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What structures are seen by a T cell in 
the immune response to a 
lupus autoantigen?
Robert Winchester

In this decade we have witnessed substan-
tive progress in solving a number of the 
fundamental enigmas in systemic lupus 
erythematosus (SLE) that thwart progress 
towards achieving the goal of inducing 
disease remission in all patients with this 
challenging disease. This issue of the Annals 
of the Rheumatic Diseases contains a paper 
by Zhao et al1 , ‘Nature of T cell epitopes 
in lupus antigens and HLA-DR determines 
autoantibody initiation and diversification’, 
which greatly advances understanding of 
four critical aspects of SLE that are included 
among these enigmas: Why is the suscepti-
bility to develop SLE associated with the 
Major Histocompatibility class II allele 
desinated HLA-DR3? What role does the 
recognition by specific T cell clones of 
self-peptides presented by HLA-DR3 mole-
cules play in the process of epitope 
spreading that drives the progressive inten-
sification of a seemingly inconsequential 
autoimmune response to become a virulent 
life-threatening autoimmune disease? What 
roles do the peptides of the diverse 
commensal and environmental antigens of 
a person’s environment play in this progres-
sive intensification? Lastly, what events are 
involved in the transition from asymptom-
atic autoimmunity to the heterogeneous 
organ involvement of clinical disease? The 
paper addresses these questions by 
analysing in detail the characteristics of 
both the B cell and T cell immune response 
to Smith antigen (Sm). It especially focuses 
on the particular peptides recognised by 
the clonally specific T cell receptors (TCRs) 
of the T cell clones proliferating in 
HLA-DR3 transgenic mice during the 
response to immunisation by Sm, by 
elegantly exploiting the property of murine 
T cells to be readily immortalised as 
hybridomas.

Several intriguing findings in this paper 
that address these questions provide 
insight into the ever-accelerating incen-
diary spiral of autoimmune responsiveness 
in SLE:

1. The authors show that the immune 
response of the mouse to Sm triggers 
the proliferation of a large number of 
different T cell clones, which recog-
nise a number of different amino acid 
sequences (epitopes) located on dif-
ferent peptides of the SmD molecule, 
when these peptides are presented by 
HLA-DR3. This finding extends the 
earlier study from Fu and colleagues 
that among transgenic mice with di-
verse HLA-DR and DQ alleles, those 
expressing HLA-DR3 make the great-
est antibody responses to Ro60 and 
Sm.2 Moreover, in parallel Zhao et al1 
demonstrate that normal blood donors 
who have HLA-DR3 make significant-
ly more anti-Sm and anti-Ro60 anti-
bodies than those without this allele, 
indirectly supporting the thesis that 
the diversity of T cell recognition of 
different peptides with HLA-DR re-
striction is important in the generation 
of antibodies to these classic lupus 
autoantigens. These results suggest 
the property of HLA-DR3 to select 
a T cell repertoire enriched in clones 
with TCRs that recognise Sm peptides 
could be a direct molecular explana-
tion for why both the susceptibility to 
develop SLE and the presence of anti-
bodies to Sm and Ro60 are associated 
with the MHC.

2. These authors further showed that 
many of the individual Sm peptide re-
active T cell clones responded to more 
than one peptide on the Sm molecule, 
indicating that they recognise and re-
spond to cross-reacting intramolecular 
epitopes when presented by HLA-DR3 
molecules. Furthermore, some of these 
clones cross-reacted with peptides 
derived from other small nuclear ri-
bonucleoprotein, including those on 
peptides from proteins in the Ro60/La/
Ro52 complex, a demonstration of T 
cell clonal recognition of intermolecu-
larly shared epitopes. This elegant and 
striking demonstration of extensive 
cross-reactive recognition of differ-
ent autoantigen peptides by the same 
TCR clone was interpreted to suggest 

that an intricate and extensive clonal 
recognition network underlies the de-
velopment and maturation of the au-
toimmune response to Sm. These data 
highlight the role that T cells can play 
in the process of intermolecular epi-
tope spreading among autoantibodies, 
a process that is at the heart of the pro-
gressive intensification of the immune 
response underlying SLE. Indeed, this 
phenomenon could underlie the deep-
er significance of the presence of Sm 
autoantibodies in patients with SLE.

3. Provocatively, Zhou et al1 observed 
that many T cell clonal members of this 
recognition network, which likely en-
tered the T cell repertoire by being se-
lected by self-Sm peptides during thy-
mic development, also identified and 
responded to a variety of non-self-pep-
tides encoded within the proteomes of 
a large number of different commensal 
and environmental microbes. Indeed, 
in some instances this cross-recogni-
tion was mirrored by the presence of 
antibodies that reacted with the parent 
microbial molecule. It is important to 
emphasise that this finding of cross-re-
active recognition of microbial pep-
tides differs from two previous views 
on potential mimicry between self and 
microbial non-self. First, this is not the 
description of a single canonical micro-
bial mimic that might drive the entire 
T cell response, as in older concepts of 
molecular mimicry, but rather that any 
given T cell clone participating in the 
response against Sm that recognises an 
Sm peptide might cross-react with one 
particular microbially encoded pep-
tide, while other T cell clones in the 
same response with different TCRs 
that each recognises different Sm pep-
tides also cross-recognise and respond 
to entirely different microbial peptides 
contained in the proteins of different 
micro-organisms. Intriguingly, the af-
finity of some of the T cell clones for 
microbial peptides was considerably 
greater than that for the peptides of 
the autoantigen. Second, this hypoth-
esis differs from the B cell mimicry hy-
pothesis of James and Harley,3 which 
contributes to SLE-related antibody 
diversification since it addresses the 
role of T cells and incorporates the im-
portance of T cell dependence in the 
generation of SLE-related antibodies 
such as anti-Sm and anti-Ro60 that are 
restricted by HLA-DR, a major lupus 
susceptibility gene.
This report by Zhao et al1 did not 
address the important next question 
of whether this cross-reactivity is 
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incidental to the vastness of microbi-
al diversity or might play an impor-
tant direct role in the initiation or in 
the progression of the autoimmune 
response. One can envision that the 
T cells in the repertoire of DR3 in-
dividuals responding to these cross- 
reacting microbial structures might be 
the starting point for the provision of 
help to autoantibody secreting B cells. 
Similarly, these diverse, cross-reacting 
microbial peptides that mimic differ-
ent autoantigen epitopes could also 
drive the progressive maturation of 
the autoantibody response that even-
tuates in clinical disease. However, this 
report is clearly relevant to the emerg-
ing studies on the role of the micro-
biome and dysbiosis in autoimmune 
disease. Additional work engendered 
by the findings of this study is required 
to sort out the relevance, mechanisms 
and consequences of this unanticipat-
ed extensive T cell cross-recognition 
to the immune response occurring in 
SLE.

4. This innovative study makes an addi-
tional point of particular relevance to 
the progression from asymptomatic 
autoimmunity to the development of 
an autoimmune disease with injury in 
target organs. Zhao et al1 showed that 
the spreading autoimmune antibody 
response induced by immunising with 

SmD peptides ultimately includes nov-
el autoantibodies that react directly 
with organs that are the targets of in-
jury in lupus. This raises the question 
of whether the generation of novel tis-
sue-specific autoantibodies as a conse-
quence of this network of autoantigen 
recognition plays a role in the eventual 
development of tissue injury of target 
organs responsible for clinical disease 
and whether the diversity of this pro-
cess contributes to the heterogeneous 
clinical presentation and course in 
SLE.

A final thought is that this paper’s study 
of the manner in which T cells could funda-
mentally contribute to the interconnected 
aberrant adaptive immune responses to 
nucleic acid antigens that underlie lupus, 
and potentially additionally react with 
environmental and microbiological struc-
tures, is a compelling call for further 
investigation of this exciting and thera-
peutically promising aspect of the immu-
nobiology of lupus. It will remain for this 
future work to rigorously demonstrate 
the extent to which the fascinating capa-
bility of a T cell receptor to engage in the 
network of recognition events elegantly 
delineated in this paper is indeed a crit-
ical component of the immune response 
occurring in patients with SLE.

Handling editor Josef S Smolen
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AbsTrACT
The specialty of rheumatology takes care of people with 
disabling and long-term musculoskeletal conditions. 
For these patients, good healthcare requires the 
establishment of a sustainable partnership with 
healthcare professionals. For over two decades, 
rheumatology has been a frontrunner in piloting and 
implementing new kinds of partnerships in scientific 
research. In this viewpoint paper, we provide evidence 
for the leading role of rheumatology in developing 
strategies for engaging patients in research agenda 
setting, outcome research, developing treatment 
recommendations, assessing grant applications, 
conducting patient-centred research and transferring 
knowledge from research into practice. Experiences and 
lessons learnt in rheumatology are regularly published 
and are currently widely adapted and implemented 
in other specialties and research contexts. Challenges 
still exist and it is expected that rheumatology, as a 
leading discipline in this field, may further enhance 
our knowledge, expertise and understanding of the 
conditions for relational empowerment and meaningful 
patient involvement.

InTroduCTIon
The specialty of rheumatology takes care of 
people with disabling and long-term musculoskel-
etal conditions. Good healthcare for these people 
requires the establishment of sustainable multidis-
ciplinary partnerships between patients and health-
care professionals. This may explain the prominent 
place of concepts such as self-management, shared 
decision-making and multidisciplinary team care in 
many treatment guidelines for rheumatic diseases. 
Patients need to be involved in their own treat-
ment because perspectives, knowledge and values 
of patients and healthcare professionals differ.1 
Patients have personal, unique knowledge about 
the impact of disease and healthcare services and 
this experiential knowledge is indispensable for 
making individual treatment plans, but it is also 
a valid source of knowledge for educating health 
professionals2 and designing and conducting scien-
tific research.3

For over two decades, rheumatology has taken 
a leading role in piloting and implementing 
new kinds of partnerships in research initiatives 
(table 1). Traditionally, the patients’ perspective is 
captured through the participation of patients as 
study participants or through consultative methods. 
However, there is growing evidence that combining 
consultation with the active involvement of patients 
as collaborative partners has substantial benefits 

for the quality, acceptability and impact of studies. 
Much of this evidence has been obtained in the field 
of rheumatology.

The aim of this viewpoint article is to outline 
the leading role of rheumatology in developing 
strategies to engage patients in research agenda 
setting, outcome research, developing treatment 
recommendations, assessing grant applications, 
conducting patient-centred research and promoting 
knowledge transfer, and to advocate continuing 
progress in these areas.

PATIenT reseArCH PArTners
Patient Research Partners (PRP) contribute their 
experiential knowledge in research projects by 
actively collaborating with researchers as equal 
stakeholders.4 They have obtained the competence 
to compartmentalise their roles as a patient in the 
clinic and an equal colleague in the research team. 
However, their input goes beyond the individual 
patient perspective, based on introspection and 
the shared reflection of illness experiences. PRPs 
provide valuable expertise in the development of 
patient-reported outcome (PRO) instruments, strat-
egies for consulting patients during different stages 
of research, proposing ways to include difficult-to-
reach target audiences, assistance in analysing and 
interpreting research findings and then making sure 
that the results become available and accessible for 
patients and members of the public.

outcome research
One of the first organisations that started to involve 
patients was Outcome Measures in Rheumatology 
(OMERACT).5 In 2002, OMERACT facilitated 
11 patients to participate in their biennial meeting 
to develop Core Outcome Sets for clinical trials. 
Inspired by experiences of Bristol University 
(UK) and based on the positive outcomes of this 
first meeting with patient delegates, OMERACT 
became a pioneer in building sustainable partner-
ships with patients.6 Several manuscripts evaluate 
the conditions for achieving these successful part-
nerships7 and provided evidence for the impact of 
patient involvement in research practices.8 A clear 
example is the story of fatigue which was reported 
by patients as an often neglected symptom in clin-
ical practice and then recognised by OMERACT as 
an under-researched domain. A consecutive series 
of studies explored its severity and impact on daily 
life of people with RA9 and prompted the devel-
opment of new disease-specific PRO measures such 
as the Bristol Rheumatoid Arthritis Fatigue score.10 
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Table 1 Milestones of patient involvement in scientific 
rheumatology projects

1993 Establishment of the Cochrane Musculoskeletal Consumer Group

2002 First patients invited for the biannual OMERACT meeting

2005 First use of the term Patient Research Partner4

2010 Publication of the EULAR recommendations for patient–researcher 
collaboration14

2011 Establishment of the EULAR network of PRPs–first training meeting

2013 First PRPs attending the annual GRAPPA meeting30

2014 Publication of the OMERACT recommendations for patient–researcher 
collaboration28

2015 PCORI awards the Arthritis Patient Partnership (AR-PoWER) Network

2016 First meeting of the ACR Study Group for PRPs

2017 Inaugural presentation from the ANZMUSC consumer advisors
First meeting of the EULAR Study Group for Collaborative Research

2018 First meeting of the Action Council, the global initiative to track patient 
engagement in rheumatology research

ACR, American College of Rheumatology; ANZMUSC, Australian and New 
Zealand Musculoskeletal Clinical Trials network; AR-PoWER, Arthritis Partnership 
with Comparative Effectiveness Researchers; EULAR, European League Against 
Rheumatism; GRAPPA, Group for Research and Assessment of Psoriasis and 
Psoriatic Arthritis; OMERACT, Outcome Measures in Rheumatology; PCORI, Patient-
Centred Outcome Research Institute; PRP, Patient Research Partner.

Ultimately, in 2006, OMERACT concluded there was sufficient 
evidence to add fatigue as a mandatory outcome to the rheuma-
toid arthritis (RA) core set.11 A responsive evaluation of 10 years 
of patient involvement in OMERACT showed that a majority 
of OMERACT delegates confirmed that this would not have 
happened without the participation and persistence of PRPs who 
kept reminding researchers of the importance of fatigue.8

Treatment recommendations
European League Against Rheumatism (EULAR) is an umbrella 
organisation that fosters the collaboration of patient represen-
tatives, health professionals and rheumatologists in all its activ-
ities. This inclusivity is reflected in the governance structure of 
the organisation12 and makes EULAR different from many other 
international medical societies by incorporating the perspectives 
of people with a musculoskeletal condition in all its endeavours. 
It encourages the direct dialogue between the medical profes-
sionals and patient representatives in the standing committee 
structure, the EULAR congress and EULAR task forces and study 
groups. The involvement of patients is perhaps most tangible in 
the development of its international management recommenda-
tions for rheumatic diseases. According to its standardised opera-
tional procedures, involvement of PRPs is pivotal in every phase 
of the development project.13 To provide guidance to PRPs and 
task force leaders, EULAR commissioned in 2010 the develop-
ment of a set of practical recommendations14 that are broadly 
implemented in EULAR scientific projects and widely followed 
by national and international research consortia.

These recommendations have led to the establishment of a 
EULAR network of motivated and competent PRPs that currently 
comprises 59 persons with a variety of musculoskeletal condi-
tions and representing all regions of Europe. Ongoing educa-
tion is provided through the People with Arthritis/Rheumatism 
in Europe classroom of the EULAR School of Rheumatology. 
Between 2014 and 2018, ten PRPs followed the extensive online 
course about the innovative medicine development process,15 
provided by the European Patients’ Academy.16 This education 
enables PRPs to provide high-quality input regarding the patient 
perspective in international fora such as the European Union, 

European Medicines Agency (EMA) and Innovative Medicine 
Initiative as well as to third parties such as pharmaceutical 
companies.

Patient-reported outcomes
The Bristol disease-specific fatigue questionnaire was simul-
taneously published with a comprehensive description of the 
different methods of capturing the full lived experience of 
fatigue of people with RA.17 By providing a strategy for gener-
ating input from patients and PRPs, they established a solid 
methodology for patient involvement in PRO development. 
PRPs were involved in decisions regarding design of interview 
and focus group protocols, analysis of transcripts, draft language 
of items and also the dissemination of findings through coau-
thorship. Comprehension of items was checked for through 
15 cognitive interviews. This strategy of patient involvement 
ensures that PROs are grounded in patient data, have face and 
content validity and are comprehensive.

Another illustrative example of full PRP participation in 
accordance with the EULAR recommendations has been the 
development of two patient-derived impacts of disease scores 
for rheumatoid arthritis18 and psoriatic arthritis.19 The process 
of engaging patients in the elaboration and validation of these 
composite indices has been described in detail.20

Since the establishment of the Patient-Centred Outcomes 
Research Institute in the USA, two patient-powered research 
networks in the field of rheumatology were funded. One project 
explored tools to identify and incorporate the patient voice in 
PROs of four different diseases, including RA and vasculitis.21 
Creaky Joints, a patient organisation founded by a person with 
RA, was one of the collaborating partners. Through surveys and 
qualitative research, patients were asked to provide feedback 
on feasibility and personal and clinical relevance of PROs in 
making health decisions. Creaky Joints also became a successful 
applicant of the second project with the objective of developing 
strong partnerships with trialists to conduct patient-centred 
comparative effectiveness research.22

research agenda setting
Although there is relatively less experience with research 
agenda setting in rheumatology, there have, and continue to 
be, several efforts to involve patients in this process. A Scandi-
navian study23 explored the research priorities of people with 
rheumatic diseases and found that new pharmacological treat-
ments, physical exercise and management of pain and fatigue are 
among the most important outcomes for research on treatment 
and disease impact. The medical charity versus Arthritis (UK) has 
consistently sought to incorporate the perspectives and views of 
patients into its research agenda and priority funding setting. On 
World Arthritis Day 2017, EULAR presented the RheumaMap at 
the European Parliament,24 a document to support the prioritisa-
tion of topics and unmet needs for research applications.

Reviewing grant applications is an effective way for patients to 
influence research agendas. From its inception, the Foundation 
for Research in Rheumatology involves PRPs in its governing 
bodies and in the review of research proposals. Members of the 
Consumer Advisory Group (CAG) of the Australian and New 
Zealand Musculoskeletal Clinical Trials network operate as PRPs 
and review all trials from a patient’s perspective. Clinical trialists 
need to respond to their feedback before they are endorsed by the 
network. The chair of the CAG sits on the Steering Committee 
and presents each year at the annual forum for collaborators.
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Table 2 Current challenges in PRP–researcher collaboration

Challenges research questions How to address

Education Can experienced PRPs become too professional? To what extent 
are trained PRPs still able to provide an authentic view on their 
illness? Is it necessary for PRPs to acquire some basic knowledge 
of research and medicine to provide meaningful input in research 
from the patient perspective?

Over the years, several research communities have recognised the need to establish 
support and training programmes for PRPs. EULAR is developing online courses and 
OMERACT provides regularly educational webinars and runs workshops and daily 
update and feedback sessions during the biennial meetings. A systematic evaluation of 
objectives, content and impact is desirable.

Acknowledgement Should PRPs be compensated for their time and commitment? The rheumatology community could learn from exploring recommendations and current 
practices of important research institutes and organisations such as EMA, NIHR/INVOLVE, 
PCORI and the Canadian Arthritis Patient Alliance (CAPA).

Representativeness Like many other disciplines, rheumatology faces difficulties in 
ensuring a wide representation of the patient population in terms 
of ethnicity, health education and regional diversity. In addition, 
patient involvement in research is still mainly taking place in 
the Western world. How can power dynamics and unequal 
relationships between patients and healthcare practitioners be 
changed?

Collecting evidence from case studies that applied different forms of patient engagement 
could help us to learn more about the conditions for enhancing the representativeness 
of the patient perspective and the complementary input that patients provide through 
different strategies for generating patient evidence.

Inclusiveness How can we ensure that the perspective of people with limited 
health literacy is not ignored?

New strategies for recruitment and engagement need to be developed to ensure that 
people who are usually refusing participation or who are excluded can become part of 
research. This requires additional efforts in terms of motivation, time and resources.

Sustainability How can we ensure that the perspective of patients is preserved 
throughout the research process?

The prolonged involvement of PRPs is a critical feature of the OMERACT process and 
to emphasise the value of engaging patients in all research phases, working groups are 
required to nominate their PRPs before they can be registered with OMERACT and begin 
their work.

Demonstrating 
impact

What are relevant indicators for measuring the impact of patient 
involvement in research? Which methods should be explored 
further to demonstrate impact of participatory research?

More published case studies, following the GRIPP2 reporting checklists for patient and 
public involvement, would facilitate mutual learning and increase the body of knowledge 
on the added value of engaging PRPs.

Relational 
empowerment

Does the ultimate alignment of perspectives in PRP–researcher 
partnerships reflect successful collaboration or consensus, or the 
loss of the authentic patient perspective?

Qualitative research of patients, PRPs and researchers’ experiences of long-term 
collaboration is needed to better understand the process of consensus, harmonisation of 
perspectives and shared decision-making.

EMA, European Medicines Agency; EULAR, European League Against Rheumatism; GRIPP2, Guidance for Reporting Involvement of Patients and Public 2; NIHR, National Institute 
of Health Research; OMERACT, Outcome Measures in Rheumatology; PCORI, Patient-Centred Outcome Research Institute; PRP, Patient Research Partners.

Knowledge transfer
The Cochrane Musculoskeletal Consumer Group was among 
the first groups in Cochrane to get involved in dissemination 
of research evidence.25 Their purpose is to facilitate the use 
of research findings in decision-making, although their impact 
since its inception is much wider. The members have promoted 
access to summaries of high-quality systematic reviews, and they 
stimulated the development of relationships with fellow patients 
to enhance collaborative research all over the world.

The Assessment of SpondyloArthritis international Society 
published in 2009 a lay summary of treatment recommendations 
that was developed with and for people with ankylosing spondy-
litis.26 Since 2012, EULAR develops public summaries of all its 
management recommendations that are freely available on their 
website. These summaries are produced with the active involve-
ment of PRPs who take responsibility for checking relevance, 
comprehension and completeness. They also assist in reviewing 
summaries of scientific publications of the Annals of Rheuma-
tology. Finally, three PRPs wrote a lay version of the GRAPPA 
treatment recommendations for psoriatic arthritis.27

Impact
There is a fast growing number of PRP networks in rheu-
matology that strengthen the quality and success of local, 
national and international research initiatives. They benefit 
from published recommendations for patient–researcher part-
nerships that were developed and applied first in the specialty 
of rheumatology.14 28 An important recommendation relates 
to acknowledgement through coauthorship of peer-reviewed 
manuscript. Since PRPs started to collaborate with researchers, 
over 500 publications incorporated their name as coauthors, 
representing more than 200 individual persons with a rheumatic 

condition. Coauthorship is a recognition of the contributions 
made by patients, and is the ultimate proof of equal and mean-
ingful partnerships.

dIsCussIon
This overview demonstrates that the specialty of rheumatology 
has been a pioneer in implementing strategies of patient involve-
ment in health research and that the experiences gained offer a 
springboard for many others. There are some reasons that may 
explain this leading role. First, rheumatic diseases, unlike many 
other diseases, tend to be long term, disabling and requiring an 
intense relationship between patient and clinician to achieve 
the best health outcomes.12 Therefore, collaboration in the 
consultation room is pivotal. In addition, certainly 20 years ago, 
treatment options were still limited and while arthritis patient 
organisation started to grow and became more professional, they 
watched the developments in adjacent disease areas (such as HIV 
and cancer) and chose less aggressive forms of advocacy seeking 
partnership rather than confrontation.3 Their strategy was based 
on the principles they were familiar with: trust, collaboration, 
partnership and sustainability. After the introduction of biolog-
ical drugs, more funding for research became available that addi-
tionally facilitated the inclusion of a strong patient perspective 
in research. Finally, we should not underestimate the role of 
individual researchers and patients who became trailblazers in 
the field.

Major challenges still exist and we are confident that they 
can be solved. Over the years, we have learnt that facilitators of 
successful and sustainable collaboration have been transparent 
procedures for decision-making, equal partnerships on all levels, 
support and education of PRPs, trust and mutual respect for 
the competences and limitation of other stakeholders, and the 
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willingness to learn from each other. These facilitators are key 
features of the process of relational empowerment, a dynamic 
process during which the quality and strength of the collabo-
ration increase as the result of intertwining learning curves. 
Relational empowerment occurs when people enter into a direct 
dialogue, not once, but over a sustained period. In this situa-
tion, a learning process arises in which one gets to know each 
other’s interests and in which the individual perspectives grad-
ually melt into a new, shared perspective. The result is mutual 
understanding for the other. This process is described by the 
German philosopher Hans-George Gadamer as a 'fusion of hori-
zons’,29 something that can regularly be seen in rheumatology 
research practices. We believe that this has been a feature of the 
pioneering role that the specialty of rheumatology has histor-
ically played in patient involvement in research, and that this 
process is continuing within the specialty. As the role of PRPs 
has become more diverse, new challenges have emerged which 
are now at the forefront of the current research agenda (table 2).

We hope that the specialty of rheumatology will retain its 
enviable leading role in patient and researcher collaborative 
research in the future, and will remain an exemplar to many 
other specialties.
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AbsTRACT
The current management of autoimmunity involves the 
administration of immunosuppressive drugs coupled to 
symptomatic and functional interventions such as anti-
inflammatory therapies and hormone replacement. Given 
the chronic nature of autoimmunity, however, the ideal 
therapeutic strategy would be to reinduce self-tolerance 
before significant tissue damage has accrued. Defects 
in, or defective regulation of, key immune cells such as 
regulatory T cells have been documented in several types of 
human autoimmunity. Consequently, it has been suggested 
that the administration of ex vivo generated, tolerogenic 
immune cell populations could provide a tractable 
therapeutic strategy. Several potentially tolerogenic cellular 
therapies have been developed in recent years; concurrent 
advances in cell manufacturing technologies promise 
scalable, affordable interventions if safety and efficacy can 
be demonstrated. These therapies include mesenchymal 
stromal cells, tolerogenic dendritic cells and regulatory T 
cells. Each has advantages and disadvantages, particularly 
in terms of the requirement for a bespoke versus an ’off-
the-shelf’ treatment but also their suitability in particular 
clinical scenarios. In this review, we examine the current 
evidence for these three types of cellular therapy, in 
the context of a broader discussion around potential 
development pathway(s) and their likely future role. A brief 
overview of preclinical data is followed by a comprehensive 
discussion of human data.

InTRoduCTIon
The complexity of immune tolerance mechanisms 
presents abundant opportunities for its breakdown, 
leading to the development of autoimmunity. In most 
cases, the precise pathogenesis of autoimmunity 
remains unknown but the genetic polymorphisms 
that underpin, for example, rheumatoid arthritis 
(RA), indicate that antigen presentation, cytokine 
dysregulation and the regulation of lymphocyte 
activation all play key roles. Furthermore, the clus-
tering of different autoimmune diseases within 
families attests to common genetic predisposition 
and pathogenic mechanisms. However, for most 
autoimmune diseases, the provoking autoantigen(s) 
have not been defined and, critically, the predilec-
tion for the joint in RA versus the brain in multiple 
sclerosis (MS) versus the pancreas in diabetes 
mellitus remains enigmatic. Ultimately, the immune 
system can be viewed as a delicate balance of activa-
tion vs tolerance, with multiple mechanisms acting 
to maintain homeostasis.

Historically, management of autoimmune disor-
ders involved managing end-organ manifestations 
such as insulin replacement in diabetes and control 
of pain and inflammation in conditions such as 
RA (table 1). During the second half of the 20th 
century the discovery of glucocorticoids and, 

subsequently, immunosuppressant medications 
enabled modification of the autoreactive process 
with reduced tissue damage and even improved 
life expectancy in diseases such as systemic lupus 
erythematosus (SLE). The 21st century has seen the 
biologics revolution with potent, targeted therapies 
that neutralise key proinflammatory cytokines or 
interfere with lymphocytes themselves. And, most 
recently, potent synthetic signalling pathway inhib-
itors are providing a further means to modulate 
immune reactivity.1 Nonetheless, current manage-
ment options rarely lead to cure, or drug-free 
remission, and most patients require long-term 
maintenance therapy to control disease manifesta-
tions. For example, in RA, approximately 30% of 
patients achieve sustained remission, but 50% of 
these will flare if treatment is discontinued. The 
proportion that flare is usually higher once patients 
have moved on to more potent biological therapies.2 
Because immunosuppressants downregulate the 
normal adaptive immune system, it is not surprising 
that several of the therapies in table 1 are associated 
with an enhanced infection risk, including oppor-
tunistic infections, and the development of malig-
nancy. This is in addition to disease comorbidities 
and drug-specific side-effects, for example, with 
chronic glucocorticoids. In extreme cases, haema-
topoietic stem cell transplantation has been used to 
treat autoimmunity but, with rare exceptions, this 
intervention has not proved curative.3 4

The holy grail of treatment for autoimmunity 
would be the reinstatement of immune tolerance. 
So-called therapeutic tolerance induction offers the 
opportunity to ‘reset’ the diseased immune system to 
a state of immune tolerance, theoretically providing 
for long-term, drug-free remission.5 While multiple 
strategies have proven effective in animal models 
of autoimmunity and transplantation, translation to 
the clinic has been slow. Multiple explanations have 
been offered, relating to disease stage, therapeu-
tics employed, and the need for better biomarkers 
of tolerance, among others. Nonetheless, because 
of the slow progress with therapeutics that target 
the immune system, such as biologic drugs and 
peptides, recent strategies have focused on the use 
of tolerogenic cells themselves.

ToleRogenIC Cell Types
In recent years, investigators have turned their atten-
tion to the ex-vivo expansion or differentiation of 
‘tolerogenic’ immune cells, followed by their adoptive 
transfer, as a potential route to therapeutic tolerance 
induction. To a large degree, these strategies have 
been catalysed by advances in bio-manufacturing in 
general, with robust and scalable processes leading 
to the efficient manufacture of advanced cellular 
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Table 1 Current therapeutic options for management of autoimmunity

Therapy Mode of action

Insulin, thyroxine, etc. Replacement therapy

Paracetamol, opiates Analgesia

Non-steroidal anti-inflammatory drugs: aspirin, ibuprofen, diclofenac, naproxen, etc. Anti-inflammatory

COX-2 inhibitors: celecoxib, etc. Anti-inflammatory

Glucocorticoids: prednisolone, prednisone, dexamethasone, etc. Anti-inflammatory, immunosuppressive

DMARDS: MTX, sulphasalazine, leflunomide, hydroxychloroquine, azathioprine, 
mycophenolate mofetil, ciclosporin, etc.

Various, generally not well defined. Anti-inflammatory, immunosuppressive, possibly 
immunomodulatory. Some, such as MTX, may have more than one mode of action.

Cytokine blockade (anti-TNF, anti-IL6 receptor) Anti-inflammatory and immunosuppressive, immunomodulatory

B-cell depletion/modulation (anti-CD20, anti-BLyS) Immunosuppressive, immunomodulatory

Costimulation blockade (abatacept) Immunosuppressive, immunomodulatory

Janus kinase inhibitors (tofacitinib, baricitinib, others in development) Anti-inflammatory, immunosuppressive, immunomodulatory

Intravenous immunoglobulins Immunomodulatory (via Fc receptor interactions)

Plasmapheresis Immunosuppressive, immunomodulatory (by removing (auto)antibodies and other 
soluble mediators)

For several therapies, particularly DMARDs, the precise mode of action is not known. Immunomodulation denotes that the treatment has a specific and defined effect on the 
immune system.
DMARDs, disease-modifying anti-rheumatic drugs; MTX, methotrexate.

therapies.6 To date, three main types of tolerogenic cell have been 
the focus of therapeutic strategies in humans.

Mesenchymal stromal cells
Mesenchymal stromal cells (MSCs) are spindle-shaped, plas-
tic-adherent, progenitor cells of mesenchymal tissues with 
multipotent differentiation capacity.7 MSCs can modulate 
innate and adaptive immune cells including dendritic cells (DC), 
natural killer cells (NK) cells, macrophages, B-lymphocytes and 
T-lymphocytes. This occurs via both cell-cell contact and para-
crine interactions through several soluble mediators including 
indoleamine-2,3-dioxygenase (IDO), prostaglandin E2 and 
transforming growth factor β.8–10 These and other mechanisms 
have been summarised in figure 1. By definition, MSCs can 
differentiate into bone, chondrocytes and adipose tissue in vitro; 
they are phenotypically positive for CD105, CD73 and CD90 
and negative for haematopoietic markers CD45, CD34, CD14, 
CD11b, CD3 and CD19.7 11 They do not express Class II MHC 
molecules unless stimulated by interferons7 and lack costimula-
tory molecules such as CD40, CD80 and CD86.

Exposure to proinflammatory cytokines IFN-γ, TNF and 
IL-1β10 and activation by exogenous/endogenous danger 
signals such as bacterial products and heat shock proteins 
through Toll-like receptor 3 (TLR3) ‘licenses’ MSCs to become 
immunosuppressive12; in contrast, activation through TLR4 
confers a proinflammatory signature and, under some condi-
tions, TLR3 signals may do the same.12 13 The immunomodu-
latory functions of MSC include their ability to: inhibit T cell 
proliferation and promote their differentiation into regulatory 
T cells (Tregs);14 inhibit the CD4+ T cell induced differen-
tiation of B-cells into plasma cells and directly inhibit B-cell 
proliferation, differentiation and chemotaxis.15 Although 
MSCs reside in most postnatal organs and tissues,16 they are 
readily harvested from bone marrow, adipose tissues, umbilical 
cord blood and Wharton’s jelly (figure 2).

Tolerogenic dendritic cells (toldC)
DCs are best recognised for their antigen presenting functions in 
driving immune responses against pathogens and tumour cells. 
However, DC also play crucial roles in co-ordinating central and 
peripheral tolerance processes, such that absent or deficient DC 
associate with an increased tendency to develop autoimmunity.17 18 

Furthermore, in autoimmunity, DC are skewed to a proinflamma-
tory state, producing more proinflammatory cytokines and leading 
to activation and differentiation of autoreactive T cells.19

Immature DC are usually regarded as tolerogenic, whereas 
mature DC can exert either tolerogenic or immunogenic func-
tions depending on signals received during maturation from the 
microenvironment and invading pathogens. For instance, bacte-
rial lipopolysaccharides induce immunogenic maturation of DC 
by upregulating surface MHC complexes and T cell costimu-
latory molecules (CD80, CD86),20 21 while schistosomal lyso-
phosphatidylserine, anti-inflammatory cytokines (eg, IL-10) and 
glucocorticoids induce a tolerogenic phenotype.18 Tolerogenic 
dendritic cells (tolDC) induce peripheral tolerance by induction 
of anergy and deletion of T cells,22 blockade of T cell expan-
sion23 and induction of regulatory T cells (Tregs).24 25 Tregs in 
turn induce the regulatory properties of DC (figure 1). These 
mechanisms have already been reviewed.26 27

Several methods can be used to produce stable tolDC ex vivo, 
with limited or no capacity to transdifferentiate into immuno-
genic DC. Common methods include inhibiting the expression 
of immune-stimulatory molecules (CD80/CD86 and IL-2)28–30 
or stimulating constitutive expression of immunosuppressive 
molecules such as IL-4, IL-10 and CTLA-4,31–35 through genetic 
engineering. Also, exposing differentiating DC ex-vivo to drugs 
such as dexamethasone and vitamin D336 37 or immunosuppres-
sive cytokines such as IL-10 and TGF-β38–40 and lipopolysaccha-
rides41 can be used to produce tolDC. These and other methods 
have been extensively reviewed elsewhere.42

Regulatory T cells (Tregs)
Tregs are a subset of T cells expressing CD4, CD25 and 
intracellular Forkhead Box P3 (FoxP3) protein that inhibit 
the functions of effector T cells as well as other immune 
effector cells and so are essential for immune tolerance.43 44 
They mediate their effects by producing immunosuppressive 
cytokines and by cell-to-cell contact, following stimulation 
via their antigen-specific T cell receptors (TCR). These mech-
anisms also modulate other immune responses in an anti-
gen-non-specific manner through ‘bystander suppression’ 
and ‘infectious tolerance’.45 46 Treg depletion and dysfunction 
have been implicated in a variety of autoimmune disorders 
including type 1 diabetes, RA, SLE and, classically, with an 
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Figure 1 A schematic representation of the mechanisms of action of tolerogenic cells. MSCs promote the differentiation and survival of Tregs and 
tolDC. Tregs and tolDC, on the other hand, enjoy a mutual bidirectional positive interaction with each other. Tregs and MSCs inhibit the actions of B 
cells, effector T cells, macrophages and neutrophils through cell-cell contact (eg, Fas:Fas Ligand (FasL) mediated deletion), and various soluble factors 
such as TGF-β, IDO, PGE2, IL-10, IL-6, and sHLA-G5. MSCs also act through extracellular vesicles.8–10 18 TolDC directly inhibit effector T cells through 
various mechanisms. These include: cell-cell ligand-receptor mediated deletion, for example, Fas: FASL, PD-L1 and PD-L2 on tolDC and PD-1 receptors 
on effector T cells; effector T cell anergy secondary to low expression of co-stimulatory molecules CD80/CD86, CD40 and pro-inflammatory cytokines 
(TNF, IL-12, IL-21 and IL-16) by tolDC. Other mechanisms include soluble anti-inflammatory cytokines such as IL-10, IL-4 and TGF-β.26 27TolDC directly 
promote Tregs and so indirectly inhibit other immunogenic cells through Tregs. Mechanisms include soluble factors such as IL-10, IDO, TGF-β and 
TSLP and cell-cell interaction between CTLA-4 and CD80/86. This interaction, in turn, leads to transendocytosis of CD80/86 and further tolerogenic 
phenotypic ‘reinforcement’ of tolDC. Tregs also promote tolDC via IL-10 and TGF-β.26 27 CTLA-4, cytotoxic T-lymphocyte associated protein 4; IDO, 
indoleamine-2,3-dioxygenase; IL, interleukin; MSCs, mesenchymal stromal cells; PDL, programmed death ligand; PGE2, prostaglandin E2; sHLA, 
soluble human leucocyte antigen; TGF-β, transforming growth factor beta; tolDC, tolerogenic dendritic cells; TSLP, thymic stromal lymphopoietin.

inherited deficiency of FoxP3, immune dysregulation poly-
endocrinopathy enteropathy X linked syndrome.47 48 These 
findings support the possibility that ex-vivo expansion and 
transfusion of autologous or allogeneic Tregs could provide 
an effective therapeutic strategy for unwanted immunopa-
thology such as autoimmunity.

In the past, the lack of reliable Treg surface markers and the 
resultant possibility of simultaneously isolating and transfusing 
proinflammatory T cells slowed the development of protocols 
for Treg isolation and expansion.5 More recent studies have used 
CD4, CD25 and CD127 cell surface markers to isolate CD4+C-
D127lo/-CD25+ Tregs from blood.49 50 Other types of regulatory 
T cells exist, such as T-regulatory type 1 (Tr1) cells, which secrete 
IL-10.51 These are a distinct population of regulatory T cells that 
only transiently express FoxP3, on activation.52 They coexpress 
CD49b and LAG-3, and secrete high levels of IL-10 but low 
amounts of IL-4 and IL-17. Suppression is dependent on IL-10 and 
TGF-β and they kill myeloid antigen-presenting cells via granzyme 
B release.

Migration of tolerogenic cells
MSCs, Tregs and tolDC express a host of homing receptors that 
are important for their transmigration from the tissue of adminis-
tration (eg, skin or vascular system) to activation sites (eg, regional 
lymph nodes) and, ultimately, to the target organs. For instance, 
FoxP3+ Tregs express CC receptor 7 (CCR7), CCR4, CCR6, 
CXC receptor 4 (CXCR4) and CXCR5. They also express CD103 
(integrin αEβ7) (whose ligand is E-cadherin expressed by epithelial 
cells) and CD62L (L-selectin) (whose ligands are the lymph node 
and mucosal lymphoid tissue endothelial cell addressins CD34, 
GlyCAM-1 and MAdCAM-1).53 Activated tolDC express CCR7 
and migrate to CC chemokine ligand 19 (CCL19),54 underpin-
ning migration to regional lymph nodes. MSCs, on the other 
hand, express a restricted set of chemokine receptors (CXCR4, 
CX3CR1, CXCR6, CCR1, CCR7) and have shown appreciable 
chemotactic migration in response to the chemokines CXC ligand 
12 (CXCL12), CX3CL1, CXCL16, CCL3 and CCL19.55 MSCs 
may also exert tolerogenic effects in distant tissues via extracel-
lular vesicles.10 It is clearly important that migration potential is 
considered during the generation of cellular therapies.
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Figure 2 Preparation and administration of tolerogenic cellular therapies. This figure describes the process of cellular therapy manufacture 
and administration. Sources of substrate cells include autologous or allogeneic umbilical cord tissue, bone marrow aspirate and lipo-aspirate for 
mesenchymal stromal cells and autologous whole blood for expanded regulatory T cells and tolerogenic dendritic cells. Mononuclear cells are usually 
extracted by density gradient centrifugation of whole blood, bone marrow aspirate and digested tissue (lipo-aspirate and umbilical cord tissue) 
or by leukapheresis (whole blood). Mononuclear cells are then cultured in the appropriate media and culture conditions for the requisite duration 
or number of passages. Harvested cells can be administered immediately through various routes (subcutaneous, intravenous, intralesional and 
intrathecal) or cryopreserved for future use.

CellulAR THeRApIes FoR THeRApeuTIC ToleRAnCe
What could cellular therapies achieve?
Numerous preclinical studies using animal models of autoim-
mune disorders have shown potent tolerogenic effects of these 
various immune modulatory cells, although some mechanisms of 
action remain unclear. Animal models do not faithfully replicate 
all mechanisms of human autoimmunity but positive results have 
provided the scientific basis to catalyse clinical trials.

