online supple-
mentary material. Briefly, proteins were extracted from 1×106 
cells after 6 hours of culture with and without LPS activation. 
Experiments were performed in triplicate for each condition. 
One hundred µg proteins from each sample were separated 
on a 1D SDS-PAGE gel. Gel bands were systematically cut 
and proteins were in-gel trypsin digested. Differential anal-
ysis using a spectral counting approach was conducted on a 
NanoAcquity LC-system (Waters, Milford, Massachusetts, 
USA) coupled to a maXis 4G QToF mass spectrometer (Bruker 
Daltonics, Bremen, Germany). Liquid chromatography-mass 
spectrometry/mass spectrometry (LC-MS/MS) data were 
searched using a local Mascot server (Matrix Science, London, 
UK) against personalised databases for each subject containing 
all human entries extracted from the UniProtKB-SwissProt 
reference database (40 654 target entries with isoforms) and 
specific exome-derived variants (Personalised Database 1 for 
S1: 45 834 target entries, Personalised Database 1 for S2: 
45 883 target entries). The generation of personalised protein 
databases is detailed in online supplementary material and in 
online supplementary figure S3.

Identification validation and spectral counting were 
performed with Scaffold software (Proteome Software, Port-
land, USA). Relative protein quantification and testing for 
differential protein expression were performed using the 
beta-binomial test implemented in R.8 The acceptance criteria 
for statistically different protein abundance changes between 
two conditions were: a minimum of 4 summed spectral-counts 
for the three replicates in at least one of the conditions to be 
compared, a p value lower than 0.05 and a fold change higher 
than 1.5 (except when the summed spectral-count equals 0 in 
one of the conditions to be compared).

Proteomic experiments for deep proteome coverage and 
specific variants identification
Detailed analytical procedures are described in online supple-
mentary material. Briefly, samples were prepared as described 
above but analysed on a more recent nanoLC-MS/MS coupling 
in order to increase depth of the proteome coverage. These 
experiments were conducted on a NanoAcquity LC-system 
(Waters, Milford, Massachusetts, USA) coupled to a TripleTOF 
5600+mass spectrometer (Sciex, Framingham, USA). LC-MS/
MS data were searched using Mascot against personalised data-
bases containing specific sequence variants inferred for exome 
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Figure 1 Experimental multiomics strategy. (A) Schematic view of the global strategy combining genomic, transcriptomic and proteomic data. 
(B) Detailed strategy of the interpretation of proteomic data making use of genomics (personalised database 1) and transcriptomics (personalised 
database 2) information.

sequencing on the one hand (personalised databases 1) and 
containing new splice variants inferred from RNAseq data on 
the other hand (personalised databases 2). For this purpose, 
we generated a list of genomic variants and splice junctions 
from exome and RNAseq datasets, respectively. Based on this 
list, a modified UniProtKB protein database was constructed 
containing the identified variant protein sequences in addition 
to all UniProtKB-SwissProt database entries, including pres-
ently known isoforms. Between the two search rounds, peak-
list files were processed using an in-house developed software 

tool (Recover module of MSDA, https:// msda. unistra. fr9) and 
identifications were validated using Proline software10 (http:// 
proline. profiproteomics. fr/). The overall identification pipeline 
is outlined in figure 1B. Sixty-nine identified single amino acid 
variants (SAAVs) were further validated by comparing their 
chromatographic and MS/MS fragmentation characteristics 
to heavy labelled synthetic peptides analysed and fragmented 
in identical conditions. All fragmentation spectra of light and 
heavy peptide pairs are provided in online supplementary figure 
S1.

https://msda.unistra.fr
http://proline.profiproteomics.fr/
http://proline.profiproteomics.fr/
https://dx.doi.org/10.1136/annrheumdis-2018-213524
https://dx.doi.org/10.1136/annrheumdis-2018-213524
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Integrative omics data analyses
The first step of the integrative omics analysis was to assess 
the correlation of the proteomics and RNAseq datasets. For 
this purpose, we first applied the voom transformation to 
the RNAseq read counts in order to convert the counts to 
log-counts per million with associated precision weight.11 
Then the RNAseq data were analysed using limma method, 
which is a popular differential expression method devel-
oped for microarray data (continuous data), provided by the 
limma software package.12 The same approach was used to 
analyse spectral count data from the proteomics dataset. The 
resulting datasets (RNAseq: n=24 364; proteins: n=736) 
were first filtered by removing rows with zero or very low 
counts. The filtered datasets (RNA-seq n=12 770; proteomic 
n=727) were then integrated using the multivariate co-in-
ertia analysis (MCIA).13 14 MCIA projects RNAseq and 
proteomic datasets, at the same time, into the same dimen-
sional space to identify co-relationships between them. As 
this method requires identical number of replicates for both 
datasets, we generated an additional replicate for RNAseq 
using bootstrap method and validating beforehand that boot-
strap did not cause any bias.15

The second analysis step consisted in combining S2-specific 
variants with DE genes in S2 vs S1 at both RNA and protein 
levels based on fold changes calculated from RNAseq and 
proteomic datasets, respectively (cf. RNAseq and proteomics 
sections of materials and methods). By doing so, we aimed 
at identifying genes that harboured a S2-specific variant and 
showed a differential expression level at both RNA and protein 
level as compared with S1.

Finally, identification of molecular network interactions and 
pathway analysis of DE genes at the RNA and protein levels 
was completed using the Ingenuity Pathway Analysis (Ingenuity 
Systems, www. ingenuity. com). The ingenuity knowledge base 
(genes only) with direct and indirect relationships was used and 
only molecules and/or relationships that had been experimen-
tally observed in rat, mouse or human were considered.

expression of recombinant sTAT1 and IFn-ɣ stimulation
The human STAT1 cDNA was PCR-amplified from HEK293 
cells (ATCC CRL-1573) with the following forward and 
reverse primers respectively 5’-cgcaccggtatgtctcagtggtac-
gaacttcagca-3’ and 5’-cgcttaattaacta tactgtgttcatcatactgtc-
gaattc-3’. It was then cloned into AgeI and PacI sites of 
pQCXIP (Clontech, Mountain View, California, USA). The 
mutated form (p.R241Q) was generated with the QuikChange 
Site-Directed Mutagenesis kit using the forward 5’-agtggagtg-
gaagcagagacagagcg-3’ and reverse 5’-cgctctgctgtctctgcttccactc-
cact-3’ primers, following manufacturer’s recommendations 
(Stratagene, San Diego, California, USA). The pQCXIP plas-
mids harbouring the wt or the mutated STAT1 were tran-
siently transfected into the STAT1 deficient-U3A cell line with 
Lipofectamine 3000 according to manufacturer’s instructions 
(Invitrogen, Carlsbad, California, USA). Two days after trans-
fection, cells were stimulated with 2000 IU/mL of interferon-ɣ 
(IFN-ɣ) (RD Systems, Minneapolis, Minnesota, USA) during 
30 min. After stimulation, proteins were extracted with NP-40 
lysis buffer (150 mM sodium chloride, 50 mM Tris pH8, 
1% NP-40) complemented with the cOmplete and phosSTOP 
protease and phosphatase inhibitor cocktail (Roche, Basel, 
Switzerland). Proteins were quantified using the Bradford 
assay according to manufacturer’s instructions (Bio-Rad Labo-
ratories, Hercules, California, USA).

Quantitative real-time PCr
The pQCXIP plasmids harbouring the wt or the mutated STAT1 
forms were transiently transfected into the STAT1 deficient-U3A 
cell line with Lipofectamine 3000 according to manufacturer’s 
instructions (Invitrogen, Carlsbad, California, USA). Two days 
after transfection, cells were stimulated with 1000 IU/mL of 
IFN-ɣ during 8 hours. Total RNA was extracted with TRIzol 
reagent (Invitrogen, Carlsbad, California, USA). Isolated RNA 
was reverse transcribed with iScript Reverse Transcription 
supermix (Bio-Rad Laboratories, Hercules, California, USA). 
PCR was performed with SSO advanced universal SYBRgreen 
supermix (Bio-Rad Laboratories, Hercules, California, USA) 
and run on a ABI7000 Real-Time PCR system (ThermoFisher 
Scientific, Waltham, Massachusetts, USA). PCR conditions were 
as follows: 10 min at 96°C followed by 45 cycles of 95°C for 
10 s and 60°C for 30 s. Primers used were 5’- CTCT AAGT GGCA 
TTCA AGGA GTACCT-3’ (forward) and 5’- TCTC AACA CGTG 
GACA AAATTGGC-3’ (reverse). The GAPDH gene was used as a 
normalising gene and was amplified with the forward primer 5’- 
GGTG AAGG TCGG AGTC AACGGA-3’ and the reverse primer 
5’- GAGG GATC TCGC TCCT GGAAGA-3’.

Luciferase reporter assay
GAS (Gamma interferon activation site) sequences were inserted 
into the multiple cloning site of the pMCS Tluc16 plasmid 
(ThermoFisher Scientific, Waltham, Massachusetts, USA). This 
reporter plasmid was co-transfected with the pQCXIP plas-
mids harbouring the wt or the mutated STAT1 or the mock 
vector into STAT1-deficient U3A cells. Transfections were done 
in 96-well plates using the Lipofectamine 3000 Reagent and 
following manufacturer’s instruction (Invitrogen, Carlsbad, Cali-
fornia, USA). Six hours after transfection, growth medium was 
replaced. One day after transfection, cells were stimulated with 
1000 IU/mL of IFNɣ during 16 hours and subjected to luciferase 
assays with TurboLuc one-Step Glow Assay Kit (ThermoFisher 
Scientific, Waltham, Massachusetts, USA). Experiments were 
performed in triplicate and data are expressed as fold induction 
with respect to non-stimulated cells.

Quantification of proinflammatory cytokines
Cytokines were quantified in the supernatant of PBMCs after 
6 hours of stimulation with LPS (1 µg/mL, Salmonella abortus 
equi LPS from Sigma). The cytokines IL-6, IL-1β, TNF-α were 
quantified by ELISA following the manufacturer’s instruction 
(R&D Systems, Minneapolis, Minnesota, USA). The results are 
presented as mean values±SD in pg/mL. A two-tailed Mann-
Whitney test was used to compare two independent groups 
using the GraphPad software (San Diego, California, USA).

resuLTs
exomes
The exome of the asymptomatic subject S1, the symptomatic 
subject S2, their mother and father were sequenced (online 
supplementary figure S1). On average 49 420 SNPs (median of 
49 351) and 1867 indels (median of 1869) were identified in 
each subject. For SNPs, we focused only on the average 8851 
protein altering events (median of 8804), that is, missense, 
frameshift, splicing, stop loss and stop gain. In the case of 
indels, only frameshift, non-frameshift, stop loss, stop gain 
and splicing events were taken into account, which correspond 
to an average number of 182 (median of 183). To identify the 
candidate genes, the initial list of 8811 protein altering vari-
ants of the symptomatic subject S2 (proband) were filtered by 

http://www.ingenuity.com
https://dx.doi.org/10.1136/annrheumdis-2018-213524
http://ard.bmj.com/


1679Carapito R, et al. Ann Rheum Dis 2018;77:1675–1687. doi:10.1136/annrheumdis-2018-213524

Basic and translational research

Figure 2 Benefits of using personalised databases for protein identification and quantification. (A) A sequence stretch of 60S ribosomal protein 
L13 (P26373) is given. Peptides identified in searches using the consensus database (UniProtKB-SwissProt) and the personalised databases (including 
subject-specific sequence variants) are underlined. When using the consensus database only a single peptide was identified and the spectral count 
values for protein P26373 show a non-significant change in abundance when comparing the basal to the activated state. However, when using the 
personalised database, an additional tryptic peptide including a subject-specific variant was identified (amino acid change from Alanine to Threonine 
at position 112). The relative quantification using spectral count is improved as the sequence coverage is greater and a significant overexpression of 
the protein could be detected. (B) In this example, two sequence variants of the Guanylate-binding protein 1 (P32455) are present in the personalised 
database 1 of S2. Both peptides, one with Threonine and one with Serine at position 349, were identified. This is the unambiguous proof that two 
heterozygote variants of the same gene are expressed. The spectral count-based relative quantification shows that one of the heterozygote forms is 
overexpressed when comparing the basal to the activated state. This example demonstrates that allele-specific quantification is possible at protein 
level.

excluding variants shared with her asymptomatic sister S1. As 
both rare and common variants associated to the rare homo-
zygous mutation p.V377I present in the two subjects could 
be associated with the phenotype, no filtering was performed 
using variant frequency databases. In addition, as it has been 
reported that homozygous p.V377I carriers could be milder 
or asymptomatic,16 we focused only on S2-specific events that 
represented a total of 1135 variants in 876 different genes. 