Mesenchymal stromal cells (MsCs)
The first ever preclinical study of MSCs in an autoimmune 
setting was in experimental auto-immune encephalomyelitis (a 
model for MS).56 MSCs were effective in treating the disease and 
were shown to be strikingly effective if injected before or at the 
onset of disease. Further studies in experimental MS buttressed 
this finding57–60 and showed that MSCs control disease through 
inhibition of CD4+ Th17 T cells,58 generation of CD4+CD25+-

FoxP3+ Tregs60 and through hepatocyte growth factor produc-
tion.59 Therapeutic efficacy was also observed in the MRL/Lpr61 
and NZB/W F162 63 mouse models of SLE. MSCs were effec-
tive in collagen-induced arthritis,64 65 Freund’s adjuvant-induced 
arthritis and K/BxN mice with spontaneous erosive arthritis.66 
These studies have been reviewed elsewhere.10

Results from early clinical trials in MS showed good tolera-
bility and some potential efficacy67–70 (table 2A) associated with 
increased number of Tregs in the peripheral blood of patients.67 
In the most recent controlled study,70 13 patients received MSCs 
while 10 patients received conventional MS treatment. The 
active treatment group showed a more stable disease course and 

a transient increase in immunomodulatory cytokines. A place-
bo-controlled dose-ranging study of mesenchymal-like cells 
derived from placenta in patients with MS71 used a distinct type 
of cell with immunomodulatory and regenerative properties, 
which do not fully meet ISCT criteria for MSCs (and therefore 
not included in table 2A). Their phenotype includes CD10+, 
CD105+ and CD200+; they are CD34- and, like MSCs, do not 
express class II HLA or costimulatory molecules CD80, CD86. 
The cells appeared safe and well tolerated in patients with 
relapsing remitting MS and secondary progressive MS.

In RA, MSCs were well-tolerated and showed preliminary effi-
cacy with improvements in clinical outcomes when combined 
with disease-modifying anti-rheumatic drugs (DMARDS).72 73 In 
the first placebo-controlled randomised trial of MSCs in RA,73 
40 patients who had failed at least two biological DMARDS 
received intravenous infusions of adipose-derived MSCs at 
varying dose, while 7 patients received placebo. Adverse events 
were few and included fever and respiratory tract infections; 
however, serious adverse events included a lacunar infarction. 
Clinical outcomes, especially DAS28-ESR, showed a dose-de-
pendent improvement.

The first case series of MSC in patients with SLE was published 
in 2009.74 Four patients with cyclophosphamide/glucocorti-
coid-refractory SLE were treated with bone marrow-derived 
MSCs. After 12–18 months of follow-up, all showed improve-
ment in disease activity, renal function and serological markers. 
Subsequent studies, mainly by the same group, have confirmed 
that MSCs are safe in SLE and reported promising results such as 
improvement in renal function, proteinuria, SLE disease activity 
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Table 2A Clinical trials of mesenchymal stromal cells in MS, RA and SLE

diseases and clinical trials
number of patients, source of cells, dose and route of 
administration outcomes Comments

Multiple sclerosis, MS 

  1. Karussis et al (2010)67

  Phase I/II uncontrolled 
feasibility study of patients 
with MS and ALS

34 patients (15 with MS, 19 with ALS) received autologous 
BM-derived MSCs intrathecally (n=34) at a mean dose of 
63.2×106 in 2mls of saline and intravenously (n=14) at a 
mean dose of 23.4×106 cells in 2mls of saline.

No major AEs. EDSS score improved over 6 months. 
Proportion of CD4+CD25+ Tregs increased, and 
expression of CD40, CD83, CD86 and HLA-DR 
on myeloid dendritic cells decreased 24 hours 
post-administration. MRI of MSC labelled with 
superparamagnetic particles showed MSCs in 
meninges, subarachnoid space, and spinal cord.

No comparison between intravenous and 
Intrathecal routes as regards homing of 
MSCs to the CNS. Cryopreserved cells 
were used.

  2. Bonab et al (2012)68

  Phase II uncontrolled study 
of patients with SPMS

22 patients received Intrathecal, autologous BM-derived 
MSCs at a mean dose of 29.5×106 cells in 10mls of normal 
saline.

AEs were low-grade: transient fever, headache, 
nausea/vomiting (related to lumbar puncture). 
Disease progression stabilised in the short-term 
evidenced by MRI and EDSS score.

After initial improvement some patients 
reported worsening EDSS, and about 25% 
showed worsening lesions on MRI, after 
12 months. Cryopreservation was not 
discussed.

  3. Connick et al (2012)69

  Phase IIa feasibility/ proof-
of-concept study in patients 
with SPMS

10 patients received autologous bone marrow (BM)-derived 
MSCs intravenously at a mean dose of 1.6×106 cells/kg.

Mild AEs such as transient post-transfusion rash and 
self-limiting bacterial infections. Improvement in 
visual acuity, visual evoked potentials, optic nerve 
area and EDSS. No change in post-treatment T cell 
subset counts.

Cryopreserved cells were used.

  4. Li et al (2014)70

  Randomised
  Controlled Phase II study 

in patients with RRMS and 
SPMS

13 patients received 3 cycles of intravenous, allogeneic 
umbilical cord (UC)-derived MSCs, 2 weeks apart, at 
a dose of 4×106 cells/kg body weight in 100mls of 
saline. Conventional treatment (anti-inflammatory and 
immunosuppressants) was continued; 10 patients received 
only conventional treatment.

Reduced frequency of recurrence in the treatment 
group, who also had a more steady disease course. 
No significant adverse event. Transient improvement 
in immunomodulatory cytokines was recorded

Randomised controlled study but not 
blinded. Cryopreservation was not 
discussed

Rheumatoid arthritis 

  5. Wang et al (2013)72

  Phase II non-randomised, 
controlled study

172 patients with active RA. 136 received 4×107 allogeneic 
UC-derived MSCs in 40mls of intravenous saline while 36 
received only saline. All patients continued their DMARDS.

No serious adverse events. TNF-alpha and IL-6 
decreased while FoxP3+ Tregs increased in the 
treatment group after infusion. Better clinical 
outcomes (ACR responses, HAQ and DAS28) after 3 
months in the treatment group

Non-randomised study. Treatment group 
and control group were recruited in 
different time frames. Cryopreserved cells 
were used

  6. Alvaro-Gracia et al 
(2017)73

  Dose-escalation, 
randomised, single-blind 
(double-blind for efficacy), 
phase Ib/IIa study

53 patients with refractory RA (failed two biologics) 
received three intravenous infusions at different doses 
(1×106, 2×106 and 4×106 cells/kg) of allogeneic, adipose-
derived MSCs or placebo

Generally well-tolerated. Mild adverse events. Dose-
dependent response especially DAS28-ESR at 1 
month and 3 months post-infusion. Distribution of T 
cell populations was not significantly modified.

First placebo-controlled study of MSCs 
in RA. 19% of patients generated 
mesenchymal stromal cell-specific anti-
HLA1 antibodies without apparent clinical 
consequences. Cryopreserved cells were 
used

SLE 

  7. Sun et al (2009)74

  Safety of MSC in Patients 
with refractory SLE

Four patients with refractory SLE received intravenous, 
allogeneic BM-derived MSCs at a dose of 1×106 cells/kg.

Safe and well-tolerated. Stable course of SLE disease 
activity by 12–18 months post-treatment, with 
improvement in SLEDAI and serological markers.

First study in SLE. Provided evidence for 
further studies in SLE. Cryopreservation 
was not discussed.

  8. Liang et al (2010)75

  Early phase safety/efficacy 
study in refractory SLE

15 patients with refractory SLE were treated with one 
intravenous infusion of 1×106 cells/kg allogeneic BM-MSC. 
Mean follow-up period of 17.2 months

No serious adverse events. All patients clinically 
improved with decrease in SLEDAI, proteinuria, and 
anti-dsDNA.

Improvement in some patients allowed 
reduction in doses of steroids and 
immunosuppressants. Cryopreservation 
was not discussed.

  9. Sun et al (2010)76

  Early phase I/II study
16 patients with active and refractory SLE on different 
treatment regimens received 1×106 cells/kg intravenous of 
UC-derived MSC.

Significant improvement in SLEDAI score, 
autoantibodies, complement C3 and renal function 
accompanied by increased Tregs.

Patients clinically improved despite 
reducing doses of maintenance 
steroids and immunosuppressants. 
Cryopreservation was not discussed.

  10. Wang et al (2012)77

  Early phase I/II study. 
Compared the efficacy of 
single and double infusions

58 patients with refractory and active SLE. 30 received one 
intravenous dose of 1×106 cells/kg allogeneic BM-MSCs or 
UC-MSCs, while 28 received two infusions of 1×106 cells/
kg 1 week apart.

No remarkable difference in SLEDAI and serological 
marker changes between the two groups.

Non-significance of difference in clinical 
improvement between single and double 
dose cohorts may be related to sample 
size. Cryopreservation was not discussed.

  11. Li et al (2013)78

  Early phase I/II study in 
patients with SLE with 
refractory cytopaenia

35 patients with SLE with refractory cytopaenia received 
1×106 cells/kg of either allogeneic BM-derived or allogeneic 
UC-derived MSCs and followed up for an average of 21 
months.

Well-tolerated. Significant improvement in blood cell 
counts after MSC treatment. Clinical improvement 
was also associated with increased Tregs and 
decreased Th17.

Focused on haematological parameters in 
SLE. Cryopreservation was not discussed.

  12. Wang et al (2013)79

  Early phase I/II 4 year 
single-centre study

87 patients with SLE . Allogeneic BM-MSC or UC-MSC 
infused intravenously at 1×106 cells/kg. Some patients were 
treated with cyclophosphamide to inhibit active lymphocyte 
response. 18 patients received repeat doses of MSC for 
relapses

Generally safe and well-tolerated. SLEDAI score, 
renal function and blood counts significantly 
improved for up to 4 years. All patients underwent 
tapering of steroids and immunosuppressants 
according to clinical status.

No differences in outcomes between those 
pretreated with cyclophosphamide and 
those that were not. No differences with 
regard to source of cells (UC and BM). 
Cryopreservation was not discussed.

  13. Wang et al (2014)80

  Multicentre phase I/II study
40 patients with active and refractory SLE received 
two intravenous doses of 1×106 cells/kg allogeneic 
UC-derived MSCs while still maintaining baseline 
immunosuppressants+/-steroids.

Well-tolerated. 60% achieved major clinical 
response or partial clinical response as determined 
by BILAG scores. SLEDAI, renal function and 
serological indices also improved allowing tapering 
of steroid and immunosuppressant doses.

12.5% and 16.7% relapse rate at 9 and 
12 months, respectively. Cryopreservation 
was not discussed.

ACR, American College of Rheumatology; AE: adverse events; ALS, amyotrophic lateral sclerosis; BM, bone marrow; BILAG, British Isles Lupus Activity Group; DAS28, Disease Activity Score-28 
joint count; EDSS, Expanded Disability Status Score; HAQ, Health Assessment Questionnaires; RA, rheumatoid arthritis; RRMS, relapsing remitting multiple sclerosis; SLEDAI, Systemic Lupus 
Erythematosus Disease Activity Index; SPMS,secondarily progressive multiple sclerosis; UC, umbilical cord.
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Table 2b Clinical trials of mesenchymal stromal cells in Crohn’s disease

diseases and clinical trials
number of patients, source of cells, dose and 
route of administration outcomes Comments

Crohn’s disease 

  1. Garcia-Olmo et al (2005)82

  Phase I study
5 patients with fistulating Crohn’s disease received 
intralesional injections of autologous adipose derived 
at a dose of between 3 to 30×106 cells depending 
on yield.

Six out of eight fistulae healed completely after 8 
weeks. No adverse effects

First clinical trial of mesenchymal stem 
cells to treat Crohn’s disease. Cells were 
not cryopreserved. Study published before 
the ISCT criteria for MSC was set so cells 
were not assessed against the ISCT criteria.

  2. Garcia-Olmo et al (2009) 83

  Phase II multicentre randomised 
controlled trial

49 patients with complex fistulae. 24 received 
intralesional injection of 20×106 cells/kg allogeneic 
adipose derived stem cells; 25 received fibrin glue.

Significantly better fistula healing in the treatment 
group (relative risk 4.43). Quality of life scores 
were also higher in the treatment group

  3. Duijvestein et al (2010)84

  Phase I study
9 patients with refractory Crohn’s disease received 
two IV infusions of 1–2×106 cells/kg autologous BM-
derived MSCs 7 days apart.

Well tolerated with few mild adverse events such 
as allergic reaction in a patient. Three patients 
showed improvement in Crohn’s disease activity 
indices 6 weeks post-treatment

Three patients required surgery due to 
worsening disease.

  4. Ciccocioppo et al (2011)85

  Phase I/II study in patients with 
fistulating Crohn’s disease

10 patients with refractory Crohn’s disease received 
intralesional injection of autologous BM-derived MSCs 
at a median dose of 20×106 cells every 4 weeks for 
a median four cycles (injections were stopped when 
patients achieved remission or exhausted supplies of 
autologous MSCs).

Clinical improvement in all patients with seven 
achieving complete fistula closure and three 
achieving partial closure. Few adverse events were 
documented. Tregs also increased post-treatment 
and remained stable post follow-up.

Cryopreserved cells were used

  5. Liang et al (2012)86

  Use of MSCs in inflammatory 
bowel diseases

7 patients with inflammatory bowel disease (4 
Crohn’s, three ulcerative colitis) received IV infusion of 
allogeneic BM-derived or UC-derived MSCs at a dose 
of 1×106 cells/kg.

Five patients achieved clinical remission at 3 
months. Endoscopic improvement (assessed by 
endoscopic index of severity score) was also 
observed in three patients.

Cryopreservation was not discussed

  6. de la Portilla et al (2013)87

  Phase I/IIa multicentre study
24 patients received intralesional injections of 
allogeneic adipose derived stem cells at a dose of 
20×106 cells.

More than half of patients showed healing of 
fistulae at 6 months. Up to 30% had complete 
fistula closure

Cryopreserved cells were used

  7. Forbes et al (2014)88

  Phase II open-label multicentre 
study

16 patients with refractory Crohn's disease received IV 
infusion of allogeneic MSCs at a dose of 2×106 cells/
kg weekly for 4 weeks.

Safe and well-tolerated. Clinical improvement 
observed in at least 12 patients, 8 of whom 
achieved clinical remission 42 days post-infusion.

Cryopreserved cells were used

  8. Molendijk et al (2015)89

  Phase I/II double-blind, placebo-
controlled, dose-escalating study

21 patients with refractory fistulating Crohn’s disease 
received intralesional injection of 1×107 or 3×107 or 
9×107 allogeneic BM-derived MSC or placebo.

Well tolerated. More significant fistulae healing in 
all dosing groups when compared with placebo. 
Most observed with 3×107 dose.

Expanded half-products were 
cryopreserved until needed. Two weeks 
before treatment, they were thawed 
and further expanded to yield sufficient 
numbers of cells.

  9. Panés et al (2016)90

  Phase III randomised, double-
blinded controlled study

212 treatment- refractory Crohn’s disease patients 
with fistulae. 107 Patients received 120×106 allogeneic 
adipose derived MSCs as a single intralesional dose, 
while 105 received placebo (saline).

Significantly greater remission rates in the 
treatment group compared with the placebo group. 
Few adverse events notably proctalgia and anal 
abscess.

First phase III study. Effective treatment 
option for Crohn’s disease patients that 
have failed conventional treatment options. 
Cryopreserved cells were used

  10. Dietz et al (2017)91

  Phase I trial of autologous stem 
cells applied in a bio-absorbable 
matrix

12 patients with fistula secondary to Crohn’s disease 
received autologous adipose-derived MSC embedded 
in a Gore Bio-A Fistula Plug through surgical insertion 
at a mean dose of 20×106 per plug

Procedure was safely tolerated and few adverse 
events were reported. 75% of patients achieved 
complete healing at 3 months, while 83.3% 
achieved fistula closure at 6 months.

Cryopreserved cells were used. Thawed 
cells were reincubated with a fistula plug 
in a polypropylene coated bioreactor for 
3–6 days prior to surgery. This is the first 
combination of mesenchymal stromal cells 
in a biomaterial for local application in 
Crohn’s disease.

BM, bone marrow; MSCs, mesenchymal stromal cells; UC, umbilical cord.

indices, anti-dsDNA titre and circulating Tregs.75–80 In the most 
recent multicentre study, up to 60% of treated patients achieved 
either major or partial clinical response as determined by British 
Isles Lupus Activity Group scores.80 However, a relapse rate of 
12.5% at 9 months may warrant repeated infusions of MSCs. An 
analysis, by the same group, of four patients with diffuse alveolar 
haemorrhage in SLE using high resolution CT scan showed reso-
lution of lung pathology after treatment with MSCs.81

A serious complication of Crohn’s disease is perianal fistulae. 
MSCs have been extensively studied in Crohn’s disease for 
their immunomodulatory properties and for their ability to 
differentiate into mesodermal tissues with tissue repair capabil-
ities (table 2B). Results in Crohn’s disease are encouraging with 
patients who received MSCs experiencing significant improve-
ment in fistulae while reporting just minor side effects.82–90 
The unprecedented success of MSCs in a recently concluded 
phase III multicentre clinical study in Crohn’s disease across 
seven European countries and Israel implies that MSCs could 
become a treatment of choice for Crohn’s fistulae refractory 
to conventional treatment. In this study,90 212 patients with 

Crohn’s disease-associated fistulae received intralesional injec-
tions of either MSCs or placebo. Fifty per cent of the treatment 
group achieved combined clinical and radiological remission 
at 24 weeks compared with 34% of the placebo group, with 
only minor adverse effects reported. MSC have also been 
successfully embedded in an absorbable biomaterial and surgi-
cally delivered for the treatment of fistulae associated with 
Crohn’s disease.91 In this study, 12 patients safely received 
MSC embedded in a Gore fistula plug with fistula healing rate 
of 88.3% at 6 months.

MSCs have also been used in several trials to prevent and 
treat graft versus host disease (GVHD). In a multicentre phase 
II study, 55 patients with steroid resistant severe acute GVHD 
received MSCs at a median dose of 1.4×106 cells, obtained 
either from HLA-identical sibling donors, haploidentical donors 
or third-party HLA-mismatched donors. Up to 30 patients 
achieved complete clinical response independent of cell source.92 
In a recent phase II study, prophylactic MSCs were successfully 
used to prevent GVHD following HLA-haploidentical stem cell 
transplantation.93
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Table 3 Clinical trials of TolDC in autoimmune disorders

diseases and clinical trials
number of patients, source of cells, dose and route 
of administration outcomes Comments

Diabetes mellitus 

  1. Giannoukakis et al (2011)101

  A randomised double-blind 
phase I study

10 patients with type 1 diabetes received 10×106 
autologous peripheral blood-derived dendritic cells 
intradermally every 2 weeks for 4 administrations (7 
received ex vivo manipulated DC lacking CD80/CD86 
while 3 controls received non-manipulated immature 
DCs).

Safely tolerated. Significant increase in the 
proportion of B220+ CD11c- B cells, mainly in 
patients that received manipulated dendritic 
cells. Detectable C-peptide in patients that had 
undetectable pretreatment C-peptide.

First use of tolerogenic dendritic cells in 
human autoimmunity.

Crohn’s disease 

  2. Jauregui-Amezaga et al 
(2015)102

  Phase I dose escalation study

9 patients with refractory Crohn’s disease received 
autologous monocyte-derived tolDC via sonography-
guided intraperitoneal injections in six cohorts: a one-
time injection of 2×106/5×106/10×106 cells for the first 3 
cohorts and three biweekly intraperitoneal injections at 
same escalating doses for another three cohorts.

No adverse effects were detected during 
tolDC injection or follow-up. Some anecdotal 
efficacy was observed and one patient achieved 
remission.

TolDC were not loaded with specific 
antigens. Three patients withdrew due to 
worsening symptoms.

Rheumatoid and inflammatory arthritis 

  3. Benham et al (2015)104

  Phase I randomised controlled 
study

34 patients with RA carrying HLA-DRB1 ‘shared epitope’ 
allele. 18 received autologous monocyte-derived tolDC 
intradermally at a dose of between 0.6 to 4.5×106 cells 
(depending on yield) while 16 were controls

Well tolerated. Low grade adverse events 
including transient leucopoenia, anaemia and 
transaminitis. Treatment was associated with 
reduction in effector T cells and an increased 
regulatory:effector T cell ratio.

First use of dendritic cells for treatment of 
RA. TolDC were exposed to citrullinated 
peptides to confer antigen specificity

  4. Bell et al (2016)103

  Phase I unblinded randomised 
controlled dose escalation study

Monocyte-derived autologous tolDC. Three cohorts of 
patients with rheumatoid or other inflammatory arthritis 
received 1×106, 3×106, or 10×106 cells into an inflamed 
knee. DC exposed to synovial fluid during culture as a 
source of auto-antigen. A fourth (control) cohort received 
arthroscopic washout alone.

Safe and acceptable procedure, feasible to 
manufacture tolDC from peripheral blood of 
patients with arthritis. Arthroscopically assessed 
synovial vascularity and synovitis improved in 
some patients who received TolDC.

First intra-articular administration of tolDC. 
No consistent immunomodulatory trend in 
peripheral blood between treatment and 
control groups. No evidence for DC-induced 
joint flare (indicating DC stability).

TolDC, tolerogenic dendritic cells.

A potential advantage of MSC therapy over some other tolero-
genic therapies is that their lack of MHC class expression means 
that they can be derived from either an autologous or alloge-
neic source with little or no risk of immune rejection.10 Thus, 
cryopreserved allogeneic MSC could become an ‘off-the-shelf ’ 
therapy rather than a bespoke therapy requiring preparation at 
the point of delivery. In tables 2A and 2B, the source of MSC is 
indicated for each trial listed.

Tolerogenic dendritic cells (toldC)
In an early murine experiment, allogeneic DC transfer from 
diabetic non-obese diabetic (NOD) mice to prediabetic NOD 
mice prevented development of diabetes in the latter.94 The 
hypothesis was that the diabetic NOD mice DC contained 
pancreatic antigens that conferred immunoregulatory prop-
erties, possibly by targeting regulatory T cells specific to those 
antigens. Since then, many preclinical studies have demon-
strated that ex vivo generated DC, with an anti-inflammatory 
or tolerogenic phenotype, can effectively suppress or ‘switch 
off ’ auto-immune disorders such as diabetes,95 96 arthritis,97 
MS,98 99 autoimmune thyroiditis100 and myasthenia gravis.39 In 
most studies, tolDC were pulsed with antigens to confer speci-
ficity: bovine serum albumin for bovine serum albumin-induced 
arthritis,97 pancreatic islet lysate for diabetes,95 encephalitogenic 
myelin basic protein peptide 68–86 (MBP 68–86) for MS99 and 
thyroglobulin for autoimmune thyroiditis.100 Interaction of 
autoreactive T cells with such partially mature or ‘deviated’ DC 
results in their loss of functionality (anergy), apoptosis or acqui-
sition of regulatory function. The majority of the studies aimed 
at prevention of autoimmunity by administering tolDC in the 
predisease state (either prophylactically or immediately post-im-
munisation).39 95 96 100 However, tolDC also arrested established 
disease,39 41 97 with similar outcomes to prophylactic models.98 
These studies have been summarised elsewhere.42

The first clinical trial of tolDC in a human autoimmune 
disorder was in type 1 diabetes101 (table 3). In this study, 10 

million autologous DC were safely administered intradermally 
into patients two times a week for a total of 4 doses, without 
serious adverse effects. Two forms of DCs were used: immature 
‘control DC’ cultured from monocyte precursors using IL-4 and 
GM-CSF and immunosuppressive DC (iDC) genetically manip-
ulated ex-vivo to block the expression of costimulatory mole-
cules CD80/CD86.101 TolDC were not loaded with autoantigens 
in this trial. Some therapeutic efficacy was suggested as some 
patients showed elevated c-peptide levels post-treatment, indic-
ative of increased endogenous insulin production. In a phase I 
single centre study, tolDC were also safely infused intraperitone-
ally in patients with refractory Crohn’s disease and showed some 
potential efficacy.102 Other studies of TolDC in autoimmunity are 
in inflammatory arthritis: the AuToDeCRA study where autol-
ogous tolDC were loaded with autologous synovial fluid as a 
source of autoantigen103 and the Rheumavax study where autol-
ogous tolDC were exposed to citrullinated peptides to confer 
antigen specificity and administered intradermally to patients 
with RA.104 In the phase I AuToDeCRA study, DC were injected 
arthroscopically into an inflamed knee joint, as a robust test of 
their stability and safety in an inflamed environment. There was 
no evidence that the procedure provoked a flare of symptoms. 
In a study published only as an abstract, recombinant autoanti-
gen-loaded tolDC were administered subcutaneously to patients 
with RA at doses of 0.5×107 and 1.5×107 cells. Dose-depen-
dent efficacy was reported, especially in autoantigen positive 
patients and autoantibody titres also decreased.105 Other trials 
in Crohn’s disease, RA and MS are ongoing and results are yet 
to be published.27

A potential advantage of (autoantigen-loaded) tolDC compared 
with MSC is their capacity to specifically target autoreactive T 
cells, without non-specific immune suppression.103 104 Other 
similar antigen-specific cells are actively being investigated, 
especially in transplantation. These include regulatory macro-
phages (Mregs),106–108 myeloid derived suppressor cells109 and 
MSC-conditioned monocytes.110 While other applications 
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remain preclinical, regulatory macrophages have been studied in 
humans in the context of renal transplantation. In a recent case 
report,108 two patients received donor-derived Mregs at doses 
of 7.1×106 and 8×106 cells/kg intravenously prior to receiving 
living donor renal transplants. Both patients were eventu-
ally weaned from steroids over 10 weeks leaving maintenance 
low dose tacrolimus. Transfused Mregs were shown to secrete 
IL-10 and suppress T cell proliferation by cell-cell contact and 
IFN-γ induced IDO activity.108 Both patients showed increased 
numbers of circulating Tregs post-transplant and a peripheral 
blood gene expression profile indicative of tolerance according 
to the Indices of Tolerance (IOT) research network.111

Regulatory T cells
‘Natural’ CD4+CD25+FoxP3+ regulatory T cells (Tregs) play a 
central role in immune tolerance in health. While the evidence 
is not always definitive, Treg defects or deficiencies have been 
implicated in several autoimmune diseases.47 112 As with MSCs 
and DCs, considerable effort has therefore been dedicated to 
developing methodologies to isolate and expand these cells, as a 
potential tolerogenic therapy for autoimmune disease. Isolation 
uses the cell surface markers CD4, CD25 and usually CD127low. 
Subsequent expansion generally uses anti-CD3, anti-CD28 and 
IL-2 (figure 2). The expanded cells can, in theory, be rendered 
disease-specific by expansion in the presence of relevant autoan-
tigens or genetic manipulation of TCR expression.113 Expanded 
Tregs have been used preclinically to treat murine models of 
autoimmunity, especially type 1 diabetes114–118 and, in some 
studies, Tregs were expanded with DCs to confer antigen speci-
ficity. In humans, early trials took place in patients with GVHD 
following bone marrow transplantation. For example, transfu-
sion of HLA partially matched allogeneic umbilical cord blood 
derived Tregs at a dose of 0.1–30×105 Treg/kg, following double 
umbilical cord blood transplantation, was associated with a 
reduced incidence of acute GVHD when compared with identi-
cally treated controls without Treg.119 Tregs have also been used 
in a phase I study to prevent GVHD by infusing donor-specific 
ex-vivo expanded Tregs prior to haploidentical haematopoietic 
stem cell transplantation without post-transplantation GVHD 
prophylaxis.120

The first description of expanded Treg administration in 
human autoimmunity was in children with type 1 diabetes.121 
Ten children received intravenous injections of autologous 
Tregs in two dosing cohorts (10×106 and 20×106 cells/kg) and 
followed for 6 months (table 4). A matched control group was 
used to compare clinical improvement after infusion. The treat-
ment group, on average, had lower insulin requirements at 6 
months compared with their matched controls. In an extension 
of this study, a higher dose of up to 30×106 cells/kg was well 
tolerated and associated with some clinical improvement after 
12 months (reduction in insulin requirement and higher C-pep-
tide levels).122 In a recent study in adults with newly diagnosed 
type 1 diabetes,50 a dose escalation protocol was used to assess 
the maximum tolerated dose of Tregs. Patients received intra-
venous infusions of Tregs up to a target dose of 2.3×109 cells, 
experiencing no serious adverse effects. In vitro analysis showed 
that expansion of the Tregs increased the overall number of cells 
and their functional activity/potency. In this study, the DNA of 
expanded Tregs was labelled with deuterium, allowing in vivo 
tracking. Up to 25% of transfused Tregs survived in the periph-
eral blood after 1 year. Furthermore, deuterium did not appear 
in other lymphocyte populations suggesting expanded Tregs 
were stable after administration. Autologous Tr1 cells were also 

well tolerated when administered intravenously in 20 patients 
with Crohn’s disease with associated improvement in disease 
activity.123

Concerns have been raised about the potential plasticity of 
Tregs in relation to their reliability as a cellular therapy. Natural 
Tregs form a relatively small proportion of peripheral blood 
CD4+ T cells and express no unique surface marker to facili-
tate their isolation. Nonetheless, enrichment of CD127-/low cells 
generally suffices to minimise contamination with activated T 
cells. However, the propensity for expanded Tregs to express 
IL-17 was noted some years ago, with evidence suggesting that 
CD4+CD25+FoxP3+ Tregs can undergo transformation to 
pathogenic Th17 cells after repeated expansion.124–126 These 
studies demonstrated that epigenetic instability of the FoxP3 
and retinoic acid receptor-related orphan receptor (RORC) 
loci accounted for the potential for Th17 (de-)differentiation. 
Further investigation demonstrated that both loci were stable 
in ‘naïve’ (CD45RA+) Tregs, when compared with memory 
(CD45RO+) Tregs.126 127 Therefore, use of CD45RA as an addi-
tional marker for Treg isolation should minimise expansion-in-
duced epigenetic instability and produce a more homogenous 
tolerogenic Treg population, with low risk of Th17 transfor-
mation. In mice, evidence exists for cells that coexpress FoxP3 
and RORγT, the murine equivalent of the Th17-lineage defining 
marker RORC.128 Despite a capacity to differentiate into either 
classical Tregs or Th17 cells, these cells demonstrated a regula-
tory function in murine diabetes.

The development of Tr1 cells as a therapy is at an earlier stage 
than regulatory T cell therapy. They can be expanded ex vivo 
from PBMC or CD4+ T cells. One method, using an IL-10 
secreting DC (DC-10), can generate allospecific Tr1 cells for 
potential use in haematological or solid organ transplantation. 
An alternative technique generated ova-specific Tr1 cells for a 
phase 1b/2a clinical trial in Crohn’s disease.123

In vivo expansion of regulatory T cells
IL-2 is a key cytokine for T cell activation and proliferation. 
Furthermore, because natural Tregs express high levels of CD25, 
the IL-2 receptor alpha chain, they are highly sensitive to stim-
ulation by IL-2. In patients with cancer treated with peptide 
vaccine129 and DC-based vaccine immunotherapy,130 131 adminis-
tration of IL-2 (with a rationale to expand effector T cells) actu-
ally led to in-vivo expansion of Tregs. This led to the theory that 
IL-2, particularly at low doses, will preferentially expand Tregs, 
informing preclinical experiments and clinical trials in autoim-
munity. In a cohort of patients with chronic refractory GVHD, 
low dose IL-2 administration (0.3–1×106 IU/m2) increased 
Treg:Teff ratio, with improvement in clinical symptoms and 
enabling tapering of steroid dose by a mean of 60%.132 Similarly, 
low dose IL-2 (1–2×105 IU/m2) post-allogeneic SCT in children 
prevented acute GVHD when compared with those who did not 
receive low dose IL-2.133

Treatment of patients with Hepatitis C virus-induced, cryo-
globulin-associated vasculitis with IL-2 at a dose of 1.5×106 
IU once a day for 5 days followed by 3×106 IU for 5 days on 
weeks 3, 6 and 9 was associated with clinical improvement in 
80% of patients as well as a reduction in cryoglobulinaemia 
and normalisation of complement levels.134 In a phase I trial in 
type 1 diabetes, administration of 2–4 mg/day of rapamycin and 
4.5×106 IU IL-2 thrice per week for 1 month led to a transient 
increase in Tregs but a paradoxical worsening of β-cell function, 
associated with an increase in circulating NK-cells and eosino-
phils.135 In SLE, a Treg defect associates with disease activity and 
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Table 4 Clinical trials with expanded regulatory T cells (Tregs) in autoimmunity

diseases and clinical trials
number of patients, source of cells, dose and route of 
administration outcomes Comments

ex-vivo expanded Tregs 

Diabetes 

  1. Marek-Trzonkowska et al 
(2012)121

  Phase I non-randomised 
study

10 children with type 1 diabetes received autologous Tregs 
intravenously in two dosing cohorts (10×106 and 20×106 cells/
kg body weight). A matched control group of 10 children did 
not receive a placebo. In the extension study,122 two extra 
patients were recruited for treatment, and 6 out of the total 12 
patients received an additional infusion at 6–9 months (either 
10×106 or 20×106 cells/kg) making up a total dose of 30×106 
cells/kg. Here, patients were followed up for 1 year.

No serious adverse events. Generally, treated children 
had lower insulin requirements at 6 months compared 
with matched controls, and recorded significantly 
higher c-peptide levels. A higher dose of 30×106 cells/
kg was also safely tolerated and was associated with 
better clinical outcomes (more patients in this group 
achieved remission, at 1 year with highest fasting and 
stimulated c-peptide levels and lowest HbA1C levels.

First in-human study of Tregs for 
autoimmunity

  2. Bluestone et al (2015)50

  Phase I dose-escalation 
study

14 adults with type 1 diabetes received intravenous autologous 
polyclonal Tregs in four dosing cohorts (0.056 to 23.5×108 
cells).

Safe. Transferred Tregs were long-lived and stable, with 
up to 25% surviving up to 1 year. Small sample size 
and heterogeneity of diabetes did not allow for efficacy 
assessment

Expanded Tregs had up to 4–8-fold 
higher suppressive activity than 
non-expanded Tregs from the same 
individual

Crohn’s disease 

  3. Desreumaux et al 
(2012)123

  Phase I/IIa multicentre study

20 patients with refractory Crohn’s disease received 
intravenously ovalbumin-specific Tr1 cells at 4 dose cohorts 
(106, 107, 108, 109 cells)

Safely tolerated with few adverse events. Clinical 
improvement with a reduction in Crohn’s disease 
activity index and inflammatory bowel disease 
questionnaires

First in human study of use of Tr1 
cells for treatment of autoimmunity. 
Authors argue that ovalbumin is 
widely distributed in the GI tract 
and will activate Tr1 cells.

In-vivo expanded Tregs 

HCV-induced vasculitis 

  4. Saadoun et al (2011)134

  Phase I/IIa study in HCV-
induced vasculitis

10 patients with HCV-induced vasculitis refractory to HCV 
therapy received 1.5×106 IU subcutaneous (SC) IL-2 daily for 5 
days, followed by three 5 day courses of 3×106 IU/day at weeks 
3, 6 and 9.

Safe with no major adverse events. There was a 
reduction in cryoglobulinaemia in 90% of patients and 
improvement in vasculitis in 80%. FoxP3+ Tregs also 
increased in peripheral blood.

Treatment did not induce effector 
T cell activation, vasculitis flare, or 
increased HCV viremia

Diabetes 

  5. Long et al (2012)135

  Phase 1 study in type 1 
diabetes

9 patients with type 1 diabetes received 2–4 mg/day rapamycin 
for 3 months and 4.5×106 IU IL-2 SC. thrice weekly for 1 month,

Safe with transient Treg increase in the first month but 
clinical and metabolic data showed worsening of β-cell 
function in all subjects.

No change in effector T cell 
frequencies but eosinophils and 
natural killer cells increased.

  6. Hartemann et al (2013)158

  Phase I/II randomised, 
double-blind placebo-
controlled study in diabetes

24 patients with type 1 diabetes received either a placebo or 
one of three doses of IL-2. (0.33×106 IU/day, 1×106 IU/day or 
3×106 IU/day) SC for 5 days

Well-tolerated and few treatment related adverse 
events were reported (flu-like symptoms and injection 
site reactions). There was a significant dose-dependent 
increase in the proportion of Tregs in peripheral blood 
of patients.

  7. Todd et al (2016)140

  Phase I/II non-randomised, 
open label, adaptive dose-
finding trial

40 adults with type 1 diabetes received one injection of IL-2 
SC in different dosing cohorts (0.04×106 to 1.5×106 IU/m2) 
and followed up for 7 days. The end point was the maximum 
percentage increase in Tregs (CD3+CD4+CD25highCD127low) from 
baseline frequency.

Well-tolerated. Optimum dose of IL-2 to induce 10% 
and 20% increases in Tregs were 0.101×106 IU/m2 and 
0.497×106 IU/m2, respectively.

First adaptive dose-finding trial of 
IL-2 in diabetes.

  8. Seelig et al (2017) 142

  Phase I/II response-adaptive 
trial of repeat doses of IL-2 
in diabetes

36 patients with type 1 diabetes received IL-2 at different dose-
frequency combinations. Preliminary analysis of all accumulated 
data after completion of each cohort informed dose-frequencies 
of the following cohort. An initial learning phase involved 
12 participants. Subsequent confirmatory cohorts were eight 
patients each.

Well tolerated apart from injection site reactions. The 
optimum regimen to maintain a steady state increase 
in Treg of 30% and CD25 expression of 25% without 
Teff expansion was 0.26×10 IU/m2 every 3 days.

Preprint data at the time of this 
review

ALOPECIA AREATA 

  9. Castela et al (2014)159

  Case series of low dose IL-2 
in alopecia areata

5 patients received 1.5×106 IU/day IL-2 SC for 5 days followed 
by 3 courses of 3×106 IU/day at weeks 3, 6, and 9.

Safe with improvement in severity of alopecia 
tool (SALT) score (evaluated by two independent 
investigators). Significant increase in the number of 
Tregs was also seen in 80% of patients.

SLE 

  10. Humrich et al (2015)137

  A case report of low-dose 
IL-2 in a patient with 
refractory SLE

1 patient received four treatment cycles of 1.5x106 or 3x106 IU 
IL-2 SC for five consecutive days with a washout period of 9–16 
days after each course.

Clinical improvement was observed with reduction in 
anti-ds-DNA titre and SLEDAI score,

First evidence of possible 
therapeutic effect of low dose IL-2 
in SLE.

  11. von Spee-Mayer et al 
(2016)136

  Phase I study in refractory 
SLE.

5 patients with refractory SLE were treated daily with 1.5×106 
IU IL-2 SC for five consecutive days

Safe with increased CD25 expression in Tregs and 
increased number of FoxP3+CD25highCD27low Tregs 
during the treatment course.

  12. He et al (2016)138

  Phase I study in active SLE
40 patients were treated with 3 courses of IL-2. Each course 
consisted of 1×106 IU IL-2 SC alternate days for 2 weeks, with a 
2 week drug-free period.

Treatment was safe and associated with a significant 
increase in CD25highCD127low Tregs in the CD4+ T cell 
population. Significant clinical improvement was also 
observed such that up to 89.5% of patients had at 
least a 4-point decrease (SRI-4) in the SLEDAI after 12 
weeks.

IL, interleukin; SLE, systemic lupus erythematosus; SLEDAI, Systemic Lupus Erythematosus Disease Activity Index; UC, umbilical cord.
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appears secondary to defective endogenous IL-2 production.136 
Exogenous low dose IL-2 appears to both reverse the biological 
defect and provide a potential therapeutic strategy.136–138

A common finding in trials of low dose IL-2 to treat autoim-
munity is that effects are transient, declining once treatment is 
discontinued. Effects may not be limited to natural Tregs but also 
extend to FoxP3+CD8+ T cells, at least in type 1 diabetes.139 
However, an optimum dosing regime is yet to be defined. Results 
from a recent adaptive dose-finding study in 40 patients with 
type 1 diabetes suggest that the optimal dose of a single injection 
of IL-2 that will induce 10% and 20% increases in Tregs over 
7 days were approximately 0.10×106 IU/m2 and 0.5×106 IU/
m2, respectively.140 This study also showed that the mean plasma 
concentrations of IL-2 at 90 min postinjection, even at the lowest 
doses, were higher than the hypothetical Treg-specific thera-
peutic window determined in vitro (0.015–0.24 IU/mL). This 
was associated with a dose-dependent transient desensitisation 
of Tregs (downmodulation of the beta subunit of IL-2 receptor 
(CD122)) and a decrease in the number of circulating Tregs and 
other lymphocytes, which improved 2 days after injection. These 
findings may explain the lack of response seen in some patients 
who have received daily injections of low-dose IL-2. A follow-on 
study by the same group investigated the optimum frequency of 
administration of IL-2 in type 1 diabetes.141 Results show that 
the optimum regimen to maintain a steady state increase in Treg 
of 30% and CD25 expression of 25% without Teff expansion 
was 0.26×10 IU/m2 every 3 days.142

It is unclear at this juncture whether in vivo expansion of Tregs 
might provide a superior therapeutic option in autoimmunity 
than ex vivo expansion and readministration. Conceivably the 
two modalities could be combined. Other attempts have been 
made to expand Tregs in vivo. One method is the administra-
tion of autoantigen in Freund’s incomplete adjuvant. In a phase 
I trial, a single dose of insulin-β-chain in IFA was administered 
intramuscularly to patients with type 1 diabetes.143 Treatment 
was well tolerated and appeared to stimulate robust antigen-spe-
cific regulatory T cell populations in the treatment arm up to 24 
months, although there was no statistically significant difference 
in mixed meal stimulated c-peptide responses compared with the 
control group. Other methods are the probiotic use of whole 
helminths or their unfractionated products and administration 
of purified excretory/secretory helminths’ products. In preclin-
ical studies using animal models of RA, MS, Crohn’s disease and 
type 1 diabetes, they induce Tregs (and other regulatory cells) 
in vivo and prevent autoimmunity.144–146 However, clinical trials 
are yet to show consistent encouraging results in humans.145

WHeRe ARe We noW?
Results to date from human clinical trials have shown that cellular 
therapies are, at minimum, safe and feasible, and therefore 
worth exploring further in our pursuit of therapeutic tolerance 
induction. The regenerative properties of MSCs could addi-
tionally provide an element of tissue replenishment, repairing 
some of the damage that inevitably accompanies autoimmunity. 
However, most of the studies outlined in this review are at the 
very earliest phases of clinical development. Phase II and, ulti-
mately, phase III studies will be needed to confirm their efficacy. 
Furthermore, as with any tolerogenic therapy in autoimmunity, 
clear objectives are required for efficacy trials. In transplanta-
tion, ‘operational tolerance’ is present when immunosuppres-
sion can be removed without allograft rejection. The situation 
is less clear in autoimmunity. Re-establishment of self-tolerance 
should equate with life-time drug-free remission, which has been 

demonstrated in some animal models when tolerogenic cells 
are administered both prophylactically and therapeutically.42 95 
However, tolerance takes time to develop and tolerogenic ther-
apies may not reduce symptoms in the short-term, necessitating 
the temporary continuation of more conventional therapies. 
Furthermore, immunosuppressive drugs and glucocorticoids 
could potentially interfere with tolerance induction as previ-
ously suggested for calcineurin inhibitors.147 Careful clinical 
trial designs will therefore be fundamental in order to identify, 
robustly, tolerance induction. In the short term, this is likely 
to require immune monitoring, for example, using autoanti-
body arrays and MHC-peptide tetramers, in order to track and 
interrogate the quality and quantity of the autoantigen-specific 
response.148 149 To date, cellular therapy trials have only occa-
sionally incorporated experimental medicine end-points, for 
example, to measure longevity of cells, their distribution in vivo 
or to determine appropriate dosage.123 140 It is important that 
future trials adopt a similar philosophy, both to advance thera-
peutic development and also for ethical reasons.