The complete list of variants is available in the online supple-
mentary table S1.

Proteomes
After extraction of PBMCs from whole blood and culture 
without (basal state) or with LPS (activated state) during 
6 hours, proteins were isolated and analysed using bottom-up 
nanoLC-MS/MS-based proteomics workflows. In this proteome 

https://dx.doi.org/10.1136/annrheumdis-2018-213524
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Figure 3 Volcano plots of DE genes in RNAseq and proteomics analyses. Statistical significance (−log10 p value) is plotted against log2 fold change 
for either basal (without LPS, Panel A) and activated (with LPS, Panel B) states. Data were selected at the cut-off values adjusted p<0.05 and fold 
change >1.5. For this analysis, RNAseq data at 3 and 6 hours were pooled. DE, differentially expressed; LPS, lipopolysaccharide. 

analysis, we identified a total of 8335 distinct peptides among 
all samples, corresponding to 244 450 assigned MS/MS spectra 
in an assembly of 1428 unique protein groups with a false 
discovery rate below 1% at both peptide and protein levels (see 
online supplementary table S2). Protein abundances were esti-
mated using a spectral count approach where the total number 
of MS/MS spectra acquired for the peptides of a given protein 
were used as a proxy for the protein quantities. Based on a 
minimal spectral count requirement of 4 (for the replicates in at 
least one of the conditions to be compared), 736 unique protein 
groups could be confidently quantified across samples. These 
quantitative results were aligned with those obtained at the tran-
scriptome level using an RNAseq approach as described below 
(figure 1A, online supplementary table S2). Notably, in order to 
take advantage of the unique availability of multilevel omics data 
acquired on identical individuals/samples, the proteomics data 
interpretation strategy was adapted to use personalised protein 
databases including subject-specific information inferred from 
exome and transcriptome data. Therefore, for each subject, the 
human reference UniProtKB-SwissProt database was modified to 
take into account, on one hand, non-synonymous SNPs derived 
from exome sequencing (personalised databases 1) and on the 
other, the alternative transcripts uncovered from RNASeq exper-
iments (personalised databases 2) (figure 1B, online supplemen-
tary material). Then, in order to further increase the depth of 
proteome coverage, improve overall numbers of identifications 
and leverage benefits of using personalised databases, all four 
samples were reinjected on a later generation nanoLC-MS/MS 
coupling, namely a TripleTOF 5600+Q TOF instrument (Sciex). 
At the end, the complete dataset searched against the person-
alised databases enabled the unambiguous identification of 100 
and 108 SAAVs for S1 and S2, respectively and two new splice 
variants common to S1 and S2 (online supplementary table S3). 
In order to further validate these SAAVs identifications, we 
synthesised a random selection of 69 SAAVs-containing peptides 
in heavy labelled form. These peptides were mixed and anal-
ysed using the same LC-MS/MS conditions as the samples. Both 

chromatographic and MS/MS fragmentation characteristics were 
compared and allowed ultimate validation of all SAAVs. Frag-
mentation spectra of light and heavy peptide pairs are provided 
in online supplementary figure S2. Finally, additional advantages 
of using personalised databases are illustrated in figure 2 where 
we show that using an incomplete consensus reference database 
can lead to errors in quantification (this has far ranging impli-
cations beyond the present manuscript). Indeed, in the example 
of figure 2A, reference database searches led to a non-signifi-
cant change in abundance while the personalised database search 
enabled the identification of an additional SAAV peptide that 
allowed concluding for a significant overexpression. In figure 2B, 
we demonstrate that heterozygote variants of a given gene can 
be unequivocally identified and even individually quantified for 
allele-specific expression analysis.

differentially expressed genes and proteins
DE genes were analysed at the RNA and protein levels. Figure 3 
shows the statistical significance of differential transcript 
and protein levels by volcano plots along with respective fold 
changes. A total of 1661 transcripts and 190 proteins were DE 
in S2 vs S1 at the basal state (without LPS) using a cut-off value 
for adjusted p value of 0.05 and a minimum fold change of 1.5. 
Twenty-seven genes were shared by the protein and RNAseq 
datasets. In the activated state (with LPS), we identified 2502 
and 69 genes that were DE in S2 vs S1 at the transcripts and 
protein levels, respectively. Twenty-one genes were common 
to both datasets. The complete lists of genes with significantly 
different expression levels at the RNA or protein levels are 
presented in online supplementary table S2.

Integrative analysis of rnAseq and proteome data
MCIA was applied to RNAseq and proteomic data to assess the 
correlation of the two datasets. Figure 4 shows the projection of 
samples onto the first two principal components (PCs) of MCIA. 
The coordinates of RNAseq and proteomic measurements for 

https://dx.doi.org/10.1136/annrheumdis-2018-213524
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Figure 4 Integrative analysis of RNAseq and proteomics data. (A) MCIA of RNAseq and proteomic data. The projection of the samples on the first 
two PCs of MCIA is depicted. (B) Hierarchical clustering of RNA-seq and protein expression data. Dendrograms show the hierarchical clustering using 
Euclidean distance. MCIA, multiple co-inertia analysis; PCs, principal components. 

each sample are linked by a line. The shorter the line, the higher 
is the level of consensus between the transcript and protein 
expression levels. The transcriptome and proteome profiles of 
the individual samples were projected close in space showing 
that the expression profiles of both techniques shared a high 
degree of concordance. The first axis of the MCIA (PC1; hori-
zontal axis) separated the activated (negative on PC1) from the 
basal state (positive on PC1), suggesting that the transcriptome 
and proteome profiles are different in the two conditions. These 
results are consistent with independently performed hierarchical 
clustering analysis17 (figure 4B).

Combined analysis of exome, rnAseq and proteome
Combining the lists of S2-specific non-synonymous variants, DE 
transcripts and proteins in S2 vs S1 led to the identification of 
a single gene—STAT1—harbouring a rare coding variant (minor 
allele frequency of 0.029% and 0% at heterozygous and homo-
zygous states, respectively in GnomAD) and showing mRNA and 
protein abundances significantly more important in S2 than in S1 
(figure 5). At basal state, mRNA and protein fold changes were 
1.78 (p=1.74×10–4) and 11.32 (p=2.22×10–4), respectively. In 
the activated state, these values were 1.71 (p=2.34×10–4) for 
STAT1 mRNA and 12.27 (p=5.27×10–4) for the protein. The 
variant (c.722G>A, rs146273341, NM_007315.3) is inher-
ited from the father and causes an Arg to Gln modification 

(p.R241Q, NP_009330.1) in the coiled coil domain of the 
protein without predicted deleterious impacts on protein func-
tion (online supplementary table S4).

Activation of the interferon-ɣ/sTAT1 pathway
Functional pathway analyses were performed on lists of DE 
genes in S2 vs S1 after activation with LPS. The top canonical 
pathways, upstream regulators and disease/biological functions 
are presented in table 1. Based on RNAseq data, the top canon-
ical pathway identified was the interferon signalling pathway 
with 13 and 14 out of 36 genes of the pathway that were DE 
at the mRNA level, 3 and 6 hours post-LPS-activation, respec-
tively. This pathway was associated with the activation of IFN-ɣ 
as the top upstream regulator. Protein level analyses that were 
restricted to intracellular protein revealed activation of pathways 
related to immune responses including granzyme A signalling or 
the antigen presenting pathway. Immune-mediated pathways 
were further confirmed by the identification of known disease 
pathways of immunological, inflammatory, antimicrobial, 
dermatological or connective/skeletal/muscular origin (table 1).

Figure 6A,B represents the molecules of the IFN-ɣ network 
and their interaction with STAT1, which is central in this 
pathway. Based on RNAseq data at 3 hour post-LPS-activation, 
7 proteins of the IFN-ɣ pathway were found to be upregulated. 
To further validate the activation of the IFN-ɣ/STAT1 pathway, 

https://dx.doi.org/10.1136/annrheumdis-2018-213524
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Figure 5 Combined analysis of exome, transcriptome and proteome datasets. The figure shows Venn diagrams of genes with S2-specific variants 
and genes that were upregulated in S2 at the mRNA (transcriptome) and protein (proteome) levels. The tables in the lower panel indicate the details 
of the STAT1 variant and the differential expression values in RNAseq and proteomics datasets in both basal and activated states. APositions refer 
to Hg19 (GRCh37). BPositions refer to GenBank transcript NM_007315.3. CPosition refers to protein accession number NP_009330.1. DIncreased 
expression in S2 versus S1.

we stimulated the STAT1 deficient U3A cell line transfected 
with the wild-type or mutated STAT1 (c.722G>A, p.R241Q) 
gene with IFN-ɣ. On stimulation with IFN-ɣ, cells transfected 
with the R241Q allele responded two times more strongly than 
those transfected with the wild-type allele, as shown by measure-
ment of the induction of GAS (γ-activated sequence)–dependent 
reporter gene transcription activity (figure 7A). Accordingly, 
the transcription of the CXCL10 target gene was enhanced 
(figure 7B).

Proinflammatory cytokine response of lipopolysaccharide 
(LPs)-stimulated peripheral blood mononuclear cells (PBMCs)
In order to assess the impact of the STAT1 variant in presence 
or absence of the MVK variant at the homozygous state, the 
cytokine response of PBMCs isolated from different members 
of the family was evaluated (table 2). As expected, LPS-stimu-
lated PBMCs from the symptomatic patient S2 released large 

amounts of TNF-α (10437±2804 pg/mL), IL-1β (5790±743 pg/
mL) and IL-6 (24649±1408 pg/mL), while those of her asymp-
tomatic sister S1 released lower quantities of those cytokines 
(4804±1251 pg/mL, 3868±709 pg/mL and 18316±1518 pg/mL 
for TNF-α, IL-1β and IL-6, respectively), at about the same level 
as those of the mother’s (4804±1251 pg/mL, 3995±794 pg/
mL and 14642±700 pg/mL for TNF-α, IL-1β and IL-6, respec-
tively). Interestingly, the concentrations of cytokines produced 
by the PBMCs of the father, who also carries the STAT1 variant 
but does not show any disease manifestation, were equivalent 
to those of the symptomatic patient S2 (8580±1073 pg/mL, 
7388±831 pg/mL and 24727±479 pg/mL for TNF-α, IL-1β and 
IL-6, respectively; table 2).

dIsCussIOn
Here we report a multiomics study in two siblings harbouring 
the same homozygous p.V377I pathogenic mutation in the MVK 

http://ard.bmj.com/
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Figure 6 Activation of the interferon-ɣ/STAT1 pathway. (A) Functional network analysis by IPA using RNAseq data at 3 hour in the activated state. 
The genes involved in the top scoring pathway (ie, INFɣ signalling) and their interaction with the STAT1 pathway are represented. (B) Canonical INFɣ 
signalling pathway. The genes upregulated in the dataset are represented in red. IFN-γ, interferon-γ; IPA, ingenuity pathway analysis. 

gene but presenting with opposite phenotypes (symptomatic in S2 
vs asymptomatic in S1). By combining exome, transcriptome and 
proteome data, we uncovered the S2-specific variant p.R241Q 
in the STAT1 gene which is central in the regulatory pathway of 
inflammation mediated by IFN-ɣ.18 Differential expression and 
molecular pathway analyses at both mRNA and protein levels 
confirmed the key role of STAT1 in the development of a higher 
level of IFN-ɣ mediated inflammation in S2. Finally, the STAT1 
pathway was experimentally shown to be more activated in the 
presence of the S2-specific STAT1 variant p.R241Q.