Other factors to consider during the development of tolero-
genic cellular therapies include the route of delivery. For more 
standard therapeutics, the main decision is usually oral vs paren-
teral delivery. For cellular therapies, the route has to be paren-
teral but the decision is potentially more sophisticated. For 
example, where might TolDC regulate an aberrant autoimmune 
response? In the target tissue, the draining lymph nodes, the 
central lymphoid organs? Route of delivery is likely to influence 
the therapy's ultimate destination, and treatment development 
needs to encompass work that demonstrates the cells express 
appropriate homing receptors. And then, there are the more stan-
dard developmental questions such as dosage and frequency of 
administration—a true tolerogenic therapy should only require 
a single ‘course’ of treatment but, in a patient with a propen-
sity to autoimmunity, regular re-treatments may be required to 
keep autoreactivity at bay. Choice of autoantigen is also critical 
for certain cellular therapies. And last, cost-effectiveness has to 
be demonstrated for any novel treatment. However, the health 
economics would be very different for a tolerogenic therapy if 
it could truly avoid the need for chronic immunosuppressive 
therapy and its complications, not to mention the ravages of 
autoimmunity-associated tissue damage and comorbidities, such 
as cardiovascular disease.

The costs of isolating and expanding cells for therapy are 
significant but collaborations across academic research centres 
and commercial partners will solve some logistical challenges of 
clinical grade manufacture. Such challenges include cell source, 
cell isolation and expansion techniques, culture media and 
reagents, potency markers and genetic manipulation techniques 
where required (figure 2). These need to be standardised to 
ensure reproducibility because different cell manufacturing tech-
niques will lead to subtle or even unidentified phenotypic differ-
ences in the final product. For example, it is unclear whether 
different types of tolDC, manufactured using distinct techniques, 
will have significantly different clinical effects.150 Measurement 
of potency is therefore a critical step prior to the release and 
administration of any cellular therapy product.151

At one point, the costs of cell manufacturing were envisaged to 
be a potential barrier to the development of immunomodulatory 
cell therapies. However, with the success of cellular therapeutics 
such as chimeric antigen receptor T cells for cancer, significant 
investment has been made in relevant technologies. For example, 
closed bioreactors can enable manufacture of large quantities of 
GMP-grade cells within a shorter period of time than labour-in-
tensive, open culturing in flasks and bags.152 Such technologies 
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are inherently adaptable, and therefore transferrable to different 
types of cellular therapy,153 helping to achieve cost-effectiveness 
and reducing batch-to-batch variability.

Eventually, and assuming positive results, comparative effec-
tiveness trials across cell types (MSCs, TolDC and Tregs) may 
be required to determine which products are best suited for 
different forms and stages of autoimmunity. For example, MSCs, 
because of their regenerative capacity, may be favoured in condi-
tions such as Crohn’s disease and MS where tissue regeneration 
would be advantageous. On the contrary, Tregs may be preferred 
in diseases with documented evidence of Treg dysfunction such 
as type 1 diabetes and SLE, because ex-vivo expansion of Tregs 
can reverse Treg dysfunction.154 The effects of different cell types 
is being investigated in transplantation in The ONE Study.155 In 
this collaborative study, different immunosuppressive cell popu-
lations (tolerogenic macrophages, myeloid derived suppressor 
cells, tolDC, monocytes conditioned by MSCs, IL-10 induced 
DCs and rapamycin-conditioned DCs) are manufactured from 
the same leukapheresis product, removing one element of vari-
ability when comparing these very different therapies. Cells are 
then studied in different disease contexts to determine the best 
approach to treatment. It may also prove possible to combine 
different cells to produce synergistic effects.

As tolerance can break down many years before the onset of 
clinical disease, it is also important to consider the optimal timing 
of cellular therapies. Detection of preclinical autoimmunity may 
provide a window of opportunity to treat and cure these diseases 
with safe interventions before symptom onset and before tissue 
damage has accrued. Epitope spreading, with broadening of 
the autoimmune repertoire alongside the non-specific effects 
of tissue damage, might render therapeutic tolerance induction 
more difficult in established disease, despite phenomena such 
as infectious tolerance and linked suppression.156 Appropriate 
immune monitoring will be even more important in disease, 
as a means to establish benefit in the absence of symptoms or 
signs. In-depth studies of allograft recipients who have achieved 
operational tolerance have identified biomarkers that appear 
specific for the tolerant state. These may be useful for moni-
toring attempts at tolerance induction prospectively.157

ConClusIon
It is an exciting time for tolerogenic cellular therapies. Rapid 
advances can be expected in the short to medium term catalysed 
by progress in manufacturing technologies, advances in the devel-
opment of immune monitoring techniques and the identification 
of tolerance biomarkers, alongside an acceptance that earlier 
treatment may be ethically justified if the therapeutic target is 
tolerance induction. Whether any, or all, of the cells discussed in 
this review will ultimately demonstrate robust tolerogenic effects 
must await formal clinical trials of efficacy; and we should be as 
certain as we can be that the timing, route and dosing of therapy 
is optimal before conducting the ‘definitive’ studies. These are 
not easy challenges but they are tractable and, currently, there 
is a large amount of intellectual energy directed at solving them.
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AbsTrACT
Objective immune-mediated inflammatory diseases 
(iMiDs) are heterogeneous and complex conditions with 
overlapping clinical symptoms and elevated familial 
aggregation, which suggests the existence of a shared 
genetic component. in order to identify this genetic 
background in a systematic fashion, we performed 
the first cross-disease genome-wide meta-analysis 
in systemic seropositive rheumatic diseases, namely, 
systemic sclerosis, systemic lupus erythematosus, 
rheumatoid arthritis and idiopathic inflammatory 
myopathies.
Methods We meta-analysed ~6.5 million single 
nucleotide polymorphisms in 11 678 cases and 19 704 
non-affected controls of european descent populations. 
The functional roles of the associated variants were 
interrogated using publicly available databases.
results our analysis revealed five shared genome-wide 
significant independent loci that had not been previously 
associated with these diseases: NAB1, KPNA4-ARL14, 
DGQK, LIMK1 and PRR12. all of these loci are related 
with immune processes such as interferon and epidermal 
growth factor signalling, response to methotrexate, 
cytoskeleton dynamics and coagulation cascade. 
remarkably, several of the associated loci are known key 
players in autoimmunity, which supports the validity of 
our results. all the associated variants showed significant 
functional enrichment in Dnase hypersensitivity sites, 
chromatin states and histone marks in relevant immune 
cells, including shared expression quantitative trait loci. 
additionally, our results were significantly enriched in 
drugs that are being tested for the treatment of the 
diseases under study.
Conclusions We have identified shared new risk loci 
with functional value across diseases and pinpoint 
new potential candidate loci that could be further 
investigated. our results highlight the potential of drug 
repositioning among related systemic seropositive 
rheumatic iMiDs.

InTrOduCTIOn
Autoimmunity occurs when the mechanisms related 
to immune self-tolerance fail, leading to an inappro-
priate destruction of normal tissue by the immune 
system. Genetic factors play an important role in 
the development of more than 80 immune-me-
diated inflammatory diseases (IMIDs) identified 
so far.1 Comorbidity of these diseases, increased 
familial clustering and shared risk variants have 

been widely documented.2 However, to date, these 
shared loci have been identified by simple compar-
ison between studies, and just recently they have 
been determined by rigorous and systematic anal-
ysis.3 In this sense, combining genome-wide asso-
ciation studies (GWAS) across several diseases has 
proven to be a very useful tool for the identifica-
tion of new genetic risk variants simultaneously 
associated with several IMIDs and to expose shared 
pathways involved in the pathophysiology of these 
conditions.4–7 To date, two large studies combining 
several diseases were recently published following 
this strategy. One of them was a meta-GWAS across 
10 paediatric autoimmune diseases with shared 
population-based controls that revealed new candi-
date loci with immunoregulatory functions.8 In the 
other study, the authors identified new shared asso-
ciations by combining immunochip data across five 
chronic inflammatory diseases.9

Key messages

What is already known about this subject?
 ► Systemic Seropositive Rheumatic diseases 
share symptoms, progressions, environmental 
risk factors, high rates of familial aggregation 
and susceptibility genes, pointing to a shared 
genetic architecture.

 ► The assessment of a shared genetic component 
among these conditions has not been 
performed before in a systematic fashion.

What does this study add?
 ► We identified 27 shared loci among systemic 
seropositive rheumatic immune-mediated 
inflammatory diseases, five of which were new. 
The remaining were known susceptibility genes 
in autoimmunity.

 ► The associated variants were enriched in marks 
related with gene activation in immune cells 
and constitute shared expression quantitative 
trait loci.

How might this impact on clinical practice or 
future developments?

 ► Most of these conditions do not have specific 
treatments, therefore, therapy repositioning 
among genetically related conditions could be 
feasible among them.
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Figure 1 Meta-analysis results for the four systemic IMIDs. The Manhattan plot displays the −log10 transformed p values (y-axis) by position on 
each chromosome (x-axis). The red line depicts the genome-wide significance threshold (p=5×10−8). A total of 26 SNPs were independently associated 
with at least 2 systemic IMIDs. Most of the signals map to known susceptibility loci in autoimmunity (eg, PTPN22, STAT4, TNPO3, FAM167A-BLK) and 
five loci have never been reported before. IMIDs, immune-mediated inflammatory diseases.

Systemic seropositive rheumatological IMIDs, such as systemic 
sclerosis (SSc), systemic lupus erythematosus (SLE), rheumatoid 
arthritis (RA) and idiopathic inflammatory myopathies (IIM), 
are heterogeneous diseases of the connective tissue that share 
clinical and epidemiological manifestations as well as life-threat-
ening complications.10 The common genetic component of 
these conditions has not been previously assessed systemati-
cally, although the overlap of associated genes is elevated when 
performing a pairwise comparison.8 Autoantibody production 
is the main feature of these diseases, comprising addition-
ally a broad deregulation of the innate and adaptive immune 
response. However, the low prevalence of most of these diseases 
hinders the collection of large datasets that makes possible to 
attain sufficient statistical power. Therefore, our study aimed to 
combine previously published GWAS datasets—all from Euro-
pean descent populations—to identify shared genetic aetiologies 
among systemic seropositive rheumatological IMIDs in a system-
atic fashion.

subjeCTs And MeTHOds
study population
A total of 12 132 affected subjects with four systemic sero-
positive rheumatic IMIDs (SSc, SLE, IIM and RA) and 23 260 
controls were included in this study from previously published 
GWAS11–16 (online supplementary table S1).

data quality control and imputation
Unified quality control (QC) of the 18 case-control collections 
was conducted separately, based on stringent criteria using 
PLINK V.1.07.17 Given that related and/or duplicated subjects 
may have been recruited for different studies, genome-wide 
relatedness was assessed and one individual from each pair was 

removed. Samples with <95% of successfully called genotypes 
were removed.

Further, single nucleotide polymorphisms (SNPs) with geno-
typing call rate <98%, minor allele frequencies (MAF) <1% and 
deviating from Hardy-Weinberg equilibrium with a p<0.001 in 
the control group were removed. To control for possible popu-
lation stratification, we performed principal component (PC) 
analysis using GCTA64 and R-base software under GNU Public 
license V.2.

Imputation of autosomal SNPs was conducted in the Michigan 
Imputation Server using Minimac3.18 The software SHAPEIT19 
was used for haplotype reconstruction and the Haplotype Refer-
ence Consortium r1.1 was used as the reference population.20

statistical analyses
Disease-specific association testing: association testing for allele 
dosages was performed by logistic Wald test using EPACTS 
software,21 adjusting by the first two or five PCs as appropriate 
to control for the genomic inflation factor in European popu-
lation (λ<1.05) (online supplementary table S1). SNPs with a 
MAF≥1% and squared correlation (Rsq)≥0.3 were maintained 
in the analyses as suggested by the imputation software. Addi-
tionally, we calculated a concordance rate by comparing imputed 
and true genotypes.

Cross-phenotype meta-analysis: to identify shared loci, the 
summary-level statistics were meta-analysed using META-
SOFT.22 A fixed-effects model was applied for those SNPs 
without evidence of heterogeneity (Cochran’s Q test p value 
Q>0.05), and random-effects model was applied for SNPs 
displaying heterogeneity of effects between studies (Q≤0.05). 
Genome-wide significance was established at a p≤5×10−08. 
SNP independence was assessed with the software GCTA-
COJO (online supplementary table S2).23 24 To annotate the 
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Table 1 Twenty-six independent variants associated at a genome-wide significance level (p<5×10−8) in the meta-analysis

Chr Position* snP Gene† Functionality‡
effect 
allele Or (95% CI)

Meta-analysis 
p value§

Cochran’s p 
value

Contributing
disease¶

1 67802371 rs6659932 IL12RB2 Intronic C 0.85 (079 to 0.91) 6.08×10–11 1.02×10–02 IIM, sLe, SSc

1 114303808 rs6679677 PHTF1-RSBN1 Intergenic A 1.34 (1.21 to 1.49) 2.30×10–28 2.14×10–04 IIM, rA, SLE

1 114377568 rs2476601 PTPN22 Coding (missense) G 0.75 (0.67 to 0.83) 1.74×10–28 1.06×10–4 IIM, RA, SLE

1 114433946 rs1217393 AP4B1 Intronic A 0.89 (0.85 to 0.92) 5.21×10–09 4.91×10–1 IIM, rA, SLE, ssc

1 173337747 rs2422345 TNFSF4-
LOC100506023

Intronic A 1.11 (1.05 to 1.18) 2.55×10–08 6.00×10–03 IIM, SLE, ssc

1 183532580 rs17849502 NCF2 Coding (missense) T 1.36 (1.16 to 1.59) 3.93×10–15 2.84×10–04 IIM, SLE

2 191564757 rs744600 NAB1** 3’Downstream T 0.88 (0.85 to 0.92) 7.07×10–11 7.60×10–1 IIM, rA, sLe, ssc

2 191933283 rs13389408 STAT4 Intronic C 1.27 (1.20 to 1.34) 3.10×10–17 3.99×10–1 IIM, SLE, SSc

2 191973034 rs10174238 STAT4 Intronic A 0.73 (0.67 to 0.80) 2.76×10–42 4.31×10–07 IIM, SLE, SSc

3 58183636 rs35677470 DNASE1L3 Coding (missense) A 1.22 (1.14 to 1.30) 4.96×10–09 6.78×10–01 IIM, SLE, SSc

3 160312921 rs112846137 KPNA4-ARL14** Intergenic T 1.27 (1.17 to 1.37) 1.42×10–08 9.55×10–01 IIM, rA, sLe, ssc

4 965720 rs13101828 DGKQ** Intronic G 1.11 (1.07 to 1.16) 1.32×10–08 2.29×10–01 IIM, rA, sLe, ssc

5 150438477 rs4958880 TNIP1 Intronic A 1.16 (1.10 to 1.22) 1.45×10–11 2.61×10–01 IIM, rA, SLE, SSc

5 159887336 rs2431098 PTTG1-MIR3142HG Intergenic G 1.12 (1.05 to 1.20) 4.91×10–12 1.42×10–01 SLE, ssc

6 106569270 rs802791 PRDM1-ATG5 Intergenic C 0.87 (0.83 to 0.92) 3.65×10–12 1.13×10–01 SLE, SSc

6 138243739 rs58721818 TNFAIP3 3’Downstream T 1.64 (1.46 to 1.84) 4.64×10–23 1.65×10–01 IIM, SLE, SSc

7 73537902 rs193107685 LIMK1** 3’Downstream C 1.52 (1.27 to 1.83) 3.21×10–09 1.18×10–01 rA, sLe, ssc

7 128589633 rs10954214 IRF5 3UTR T 1.18 (1.13 to 1.23) 6.63×10–17 3.64×10–01 IIM, RA, SLE, SSc

7 128647942 rs13238352 TNPO3 Intronic T 1.44 (1.30 to 1.60) 1.47×10–38 2.12×10–01 SLE, SSc

8 11341880 rs2736337 FAM167A-BLK Intergenic C 1.23 (1.17 to 1.30) 4.86×10–22 1.29×10–01 IIM, RA, SLE, SSc

11 6 33 689 rs7929541 SCT-DRD4 Intergenic G 0.89 (0.83 to 0.95) 2.14×10–10 4.98×10–04 IIM, rA, SLE, ssc

12 112871372 rs11066301 PTPN11 Intronic T 1.11 (1.07 to 1.15) 4.20×10–08 5.86×10–01 IIM, sLe, ssc

16 85994484 rs35929052 IRF8 Intergenic T 0.83 (0.78 to 0.88) 1.71×10–09 4.69×10–01 IIM, SLE, SSc

19 10462513 rs11085725 TYK2 Intronic A 0.88 (0.83 to 0.92) 2.65×10–10 1.86×10–01 IIM, SLE, SSc

19 50121274 rs76246107 PRR12** Intronic G 1.28 (1.14 to 1.43) 3.36×10–08 1.50×10–02 IIM, sLe, ssc

22 21985094 rs5754467 YDJC 5’Upstream G 1.20 (1.13 to 1.27) 1.24×10–13 8.59×10–02 IIM, RA, SLE, ssc

All the variants in the table were imputed in at least one of the 18 case-control collections.
*According to NCBI build GRCh37/hg19.
†Variant localisation based on the nearest gene.
‡Functionality obtained from SNPnexus.23

§Results of meta-analysis either under a fixed effect if no heterogeneity was found based on Cochran’s Q test (p≥0.05) or under a random effect if heterogeneity was found 
among studies.
¶Disease contributing to the association observed by the subset meta-analysis method with ASSET.25 The diseases for which this locus has never been reported before at 
genome-wide significance level are shown in boldface.
**Denotes novel loci in the study.

independent signals, SNPnexus25 was used to the build 37 
genomic coordinates.

Model search to identify the diseases contributing to the asso-
ciation: to identify the diseases most likely contributing to the 
association signals, we performed an exhaustive disease-subtype 
model search with the R statistical package ASSET.24 The contri-
bution of a disease was considered if at least two independent 
case-control collections from the same disease were grouped 
with consistent effects.

Novelty of the variants: our independent SNP associations 
were classified into ‘known’ or ‘new’ associations based on the 
information retrieved from the NHGRI-EBI GWAS catalogue 
and the Phenopedia and Genopedia from HuGE Navigator.26

Functional enrichment analysis: in order to systematically 
characterise the functional, cellular and regulatory contribution 
of the associated variants, a non-parametric enrichment analysis 
implemented in GARFIELD was performed.27 Furthermore, the 
online tools HaploReg V.4.128 and the Genotype-Tissue Expres-
sion project (GTEx)29 were queried to determine whether any of 
the lead associated variants was an expression quantitative trait 
locus (eQTL). The online tool Capture HiC plotter was used 
to assess physical interactions between restriction fragments 

containing the variants and the promoter of genes in the three-di-
mensional nuclear space.30

Drug target enrichment analysis: the target genes of the eQTLs 
were used to model a protein-protein interaction (PPI) network 
using String V.10.31 These protein products were then used 
to query the OpenTargets Platform32 for drug targets. More-
over, this platform was used to search for drugs indicated or in 
different phases of drug development for the treatment of SSc, 
SLE, IIM and RA. The Fisher’s exact test was used to calculate 
if the results of the meta-analysis were significantly enriched in 
pharmacologically active drug targets.

Additional details of the Methods section are available in the 
online supplementary methods.

resuLTs
Cross-phenotype meta-analysis and disease contribution
Following sample QC and imputation, a total of 11 678 cases 
and 19 704 non-overlapping controls were included in the 
genome-wide meta-analysis of 6 450 125 SNPs across the four 
diseases. The mean concordance rate among imputed and true 
genotypes was 0.999±0.0003. The final λ showed minimal 
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Table 2 Summary of the most enriched functional annotations for the SNPs associated in the meta-analysis at a genome-wide significance 
threshold (p<5×10−8)

Category* Tissue Cell types Type nAnnotThesh† nAnnot‡ nThresh§ n (Ld-pruned variants)¶ Fold enrichment
empirical p 
value

Chromatin_States Blood GM12878 Enhancer 13 10 944 33 416 420 14.99 <1×10−5

GM12878 TSS 12 10 182 33 416 420 14.87 <1×10−5

Footprints Blood GM06990 Footprints 8 3153 33 416 420 32.02 <1×10−5

Histone modifications Blood GM12878 H3K9ac 21 18 903 33 416 420 14.02 <1×10−5

GM12878 H3K27ac 22 25 674 33 416 420 10.81 <1×10−5

GM12878 H2AFZ 22 25 824 33 416 420 10.75 <1×10−5

GM12878 H3K4me3 17 25 365 33 416 420 8.46 <1×10−5

GM12878 H3K4me2 23 34 807 33 416 420 8.34 5×10–5

GM12878 H3K4me1 25 39 871 33 416 420 7.91 <1×10−5

GM12878 H3K79me2 16 25 683 33 416 420 7.86 <1×10−5

Hotspots Blood GM06990 Hotspots 23 24 839 33 416 420 11.68 <1×10−5

Skin NHEK Hotspots 25 54 667 33 416 420 5.77 <1×10−5

Peaks Blood GM06990 Peaks 13 6433 33 416 420 25.50 <1×10−5

TFBS Blood GM12878 TFBS 19 19 650 33 416 420 12.20 <1×10−5

*Functional categories from the Encode28 and Roadmap Epigenomics.29

†Number of LD-pruned annotated variants passing the meta-analysis threshold.
‡Number of LD-pruned annotated variants in the reference dataset UK10K project.
§Number of LD-pruned variants passing the meta-analysis threshold.
¶Number of LD-pruned variants in the reference dataset UK10K project.
GM06990, B-lymphocyte; GM12878, B-Lymphocyte lymphoblastoid; LD, linkage disequilibrium; NHEK, normal human epidermal keratinocytes; TFBS, transcription factor binding 
sites; TSS, transcription start site.

evidence of population stratification in the meta-analysis 
(λ=1.025). Moreover, we calculated λ1000 with consistent 
results (λ1000=1.025). Summary of sample/variant QC and QQ 
plots are shown in online supplementary table S1 and figure S1, 
respectively.

The global meta-analysis revealed 42 non-hla significantly 
associated loci. Subsequent conditional analyses showed that 
27 SNPs were independent (figure 1 and online supplementary 
figure S2). Sixteen variants were meta-analysed under a fixed 
effects model, whereas 11 with random effects based on study 
heterogeneity.

To comprehensively explore the combinations of diseases 
contributing to the associations we applied a subset-based 
meta-analysis implemented in ASSET.24 Our model search 
yielded 26 SNPs associated with at least two IMIDs (table 1). All 
of these variants were imputed in at least one dataset.

Among these 26 associations, we found several key players in 
autoimmunity; interestingly, 10 of these associations (38%) have 
never been reported before for SSc, 8 (31%) for SLE and RA, 
respectively and 20 (77%) for IIM. Remarkably, five SNPs have 
not been reported previously for any of the diseases under study 
and thus constitute new shared risk loci in systemic seropositive 
rheumatic IMIDs (table 1). Among these five new associations 
we found the SNP rs744600 in the 3’ region of the NGFI-A 
binding protein 1 (NAB1) (OR for the T allele 0.88, 95% CI 
0.85 to 0.92), p=7.07×10−11) and the intronic SNP rs13101828 
mapping in the gene Diacylglycerol kinase theta (DGKQ) (OR 
for the G allele 1.11, 95% CI 1.07 to 1.16, p=1.32×10−08). Of 
note, both genes have been previously associated with a chronic 
autoimmune liver disease.33 34 The intergenic SNP rs112846137, 
maps between the genes Karyopherin subunit alpha 4 (KPNA4) 
and the ADP ribosylation factor like GTPase 14 (ARL14) (OR 
for the T allele 1.29, 95% CI 1.07 to 1.56, p=1.42×10−08). 
Interestingly, the gene ARL14 showed a suggestive association 
in a pharmacogenomic GWAS of response to methotrexate in 
patients with RA.35 In addition, we observed the associated 

SNP rs193107685 located in the 3’ region of the LIM domain 
kinase 1 (LIMK1) gene (OR for the C allele 1.52, 95% CI 1.27 to 
1.83, p=3.81×10−09). The protein encoded by this gene regu-
lates actin polymerisation, a critical process in the activation of 
T cells.36 Finally, the SNP rs76246107 is located in an intron 
of the gene Proline rich 12 (PRR12) (OR for the G allele 1.28, 
95% CI 1.14 to 1.43, p=3.36×10−08), which was associated 
with fibrinogen concentration,37 and is an active regulator of the 
inflammatory response.38

Associated loci and their functional enrichment on regulatory 
elements
To assess whether the associated variants lie in coding and 
non-coding regulatory and cell-type-specific elements of 
the genome, we performed an enrichment analysis with 
GARFIELD.39 The results obtained showed marked enrichment 
patterns mainly in blood cells and skin cells, with 247 significant 
enrichments (p≤5×10−05) (online supplementary figure S3 and 
table S3). Table 2 summarises the main enrichment results. We 
found that the majority of associated variants were enriched in 
DNase I hypersensitivity site hotspots in blood, as depicted in 
figure 2. This functional category included a repertoire of cells 
from the immune system, such as B-lymphocytes (fold enrich-
ment (FE)=11.68, empirical p (pemp) <1×10−05), T-lym-
phocytes (FE=10.42, pemp <1×10−05), including T helper 
cells (FE=7.81, pemp <1×10−05), T CD8+ (FE=7.61, pemp 
<1×10−05), natural killer cells (FE=11.36, pemp <1×10−05) 
and monocytes (FE=8.99, pemp <1×10−05). In line with this 
enrichment, disease-associated SNPs were enriched in enhancers 
(FE=14.99, pemp <1×10−05), within TSS (FE=14.87, pemp 
<1×10−05) and on transcription factor binding sites (FE=12.20, 
pemp <1×10−05) in the B-lymphocyte cell line GM12878. 
Additionally, the highest enrichment was observed in the histone 
modification H3K9ac (FE=14.02, pemp <1×10−05) and 
H3K27ac (FE=10.81, pemp <1×10−05) in the B-lymphocyte 
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Figure 2 GARFIELD functional enrichment analyses in DHS hotspots. The wheel plot shows functional enrichment in systemic IMiDs within DHS 
hotspot regions in encode and roadmap epigenomics. The radial axis depicts the FE calculated at different meta-analysis p value thresholds. The font 
size is proportional to the number of cell types from the tissue, mainly enriched in blood cell types including a repertoire of immune cell lines. DHS, 
DNase I hypersensitivity site; FE, fold enrichment; IMIDs, immune-mediated inflammatory diseases.

cell line, which are positively associated with gene activation. 
Although these modifications are increased in the promoters of 
active genes, the latter has been shown to be associated with 
active enhancers.40 Moreover, enrichment was observed in 
H3K4me1,2,3 sites, which usually surround TSS and are also 
positively correlated with gene expression.40

expression quantitative trait loci (eQTL) and associated 
variants
In silico analysis of eQTLs revealed the role of 16 of the lead SNPs 
as eQTLs in whole blood, lymphoblastoid cell lines, transformed 
lymphocytes, skeletal muscle and transformed fibroblasts derived 
from European individuals from HaploReg V.4.128 (table 3 and 
online supplementary table S4). Focusing on new associated 
variants, the SNP rs744600 modifies NAB1 gene expression in 
lymphoblastoid cell lines (p=1.30×10−34), whereas the T allele 
increases HIBCH expression in skeletal muscles (p=8.09×10−07). 
The G allele of rs13101828 increases DGKQ expression in whole 
blood (p=3.29×10−45), lymphocytes (p=5.23×10−19), fibro-
blasts (p=4.44×10−06), lung cells (p=8.42×10−28) and several 
other tissues. The A allele of rs76246107 can reduce ALDH16A1 
expression in lung cells (p=6.45×10−06), and the protein 
encoded by this gene is involved in oxidoreductase activity. Reas-
suringly, 14 of the 16 (87%) reported eQTLs showed a physical 
interaction between the SNP and the promoter of 15 of the genes 

affected by the eQTLs (table 3), as suggested by Capture HiC 
(C-HiC) data (online supplementary table S5). These indepen-
dent evidences propose a mechanistic approach to understand 
the modulation of gene expression.

drug target enrichment analysis
Genetic associations have the potential to improve the rates of 
success in the development of new therapies.41 We assessed if 
the protein-products from disease associated eQTLs and their 
direct PPI partners were enriched with pharmacologically active 
targets (online supplementary tables S6 and S7). We identified 
as eQTLs and PPIs 608 proteins for SSc, 630 for SLE, 632 for 
IIM and 413 for RA, based on data on drugs at any stage of 
development collected from the Open Targets Platform (online 
supplementary table S8).32 Using this information, we found for 
SSc that 23 out of 73 (32%) proteins are targeted by drugs being 
studied for the disease (OR=16.80, p=1.41×10−18). Similarly, 
7 out of 25 (28%) proteins related to IIM and 13 out of 146 
(9%) proteins related to SLE are addressed by drugs in consider-
ation for IIM and SLE (OR=13.40, p=4.62×10−06, OR=3.38, 
p=2.85×10−04, respectively) (online supplementary table S9).

dIsCussIOn
In the present study, we identified five unreported shared loci 
associated with systemic seropositive rheumatic IMIDs. This is 
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Table 3 Summary of the eQTL results in European samples for the SNPs independently associated in the meta-analysis

snP Allele source Gene Tissue P value

rs6659932* C GTEx2015_v6 IL12RB2 Whole blood 3.72×10–11

rs6679677* A Westra 2013 PTPN22 Whole blood 4.84×10–10

rs2476601* G Westra2013 PTPN22 Whole blood 3.36×10–10

rs1217393* A GTEx2015_v6 AP4B1 Skeletal muscle 5.45×10–07

GTEx2015_v6 HIPK1 Whole blood 7.71×10–09

Westra 2013 PHTF1 Whole blood 9.56×10–05

Westra 2013 PTPN22 Whole blood 2.67×10–10

Westra 2013 RSBN1 Whole blood 1.41×10–10

rs744600* T GTEx2015_v6 HIBCH Skeletal muscle 8.09×10–07

Lappalainen2013 NAB1 Lymphoblastoid cell line 1.30×10–34

rs13389408 C GTEx2015_v6 GLS Skeletal muscle 3.42×10–09

Westra 2013 Whole blood 2.98×10–07

rs35677470* A GTEx2015_v6 PXK Skeletal muscle 7.08×10–06

rs13101828 G GTEx2015_v6 DGKQ Whole blood 9.28×10–45

Transformed lymphocytes 1.21×10–23

Transformed fibroblasts 9.78×10–07

Lung 8.42×10–28

rs4958880* A Westra 2013 TNIP1 Whole blood 1.09×10–03

rs10954214* T GTEx2015_v6 IRF5 Whole blood 2.56×10–16

Lappalainen2013 Lymphoblastoid cell line 7.54×10–31

rs13238352* T Lappalainen2013 IRF5 Lymphoblastoid cell line 2.88×10–13

rs2736337* C GTEx2015_v6 FAM167A Whole blood 2.90×10–26

FAM167A Transformed fibroblasts 1.90×10–18

FAM167A Transformed lymphocytes 2.10×10–15

BLK Whole blood 5.30×10–13

rs2736337* C GTEx2015_v6 BLK Transformed fibroblasts 1.30×10–11

BLK Transformed lymphocytes 3.30×10–06

rs7929541* C GTEx2015_v6 TMEM80 Transformed fibroblasts 1.22×10–11

rs11085725* T GTEx2015_v6 TYK2 Whole blood 2.30×10–06

TMED1 Whole blood 8.80×10–06

rs76246107* A GTEx2015_v6 ALDH16A1 Lung 6.45×10–06

rs5754467* G GTEx2015_v6 UBE2L3 Whole blood 4.68×10–06

New associated SNPs found in our meta-analysis are shown in boldface: rs744600 and rs13101828 associated with systemic sclerosis, systemic lupus erythematosus, rheumatoid 
arthritis and idiopathic inflammatory myopathy; rs76246107 associated with systemic sclerosis, systemic lupus erythematosus and idiopathic inflammatory myopathy.
*Designates those SNPs where a physical interaction has been observed in Promoter Capture HiC data in relevant immune cells.
SNPs, single nucleotide polymorphisms; eQTL, expression quantitative trait locus.

the first large-scale meta-analysis, including more than 11 000 
cases and 19 000 non-overlapping controls aiming to improve 
our knowledge regarding the genetic resemblances among these 
conditions.

Our results show that 85% of the associated variants were 
shared by at least three diseases. Interestingly, for several known 
RA susceptibility loci, the contribution of RA was limited. In this 
case, most of the associated variants were independent to the 
ones previously reported. Among the new associated SNPs, the 
signals mapping to NAB1, DGKQ and KPNA4-ARL14 were asso-
ciated to all of the diseases under study. NAB proteins are known 
to interact with early growth response family members and act 
as corepressors induced by type I interferons (IFN).42 The ‘IFN 
signature’ has been previously described in these diseases.43–46 
Interestingly, two IFN regulatory factors—IRF5 and IRF8—pre-
viously associated to the conditions under study, were associated 
in the meta-analysis. Additionally, the associated SNP is an eQTL 
in lymphoblastoid cell line, which evidences its role in disease 
pathogenesis. The DGKQ protein mediates cell signal transduc-
tion and can indirectly enhance the epidermal growth factor 
receptor signalling activity.47 This pathway regulates cell prolif-
eration and migration, and its expression is augmented in the 

vasculature of patients with SSc with pulmonary involvement.48 
Moreover, the risk allele was associated with an increased 
expression of the gene in lymphocytes, fibroblasts and lung. In 
the same line, this gene was associated with Sjögren's syndrome, 
a related connective tissue disease.49 The protein encoded by 
the gene ARL14 is a GTPase involved in the recruitment of 
MHC class II containing vesicles and control the movement of 
dendritic cells (DCs) along the actin cytoskeleton.50 The protein 
LIMK1 regulates many actin-dependent processes, including the 
assembly of the immune synapse between T cells and antigen 
presenting cells, an expected biological process involved in sero-
positive IMIDs. Remarkably, rs193107685 and rs112846137 
interact physically with the promoters of the genes LIMK1 and 
ARL14, respectively, in DCs (online supplementary figure S1). 
The gene PRR12 has been previously associated with fibrinogen 
concentrations.37 Fibrinogen is considered a high-risk marker 
for vascular inflammatory diseases and is considered an accurate 
predictor of cardiovascular diseases.38 51 Moreover, this mole-
cule is an active player in the coagulation cascade, responsible 
for the spontaneous formation of fibrin fibrils. Cardiovascular 
events and fibrosis are the most life-threatening complications 
described in SSc, IIM and SLE.52–54
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Table 4 Summary of the plausible target gene products with drug indications in systemic IMIDs

Associated snP Gene product Association results* drugs† Targets disease indication‡

rs6659932 IL12RB2 IIM, sLe, SSc Canakinumab IL1B RA

Anakinra IL1R1 RA

Tofacitinib JAK kinases RA

rs13389408 GLS IIM, SLE, SSc Azathioprine PPAT RA, SLE

rs13101828 DGKQ IIM, rA, sLe, ssc Orlistat LIPF

rs2736337 FAM167A-BLK IIM, RA, SLE, SSc Nintedanib PDGFRB SSc

Dasatinib BLK

Imatinib ABL1

Osimertinib EGFR

Vandetanib EPHA1

Fingolimod S1PR1

Bosutinib SRC

rs11085725 TYK2 IIM, SLE, SSc Tofacitinib JAK kinases RA

Tocilizumab IL6R RA

Interferon Apha-2B IFNAR1

Idelalisib PIK3CD

Ruxolitinib JAK1

*Based on our meta-analysis, diseases contributing to the observed association. The diseases where the association of this variant has never been reported before at genome-
wide significance level are shown in boldface.
†Drugs from the OpenTarget platform with their corresponding target.
‡Current indication of the reported drug. Non-immune mediated diseases were omitted.
IIM, idiopathic inflammatory myopathy; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus; SSc, systemic sclerosis.

The associated SNPs are highly enriched in functional catego-
ries in B and T cells, natural killer and monocytes, highlighting 
the relevance of these cells in systemic seropositive rheumatic 
IMIDs. Beyond whole blood, the skin is the other tissue with 
significant functional categories, which is not surprising given the 
nature of these connective tissue diseases. Moreover, epithelial 
cells could transdifferentiate into mesenchymal cells and eventu-
ally contribute in fibrotic processes.55 Moreover, patients with 
SSc are usually stratified according to the extent of skin involve-
ment.43 On the other hand, the histone modifications observed 
are consistent with the ones reported in previous studies, where 
histone hyperacetylation have been described in synovial tissues 
in RA, in B cells in SSc and in CD4+T cells in SLE.40 Finally, the 
independent associated SNPs have significant eQTLs in relevant 
tissues (table 3) and in silico data from promoter capture HiC 
experiments showed the potential mechanisms in which most 
eQTLs modulate gene expression. Interestingly, all new asso-
ciated SNPs interact with the promoters of surrounding genes, 
suggesting them as putative candidates with a role in the patho-
physiology of these conditions (online supplementary tables S4 
and S5).

The prevalence of SSc, SLE and IIM is low and there are no 
specific treatments for these diseases in comparison with RA; 
therefore, given our current knowledge on the use of genetic find-
ings in drug target validation and drug repurposing, we evaluated 
if drugs currently indicated for RA had the potential to be used in 
any of the other IMIDs under study. Our meta-analysis revealed 
that ten loci overlap with known RA risk genes. For instance, the 
gene-product of TYK2 is targeted directly by Tofacitinib, which 
inhibits janus kinases (https://www. drugbank. ca/ drugs/ DB08895) 
or indirectly through the interleukin 6 (IL-6) family signalling 
pathway by targeting the IL6 receptor with Tocilizumab (https://
www. drugbank. ca/ drugs/ DB06273). Both drugs are currently 
indicated for patients with moderate to severe RA who respond 
poorly to disease-modifying antirheumatic drugs. As TYK2 is 
associated with SSc, SLE and IIM, it is a good candidate for 
therapy repositioning in these diseases. As a proof of concept, 

Tofacitinib is currently on trial for SLE (clinical trial identifier 
NCT02535689), SSc (NCT03274076) and Dermatomyositis 
(NCT03002649). Overall, we found that five of the loci identi-
fied in our meta-analysis interact with 17 genes that are consid-
ered drug targets, six of which are used for the treatment of these 
diseases (table 4). Another interesting candidate for drug repur-
posing is Imatinib, a kinase inhibitor that targets ABL1, which 
interacts with the gene product of BLK, a known locus associated 
with SSc and RA (table 4). Imatinib is currently being tested for 
SSc (NCT00555581) and RA (NCT00154336).

As compared with previous cross-phenotype studies of 
autoimmune diseases, our study has the strength of analysing 
systemic seropositive rheumatic diseases, which is a consistent 
clinical phenotype than in the diseases investigated previously, 
where mixed seropositive and seronegative diseases were anal-
ysed, and combining systemic and organ-specific diseases.8 9 The 
study of a more homogenous phenotype allowed us to deter-
mine that the type I IFN signalling pathway and its regulation 
play a more prominent role in these conditions than in others, 
based on the associations observed in NAB1, TYK2, PTPN11, 
IRF5 and IRF8. Additionally, we performed a genome-wide scan 
to identify shared genetic aetiologies, as opposed to the study 
performed by Ellinghaus et al whose analyses were limited to 
the 186 autoimmune disease-associated loci implemented in the 
Immunochip platform. The study performed by Li et al—which 
was also a meta-analysis of GWAS data—was focused on paedi-
atric autoimmune diseases, whereas our study was on a new 
combination of diseases in adult population.

In summary, this is the first study to investigate shared common 
genetic variation in four systemic seropositive rheumatic IMIDs 
in adults. We identified 26 genome-wide significant independent 
loci associated with at least two diseases, of which five loci had 
not been reported before. The shared risk variants and their 
likely target genes are functionally enriched in relevant immune 
cells and significantly enriched in drug targets, indicating that it 
may assist drug repositioning among genetically related diseases 
based on genomics data.
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AbsTRACT
Objective To estimate (1) crude and age-and gender-
adjusted incidence rates (iRs) of serious infections 
(si) and (2) relative risks (RR) of si in patients with 
rheumatoid arthritis (Ra) initiating treatment with 
abatacept, rituximab or tocilizumab in routine care.
Methods This is an observational cohort study 
conducted in parallel in Denmark and sweden including 
patients with Ra in Denmark (DanBiO) and sweden 
(anti-Rheumatic Treatment in sweden Register/swedish 
Rheumatology Quality Register) who started abatacept/
rituximab/tocilizumab in 2010–2015. Patients could 
contribute to more than one treatment course. incident 
si (hospitalisations listing infection) and potential 
confounders were identified through linkage to national 
registries. age- and gender-adjusted iRs of si per 100 
person years and additionally adjusted RRs of si during 
0–12 and 0–24 months since start of treatment were 
assessed (Poisson regression). Country-specific RRs were 
pooled using inverse variance weighting.
Results We identified 8987 treatment courses 
(abatacept: 2725; rituximab: 3363; tocilizumab: 2899). 
at treatment start, rituximab-treated patients were 
older, had longer disease duration and more previous 
malignancies; tocilizumab-treated patients had higher 
C reactive protein. During 0–12 and 0–24 months 
of follow-up, 456 and 639 si events were identified, 
respectively. The following were the age- and gender-
adjusted 12-month iRs for abatacept/rituximab/
tocilizumab: 7.1/8.1/6.1 for Denmark and 6.0/6.4/4.7 
for sweden. The 24-month iRs were 6.1/7.5/5.2 
for Denmark and 5.6/5.8/4.3 for sweden. adjusted 
12-month RRs for tocilizumab versus rituximab were 
0.82 (0.50 to 1.36) for Denmark and 0.76 (0.57 
to 1.02) for sweden, pooled 0.78 (0.61 to 1.01); 
for abatacept versus rituximab 0.94 (0.55 to 1.60) 
for Denmark and 0.86 (0.66 to 1.13) for sweden, 
pooled 0.88 (0.69 to 1.12); and for abatacept versus 
tocilizumab 1.15 (0.69 to 1.90) for Denmark and 1.14 
(0.83 to 1.55) for sweden, pooled 1.13 (0.91 to 1.42). 
The adjusted RRs for 0–24 months were similar.
Conclusion For patients starting abatacept, rituximab 
or tocilizumab, differences in baseline characteristics 
were seen. numerical differences in iR of si between 
drugs were observed. RRs seemed to vary with drug 
(tocilizumab < abatacept < rituximab) but should be 
interpreted with caution due to few events and risk of 
residual confounding.

InTROduCTIOn
The treatment options for patients with rheuma-
toid arthritis (RA) have improved significantly over 
the last decades.1 Biologic disease-modifying anti-
rheumatic drugs (bDMARDs) comprise drugs with 
different modes of action and may be categorised 
as tumour necrosis factor inhibitors (TNFi) and 
non-TNFi bDMARDs (eg, abatacept, tocilizumab, 
rituximab).2 Due to their impact on the immune 
system, safety concerns including serious infections 
have been raised.3

While clinical trials generate short-term safety 
data in highly selected populations, observational 
studies based on data from clinical registries may 
provide information on longer term safety and 
safety in larger and unselected populations reflec-
tive of routine care.3–5 For patients with RA treated 

Key messages

What is already known about this subject?
 ► Serious (=hospitalised) infections (SI) during 
treatment with tumour necrosis factor inhibitors 
(TNFi) in rheumatoid arthritis (RA) are a 
concern.

 ► The risk of SI with other types of biologic 
disease-modifying antirheumatic drugs is less 
characterised.

What does this study add?
 ► This study included >8000 treatment series 
of patients with RA treated with non-
TNFi—abatacept (ABA), rituximab (RTX) and 
tocilizumab (TCZ)—in routine care in Denmark 
and Sweden.

 ► Differences in baseline characteristics and 
numerical differences in incidence rate between 
the three drugs were observed.

 ► The relative risk of SI seemed to vary modestly 
with drug (TCZ < ABA < RTX).

How might this impact on clinical practice or 
future developments?

 ► The findings should be interpreted with caution 
due to the few events and the risk of residual 
confounding, but do not support that one non-
TNFi should be recommended over the other for 
patients with RA at high risk of SIs.
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with TNFi, large observational studies have suggested an initial 
twofold increased risk of serious infections compared with 
biologics-naïve patients.6–8 Long-term observational studies on 
the risk of serious infections in patients treated with non-TNFi 
bDMARDs are sparse, reporting incidence rates (IRs) of serious 
infections between 2.8 and 18.7/100 person years (PY),9–14 
which when compared with TNFi have corresponded to HRs 
of between 0.91 (rituximab) and 1.28 (tocilizumab).12 13 15 In all 
studies, CIs have been wide.12 13 15 Between-drug comparisons of 
the three non-TNFi bDMARDs have only been performed in one 
observational study, of US Medicare patients, which reported an 
HR of 1.36 for rituximab and 1.10 for tocilizumab compared 
with abatacept.14

Confounding by indication (ie, channelling of patients with 
certain characteristics to certain drugs) is a challenge for observa-
tional comparative safety studies, and may, if not accounted for, 
bias the observed safety profiles between non-TNFi bDMARDs 
in real-life patients.16

In light of the scarcity of comparative data on the risk of 
serious infections with non-TNFi bDMARDs, we took advan-
tage of the Swedish and Danish large-scale clinical rheumatology 
registers and possibilities to enrich these data further through 
linkages to national registers. In patients with RA treated with 
abatacept, rituximab or tocilizumab, we aimed to estimate (1) 
crude as well as age- and gender-adjusted IRs of serious infec-
tions and (2) relative risks (RR) of serious infections during 0–1 
and 0–2 years since treatment start, taking potential channelling 
into account.

PATIenTs And MeTHOds
This observational cohort study was conducted in Denmark 
and Sweden in parallel. The Danish DANBIO registry covers 
90%–98% of adults with rheumatic diseases treated with 
bDMARDs in routine care.17 18 The Swedish Anti-Rheumatic 
Treatment in Sweden Register (ARTIS) builds on the Swedish 
Rheumatology Quality Register and covers 87%–95% of 
bDMARD-treated patients with RA.19 Clinical data are collected 
prospectively in both registries.

Patients with RA were identified in DANBIO and ARTIS and 
included in the current study if they started treatment with 
abatacept, tocilizumab or rituximab between January 2010 and 
December 2015, either as their first ever bDMARD treatment 
course or with a history of treatment with another bDMARD 
(switchers). Patients could contribute more than one treatment 
course. Abatacept, rituximab and tocilizumab were made clin-
ically available during 2008 and 2009, and therefore January 
2010 was chosen as start of follow-up to allow ≥1 year of run-in 
of the three treatment groups.

Patient characteristics and disease activity at the date of treat-
ment start (baseline) were retrieved from DANBIO and ARTIS. 
If there were no available baseline data, the first visit with clin-
ical data from 30 days before until 6 days after baseline was 
used.

By use of the unique civil registration numbers, the clinical 
data were enriched through linkage of DANBIO and of ARTIS to 
each country’s National Patient Registry and National Prescrip-
tion Drug Registry.20–23 The national patient registries have 
virtually complete data on inpatient and outpatient contacts in 
specialised care. When a patient is discharged from hospital, the 
primary and contributory diagnoses are coded by the physician 
(according to the International Classification of Diseases, 10th 
revision [ICD-10] and before 1994: ICD-8); the same applies to 
outpatient visits.

The main outcome was IR and RR of serious infection during 
treatment with a non-TNFi bDMARD. Serious infection was 
defined as the first hospitalisation with a primary discharge diag-
nosis (or contributory, if the primary diagnosis was RA) listing 
infection (for ICD codes, see online supplementary table S1) 
during follow-up from each treatment start. Serious infections 
were assessed from baseline until 12 months after treatment 
start, from baseline until 24 months after treatment start, and in 
consecutive 6-month intervals during the first 24 months after 
treatment start.

To capture infections likely attributable to the non-TNFi 
bDMARD, we considered patients as treated until 90 days after 
registered discontinuations of this treatment. Accordingly, expo-
sure time was defined as days from baseline to the first of the 
following: first serious infection, 90 days after registered discon-
tinuation of the non-TNFi bDMARD treatment, end of follow-up, 
emigration, start of treatment with another bDMARD, death or 
end of study period (Sweden: 31 December 2015; Denmark: 31 
July 2015). For abatacept and tocilizumab, if the same drug was 
restarted within 3 months after the recorded stop, with no other 
bDMARD between, the treatment periods were considered as 
one. For rituximab, and due to the dosing regimen for this drug, 
the corresponding timeframe was 6 months.

Covariates
The following covariates (reflecting status at start of the treatment 
in question) were included: (1) from DANBIO/ARTIS: calendar 
year, RA disease duration (years), treatment history (biolog-
ics-naïve/switch from TNFi/switch from non-TNFi bDMARD), 
glucocorticoid use (injections or oral) during the previous year 
(yes/no), Disease Activity Score of 28 joints (DAS28; remis-
sion/low/moderate/high disease activity/missing), functional 
status (Health Assessment Questionnaire [HAQ; continuous]), 
C reactive protein (CRP; ≤10 mg/L or >10 mg/L), use of any 
concomitant conventional synthetic disease-modifying antirheu-
matic drugs (yes/no), use of concomitant methotrexate (yes/no), 
IgM rheumatoid factor status (positive/negative), and current 
smoking (yes/no/missing); (2) from national patient registries: 
diagnosis (inpatient or outpatient contact) of cancer ever (yes/
no), and of any of the following during the 5 years prior to treat-
ment start (yes/no): serious infection, knee or hip prosthesis, 
chronic obstructive or interstitial pulmonary disease (COPD), 
diabetes, myocardial infarction or chronic kidney disease (see 
online supplementary table S1 for ICD codes), and days of 
hospitalisation in the year prior to treatment start (tertiles); and 
(3) from prescription drug registries (the year prior to baseline): 
number of unique (reimbursed in Denmark and dispensed in 
Sweden) prescription episodes (tertiles). If a patient had more 
than one prescription, every prescription was counted (summed 
up for antibiotics Anatomical Therapeutic Chemical Classifica-
tion (ATC) code J01, antimycotic J04 and antiviral drugs J05).

statistical analysis
All analyses were conducted separately in the two countries (SAS 
V.9.4) according to a predefined statistical analysis plan. Descrip-
tive results are presented as median (IQR) or as percentages.

Patients who, during the study period, started more than one 
non-TNFi bDMARD contributed PY (and potential events) to 
both treatments according to the definition of time on non-TNFi 
bDMARD (exposure time). Thus, a patient could contribute 
more than one treatment course, which was accounted for in the 
statistical analysis with robust SEs. Crude IRs of serious infec-
tions are presented as events/100 PY with 95% CI. Crude IRs for 
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Table 1 Baseline characteristics of Danish and Swedish patients with RA treated with abatacept, rituximab and tocilizumab between 2010 and 
2015, stratified by drug and country

Variable
Abatacept
n=2725

Rituximab
n=3363

Tocilizumab
n=2899

Country denmark sweden denmark sweden denmark sweden

  Treatment course, n* 830 1895 718 2645 1098 1801

  Female gender, % (n) 78 (648) 81 (1531) 78 (566) 76 (2005) 78 (852) 79 (1417)

  Age, years 59 (50–67) 61 (51–69) 61 (52–69) 64 (54–71) 59 (50–67) 59 (49–67)

  Disease duration, years 7 (3–16) 11 (6–21) 11 (5–19) 13 (6–22) 8 (3–16) 11 (5–20)

  Current smoking, % 26 15 16 15 17 15

  IgM RF, positive, % 61 79 67 89 58 79

  Glucocorticoids, % 48 49 57 45 56 50

  Concomitant methotrexate, % 66 46 56 43 46 43

  Other csDMARDs†, % 26 10 26 12 23 8

  Previous bDMARDs, n 1 (0–3) 2 (1–3) 2 (1–3) 1 (0–2) 2 (1–3) 2 (1–3)

  DAS28 4.7 (3.9–5.5) 4.9 (4.1–5.7) 4.9 (4.0–5.6) 5.0 (4.1–5.8) 5.0 (4.1–5.8) 5.1 (4.2–6.0)

  CRP, mg/L 8 (3–20) 8 (4–21) 10 (4–23) 10 (4–25) 11 (4–30) 11 (4–30)

  HAQ 1.4 (0.8–1.9) 1.3 (0.9–1.8) 1.5 (1.0–2.0) 1.3 (0.9–1.8) 1.4 (1.0–2.0) 1.3 (0.9–1.8)

Medical history prior to baseline

  Cancer‡, % 1 5 9 13 2 6

  Serious infection§, % 23 15 28 13 25 10

  Knee or hip prosthesis§, % 8 9 10 8 10 8

  COPD§, % 7 5 9 7 7 3

  Diabetes§, % 6 9 5 8 5 6

  Myocardial infarction§, % 1 2 0 2 1 2

  Chronic kidney disease§, % 2 2 1 3 2 3

  Antibiotic prescription**¶, % 50 49 56 43 51 42

  Total hospital days¶ 5 (2–16) 0 (0–2) 6 (3–16) 0 (0–2) 5 (3–16) 0 (0–1)

  Previous hospitalisations§, n 1 (1–2) 0 (0–1) 1 (1–2) 0 (0–1) 1 (1–2) 0 (0–1)

  Previous outpatient visits¶, n 16 (11–22) 7 (4–11) 17 (12–23) 7 (4–11) 16 (12–22) 7 (4–11)

Numbers are medians (IQR) unless otherwise stated. Both first line and switchers are included.
*Data availability is shown in online supplementary table S2.
†Other csDMARDs: sulfasalazine, hydroxychloroquine and leflunomide.
‡Ever.
§0–5 years from baseline and back.
¶0–1 year from baseline and back.
**Proportion of patients who have reimbursed (DK) or dispensed (S) a prescription of antibiotics (ATC code J01), antimycotic (J04) and antiviral (J05).
COPD, chronic obstructive or interstitial pulmonary disease; CRP, C reactive protein; DAS28, Disease Activity Score of 28 joints; HAQ, Health Assessment Questionnaire; RA, 
rheumatoid arthritis; RF, rheumatoid factor; bDMARD, biologic disease-modifying antirheumatic drug; csDMARD, concomitant conventional synthetic disease-modifying 
antirheumatic drug.

each drug were adjusted for age and gender using Poisson regres-
sion. In sensitivity analyses, we additionally classified patients as 
biologics-naïve or switchers. By multivariable Poisson regression 
models, we conducted pairwise comparisons of the non-TNFi 
bDMARD to estimate RR. Potential confounders were selected 
among the above-mentioned covariates (adjusted for age and 
gender) in two ways: (1) identified a priori as clinically relevant: 
age, gender, DAS28, disease duration, HAQ, smoking, previous 
malignancy, previous serious infection, previous number of 
prescriptions and previous COPD; and (2) variables which in 
age- and gender-adjusted analyses changed the estimate mark-
edly. Data availability is shown in online supplementary table S2.

Three multivariable models were developed, where the 
above-mentioned variables were included. Model A was adjusted 
for age and gender. Model B was adjusted for the covariates in 
model A plus variables from DANBIO/ARTIS (DAS28, smoking, 
disease duration and HAQ). Model C was adjusted for the 
covariates in model B plus variables from national patient regis-
tries (previous serious infection, previous malignancy, previous 
COPD and number of prescriptions). Finally, the RRs for both 

countries were pooled using inverse variance weighting to 
provide an overall estimate.

For the main analyses, no imputation of missing data was 
performed. AFor sensitivity analyses, multiple imputation by 
chained equation for missing data were performed.

ResulTs
baseline characteristics
A total of 8987 non-TNFi bDMARD treatment courses (6648 
unique patients) were identified (abatacept: 2725; rituximab: 
3363; tocilizumab: 2899) (table 1). In 25% of the treatment 
courses in Denmark, patients were biologic-naïve, in Sweden 
21% were biologic-naïve. Four hundred and twenty-eight 
patients in Denmark and 1066 patients in Sweden contributed 
follow-up time to more than one treatment course. In 55% of 
the treatment courses, patients had previously been treated with 
a TNFi, and in 22% patients had previously received another 
non-TNFi bDMARD (both termed switchers). In both coun-
tries, use of rituximab was associated with higher age, longer 
disease duration and more often with a history of malignancy. 
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Table 2 Danish and Swedish patients with RA: crude and age- and gender-adjusted IR of serious infections per 100 PY 0–12 months and 0–24 
months after starting treatment with abatacept, rituximab or tocilizumab

Abatacept Rituximab Tocilizumab

Serious infections, 0–12 months

Country Denmark Sweden Denmark Sweden Denmark Sweden

PY 568 1477 571 2189 906 1426

Infections, n 40 90 50 156 55 65

Crude IR/100 PY (95% CI) 7.0 (5.2 to 9.6) 6.1 (5.0 to 7.5) 8.8 (6.7 to 11.6) 7.1 (6.1 to 8.3) 6.1 (4.7 to 7.9) 4.6 (3.6 to 5.8)

Adjusted IR* 7.1 (5.1 to 9.9) 6.0 (4.8 to 7.5) 8.1 (5.9 to 11.0) 6.4 (5.3 to 7.7) 6.1 (4.6 to 8.1) 4.7 (3.7 to 6.1)

Serious infections, 0–24 months

PY 712 2183 871 3579 1366 2162

Infections, n 42 127 69 241 70 90

Crude IR/100 PY (95% CI) 5.9 (4.4 to 8.0) 5.8 (4.9 to 6.9) 7.9 (6.3 to 10.1) 6.7 (5.9 to 7.6) 5.1 (4.1 to 6.5) 4.2 (3.4 to 5.1)

Adjusted IR* 6.1 (4.4 to 8.3) 5.6 (4.6 to 6.7) 7.5 (5.8 to 9.7) 5.8 (5.0 to 6.8) 5.2 (4.1 to 6.7) 4.3 (3.4 to 5.3)

*Adjusted for age and gender.
IR, incidence rate; PY, person years; RA, rheumatoid arthritis.

Table 3 Danish and Swedish patients with RA: crude and age-adjusted and gender-adjusted IR of serious infections in 6-month intervals 
following start of treatment with abatacept, rituximab or tocilizumab

Abatacept Rituximab Tocilizumab

serious infections, 0–6 months

  Country Denmark Sweden Denmark Sweden Denmark Sweden

  PY 359 858 329 1202 507 818

  Infections, n 34 51 38 99 35 42

  Crude IR/100 PY (95% CI) 9.5 (6.8 to 13.3) 5.9 (4.5 to 7.8) 11.6 (8.4 to 15.9) 8.2 (6.8 to 10.0) 6.9 (5.0 to 9.6) 5.1 (3.8 to 6.9)

  Adjusted IR 9.7 (6.8 to 13.8) 5.9 (4.4 to 8.0) 11.0 (7.8 to 15.6) 7.5 (5.9 to 9.5) 7.1 (5.0 to 10.0) 5.5 (4.0 to 7.4)

Serious infections, 6–12 months

  PY 209 619 242 987 399 608

  Infections, n 6 39 12 57 20 23

  Crude IR/100 PY (95% CI) 2.9 (1.3 to 6.4) 6.3 (4.6 to 8.6) 5.0 (2.8 to 8.8) 5.8 (4.5 to 7.5) 5.0 (3.2 to 7.8) 3.8 (2.5 to 5.7)

  Adjusted IR* 2.5 (1.1 to 5.7) 5.9 (4.2 to 8.4) 3.8 (2.0 to 7.0) 5.0 (3.7 to 6.7) 4.4 (2.7 to 7.0) 3.8 (2.4 to 5.9)

Serious infections, 12–18 months

  PY 85 407 166 759 254 412

  Infections, n 1 26 10 43 6 17

  Crude IR/100 PY (95% CI) 1.2 (0.2 to 8.4) 6.4 (4.3 to 9.4) 6.0 (3.2 to 11.2) 5.7 (4.2 to 7.6) 2.4 (1.1 to 5.3) 4.1 (2.6 to 6.6)

  Adjusted IR* 1.0 (0.1 to 7.3) 5.8 (3.9 to 8.6) 4.6 (2.2 to 9.5) 4.5 (3.1 to 6.7) 2.1 (1.1 to 4.9) 4.1 (2.5 to 6.7)

Serious infections, 18–24 months

  PY 59 299 133 632 205 323

  Infections, n 1 11 9 42 9 8

  Crude IR/100 PY (95% CI) 1.7 (0.2 to 12) 3.7 (2.0 to 6.6) 6.8 (3.5 to 13.1) 6.6 (4.9 to 9.0) 4.4 (2.3 to 8.4) 2.5 (1.2 to 4.9)

  Adjusted IR* 1.7 (0.2 to 12) 3.1 (1.6 to 5.8) 6.7 (3.5 to 12) 5.2 (3.5 to 7.8) 4.2 (2.2 to 8.2) 2.2 (1.1 to 4.6)

*Adjusted for age and gender.
IR, incidence rate; PY, person years; RA, rheumatoid arthritis.

Tocilizumab was associated with higher baseline CRP (table 1). 
In biologics-naïve patients who started abatacept (n=601), 
rituximab (n=958) or tocilizumab (n=461), a similar pattern for 
rituximab was observed (online supplementary table S3).

IRs of serious infections
During the first 12 months from treatment start, 456 serious 
infections were identified (abatacept: 130; rituximab: 206; 
tocilizumab: 120) (table 2), of which 299 (66%) occurred within 
the first 6 months of treatment (table 3). The corresponding 
numbers during the first 24 months were 639 (abatacept: 169; 
rituximab: 310; tocilizumab: 160) (table 2). In the first 12 
months after treatment start, the highest age- and gender-ad-
justed IR of infection was observed in patients treated with ritux-
imab, followed by abatacept and tocilizumab, in both Denmark 

and Sweden (table 2). However, the 95% CIs were wide and 
overlapping. The Danish rates were consistently higher than the 
Swedish. When stratifying the analysis by biologics-naïve patients 
and switchers, a similar pattern was found (online supplemen-
tary table S4). Similar results were observed when follow-up was 
extended from 12 to 24 months (table 2).

Analyses by 6-month intervals showed that age- and gender-ad-
justed IRs of serious infections were highest during the first 6 
months for patients treated with rituximab (Denmark: 11.0 [7.8 
to 15.6]/100 PY; Sweden: 7.5 [5.9 to 9.5]/100 PY) and tocili-
zumab (Denmark: 7.1 [5.0 to 10.0]/100 PY; Sweden: 5.5 [4.0 
to 7.4]/100 PY) and patients treated with abatacept in Denmark 
(9.7 [6.8 to 13.8]/100 PY) (figure 1, table 3). For Swedish 
patients treated with abatacept, the age-adjusted and gender-ad-
justed IRs were similar from 0 to 6 and 6–12 months (5.9/100 
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Figure 1 Age- and gender-adjusted IR of serious infections among Danish and Swedish patients with RA, in 6-month intervals, following start of 
treatment with abatacept, rituximab or tocilizumab. IR, incidence rate; RA, rheumatoid arthritis.

PY) (figure 1, table 3). The IRs during the first 6 months strat-
ified by biologics-naïve and switchers showed the same pattern 
(online supplementary table S4).

Country-specific RR of serious infections across the three 
non-TnFi bdMARds
Differences in RRs across the three non-TNFi bDMARDs were 
observed. During the first 12 months since treatment start, the 
RR for serious infection (model A) for tocilizumab versus ritux-
imab was 0.76 (0.52 to 1.11) in Denmark and 0.75 (0.56 to 
1.00) in Sweden, 0.89 (0.58 to 1.34) in Denmark and 0.94 (0.72 
to 1.22) in Sweden for abatacept versus rituximab, and 1.17 
(0.77 to 1.76) in Denmark and 1.26 (0.93 to 1.71) in Sweden for 
abatacept versus tocilizumab (figure 2, table 4). Thus, the direc-
tions were the same in Denmark and Sweden, but all 95% CIs 
were wide and included 1. Overall, further adjustment (eg, for 
treatment history, glucocorticoids, disease duration and comor-
bidities) in models B and C only had minor impact on the RR 
estimates (table 4 and online supplementary table S5). Similar 
estimates were found after 24 months (table 4, online supple-
mentary table 6 and online supplementary material 1). Multiple 
imputation of missing data did not substantially change the esti-
mates (online supplementary table S5).

Pooled RR of serious infections across the three non-TnFI 
bdMARds
The RRs from model C during the first 12 months since treat-
ment start for Denmark and Sweden combined were 1.13 (0.91 
to 1.42) for abatacept versus tocilizumab, 0.88 (0.69 to 1.12) for 
abatacept versus rituximab, and 0.78 (0.61 to 1.01) for tocili-
zumab versus rituximab. All 95% CIs for model C included 1 
(figure 2, table 4). Similar RRs were found for models A and B, 
but the CIs for the comparison between tocilizumab and ritux-
imab did not include 1, that is, reached statistical significance 
(table 4).

dIsCussIOn
In this observational study of more than 8000 non-TNFi 
bDMARD treatment courses, we investigated the risk of serious 
(hospitalised) infection in patients with RA treated with abata-
cept, rituximab or tocilizumab in routine care in Denmark and 
Sweden. The rate of infections ranged from 4.7 to 8.1/100 PY 
during the first year and from 4.3 to 7.5/100 PY during the 
second year after treatment start. The patterns of risks and rela-
tive risks across treatments were consistent for Denmark and 
Sweden, with a ≈25% lower observed RR of infection during the 
first year after treatment start for tocilizumab and ≈10% lower 
RR for abatacept compared with rituximab, and ≈20% higher 
RR for abatacept compared with tocilizumab. However, the 
observed differences in risk should be interpreted with caution, 
considering potential channelling caused by confounding by 
indication and residual confounding.

As expected, since treatment with these drugs was not 
randomised, differences in baseline characteristics between the 
three patient groups were observed in both countries. Channel-
ling of, for example, older patients with more comorbidities to 
certain treatments increases the risk of a serious infection, as 
shown in previous studies of mainly TNFi-treated patients with 
RA.24–27 To accommodate such confounding by indication, we 
adjusted for treatment history, previous infections and comor-
bidities as measures of general frailty. However, this generally 
had limited impact on the observed age- and gender-adjusted 
RR. Few events in some patient strata may have affected the 
model.

The risks of serious infections were highest during the first 6 
months after treatment start for all three drugs. This was most 
prominent for Danish patients treated with abatacept and ritux-
imab, where a steep decline in IR after 6 months was observed 
(and based on small numbers). This decrease in risk corresponds 
to what has previously been reported from observational studies 
on TNFi6 28 and may represent a ‘healthy user effect’29 with a 
time-dependent depletion of patients susceptible to serious 
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Figure 2 Adjusted RR of serious infections among Danish and Swedish patients with RA in the first 12 months after start of treatment with ABA, 
RTX or TCZ. Model A: adjusted for age and gender. Model B: adjusted for the covariates in model A plus DAS28, smoking, disease duration and HQA. 
Model C: adjusted for the covariates in model B plus previous serious infection, previous malignancy, previous COPD and number of prescriptions. 
ABA, abatacept; COPD, chronic obstructive pulmonary disorder; DAS28, Disease Activity Score of 28 joints; HAQ, Health Assessment Questionnaire; RA, 
rheumatoid arthritis; RR, relative risk; RTX, rituximab; TCZ, tocilizumab.

infections. The same tendency was observed when the analysis 
was stratified by biologics-naïve and switchers.

Observational studies on the risk of serious infections in TNFi-
treated patients with RA have reported IRs between 1.66 and 5.4 
per 100 PY.6 28 30 These rates appear slightly lower than those 
observed in our study. This might reflect that patients who start 
treatment with non-TNFi bDMARDs represent a more selected 
cohort of patients. Thus, in most of the treatment courses, 
the patients in the present study had previously failed another 
bDMARD (switchers) or had previous malignancy or other risk 
factors that contraindicated treatment with TNFi. A meta-anal-
ysis on the risk of serious infections for non-TNFi bDMARDs 
based on data from randomised controlled trials (RCTs) and 
long-term extension studies reported lower IRs than in our 
study: 3.04 for abatacept, 3.72 for rituximab and 5.45 per 100 
PY for tocilizumab.31 This difference may be explained by the 
strict inclusion criteria for patients participating in RCTs. Only 
few observational studies of the risk of serious infections during 
treatment with non-TNFi bDMARDs in RA have been published, 
and they have reported IRs between 2.8 and 18.7.9 11–15 In 
patients treated in routine care, comparison of risk between 
non-TNFi bDMARDs have mainly been indirect with TNFi as 
reference drug, and the studies have shown partly conflicting 
results.11–15 One study compared tocilizumab with TNFi treat-
ment (HR=1.28).13 Another compared rituximab and tocili-
zumab with etanercept and reported, in contrast to our study, 
a lower risk for rituximab (HR=0.91) and higher for tocili-
zumab (HR=1.21).15 A third study compared abatacept with 
rituximab and found higher risk in abatacept-treated patients 
(HR=1.21).12 In all studies, the CIs were wide. An American 
study compared the three non-TNFi bDMARDs.14 With abata-
cept as reference, they reported an HR of 1.36 for rituximab and 

1.10 for tocilizumab, the latter conflicting our findings. In the 
same study, crude IRs for abatacept, tocilizumab and rituximab 
of 13.1/100 PY, 14.9/100PY and 18.7/100PY, respectively, were 
found during the first year of treatment.14 The study included 
31 801 new biologic treatment episodes in patients who had 
previously received another biologic agent and was based on a 
national insurance programme with mainly elderly (≥65 years) 
or disabled individuals. This might explain the considerably 
higher rates and make results less generalisable. A study from 
the German biologic registry RABBIT (Rheumatoid Arthritis: 
Observation of Biologic Therapy), reporting infection risk versus 
TNFi, showed a 15% higher infection risk for tocilizumab, an 
8% lower risk for rituximab and an 18% lower risk for abata-
cept.32 The estimates arising from these indirect comparisons are 
not in agreement with our direct comparisons, where rituximab 
had the highest risk, followed by abatacept and tocilizumab.

Concomitant treatment with glucocorticoids is known to 
increase risk of serious infections.33 34 High-dose glucocorticoids 
are routinely given prior to rituximab infusions. Furthermore, 
glucocorticoids are used as bridging therapy. We adjusted RRs 
for the use of glucocorticoids (oral and parenteral), obtaining 
information from DANBIO and ARTIS, but it did not change the 
estimates substantially. Some missing/incorrect registration may 
occur in these data from the registries.

This study has strengths and limitations. High-quality clinical 
prospective data from nationwide rheumatological registries 
were enriched with data from virtually complete national regis-
tries. Including data from two countries increased the number of 
events and the external validity. We observed similar interdrug 
relationships infection risk for both countries, suggesting that 
our results are not explained by country-specific factors. Loss to 
follow-up was negligible, thus reducing the risk of selection bias. 
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Table 4 Danish and Swedish patients with RA treated with abatacept, rituximab or tocilizumab, adjusted RRs of SI

Abatacept vs tocilizumab (ref) Abatacept vs rituximab (ref) Tocilizumab vs rituximab (ref)

during 12 months since treatment start, models A, b and C, stratified by country

Model A

Adjusted for age and gender

Denmark Sweden Denmark Sweden Denmark Sweden

Adjusted RR (95% CI) 1.17
(0.77 to 1.76)

1.26
(0.93 to 1.71)

0.89
(0.58 to 1.34)

0.94
(0.72 to 1.22)

0.76
(0.52 to 1.11)

0.75
(0.56 to 1.00)

Model B

Adjusted for age, gender, DAS28, smoking, disease duration and HAQ

Adjusted RR (95% CI) 1.21
(0.74 to 2.00)

1.24
(0.92 to 1.69)

0.98
(0.58 to 1.67)

0.92
(0.70 to 1.20)

0.81
(0.49 to 1.33)

0.74
(0.55 to 0.99)

Model C

Adjusted for variables in model B + previous SI*, previous cancer†, previous COPD* and tertiles of prescriptions‡

Adjusted RR (95% CI) 1.15
(0.69 to 1.90)

1.14
(0.83 to 1.55)

0.94
(0.55 to 1.60)

0.86
(0.66 to 1.13)

0.82
(0.50 to 1.36)

0.76
(0.57 to 1.02)

during 24 months since treatment start, models A, b and C, stratified by country

Model A

Adjusted for age and gender

Denmark Sweden Denmark Sweden Denmark Sweden

Adjusted RR (95% CI) 1.15
(0.79 to 1.69)

1.31
(1.01 to 1.69)

0.81
(0.55 to 1.19)

0.95
(0.77 to 1.18)

0.70
(0.50 to 0.98)

0.73
(0.57 to 0.93)

Model B

Adjusted for age, gender, DAS28, smoking, disease duration and HAQ

Adjusted RR (95% CI) 1.24
(0.78 to 1.98)

1.27
(0.97 to 1.65)

0.95
(0.59 to 1.55)

0.95
(0.76 to 1.18)

0.77
(0.50 to 1.18)

0.75
(0.59 to 0.96)

Model C

Adjusted for variables in model B + previous SI*, previous cancer†, previous COPD* and tertiles of prescription‡

Adjusted RR (95% CI) 1.13
(0.71 to 1.82)

1.15
(0.88 to 1.49)

0.89
(0.54 to 1.47)

0.88
(0.70 to 1.10)

0.79
(0.50 to 1.22)

0.77
(0.60 to 0.98)

during 12 months since treatment start, models A, b and C, pooled analysis for both countries

Adjusted RR (95% CI), p heterogeneity§ Adjusted RR (95% CI), p heterogeneity§ Adjusted RR (95% CI), p heterogeneity§

Model A 1.23 (0.96 to 1.58) p=0.76 0.93 (0.74 to 1.15) p=0.83 0.75 (0.60 to 0.95) p=0.91

Model B 1.23 (0.95 to 1.60) p=0.94 0.93 (0.73 to 1.18) p=0.84 0.76 (0.59 to 0.93) p=0.76

Model C 1.13 (0.91 to 1.42) p=0.95 0.88 (0.69 to 1.12) p=0.77 0.78 (0.61 to 1.01) p=0.83

Adjusted RRs of SIs during the first 12 and 24 months since treatment start are shown, stratified by country. Pooled analyses during the first 12 months since treatment start for 
both countries combined are also shown.
*0–5 years before baseline.
†0–ever before baseline.
‡Tertiles of unique prescription episodes of Anatomical Therapeutic Chemical Classification (ATC) codes J01, J04 and J05, 0–1 year before baseline.
§P heterogeneity for Denmark vs Sweden.
COPD, chronic obstructive or interstitial pulmonary disease; DAS28, Disease Activity Score of 28 joints; HAQ, Health Assessment Questionnaire; RA, rheumatoid arthritis; RR, 
relative risk; SI, serious infection.

Limitations included the risk of residual confounding due to 
the observational design. Also, information bias may have been 
present since some missingness occurred. This was addressed 
using multiple imputation analysis. There may be some misclas-
sification of exposure; for example, patients who go into remis-
sion withdraw from treatment without informing the hospital. 
Furthermore, misclassification of outcomes cannot be ruled out, 
for example, that fragile patients are hospitalised for less severe 
infections than younger patients are.

In conclusion, this collaborative project between Denmark and 
Sweden including more than 8000 treatment courses of patients 
with RA treated with abatacept, rituximab and tocilizumab in 
routine care demonstrated differences in baseline characteristics 
of the treated patients. IRs declined over time and numerical 
differences between the three drugs were observed. The RR 
of serious infection seemed to vary with drug (tocilizumab < 

abatacept < rituximab) but should be interpreted with caution 
due to the few events and the risk of residual confounding.
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Key messages

What is already known about this subject?
 ► Rheumatic disease represents one of the most 
common chronic diseases in women during 
the fertile years and former studies have 
indicated that women with rheumatoid arthritis 
have difficulty conceiving compared with 
reference populations. The efficacy of assisted 
reproductive technology (ART) in women with 
rheumatoid arthritis has never been studied.

What does this study add?
 ► In this nationwide study we found that ART 
treatments in women with rheumatoid arthritis 
had a significantly decreased chance of live 
birth per embryo transfer, compared with ART 
treatments in women without rheumatoid 
arthritis, and our data suggest that the reason is 
related to decreased chance of implantation of 
the embryo.

 ► Our results on the role of corticosteroid prior 
to embryo transfer are not unambiguous, and 
future studies must examine the mechanisms 
between corticosteroid, and other medications 
for rheumatoid arthritis, in relation to 
fertilisation and implantation.

How might this impact on clinical practice or 
future developments?

 ► These first data on the efficacy of ART treatment 
in women with rheumatoid arthritis suggest 
that they cannot expect the same success 
per embryo transfer as other women seeking 
ART. Future studies have to examine the role 
of corticosteroids prior to embryo transfer in 
women with autoimmune diseases.

 ► Our results should be considered when planning 
the offered number of ART treatment cycles in 
women with rheumatoid arthritis, and when 
preparing clinical guidelines for ART treatments.

AbsTRACT
Objectives no studies have examined the efficacy 
of assisted reproductive technology (aRT) treatment 
in women with rheumatoid arthritis. Therefore, we 
examined the chance of live birth after aRT treatment in 
women with rheumatoid arthritis compared with women 
without rheumatoid arthritis.
Methods Our cohort study is based on nationwide 
Danish health registries, comprising all women with an 
embryo transfer during 1 January 1994 through 30 June 
2017. The cohorts comprised 1149 embryo transfers in 
women with rheumatoid arthritis, and 198 941 embryo 
transfers in women without rheumatoid arthritis. Our 
outcome was live birth per embryo transfer, and we 
controlled for multiple covariates in the analyses. in 
subanalyses, we examined a chance of biochemical/
clinical pregnancy after aRT and a possible impact of 
corticosteroid use prior to embryo transfer.
Results The adjusted OR (aOR) for a live birth per 
embryo transfer in women with rheumatoid arthritis, 
relative to women without rheumatoid arthritis, was 
0.78 (95% Ci 0.65 to 0.92). The aORs for biochemical 
and clinical pregnancies were 0.81 (95% Ci 0.68 to 
0.95) and 0.82 (95% Ci 0.59 to 1.15), respectively. 
Corticosteroid prescription prior to embryo transfer 
increased the OR for live birth (aOR=1.32 (95% Ci 0.85 
to 2.05)).
Conclusions The chance of a live birth was significantly 
reduced in women with rheumatoid arthritis receiving 
aRT treatment, relative to women without rheumatoid 
arthritis, and our result suggested that the problem was 
related to an impaired chance of embryo implantation. 
The role of corticosteroid use prior to embryo transfer 
must be a subject for further research.

InTROduCTIOn
Having a child is one of the most important life 
events during adulthood, but the ability to conceive 
naturally is often not a matter of course. Women 
with rheumatic disease represent one of the 
most common chronic disease groups diagnosed 
during the fertile years,1 and therefore questions 
about reproductive issues become of significant 
importance.

The question of interest for this study is the 
success of infertility treatment in women with 
rheumatoid arthritis (RA) who cannot conceive 
naturally. In women with RA, former studies have 
focused on reproduction questions such as waiting 
time to pregnancy,2 fertility rates,3 4 probability of 

having a second child5 and the time span of repro-
duction.3 Overall, these studies have indicated 
that it is difficult for women with RA to conceive 
compared with reference populations. It might be 
a result of the disease and/or the treatment,2 4 6 and 
this theory is supported by a study showing that 
women with RA are more likely to have infertility 
treatment compared with controls.2 So far, there 
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have been no studies on the efficacy of assisted reproductive 
technology (ART) treatment in women with RA.

The relevance of examining the efficacy of ART treatment in 
women with RA is increasing as recent studies on other auto-
immune diseases (ulcerative colitis and Crohn’s disease) have 
suggested a reduced chance of having a live born child after ART 
treatment compared with other women undergoing ART.7–9 
Those results indicated that the reduced chance might be related 
to difficulties with implantation of the transferred embryo.8 
Also, there is an ongoing debate whether corticosteroid drugs 
such as prednisolone can be used with beneficial effect in ART 
treatment.10 11

We examined the efficacy of ART treatments in women with 
RA, based on Danish nationwide registries with a study period of 
23.5 years. In this study, ART treatments refer to in vitro fertili-
sation (IVF), with or without fertilisation with intracytoplasmic 
sperm injection (ICSI), and transfer of frozen-thawed (frozen 
embryo replacement, FER) embryos. We assessed the chance 
of a live birth following ART treatments in women with RA 
compared with women without RA receiving ART treatment. In 
subanalyses, we examined the chance of biochemical and clinical 
pregnancies, and finally we examined the impact of corticoste-
roid treatment prior to embryo transfer.