The STAT1 variant p.R241Q of patient S2 is inherited from 
her healthy father whose PBMCs’ inflammatory response to 
LPS stimulation is equivalent to that of S2 (table 2). This result 
suggests that the presence of both the homozygous MVK p.V377I 
mutation and the heterozygous STAT1 p.R241Q mutation is 
required to elicit clinical symptoms. The clinical symptoms of 
patient S2 could therefore be explained by a synergistic effect of 
MVK and STAT1.

STAT1 is a key component of the Janus kinase/signal trans-
ducer and activator of transcription signalling pathway (JAK/
STAT). This pathway is a major signalling route for a wide 
range of cytokines and growth factors. Its activation stimulates 
broad cellular functions including cell proliferation, differen-
tiation, migration and apoptosis, which are critical events in 
key processes such as haematopoiesis or immune response.19 20 
The JAK/STAT signalling is initiated on binding of cytokines 

to their cognate receptors. As a consequence, the receptors 
dimerise and phosphorylate JAKs, which in turn phosphory-
late the STAT family members. These phosphorylated STATs 
then form parallel dimers and translocate to the nucleus 
where they act as transcription factors.21 Dysregulation of 
JAK/STAT signalling is involved in a variety of conditions 
including hyper-lgE syndrome, haematological malignancies, 
diabetes or yet obesity.22–24 When considering the transcrip-
tion factor STAT1 in particular, the activation of this gene has 
been observed in a number of inflammatory disorders such as 
liver inflammation, rheumatoid arthritis or yet cerebral isch-
aemia.25–27 Based on these information, the involvement of 
STAT1 in the pathophysiology of the inflammatory phenotype 
observed in S2 is possible.

At the genetic level, inborn errors of this gene can be classi-
fied into four types1: (1) autosomal recessive complete STAT1 
deficiency, (2) autosomal recessive partial STAT1 deficiency, 
(3) autosomal dominant STAT1 deficiency and (4) autoso-
mal-dominant gain of STAT1 activity.28 The latter category 
is characterised by an increased activation of STAT1, which 
is known to be associated with a broad clinical spectrum 
including inherited infectious diseases (ie, the most common 
genetic cause of chronic mucocutaneous candidiasis), auto-
immune/inflammatory features, carcinomas or yet aneu-
rysms.29–32 The functional translation of gain of function 
STAT1 variants is gain of phosphorylation by impairment of 

http://ard.bmj.com/
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Figure 7 Functional characterisation of the gain-of-function variant 
R241Q U3A cells were transfected with a mock vector, a WT, or the 
mutant allele R241Q of STAT1. All experiments were performed at 
least three times independently. (A) Response to IFN-γ evaluated by 
luciferase activity of a reporter gene under the control of the GAS 
(Interferon-Gamma Activated Sequence) promoter. (B) Induction of 
CXCL10 after stimulation with IFN-γ measured by quantitative RT-
PCR. IFN-γ, interferon-γ; WT, wild type. 

Table 2 Clinical, mutational and inflammatory statuses of the family members

subject
Clinical status
(symptomatic)

MVK
Homozygous p.V377I variant

STAT1 Heterozygous 
p.r241Q variant

TnF-α
(pg/mL)*

IL-1β
(pg/mL)*

IL-6
(pg/mL)*

Mother No No No +
(4135±1838)

+
(3995±794)

+
(14642±700)

Subject S1† No Yes No +
(4804±1251)

+
(3868±709)

+
(18316±1518)

Father No No Yes ++
(8580±1073)

++
(7388±831)

++
(24727±479)

Patient S2† Yes Yes Yes ++
(10437±2804)

++
(5790±743)

++
(24649±1408)

*Peripheral blood mononuclear cells were stimulated with LPS (1 µg/mL) for 6 hours. Cytokine levels in the cell culture supernatant were quantified by ELISA. + and ++ represent 
the global estimate of concentrations. Values are the mean of at least three experiments±SD. + vs ++ conditions were statistically different for all three cytokines (Mann-
Whitney U test p<0.05).
†Results from Messer et al.3

LPS, lipopolysaccharide. 

nuclear dephosphorylation.29 The heterozygous variant iden-
tified in S2 has several attributes to be a new gain of function 
variant1: it is located in the coiled coil domain of the protein, 
where the vast majority of variants described so far are domi-
nant gain of function mutations2 28 bioinformatics prediction 
tools classify the variant as non-deleterious for protein func-
tion (online supplementary table S4),3 an important number 
of proteins of the STAT1 signalling pathway are upregulated 
in S2 vs S1,4 in a cellular model, STAT1 with the p.R241Q 
variant showed a higher transcriptional activity compared 
with the wild type protein.

Given the important amount of data linking JAK/STAT signal-
ling to health and disease, this pathway has become an important 
drug target. Inhibitors of JAKs have notably proven effective in 
the treatment of myeloproliferative diseases and rheumatoid 
arthritis.33 34 STATs are also being investigated as targets using 
either oligonucleotide-based inhibitors35 or inhibitory peptides 
and small interfering RNAs.36 The results of the present study 
suggest that targeting the JAK/STAT pathway with approved JAK 
inhibitors such as tofacitinib or ruxolitinib could be a good ther-
apeutic option to treat patient S2 who is currently under anti-IL1 
(Anakinra 100 mg/day) without substantial amelioration.37

From a more general point of view, the unique availability of 
exome, transcriptome and proteome data for the two studied 
siblings allowed us to refine the common data interpretation 
strategy. Indeed, database search-driven algorithms used for 
proteomics data processing rely on exact matching between 
measured and theoretical sequences. Therefore, the use of 
personalised protein databases including subject-specific infor-
mation derived from exome and RNASeq data allows improving 
proteomics data interpretation both qualitatively and quantita-
tively.38 We could even perform allele-specific gene expression 
analysis up to the protein level. Finally, we were able to iden-
tify a significant number of SAAVs with regard to the achieved 
proteome coverage. Reverse benefits are also noteworthy as, for 
instance, the ability of RNASeq strategies to identify new splice 
variants and confirm their expression with proteomics thanks 
to personalised databases including them, will overall enable 
improving genome annotation.39

Our study has been focused on STAT1 as a unique potential 
trigger for increased inflammation in patient S2. Although we 
believe that it is a good candidate based on the results presented 
here, we cannot exclude other genes and mechanisms such as 
regulatory elements that could contribute to the observed pheno-
typic difference between the two siblings. Technically, quanti-
tative data of the proteomics approach would have been more 
precise with the latest generation mass spectrometers that use an 
extracted ion chromatogram quantification strategy rather than 
a spectral count approach that is limited in dynamics and quan-
titative accuracy.40 Globally, integration of multilevel datasets 
improves with the increase in depth of coverage of proteomics 
data.41 As observed in other studies, we confirmed that mRNA 
and protein levels quite poorly correlate.42–44 In this regard, 
performing a multilevel study provides a more precise view of 
the global genome expression profile. Finally, 20 years of tech-
nical progress has allowed access to multiomics characterisation 
at the level of a single patient and its potential to become an 

https://dx.doi.org/10.1136/annrheumdis-2018-213524
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efficient tool for personalised medicine is demonstrated here. 
However, to transform the proof-of-concept study to a routine 
application in clinics, a few challenging aspects still need to be 
improved, including delays in multilevel data generation and 
processing and the availability of more sophisticated data inte-
gration software solutions.
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Table 1 Demographic data and characteristics of patients with RA 
who received the 3-month isoniazid/rifapentine (3HP) or 9-month 
isoniazid (9H) regimen

3HP (n=21) 9H (n=23)

Mean age at study entry (years) 62.1±14.9 62.0±10.5

Female proportion 15 (71.4%) 15 (65.2%)

RF positivity at baseline 17 (81.0%) 16 (69.6%)

ACPA positivity at baseline 16 (76.2%) 14 (61.0%)

ESR (mm/first hour) at baseline 32.7±26.6 36.3±21.3

BCG vaccination 18 (85.7%) 19 (82.6%)

Daily steroid dose (mg) at baseline 5.8±2.3 6.0±1.8

Concomitant DMARDs at baseline

 Methotrexate 17 (81.0%) 19 (82.6%)

 Sulfasalazine 16 (76.2%) 18 (78.3%)

 Hydroxychloroquine 16 (76.2%) 16 (69.6%)

Biologics used after prophylactic Rx

 Adalimumab 9 (42.9%) 9 (39.2%)

 Etanercept 3 (14.3%) 6 (26.1%)

 Golimumab 3 (14.3%) 3 (13.0%)

 Tocilizumab 3 (14.3%) 2 (8.7%)

 Tofacitinib 3 (14.3%) 3 (13.0%)

Comorbidities

 Hypertension 7 (33.3%) 8 (34.8%)

 Diabetes mellitus 2 (9.5%) 2 (8.7%)

 Anaemia (<10.0 g/dL) 1 (4.8%) 2 (8.7%)

Values are mean±SD or the number (%) of patients.
ACPA, anti-cyclic citrullinated peptide antibodies; DMARD, disease-modifying 
antirheumatic drug; ESR, erythrocyte sedimentation rate; RA, rheumatoid arthritis; 
RF, rheumatoid factor.

Table 2 The treatment outcomes and adverse effects of therapy 
with 3-month isoniazid/rifapentine (3HP) or 9-month isoniazid (9H) in 
patients with rheumatoid arthritis

3HP (n=21) 9H (n=23)

Treatment completion

 Completion 19 (90.5%) 18 (78.3%)

  Non-completion 2 (9.5%) 5 (21.7%)

Reason for non-completion

 Adverse effects 2 (9.5%) 2 (8.7%)

 Refusal of continuation 0 (0.0%) 2 (8.7%)

 Lost follow-up 0 (0.0%) 1 (4.3%)

Adverse effects

 Flu-like symptoms*

 Grade 1 or 2 0 (0.0%) 0 (0.0%) 

 Grade 3 1 (4.8%) 0 (0.0%) 

 Grade 4 1 (4.8%) 0 (0.0%) 

 Cutaneous reaction† 

 Grade 1 or 2 2 (9.5%) 1 (4.3%)

 Grade 3 0 (0.0%) 0 (0.0%) 

 Grade 4 0 (0.0%) 0 (0.0%) 

 Gastrointestinal symptoms‡ 

 Grade 1 or 2 1 (4.8%) 0 (0.0%) 

 Grade 3 0 (0.0%) 0 (0.0%) 

 Grade 4 0 (0.0%) 0 (0.0%) 

 Hepatotoxicity§ 

 Grade 1 or 2 0 (0.0%) 2 (8.7%) 

 Grade 3 0 (0.0%) 0 (0.0%) 

 Grade 4 0 (0.0%) 0 (0.0%)

TB development

 Completion of LTBI Rx 0/19 (0.0%) 0/18 (0.0%)

  Non-completion of LTBI Rx 0/2 (0.0%) 0/5 (0.0%)¶

Cost-effectiveness

 Medication costs for LTBI per patient US$219.2 US$24.3

 Labour costs for LTBI per patient** US$42 US$693

 Medication and labour cost per patient US$261.2 US$717.3

 Cases estimated to become active TB†† 1 1

 Cases actually become active TB 0 0

 Cost for one TB case avoided US$5485.2 US$16 497.9

*Presence of fever, chills, general malaise, muscle pain, palpitations (heart 
rate >100/min) or other flu-like symptoms.
†Presence of rashes, itching, urticaria, angioedema or even anaphylaxis that 
occurred within 24 hours of the medication used.
‡Presence of vomiting, diarrhoea or abdominal pain that occurred within 24 hours 
of the medication used.
§Presence of a threefold or more increase in alanine transaminase (ALT) that 
exceeded the upper limit of normal (ULM, 50 U/L) or increased bilirubin more than 
twofold of ULM.
¶Three patients who discontinued isoniazid therapy earlier did not receive biologic 
therapy.
**The labour costs were calculated according to Taiwanese Labor Law, minimum 
hourly wages US$3.5, and normally DOTS spend an hour for one patient.
††One TB case avoided when 20 LTBI cases treated.
DOTS, directly observed treatment short-court; LTBI, latent TB infection; TB, 
tuberculosis. 