MeTHOds
setting and study population
In Denmark, we have a uniform organised healthcare system, 
and there is equal and free access to the tax-supported health-
care services. All citizens in Denmark (population approximately 
5.6 million inhabitants, >90% Caucasians) have a unique civil 
registration number. This number is assigned to all residents 
at birth and is used across all Danish health registries for valid 
record linkage on an individual level. Therefore, based on 
Danish health registries, we were able to use a nationwide popu-
lation-based design. We obtained nationwide data (1) related to 
ART procedures and cause of infertility from the Danish ART 
Registry, (2) on the outcome of infertility treatment (live birth) 
from the Danish Medical Birth Registry (MBR), (3) from the 
Danish National Patient Registry (NPR) on comorbid diseases, 
(4) from the Prescription Registry, and (5) from the Central 
Personal Registration system on death and immigration.12

The study population comprised all women registered in the 
ART registry with at least one embryo transfer during the study 
period of 1 January 1994 to 30 June 2017 (23.5 years study 
period), and all women had to have a valid civil registration 
number and be available for follow-up in Denmark. In Denmark, 
infertile couples and single women are offered up to three reim-
bursed IVF/ICSI treatment cycles with fresh embryos, and an 
unlimited number of frozen embryo transfer, if the woman’s age 
does not exceed 40 years. The Danish ART Registry records all 
treatment cycles performed in both public and private clinics.13 14 
The registry was established on 1 January 1994 and registration 
of all treatments is compulsory for all fertility clinics.13 14 In the 
ART registry, the recorded information on embryo transfer to 
the uterus could be a result of all preceding treatments (IVF, 
ICSI, FER).

exposed cohort
From the study population, all women with a diagnosis of RA 
were identified in the NPR. The exposed cohort included all 
patients who had at least two discharge diagnoses of RA from 
any hospital in Denmark at any time before the date of embryo 
transfer (International Classification of Diseases (ICD)-8 codes: 

712.19, 712.39, 712.59; ICD-10 codes: M05 and M06 (except 
M06.1)).15 16 The NPR has recorded all discharges from Danish 
hospitals since 1977 and all outpatient visits since 1994.17 18 
Information in the NPR includes details of hospital, department, 
dates of admission and discharge, procedures performed and 
discharge diagnoses based on the ICD (ICD-8 before 1994 and 
ICD-10 from 1994 onwards, ICD-9 was never used in Denmark).

Thus, the exposed cohort comprised all embryo transfers in 
women diagnosed with RA before the date of embryo transfer. 
Because each woman with RA could have several ART treat-
ments, the observation unit was embryo transfers.7 19–21

unexposed cohort
The unexposed cohort comprised all embryo transfers in women 
without diagnoses of RA before the date of embryo transfer; and 
similarly to the exposed cohort, the observation unit was each 
embryo transfer.

Outcome
The outcome was a live birth within a period of 124–292 days 
after each embryo transfer, and a live birth was identified in the 
MBR. Thus, a live birth was considered to be the result of the 
particular ART procedure if the difference was 140–308 days 
(20–44 weeks) from the last menstruation start, corresponding 
to 124–292 days after embryo transfer.7 20 The MBR has 
included information on all births in Denmark since 1 January 
1973, and data are obtained by compulsory birth notification 
forms, completed by the midwives who attend all births.22 23 The 
MBR includes data such as date of birth, mode of delivery, parity, 
smoking at the start of pregnancy, gestational age at time of 
birth, and birth weight and length. In subanalyses, we examined 
the outcomes (1) biochemical pregnancy (positive human chori-
onic gonadotropin (hCG) at 14–16 days after embryo transfer) 
and (2) clinical pregnancy (pregnancy detected by ultrasound 
examination approximately 7–8 weeks after embryo transfer).

data on confounders
Covariates included in the regression models were selected a 
priori. Data on Charlson Comorbidity Index were obtained from 
the NPR, calculated for each treatment cycle of each woman and 
were based on diagnoses recorded during all previous hospital-
isations since 1977.24 Two index levels were defined: no comor-
bidity (Charlson Comorbidity Index 0) and some comorbidity 
(Charlson Comorbidity Index ≥1). From the MBR we obtained 
information on parity (0,+1) and smoking at the start of preg-
nancy (yes/no). From the ART registry we used information on 
women’s age at time of embryo transfer (continuous variable), 
calendar year of infertility treatment (1994–1999, 2000–2005, 
2006–2011 and 2012–2017), type of ART treatment (IVF, 
ICSI, FER) and cause of infertility (female factor, male factor 
or mixture of factors/idiopathic). Since 2006, the ART registry 
has also included data on body mass index (BMI; categorised 
according to the WHO classifications as underweight (<18.5 kg/
m2), normal weight (18.5–24.9 kg/m2), overweight (25.0–29.9 
kg/m2) and obesity (≥30 kg/m2)), partner’s age, alcohol intake 
(yes/no) and smoking at the time of embryo transfer (yes/no). 
Biologic therapy has been available in Denmark since 2004, and 
in a subset of our cohort we examined a possible confounding 
impact of biologic therapy.

In subanalyses, we used data on prescribed corticosteroid 
prior to embryo transfer based on prescriptions according to the 
Anatomical Therapeutic Chemical (ATC) Classification system 
in women with RA, and we calculated the duration of RA at the 
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time of each ART treatment (calculated from the date of the first 
diagnosis of RA in the NPR until the date of embryo transfer).

statistical analyses
Main analyses for the outcome of live birth in women with RA
We constructed contingency tables for the main study variables 
according to the exposed and unexposed cohorts. We used 
multilevel logistic regression analyses to compute crude and 
adjusted relative risk estimates (prevalence OR with 95% CI) for 
live births following ART treatments in women with RA relative 
to women without RA, and the model accounted for multiple 
embryo transfers in the same woman. In the final regression 
model we adjusted for Charlson Comorbidity Index, women’s 
age at time of embryo transfer, calendar year of infertility treat-
ment, type of infertility treatment and cause of infertility. In 
an extended regression model, including data from 2006, we 
furthermore adjusted for BMI, partner’s age, maternal smoking 
at the time of embryo transfer and alcohol, but as this did not 
change the estimates these factors were omitted from the final 
model. Using only data from 2004, we examined a possible 
confounding impact of biologic therapy 3 months prior to 
embryo transfer. Use of biologics had however no impact on our 
results and was omitted from the final model. We also examined 
a possible impact of use of azathioprine, but because it had no 
impact on our results, it was omitted from the final model.

Subanalysis 1/the chance of biochemical and clinical pregnancies in 
women with RA
We estimated the chance of a biochemical pregnancy (posi-
tive hCG) in women with RA relative to women without RA 
receiving ART. In the multilevel logistic regression we adjusted 
for Charlson Comorbidity Index, women’s age at time of embryo 
transfer, calendar year of infertility treatment, type of infertility 
treatment and cause of infertility. These analyses were performed 
to investigate whether a reduced chance of live birth in the main 
analyses could be due to a reduced chance of conceiving after 
embryo transfer. From 2006, the ART registry includes complete 
data on clinical pregnancies and we also examined the chance 
of clinical pregnancy in women with RA relative to women 
without RA receiving ART (adjusted for Charlson Comorbidity 
Index, women’s age at time of embryo transfer, calendar year of 
infertility treatment, type of infertility treatment and cause of 
infertility).

Subanalysis 2/impact of corticosteroid use prior to embryo transfer 
on the chance of live birth
A possible impact of corticosteroid use prior to embryo transfer 
in women with RA was studied in subcohorts. Information on 
corticosteroid use was obtained from the nationwide Prescrip-
tion Registry.25 Since 1 January 1995, data on outpatient drug 
prescriptions have been available from this nationwide registry, 
and all pharmacies in Denmark are equipped with a comput-
erised accounting system which sends key data on outpatient 
drug prescriptions directly to this prescription database.25 We 
thus obtained prescription history of each person with RA (oral 
corticosteroid use according to ATC codes H02AB02 dexameth-
asone, H02AB04 methylprednisolone, H02AB06 prednisolone, 
H02AB07 prednisone, H02AB09 hydrocortisone). According 
to this information, we established two subcohorts among 
ART treatments in women with RA: (A) the exposed cohort 
were ART treatments in women with RA who had at least one 
prescription for corticosteroids in a period of 3 months before 
the date of embryo transfer, and (B) the unexposed cohort were 

ART treatments in women with RA who had not been treated 
with corticosteroids in the period of 3 months before the date 
of embryo transfer. Live birth in the exposed cohort (A) was 
compared with the unexposed cohort (B). As the nationwide 
Prescription Registry is valid from 1995, the study period for 
the subanalyses was restricted to data from 1995. In the multi-
level logistic regression models, we adjusted for duration of 
RA, Charlson Comorbidity Index, women’s age, calendar year 
of infertility treatment, type of infertility treatment and cause 
of infertility. Corresponding to the above, we also examined an 
impact of prescription of corticosteroids in a period of only 1 
month before the date of embryo transfer.

All analyses were conducted using Stata V.15 software 
(StataCorp, College Station, TX, USA).

ResulTs
Table 1 shows the characteristics for all the ART treatments in 
women with RA (exposed cohort) and women without RA (unex-
posed cohort). A total of 1149 ART treatments in 354 women 
with RA were included and 198 941 ART treatments in 66 
913 women without RA. Regarding the median age of women, 
and details on BMI, smoking, alcohol and parity, the descrip-
tive characteristics were similar in the exposed and unexposed 
cohorts. In the RA cohort, the cause of infertility was referred to 
as a female factor in 17.9% of the cases and a mixture of factors 
in 50.6% of the cases; the corresponding figures among the 
unexposed cohort were 24.9% and 43.3%, respectively. Among 
embryo transfers in patients with RA, the median duration of 
RA at the time of embryo transfer was 82 months (25%–75% 
percentiles: 42–134 months). Biologic therapy, available since 
2004, was used 80 times within a period of 3 months prior to 
embryo transfer in the exposed cohort and 141 times in the 
unexposed cohort.

live births
There were 208 live births in the exposed cohort (by 181 
women), and 47 077 live births in the unexposed cohort (by 39 
325 women). The ORs for an ART treatment in women with RA 
leading to a live birth, compared with ART treatments in women 
without RA, are given in table 2. Both the crude and the adjusted 
chance of a live birth were significantly reduced per ART treat-
ment in women with RA (adjusted OR (aOR)=0.78 (95% CI 
0.65 to 0.92)).

subanalysis 1/the chance of biochemical pregnancy and 
clinical pregnancy
Regarding the chance of a biochemical pregnancy after embryo 
transfer, the results are shown in table 3. The adjusted chance of 
a positive hCG in women with RA, relative to women without 
RA, was significantly reduced, aOR=0.81 (95% CI 0.68 to 
0.95). Our analyses on the chance of a clinical pregnancy after 
ART in women with RA, relative to women without RA, showed 
similar results, aOR=0.82 (95% CI 0.59 to 1.15).

subanalysis 2/impact of corticosteroid prior to embryo 
transfer
When we examined the impact of prescription of corticoste-
roids 3 months prior to embryo transfer, the aOR of live birth 
was 1.32 (95% CI 0.85 to 2.05) (table 4). Restricting the time 
period for prescription of corticosteroid to only 1 month prior 
to embryo transfer, the aOR for live birth in women with RA 
was 1.83 (95% CI 1.07 to 2.37), compared with women with RA 
who did not have a prescription of corticosteroid.
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Table 1 Descriptive characteristics of study cohorts of assisted reproductive technology (ART) treatments in women with rheumatoid arthritis and 
without rheumatoid arthritis during the study period of 1 January 1994 through 30 June 2017

Characteristics
exposed cohort (embryo transfers in women with 
rheumatoid arthritis) (n=1149)*†

unexposed cohort (embryo transfers in women without 
rheumatoid arthritis)
(n=198 941)*‡

Age at embryo transfer 

  Median (25%–75% percentiles) 35 (31–38) 34 (30–37)

Partner’s age at embryo transfer 

  Median (25%–75% percentiles) 36 (32–39) 36 (32–40)

Female/male factor infertility 

  Female factor, n (%) 197 (17.9) 46 444 (24.9)

  Male factor, n (%) 345 (31.4) 59 507 (31.9)

  Mixture of factors/idiopathic, n (%) 556 (50.6) 80 836 (43.3)

Type of preceding treatment 

  IVF, n (%) 498 (43.9) 89 913 (45.5)

  ICSI, n (%) 375 (33.0) 69 174 (35.0)

  FER, n (%) 262 (23.1) 38 682 (19.6)

BMI 

  <18.5 (underweight), n (%) 15 (2.1) 3364 (3.4)

  18.5–24.99 (normal), n (%) 436 (60.6) 64 047 (63.9)

  25.00–29.99 (overweight), n (%) 179 (24.9) 23 019 (23.0)

  ≥30.00 (obese), n (%) 89 (12.4) 9846 (9.8)

Smoking at the time of embryo transfer 

  Non-smoker, n (%) 648 (88.8) 91 144 (91.5)

  Smoker, n (%) 82 (11.2) 8437 (8.5)

Alcohol 

  No, n (%) 419 (59.9) 52 857 (55.4)

  Yes, n (%) 280 (40.1) 42 632 (44.6)

Calendar year of infertility treatment 

  1994–1999, n (%) 56 (4.9) 30 664 (15.4)

  2000–2005, n (%) 191 (16.6) 46 142 (23.2)

  2006–2011, n (%) 426 (37.1) 60 153 (30.2)

  2012–2017, n (%) 476 (41.4) 61 982 (31.2)

Parity 

  0, n (%) 144 (69.9) 31 333 (67.9)

  1+, n (%) 62 (30.1) 14 811 (32.1)

Comorbidity at embryo transfers 

  No comorbidity, n (%) 668 (58.1) 181 773 (91.4)

  Some comorbidity, n (%) 481 (41.9) 17 168 (8.6)

Duration of rheumatoid arthritis at time of embryo transfer (months) 

  Median (25–75 percentiles) 82 (42–134) –

BMI, body mass index; ICSI, intracytoplasmic sperm injection; FER, frozen embryo replacement; IVF, in vitro fertilisation.
*Number of women in exposed rheumatoid arthritis cohort: 354; and in the unexposed cohort: 66 913.
†Missing (%), women with rheumatoid arthritis: age of partner (27.0%), fertility factor (4.4), ART treatment (1.3), parity (82.1), BMI (37.4), smoking at the time of embryo 
transfer (36.5), alcohol (39.2).
‡Missing (%), women without rheumatoid arthritis: age of partner (42.4), fertility factor (6.1), ART treatment (0.6), parity (76.8), BMI (49.6), smoking at the time of embryo 
transfer (49.9), alcohol (52.0).

dIsCussIOn
In this nationwide study, based on a study period of 23.5 years, we 
found that ART treatments in women with RA had a significantly 
decreased chance of live birth per embryo transfer, compared 
with ART treatments in women without RA. Our results also 
suggested that the reason for a decreased chance of live birth 
was related to decreased chance of implantation of the embryo 
(significantly decreased chance of a biochemical pregnancy after 
embryo transfer in women with RA and a decreased chance of 
clinical pregnancy). Lastly, our results suggest that women with 
RA who had a corticosteroid prescribed before embryo transfer 
might have an improved chance of a live birth compared with 

women with RA without corticosteroid prescription before 
embryo transfer, but our results were not unambiguous.

This is the first study to examine the chance of a live born 
child in women with RA receiving ART treatment, and there-
fore our results cannot be compared with others. The relevance 
for studying the success after ART is however important for a 
number of reasons: (1) the number of women with RA during 
the fertile years is increasing1; (2) earlier studies have suggested 
that a higher proportion of women with RA were childless 
compared with references and that the relative fertility rates 
were reduced after the diagnosis of RA (0.88 (95% CI 0.84 to 
0.93))4; (3) women with RA are more likely to seek help from 
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Table 2 The chance of live birth in women with rheumatoid arthritis in the study cohorts of assisted reproductive technology (ART) treatments 
during the study period of 1 January 1994 through 30 June 2017

exposed cohort
(embryo transfers in women with 
rheumatoid arthritis)*

unexposed cohort
(embryo transfers in women without 
rheumatoid arthritis)†

Crude OR
(95% CI)

Adjusted OR‡
(95% CI)

Live birth 

  Yes, n (%) 208 (18.10) 47 077 (23.66) 0.70 (0.59 to 0.84) 0.78 (0.65 to 0.92)

  No, n (%) 941 (81.90) 151 864 (76.34)

*Number of embryo transfers in the exposed cohort: 1149 (number of women: 354).
†Number of embryo transfers in the unexposed cohort: 198 941 (number of women: 66 913).
‡Adjusted for Charlson Comorbidity Index, women’s age, calendar year of treatment, type of treatment (in vitro fertilisation (IVF), intracytoplasmic sperm injection (ICSI), frozen 
embryo replacement (FER)), cause of infertility (female factor, male factor or mixture of factors/idiopathic). Number of observations=186 710, number of women=66 133.

Table 3 The chance of a biochemical pregnancy and a clinical pregnancy in women with rheumatoid arthritis having assisted reproductive 
technology (ART) treatments

exposed cohort
(embryo transfers in women with 
rheumatoid arthritis)

unexposed cohort
(embryo transfers in women without 
rheumatoid arthritis)

Crude OR
(95% CI)

Adjusted OR (95% 
CI)*

Biochemical pregnancy (hCG)† 

  Yes, n (%) 340 (29.96) 70 346 (35.62) 0.76 (0.65 to 0.88) 0.81 (0.68 to 0.95)

  No, n (%) 795 (70.04) 127 155 (64.38)

Clinical pregnancy (ultrasound)‡ 

  Yes, n (%) 204 (77.57) 35 114 (82.23) 0.74 (0.53 to 1.03) 0.82 (0.59 to 1.15)

  No, n (%) 59 (22.43) 7590 (17.77)

hCG, human chorionic gonadotropin
*Adjusted for Charlson Comorbidity Index, women’s age, calendar year of treatment, type of treatment (in vitro fertilisation (IVF), intracytoplasmic sperm injection (ICSI), frozen 
embryo replacement (FER)), cause of infertility (female factor, male factor or mixture of factors/idiopathic).
†Number of embryo transfers in the exposed cohort: 1135 (number of women: 354), missing 14. Number of embryo transfers in the unexposed cohort: 197 501 (number of 
women: 66 870), missing 1440.
‡Restricted to 2006 to June 2017 due to only valid data on ultrasound from 2006. Number of embryo transfers in the exposed cohort: 263 (number of women: 182), missing/no 
information: 640. Number of embryo transfers in the unexposed cohort: 42 704 (number of women: 29 451), missing/not taken 79 925.

ART compared with references (9.8% vs 7.6%)2; and (4) the 
results in women with other autoimmune diseases have suggested 
a reduced chance of live birth after ART treatment (ORs for live 
birth after ART in women with ulcerative colitis and Crohn’s 
disease were 0.78 (95% CI 0.67 to 0.91) and 0.61 (95% CI 0.47 
to 0.79), respectively).7 So far, it is unknown which mechanisms 
might be responsible for these results,8 and the outcome of live 
birth can be affected by several factors related to the stages of 
fertilisation, implantation and maintenance of the pregnancy 
throughout each trimester until child birth.

In this study, our findings suggest that the reason of a 
decreased chance of live birth in women with RA was related to 
decreased chance of conceiving for each embryo transfer. There-
fore, the reduced chance of live birth after ART treatment in 
women with RA might be related to the stage of implantation, 
and not the stage of pregnancy period itself. It is well known that 
endometrial receptivity is a key element in a successful ART. It 
is also known that the immune system is central to establishing 
receptivity and initiating a pregnancy,10 26 27 and effective ther-
apies for impaired endometrial receptivity have been the focus 
for several former studies. In a recent review, Robertson et al 
summarise which former therapies have been tried in an effort 
to improve endometrial receptivity to prevent failure after ART 
treatment.10 One candidate drug is corticosteroid with potent 
and broad-spectrum anti-inflammatory and immunosuppressive 
properties, but other candidate therapies have also been tried 
(corticosteroid plus low-dose aspirin and doxycycline).10 The 
review concludes that there is no consensus view on the utility of 
corticosteroid in ART, and the possible efficacy of peri-implanta-
tion corticosteroid therapy remains controversial in non-selected 

IVF and ICSI patients.10 A Cochrane meta-analysis has indicated 
that there might be a subset of women with immune disorders 
receiving IVF that benefit from immunosuppressive therapy.11 
The impact of corticosteroid prior to embryo transfer, found in 
our study, could be due to a suppression of ‘abnormalities in 
the immune system’ in women with RA, but we have to under-
line that this is speculative. Further studies must examine the 
underlying mechanisms for an effect of corticosteroid in women 
with RA. In our study, corticosteroid could be prescribed for a 
number of reasons, including (1) the Danish fertility doctors are 
familiar with the theory of a possible positive role of corticoste-
roids in terms of an improved chance of implantation in relation 
to ART and/or (2) patients with RA could receive corticosteroids 
because it is a well-known treatment for RA,28 29 and because 
they constitute an important part of supplementary treatment to 
control of disease activity.30 31 In our data, the underlying reason 
for prescribing corticosteroids cannot be established.

Our study has several strengths, including the large size, accu-
rate classification of exposure, high validity of outcome data and 
the ability to consider the most important confounders. First, our 
study is based on a nationwide study population including all 
patients with RA who had ART treatments during a long study 
period, compared with all other ART-treated women as controls. 
Our study population was based on complete and valid data 
from the ART registry which is based on mandatory reporting 
of all treatment cycles in public and private clinics,13 14 and the 
nature of our large cohorts of ART cycles provides a high statis-
tical power. Data from the health registries used in this study are 
based on obligatory registrations, and we have a high complete-
ness and validity.17 18 22 23 25 Second, to ensure accurate exposure 
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Table 4 The chance of live birth in women within rheumatoid arthritis who had prescriptions for corticosteroids 3 months prior to embryo 
transfer, compared with women with rheumatoid arthritis who did not have prescriptions for corticosteroids 3 months prior to embryo transfer, 
study period of 1 January 1995 through 30 June 2017

exposed cohort
(embryo transfers in women with 
rheumatoid arthritis with prescriptions for 
corticosteroids prior to embryo transfer)*

unexposed cohort
(embryo transfers in women with 
rheumatoid arthritis who did not have 
prescriptions for corticosteroids prior to 
embryo transfer)†

Crude OR
(95% CI)

Adjusted OR‡
(95% CI)

Live birth 

  Yes, n (%) 51 (19.69) 156 (17.61) 1.20 (0.81 to 1.77) 1.32 (0.85 to 2.05)

  No, n (%) 208 (80.31) 730 (82.39)

*Number of embryo transfers in the exposed cohort: 259.
†Number of embryo transfers in the unexposed cohort: 886.
‡Adjusted for Charlson Comorbidity Index, women’s age, calendar year of treatment, type of treatment (in vitro fertilisation (IVF), intracytoplasmic sperm injection (ICSI), 
frozen embryo replacement (FER)), cause of infertility (female factor, male factor or mixture of factors/idiopathic) and disease duration of rheumatoid arthritis. Number of 
observations=825 (number of women=258).

assessment (ie, the diagnosis of RA), we only included women if 
they had at least two diagnoses of RA before ART treatment. The 
validity of the diagnosis has been studied based on the Danish NPR 
and was 80%, and when the patients had at least two diagnoses, 
RA was confirmed in up to 91%.32 Third, regarding our outcome 
measurements on live birth, the data from the MBR have both very 
high completeness and validity as all new-born children are regis-
tered in the MBR.22 23 Fourth, our design, based on Danish health 
registries, allowed complete follow-up of the study cohorts and 
our outcomes were retrieved independently of the exposure status, 
thereby preventing selection bias and differential misclassification 
of the outcome measurement. Finally, we were able to control for 
important confounders, including Charlson Comorbidity Index, 
women’s age, calendar year of ART treatment, type of ART treat-
ment, cause of infertility and smoking. In a restricted study period, 
we were also able to adjust for BMI, biologic therapy, partner’s 
age, smoking at the time of embryo transfer and alcohol, but inclu-
sion of these factors in the model had no impact on our results.

Our study also has limitations. Some might argue that our finding 
of a decreased chance of live birth per embryo transfer in women 
with RA may not be related to the disease itself but impacted by 
related factors such as disease activity and/or the medications 
used to treat RA. Our results do not reveal whether the decreased 
chance of live birth per embryo transfer in women with RA is 
related to the disease itself or to factors closely related to RA. Since 
this is a large register-based study, we cannot perform individual 
charts review, and we cannot obtain information on clinical details 
such as disease extent, disease activity and exact medication. In our 
analyses of an impact of corticosteroid prior to embryo transfer 
we had no opportunity to assess a possible importance of the dose 
of corticosteroids, or the timing of use of corticosteroid prior to 
embryo transfer, as information on use of corticosteroid was based 
solely on prescriptions. Thus, we had no information on patient 
compliance. We had information on several confounders, but we 
can never rule out an impact of unknown confounding. We had 
no information on socioeconomic status but we have no reason to 
believe that our results are confounded by such factors.

In the general population in Denmark, up to 16% of all women 
have problems with infertility, and when combining non-achieve-
ment of a first and/or a subsequent pregnancy the infertility 
proportion reaches 24.2%.33 Seeking help from ART has therefore 
become common, and children born after ART often contribute 
up to 5% of national birth cohorts.34 Patients starting the process 
of ART treatment need information about their potential for a 
successful live birth, and one of the ways to report this is the chance 
for a live birth per embryo transfer as we did in the present study. 

Because of an increasing prevalence of many chronic diseases in 
women during the reproductive period, questions about the effi-
cacy of ART in these women become more and more important. 
Thus, clinicians will likely be faced with an increasing number of 
questions related to ART from women with RA and from women 
with other chronic disease.1

We conclude that women with RA have a decreased chance of 
a live birth per embryo transfer compared with women without 
RA, and the problem might be related to impaired chance of 
embryo implantation. Our results on the role of corticosteroid 
prior to embryo transfer are not unambiguous, and future studies 
must examine the mechanisms between corticosteroid, and other 
medications for RA, in relation to fertilisation and implantation. 
These are the first results on the efficacy of ART treatment in 
women with RA, and future studies have to confirm our findings. 
Several factors might thus be related to a decreased chance of a live 
birth after ART treatment in women with RA: the disease itself/
disease-associated factors, different ART techniques, imbalance in 
reproductive hormones in the process of ART, impaired chance of 
implantation of the embryo, autoimmunity or other factors yet to 
be elucidated. Hopefully, these first results will support treatment 
decisions in patients with RA seeking ART, and our results suggest 
that the patients should be told that they cannot expect the same 
success per embryo transfer as other women seeking ART.
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AbsTRACT
background Patients with rheumatoid arthritis (Ra) 
have an increased risk for cardiovascular disease (CVD). 
no long-term intervention trials on CVD risk factors 
have been published, and a debate on the efficacy of 
controlling traditional risk factors in Ra is ongoing. We 
aimed to evaluate a treat-to-target approach versus 
usual care regarding traditional CVD risk factors in 
patients with Ra.
Methods in this open-label, randomised controlled 
trial, patients with Ra aged <70 years without prior CVD 
or diabetes mellitus were randomised 1:1 to either a 
treat-to-target approach or usual care of traditional CVD 
risk factors. The primary outcome was defined as change 
in carotid intima media thickness (ciMT) over 5 years, 
and the secondary outcome was a composite of first 
occurrence of fatal and non-fatal cardiovascular events.
Results a total of 320 patients (mean age 52.4 years; 
69.7% female) with Ra underwent randomisation and 
219 patients (68.4%) completed 5 years of follow-up. 
The mean ciMT progression was significantly reduced 
in the treat-to-target group compared with usual care 
(0.023 [95% Ci 0.011 to 0.036] mm vs 0.045 [95% Ci 
0.030 to 0.059] mm; p=0.028). Cardiovascular events 
occurred in 2 (1.3%) of the patients in the treat-to-
target group vs 7 (4.7%) in those receiving usual care 
(p=0.048 by log-rank test).
Conclusion This study provides evidence on the benefit 
of a treat-to-target approach of traditional CVD risk 
factors for primary prevention in patients with well-
treated Ra.
Trial registration number nTR3873.

InTRoduCTIon
Rheumatoid arthritis (RA) has been associated 
with an increased risk for cardiovascular disease 
(CVD).1–4 The presence of RA has been linked to 
a 50% increase in risk for CVD compared with 
the general population.4 5 Since atherosclerosis 
is, in part, an inflammatory process,6 the ongoing 
inflammation in RA may play an important role 
in the development of atherosclerosis.7 8 Several 
studies have shown that effective treatment of 
disease activity with immunomodulatory drugs 
in RA is associated with a reduced cardiovascular 
risk.9–14

Besides inflammation, traditional CVD risk 
factors contribute to the increased cardiovas-
cular risk in RA. There is a higher prevalence of 
hypercholesterolaemia, hypertension, smoking and 
obesity,15 16 and these risk factors are underdiag-
nosed and undertreated in patients with RA.17 A 
recent study showed that 30% of the CVD events 
were attributed to RA characteristics and 49% to 
traditional CVD risk factors.18 The importance of 
these risk factors has been strengthened by guide-
lines recommending CVD risk estimation in patients 
with RA by modification of the traditional risk 
models.19 20 Due to these adaptations, more patients 
with RA will be identified and treated for their CVD 
risk. Limited data on the effect of primary preven-
tion in patients with RA are available. Several popu-
lation-based studies showed a relation between use 
of statins and a reduced cardiovascular risk.21 22 To 
date, however, the effect of a multifactorial inter-
vention of traditional CVD risk factors on clinical 
and subclinical atherosclerosis in RA has not been 
reported.

Key messages

What is already known about this subject?
 ► Patients with rheumatoid arthritis have an 
increased risk for cardiovascular disease; 
however, no studies on interventions aiming at 
traditional cardiovascular risk factors in these 
patients have been published so far.

What does this study add?
 ► This randomised controlled trial in patients with 
rheumatoid arthritis suggests that a treat-to-
target intervention of traditional cardiovascular 
risk factors leads to reduced subclinical and 
clinical atherosclerosis.

How might this impact on clinical practice or 
future developments?

 ► These findings provide for the first time 
evidence on the efficacy of cardiovascular 
risk management in patients with rheumatoid 
arthritis. 
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In the present study, we aimed to evaluate the effect of a 
predefined treat-to-target intervention of cardiovascular risk 
factors on structural vascular changes and cardiovascular 
outcomes compared with usual care.

MATeRIAls And MeTHods
study design and population
As described previously,23 the Franciscus Rheumatoid Arthritis 
and Cardiovascular Intervention Study (FRANCIS)is an open-
label, single-centre, randomised clinical trial.

Patients aged ≤70 years with RA (defined according to the 
American College of Rheumatology 1987 criteria24) attending 
the rheumatology outpatient clinic at Franciscus Gasthuis were 
consecutively invited to participate. Exclusion criteria were 
presence of diabetes mellitus (either a documented diagnosis 
or a haemoglobin A1c [HbA1c] >48 mmol/mol) or CVD. 
The latter was defined as a documented history of myocardial 
infarction, cerebrovascular disease, amputation due to periph-
eral artery disease, intermittent claudication, or a prior percu-
taneous transluminal coronary angioplasty or coronary artery 
bypass graft. In addition, kidney disease, defined as an estimated 
glomerular filtration rate <40 mL/min/1.73 m2, was an exclu-
sion criterion.

Before randomisation, the CVD risk score was calculated 
according to the 2006 unadjusted Systematic Coronary Risk 
Evaluation (SCORE) risk assessment.25 Patients with a 10-year 
CVD risk <10% were randomised (1:1) to either treat-to-target 
intervention or usual care by means of opaque sealed envelopes. 
Patients with a 10-year CVD risk ≥10% were included in a sepa-
rate ‘high risk cohort’.

Procedures
All patients visited the diabetes and vascular centre outpatient 
clinic twice a year; a standardised set of non-fasting blood 
samples were obtained at these visits and anthropomorphic 
measurements (eg, blood pressure, weight and height) were 
recorded. Blood samples at baseline were obtained after an 
overnight fast. Carotid ultrasound scans were carried out once a 
year using the ART-LAB (Esaote, Italy) by a trained and experi-
enced sonographer as described earlier.26 Two different assessors 
measured the carotid intima media thickness (cIMT) of the same 
patients throughout the trial (intraobserver intraclass correlation 
coefficient [ICC] 0.95, smallest detectable change [SDC] 0.0025 
mm; interobserver ICC 0.91, SDC 0.053 mm). An atheroscle-
rotic plaque was defined as a lesion with a focal cIMT of 1.0 
mm or more, with a localised protrusion of the vessel wall into 
the lumen.

Treatment for RA for all participants was carried out by the 
patient’s own rheumatologist, aiming for RA disease remission, 
following state-of-the-art treatment as described in the most 
recent RA guidelines.27 28 No limitation was set on the type 
of treatment. RA disease activity was assessed by the Disease 
Activity Score (DAS28) with 28 joints evaluated and the erythro-
cyte sedimentation ratio (ESR) was scored at every visit. Remis-
sion was classified as either DAS-based or Boolean-based.29 Low 
disease activity was defined as DAS28 ≤3.3.

Concerning CVD risk management, patients with RA in the 
usual care group were only evaluated and their general physi-
cian received written advice based on the results of the visits; 
however, initiation of treatment was based on their own judge-
ment and CVD risk guidelines.

Patients with RA within the treat-to-target group were treated 
according to a prespecified protocol. Antihypertensive treatment 

was initiated when hypertension was diagnosed. Hypertension 
was defined as a mean blood pressure of >140/90 mm Hg 
obtained from measurements over 15 min or, if necessary, from 
a 24-hour ambulant blood pressure measurement. The first 
choice of treatment was perindopril 4 mg once daily, and when 
the treatment target was not met the dosage was increased to 
8 mg once daily. Other agents were added to reach the treat-
ment target if necessary, first, with the addition of indapamide 
2.5 mg once daily, followed by the addition of a dihydropyridine 
calcium channel blocker.

Treatment with lipid-lowering drugs was initiated when either 
low-density lipoprotein cholesterol (LDL-C) was >3.0 mmol/L, 
apolipoprotein B >0.90 g/L or triglycerides >2.20 mmol/L. 
Treatment was initiated with simvastatin 40 mg once daily, and if 
the targets were not met the dosage was increased to a maximum 
of 80 mg once daily or ezetimibe 10 mg once daily was added. 
In the case of an isolated hypertriglyceridaemia (triglycerides 
>2.20 mmol/L), bezafibrate 400 mg once daily was initiated.

Dietary and lifestyle advice was given in case of low high-den-
sity lipoprotein cholesterol (≤1.2 mmol/L for women and ≤1.0 
mmol/L for men) and/or a body mass index >25 kg/m2. In the 
case of smoking, cessation was advised and a referral to the 
outpatient clinic for smoking cessation was offered.

In the case of HbA1c >48 mmol/mol, patients were treated 
initially with metformin, and when the response was insufficient 
additional drugs were added.

endpoints
The primary outcome was progression of cIMT between base-
line and 5 years of follow-up. The secondary outcome was a 
composite endpoint of first occurrence of death by cardiovas-
cular causes, non-fatal myocardial infarction, non-fatal stroke, 
coronary artery bypass grafting, percutaneous coronary inter-
vention, revascularisation of peripheral atherosclerotic arte-
rial disease or amputation related to peripheral atherosclerotic 
arterial disease between baseline and 5 years of follow-up. If a 
patient experienced more than one cardiovascular event, only 
the first was included in the analyses.

Endpoints were assessed by the study team by reviewing the 
medical file and information from the general practitioner. 
Assessment of endpoints was blinded and by means of consensus.

statistical analysis
This study was primarily designed to show a reduced progres-
sion of the cIMT in the treat-to-target group compared with 
usual care. Assuming an average increase of 0.025±0.015 mm 
by usual care and 0.020±0.015 mm by the treat-to-target inter-
vention, with a 1:1 randomisation ratio, a type 1 error of 0.05 
(two-sided) and a statistical power of 0.80, a total of 2×143 
patients should be included in the analysis.

To account for the high dropout, all missing cIMT values after 
5 years of follow-up were imputed with all available cIMT values 
(baseline, years 1–4) and treatment group as covariate. Assuming 
that unobserved cIMT values were missing at random, missing 
data were imputed with multiple imputation using the fully 
conditional specification30 method for seven cycles.

As part of the imputation procedure, a generalised linear 
model was used with progression of the cIMT as the dependent 
variable and treatment group, sex and cIMT assessor as adjusting 
covariates. The mean difference in cIMT was calculated by the 
least square method. Calculations were performed of each impu-
tation cycle and the mean of the pooled results is presented.

 on 2 M
arch 2019 by guest. P

rotected by copyright.
http://ard.bm

j.com
/

A
nn R

heum
 D

is: first published as 10.1136/annrheum
dis-2018-214075 on 4 January 2019. D

ow
nloaded from

 

http://ard.bmj.com/


337Burggraaf B, et al. Ann Rheum Dis 2019;78:335–341. doi:10.1136/annrheumdis-2018-214075

Rheumatoid arthritis

Figure 1 Flow diagram of participants through the trial. Data from patients who withdrew early from the study were included in the intention-to-
treat analysis, and follow-up information with respect to cardiovascular events was obtained with permission. For those who were lost to follow-up, 
no information regarding cardiovascular outcomes could be obtained and these were excluded in the secondary outcome analysis.

To assess the robustness of the intervention effect on cIMT, 
a repeated measurements analysis (linear mixed-effect model) 
was used with cIMT as the dependent variable, time as repeated 
measure (covariance type: unstructured), and treatment group, 
sex, baseline cIMT, DAS28, methotrexate use, biological use, and 
the interaction between treatment group and time as covariates.

For the analyses of the secondary outcomes, Kaplan-Meier 
time-to-event analysis was used, with log-rank tests for the 
comparison of treatment groups. All endpoints were analysed 
according to the intention-to-treat principle, with the exception 
of patients in whom no data regarding cardiovascular outcomes 
could be recorded. These patients were reported as lost to 
follow-up.

Differences between groups were determined using the 
unpaired Student’s t-test, Mann-Whitney U test or χ2 test, where 
appropriate. Differences between baseline and follow-up were 
tested with either a paired t-test for continuous variables with 
normal distribution, Wilcoxon signed-rank test for continuous 
variables with skewed distributions or the McNemar test for 
dichotomous variables.

A p value <0.05 (two-sided) was considered a statistically 
significant difference. All statistical analyses were performed 

using PASW Statistics V.23.0 (IBM SPSS Statistics, New York, 
USA).

ResulTs
Between February 2011 and December 2012, 335 patients 
were assessed for eligibility and 320 patients were randomly 
assigned to the treat-to-target intervention (n=162) or usual 
care (n=158) (figure 1). The characteristics of the patients 
were similar at baseline except for female sex (table 1). Of 
the randomised patients, 219 patients (68.4%) completed the 
5 years of follow-up, with 116 patients in the treat-to-target 
group vs 103 in the usual care group. There were no differ-
ences in baseline characteristics in those who did and did not 
complete follow-up (data not shown).

After 5 years, there was no difference in mean systolic blood 
pressure between those allocated to treat-to-target versus usual 
care (124.6 [15.8] mm Hg vs 124.7 [14.6] mm Hg; p=0.97) 
(figure 2A). Furthermore, there was no difference in the 
percentage of participants who reached treat-to-target treatment 
targets for blood pressure (72.4% for usual care vs 75.9% for 
treat-to-target; p=0.56) (figure 2E).
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Table 1 Clinical, demographic, biochemical and other characteristics of patients with rheumatoid arthritis

At baseline After 5 years

usual care
(n=158)

Treat-to-target
(n=162)

usual care
(n=103)

Treat-to-target
(n=116)

Clinical or demographic

  Age, years 51.8 (11.5) 53.2 (10.9) 59.0 (10.5)* 59.9 (10.1)*

  Female 98 (62.0) 125 (77.2)† 60 (59.0) 83 (71.6)†

  Body mass index, kg/m2 26.5 (4.7) 26.4 (4.5) 26.7 (4.7) 27.4 (5.6)

  Waist circumference, cm 93.7 (13.8) 93.5 (12.6) 96.4 (11.6) 95.9 (12.5)

  Systolic blood pressure, mm Hg 130.8 (18.2) 131.1 (18.5) 124.6 (15.8)* 124.7 (14.7)*

  Diastolic blood pressure, mm Hg 79.1 (10.5) 78.4 (9.9) 79.5 (9.2) 77.6 (8.5)

  Current smoker 32 (20.4) 28 (17.5) 14 (13.6) 11 (10.3)

Biochemical

  Total cholesterol, mmol/L 5.4 (1.0) 5.4 (1.1) 5.2 (1.0) 4.5 (1.0)*†

  HDL-cholesterol, mmol/L 1.5 (0.4) 1.5 (0.4) 1.5 (0.3) 1.5 (0.4)

  LDL-cholesterol, mmol/L 3.4 (0.9) 3.3 (0.9) 3.1 (0.9) 2.5 (0.8),

  Triglycerides, mmol/L 1.08 (0.66–1.69) 0.97 (0.59–1.35) 1.27 (0.87–1.66)* 1.07 (0.66–1.47)

  Apolipoprotein AI, g/L 1.69 (0.37) 1.70 (0.37) 1.66 (0.28) 1.66 (0.33)

  Apolipoprotein B, g/L 1.00 (0.26) 1.00 (0.25) 0.98 (0.28) 0.81 (0.28)*†

  Haemoglobin A1c, mmol/mol 35.3 (4.2) 35.0 (4.4) 37.0 (4.6) 37.6 (5.5)

  Erythrocyte sedimentation rate, mm/hour 12.0 (4.5–19.5) 9.0 (3.0–14.0) 14.0 (4.0–24.0) 12.0 (4.0–20.0)

  C reactive protein, mg/L 2.0 (0.0–5.5) 3.0 (2.5–5.5) 2.0 (1.5–3.5) 2.0 (0.0–4.0)

Rheumatoid arthritis

  Disease duration, years 8.7 (8.0) 10.2 (9.7) 14.5 (8.0)* 14.9 (9.5)*

  DAS28 2.40 (1.55–3.25) 2.40 (1.60–3.20) 2.40 (1.70–3.10) 2.60 (1.90–3.30)

  Low disease activity 120 (75.4) 129 (79.6) 86 (81.1) 93 (80.2)

  DAS28-based remission 87 (55.1) 94 (58.0) 60 (58.3) 66 (56.9)

  Boolean remission 39 (24.7) 32 (19.8) 25 (24.3) 27 (23.3)

  Anti-CCP-positive 103 (65.2) 108 (66.7) NA NA

  Rheumatoid factor-positive 104 (65.8) 97 (59.8) NA NA

  Erosive disease 64 (40.5) 80 (50.6) NA NA

Subclinical atherosclerosis

  Carotid intima media thickness, mm 0.569 (0.1113) 0.570 (0.108) 0.628 (0.134)* 0.602 (0.108)*

  Presence of plaques 20 (12.7) 21 (13.0) 18 (17.4) 18 (16.4)

Data presented as mean (SD), median (IQR) or number (percentage).
*Significantly different from the corresponding value at baseline (p<0.05).
†Significantly different from the corresponding value in the usual care group (p<0.05).
CCP, cyclic citrullinated peptide; DAS28, Disease Activity Score with 28 joints counted and the erythrocyte sedimentation rate; HDL, high-density lipoprotein; LDL, low-density 
lipoprotein; NA, not available.