Three months of once-weekly isoniazid plus 
rifapentine (3HP) in treating latent tuberculosis 
infection is feasible in patients with 
rheumatoid arthritis

Tuberculosis (TB) remains a major public health issue: an esti-
mated 10.4 million people developed TB disease and 1.4 million 
died from it in 2015.1 TB risk was 2.28-fold greater in patients 
with rheumatoid arthritis (RA) compared with controls,2 and 
even higher in those receiving biologic therapy.3 Guidelines have 
recommended that latent TB infection (LTBI) screening should 
be performed and prophylactic therapy be initiated if LTBI 
exists.4 Consequently, completion of LTBI treatment is essential 
for TB control in such patients.

The long therapeutic period and hepatotoxicity are barriers 
to completing 9-month daily isoniazid (9H) treatment,5 the 
standard LTBI therapy. Recently, implementing 3-month once-
weekly isoniazid plus rifapentine (3HP) by directly observed 
therapy effectively prevented TB and increased treatment adher-
ence.6 However, 3HP regimen has not been assessed for treating 
LTBI in RA.

Among 188 patients who fulfilled the 2010 RA classifica-
tion criteria and were scheduled to receive biologics between 
January 2015 and December 2017, we consecutively enrolled 44 
patients with LTBI (table 1), defined as QuantiFERON-TB Gold 
In-Tube positive result without TB disease (CE15286B). The 
participants underwent monthly follow-up monitoring of drug 
adherence and adverse events using common toxicity criteria.7 
The primary outcome was the treatment completion rates 

evaluated among 21 patients receiving 3HP and 23 receiving 
9H, respectively, and the second outcome was the effective TB 
prevention or cost-effectiveness. Medication cost was the sum of 
cost of HP for 3 months or isoniazid for 9 months. The cost-ef-
fectiveness of one TB case avoided was also calculated.

Although not reaching statistical significance, a higher comple-
tion rate was observed in 3HP-treated patients compared with 9H 
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treatment group (90.5% vs 78.3%, (table 2)), similar to previous 
reports showing a high adherence to 3HP treatment.6 8 Non-com-
pletion was observed in two (9.5%) of 3HP-treated patients 
because of severe flu-like symptoms: both patients were female 
and of age >60 years, consistent with previous studies showing 
that female gender and increased age were risk factors for flu-like 
symptoms in 3HP-treated subjects.9 In contrast, five (21.7%) of 
9H-treated patients failed to complete treatment due to liver 
dysfunction (n=2), refusal to receive long-term therapy (n=2) and 
lost follow-up (n=1).

None of 3HP-treated or 9H-treated patients developed TB at 
least 1 year after completion of LTBI treatment. Among patients 
without completion of treatment, two started with 3HP but then 
switched to 9H as described earlier, two started with 9H but 
switched to rifampin due to liver dysfunction, and the other three 
refused any LTBI or biologic therapy. Nevertheless, none of them 
developed TB during 2-year follow-up period. Similar to a previous 
report,10 the cost-effectiveness ratio for 3HP was US$5485.2 per 
TB case avoided, compared with US$16 497.9 per TB case avoided 
for 9H in patients with RA receiving biologic therapy.

In conclusion, we demonstrated that implementing 3HP regimen 
is feasible for treating LTBI in patients with RA receiving biologic 
therapy. The administration of 3HP might be more favourable 
than 9H due to the higher treatment completion rate and better 
cost-effectiveness. However, severe flu-like symptoms may remain 
its major barrier, leading to early discontinuation of 3HP therapy.
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Quantitative imaging of inflammatory disease: 
are we missing a trick?

The role of conventional qualitative MRI is well established in the 
management of spondyloarthritis for assessment of inflammation 
and structural damage. The identification of a ‘positive’ MRI is 
now an important component of diagnostic pathways in spondy-
loarthritis.1 The role of quantitative MRI (QMRI) is less established 
but offers the potential for direct measurement of disease charac-
teristics. This approach is yielding huge benefits in fields such as 
oncology and neurology, where quantifiable measurements can be 
used to identify, stage and monitor disease. Given the influence 
that radiological assessment of disease burden has on treatment 
decisions, we argue that a quantitative imaging approach should 
be rigorously explored as a tool for assessment of inflammation in 
musculoskeletal imaging.

Typically for QMRI, a model is fitted to a series of images to yield 
maps of a defined physical characteristic of the tissue. Assessment 
can then take the form of a measurement rather than image inter-
pretation. With the correct methodology, this can reduce oper-
ator dependence and the potential for bias and imprecision. One 
methodological challenge is defining regions of interest. However, 
with the use of more sophisticated analyses, including machine 
learning techniques, there is potential to automate these processes, 
putting objective quantitative information, informing on tissue 
pathology, directly into the hands of the treating physician. These 
methods could increase the sensitivity of imaging for diagnosis and 
monitoring of disease activity, while analysis of large quantitative 
datasets using ‘big data’ approaches may help the understanding of 
disease phenotype.2
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Figure 1 Examples of quantitative MRI. (A) ADC map showing increased ADC in areas of bone marrow oedema, corresponding to the increase 
in signal shown on the conventional MRI (short tau inversion recovery  (STIR) image) (B). (C) FF map showing reduced FF in areas of oedema, 
corresponding to the areas of increased signal on the conventional STIR MRI (D). ADC, apparent diffusion coefficient; FF, fat fraction; PDFF, proton 
density fat fraction.

Recently, several groups have explored specific quantitative 
imaging biomarkers (QIBs) in spondyloarthritis, focusing on the 
sacroiliac joints, which are particularly difficult to assess clinically. 
Diffusion-weighted imaging has been used to generate apparent 
diffusion coefficient (ADC) maps (figure 1A), where the brightness 
of each pixel indicates the freedom with which water molecules 
diffuse3 4 ADC is increased in areas of bone marrow oedema, 
likely due to increased water content and the size of the extracel-
lular space in inflammatory exudates3 4 and has been shown to be 
sensitive to treatment response with biologic therapy.5 Similarly, 
measurement of fat fraction (FF; the proportion of the total MRI 
signal derived from fat) (figure 1B) can distinguish active inflam-
mation (causing increased water content and a reduction in fat 
content) from chronic inflammation/damage (causing increased 
fat content known as fat metaplasia).6 FF measurements in bone 
marrow are highly reproducible, and their accuracy can be readily 
assessed using specifically designed imaging phantoms.6 Another 
parameter, R2*, can often be extracted from the same model used 
to calculate FF and is relatable to bone mineral density and there-
fore new bone formation.5 Undoubtedly, new QIBs will continue 
to emerge, and the combination of appropriate QIBs (multi-
parametric assessment) is likely to facilitate understanding of the 
inflammatory process.

Despite the huge potential of QMRI, quantitative imaging 
research into inflammatory diseases is at an early stage. There 
are several issues that require addressing before these techniques 
can transition into clinical care, including standardisation of data 
acquisition and interpretation. Furthermore, QMRI techniques 
are subject to false-positive findings, similar to those in conven-
tional imaging. Imaging methods in rheumatology are lagging 
behind those used in oncology and neurology, despite the dramatic 
advances made in the treatment of inflammatory diseases. If quan-
titative imaging is to be successful in this field, there will need to be 
a concerted effort to coordinate research into potential QIBs and 
to undertake prospective studies validating these biomarkers. We 
would urge the rheumatological community to engage with these 
techniques to drive them towards clinical implementation, aiming 
to improve management and to achieve a more tailored approach 
to therapy for patients with arthritis.
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Imputation-based analysis of MICA alleles in 
the susceptibility to ankylosing spondylitis

Ankylosing spondylitis (AS) susceptibility is strongly correlated 
with genetic variation within the major histocompatibility complex 
(MHC), and the class I HLA-B*27 allele confers the major genetic 
risk factor to AS.1 Furthermore, strong evidence for additional 
alleles in the MHC has been observed which affect susceptibility 
independently from the HLA-B*27 allele, either by direct geno-
typing in candidate gene studies2 or through large-scale imputa-
tion-driven association studies.3 4 We have previously identified 
variants in both class I and II which affect susceptibility to AS 
through imputation of classical HLA alleles.4

The MICA gene is encoded 46 kbps from HLA-B and 
previous studies have reported genetic variants within this 
locus to affect susceptibility to AS and other inflammatory 
diseases.5 In particular, in Annals of Rheumatic Diseases, 
Zhou et al6 evaluated the association of MICA variants with 
susceptibility to AS in cohorts from North America and China. 
This study found that the allele MICA*007:01 was strongly 
associated with risk of AS independently of HLA-B*27, with 
an association observed in the HLA-B27-negative cohort (US 
cohort OR=9.12, p=4.28×10–8; Chinese cohort OR=42.2, 
p=9.35×10–7). Weak protective associations with other MICA 
alleles were noted, likely because of the over-representation of 
the risk allele MICA*007:01.

Having previously observed extremely strong linkage disequi-
librium (LD) between HLA-B and MICA single nucleotide poly-
morphisms (SNPs),1 we sought to independently test this report. 
We performed imputation of alleles in the MICA gene using a large 
reference panel of 1046 psoriatic arthritis individuals of Euro-
pean ancestry7 and assessed the evidence of association of MICA 
alleles controlling for susceptibility HLA-B alleles. We successfully 
imputed HLA-B and MICA alleles in 9429 AS cases and 13 459 
controls of European ancestry from the IGAS cohort3 genotyped 
using the Illumina Immunochip SNP microarray.8 Within the 
MICA locus, we observed 14 distinct alleles where MICA*008:01 
was observed to be the most common with an allele frequency 
of 50%. We performed association analysis at HLA-B and MICA 
imputed alleles with logistic regression controlling for the HLA-
B*27 allele and 10 principal components from a genome-wide 
analysis to control for population structure.

In our study, we imputed the MICA*007 allele with high 
confidence (imputation performed in batches, all r2>0.85, mean 
r2=0.90) and genotypes were confirmed by Sanger sequencing of 
exons 2, 3, 4 and 5 of the MICA gene with perfect accuracy in 
7 MICA*007 homozygote individuals and 5 non-carriers of the 
MICA*007 allele. We observed no association with MICA*007 
after controlling for the effect of HLA-B*27 (p>0.05). We also 
observed that the HLA-B*27 and the MICA*007 alleles are in high 
LD (r2=0.66 in controls, r2=0.52 in cases, r2=0.53 in the refer-
ence imputation panel).

No association was observed between MICA*007 and AS 
in either HLA-B*27 negative subjects (1669 cases, 12 263 
controls) (OR=1.32, p=0.07) or HLA-B*27 positive subjects 
(7760 cases, 1196 controls) (OR=1.04, p=0.34), and our study 
had over 80% power to detect an association with MICA*007 

in both HLA-B*27 negative and positive analyses given the 
study sample size and the effect size previously reported for 
MICA*007 (OR=9). To assess whether heterogeneity of the 
different populations could have affected these findings, the 
analysis was repeated in the relatively homogenous UK popu-
lation alone (n=4198 cases, 9611 controls). The findings were 
similar in HLA-B*27 positive subjects (p=0.89) and in HLA-
B*27 negative subjects (p=0.53).