There was no difference in mean HbA1c between groups after 
5 years (37.0 [4.6] mmol/mol vs 37.6 [5.5] mmol/mol; p=0.39) 
(figure 2B). In both groups, over 98% of participants had values 
below the HbA1c target for the treat-to-target group (p=0.80).

A significant and persistent lower LDL-C within 1 year in the 
treat-to-target group versus usual care was found. The mean 
LDL-C was 2.5 (0.8) mmol/L for treat-to-target vs 3.1 (0.9) 
mmol/L for usual care after 5 years (p<0.0001) (figure 2C). 
Significantly more patients in the treat-to-target group had 
LDL-C values below the treat-to-target group target (75.6% vs 
48.6% for usual care; p<0.0001).

During 5 years of follow-up, RA was well controlled in both 
groups, reflected by comparable low values of both DAS28 and 
ESR between groups (online supplementary figure s1). More 
patients in the treat-to-target group were on statin treatment 
(48.3% vs 18.4%; p<0.0001). There were no significant differ-
ences in the use of other medications (see table 2).

At baseline, there was no difference in mean cIMT between 
those allocated to treat-to-target and usual care (0.570 [0.108] 
mm versus 0.569 [0.113] mm; p=0.91). Subjects allocated to 
treat-to-target showed a reduced mean progression of cIMT 

after 5 years of follow-up compared with the usual care (0.023 
[95% CI 0.011 to 0.036] mm vs 0.045 [95% CI 0.030 to 0.059] 
mm; p=0.028). At 5 years of follow-up, the cIMT values were 
not different between the groups (0.626 [0.131] mm vs 0.602 
[0.108] mm; p=0.15) (figure 2D). Using a linear mixed model, 
treatment group was associated with a difference in cIMT, inde-
pendent from the use of biologicals or methotrexate (p<0.001; 
see for details online supplementary table S1).

During 5 years of follow-up, seven patients (4.7%) in the 
usual care group and five patients (3.2%) in the treat-to-target 
group died (p=0.51, log-rank test) (table 3), with a between-
group difference of 1.5% (95% CI −2.9% to 5.9%). Three 
patients (2.0%) in the usual care group died of cardiovascular 
cause and none in the treat-to-target group (p=0.07), with a 
between-group difference of 1.2% (95% CI −0.2% to 4.3%). 
A total of 11 cardiovascular events occurred during the study, 
with 9 first cardiovascular events. There were a total of 7 
(4.7%) first cardiovascular events in the usual care group and 2 
events (1.3%) in the treat-to-target group (p=0.048) (figure 3), 
with a between-group difference of 3.4% (95% CI −0.04% to 
7.2%).
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Figure 2 Changes in selected risk factors during follow-up. Shown 
are mean (SEM) of systolic blood pressure (A), haemoglobin A1c (B), 
low-density lipoprotein (LDL) cholesterol (C) and carotid intima media 
thickness (D) for the usual care (●) and treat-to-target intervention 
group (◼) during 5 years of follow-up. The total number of patients in 
both groups was 320 (baseline), 251 (year 1), 236 (year 2), 238 (year 
3), 221 (year 4) and 216 (year 5). (E) The percentage of patients in each 
group who reached treatment goals for the treat-to-target intervention 
group at the end of the study. *P<0.05 for the comparison between 
usual care and the treat-to-target intervention group.

Table 2 Medication use at baseline and after 5 years of follow-up

At baseline After 5 years

usual care
(n=158)

Treat-to-
target
(n=162)

usual care
(n=103)

Treat-to-
target
(n=116)

Cardiovascular medication

  Statin 5 (3.2) 10 (6.2) 22 (21.4)* 56 (48.3)*†

  Ezetimibe 0 (0.0) 0 (0.0) 3 (2.9) 6 (5.2)

  Metformin 0 (0.0) 0 (0.0) 0 (0.0) 2 (1.7)

  Insulin 0 (0.0) 0 (0.0) 0 (0.0) 1 (0.9)

  Antihypertensive 
treatment

24 (15.2) 30 (18.5) 27 (26.2)* 38 (33.6)*

  ACEi or ARB 16 (10.1) 18 (11.1) 16 (15.5) 18 (15.5)

  Diuretic 12 (7.6) 16 (9.9) 13 (12.6) 18 (15.5)

  Beta-blocker 6 (3.8) 8 (4.9) 8 (7.8) 14 (12.1)

  Calciumantagonist 6 (3.8) 4 (2.5) 5 (4.9) 11 (9.5 )

  Aspirin 0 (0.0) 0 (0.0) 2 (1.9) 1 (0.9)

Rheumatoid arthritis specific medication

  Methotrexate 122 (77.2) 117 (72.2) 60 (58.3) 63 (54.3)

  Hydroxychloroquine 39 (24.7) 42 (25.9) 22 (21.4) 21 (18.1)

  Prednisolone 20 (12.7) 21 (13.0) 10 (9.7) 15 (12.9)

  Any DMARD 123 (78.8) 128 (79.0) 78 (75.7) 82 (70.7)

  Any biological 64 (41.3) 65 (39.5) 53 (51.5) 59 (50.9)

  Adalimumab 10 (6.3) 8 (4.9) 15 (14.6) 19 (16.4)

  Etanercept 13 (8.2) 9 (5.5) 17 (16.5) 14 (12.1)

  Golimumab 0 (0.0) 0 (0.0) 0 (0.0) 1 (0.9)

  Infliximab 7 (4.4) 5 (1.9) 4 (3.9) 3 (2.6)

  Abatacept 39 (26.7) 37 (22.8) 32 (31.1) 31 (26.7)

  Tocilizumab 6 (4.0) 7 (4.3) 3 (2.9) 5 (4.3)

  Leflunomide 2 (1.3) 3 (1.9) 4 (3.9) 3 (2.6)

  Azathioprine 0 (0.0) 1 (0.6) 1 (1.0) 2 (1.7)

  Leflunomide 2 (1.3) 2 (1.2) 4 (3.9) 3 (2.6)

  Rituximab 0 (0.0) 0 (0.0) 0 (0.0) 1 (0.9)

  Sulfasalazine 10 (6.3) 6 (3.7) 7 (8.7) 4 (3.4)

  Ustekinumab 0 (0.0) 0 (0.0) 1 (1.0) 0 (0.0)

Data presented as number (percentage).
*Significantly different from the corresponding value at baseline (p<0.05).
†Significantly different from the corresponding value in the usual care group 
(p<0.05).
ACEi, ACE inhibitor; ARB, angiotensin receptor blocker; DMARD, disease modifying 
anti-rheumatic drug.

Table 3 Cardiovascular events and cardiovascular and all-cause 
mortality according to treatment groups after 5 years of follow-up

usual care 
group (n=149)

Treat-to-
target group 
(n=156) P value*

Composite of first occurrence of fatal 
and non-fatal cardiovascular events

7 2 0.048

Death from any cause 7 5 0.34

Death from cardiovascular cause 3 0 0.11

Myocardial infarction 3 0 0.11

Percutaneous coronary intervention 2 1 0.68

Stroke 1 0 0.42

Amputation or revascularisation 0 1 0.38

*P values were calculated with the use of the log-rank test.

At baseline, 10 patients with a CVD risk >10% were iden-
tified and followed in the high-risk cohort. The mean age was 
65.6 (2.9) years, 90.0% were male and the median DAS28 was 
2.1 (1.6–2.6) (online supplementary table s2). Five years of 
treatment significantly reduced their blood pressure and LDL-C. 
At baseline, their cIMT was 0.751 (0.085) mm and the 5-year 
change of cIMT was −0.056 (0.056) mm (online supplementary 
figure s2).

dIsCussIon
This study evaluated prospectively an intervention regarding 
CVD risk factors in patients with well-treated RA with a low 
CVD risk. We show a significant reduction in the progression 
of subclinical atherosclerosis in patients with RA. Furthermore, 
a reduction in the first occurrence of cardiovascular events was 
found, although the number of events was low.

Multifactorial intervention trials in type 2 diabetes mellitus 
(T2DM) have shown benefit regarding CVD reduction,31 and 
our study confirms this finding in patients with well-treated 
RA. Although the difference in cIMT progression between the 
groups was relatively small in absolute terms, the relative reduc-
tion in progression was almost 50% in favour of the treat-to-
target group. In light of the reduction of cardiovascular events, 
these effects are, in our opinion, clinically relevant. This is also 

supported by the observed effects in the high-risk patients who 
were treated according to the treat-to-target protocol resulting in 
stabilisation of cIMT during follow-up. The mixed model anal-
ysis further supported the beneficial effects of the intervention. 
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Figure 3 Kaplan-Meier estimates of the composite of first occurrence 
of fatal and non-fatal cardiovascular events during 5 years of follow-
up. Shown is the cumulative incidence of the composite endpoint of 
first occurrence of fatal and non-fatal cardiovascular events, including 
death by cardiovascular cause, non-fatal myocardial infarction, non-
fatal stroke, coronary artery bypass grafting, percutaneous coronary 
intervention, revascularisation of peripheral atherosclerotic arterial 
disease or amputation related to peripheral atherosclerotic arterial 
disease.

It should be noted that our study included a relatively small 
number of participants and a small number of clinical events. 
Therefore, these data need to be confirmed in larger trials.

The cardiovascular risk in patients with RA has often been 
compared with the risk of patients with T2DM.1 3 32 Our data 
suggest that the overall risk for CVD in well-treated RA is not 
as high as previously thought,1 with a 5-year risk for first occur-
rence of cardiovascular events of 4.7% in those randomised to 
usual care. This number is considerably lower compared with 
data from cohort studies, in which the 5-year risk for first events 
ranges 7%–13%,1 33 or in patients with T2DM in whom the risk 
ranges 12%–15%.34 35 However, the risk in our cohort seems 
to be elevated compared with the general population, in which 
the prevalence of first CVD event ranges 2.3%–3.2%.36 37 The 
current CVD risk models either do not take the increased CVD 
risk into account in subjects with RA (eg, the Framingham38 and 
SCORE25 tables) or overestimate the risk (eg, the Dutch CVD 
risk management guidelines19). Therefore, the current European 
League Against Rheumatism guidelines,20 where the calculated 
risk is multiplied by a factor of 1.5, seems to be the best clinical 
option so far.

Atherosclerosis has a multifactorial genesis, with many factors 
involved including inflammation.6 The chronic inflammation in 
RA has been associated with the development of atherosclerosis,7 
and therefore control of disease activity remains the primary 
goal. Advances in the treatment of RA might explain the reduced 
CVD risk found in our study. Effective treatment of disease 
activity leading to less systemic inflammation with methotrexate 
and biologicals is considered to be partly responsible for the 
reduction of CVD events.13 39 The CARdiovascular research and 
RhEumatoid arthritis (CARRÉ) study found a CVD event rate 
of 12.9%; however, only 10% of patients with RA were treated 
with a biological compared with 40% in our study. The median 
DAS28 in our trial was lower compared with the CARRÉ study 
(2.4 vs 3.8), which could explain, in part, the low incidence of 
subclinical and clinical atherosclerosis observed here.

Only patients with RA without clinical CVD and with an esti-
mated 10-year risk for fatal CVD below 10%, according to the 
2006 SCORE guidelines, were randomised. Therefore, the CVD 
risk found in our study may underestimate the CVD risk in a 
general RA cohort. Furthermore, even though the majority of 
our patients had a low disease activity, only a quarter of our 
patients reached Boolean-based RA remission.

It should be emphasised that our study has several limita-
tions. First, the dropout in our study was considerable. Despite 
this dropout, we were able to construct a large database using 
multiple imputation. Differences at baseline and at time of 
dropout, between completers and non-completers, were compa-
rable. Furthermore, we were also able to collect reliable informa-
tion on clinical events. Second, cIMT is only a soft endpoint for 
modern cardiovascular trials. At the start of this study, this was 
not unusual and many cardiovascular intervention trials used 
cIMT changes at that time as their primary endpoint. Third, the 
measurement of the cIMT was not performed blinded, but it 
was carried out according to a strict protocol with fixed settings. 
Fourth, according to current standards, the assessment of clin-
ical endpoints should have been performed by an independent 
endpoint committee. Finally, a stricter target for LDL-C should 
have been chosen, which may have resulted in even larger effects.

Of note, due to the study design, usual care patients visited 
our outpatient clinic for evaluation. Their primary care physi-
cians received information and recommendations on cardiovas-
cular risk management resembling the intervention applied to 
our treat-to-target group. This probably led to a more intensive 
treatment of usual care patients, and it may explain for example 
the fact that blood pressure was so well controlled in both 
groups. In our opinion, this may lead to an underestimation of 
the absolute risk found in these patients.

Our study shows a larger cIMT progression than estimated 
by our sample size calculation. Due to limited data on cIMT 
progression in patients with RA, data from other cohorts were 
used to perform the power calculation. For the effect of the 
intervention, we used data from a multifactorial intervention in 
T2DM which showed an almost 50% reduction in CVD events. 
We had doubts whether this high risk would apply to patients 
with RA and therefore used a more conservative target of 20% 
reduction for cIMT progression. In addition, we did not expect 
that this small number of subjects would result in a significantly 
lower number of events in such a relatively short follow-up 
period.

In conclusion, the present study provides support for a treat-
to-target approach of traditional cardiovascular risk factors in 
subjects with well-controlled RA.
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Key messages

 ► Homozygous NFIL3 mutations identified in 
monozygotic twins with juvenile idiopathic 
arthritis.

 ► Enhanced susceptibility to arthritis induction in 
Nfil3-knockout mice.

 ► NFIL3 loss in patients and mice is associated 
with elevated production of IL-1β.

 ► Knockdown of NFIL3 in healthy macrophages 
drives IL-1β production.

AbsTRACT
Objectives NFIL3 is a key immunological transcription 
factor, with knockout mice studies identifying functional 
roles in multiple immune cell types. Despite the importance 
of nFil3, little is known about its function in humans.
Methods Here, we characterised a kindred of two 
monozygotic twin girls with juvenile idiopathic arthritis at 
the genetic and immunological level, using whole exome 
sequencing, single cell sequencing and flow cytometry. 
Parallel studies were performed in a mouse model.
Results The patients inherited a novel p.M170i in nFil3 
from each of the parents. The mutant form of nFil3 
demonstrated reduced stability in vitro. The potential 
contribution of this mutation to arthritis susceptibility was 
demonstrated through a preclinical model, where nfil3-
deficient mice upregulated il-1β production, with more 
severe arthritis symptoms on disease induction. single cell 
sequencing of patient blood quantified the transcriptional 
dysfunctions present across the peripheral immune system, 
converging on il-1β as a pivotal cytokine.
Conclusions nFil3 mutation can sensitise for arthritis 
development, in mice and humans, and rewires the 
innate immune system for il-1β over-production.

InTROduCTIOn
Juvenile idiopathic arthritis (JIA) is the most 
common of the childhood rheumatic diseases. 
JIA is characterised as juvenile-onset persistent 
arthritis with no defined cause. A high degree of 
clinical heterogeneity is observed within the JIA 
group of diseases, thought to reflect a diversity in 
genetic and environmental factors and mechanistic 
drivers. JIA shows similarities to adult autoimmune 
diseases, and, indeed, genome-wide association 
studies identify a strong overlap in the common 
variants linked to autoimmune susceptibility and 
JIA susceptibility.1 JIA also has similarities to auto-
inflammatory diseases, such as genetic associations 
to innate inflammatory pathways2 and response to 
IL-1β blockade.3 The recent success in identifying 
monogenic causes of autoinflammatory diseases4 
suggests that monogenic causes may also underlie a 
subset of patients with JIA. Indeed, the association 
of systemic JIA with mutations in LACCI5 supports 
the potential productivity of this approach in the 
non-systemic JIA diseases.

NFIL3 is an important transcription factor in the 
immune system. Analysis of Nfil3-deficient mice has 
identified a key role for Nfil3 in the development 

of natural killer (NK) cells,6 with similar func-
tions in other innate lymphoid cells,7 and the 
CD8α+ dendritic cell subset.8 Within T cells, Nfil3 
enhances the Th2 lineage9 while suppressing the 
Th17 lineage.10 The net effect of these changes is 
the spontaneous development of colitis, a process 
dependent on microflora and T cell activation.11 
Less is known about the function of NFIL3 in 
humans. Expression of NFIL3 is reduced in patients 
with Crohn’s disease and ulcerative colitis,12 and in 
vitro gene silencing of NFIL3 in T cells and B cells 
promotes self-reactivity.13 These results suggest that 
NFIL3 plays a key immune homeostatic role in 
humans; however, genetically deficient patients are 
required to understand the in vivo function.

Here, we have characterised monozygotic twins 
with JIA and inflammatory complications, who 
harbour homozygous mutations in NFIL3. Parallel 
studies in mice confirm the arthritogenic potential of 
NFIL3-deficiency, with Nfil3 knockout mice showing 
enhanced susceptibility to arthritis induction. Mech-
anistic analysis identified elevated production of 
IL-1β and TNFα by myeloid cells in the peripheral 
blood of NFIL3 patients and the inflamed joints of 
Nfil3-deficient mice. Our results here demonstrate a 
link between NFIL3 mutation and restraint of inflam-
matory cytokine production in the myeloid lineage, 
contributing to a monogenic form of JIA.

MeTHOds
Genetic analysis
The study was approved by the Ethics Committee 
of UZ Leuven, Belgium, and written informed 
consent was obtained from the parents of the 
patients and age-matched healthy individuals. The 
study was performed in accordance with the modi-
fied version of the Helsinki declaration. Whole 
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exome sequencing was performed as previously described on P1 
and P2.14 Only coding non-synonymous variants with genotype 
quality >60, gene damage index score of <12 40515 and mean 
allele frequency of <0.005 in NHLBI GO Exome Sequencing 
Project 6500, 1000 Genomes Project (October 2014) or in The 
Exome Aggregation Consortium database were considered.

Human macrophage differentiation
Peripheral blood mononuclear cells (PBMCs) were isolated from 
heparinised blood using lymphocyte separation medium (LSM, 
MP Biomedicals). PBMCs were plated in Poly-D-Lysine coated 
flask in complete RPMI (Thermo Fisher Scientific) and incu-
bated for 2 hours to enrich the monocyte population by plastic 
adherence. Monocytes were differentiated into macrophages for 
7–10 days in differentiation media containing complete RPMI 
medium supplemented with recombinant hM-CSF (50 ng/mL) 
and hIL-10 (25 ng/mL) (both BioLegend), replacing media every 
2–3 days during the differentiation period. Macrophages were 
transfected with either scrambled siRNA (SantaCruz, sc-36869, 
30 pmol) or three siRNA targeting Nfil3 mRNA (ThermoFisher 
assay IDs 144020, 115 656 and 115655, 30 pmol each) by 
nucleofection (Lonza, VPA-1008, Nucleofector program T-016). 
Twenty-four hours post-transfection cells were stimulated with 1 
µg/mL lipopolysaccharide (LPS) for 24 hours.

Flow cytometry
PBMCs were isolated using LSM (MP Biomedicals) from 
patients and healthy individuals. For intracellular staining, cells 
were plated with complete RPMI containing phorbol myristate 
acetate (PMA 50 ng/mL; Sigma-Aldrich), ionomycin (500 ng/
mL; Sigma-Aldrich) and Brefeldin A (8 ng/mL; Tocris Bioscience) 
for 4 hours. Cells were fixed and permeabilised with the eBio-
science Foxp3 staining kit (eBioscience). Anti-human antibodies 
included anti-NFIL3 (REA732) (Miltenyi Biotec), anti-CD14 
(TuK4) (eBioscience); anti-CD3 (Miltenyi Biotec); anti-CD16 
(3G8), anti-CD56 (NCAM16.2), anti-CD123 (7G3), anti-CD27 
(L128), anti-CD45RA (HI100), anti-CD8 (SK1), anti-CD4 
(SK3), anti-CD1c (L161), anti-IFNγ (4S.B3), anti-T-BET (4B10), 
anti-IL-17a (N49-653), anti-GATA3 (L50-823) (all from BD 
Biosciences); anti-HLA-DR (L243), anti-CD19 (HIB19), anti-
CD56 (NCAM16.2), anti-CD11c (3.9), anti-CCR7 (G043H7), 
anti-FOXP3 (206D), anti-RORγt (Q21-559), anti-TNFα 
(MAb11), anti-IL-4 (MP4-25D2) (all from BioLegend); purified 
Rabbit-anti-human NFIL3 (D5K8O) (Cell Signaling Technology) 
followed by Donkey-anti-Rabbit-IgG (Thermo Fisher Scientific). 
Data were collected on BD Symphony (BD Biosciences) and 
analysed using FlowJo V.10.5 (Tree Star Inc.).

biochemistry
Lysates from lymphoblastoid cells were run on the NuPAGE 
Precast Gel System (Life Technologies). Thirty to 50 µg of lysate 
were separated on 4%–12% bis-tris acrylamide gels and blotted 
on a PVDF membrane (GR Healthcare). Membranes were incu-
bated with rabbit anti-NFIL3 (1:500, D5K80, Cell signaling) 
and mouse anti-Vinculin (1:2000, V9264, Sigma). Proteins were 
revealed using western Lightning Prime-ECL (GE Healthcare) 
and the imaging system G:Box XRQ (Syngene). Quantification 
was performed using the AIDA software (Raytest, V.5.0).

N-terminally FLAG-tagged human NFIL3-T2A-GFP (WT 
or carrying the M170I mutation) was expressed transiently 
from a plasmid in HEK293T. The expression was driven by 
chicken actin promoter with the CMV enhancer. For trans-
fections, HEK293T cells were grown on poly-L lysine-treated 

(0.1%) cover slips to subconfluency. Plasmid transfection was 
done using Lipofectamine 3000 according to the manufac-
turers protocol (Thermo Fisher). Twenty-four hours after trans-
fection, the cells were washed in PBS, fixed in 4% PFA and 
permeabilised in 0.1% Triton X-100 (in PBS). After blocking 
in PBS with 2% bovine serum albumine (BSA), 10% donkey 
serum and 0.1% Triton X-100 for 30 min, cells were stained 
with an anti-Flag polyclonal affinity antibody (F7425; Sigma 
Aldrich) for 2 hours, then washed and incubated for 1 hour 
with Alexa Fluor 555 donkey-anti-rabbit (A31572; Molecular 
Probes) antibody as well as DAPI (D1306; Molecular Probes). 
After washing the cells, they were covered using Fluoromount 
(Thermo Fisher). Images were collected on an LSM 510 Meta 
confocal microscope (Ziess) with a 60× immersion objective. 
Quantification of mean fluorescence intensity was measured 
using ImageJ software. Alternatively, 24 hours post-transfec-
tion, cells were stained with fixable viability dye (eBioscience), 
fixed and stained for human NFIL3 following the eBioscience 
protocol for flow cytometry analysis.

Arthritis induction in mice
C57Bl/6 and Nfil3-/- mice16 were bred and housed under barrier 
conditions at a specific pathogen-free facility at the Walter and 
Eliza Hall Institute Animal Facility. Eight-to-ten week-old mice 
were used for all experiments. All procedures were approved by 
the Walter and Eliza Hall Institute Animal Ethics Committee. 
Serum transfer arthritis was induced by injection of arthrito-
genic serum from 12-week-old progeny of KRN and non-obese 
diabetic mice (K/BxN mice).17 Clinical score was assessed 
as a sum of the clinical score for each paw (0, no erythema 
and swelling; 1, mild erythema and swelling confined to the 
ankle, wrist or digits; 2, mild erythema and swelling extending 
from the ankle to the mid-foot; 3, moderate erythema and 
swelling extending from the ankle to the metatarsal joints; 4, 
severe erythema and swelling extending the entire limb and 
with joint ankylosis). The severity of joint inflammation was 
also assessed with in vivo imaging of bioluminescence using 
luminol, a substrate for myeloperoxidase activity (in myeloid 
cells), on days 4 and 7, as published previously.18 Arthritis of 
the ankle joint was evaluated histologically from two indepen-
dent experiments. Front and hind limbs of mice were fixed 
in 10% neutral-buffered formalin, embedded in paraffin, 
sectioned at 7 µm and stained with Safranin-O, according to 
standard practices. Histological analysis was performed on 
serial joint sections. Histology scores are as follows: 0=normal, 
1=moderate, 3=severe.

Flow cytometry was performed on cells isolated from the 
peritoneal lavage, joints and blood. For cytokine production 
measurement, cells were stimulated with LPS (0.1 µg/mL) in the 
presence of Brefeldin A and monensin for 3 hours, stained for 
surface markers, followed by intracellular staining of IL-1β and 
TNF.

single cell sequencing
Peripheral blood was collected by venipuncture, and the PBMC 
fraction was isolated using LSM-Lymphocyte Separation 
Medium (MP Biomedicals). PBMC were then viably frozen and 
stored in liquid nitrogen prior to single cell sequencing. On 
thawing, the PBMC were counted using a Countess II Auto-
mated Cell Counter (Thermo Fisher), and 8700 cells for each 
sample were loaded individually onto the Chromium Controller 
(10x Genomics).
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Figure 1 NFIL3 mutations in a pedigree with juvenile idiopathic arthritis. (A) Family pedigree of the affected patients (grey). (B) Sanger sequencing 
of NFIL3 indicating the site of mutation. (C) Schematic of NFIL3 domains and the site of mutation. (D) Cross-species conservation of NFIL3 in the 
region flanking M170 (ClustalW). Amino acids with >50% conservation are indicated in blue. (E) Western blot indicating protein expression of NFIL3 
in LCLs from control individuals, the patient (homozygous) and mother (heterozygous), with quantification normalised against vinculin.

Analysis of single-cell RnA-seq data from patient and control 
PbMCs
Sequence data were preprocessed with Cell Ranger V.2.0 (10x 
Genomics). The resulting count matrices were analysed with R 
V.3.4 and the package Seurat V.2.2 (6), following the standard 
pipeline with default parameters, unless stated otherwise. Genes 
detected in less than five cells as well as cells with less than 500 
genes detected were filtered out, leaving 15 216 genes across 
4743 cells in the control and 14 367 genes across 2165 cells 
in the patient. Gene expression was normalised across genes by 
dividing by the total expression per cell, log-transformed and 
standardised across cells. The 1000 most variable genes were 
used to align the expression levels of both samples, through the 
components of a canonical correlation analysis (CCA). The tSNE 
plots were calculated on the first 20 components of the CCA, 
and clusters were identified by the community-detection algo-
rithm implemented by Seurat.

Gene set enrichment analysis was carried out for each cluster 
(cell type) with GSEA v 3.0 (Broad Institute, Cambridge, Massa-
chusetts, USA) (7). Gene sets with size larger than 1000 or 
smaller than 10 were excluded. Detection of variation in gene 
sets was controlled to have a false discovery rate lower than 
0.25. Gene sets were prioritised according to the normalised 
enrichment score provided by GSEA.

KEGG pathways19 were analysed with Pathview,20 through the 
web server API. First, each cluster (cell type) was analysed sepa-
rately, using all genes with detected fold-change, for the path-
ways corresponding to signal transduction, immune system and 
immune diseases. Then, the final pathway representation was 
obtained by merging the expression levels of the genes directly 
related to each cell type.

Real time PCR
RNA has been isolated from sorted CD14+ monocytes, differ-
entiated macrophages or NIH3T3 cells using the ReliaPrep RNA 
Cell Miniprep System (Promega). cDNA synthesis was performed 
using the Superscript III RT System (Thermos Fisher). Expres-
sion of STX11, TGFB1, CSF2RB, CEBPG, CD224, NFIL3, TNF, 
IL1B, HPRT, RPL0, ACTB and plasmid-encoded ncRNA was 
measured by PrimeTime qPCR Probe Assays (IDT) and IL1B by 
SYBR green qPCR (Thermo Fisher). The expression of HPRT, 
RPL0 and ACTB was used to normalise mRNA expression.

ResulTs
nFIl3 mutations in monozygotic twins with juvenile 
idiopathic arthritis
Monozygotic twins were identified with JIA (figure 1A). Both 
sisters were diagnosed with oligoarticular JIA at the age of 4 
years (P1) and 6 years (P2), respectively. Systemic inflammation 
at onset (sedimentation 49;<20 mm/hour, CRP 15.2; <5 mg/L, 
IgG 14.8; 4.78–11.29 g/L (P1); sedimentation 32; <20 mm/
hour, CRP 2.9; IgG 17.50; 5.58–12.54 g/L (P2)) and antinuclear 
antibodies (table 1) were present in both. There was no occur-
rence of uveitis. Autoimmune thyroiditis developed at age 9 years 
(P1) and 11 years (P2). P1 was initially treated with intra-artic-
ular steroids and methotrexate, with adalimumab added after 
a relapse. At 11 years of age, laboratory tests revealed mildly 
increased liver enzymes with normal bilirubin levels, normal 
NSE, αFP and coagulation tests. Liver ultrasonography with 
duplex Doppler showed a large well-marginated lesion in the 
left liver lobe displacing the left subhepatic vein, with a char-
acteristic spoke wheel vascularisation pattern compatible with 
focal nodular hyperplasia. MRI confirmed a T2 isointense multi-
lobulate tumour with a central T2 hyperintense scar, occupying 
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Table 1 Patient autoantibody characteristics

P1 P2

ANA (titre) Positive (1/640) Positive (1/320)

Description Homogenous and 
chromosomal straining 
pattern in the nucleus, 
cytoplasm negative

Homogenous and 
chromosomal straining 
pattern in the nucleus, 
cytoplasm negative

Anti-DNA Farr (cut-off) 7.1 IU/mL (≥7.0) 9.1 IU/mL (≥7.0)

CTD screening* Negative Negative

p-ANCA (titre) 1/320 1/160

MPO-ANCA Negative Negative

PR3-ANCA Negative Negative

Thyroglobulin Ab (cut-off) 385 IU/mL (≥115) 139 IU/mL (≥115)

Thyroid peroxidase Ab 
(cut-off)

63 IU/mL (≥34) 154 IU/mL (≥34)

IgG (normal range) 15.9 g/L (5.58–12.54) 17.5 g/L (5.58–12.54)

HLA-B27 Positive Positive

HLA-B51 Negative Negative

*CTD (connective tissue disease) screening covers SSB/La, U1-RNP, RNP-70, SmD, 
Scl-70, Jo-1 and Ro60 antigens.
ANA, anti-nuclear antibodies; ANCA, anti-neutrophil cytoplasmic antibodies; 
CTD, connective tissue disease; HLA-B, human leucocyte antigen; MPO-ANCA, 
myeloperoxydase anti-neutrophil cytoplasmic antibodies; PR3-ANCA, proteinase 3 
anti-neutrophil cytoplasmic antibodies.

the left liver lobe. Methotrexate and adalimumab were stopped, 
with subsequent normalisation of liver enzymes. Over the course 
of the following 2 years, the hepatic lesion has remained stable 
but she recently suffered another relapse of knee arthritis. P2 
remains in clinical remission after a course of non-steroidal 
anti-inflammatory drugs and an intra-articular steroid infiltra-
tion. The rare occurrence of JIA and autoimmune thyroiditis in 
monozygotic twins with a family history of psoriatic arthritis in 
the maternal grandmother, suggested a genetic driver of disease. 
The co-occurrence of focal nodular hyperplasia of the liver, not 
previously reported in patients with JIA, was also indicative of a 
systemic immune defect.

Genetic analysis of the patients through whole exome 
sequencing identified a homozygous mutation in NFIL3. Genetic 
variants were filtered for rare coding mutations. Based on the 
family history, recessive inheritance was deemed most likely. 
The patients were found to harbour one rare coding mutation 
in homozygosity, a G510A mutation in NFIL3, resulting in a 
methionine to isoleucine mutation at residue 170 (M170I). 
The mutation was confirmed by Sanger sequencing as homozy-
gous in the affected patients and heterozygous in the parents 
(figure 1B). The mutation is in the Ser-rich region (figure 1C), 
in a highly conserved stretch of amino acids (figure 1D). Patient 
cell lines demonstrated a ~50% reduction NFIL3 expression at 
the protein level (figure 1E). In ex vivo primary cells, taken from 
an inflammatory environment, NFIL3 mRNA was increased; 
however, a ~50% reduction in the mRNA/protein ratio was 
observed (online supplementary figure S1). To formally test 
protein stability, we transfected cell lines with either the wildtype 
or M170I form of NFIL3 and observed 50% lower expression 
of the M170I allele (online supplementary figure S2). Together, 
these results indicate that M170I NFIL3 is unstable, without 
excluding additional functional loss from the amino acid change.

nFIl3 knockout mice have enhanced susceptibility to arthritis 
induction
In the absence of a second family with NFIL3 mutations, we 
turned to a mouse model. Nfil3 knockout mice have been 

previously characterised as possessing a diverse set of immu-
nological alterations.6–11 Here, we challenged 8–10-week-old 
C57BL/6 and Nfil3 gene deleted mice with arthritogenic serum 
antibodies derived from the K/BxN mouse strain. This model 
bypasses early priming stages and compares sensitivity to down-
stream arthritis pathology processes. Compared with wildtype 
mice, Nfil3 knockout mice developed inflammatory arthritis 
earlier and had more severe joint inflammation, as assessed 
clinically (figure 2A), by in vivo imaging figure 2A-C and histo-
logically (online supplementary figure S3). Investigation of the 
inflamed joints of wildtype and Nfil3 knockout mice identi-
fied an elevated myeloid infiltrate, dominated by neutrophils 
(figure 2D,E). Infiltrating neutrophils and monocytes/macro-
phages demonstrated enhanced production of IL-1β and TNF 
in the Nfil3 knockout joint (figure 2F,G). These changes in the 
joint were reflected in the serum, with elevated IL-1β and TNF 
in the arthritic Nfil3 knockout mice (figure 2H). Together, these 
results support NFIL3 as a genetic contributor to inflammatory 
arthritis in the patient pedigree and identify innate inflammatory 
cytokines as a potential mechanism.

nFIl3 mutations drive elevated Il-1β production in myeloid 
cells
In order to determine the immunological impact of NFIL3 loss 
of function on the peripheral immune system, we ran a single 
cell sequencing experiment on P1 and a healthy age-matched 
control. After data curation, data from 4743 cells from the 
healthy individual and 2165 cells from the patient were clus-
tered using a tSNE approach (figure 3A). Clusters were manually 
annotated into leucocyte populations based on the expression of 
key lineage markers (online supplementary figure S4). Quantifi-
cation of the clustered leucocyte populations revealed multiple 
immunological abnormalities in the patient (figure 3B,C). The 
adaptive immune system gave indications of defective activation, 
with increased naïve B cells and T cells, while memory B cells 
and activated T cells were normal and activated CD8 T cells 
were reduced. Changes were also observed in the innate immune 
system, with a shift from the CD14+ monocyte cluster to the 
CD16+ monocyte cluster, a relative defect in the CD56bright NK 
cluster and reduced frequencies of both CD1+ DC and pDC 
(figure 3C).

To validate the changes observed using single cell sequencing, 
we used a flow cytometric analysis on both P1 and P2 and four 
healthy controls (figure 4). As was observed using single cell 
sequencing, the innate immune system was disturbed in the 
NFIL3 patients, with an increased frequency of CD16+ mono-
cytes (figure 4B) and a selective reduction in the CD56bright NK 
population (figure 4C). Analysis of T cell populations with flow 
cytometry picked up an increase in T cell activation not apparent 
at the transcript level. Th1, Th17, IFNγ-producing CD8 and 
TNF-producing CD8 T cells were all increased (figure 4G,I–K). 
These results validated and extended the single cell analysis, 
identifying an inflammatory milieu in NFIL3 patients.

Beyond changes in leucocyte population frequency, we used 
the single cell data to detect altered transcriptional pathways in 
NFIL3 patients. Global transcriptional analysis indicated differ-
ential effects of NFIL3 deficiency of each population (online 
supplementary figure S6). Naïve T cells and CD56dim NK cells 
were dominated by an upregulation of ribosomal components 
and protein production machinery. By contrast, activated T cells 
and B cells demonstrated increased expression of multiple tran-
scription factors, including FOS, MYC, IRF1 and STAT3 (online 
supplementary figure S6), indicating stronger levels of activation. 
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Figure 2 Nfil3-/- mice have increased susceptibility to arthritis induction. Wildtype and Nfil3-/- mice were injected with serum from K/BxN mice. 
(A) Mice were scored for clinical arthritis daily for 7 days. Each paw was scored on a scale of 0–4 based on signs of swelling and inflammation 
(n=9/group). (B) Mice were imaged for MPO activity in paws using luminol sodium salt solution and were imaged for bioluminescence using the 
IVIS spectrum imaging. Representative picture and (C) average RADIANCE at days 4 and 7. (D) Wild-type and Nfil3-/- mice were assessed by flow 
cytometry 5 days after injection of K/BxN serum. Data are representative of two independent experiments with 6 wild-type and 2–3 Nfil3-/- mice per 
experiment. Representative gating of neutrophils, macrophages and monocytes, and (E) quantification of joint-infiltrating cells. (F) Representative 
flow cytometry analysis showing the intracellular expression of IL-1β and TNF in monocytes and macrophages (CD88+Ly6G-CD64+) and neutrophils 
(CD88+Ly6G+CD64-) from joints of wild-type and Nfil3-/- mice. (G) Total numbers of IL-1β-producing and TNF-producing leucocytes are shown from 
wild-type and Nfil3-/- in peritoneal lavage, joints and blood. (H) Concentrations of IL-1β and TNF were determined from joint lavage of mice 5 days 
after injection of K/BxN serum by ELISA. Mean±SD, *p<0.05. MPO, myeloperoxidase.
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Figure 3 Peripheral immune alterations with NFIL3 mutation. Integrated analysis of single cell sequencing transcriptomics data from patient 
and control PBMCs. (A) tSNE projection of 6908 PBMCs. After alignment, each cell is grouped into clusters (distinguished by colour). Single joint 
clustering revealed 14 immune populations annotated according to the expression of key lineage markers. (B) tSNE projection of 6908 PBMCs, split 
between patient and control after alignment. (C) Proportion of the total number of cells from each sample belonging to each leucocyte population. 
(D) Proportion of known NFIL3 target genes with a 2-fold (light blue/light red) or 4-fold (dark blue/dark red) expression change, within each leucocyte 
cluster. Only NFIL3 targets expressed within the cluster were considered. PBMCs, peripheral blood mononuclear cells.

Many biological pathways were altered in the myeloid compart-
ment, with the upregulation of components of the MAPK 
pathway the key feature (online supplementary figure S6), again 
indicative of excessive activation. When transcriptional changes 
were mapped onto the Rheumatoid Arthritis KEGG pathway, 
excessive production of IL-1β and TNF by innate leucocytes was 
identified as a key change (figure 5A), corresponding with the 
changes observed in mice (figure 2). Due to the known arthri-
togenic role of IL-1β, we tested whether a direct link could be 
established between NFIL3 expression in macrophages and 
IL-1β production. Using an siRNA approach, we knocked down 
NFIL3 expression in primary macrophages cultured from a 
healthy individual and found that ~50% reduction in NFIL3 

primed macrophages for excessive IL-1β and TNF expression 
(figure 5B). This mechanistic analysis suggests that the effects of 
NFIL3-deficiency may be pleiotropic, with differential rewiring 
of multiple leucocyte populations culminating in dysregulated 
IL-1β and TNF production in an arthritogenic reaction.

dIsCussIOn
In this study, the in vivo immunological role of NFIL3 has been 
characterised, with deficiency in NFIL3 sensitising to arthritis 
development in mice and in patients. Mechanistic analysis 
in both species converged on IL-1β overproduction by innate 
leucocytes as a potential disease mechanism. It is likely, however, 
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Figure 4 Distinct immunological profiles of patient peripheral blood. Peripheral blood from healthy controls (black squares) and the two 
patients (open circles) were assessed for immune phenotype by flow cytometry. (A) CD14+ monocytes (CD14+CD16-HLADR+), (B) CD16+ 
monocytes (CD16+CD14-HLADR+), (C) CD56bright NK cells (CD3-CD19-CD14-CD16-CD56bright), (D) plasmacytoid DCs (CD3-CD19-CD14-CD56-

HLADR+CD11clowCD123+), (E) CD1c+ myeloid DCs (CD3-CD19-CD14-CD56-HLADR+CD11c+CD1c+CD123-), (F) naïve B cells (CD19+CD14-CD27-), (G) Th1 
(CD3+CD4+IFNγ+TBET+), (H) Th2 (CD3+CD4+IL4+GATA3+), (I) Th17 (CD3+CD4+RORγ+IL17+), (J) CD3+CD8+IFNγ+TBET+, (K) CD3+CD8+TNFα+. Median 
and individual data points are shown.