In this study, we found no evidence of association between the 
MICA*007 allele and AS susceptibility in a large cohort of Euro-
pean ancestry. Given the sample size in the HLA-B*27 negative 
cohort, we had 80% power to identify an independent effect of 
MICA*007 with an effect size of at least 1.55. We identified strong 
LD between HLA-B*27 and MICA*007 potentially explaining 
previously reported associations with this allele.
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Lymphocyte changes and vaccination response 
in a child exposed to belimumab 
during pregnancy

Apart from animal studies,1 no human studies exist to document 
the transfer of belimumab (BEL) to the fetus and immunolog-
ical alterations caused in the neonate.2 We report the case of a 
mother treated with BEL for systemic lupus erythematosus (SLE) 
both before and during pregnancy and present the immunolog-
ical changes observed in the child at birth and during 7 months of 
follow-up.

CASE REPoRT
A 29-year-old woman with SLE from 2005 with arthritis and lupus 
skin disease. During her first pregnancy in 2005–2006, she had 
a severe flare of lupus with pericarditis and glomerulonephritis, 
hypertension and premature delivery at week 33. She recovered 

under therapy with prednisone, azathioprine (AZA; started after 
a normal thiopurine S-methyltransferase (TPMT) gen test) and 
hydroxychloroquine (HCQ), and experienced no relapse of lupus 
nephritis under continued triple therapy.

In 2013, she developed severe lupus skin disease that did not 
respond to AZA, HCQ and prednisone. AZA was discontinued 
and methotrexate (MTX) initiated, but despite increasing doses 
to 25 mg/week symptoms were not controlled. BEL (10 mg/kg/
month) was started in April 2014 and symptoms improved. Pred-
nisone dose and MTX dose could be reduced.

After achieving remission, the patient wanted a second child. 
Treatment options during pregnancy were discussed with her. 
MTX was withdrawn, therapy with AZA 75 mg × 2 restarted, 
HCQ 400 mg/day and BEL monthly continued during pregnancy 
to prevent lupus flares.

The patient got the last infusion of BEL at gestational week 26. 
She experienced no complications during pregnancy, had no lupus 
flare and delivered a healthy boy at week 40. Because of sustained 
remission, BEL was not restarted after delivery, but the patient 
continued her standard medication. The child was breast fed for 
8 months, he developed normally and did not suffer any serious 
infection during the first year of life.

The child received one shot of rotavirus vaccination 6 weeks 
after birth. At 3 and 5 months of age, the child received diphtheria–
tetanus–pertussis, haemophilus and pneumococcus vaccination 
with a high anti-pneumococcus titre at 7 months. The lymphocyte 
profile of mother and child and in three cord blood samples of 
term neonates is shown in table 1.

Our report is the first to show immunological changes in a 
newborn exposed to BEL in utero with marked B-cell depletion at 
birth, a finding similar to cynomolgus monkeys showing transpla-
cental passage of BEL with decreased B-cell numbers in peripheral 
blood of mothers and infants with full recovery on cessation of 
exposure.1 Despite having stored frozen serum samples, this indi-
rect proof of transplacental passage could not be confirmed by 
measurement of BEL in serum due to unavailability of a laboratory 
test.

Compared with non-exposed neonates, the child had reduced 
T-cell subsets at birth though values still were well within adult 
reference values. Whether the lymphopenia resulted from maternal 
use of AZA or from the combination with BEL cannot be answered.

Treatment with BEL resulted in a significant reduction of 
B-cell numbers in the mother over the entire study period, even 
10 months after discontinuation of BEL, whereas CD3+, CD4+ 
and CD8+ T-cell numbers were in the normal range throughout. 
A striking finding were the low natural killer (NK) cell numbers 
throughout the observation period in the mother. It is not known 
whether BAFF inhibition influences proliferation of NK cells, 
resulting in reduced NK cell numbers. The child’s B cells were in 
the normal range already 4 months after delivery despite continued 
full breast feeding. The vaccination response of the child was 
normal. Extended follow-up studies of children exposed prenatally 
to BEL are necessary to confirm the observed lymphocyte changes 
and to investigate their clinical relevance.
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Table 1 Lymphocyte profile of mother and child at birth, 4 and 7 months post partum and antibody titre after vaccination of the childs

Lymphocyte subtypes

Mother Child

Cord blood 1 Cord blood 2 Cord blood 3At birth
4 months 
post partum

7 months 
post partum At birth

4 months 
post partum

7 months 
post partum

T-cells µ/L µ/L µ/L µ/L µ/L µ/L µ/L µ/L µ/L

 CD3+

 (ref. 800–2400)*
 (61.0%–81.0%)† 

830 1630 (97.4%)† 1971
(97.6%)

1840 2937
(65.2%)

3289
(64.9%)

2427
(52.5%)

4493
(69.1%)

3593
(47.8%)

 CD8+

 (ref. 200–1000)*
 (14.0%–40.0%)

358 613
(36.6%)

866
(42.9)

535 617
(13.7%)

822
(16.2%)

896
(19.4%)

1374
(21.1%)

1178
(15.7%)

 CD4+

 (ref. 500–1400)*
 (33.0%–56.0%)

452 1015
(60.6%)

1140
(56.5%)

1292 2252
(50.0%)

2272
(44.8)

1530
(33.1%)

3152
(48.5%)

2385
(31.7%)

 CD16+/CD56+/CD3- NK cells
 (ref. 100–400)*
 (6.3%–23.5%)

42 11 9
(0.5%)

752 372 274
(5.4%)

1401
(30.3%)

1252
(19.3%)

2354
(31.3)

B-cells µ/L µ/L µ/L µ/L µ/L µ/L µ/L µ/L µ/L

 CD19+

 (ref. 100–500)*
 (6.3%–17.0%)‡

4 5
(0.3%)

7
(0.4%)

14 1107
(24.6%)

1428
(28.2%)

593
(12.8%)

643
(9.9%)

1246
(16.6%)

 Naive
 (82.1%–95.2%)‡

ND ND ND ND 93.9% 90.4 ND ND ND

 IgM memory
 (2.5%–8.7%)‡ 

ND ND ND ND 4% 3.5% ND ND ND

 Switched
 (0.3%–9.0%)‡

ND ND ND ND 1.3% 1.4% ND ND ND

 Transitorial
 (11.4%–38.4%)‡

ND ND ND ND 0.2% 14.7% ND ND ND

 Plasmablasts
 (0.4%–3.3%)‡

ND ND ND ND 0.1% 0.5% ND ND ND

 Antibody§ against pneumococcus >30.0 U/mL
(high)

Three cord blood samples from term neonates not exposed to medications served as reference for lymphocyte subsets observed in the  child  exposed to belimumab. Subtype 
lymphocyte counts for T, B and  NK cells were obtained by flow cytometry. The following B-cell subtypes were analysed: naive B-cells, memory B-cells and switched and transitorial 
B-cells. 
*Adult reference values are given in parenthesis.
†Percentage of lymphocytes.
‡Percentage of CD19+ B-cells.
§As a marker for the vaccination response antibodies to pneumococcus were measured.
ND, not done; NK, natural killer.
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Anticardiolipin and anti-beta 2 glycoprotein-I 
antibodies disappearance in patients with 
systemic lupus erythematosus and 
antiphospholipid syndrome while on belimumab

The current management of antiphospholipid syndrome (APS) 
centres on attenuating the procoagulant state while balancing 
the haemorrhagic risks.1 This approach relies mainly on a throm-
boprophylaxis strategy rather than targeting pathogenic anti-
phospholipid antibodies (aPL)-mediated pathways.

Herewith, we report the aPL disappearance in three patients 
with APS associated to systemic lupus erythematous (SLE) while 
on treatment with belimumab, potentially paving the way for 
development of new targeted therapies for APS. Belimumab is a 
monoclonal antibody that works by blocking the B-lymphocyte 
stimulator and avoiding B-cell activation.2 It is the first biological 
drug approved for the treatment of autoantibody positive SLE 
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Table 1 Characteristics of the patients included in the study

Sex Age Diagnosis

Associated 
autoimmune 
disease aPL positivity APS clinical events

Indication for starting 
belimumab

Concomitant 
immunomodulant 
treatment

Previous 
immunomodulant treatment

Patient #1 M 51 APS SLE LA, aCL IgG, 
anti-β2GPI IgG

Subpopliteal arterial thrombosis Cutaneus* (face, upper 
trunk, arms) and articular 
involvement† 

Low doses of steroids 
(5 mg/dL) and HCQ

IVIG, high doses of steroids

Patient #2 F 33 APS SLE aCL IgG, anti-
β2GPI IgM

Three miscarriages
<10th week of gestation

Haematological‡ and 
articular involvement†

Low doses of steroids 
(5 mg/dL) and HCQ

MMP, high doses of steroids, 
IVIG, AZA

Patient #3 M 39 APS SLE LA, aCL IgG Three episodes of DVT, severe 
thrombocytopaenia

Haematological§ 
involvement

Low doses of steroids 
(5 mg/dL)

High doses of steroids, RTX 
and CYC

*Defined as annular scaly plaques, hypopigmentation; scaly erythematous patches, reticulate erythema.
†Defined as inflammatory arthritis involving more than three joints.
‡Defined as thrombocytopenia (<100.000 platelets × 109/L), leucopaenia (<2.500 white blood cells × 109/L) and anaemia (haemoglobin<9 g/dL).
§Defined as thrombocytopaenia (<50.000 platelets × 109/L) and leucopaenia (<3.000 white blood cells × 109/L.
aCL, anticardiolipin antibodies; aPL,  antiphospholipid antibodies; APS, antiphospholipid syndrome; AZA, azathioprine; β2GPI,  anti-β2 glycoprotein I antibodies; CYC, cyclophosphamide; DVT, deep vein thrombosis; HCQ, 
hydroxychloroquine; IVIG, intravenous immunoglobulin; LA, lupus anticoagulant; MMP, mycophenolate; RTX, rituximab; SLE, systemic lupus erythematosus. 

Figure 1 aPL titres of the three patients in relationship with belimumab therapy. aPL, antiphospholipid antibodies. 

in active phase and it has shown its capability to reduce the anti-
bodies levels, including anti-double stranded-DNA.3 Intriguingly, 
in murine models of APS in the setting of SLE, belimumab proved 
its ability to stop disease progression and to reduce mortality rate.4 
However, its use in patients with APS needs further investigation.

After chart-reviewing all the aPL-positive patients with SLE 
treated in our centre with belimumab, investigating the changes 
in the aPL profile, we identified three patients with diagnosis 
of SLE5 and APS (fulfilling Sydney classification criteria)6 and 
persistent aPL positivity (confirmed in more than six occasions 
over the previous 5 years before starting belimumab) in whom we 
observed aPL disappearance. Clinical characteristics are detailed in 
table 1 and aPL testing methodology is detailed in online supple-
mentary material S1. All patients received belimumab for active 
SLE (intravenous 10 mg/kg at 2-week intervals for the first three 
doses and at 4-week intervals thereafter). After 8 months since 
belimumab was started, Patient #1 became persistently negative 
for anti-β2-glycoprotein I antibodies (anti-β2GPI), while anticar-
diolipin antibodies (aCL) titre significantly decreased. While on 
treatment, anti-β2GPI and aCL levels both turned negative in 
Patient #2. Interestingly, after being on belimumab for 1 year, she 
planned a pregnancy and preferred to suspend the treatment, after 
8 months since suspension, antiβ2GPI antibodies were detectable 
again. Patient #3 was persistently negative for aCL while being on 
belimumab (28 months). When he discontinued the therapy for 
lack of response, aCL antibodies returned positive after 2 months. 

Figure 1 illustrates aPL titres of the three patients in relationship 
with belimumab therapy. Two patients (#1 and #3) persistently 
tested positive for lupus anticoagulant despite belimumab treat-
ment. No patients experienced hypogammaglobulinaemia while 
on belimumab and IgG/IgM levels were constantly within normal 
range. Of note, none of the patients was started on a concomi-
tant immunosuppressive treatment when belimumab was begun. 
However, a synergic role of hydroxychloroquine in the aCL and 
anti-β2GPI disappearance cannot be excluded.

Persistent aPL disappearance is a hot topic of discussion in the 
field of APS, but the clinical significance of sero-negativisation is 
still to be elucidated.7 8 To the best of our knowledge, despite its 
limitations (eg, sample size and retrospective design), this pilot 
study is the first report of aPL negativisation after starting therapy 
with belimumab. Even more interesting, after stopping the treat-
ment (mean time of 2 months), patients turned to be positive tested 
for IgG aPL again. The clinical relevance of these findings should 
be investigated in prospective multicentre studies, but if confirmed, 
they might modify the therapeutic management of patients with 
APS . Potentially, the current ‘antithrombotic’ approach to patients 
with APS will be at least combined in the future with an ‘immuno-
modulatory’ approach.
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Table 1 Characteristics of 70 patients with GCA, 53 healthy 
controls and 23 patients with OA included in this study

Active GCA Inactive GCA CIC No CIC HC oA

Number 19 51 25 45 53 23

Age (years) 72 
(65, 86)

68 
(62, 79)

72 
(66, 87)

68 
(62, 79)

32 
(25, 44)

68 
(64, 75)

Female (%) 68 67 64 69 49 78

Biopsy positive 
(%)

53 43 72 33 0 0

ACR criteria 
(%)

79 88 96 84 0 0

ESR (mm/hour) 21 
(15, 35)

10 
(6, 15)

12 
(8, 18)

12 
(8, 21)

NA NA

CRP (mg/L) 9 
(4, 31)

4 
(2, 8)

4 
(2, 16)

4 
(2, 9)

NA NA

Fibrinogen 3.91 
(3.14, 4.63)

3.32 
(2.93, 3.79)

3.62 
(2.67, 4.35)

3.32 
(3.05, 3.85)

NA NA

Aspirin use (%) 42 80 64 73 0 NA

BVAS 2 
(0, 6)

0 
(0, 0)

0 
(0, 1)

0 
(0, 0)

0 
(0, 0)

0 
(0, 0)

VDI 0 
(0, 1)

0 
(0, 2)

0 
(0, 2)

0 
(0, 1)

0 
(0, 0)

0 
(0, 0)

sGPVI (ng/mL) 2.31 
(1.86, 4.21)

2.33 
(1.57, 4.21)

2.04 
(1.33, 4.21)

2.37 
(1.88, 4.21)

2.19 
(1.72, 3.31)

2.73 
(2.17, 3.72)

 Data are expressed as median (IQR) unless stated.
With VDI scoring damage must be present for 3 months or more to be scored. 
 ACR, American College of Rheumatology; BVAS, Birmingham Vasculitis Activity Score; CIC, cranial ischaemic 
complication; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; GCA, giant cell arteritis; HC, healthy 
control; NA, not applicable; OA, osteoarthritis; sGPVI, soluble glycoprotein VI; VDI, Vasculitis Damage Index. 

Platelet activation, as measured by plasma 
soluble glycoprotein VI, is not associated with 
disease activity or ischaemic events in giant 
cell arteritis

Giant cell arteritis (GCA) is associated with cranial isch-
aemic complications (CIC) including vision loss and stroke.1 
British Society of Rheumatology and European League against 

Rheumatism guidelines recommend platelet inhibition with 
aspirin for most patients with GCA; on the basis of two retro-
spective studies showing a reduction in CICs, these results 
were not replicated in two other retrospective studies.2 3 There 
are no data from prospective or randomised controlled trials 
to support aspirin use in GCA.4 The glycoprotein VI (GPVI) 
receptor is found exclusively on platelets and megakaryocytes.5 
GPVI is proteolytically cleaved following platelet activation 
and is detectable in plasma as soluble GPVI (sGPVI).6 Elevated 
plasma sGPVI signifies platelet activation and an increased 
risk of cardiovascular events.7 We have recently demonstrated 
enhanced platelet reactivity as measured by sGPVI in gout 
and rheumatoid arthritis, conditions associated with increased 
cardiovascular risk.8 9 We hypothesised that GCA is associated 
with platelet hyper-reactivity, thereby supporting the rationale 
for aspirin use.

The aim of this study was to assess platelet reactivity, 
as measured by sGPVI, in patients with GCA, to compare 
these with healthy controls (HC) and patients with osteo-
arthritis (OA), and assess associations with clinical features 
and outcomes. Further information on inclusion criteria and 
definitions are shown in the online supplementary appendix. 
Following ethics approval and informed consent, blood 
samples were obtained and processed as double-spun platelet 
poor plasma. Demographic and clinical data were collected. 
sGPVI levels were measured using ELISA. Mann-Whitney U 
test was used to compare groups. Spearman’s rank correlation 
coefficient was used to assess for associations between sGPVI 
levels and demographic and clinical markers.

A total of 146 patients were included: 70 with GCA, 53 HCs 
and 23 OA. Of the patients with GCA, 19 had active disease and 
25 had CICs, 14 of which were permanent. Baseline character-
istics are shown in table 1. There was no difference in sGPVI 
levels between GCA and HCs or OA, median (IQR) 2.32 ng/mL 
(1.60, 4.21) vs 2.19 ng/mL (1.72, 3.31) (p=0.76) and 2.73 ng/
mL (2.17, 3.72) (p=0.38), figure 1. sGPVI levels were similar 
in patients with GCA with active and inactive diseases, median 
2.31 ng/mL (1.86, 4.21) vs 2.33 ng/mL (1.57, 4.21) (p=0.93), 
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Figure 1 sGPVI levels in GCA. CIC, cranial ischaemic complication; 
GCA, giant cell arteritis; OA, osteoarthritis; sGPVI, soluble glycoprotein 
VI.

and those naïve to or receiving glucocorticoids, median 2.31 ng/
mL (1.47, 3.99) vs 2.35 ng/mL (1.60, 4.37) (p=0.73). sGPVI 
levels were similar in patients with GCA with and without a 
history of CICs, median 2.04 ng/mL (1.33, 4.21) vs 2.37 ng/mL 
(1.88, 4.21) (p=0.85). sGPVI levels taken from patients at initial 
presentation with and without CICs were no different, median 
2.31 ng/mL (1.33, 4.21) vs 2.27 ng/mL (1.72, 3.22) (p=0.91). 
Aspirin therapy did not significantly affect sGPVI levels, median 
2.22 ng/mL (1.40, 4.20) vs 2.74 ng/mL (2.01, 4.64). There was 
no correlation between sGPVI levels and C-reactive protein 
(r=0.16), erythrocyte sedimentation rate (r=0.10) or prednis-
olone dose (r=−0.21).

Our work shows no evidence of increased platelet activation, 
as measured by sGPVI, in GCA. Analysis of other measures of 
platelet activation would strengthen our results. There was no 
association between platelet activation and disease activity or 
CICs; this contrasts with inflammatory diseases such as rheu-
matoid arthritis and gout where platelet activation is clearly 
demonstrable.8 9
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Large deletion in 6q associated to A20 
haploinsufficiency and 
thoracoabdominal heterotaxy

Mutations in the TNFAIP3 gene resulting in A20 haploinsuf-
ficiency (HA20) have been identified as a new cause of auto-
inflammation linked to uncontrolled nuclear factor kappa B 
(NF-κB) activation.1 A recent report published in the Annals of 
the Rheumatic Diseases highlighted the main clinical manifes-
tations of the 16 patients who presented with recurrent oral, 
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Figure 1 Clinical, radiological, genetic and immunological features of A20. (A) Large forehead with thin lips and prominent muscles. (B) Abdominal 
CT scan, coronal view, showing the viscera heterotaxy. (C) Large deletion in chromosome 6. (D) Phospho-NF-kB (pSer 529) in white blood cells of 
healthy volunteers (HV) and patients. MFI, mean fluorescence intensity; NK, natural killer; NF-kB, nuclear factor kappa B.

genital, gastrointestinal ulcerations and various inflammatory 
features (skin lesions, musculoskeletal disorders and recurrent 
fever) associated in some cases to autoimmunity mimicking a 
lupus.2 Some of the patients also experienced recurrent infec-
tions. TNFAIP3 anomalies included monoallelic nonsense and 
frameshift mutations.1

Here, we report that HA20 can be part of a more complex 
genetic syndrome. We describe the new case of a boy who 
presented with mild intellectual disability with normal MRI 
and dysmorphic features including short stature, large fore-
head, thin lips and visible muscles (figure 1A). Of note, he had 
a heterotaxis with a median liver, short pancreas, polysplenia 
and right stomach, and underwent cardiac surgery at birth for 
a complex heart malformation (figure 1B). At the age of 5, he 
presented a vasculitis with necrotising purpura, abdominal pain 
and arthralgia, consistent with the diagnosis of Henoch-Schön-
lein purpura. The symptoms were recurrent and the diagnosis of 
periarteritis nodosa was suspected. Later in life, at the age of 19, 

he presented an acute renal failure with macroscopic haematuria 
following a viral infection and was diagnosed for IgA nephrop-
athy on kidney biopsy. Other autoimmune symptoms including 
haemolytic anaemia and thrombopaenia also occurred. Immuno-
phenotyping revealed a global lymphopaenia (0.79 ×10^9/L) 
and hyper-IgE (756 kU/L).

A deletion in 22q11 was initially ruled out by a karyotype 
analysis. Targeted next-generation sequencing focusing on 55 
genes revealed a complete heterozygous deletion of TNFAIP3. 
The comparative genomic hybridization (CGH) array detected 
a large deletion of 5.5 Mb in chromosome 6 (6q23.2q24.1) 
(figure 1C). This rearrangement comprised about 60 genes 
including CITED2, IFNGR1 and TNFAIP3. The same dele-
tion of 6q23.2q24.1 was already reported with mental retar-
dation and dysmorphic features, but without inflammation or 
situs inversus.3 A20 acts as a regulator of the NF-kB signalling 
cascade by its E3 ubiquitin ligase activity, preventing the degra-
dation of inhibiting complex I-kappa-B kinase gamma IKKγ (also 
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known as NF-kB essential modulator/NEMO).4 Accordingly the 
patient’s white blood cells displayed spontaneous phosphory-
lation of the NF-kB p65 subunit (Serin529) in the absence of 
systemic inflammation (C reactive protein <5 mg/L) (figure 1D), 
which is consistent with a defective NF-kB signalling pathway 
regulation. Interestingly, TNFAIP3 deletions were also associated 
with an NF-kB activation in lymphoma.5CITED2 is a key tran-
scriptional factor involved in cardiac development and acts as a 
regulator of laterality during embryogenesis in mice.6 Missense 
mutations or small deletions were reported in association with 
congenital heart anomalies in human,7 but abdominal laterality 
anomalies were not reported in human so far. In this report, 
the cardiac anomalies and abdominal viscera heterotaxy are 
probably secondary to the whole deletion of CITED2. IFNGR1 
encodes the ligand-binding chain of the interferon-γ receptor 
and heterozygous deletion may be associated to mycobacterial 
susceptibility,8 although this patient did not present noticeable 
invasive or recurrent infections.