Figure 5 Mapping of transcriptional changes in NFIL3 patient onto arthritogenic pathways. (A) Single cell sequencing transcriptomics data from 
patient and control PBMCs was mapped onto KEGG pathways. Transcriptional changes in the KEGG rheumatoid arthritis pathway were visualised 
using an adapted Pathview. In blue are shown labels for mapped cell types, corresponding to annotated single cell clusters. Differential gene 
expression within each annotated cell type is visualised with colour, with green indicating overexpression in healthy control and red indicating 
overexpression in patient. Synovial stromal cells, not present in the single cell RNAseq dataset, are represented but with annotated genes indicated 
as transcript not detected (white). (B) Healthy control PBMCs were differentiated into macrophages and treated with either scrambled siRNA or NFIL3 
siRNA, and NFIL3 mRNA knockdown was confirmed by qPCR. Treated macrophages were stimulated with LPS for 24 hours, following which IL1β and 
TNFα mRNA expression was assessed by qPCR. PBMCs, peripheral blood mononuclear cells.
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that the effect of NFIL3 is more pleiotropic, with multiple 
complex interactions. For example, the adaptive immune system 
in these patients also demonstrated a Th1/Th17 skew, which 
may also contribute to disease. A proinflammatory phenotype 
of NFIL3 deficiency is consistent with both the murine model, 
which develops colitis,11 and correlative data in humans, where 
NFIL3 expression is reduced in patients with colitis.12 While 
the patients described here have not presented with colitis, it 
is increasingly recognised that the clinical presentation of auto-
inflammatory diseases is diverse, with the underlying biological 
defect manifesting as different clinical symptoms in different 
individuals. The identification of NFIL3 as an autoinflammatory 
gene opens up further investigation of monogenic patients, who 
may present with inflammatory phenotypes across the spectrum.

Independent of the role of NFIL3 mutations in disease, the 
identification of an NFIL3-deficient family allows the first 
analysis of the in vivo functions of NFIL3 in humans. In vitro 
gene silencing on NFIL3 in human T cells and B cells has been 
performed;13 however, in vivo experiments on NFIL3-deficiency 
have been restricted to mice. Comparison of the NFIL3-defi-
cient patients assessed here with the Nfil3-deficient mice reveals 
both cross-species similarities and species-specific functions. 
The patients, as with the mice,6 have defects in NK cells, with 
a reduction in maturation to the CD56bright population. Like-
wise, in patients, NFIL3 deficiency results in a major loss of the 
cDC population, phenocopying mice.8 Here, we demonstrated a 
mechanistic link between NFIL3 expression and proinflamma-
tory cytokine production, and an association between NFIL3 
deficiency with arthritis in mice and patients.
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Key messages

What is already known about this subject?
 ► T-cells and their cytokines play a critical role in 
psoriatic arthritis (PsA) pathophysiology.

 ► Previous T-cell studies in PsA have focused on 
circulating and/or synovial fluid cells.

What does this study add?
 ► This is the first report of enrichment of a specific 
subset of novel polyfunctional T-cells in the 
synovial tissue from patients with PsA.

How might this impact on clinical practice or 
future developments?

 ► PsA synovial tissue polyfunctional T-cells 
significantly correlate with disease activity 
(Disease Activity in PSoriatic Arthritis) and 
response, thereby may guide treatment 
decisions and prognosis.

AbsTrACT
Objective This study examines polyfunctional T-cells 
in psoriatic arthritis (Psa) synovial tissue and their 
associations with clinical disease and implications for 
therapy.
Methods Psa synovial tissue was enzymatically/
mechanically digested to generate synovial tissue single 
cell suspensions. Frequencies of polyfunctional CD4, CD8, 
T-helper 1 (Th1), Th17 and exTh17 cells, using CD161 
as a marker of Th17 plasticity, were determined by flow 
cytometry in matched Psa synovial tissue and peripheral 
blood. synovial T-cell polyfunctionality was assessed in 
relation to Disease activity in Psoriatic arthritis (DaPsa) 
and in synovial cell suspensions cultured with a current 
mode of treatment, phosphodiesterase 4 (PDe4) inhibitor.
results Psa synovial tissue infiltrating CD4+ T-cells 
expressed higher levels of interleukin (il)-17a, interferon 
gamma (iFn-γ), GM-CsF and CD161, with parallel 
enrichment of Th1, Th17 and exTh17 T-helper subsets 
(all p<0.05). interestingly, a significant proportion of 
synovial T-cell subsets were triple-positive for GM-
CsF, tumour necrosis factor (-TnF), -il-17 or iFn-γ 
compared with matched blood (all p<0.05). importantly, 
frequencies of polyfunctional T-cells correlated with 
DaPsa: Th1-GM-CsF+/TnF+/iFn-γ+ (r=0.7, p<0.01), 
Th17-GM-CsF+/TnF+/il-17+ (r=0.6, p<0.057) and 
exTh17-GM-CsF+/TnF+/iFn-γ+ (r=0.7, p=0.0096), with 
no associations observed for single cytokine-producing 
T-cells. Following ex vivo culture of Psa synovial tissue 
cell suspensions, polyfunctional GM-CsF+TnFα+il-17a+ 
or/iFn-γ+-producing T-cells (p<0.05), but not single 
cytokine-producing T-cells, were inhibited with a PDe4 
inhibitor.
Conclusion These data demonstrate enrichment of 
polyfunctional T-cells in Psa synovial tissue which were 
strongly associated with DaPsa and ex vivo therapeutic 
response.

InTrOduCTIOn
Psoriatic arthritis (PsA) is a chronic inflammatory 
arthropathy associated with psoriasis. Synovial 
inflammation is a pathological hallmark of PsA, 
characterised by dysfunctional angiogenesis, acti-
vation of synovial fibroblasts and infiltration of 
immune cells.1 2 Genetic and functional studies 
strongly support the role of T-cells in PsA pathogen-
esis. As a result, the targeted inhibition of dysfunc-
tional T-cells in PsA has been an area of intensive 
investigation. Both CD4 and CD8 T-cells are found 
in abundance in the PsA synovium,2 3 with increased 
expression of the chemokine receptor C-C chemo-
kine receptor type 4 (CCR4), a key component of 

T-cell migration, also observed in synovial tissue 
and fluid.3 CD8 T-cells are clonally expanded in 
PsA synovium,4 5 while synovial enriched inter-
leukin (IL)-17+CD8+ T-cells correlate with erosive 
disease.6 Within the CD4 T-cell compartment, 
several studies demonstrate elevated frequencies of 
circulatory T-helper 17 (Th17) cells in patients with 
PsA, with even higher numbers in the synovial fluid.6 
Accumulating evidence suggests Th17 cells in PsA 
synovial fluid are associated with polyfunctional 
cytokine expression,7 where multiple cytokines 
including tumour necrosis factor alpha (TNFα), 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF and IL-22 are produced simultaneously 
and augment the complex local inflammatory 
environment.8 Indeed, T-cells have been recently 
targeted by modulation of T-cell costimulation,9 
anti-IL-17 antibodies10 and blockade of the IL-23/
IL-12 axis,11 but with somewhat variable results. 
The effective targeting of T-cells requires a detailed 
characterisation of synovial T-cells and a full under-
standing of how these cells behave at the site of 
inflammation. However, as the T-cell profile of PsA 
synovial tissue has only been examined by immu-
nohistochemistry or T-cell repertoire studies, little 
is known about the frequency of Th cell subsets, 
T-cell polyfunctionality and their relation to disease 
activity and therapy response.

In this study, for the first time, we demonstrate 
enrichment of synovial tissue polyfunctional CD4, 
CD8, Th1, Th17 and exTh17 cells compared with 
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Figure 1 PsA synovial tissue infiltrating T-cells display cytokine polyfunctionality. (A) Frequency of CD4 T-cell-derived IL-17A, IFN-γ, GM-CSF and 
TNFα in the peripheral blood and synovial tissue of patients with PsA. (B) Frequency of CD161+/CD161−, Th1, Th17 and exTh17 cells in PsA peripheral 
blood and synovial tissue. (C) Heat-map coded pie charts demonstrating the cytokine profile of peripheral blood and synovial T-cells. Each section of 
the pie chart indicates different combinations of cytokine expression as denoted by the legend at the bottom of the graph. The pie chart arcs indicate 
the cytokine or cytokines produced by each proportion of cells. Polyfunctional cytokine data were analysed using the SPICE software. *P<0.05, 
significantly different from peripheral blood. GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN-γ, interferon gamma; IL, interleukin; PsA, 
psoriatic arthritis; TNFα, tumour necrosis factor alpha.

their circulatory counterparts. Furthermore, we show that it is 
these synovial tissue infiltrating polyfunctional T-cells, and not 
single cytokine-producing T-cells, that positively correlate with 
the clinical disease activity measure, Disease Activity in PSoriatic 
Arthritis (DAPSA), and response to therapy in ex vivo synovial 
cell cultures, suggesting these T-cell subsets play a key role in PsA 
pathogenesis.

MATerIAls And MeTHOds
Online supplementary file 1.

enrichment of polyfunctional T-cells in PsA synovial tissue
The frequency of synovial CD8+, CD4+, Th1, Th17 and 
exTh17 cells and their ability to produce a combination of 
key T-cell-associated cytokines—interferon gamma (IFN-γ), 
GM-CSF, TNFα and IL-17A—was evaluated using multipa-
rameter flow cytometry (gating strategy in online supplemen-
tary figure 1) on matched peripheral blood and synovial tissue 
from patients with PsA (online supplementary table 1). The 
frequency of CD4-derived IFN-γ+, IL-17A+ and GM-CSF+ 

was significantly increased in the synovial tissue of patients 
with PsA as compared with matched peripheral blood (all 
p<0.05; figure 1A). In contrast, the frequency of CD4 TNF+ 
T-cells was significantly decreased in PsA synovial tissue 
(p<0.05). Within the CD4 compartment, the levels of Th17 
lineage marker, CD161, were significantly increased in PsA 
synovial tissue (p<0.05) (figure 1B). Using CD161 expres-
sion and cytokine expression, we demonstrated a significant 
increase in the frequency of Th1-CD161−IFN-γ+(p<0.05), 
Th17-CD161+IL-17A+ (p<0.05) and exTh17-CD161+IFN-γ+ 
(p<0.05) in PsA synovial tissue compared with peripheral 
blood (figure 1B). No significant difference in the frequency 
of GM-CSF+, TNFα+, IL-17A+ and IFN-γ+ CD8 T-cells was 
observed in PsA synovial tissue (online supplementary figure 
2).

Using Boolean gating strategy and SPICE software, we next 
explored the monofunctional and polyfunctional cytokine 
combinations produced by synovial resident and circulating 
T-cells in PsA, which demonstrated striking differences in 
synovial T-cells cytokine production compared with circulating 
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Figure 2 PsA synovial tissue T-cell polyfunctionality is positively associated with disease activity. The frequency of polyfunctional (A) triple cytokine 
and (B) single cytokine-positive Th1, Th17 and exTh17 plotted against disease activity score, DAPSA. Data are plotted with regression coefficients 
(solid line) and 95% CI (broken lines). DAPSA, Disease Activity in PSoriatic Arthritis; IL, interleukin; PsA, psoriatic arthritis; TNF, tumour necrosis factor.

T-cells (figure 1C). Single cytokine-positive cells are represented 
by individual arcs surrounding the pie charts, while double, 
triple and quadruple cytokine-positive T-cells were represented 
by overlapping arcs (figure 1C). A significant proportion of 
synovial T-cell subsets (CD4, CD8, Th1, Th17 and exTh17 
cells) were triple-positive for GM-CSF+TNF+IL-17+or IFN-γ+ 
compared with matched peripheral blood T-cells (all p<0.05). 
In particular, increased frequency of triple-positive synovial 
T-cells simultaneously secreting GM-CSF, TNFα and IL-17A 
(pie chart, orange segment) or GM-CSF, TNFα and IFN-γ 
(pie chart, green segment) as compared with the peripheral 
blood was observed. The frequency of triple cytokine-positive 
T-cells was also increased in PsA synovial tissue compared with 
osteoarthritis (OA) synovium (online supplementary figure 3). 
Overall, a significant shift towards higher cytokine polyfunc-
tionality in synovial tissue T-cells versus peripheral blood with 
paralleled decreases in frequency of single cytokine-producing 
T-cells was demonstrated (p<0.05; figure 1C).

Positive correlation between polyfunctional synovial tissue 
Th1, Th17 and exTh17 cells with disease activity
The relationship between T-cell polyfunctionality and syno-
vial inflammation was then examined in relation to disease 
activity by comparing the frequency of triple and single 
cytokine-positive synovial T-cells with DAPSA.12 Significant 
positive correlations were demonstrated between DAPSA 
and frequency of triple-positive infiltrating synovial T-cells 

GM-CSF+TNFα+IFN-γ+ (r=0.70,p<0.01), Th17-GM-CSF+/
TNF+/IL-17+ (r=0.6, p<0.057) and exTh17-GM-CSF+/
TNF+/IFN-γ+ (r=0.7, p=0.0096; figure 2A). In contrast, 
single cytokine-producing synovial tissue Th1, Th17 and 
exTh17 cells did not positively correlate with any clin-
ical measures of disease; indeed negative associations were 
observed (figure 2B). These data suggest that rather than 
their absolute frequencies, it is the polyfunctional cytokine 
capacity of synovial T-cells which is important in PsA disease 
pathogenesis.

effect of Pde4 blockade on polyfunctional synovial T-cells
To examine if current therapies routinely used in the clinic 
affect synovial infiltrating T-cells’ polyfunctionality, we next 
investigated in ex vivo PsA synovial tissue cell suspensions the 
effect of phosphodiesterase 4 (PDE4) inhibition on CD4, CD8, 
Th1, Th17 and exTh17 cytokine production. A significant 
reduction in cytokine polyfunctionality in rolipram-treated 
synovial suspensions was demonstrated (p<0.05, figure 3A; 
dose-dependent response in online supplementary figure 4). 
In particular, a significant reduction in the proportion of 
GM-CSF, TNFα, IL-17A and/or IFN-γ triple-positive (orange/
green segments) synovial CD4, CD8 (p<0.05), Th1 (p<0.05), 
Th17 (p<0.05) and exTh17 (p<0.05) (figure 3B, upper right 
quadrants, and figure 3C). Furthermore, these effects were 
not observed for single cytokine-producing T-cells, where the 
frequency of IFN-γ only, Th1 and exTh17 cells (dark blue 
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Figure 3 Phosphodiesterase 4 inhibition significantly reduces cytokine polyfunctionality of PsA synovial tissue T-cells. Cell suspensions were isolated 
from PsA synovial tissue and cultured in the presence of rolipram (10 µM) or DMSO for 4 hours, stimulated with PMA and ionomycin in the presence 
of Brefeldin A for 4 hours and analysed by flow cytometry for intracellular expression of IL-17A, IFN-γ, TNFα and GM-CSF. (A) Pie charts representing 
the polyfunctional cytokine profile of CD4, CD8, Th1, Th17 and exTh17 synovial T-cells in the presence of rolipram (10 µM) compared with DMSO 
control. Pie chart legend as per figure 2. The mean frequencies (B) and representative dot plots (C) of synovial tissue GM-CSF+TNFα+IL-17A+ and/
or IFN-γ+ CD4, CD8, Th1, Th17 and exTh17 T-cells following 8-hour culture in the presence or absence of rolipram (10 µM). *P<0.05, **p<0.001 
significantly different from the DMSO control. DMSO, dimethyl sulfoxide; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN-γ, interferon 
gamma; IL, interleukin; PMA, phorbol myristate acetate; PsA, psoriatic arthritis; TNFα, tumour necrosis factor alpha.

segment) was significantly increased in response to rolipram 
treatment (both p<0.05; and online supplementary figure 
5), with similar effects observed for IL-17A-only cells (dark 
purple segment and online supplementary figure 2).

dIsCussIOn
This is the first study to examine T-cell polyfunctionality in 
single cell suspensions isolated from PsA synovial tissue and 
their association with measures of clinical disease activity. 
Flow cytometric analysis of synovial T-cells characterised a 
distinct T-cell signature that comprised enriched Th1, Th17 
and exTh17 cells in PsA synovial tissue as compared with 
circulating T-cells, which were more polyfunctional in nature. 
Polyfunctional synovial tissue T-cells significantly correlated 
with PsA disease activity measures, in contrast to mono-
functional T-cells, which negatively correlated with disease 
activity. Following ex vivo culture of PsA synovial tissue cell 
suspensions, polyfunctional GM-CSF+TNFα+IL-17A+ and/or 
IFN-γ+-producing T-cells, and not single cytokine-producing 

T-cells, were effectively inhibited by a PDE4 inhibitor, further 
suggesting that synovial tissue polyfunctional T-cells contribute 
to PsA pathogenesis.

In this study, we report for the first time elevated frequen-
cies of Th1, Th17 and exTh17 cells in the synovium of 
patients with PsA. The Th17 lineage marker, CD161, was 
significantly elevated in PsA synovial tissue, suggesting a 
strong Th17 phenotype in PsA synovial pathology, which is 
consistent with previous findings.12–15 However, our data indi-
cated that exTh17 and Th17 cells that have transitioned are 
also highly enriched in the PsA joint. While several studies 
have demonstrated Th17 plasticity in chronic inflammation, 
with elevated frequencies of exTh17 cells reported in psori-
asis16 and rheumatoid arthritis synovial fluid,17 the mechanism 
for this remains unknown; however, IL-12 and IL-23, both 
implicated in PsA, have demonstrated the ability to promote 
Th17 plasticity in vitro.18 Despite being called non-classical 
Th1 cells, the joint specific Th17 lineage, exTh17 cells exhibit 
distinct pathogenic characteristics, including greater cytokine 
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production, increased proliferation and resistance to Treg 
suppression.17 Our data now indicate that exTh17 cells are 
also likely to contribute to disease pathogenesis in PsA.

We also provide evidence that polyfunctional cytokine-ex-
pressing synovial T-cells may be key pathogenic mediators of 
PsA synovial inflammation. Synovial infiltrating T-cells exhib-
ited greater cytokine polyfunctionality, particularly GM-CS-
F+TNF+IFN-γ+ or IL-17A+ positive T-cells, as compared with 
matched blood. Importantly, polyfunctional synovial T-cells, 
and not monofunctional single cytokine-producing T-cells, 
were positively associated with DAPSA, suggesting they are 
highly pathogenic in nature. This is consistent with previous 
studies showing augmented Th17 differentiation and polyfunc-
tional cytokine expression with parallel skin hyperkeratosis, 
enthesitis and bone erosion in cutaneous and synovio-enthe-
seal inflammation model of PsA.19 Interestingly, it has also 
been shown that antigen-specific T-cells exhibit cytokine poly-
functionality and enhanced immunity.20 This may be of partic-
ular interest for PsA as human leukocyte antigen (HLA)-27 
polymorphism and infection are a recognised feature of PsA 
pathophysiology.

A PDE4 inhibitor reduced triple cytokine-positive GM-CS-
F+TNF+IFN-γ+ and IL-17A+ T-cells. Previous studies have 
demonstrated the targeted inhibition of T-cell-derived TNFα, 
IFN-γ, IL-2, IL-4 and IL-17A in PsA peripheral blood in 
response to apremilast treatment21; however, the findings 
in this study now provide preliminary insights into poten-
tially novel anti-inflammatory mechanisms in PsA synovial 
tissue. While the exact mechanism by which PDE4 blockade 
suppresses these polyfunctional T-cells is unclear, previous 
studies have demonstrated the importance of janus kinase/
signal transducer and activator of transcription (JAK/STAT) 
signalling in synovial T-cell differentiation,22 while the dele-
tion of STAT5 in CD4 T-cells significantly impaired GM-CSF 
expression by CD4 T-cell.23

In conclusion, this is the first study to perform a detailed 
phenotypic analysis of synovial infiltrating T-cells in PsA. Syno-
vial T-cells are polyfunctional in terms of cytokine expression, 
are positively associated with disease activity and are effec-
tively repressed by PDE4 blockade. These data suggest that 
polyfunctional T-cells contribute to PsA pathogenesis.
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AbsTrACT
Objective Psoriatic arthritis (Psa) is a chronic 
inflammatory arthritis affecting up to 30% of patients 
with psoriasis (Ps). To date, most of the known risk loci 
for Psa are shared with Ps, and identifying disease-
specific variation has proven very challenging. The 
objective of the present study was to identify genetic 
variation specific for Psa.
Methods We performed a genome-wide association 
study in a cohort of 835 patients with Psa and 1558 
controls from spain. Genetic association was tested 
at the single marker level and at the pathway level. 
Meta-analysis was performed with a case–control cohort 
of 2847 individuals from north america. To confirm 
the specificity of the genetic associations with Psa, we 
tested the associated variation using a purely cutaneous 
psoriasis cohort (PsC, n=614) and a rheumatoid 
arthritis cohort (Ra, n=1191). Using network and 
drug-repurposing analyses, we further investigated the 
potential of the Psa-specific associations to guide the 
development of new drugs in Psa.
results We identified a new Psa risk single-nucleotide 
polymorphism at B3GNT2 locus (p=1.10e-08). at 
the pathway level, we found 14 genetic pathways 
significantly associated with Psa (pFDR<0.05). From these, 
the glycosaminoglycan (GaG) metabolism pathway was 
confirmed to be disease-specific after comparing the 
Psa cohort with the cohorts of patients with PsC and 
Ra. Finally, we identified candidate drug targets in the 

Key messages

What is already known about this subject?
 ► Psoriatic arthritis (PsA) has a higher heritability 
than psoriasis, indicating the presence of a 
specific genetic risk component.

 ► So far, very little genetic variation has been 
specifically associated with the development of 
PsA.

What does this study add?
 ► Using a pathway-based genome-wide 
association study on two case–control 
cohorts, we have identified multiple pathways 
associated with PsA risk.

 ► The glycosaminoglycan (GAG) metabolism 
pathway is specifically associated with PsA risk 
and is not associated with purely cutaneous 
psoriasis or rheumatoid arthritis.

 ► Network-based analysis of the GAG pathway 
suggests two new drug candidates for PsA.

How might this impact on clinical practice or 
future developments?

 ► The integration of biological knowledge on 
to genetic analysis can improve the ability to 
identify more effective therapies for PsA.
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GaG metabolism pathway as well as new Psa indications for approved 
drugs.
Conclusion These findings provide insights into the biological 
mechanisms that are specific for Psa and could contribute to develop 
more effective therapies.

InTrOduCTIOn
Psoriatic arthritis (PsA) is an inflammatory arthritis affecting up 
to 0.5% of the population and ~30% of patients with psori-
asis (Ps).1 2 Compared with patients having skin-only affectation 
(ie, purely cutaneous psoriasis, PsC), patients with PsA have a 
substantially worse quality of life.3 Most of the drugs currently 
used to treat Ps are also indicated for PsA,4 but the efficacy can 
differ significantly. Therefore, there is a need to better under-
stand the biological mechanisms underlying PsA in order to 
develop more effective therapies.

Familiar aggregation studies have demonstrated that PsA has 
a larger sibling recurrence rate (λs) than Ps (PsA λs~37 vs Ps 
λs~7),5–8 indicating the presence of a specific genetic risk. To 
date, more than 15 genome-wide association studies (GWAS) 
have been performed in Ps,9–14 identifying more than 50 suscep-
tibility loci. Conversely, only a few GWAS have been performed 
exclusively in PsA. These studies have allowed the identification 
of 15 PsA risk loci.15–22 However, most of these risk variants are 
shared with Ps, indicating that the biological mechanisms that 
cause autoimmunity to the skin are also central for PsA. Iden-
tifying disease-specific loci has proven elusive, and to date only 
PTPN22, CSF2-P4HA2 and ADAMTS9-MAGI1 have shown a 
significant association with PsA. Taking into account the effects 
of all known risk loci, less than 50% of the heritability for PsA 
is currently explained.11 13 23 Therefore, new biological mecha-
nisms could still be discovered that are relevant for disease aeti-
ology, resulting in more effective therapies than the present ones.

A major challenge in the genetics of complex diseases is the 
identification of genes with small effects.24 To overcome this 
problem, the predominant approach has been to recruit increas-
ingly larger patient cohorts.25 While this can help to identify new 
risk variation, this is extremely costly and time-consuming. Most 
of these GWAS have been performed at the single marker level, 
and therefore the statistical power to detect new risk variation 
soon becomes insufficient. To address this issue, different strate-
gies have been developed. One of the most successful approaches 
has been to leverage the biological information underlying DNA 
variation like biological pathway annotation.26 Genome-wide 
pathway analysis (GWPA) efficiently integrates the risk variation 
from multiple, functionally related genes into a unique statistic.27 
Additionally, using well-curated biological information in GWPA 
significantly accelerates the translation of the genetic associa-
tion results.28 With this strategy, new genetic variation has been 
identified in different common diseases, including autoimmune 
diseases like Ps.29 30

To identify new genetic variation specifically associated 
with PsA, we have performed a GWAS at the single marker 
and pathway levels. We genotyped 835 patients with PsA and 
1558 controls from Spain and performed a meta-analysis with 
a previous GWAS of PsA consisting of 1430 cases and 1417 
controls from North America. Using this approach, we identi-
fied a new association at B3GNT2 locus and 14 genetic path-
ways associated with PsA risk. We next tested these genetic 
associations in GWAS cohorts of patients with PsC and rheu-
matoid arthritis (RA), and we found the glycosaminoglycan 
(GAG) metabolism pathway to be specific for PsA. Based on this 

evidence, we propose the GAG metabolism as a new source for 
drug discovery in PsA. Using network analysis and knowledge 
on drug action, we find evidence that the GAG pathway could 
be a useful target to treat PsA. These findings confirm the utility 
of GWAS to identify specific biological mechanisms and suggest 
repositioning of existing drugs for PsA.

MeTHOds
study population
Patients with PsA were selected from the rheumatology depart-
ments of 16 Spanish hospitals belonging to the Immune-Me-
diated Inflammatory Disease Consortium.31 All patients with 
PsA were diagnosed according to the Classification Criteria for 
Psoriatic Arthritis.32 Controls were recruited from healthy blood 
donors from Spanish hospitals in collaboration with the Spanish 
DNA Bank. A case–control cohort of 835 patients with PsA and 
1588 controls were finally recruited and used for GWAS.

Meta-analysis was performed with a previous GWAS 
performed on 1430 patients with PsA and 1417 controls 
collected from USA and Canada.15 To identify PsA-specific varia-
tion, we used GWAS data from a cohort of 614 patients with PsC 
and 1191 patients with RA from Spain. Patients with PsC were 
defined as patients with plaque-type Ps for >10 years and free 
of any inflammatory disease in the joints. The main features of 
these cohorts are shown in online supplementary material 1 and 
online supplementary table S1.

Genome-wide genotyping and imputation
GWAS genotyping of the 2393 individuals from Spain was 
performed using the Illumina Quad610 array (Illumina, USA). 
Genotype calling and quality control (QC) were performed 
using GenomeStudio V.2011.1 (Illumina) and PLINK soft-
ware, respectively (online supplementary material 1 and online 
supplementary figure S1). After QC, 506 926 single-nucleotide 
polymorphisms (SNPs) from 744 patients with PsA and 1454 
controls were available for analysis.

We conducted genotype imputation to facilitate meta-anal-
ysis with the North America GWAS data. Only high-quality 
and directly genotyped SNPs (n=506 926 SNPs) were used for 
this analysis. After prephasing the haplotypes of each loci using 
SHAPEIT V.2-644 software, imputation was conducted with the 
IMPUTE V.2 software.33 We used the phase 1 release of the 1000 
Genomes Project V.3 as reference panel.34 Only SNPs showing an 
minor allele frequency (MAF) >0.05 and an imputation quality 
>0.8 were selected for the GWPA. After filtering, 1 387 382 
variants were available for analysis.

GWAS genotyping of the independent PsA case–control 
cohort was performed using the Illumina HumanOmni1-Quad 
array (Illumina) as previously described.15 After QC, 791 217 
SNPs from 1430 patients with PsA and 1417 controls were used 
for the single marker and pathway meta-analyses.

The disease specificity of the validated loci and pathways 
was tested using GWAS data from two cohorts of patients with 
PsC and RA. These data sets were generated using the Illumina 
Quad610 array (Illumina) as previously described.29 35

In order to investigate the existence of PsA-specific variation 
across the human leukocyte antigen (HLA) region, we performed 
imputation of the classical alleles and amino acid polymorphisms 
from the HLA class I (HLA-A, HLA-B, HLA-C) and class II (HLA-
DPA1, HLA-DPB1, HLA-DQA1, HLA-DQB1 and HLA-DRB1) 
loci in the PsA and PsC cohorts from Spain. HLA imputation was 
conducted using the SNP2HLA V.1.0.3 software.36
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Association analysis of single genetic markers
The SNPs previously associated with Ps risk (p<5e-08; online 
supplementary table S2) were tested for association using a 
logistic regression model. The same analytical procedure was 
followed to analyse the association between whole genome vari-
ation and PsA risk in the Spain cohort using the SNPTEST V.2 
software.37

The imputed HLA alleles and amino acid polymorphisms from 
the HLA class I and class II loci were tested for association using 
a stepwise logistic regression model. In this analysis, the most 
strongly associated marker was included as a covariate by addi-
tion to the null model until no markers reached the significance 
threshold determined by the false discovery rate (FDR) method. 
Since HLA haplotypes HLA-C*06:02 and HLA-B-27 have been 
previously shown to be differentially associated in PsA compared 
with PsC,38 39 the stepwise association analysis was started condi-
tioning on these two established disease risk markers.

Genome-wide meta-analysis in PsA
The two independent PsA case–control cohorts were genotyped 
using different Illumina arrays (nQuad610-QC=1 387 382 SNPs; 
nHumanOmni1-QC=791 217 SNPs). Before GWAS meta-analysis, we 
identified the genetic variants that were commonly genotyped in 
both cohorts (n=720 582 SNPs; online supplementary table S3). 
We subsequently performed the GWAS meta-analysis using the 
METAL software.40 The association statistics were weighted by 
the sample size of the two cohorts and adjusted for the genomic 
inflation factor (λSpain Spain 1.08, λNorthAmerica North America 1.26).

Genome-wide pathway analysis
A total of 1077 reference pathways from the Molecular Signa-
tures Database were included in the study. The SNP-gene 
mapping was performed using proximity-based criteria, which is 
the predominant approach in GWPA.26 41 According to reference 
studies in GWPA,26 28 42 we used an SNP-gene distance window 
of 20 Kb. The National Center for Biotechnology Information 
(NCBI) RefSeq Database Release 63 was used for SNP anno-
tation (online supplementary table S4). Given the high linkage 
disequilibrium and gene density of the HLA region, the prox-
imity-based criteria could yield false-positive results for path-
ways including genes within this locus. Similar to previous 
studies, the HLA region genes were excluded from the GWPA 
(online supplementary material 1).29 43 The statistical association 
between genetic pathways and disease risk was analysed using 
the set-based method implemented in PLINK, as described in 
online supplementary material 1.29 30

Gene expression analysis of the GAG metabolism pathway
To investigate the specificity of the GAG metabolism pathway in 
PsA at the functional level, we used whole blood transcriptomic 
data obtained from a previous study on patients with PsA, patients 
with PsC and healthy controls (Gene Expression Omnibus data 
set: GSE61281).44 In this previous study, the whole genome 
expression profile was evaluated aiming to identify differentially 
expressed genes. Here, based on our previous evidence at the 
genetic level, we hypothesised that the GAG pathway as a whole 
would be differentially expressed in PsA. To do this, after QC and 
quantile normalisation of the gene expression data, we tested for 
differential expression of the GAG metabolism pathway genes 
(t-test, nominal significance p=0.05) between patients with PsA 
(n=20) and PsC (n=20), and between each disease and healthy 
controls (n=12). We then used the binomial test to assess 
whether the observed number of differentially expressed genes 

in the pathway is greater than expected by chance. Furthermore, 
we also studied the changes in the coexpression of the GAG 
metabolism pathway between diseases. For this objective, we 
calculated the intramodular connectivity (IMC) measure. IMC 
is a network measure that efficiently captures gene coexpression 
information and is computed as the average of the gene connec-
tivity within the pathway genes. The IMC is implemented in the 
WGCNA software.45 Student’s t-test was used to compare the 
IMC values of the GAG metabolism pathway between diseases.

exploratory drug-repurposing analysis of the GAG pathway
To investigate the GAG metabolism as a new source for drug 
discovery in PsA, we combined network and drug-repurposing 
analyses. First, we performed a network analysis on the GAG 
metabolism pathway to identify those genes that are central 
to the network and, therefore, more likely to be key for the 
pathway functionality. Second, we screened the drugs approved 
by the Food and Drug Administration (FDA) to identify drugs 
that target central genes in the GAG metabolism pathway. Third, 
we defined a topology-based measure to evaluate the functional 
impact of these drugs on the GAG metabolism. Fourth, we 
compared the topology-based measure between the GAG metab-
olism and the rest of human biological processes for each of 
the candidate drugs. The details of this exploratory analysis are 
described in online supplementary material 1 and online supple-
mentary tables S5, S6, S7.

resulTs
replication of established Ps risk variation
We found that 17 out of the 77 SNPs previously associated with 
Ps risk were also associated with PsA susceptibility in the Spain 
cohort (p<0.05; table 1). The ‘DNA repair’ pathway, a gene set 
previously associated with Ps risk, was also associated with PsA 
in our cohort (p=0.01; online supplementary table S8).

Identification of new genetic loci associated with PsA
In the GWAS meta-analysis, we identified five loci associated 
with PsA at the genome-wide scale (p<5e-08; table 2). From 
these, the B3GNT2 locus (rs10865331, p=1.10e-08) has not 
been previously associated with PsA risk (figure 1). The complete 
list of associated markers is shown in online supplementary table 
S9.

In the association analysis of the HLA markers comparing 
patients with PsA and PsC, we confirmed the genome-wide 
significant association between the HLA-C*06:02 allele and PsA 
risk (p=6.96e-11). The amino acid residues HLA-B Leu95 and 
HLA-C Ala305 were found to be also strongly associated with 
the risk of developing PsA (p<5e-8). In the stepwise conditional 
analysis, only the amino acid residue HLA-A Ala77 remained 
significant (pFDR<0.05). The complete list of associated HLA 
markers is shown in online supplementary table S10 (p<0.05).

Identification of genetic pathways associated with PsA
In the Spain cohort, we identified 76 genetic pathways signifi-
cantly associated with PsA risk (pFDR<0.05; online supple-
mentary table S11). Fifty out of these pathways (65.8%) were 
found to include genes from the HLA region and/or the IL12B 
gene (online supplementary table S12), which are the stron-
gest genetic risk loci for both Ps and PsA. To confirm that the 
observed pathway associations are not only due to the strong 
signals present at these loci, we retested the pathways after 
removing these regions (HLA region: 25.6–33.3 Mb in chromo-
some 6, n=4021 SNPs; IL12B: 158 741 791–158 757 481 bp in 
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Table 1 Established Ps risk variants associated with PsA susceptibility in the Spanish cohort

snP Chr Pos Gene rA Phenotype P value Or (95% CI)

rs12044149 1 67600686 IL23R T PsA-controls 1.73e-05 1.35 (1.18 to 1.56)

rs1990760 2 163124051 IFIH1 T PsA-controls 1.32e-03 1.24 (1.09 to 1.41)

rs4921482 5 158764478 IL12B, ADRA1B T PsA-controls 6.73e-03 0.83 (0.72 to 0.95)

rs918520 5 158826310 IL12B G PsA-controls 4.26e-02 0.85 (0.72 to 0.99)

rs33980500 6 111913262 TRAF3IP2 T PsA-controls 1.01e-07 1.84 (1.47 to 2.29)

rs4795067 17 26106675 NOS2 G PsA-controls 1.29e-03 1.24 (1.09 to 1.41)

rs146571698 5 150471878 TNIP1 T PsC-controls 8.10e-03 1.38 (1.09 to 1.74)

rs918520 5 158826310 IL12B G PsC-controls 4.26e-02 0.85 (0.72 to 0.99)

rs9481169 6 111929862 TRAF3IP2 T PsC-controls 1.29e-05 1.55 (1.27 to 1.89)

rs7536201 1 25293084 RUNX3 C Ps-controls 1.76e-03 1.22 (1.08 to 1.39)

rs9988642 1 67726104 IL23R T Ps-controls 1.90e-02 0.75 (0.59 to 0.96)

rs10865331 2 62551472 B3GNT2 A Ps-controls 3.62e-07 0.72 (0.63 to 0.81)

rs17715343 2 163167746 IFIH1 C Ps-controls 4.23e-03 0.73 (0.58 to 0.92)

rs27432 5 96119273 ERAP1 A Ps-controls 3.00e-02 0.87 (0.76 to 0.99)

rs2233278 5 150467189 TNIP1 C Ps-controls 7.67e-03 1.38 (1.09 to 1.75)

rs918520 5 158826310 IL12B G Ps-controls 4.26e-02 0.85 (0.72 to 0.99)

rs33980500 6 111913262 TRAF3IP2 T Ps-controls 1.01e-07 1.84 (1.47 to 2.29)

rs610037 11 65546857 AP5B1 C Ps-controls 4.02e-03 1.20 (1.06 to 1.37)

rs34394770 13 40333369 COG6 T Ps-controls 4.11e-03 0.82 (0.71 to 0.94)

rs367569 16 11365500 PRM3, SOCS1 C Ps-controls 1.72e-02 0.84 (0.73 to 0.97)

rs545979 18 51819750 POLI T Ps-controls 6.93e-03 1.21 (1.05 to 1.38)

P values <0.05 are shown.
Chr, chromosome; Phenotype, phenotype comparison; Pos, base pair in GRCh37/hg19; Ps, psoriasis; PsA, psoriatic arthritis; PsC, purely cutaneous psoriasis; RA, risk allele (genetic 
variants whose reference allele was found to confer risk for the indicated phenotype are shown); SNP, single-nucleotide polymorphism.

Table 2 Genetic variants associated with PsA risk at the genome-wide scale

snP* Chr Pos Gene A1 A2 Ors Ps Orn Pn ZM PM

rs458017† 6 111696091 REV3L T C 1.85 (1.45 to 2.35) 9.29e-07 1.65 (1.37 to 1.99) 1.16e-07 −6.66 2.68e-11

rs4921483 5 158768365 IL12B A G 1.40 (1.19 to 1.65) 4.31e-05 1.43 (1.25 to 1.63) 1.34e-07 6.13 8.94e-10

rs10865331 2 62551472 b3GnT2 A G 1.39 (1.23 to 1.58) 3.62e-07 1.22 (1.10 to 1.36) 2.06e-04 5.72 1.10e-08

rs74817271 5 150469973 TNIP1 A G 1.38 (1.09 to 1.74) 8.10e-03 1.79 (1.47 to 2.17) 3.20e-09 5.64 1.66e-08

rs2546890 5 158759900 IL12B A G 0.81 (0.71 to 0.91) 8.77e-04 0.75 (0.68 to 0.84) 1.37e-07 5.64 1.70e-08

P values (pM<5.00e-08) are shown.
*The new PsA risk loci are shown in bold. Independent (linkage disequilibrium r2<0.45) non-HLA SNPs are shown.
†The SNP rs458017 is in high linkage disequilibrium with the SNP rs33980500 at the known PsA risk gene TRAF3IP2 (r2=0.74).
Z, z-statistic that summarises the magnitude and direction effects relative to the reference allele)A1, minor allele; A2, major allele; CI, confidence interval; Chr, chromosome; M, 
meta-analysis; N, PsA case–control cohort from North America; OR, odds ratio and 95% confidence interval (the odds ratios shown are relative to the minor allele); OR, odds 
ratio; Pos, base pair in build GRCh37/hg19; PsA, psoriatic arthritis; S, PsA case–control cohort from Spain; SNP, single-nucleotide polymorphism.

chromosome 5, n=81 SNPs). After excluding these regions, we 
found that 9 genetic pathways were still significantly associated 
with PsA, giving a total of 35 pathways for validation in the inde-
pendent cohort. Using the North America case–control cohort, 
we replicated the association of 16 genetic pathways with PsA 
risk (45.7%, pFDR<0.05; table 3).

Biological pathways can share a varying number of genes, and 
therefore redundancy in pathway association can occur. To filter 
out highly redundant results, we computed the gene overlap 
between the PsA-associated pathways. We found a marked gene 
overlap (>95% shared genes) between the ‘Costimulation by the 
CD28 family’ (n=63 genes) and ‘CD28 costimulation’ pathways 
(n=32 genes), as well as between the ‘Metabolism of carbohy-
drates’ (n=247 genes) and ‘GAG metabolism’ pathways (n=111 
genes; online supplementary figure S2). In these two cases, we 
selected the pathway most significantly associated with PsA for 
downstream analyses (ie, ‘Costimulation by the CD28 family’ 
and ‘GAG metabolism’ pathways).