To conclude, autoinflammation and autoimmunity associated 
with thoracoabdominal heterotaxy are evocative of a large deletion 
in chromosome 6q comprising CITED2 and TNFAIP3.
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Smoking paradox in the development of 
psoriatic arthritis among patients with psoriasis

We have read with great interest the article by Nguyen and 
colleagues1 on the smoking paradox in the development of 
psoriatic arthritis (PsA) among patients with psoriasis. The 
authors present a large population-based study, in which they 
demonstrate that smoking is positively associated with PsA risk 
in the general population but negatively associated with PsA risk 
among patients with psoriasis, thereby suggesting that index 
event bias could result in the smoking paradox. The reasons for 
this smoking paradox are difficult to elucidate, but we agree with 
the authors’ emphasis on the potential role of index event bias in 
the paradoxical finding that smoking appeared to be protective 
among patients with psoriasis. Index event bias is a consequence 
of selecting a study population on the basis of a prior event.2 
The possibility of index event bias should be considered in the 
causal interpretation of associations because it can conceal the 
effect of risk factors.2 Group allocation based on an index event 
(psoriasis) affected by smoking can create a selection bias that 
might introduce a downward bias in the association between 
smoking and PsA, unless there is a thorough assessment for all 
shared risk factors.3 In epidemiological studies, the difficultly 
in controlling for confounding variables and a high risk of bias 
are of constant concern.4 As disease aetiology consists of both 
known and unknown risk factors, multivariable adjustment can 
only partially overcome this type of bias. However, the study 
by Nguyen and colleagues did not include sufficient adjustment 
for confounding factors. Although the study adjusted for age, 
alcohol, body mass index, sex and trauma, the confounding 
effect of additional unmeasured or unknown variables (eg, socio-
economic status, exercise, diet, drugs used, serum uric acid, etc) 
cannot be excluded. The index event bias will always be a concern 
because unmeasured or unknown risk factors are often operating 
to cause a disease. As a consequence, the association between 
smoking and PsA in patients with psoriasis might be biased. In 
addition, the results reported by Nguyen et al differ from those 
of another large cohort study,5 which demonstrated an increased 
risk of PsA among psoriasis cases, wherein the risk was signifi-
cant for those with higher cumulative measures of smoking. The 
study findings by Nguyen and colleagues might lead clinicians 

and the public to misunderstandings.1 We believe that this nega-
tive association should not mislead readers that smoking could 
be beneficial in diminishing the risk of PsA in patients with psori-
asis, as the smoking paradox is expected owing to index event 
bias, which should be more widely recognised. Further research 
is needed to clarify effect of smoking on the development of PsA 
among those with psoriasis.
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Response to: ‘Smoking paradox in the 
development of psoriatic arthritis among 
patients with psoriasis’ by Lee and Song

We thank Lee and Song1 for their interest in our extended 
report on the smoking paradox in the development of psori-
atic arthritis among patients with psoriasis.2 Please note that 
the point of our paper was indeed to demonstrate how the 
smoking paradox could be due to methodological issues 
(rather than some underlying biological phenomenon). Specif-
ically, this includes (1) the misinterpretation of the direct 
effect as the total effect and (2) the presence of index event 
bias affecting the derived direct effect. While Lee and Song 
focused on the second point, it is our view that the former (ie, 
the methodological issue derived from the misinterpretation 
of different effects) is possibly the more fundamental flaw. 
Regardless, this leaves us wondering how our paper, which 
provided methodological (as opposed to biological) reasons for 
the smoking paradox, ‘might lead clinicians and the public to  
misunderstandings’.
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2017 EULAR/ACR classification criteria for adult 
and juvenile idiopathic inflammatory 
myopathies and their major subgroups: little 
emphasis on autoantibodies, why?

The publication of the EULAR/ACR classification criteria for 
‘idiopathic inflammatory myopathy’ group of disease would 
be considered a landmark work in this field.1 The tremendous 
efforts of a large number of dedicated workers in the field of 
myositis from around the world coming together to produce 
this seminal document deserve high praise. The hope is that it 
will aid the drug trials on homogeneous subsets of this group 
of diseases yielding meaningful results. However, there is some 
concern for ‘an outsider’, a general rheumatologist like me, 
for not putting more emphasis on myositis-specific antibodies 
(MSAs). Most of the authors of this document have dedicated 
their careers to the discovery of MSAs. These are the same 
authors who have widely reported the clinical importance of 
the MSAs, their effect on the clinical features, clinical course 
as well as on the treatment response. Yet, they seem to have 
shied away from including MSAs in this classification (except 
anti-Jo1 antibody). It is from the publications of these reputed 
workers that we have learnt the importance of MSAs and how 
they define the clinical features, disease course and the response 
to treatment. Thus, we have learnt that there are mainly four 
subgroups that present as amyopathic dermatomyositis (ADM): 
those who are positive for anti-histidyl tRNA synthetase (anti-
Jo-1), anti-non-Jo1, anti-melanoma differentiation-associ-
ated gene 5 (anti-MDA5) and anti-transcription intermediary 
factor-1 gamma (TIF-1γ) MSAs. Simply categorising a patient 
as ‘ADM’ and only testing for anti-Jo-1 autoantibody but not 
for anti-non-Jo-1, anti-MDA5 and TIF-1γ, might be problem-
atic. The latter three categories are very different in their clinical 
involvements, response to treatment and outcomes. Any drug 
trial in this group of mixed patients would, therefore, fail to 
yield meaningful results. Similarly, we have learnt that there are 
four subgroups of patients who present with pathognomonic 
dermatomyositis rash and would get classified under ‘DM’. 
Without screening for MSAs, one would not be able to distin-
guish between the four subgroups, namely, anti-nucleosome-re-
modelling deacetyalse complex (anti-Mi2) antibody, anti-small 
ubiquitin-like modifier activating enzyme (anti-SAE) anti-
body, anti-TIF-1γ antibody and anti-nuclear matrix protein 2 
(NXP2) antibody syndromes. Many publications have shown 
that their clinical course and outcome with treatment are very 

different. Conducting drug trials in such a heterogeneous group 
would yield confusing results. A similar problem would arise 
in the group that would be classified as polymyositis. As we 
have learnt, if patients in this subgroup are screened for MSAs, 
the majority would be negative for autoantibodies. However, 
there would also be patients with anti-3-hydroxy-3-methylgl-
utaryl-coenzyme A reductase (anti-HMGCoAR), anti-signal 
recognition particle (anti-SRP), anti-survival of motor neuron 
complex (anti-SMN) and anti-four-and-a-half LIM domain 1 
(anti-FHL1) autoantibodies, each with different response to any 
form of treatment, that would muddle the results of any drug 
trial. Maybe it is rather naive for a ‘general rheumatologist’ to 
ask these questions. However, the response of the experts may 
help us understand this field better. As is mentioned in the docu-
ment, this classification is ‘provisional’. Maybe this international 
group of workers is already at an advanced stage of developing 
MSA-based/inclusive classification criteria for idiopathic inflam-
matory myopathies.
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Response to: '2017 EULAR/ACR classification 
criteria for adult and juvenile idiopathic 
inflammatory myopathies and their major 
subgroups: little emphasis on autoantibodies, 
why?' by Malaviya

We are grateful for the insightful and highly relevant question 
raised by Dr Malaviya1 concerning the 2017 European League 
Against Rheumatism/American College of Rheumatology classi-
fication criteria for adult and juvenile idiopathic inflammatory 
myopathies and their major subgroups. The question concerns 
autoantibodies, and in particular myositis-specific autoantibodies 
(MSAs), and why only the anti-Jo-1 autoantibody is included in 
the new classification criteria.

We understand the concern that was raised and we have 
discussed the limitation of having limited data on MSAs in our 
publication.2 This letter gives us a possibility to expand on this 
limitation and include some more explanations. Our study was 
initiated more than 10 years ago, and during the last decade we 
have seen a great advancement in the knowledge of autoanti-
bodies specific for and associated with idiopathic inflammatory 
myopathies (IIM). This includes identification of several new 
MSAs, as well as advancement in methods used to detect MSAs 
that have made it possible to test most of the MSAs in clinical 
practice by commercially available assays. Unfortunately, these 
assays were not available for most of the MSAs at the time of 
data collection for our project. Indeed, as pointed out by Dr 
Malaviya, an increasing knowledge has emerged concerning 
associations between presence of autoantibodies and clinical 
phenotype, disease progression and response to treatment, 
emphasising the importance of the MSAs in clinical practice and 
classification. The data on autoantibody profiles included in the 
data set of this study conducted at 47 clinics worldwide reflect 
the limited availabilities of detection methods for MSAs at the 
start of the study. Due to this we had data for only five MSAs 
included in the study. We found a strong association between 
all of them and cases being classified as IIM. However, only the 
anti-Jo-1 autoantibody reached sufficient number of observa-
tions (n=1062) in cases and comparators for valid inclusion in 
the classification criteria. In the manuscript we addressed the 
need for inclusion of more autoantibody data in a future update 
of the criteria.

It took many years to collect patient data for the myositis 
criteria project to include the number needed of cases and 
comparators cases, adults and children, representing different 
centres and different ethnicities. During these years we have seen 
scientific advances in myositis and development of several collab-
orative networks that will facilitate update of the criteria. One 
such international collaborative effort is the international, multi-
disciplinary myositis register, Euromyositis, currently including 
more than 4000 patients with IIM and involving 23 clinics 
worldwide. The steering committee of the Euromyositis register 
has long been working on standardisation of sample collection 
and assessment of autoantibodies for inclusion in the register. 
Data from this register can be one source for a future update of 
the classification criteria, but other cohorts are needed, including 
comparator cases where MSAs have been tested. The assessment 
of MSAs using validated methods will be of utmost importance 
for use in classification criteria development. We will then have 
the possibility to address the value of MSAs for classification of 
IIM, as well as to test association of certain autoantibodies with 

different clinical phenotypes, disease progression and response 
to treatment. This will enable us an even better subclassification 
of IIMs that will ultimately pave the way for clinical trials with 
relevant and homogeneous patient groups and hopefully devel-
opment of improved treatment for these patients.

Dr Malaviya is correct that the classification criteria are provi-
sional. As stated by the European League Against Rheumatism 
and the American College of Rheumatology, ‘This signifies that 
the criteria set has been quantitatively validated using patient 
data, but it has not undergone full validation based on an inde-
pendent dataset, using both cases and controls. This valida-
tion step is still needed before the criteria are fully validated’. 
Hence the term provisional refers to the need of validation of 
the criteria in an independent cohort including both cases and 
controls, but does not imply that the criteria items included are 
non-significant or not important. We welcome collaboration 
with experts who have access to such cohorts as a next step for 
an external validation of the new criteria.

We hope that we have addressed the concern raised by Dr 
Malaviya by this response and we welcome initiatives to perform 
external validation of the ‘European League Against Rheuma-
tism/American College of Rheumatology classification criteria 
for adult and juvenile idiopathic inflammatory myopathies 
and their major subgroups’, as well as testing the whole panel 
of MSAs both for classification of IIM and for classification of 
subgroups of IIM. Only a systematic and harmonised collection 
of autoantibody data using validated antibody assays together 
with clinical data in a large international, multidisciplinary 
collaboration will make future revision of these novel classifica-
tion criteria possible.
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Cardiovascular effects of hydroxychloroquine: a 
systematic review and meta-analysis

I have read with interest the article by Mathieu and colleagues1 
regarding the cardiovascular effects of hydroxychloroquine 
(HCQ). This systematic review and meta-analysis demonstrates 
that HCQ treatment is associated with an improved cardiovas-
cular risk profile. However, it has some methodological issues. 
First, although the authors searched conference abstracts, using 
the MEDLINE database alone may not be sufficient for a thor-
ough literature search.2 Identification of all relevant papers is 
a critical component in conducting a meta-analysis because its 
outcome depends on the studies included. Therefore, the search 
strategy has to be comprehensive, and a comprehensive search 
should include multiple databases, such as MEDLINE, EMBASE 
and Cochrane Controlled Trials Register.3 Second, selection 
of an appropriate statistical model is important to ensure that 
the statistics have been estimated correctly.4 I am unclear on 
how the authors chose among fixed-effects and random-effects 
models during the meta-analysis. The choice of the meta-analysis 
method should be explained, and a rationale for the choice of the 
statistical model should be stated.5 Considering substantial and 
considerable between-study heterogeneity, the random-effects 
model would be a more appropriate choice. Third, a random-ef-
fects meta-analysis is used to incorporate heterogeneity among 
studies,6 but is not a substitute for investigation of heterogeneity.5 
Heterogeneity should be explored by conducting subgroup anal-
yses and/or meta-regression to determine the causes of heteroge-
neity among results of studies. I wonder whether age, sex, body 
mass index, drugs (eg, glucocorticoid or methotrexate) used 
and/or potential effect modifiers were matched or adjusted for. 
Thus, I believe that the findings of this study should be inter-
preted taking the aforementioned methodological concerns into 
consideration.
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Cardiovascular effects of hydroxychloroquine: a 
systematic review and meta-analysis

With great interest, we have read Professor Lee’s comments1 
concerning our letter ‘Cardiovascular effects of hydroxy-
chloroquine’.2 We completely agree that the relevance of 
a meta-analysis depends on its completeness, optimally 
including all published articles and abstracts. Thus, our deci-
sion to only search the PubMed database could represent 
a methodological weakness. However, Rempenault et al3 
performed the same meta-analysis with searches of multiple 
databases (PubMed, EMBASE and Cochrane Library), and 
did not find additional references beyond what we retrieved. 
Thus, within the context of our study on the cardiovascular 
effects of hydroxychloroquine, the strategy of searching only 
PubMed was apparently sufficient to identify all articles of 
interest and to therefore limit the publication bias inherent 
to all meta-analyses.

Professor Lee further expresses some concerns regarding 
statistical considerations, particularly about the statistical 
models used to account for the heterogeneity. We completely 
agree with his perspective, and we affirm the appropriate-
ness of the statistical models used in our work. All results 
described in our letter were obtained from random-effects 
models. It is true that random-effects and fixed-effects 
models give exactly the same results (standardised mean 
difference (SMD) and 95% CI) when I² equals 0, concerning 
the effects of 12 weeks of hydroxychloroquine (HCQ) 
treatment on lipid and glycaemic parameters (triglyceride, 
low-density lipoprotein cholesterol and high-density lipopro-
tein cholesterol). That is why we indicated that we assessed 
the effects of 12 weeks of HCQ treatment on the glycaemic 
and lipid profiles based on the estimation of paired SMD 
using fixed-effects or random-effects models. We agree that 
it would be helpful to explain the rationales behind the selec-
tion of meta-analysis method, and the choice of the statistical 
model. However, adherence to the Correspondence format 
precluded specification of all statistical choices regarding 
heterogeneity among studies, the usefulness of random-ef-
fects models and investigation of heterogeneity. Notably, the 

meta-regression analyses proposed by Professor Lee are quite 
difficult to perform due to the limited number of studies.
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Utility of PET/CT in the diagnosis of 
inflammatory rheumatic diseases: a systematic 
review and meta-analysis

In an article published in the Annals of the Rheumatic Diseases, 
Schönau et al suggested that positron emitted tomography 
(PET)/CT is useful in determining the cause of unexplained 
fever/inflammation.1 In this letter, we wish to add further data to 
support the conclusions of this article. More and more, PET/CT 
is used to determine the cause of fever, systemic inflammation 
or atypical or resistant rheumatic disease. However, the utility 
of PET/CT in these diagnoses is not clear. Thus, we performed 
a meta-analysis to investigate the utility of PET/CT in the diag-
nosis of inflammatory rheumatic diseases.

We searched MEDLINE to identify all reports of interest 
published prior to June 2016 using the search terms: ‘(PET 
scan OR 18FDG PET OR positron emission tomography) AND 
(rheumatoid arthritis (RA) OR polymyalgia rheumatica (PMR) 
OR Horton OR giant cell arteritis (GCA) OR vasculitis OR 
spondylitis OR synovitis OR bursitis)’. We retrieved a total of 
1110 articles. In addition, we searched for abstracts from the 
European League Against Rheumatism and American College 
of Rheumatology meetings between 2014 and 2016. The preva-
lence of high focal tracer uptakes according to localisation (artic-
ular, vascular, periarticular, interspinous) and the disease (RA, 
PMR, GCA, vasculitis, connective tissue disease or fever) was 
calculated using a meta-analysis of proportions (inverse of the 
variance method) using fixed or randomised models.

We included 90 references, including 22 abstracts, involving a 
total of 2300 patients having a PET/CT. The prevalence of PET/
CT uptakes is summarised in table 1. Tracer uptake in the aortic 
wall was found in 22% of patients with GCA. The prevalence of 
aortic vasculitis in GCA varied from 3% to 18% in the literature. 
Even when the percentage of aortic wall tracer uptake was weak, 
PET/CT had a substantial sensitivity and specificity for the GCA 
diagnosis.2

Tracer uptake in the shoulders or hips was often reported in 
PMR, especially in periarticular sites.3 As previously reported,4 
we found that interspinous tracer uptake was common in PMR, 
occurring in two-thirds of patients with PMR undergoing a PET/
CT. However, this result is not very specific to PMR because 
one-third of patients with RA have also interspinous bursitis. 
Articular tracer uptake was also not very specific as it occurred 
in more than half of the studied patients, despite the rheumatic 
disease, except in vasculitis (23% (95% CI 13.4 to 33.2%)).

Our study results provide information that complements the 
conclusions of Schönau et al. We found that PET/CT is helpful in 
diagnostic research, but that the interpretation of tracer uptake 
at each site is not specific to a rheumatic disease. Rather, the 
overall assessment of PET/CT leads to the most probable diag-
nosis (rheumatic disease, infection, malignancy) along with good 
cooperation between clinicians and nuclear medicine specialists.
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Table 1 Prevalence of tracer uptakes in different sites according to the rheumatic disease or fever

Disease

Tracer uptake site or 
interpretation

GCA  
(n=14; n=259)

PMR  
(n=10; n=310)

RA  
(n=14; n=203)

Connective tissue 
disease (n=13; n=295)

Vasculitis  
(n=26; n=583)

Fever  
(n=8; n=451)

Aortic wall n=10; np=104; 0.22 
(0.07 to 0.43)*

n=2; np=30; 0.37 
(0.05 to 0.79)*

n=7; np=31; 0.10 
(0.03–0.19)*

n=18; np=210; 0.59 (0.42 
to 0.74)*

n=5; np=39; 0.17 
(0.04 to 0.38)*

Other vascular n=11; np=112; 0.06 
(0.01 to 0.17)*

n=5; np=49; 0.30 
(0.13 to 0.50)*

n=2; np=10; 0.27 (0.15 
to 0.42)

n=17; np=178; 0.49 (0.33 
to 0.61)*

n=6; np=48; 0.04 
(0.01 to 0.13)*

Articular (shoulder or hip) n=5; np=101; 0.76 
(0.58 to 0.99)*

n=4; np=24; 0.66 
(0.17 to 0.99)*

Other articular n=2; np=35; 0.72 
(0.266 to 0.99)*

n=3; np=25; 0.54 
(0.40 to 0.68)*

n=9; np=106; 0.78 
(0.60 to 0.92)*

n=4; np=95; 0.70 (0.25 
to 0.99)*

n=3; np=14; 0.23 (0.13 
to 0.33)

Periarticular (shoulder or 
hip)

n=5; np=94; 0.84 
(0.63 to 0.97)*

Interspinous n=6; np=128; 0.67 
(0.55 to 0.78)*

n=2; np=7; 0.34 
(0.02 to 0.81)*

Lymphadenopathy n=2; np=19; 0.82 
(0.32 to 0.99)*

n=7; np=93; 0.29 (0.17 
to 0.42)*

n=3; np=9; 0.21 (0.06 to 
0.42)*

Malignancy n=6; np=41; 0.10 
(0.08 to 0.13)

Infection n=7; np=74; 0.07 
(0.03 to 0.14)*

Values in parentheses indicate 95% CI.
*Randomised effect.
GCA, giant cell arteritis; n, total number of patients; np, number of patients with tracer uptake; PMR, polymyalgia rheumatic; RA, rheumatoid arthritis.
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Is the PET/CT first choice for differential 
diagnosis of fever of FUO/IUO?

First, thanks for this interesting article that tries to answer a 
difficult clinical problem of patients with fever of unknown 
origin (FUO) and inflammation of unknown origin (IUO) who 
are discharged without diagnosis.1

This study is very important in creating a diagnostic algo-
rithm for FUO and IUO. We wanted to address some of the 
important points for improving clinical implications. In 
the literature, different maximum standardized uptake 
values  (SUV) (SUVMAX) levels were used as thresholds 
to detect or differentiate benign, malignant, infectious and 
inflammatory diseases with 18F-fluorodeoxyglucose posi-
tron emission tomography (18F-FDG-PET/CT).2 3 In this 
study, we did not see any cut-off value for positive results. 
Which SUVMAX value was accepted as positive? Is there 
any specific cut-off value for differential diagnosis? In this 
study, 72 out of 240 PET/CT was positive even though that 
was not related to the diagnosis. Although PET/CT is very 
useful for differential diagnosis, some patients may have 
over diagnosis.

Another interesting point is the timing of 18F-FDG-PET/
CT during glucocorticoid usage. Glucocorticoids even if 
withdrawn can effect SUVMAX values and the results of 
18F-FDG-PET/CT.4 5 In this study, it was mentioned that 
glucocorticoids were discontinued at the day of hospital 
administration, but we wonder about the time lag between 
the cessation of glucocorticoid therapy and 18F-FDG-PET/
CT imaging.

Twelve out of 240 patients had defined diagnosis, although 
PET/CT results were negative. We wonder about the diagnosis 
of these patients. How did these patients get diagnosis? Can 
these patients under glucocorticoid therapy affect the PET/CT 
results?

Thank you again for such a great and useful work!
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Response to: ‘Is the PET/CT first choice for 
differential diagnosis of FUO/IUO?’ by  
Armagan et al

We thank Dr Armagan and colleagues for their letter1 regarding 
our article entitled, ‘The value of 18F-FDG-PET/CT in identi-
fying the cause of fever of unknown origin (FUO) and inflamma-
tion of unknown origin (IUO): data from a prospective study’.2

In their comment, Dr Armagan and colleagues ask whether a 
fixed cut-off level for the maximum standardised uptake value 
(SUVmax) in the 18F-fluorodeoxyglucose-positron emission 
tomography (FDG-PET) was used for data interpretation. We 
want to respond that, although SUVmax was documented in all 
patients, the use of a fixed SUVmax across the different diseases 
associated with fever (FUO)—and IUO—is not helpful.

They also raised the question about whether glucocorticoids 
were stopped before 18F-FDG-PET/CT scans. Especially high-
dose glucocorticoids can influence imaging results due to induc-
tion of hyperglycaemia.3 Glucocorticoids were taken by 59 
patients at admission. These patients stopped glucocorticoids 
at admission on the average of 3.1 days before 18F-FDG-PET/
CT scan was performed. The scans were helpful to find the 
underlying disease in 37 (62%) of these patients having received 
glucocorticoids.

We therefore think that previous use of glucocorticoids did not 
have a major influence on the scan results in our study. Impor-
tantly, only three patients, two of whom were diagnosed with 
large-vessel vasculitis and one with polymyalgia rheumatica, had 
received higher doses of glucocorticoids between 20 and 40 mg 
prednisolone daily. None of them were hyperglycaemic and 
18F-FDG-PET/CT scan was considered helpful in ascertaining 
diagnosis also in these patients.

Furthermore, as mentioned in the study, false-negative results 
were rare in our study and only seen in 12 patients.2 Among 
those with false-negative 18F-FDG-PET/CT scans were patients 
with Still’s disease that fulfilled the Yamaguchi criteria, patients 

with polymyalgia rheumatica that fulfilled the Rice criteria and 
patients with isolated giant cell arteritis of the temporal artery.
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