GAG metabolism pathway is specifically associated with PsA
In order to test for disease-specific risk, we tested the new PsA 
locus and pathways in the PsC and RA cohorts. We found that 
B3GNT2 risk allele is significantly associated with PsA in both 
comparisons (p[PsAvsPsC]=0.029, OR[95% CI]=1.16 [1.02 to 1.36]; 
p[PsAvsRA]=2.41e-04, OR[95% CI]=1.26 [1.08 to 1.44]). When 
comparing each disease with the control cohort, we found a 
significant association between PsC and B3GNT2 (p=6.11e-3, 
OR[95% CI]=1.21 [1.05 to 1.38]) but not with RA (p=0.07, OR[95% 

CI]=1.11 [0.99 to 1.24]).
In the pathway analysis we found that the GAG metabolism 

pathway was significantly associated with PsA when compared 
with PsC (p=0.018; online supplementary table S13) and RA 
(p=0.0018; online supplementary table S13). Subsequent testing 
of these two autoimmune diseases against the control cohort 
showed no evidence of association (p=0.71 and p=0.58 for PsC 
and RA pathway analyses, respectively).
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Table 3 Genetic pathways associated with PsA risk and validated in the replication stage

Genetic pathway database
Gene 
(n) snPss* Ps Fdrs Pse Fdrse snPsn1 Pn Fdrn Pne Fdrne PC

Type I diabetes mellitus†‡ KEGG 44 1791 <1.00e-08 <6.50e-07 4.00e-04 7.50e-03 1436 <1.00e-08 <9.00e-08 1.32e-04 2.11e-03 <3.78e-15

JAK-STAT signalling †‡ KEGG 155 4193 8.10e-04 1.98e-02 5.00e-03 3.12e-02 2594 <1.00e-08 <9.00e-08 5.00e-04 4.00e-03 <2.15e-10

Costimulation by CD28 family‡ Reactome 63 1410 8.00e-06 4.43e-04 7.00e-04 8.00e-03 964 1.50e-06 7.80e-06 1.73e-02 4.61e-02 3.14e-10

Th1/Th2 differentiation‡ Biocarta 19 523 2.00e-05 9.16e-04 1.34e-02 8.00e-03 355 1.50e-06 7.80e-06 1.21e-02 3.87e-02 7.57e-10

Purine metabolism KEGG 159 5360 2.90e-04 8.72e-03 4.20e-03 3.07e-02 3295 4.00e-05 9.45e-05 8.30e-03 3.32e-02 2.24e-07

G alpha signalling Reactome 195 6271 1.84e-03 3.28e-02 1.05e-02 4.38e-02 3890 2.00e-05 5.78e-05 4.20e-03 2.24e-02 6.67e-07

CD28 costimulation Reactome 32 786 1.40e-04 5.08e-03 – – 488 2.95e-03 4.79e-03 – – 6.48e-06

Extracellular matrix Biocarta 24 743 6.00e-05 2.34e-03 – – 439 8.16e-03 1.06e-02 – – 7.60e-06

mTOR signalling KEGG 52 1280 5.80e-04 1.57e-02 – – 780 1.04e-03 1.80e-03 – – 9.24e-06

Rac-1 cell motility signalling Biocarta 23 751 6.50e-04 1.71e-02 – – 459 4.83e-03 6.98e-03 – – 4.29e-05

Glycosaminoglycan metabolism Reactome 111 6035 1.04e-03 2.38e-02 – – 3705 3.41e-03 5.22e-03 – – 4.81e-05

ErbB signalling‡ KEGG 87 4099 1.70e-03 3.14e-02 – – 2459 7.36e-03 1.01e-02 – – 1.54e-04

Met signalling Biocarta 37 1402 8.80e-04 2.11e-02 – – 890 1.74e-02 1.74e-02 – – 1.85e-04

Metabolism of carbohydrates Reactome 247 8964 1.52e-03 3.01e-02 – – 5469 1.14e-02 1.35e-02 – – 2.07e-04

Interleukin-7 signal transduction Biocarta 17 689 2.76e-03 4.21e-02 – – 432 1.49e-02 1.55e-02 – – 4.56e-04

Glycosaminoglycan biosynthesis of 
keratan sulfate

KEGG 15 651 3.35e-03 4.83e-02 – – 428 1.32e-02 1.43e-02 – – 4.88e-04

*Number of SNP mapping to the indicated pathway.
†Increased permutations to refine the p value (n=1.00e-08).
‡Pathways previously associated with the overall Ps risk.
SNP, single-nucleotide polymorphism.C, combined; E, exclusion of IL12B and/or HLA genes; FDR, false discovery rate; KEGG, Kyoto Encyclopedia of Genes and Genomes; N, PsA case–control cohort from North America; 
Ps, psoriasis; PsA, psoriatic arthritis; S, PsA case–control cohort from Spain.

Figure 1 Regional association plot of the new genetic variant rs10865331 associated with psoriatic arthritis (PsA) risk. Each circle represents a 
genetic variant that is plotted according to its association with PsA risk in the negative logarithmic scale. Circles are coloured according to the linkage 
disequilibrium with the SNP rs10865331 (ie, violet circle). The blue line shows the recombination rate across the plotted region (data source: 1000 
Genomes Project; build GRCh37/hg19). In the bottom line, the genes mapping to the PsA-associated locus are shown.

GAG metabolism is associated with PsA at the transcriptomic 
level
Using whole blood transcriptomic data from patients with PsA 
and PsC,46 we found that 14 out of the 111 genes included in 
the GAG metabolism pathway were differentially expressed 
between the two diseases (online supplementary table S14). This 
difference is higher than expected by chance (pBinomial≤0.005; 
figure 2). When comparing each disease with the control group 
(online supplementary table S14), the number of differentially 

expressed genes was also found to be significant in PsA (pBino-

mial≤0.005), but not in PsC (pBinomial=0.27).
In the coexpression analysis of the GAG metabolism pathway, 

we detected that the pathway genes have a higher coexpression 
in PsA (IMC=1.43) than in PsC (IMC=1.38). Of relevance, 
when comparing the coexpression of the pathway between the 
PsA cohort and the mixed cohort of patients with PsA and PsC 
(IMC=0.54), the coexpression of the pathway was found to 
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Figure 2 GAG metabolism pathway genes are differentially expressed in patients with PsA and PsC. Network representation of the GAG 
metabolism pathway. Genes, represented as nodes, are connected by edges according to the evidence of functional association between their 
encoded proteins. Differentially (p<0.05) and non-differentially (p≥0.05) expressed genes are represented by rhombus and grey circles, respectively. 
Differentially expressed genes that are upregulated and downregulated in PsA are coloured in red and orange, respectively. Gene diameter is 
proportional to the significance of differential expression in the negative logarithmic scale. GAG, glycosaminoglycan; PsA, psoriatic arthritis.

significantly drop when both diseases are analysed together as a 
single disease entity (p=8.37e-10).

GAG metabolism is a new source for drug discovery in PsA
In this exploratory analysis, we identified six FDA-approved 
drugs that target proteins encoded by GAG pathway genes 
(figure 3A). The analysis of the network topology of the GAG 
pathway showed that NCAN and VCAN genes, both targeted by 
the hyaluronic acid drug (HAd), and the DCN gene, targeted by 
the tromethamine drug (TMd), have the highest centrality prop-
erties (figure 3B). Since a higher network centrality is indica-
tive of a predominant regulatory role in the pathway,47 we next 
evaluated the impact of HAd and TMd in the regulation of the 
GAG pathway. We found that both HAd and TMd significantly 
modulate the GAG pathway functionality (pHAd=0.0097 and 
pTMd=0.017), and therefore these two drugs could be repurposed 
as candidates for PsA treatment.

dIsCussIOn
The identification of genetic variation that is associated with PsA 
and not with PsC has proven very challenging. Here, we have 
analysed two large PsA case–control cohorts from independent 

populations to identify disease-specific variation both at the 
single marker and at the pathway levels. Using this approach, we 
have identified a significant association of B3GNT2 locus as well 
as 14 genetic pathways with PsA risk. From these, we have found 
that genetic variation at the GAG metabolism pathway is specif-
ically associated with PsA. Investigating the GAG metabolism 
pathway with drug-repurposing and network analyses, we have 
identified potentially new PsA indications for common drugs as 
well as new candidate drug targets for PsA.

The SNP rs10865331 associated with PsA risk is located on 
chromosome 2p15 at 99.6 Kb downstream of the B3GNT2 gene, 
which encodes for a transmembrane enzyme that synthesises 
the carbohydrate structure of polylactosamine onto glycopro-
teins.48 This polymorphism maps to a genomic region enriched 
in promoter and enhancer histone marks from blood, which 
has a marked immune cell burden.49 According to the Geno-
type-Tissue Expression, there is evidence of strong cis-regula-
tion between this SNP and B3GNT2 expression in whole blood 
(p=5.1e-13; online supplementary figure S3).50 Previous studies 
in other arthritic diseases have shown that the SNP rs10865331 
is associated with ankylosing spondylitis and the B3GNT2 locus 
with RA.51 52 Consistently, B3gnt2 knockout mice have shown 

 on 2 M
arch 2019 by guest. P

rotected by copyright.
http://ard.bm

j.com
/

A
nn R

heum
 D

is: first published as 10.1136/annrheum
dis-2018-214158 on 14 D

ecem
ber 2018. D

ow
nloaded from

 

https://dx.doi.org/10.1136/annrheumdis-2018-214158
http://ard.bmj.com/


361Aterido A, et al. Ann Rheum Dis 2019;78:355–364. doi:10.1136/annrheumdis-2018-214158

Psoriatic arthritis

Figure 3 Drug-repurposing and network analyses in the GAG metabolism pathway. (A) Six FDA-approved drugs (amiloride, hyaluronic acid, 
N-acetyl-D-glucosamine, palifermin, sargramostim and tromethamine) have target genes in the GAG metabolism pathway. (B) Identification of the 
most central genes in the functional-based network of the GAG metabolism pathway. Gene diameter is proportional to its degree centrality value 
and is coloured according to its betweenness centrality value, ranging from white (lowest) to red (highest). FDA, Food and Drug Administration; GAG, 
glycosaminoglycan.

hyperactivation of T and B lymphocytes as well as enhanced 
macrophage activation.48 53 In a GWAS meta-analysis, B3GNT2 
has also been associated with Ps risk.11 In this previous study, 
however, a stratified analysis with patients affected with PsA was 
not performed, and consequently it remains unclear the contri-
bution of each disease to the observed association. Here we 
show, for the first time, that the SNP rs10865331 at B3GNT2 
locus is associated with PsA at the genome-wide level and that 
the frequency of the risk allele is significantly higher in PsA than 
in PsC.

The identification of disease-specific genetic variation is highly 
useful to discover relevant pathogenic mechanisms in complex 
diseases.54 In PsA, the existence of disease-specific variation 
is supported by the evidence of a larger familial aggregation 
compared with Ps.5–8 Using the GWAS data from this study, we 
find that, while PsA and PsC show a significant genetic correla-
tion (r2=0.73, SE=0.12, p=3.76e-9), the SNP-based heritability 
of PsA (46%, SE=12%) is significantly higher than PsC (34%, 
SE=2%, p<0.05) (online supplementary material 1). In line 
with familial aggregation studies, our findings also support the 
existence of PsA-specific genetic variation. To this regard, when 
directly comparing the PsA and PsC cohorts, we have not only 
replicated the association of the HLA-C*06:02 and HLA-B*27 
haplotypes,38 39 but also we have identified a new association 
between the HLA-A Asp77 and PsA risk. At the pathway level, 
we have identified a specific association between PsA and the 
GAG metabolism pathway. GAGs are linear, negatively charged 
oligosaccharides that include hyaluronic acid (HA), chondroitin 
sulfate and keratan sulfate (KS).55 Of relevance, GAGs are crucial 
components of proteoglycans and the major component of the 
cartilage, which is the main target tissue of PsA inflammatory 
destruction.56 57 Our results suggest that cartilage degradation 
in PsA could derive from an altered GAG metabolism that is not 
perturbed in other arthritis like RA.

GAG metabolism has been shown to be altered in complex 
diseases including autoimmune diseases.58 59 In in vitro models, 
uncontrolled proteolysis of aggrecan (ie, cartilage-specific proteo-
glycan) in response to proinflammatory cytokines promotes 

cartilage damage in the articular joint.60 After aggrecan destruc-
tion, GAGs are released from the extracellular matrix (ECM) 
to the synovial fluid.61 Accordingly, the levels of GAGs like HA 
have been found increased in patients with PsA compared with 
control subjects, both in serum and synovial fluid.62 63 Previous 
experimental studies have demonstrated the existence of a 
GAG-mediated mechanism for cartilage destruction that is driven 
by the degradation of HA by chondrocytes and that is indepen-
dent from aggrecanases.64 Consistent with this evidence, genetic 
variation at the GAG metabolism pathway could diminish the 
cartilage-specific biosynthesis of HA, and consequently reduce 
its availability for both aggrecan and cartilage formation in 
patients with PsA.

In this study we also validated the association between 13 
genetic pathways and PsA risk. From these, JAK-STAT signal-
ling, type 1 diabetes mellitus, costimulation by CD28 family, 
Th1/Th2 differentiation and ErbB signalling pathways had been 
previously associated with Ps risk.29 Crucial proinflammatory 
cytokines for the development of Ps like interleukin (IL)-12 and 
IL-23 rely on the JAK-STAT signalling pathway. Importantly, 
small molecule inhibitors of JAK proteins (eg, ruxolitinib and 
tofacitinib) have been recently proven successful for the treat-
ment of the disease.65 Our results provide additional genetic 
evidence supporting the functional role of this group of biolog-
ical pathways in the aetiology of Ps. The eight remaining path-
ways (ie, G alpha signalling, purine metabolism, KS biosynthesis, 
extracellular matrix, mTOR signalling, IL-7 signal transduction, 
Rac-1 cell motility signalling and Met signalling) were found to 
be only significantly associated with PsA. Recent studies have 
shown that the mTOR signalling pathway is responsible for 
inducing the proliferation of a synovial T cell subpopulation (ie, 
Th9 cells) that enhances the immune response in PsA.66 There 
is also previous evidence supporting the implication of the IL-7 
signal transduction pathway in the development of PsA. In in 
vitro models, lymphocytes and synovial fluid fibroblasts have 
shown to produce IL-7 cytokine and promote the formation 
of osteoclasts,67 which are the main mediators of bone matrix 
degradation in PsA. Additional studies on independent PsA and 
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PsC cohorts will be needed to confirm the PsA-specific nature of 
these additional pathway associations.

Current drug discovery research is shifting from targeting 
single genes towards the modulation of specific biological path-
ways.68 Here, we show that the GAG metabolism could be a 
druggable pathway for PsA treatment. Our analyses suggest that 
FDA-approved drugs HAd and TMd are good candidates for 
repurposing for PsA, since they target central genes in the GAG 
metabolism network and have a significant impact on its func-
tionality. We, like others, show the power of genetics to identify 
potential new drug targets and opportunities for drug repur-
posing in autoimmune diseases.69 In all these studies, however, 
downstream validation of the in silico findings in adequate in 
vitro and in vivo studies is still an indispensable step. There-
fore, future experimental and clinical studies will be necessary 
to corroborate the utility of these two new drug targets to treat 
PsA.

Compared with previous GWAS, the use of PsC and RA cohorts 
to differentiate the genetic pathways that are PsA-specific from 
those that are not is a distinctive strength of the present study. 
The pathway-based analysis methodology used here has limita-
tions, nonetheless. One limitation is the SNP annotation to 
the genes within each pathway. SNPs that are located far from 
the genes or in other chromosomes and that could regulate 
gene expression through cis-expression Quantitative Trait Loci 
(eQTL) and trans-eQTL mechanisms were not included in the 
present GWPA. To our knowledge, there is yet no pathway-based 
method that integrates this information and that has been able 
to identify disease risk variation. One of the major problems for 
this approach is the context-dependent nature of many eQTLs. 
There is growing evidence that many eQTLs are cell type-depen-
dent and also vary in relation to many contextual aspects like the 
level and type of stimulation.70–72 The integration of this regu-
latory information is therefore still a challenge for GWPA anal-
ysis methods. With the increasing regulatory information that 
is currently being derived from single-cell expression studies,73 
a more profound ascertainment of the impact of SNP variation 
on gene expression levels will be obtained, and eventually more 
comprehensive GWPA methods will be developed.

In conclusion, we have identified variation at B3GNT2 locus 
and 14 pathways significantly associated with the risk of PsA. 
From these, the GAG metabolism pathway showed a specific 
association with PsA when contrasted to PsC and RA. Using 
network and drug-repurposing analyses, we provide evidence 
that the GAG pathway could be a new source for drug discovery 
in PsA. This study represents an important step towards the 
characterisation of biological mechanisms that are specific for 
PsA and the finding of more effective drugs in PsA treatment.
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Key messages

What is already known about this subject?
 ► The SLE Disease Activity Index (SLEDAI) is the 
most widely used SLE disease activity measure 
and the core determinant in the SLE Responder 
Index (SRI) applied as primary endpoint in 
clinical trials.

 ► The performance of SLEDAI in detecting 
clinically meaningful changes in disease activity 
is limited.

What does this study add?
 ► This study presents the derivation and 
validation of the SLE Disease Activity Score 
(SLE-DAS), a new continuous global score to 
assess disease activity in SLE. The SLE-DAS 
provides a more accurate identification of 
clinically meaningful changes over time, with 
a much higher sensitivity as compared with 
SLEDAI-2K and similar specificity. The SLE-DAS 
presented higher performance in predicting 
damage accrual, as compared to SLEDAI-2K.

How might this impact on clinical practice or 
future developements?

 ► The use of the SLE-DAS in clinical practice and 
as an outcome in clinical trials will allow a 
much higher discriminative power to detect 
clinically meaningful changes in SLE disease 
activity. Importantly for its use, collection of 
SLE-DAS items requires a clinical workup time 
similar to SLEDAI, and much lower than the 
British Isles Lupus Assessment Group and SRI.

AbSTrACT
Objectives To derive and validate a new disease 
activity measure for systemic lupus erythematosus (sle), 
the sle Disease activity score (sle-Das), with improved 
sensitivity to change as compared with sle Disease 
activity index (sleDai), while maintaining high specificity 
and easiness of use.
Methods We studied 520 patients with sle from two 
tertiary care centres (derivation and validation cohorts). 
at each visit, disease activity was scored using the 
Physician Global assessment (PGa) and sleDai 2000 
(sleDai-2K). To construct the sle-Das, we applied 
multivariate linear regression analysis in the derivation 
cohort, with PGa as dependent variable. The formula was 
validated in a different cohort through the study of: (1) 
correlations between sle-Das, PGa and sleDai-2K; (2) 
performance of sleDai-2K and sle-Das in identifying 
a clinically meaningful change in disease activity 
(ΔPGa≥0.3); and (3) accuracy of sleDai-2K and sle-
Das time-adjusted means in predicting damage accrual.
results The final sle-Das instrument included 17 
items. sle-Das was highly correlated with PGa (r=0.875, 
p<0.0005) and sleDai-2K (r=0.943, p<0.0005) in the 
validation cohort. The optimal discriminative Δsle-
Das cut-off to detect a clinically meaningful change 
was 1.72. in the validation cohort, sle-Das showed 
a higher sensitivity than sleDai-2K (change ≥4) to 
detect a clinically meaningful improvement (89.5% 
vs 47.4%, p=0.008) or worsening (95.5% vs 59.1%, 
p=0.008), while maintaining similar specificities. sle-
Das performed better in predicting damage accrual than 
sleDai-2K.
Conclusion sle-Das has a good construct validity and 
has better performance than sleDai-2K in identifying 
clinically significant changes in disease activity and in 
predicting damage accrual.

InTrOduCTIOn
The accurate assessment of disease activity in 
patients with systemic lupus erythematosus (SLE) 
is a critical tool for clinical practice, observational 
studies and clinical trials.1 2 Over the last three 
decades, multiple disease activity indices have been 
developed. Yet, all these instruments have important 
limitations, hindering their usefulness.3 Hence, the 
standardised measurement of SLE disease activity 
remains a challenging task.4 5

The SLE Disease Activity Index (SLEDAI), which 
includes the SLEDAI 2000 (SLEDAI-2K) and Safety 
of Estrogens in Lupus Erythematosus National 

Assessment (SELENA)-SLEDAI versions, is the 
most widely used SLE disease activity measure.6–8 
Furthermore, SLEDAI is the core determinant in the 
SLE Responder Index 4 used as primary endpoint 
in recent clinical trials.9–13 However, the perfor-
mance of SLEDAI in detecting clinically meaningful 
changes in disease activity is limited, since each 
item of SLEDAI is scored dichotomically, with the 
same numerical weight regardless of the severity 
of change observed. Only remission of any lupus 
feature, but not partial improvement, is captured 
as a change in SLEDAI score; likewise, an increased 
severity of any previously active manifestation 
cannot be scored. In addition, potentially severe 
lupus manifestations, such as haemolytic anaemia, 
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Table 1 Clinical and laboratory parameters attributable to systemic lupus erythematosus (SLE), assessed at each outpatient visit

Manifestation description

1. Arthritis Number of swollen joints in 28-joint count.

2. Localized skin rash Acute, subacute and chronic cutaneous lupus rashes included in the SLICC classification criteria, only above the neck.

3. Generalized skin rash Acute, subacute and chronic cutaneous lupus rashes included in the SLICC classification criteria, above and below the neck.

4. Alopecia Abnormal, patchy or diffuse loss of hair.

5. Mucosal ulcers Oral or nasal ulcerations.

6. Systemic vasculitis Systemic vasculitis involving large and medium-sized vessels and lupus enteritis.

7. Mucocutaneous vasculitis Any mucocutaneous vasculitis and chilblain lupus.

8. Neuropsychiatric involvement Neuropsychiatric features included in the SLICC classification criteria for SLE, including recent onset of seizure, psychosis, organic brain 
syndrome, acute confusional state, SLE retinal changes, peripheral neuropathy, myelopathy, lupus headache, cerebrovascular accident and 
aseptic meningitis.

9. Cardiac/pulmonary involvement Including shrinking lung, interstitial pneumonitis, diffuse alveolar haemorrhage, pulmonary hypertension, myocarditis, valvular dysfunction, 
Libman-Sacks endocarditis.

10.Serositis Including sterile peritonitis in addition to pleurisy and pericarditis.

11.Myositis Proximal muscle aching/weakness with elevated CK/aldolase or electromyogram changes or a biopsy showing myositis.

12.Proteinuria Urinary protein-creatinine ratio (mg/g) or 24 hours urinary protein (mg/24 hours), above 500 mg/g and 500 mg/24 hours, respectively.

13.Hypocomplementaemia Decrease in C3 or C4 below the lower limit of normal for testing laboratory.

14.Increased anti-dsDNA Increase in DNA binding above the upper limit of normal for testing laboratory.

15.Thrombocytopenia Platelet count (10^9/L), below 100x10^9/L platelets.

16.Leucopenia Leucocyte count (10^9/L), below 3x10^9/L white blood cells.

17. Haemolytic anaemia Anaemia with positive direct Coombs test, increased serum LDH and low serum haptoglobin.

CK, creatine kinase; LDH, lactic dehydrogenase; SLICC, Systemic Lupus International Collaborating Clinics.

pneumonitis or gastrointestinal involvement, are not scored in 
SLEDAI.

These limitations have important implications on target-driven 
management of SLE in daily clinical practice, and in assessing the 
efficacy of new medications in clinical trials. In fact, despite many 
promising lupus treatments reaching early-phase human studies 
during last decades, none except belimumab has yet demon-
strated efficacy in phase III trials using these outcome measures, 
in contrast with the clinician’s impression of efficacy.14–19 Thus, 
there is an unmet need for tools able to accurately capture clini-
cally meaningful changes in SLE disease activity.

Herein, we describe the development and validation of a new 
instrument for the measurement of SLE disease activity: the 
SLE Disease Activity Score (SLE-DAS).20 The aim of SLE-DAS 
is to provide an accurate, continuous and user-friendly global 
measure of SLE disease activity with improved sensitivity to 
change and high specificity, in comparison to SLEDAI-2K.

PATIenTS And MeTHOdS
Study and settings
Longitudinal cohort study conducted at CHUC Lupus Clinic 
at Rheumatology Department, Centro Hospitalar e Univer-
sitário de Coimbra (CHUC), Portugal (derivation cohort) and 
at Rheumatology Unit, University of Padova, Italy (validation 
cohort). This project adheres to the principles of the Declaration 
of Helsinki and was approved by the local ethics committees. 
Informed consent was obtained from all patients.

Patients
Consecutive patients with SLE fulfilling American College of 
Rheumatology (ACR’97) and/or Systemic Lupus International 
Collaborating Clinics (SLICC’12) classification criteria, enrolled 
in the CHUC Lupus Cohort from January 2014 to December 
2017 and in the Padova Lupus Cohort, from January 2013 
to June 2018, were studied.21 22 Data from the CHUC Lupus 
Cohort were used for derivation and internal validation of the 

SLE-DAS and data from the Padova Lupus Cohort were used for 
external validation.

Parameters assessed
Clinical and laboratory assessment considered all manifesta-
tions included in SLEDAI-2K and in the current definitions of 
low disease activity (LDA) or remission, in a total of 17 vari-
ables (table 1).8 12 13 Disease activity in the previous 30 days was 
scored, by one senior rheumatologist with large experience in 
SLE management in each cohort, using Physician Global Assess-
ment (PGA) (0–3) and SLEDAI-2K (0–105).8 Organ damage was 
evaluated at each outpatient visit using the SLICC/ACR Damage 
Index for SLE (SDI).23

Moreover, in the Padova Lupus Cohort, the disease activity 
data at the last follow-up visit were compared with the previous 
one and the change was classified by the senior physician as 
reflecting: (1) clinically meaningful improvement; (2) no clini-
cally meaningful change; and (3) clinically meaningful worsening.

data analysis and statistics
On clinical grounds, we adopted the guiding principle that all 
variables listed in table 1 ought to be included in the final instru-
ment, given that their relevance is well established in practice.

derivation of the disease activity score
For derivation of the SLE-DAS, data from the CHUC Lupus 
Cohort were used. Data from the visit with the highest disease 
activity during follow-up from each patient were selected for 
analysis.

Multivariate linear regression was applied, with PGA as depen-
dent variable. All disease manifestations included in table 1 were 
considered as potential independent variables for the model. 
Because the precision of an estimated coefficient may be affected 
if the corresponding variable has little sample variation, and the 
regression model ability to predict future observations can be 
compromised increasing the number of variables, only variables 
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Table 2 Baseline characteristics of the patients included (n=520)

derivation cohort
(n=324)

Validation cohort
(n=196)

Female gender, n (%) 282 (87) 177 (85.2)

Caucasian, n (%) 317 (97.8) 185 (94.4)

Age, mean±SD (years) 44.5±0.8 44.6±0.9

Disease duration, mean±SD (years) 10.8±0.5 15.4±0.7

PGA, median (range) 0.2 (0–2.5) 0.2 (0–2.0)

SLEDAI-2K, median (range) 4 (0–26) 2 (0–22)

PGA: Physician Global Assessment; SLEDAI-2K, Systemic Lupus Erythematosus 
Disease Activity Index 2000.

Figure 1 The final formula of Systemic Lupus Erythematosus Disease Activity Score (SLE-DAS). Alopecia, presence of alopecia (1=Yes, 0=No); 
Arthitis, presence of arthritis (1=Yes, 0=No); CardioPulm, presence of cardiac/pulmonary involvement (1=Yes, 0=No); GeneralRash, presence of 
generalized cutaneous rash (1=Yes, 0=No); Haemolytic, presence of haemolytic anaemia (1=Yes, 0=No); HypoC, presence of hypocomplementaemia 
(1=Yes, 0=No); IncreasedAnti-dsDNA, increased anti-dsDNA levels (1=Yes, 0=No); Leuc, leucopenia <3x10^9/L (1=Yes, 0=No); LeucCount, 
leucocyte count (10^9/L); LocalRash, presence of localized cutaneous rash (1=Yes, 0=No); MucocutVasculitis, presence of mucocutaneous vasculitis 
(1=Yes, 0=No); MucosalUlcers, presence of mucosal ulcers (1=Yes, 0=No); Myositis, presence of myositis (1=Yes, 0=No); Neuropsych, presence 
of neuropsychiatric involvement (1=Yes, 0=No); PlatCount, platelet count (10^9/L); PProt, proteinuria >500 mg/24 hours (1=Yes, 0=No); Prot, 
proteinuria (mg/24 hours); Serositis, presence of serositis (1=Yes, 0=No); SJC, swollen joint count (0–28); SystemicVasc, presence of systemic vasculitis 
(1=Yes, 0=No); Thromb, thrombocytopenia <100x10^9/L (1=Yes, 0=No).

with more than 10 observations were included in the multivar-
iate linear regression model. The remaining manifestations were 
attributed a discretionary weight score by the senior investigator 
(LSI), taking into account the coefficients of the other variables 
in the regression model and also the relative impact of these vari-
ables in the expert physician’s disease activity assessment.

Several different functions of disease manifestations were 
sequentially tested in looking for the model with the best possible 
adjustment to PGA. Urinary protein excretion, platelet and white 
cell counts were modelled considering their non-linear impact 
on disease activity assessment as reflected in PGA. Regarding 
arthritis, two variables were included in the model: a dummy 
variable indicating the presence or absence of arthritis, and the 
number of swollen joints, in order to improve the assessment of 
severity.

Internal validation
The construct validity was assessed by comparing the global 
score of the SLE-DAS with PGA and SLEDAI-2K, using Spear-
man’s correlation coefficients , at the last follow-up visit. During 
follow-up, the ability of SLE-DAS to discriminate a clinically 
meaningful worsening or improvement in SLE disease activity 
(defined as a change in PGA≥0.3) was assessed using receiver 
operating characteristic (ROC) analysis and compared with the 
performance of SLEDAI-2K. The areas under the ROC curves 
(AUC) were used to evaluate and compare the discriminative 
ability of SLE-DAS and SLEDAI-2K. By analyses of ROC curves, 
ideal cut-off values of ΔSLE-DAS to detect clinically meaningful 
worsening/improvement were identified, and its sensitivity, spec-
ificity, and positive and negative predictive values (PPV, NPV) 
were determined. McNemar’s test was used to assess whether 
there was a significant difference between the SLE-DAS and 

SLEDAI-2K sensitivity and specificity for clinically meaningful 
changes.

external validation
The external validation was performed using data from patients 
enrolled in the Padova Lupus Cohort. Construct validity was 
assessed through Spearman’s correlation between SLE-DAS, 
SLEDAI-2K and PGA at last follow-up visit. Considering the last 
two assessments in the follow-up period, patients with clinically 
meaningful worsening or improvement were identified. ROC 
curves were used to evaluate the performance of SLE-DAS and 
SLEDAI-2K in detecting clinically meaningful changes. McNe-
mar’s test was used to assess whether there was a significant 
difference between the SLE-DAS and SLEDAI-2K sensitivity and 
specificity for clinically meaningful changes.

Patients with more than two follow-up visits and regular 
follow-up (defined as less than 12 months between visits) were 
included in the analysis of the ability of adjusted mean of SLE-DAS 
(amSLE-DAS) and adjusted mean of SLEDAI-2K (amSLEDAI) to 
predict damage accrual. The amSLE-DAS and amSLEDAI were 
determined for each patient and each visit as the area under the 
curve (AUC) of the SLE-DAS and SLEDAI-2K values over time, 
divided by the total length of the time period until that visit.24 
Cox regression with time-dependent covariates25 was applied to 
assess the ability of the amSLE-DAS and amSLEDAI to predict 
damage accrual (ΔSDI≥1 during follow-up). The impact of each 
one of these variables in the hazard of damage was measured 
adjusting for other damage risk factors.26 Two models were 
estimated, one with amSLE-DAS (model 1) and another with 
amSLEDAI (model 2). The amSLE-DAS and amSLEDAI models 
were compared using Akaike information criterion (AIC) and 
Bayesian information criterion (BIC). The likelihood ratio test 
was applied to evaluate the importance of amSLE-DAS in a 
model which already has the information given by amSLEDAI 
and vice versa. Non-rejection of the null hypothesis indicates 
that the variables not included in the reduced model do not 
contribute significantly to predict the outcome.

IBM SPSS Statistics, V.24, and R software, V.3.1.2 were used, 
and p<0.05 was considered statistically significant.27

reSulTS
Characteristics of the patients included
A total of 520 patients with SLE were included: 324 in the deri-
vation cohort and 196 in the external validation cohort. Baseline 
characteristics of the patients included are presented in table 2.  on 2 M
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Figure 2 Receiver operating characteristic (ROC) curves comparing the performance of Systemic Lupus Erythematosus Disease Activity Score (SLE-
DAS) and Systemic Lupus Erythematosus Disease Activity Index 2000 (SLEDAI-2K) to detect a clinically meaningful improvement (A, C) and worsening 
(B, D) in SLE disease activity. A and B correspond to the ROC curves of the derivation cohort and C and D correspond to the ROC curves of the external 
validation cohort.

determination of item weights and derivation of the Sle-dAS
Swollen joints, high urinary protein excretion, low platelet 
count, low white cell count, localized and generalized lupus 
rash, alopecia, mucosal membrane lesions, mucocutaneous 
vasculitis, low complement and increased levels of anti-dsDNA 
were observed in more than 10 patients and were included in the 
multivariate linear regression model. Urinary protein excretion, 
platelet count and white blood cell count were best modelled 
using the natural logarithmic function. These clinical and labo-
ratory features were significantly associated with disease activity 
(as defined by PGA) in the multivariate model, and the R2 of the 
model was 0.91.

The remaining variables, neuropsychiatric involvement, 
systemic vasculitis, cardiac/pulmonary involvement, myositis, 

serositis and haemolytic anaemia were attributed discretionary 
weights, by expert decision as described above. These weights 
were incorporated into the final model.

The final SLE-DAS instrument is the sum of all the 17 weighted 
items (figure 1). The weighted scores of all these items and the 
detailed definition of each one can be found in the online supple-
mentary table S1 and online supplementary table S2, respectively.

Internal validation of Sle-dAS
In the derivation cohort, SLE-DAS score was highly correlated 
with PGA, as expected (rs=0.975, p<0.0005), and with 
SLEDAI-2K (rs=0.94, p<0.0005) at the last follow-up visit. 
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Table 3 Performance of SLE-DAS and SLEDAI-2K to detect clinically significant change in SLE disease activity

ΔSle-dAS≥1.72 ΔSledAI-2K≥4

Sens Spec PPV nPV Sens Spec PPV nPV

Derivation cohort

  Clinically meaningful improvement 82.1 96.9 87.3 95.4 44.8 96.5 76.9 87.0

  Clinically meaningful worsening 93.1 97.7 90.0 98.5 46.6 99.6 96.4 89.5

Validation cohort

  Clinically meaningful improvement 89.5 100 100 98.9 47.4 99.4 90 94.5

  Clinically meaningful worsening 95.5 98.2 87.5 99.4 59.1 99.4 92.9 94.9

SLE, systemic lupus erythematosus; SLEDAI-2K, SLE Disease Activity Index 2000; SLE-DAS, SLE Disease Activity Score.
NPV, negative predictive value (%); PPV: positive predictive value (%); SLE, systemic lupus erythematosus; SLEDAI-2K, SLE Disease Activity Index 2000; SLE-DAS, SLE Disease 
Activity Score; Sens, sensitivity (%); Spec, specificity (%).

Table 4 Multivariate Cox regression analysis for damage accrual in the validation cohort

Factors

Model 1 Model 2

Hr (95% CI) P value Hr (95% CI) P value

Gender (female) 0.606 (0.277 to 1.326) 0.2099 0.500 (0.236 to 1.059) 0.0704

Disease duration (years) 1.036 (0.999 to 1.073) 0.0554 1.041 (1.004 to 1.079) 0.0297

Age at diagnosis (≤25 years) 0.690 (0.356 to 1.339) 0.2724 0.6307 (0.319 to 1.249) 0.1860

Lupus nephritis at baseline (yes) 0.653 (0.318 to 1.340) 0.2452 0.874 (0.438 to 1.742) 0.7017

Prednisolone at baseline (mg/day) 1.047 (0.990 to 1.106) 0.1097 1.078 (1.021 to 1.138) 0.0066

Immunosuppressants at baseline (yes) 1.057 (0.530 to 2.112) 0.8748 1.084 (0.5502 to 2.135) 0.8160

amSLE-DAS (score) 1.234 (1.134 to 1.320) <0.0005

amSLEDAI (score) 1.243 (1.131 to 1.365) <0.0005

Model 1: model with amSLE-DAS as time-dependent covariate. Model 2: model with amSLEDAI as time-dependent covariate.
amSLEDAI, adjusted mean of SLEDAI-2K (time-dependent covariate); amSLE-DAS, adjusted mean of SLE-DAS (time-dependent covariate).

Furthermore, SLEDAI-2K was also strongly correlated with PGA 
(rs=0.973, p<0.0005).

The performance of SLEDAI-2K and SLE-DAS to discriminate 
a clinically meaningful improvement or worsening (both defined 
as ΔPGA≥0.3) was assessed by ROC analysis. SLE-DAS variation 
had a higher discriminative performance (AUC=0.927 (95% 
CI 0.885 to 0.969, p<0.0005) than SLEDAI-2K (AUC=0.787 
(95% CI 0.718 to 0.857), p<0.0005) to detect a clinically 
meaningful improvement (figure 2). Variations in SLE-DAS also 
presented higher discriminative ability than SLEDAI-2K to detect 
a clinically meaningful worsening, with AUCs of 0.994 (95% CI 
0.988 to 1.000, p<0.0005) and 0.914 (95% CI 0.87 to 0.959, 
p<0.0005), respectively (figure 2). A cut-off value of 1.72 points 
in the ΔSLE-DAS was identified as the optimal discriminant for 
either a PGA increase (worsening) or decrease (improvement).

A variation in SLE-DAS≥1.72 had a higher sensitivity to 
detect a clinically meaningful change in SLE disease activity 
compared with a SLEDAI-2K≥4 variation: for improvement 
(82.1% vs 44.8%, p<0.0005) and for worsening (93.1% vs 
46.6%, p<0.0005), with similar specificities (96%–100%). Esti-
mated sensitivities, specificities, PPV and NPV using cut-offs of 
decrease and increase in SLE-DAS≥1.72 and SLEDAI-2K≥4 
points are shown in table 3.

external validation of Sle-dAS
In the external validation cohort, SLE-DAS score was strongly 
correlated with PGA (rs=0.875, p<0.0005) and SLEDAI-2K 
(rs=0.943, p<0.0005) at the last follow-up visit. SLEDAI-2K 
was also correlated with PGA (rs=0.839, p<0.0005).

For a clinically meaningful improvement, in ROC analysis, a 
change in SLE-DAS had a higher performance (AUC=0.938 (95% 
CI 0.852 to 1.000), p<0.0005) than SLEDAI-2K (AUC=0.807 
(95% CI 0.681 to 0.933), p<0.0005) (figure 2). For a clinically 

meaningful worsening, changes in SLE-DAS and SLEDAI-2K had 
an AUC of 0.998 (95% CI 0.994 to 1.000, p<0.0005) and 0.928 
(95% CI 0.855 to 1.000, p<0.0005), respectively (figure 2).

A variation in SLE-DAS≥1.72 points showed a higher sensi-
tivity to detect a clinically meaningful improvement and wors-
ening in SLE disease activity than a change in SLEDAI-2K≥4 
(89.5% vs 47.4% and 95.5% vs 59.1%, respectively, p=0.008 
for both), maintaining similar specificities. Estimated sensi-
tivities, specificities, PPV and NPV using cut-offs of increase 
or decrease in SLE-DAS≥1.72 and SLEDAI-2K≥4 points are 
reported in table 3.

A total of 192 patients had at least two visits with regular 
follow-up and were included in the analysis of the predictive 
value of amSLE-DAS and amSLEDAI for damage accrual. During 
a mean follow-up of 5 years, 44 (22.9%) patients had damage 
accrual. The amSLE-DAS and amSLEDAI were identified as 
independent predictors of damage accrual in the multivariate 
Cox regression analysis (table 4).

Three multivariate Cox regression models for damage accrual 
over follow-up were estimated: model 1 with amSLE-DAS 
and model 2 with amSLEDAI, both variables being considered 
as time-dependent covariates; and model 3 with amSLE-DAS 
and amSLEDAI as time-dependent covariates. Gender, disease 
duration, age at diagnosis, presence of lupus nephritis, pred-
nisolone dose and immunosuppressants at baseline were also 
included in these models as potential confounders (table 4). Both 
amSLE-DAS and amSLEDAI are significant predictors of damage, 
but model 1 (with amSLE-DAS) presents better fit than model 
2 (with amSLEDAI), as it has lower values of AIC (377.183 vs 
385.015, respectively) and BIC (389.673 vs 397.504, respec-
tively). Furthermore, the likelihood ratio test comparing model 
1 (with amSLE-DAS) with model 3 (containing both amSLE-DAS 
and amSLEDAI) yields a p value of 0.694, which indicates 
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that there is no predictive advantage in including amSLEDAI 
when the model already considers amSLE-DAS information. 
On the contrary, the comparison of the model 3 with model 2 
(containing only amSLEDAI) leads to the rejection of the null 
hypothesis (p=0.0047), which means that the prediction of 
damage improves significantly if we include amSLE-DAS in the 
model which already has amSLEDAI. Taken together, these anal-
yses demonstrate that disease activity measured with SLE-DAS 
over time has a higher predictive value for damage accrual than 
SLEDAI-2K.

dISCuSSIOn
SLE-DAS is a continuous global score of disease activity in SLE, 
designed to more accurately measure disease activity of SLE 
and to better assess its changes over time. SLE-DAS presented 
a good construct validity, with very high correlations with both 
SLEDAI-2K, a validated instrument, and PGA, both in the deri-
vation and in the validation cohorts. Criterion validity was 
demonstrated by the predictive value of SLE-DAS for damage 
accrual, which was better than that of SLEDAI-2K.

SLE-DAS performs much better than SLEDAI-2K in terms 
of sensitivity to detect a clinically meaningful change, while 
presenting a high specificity. Such a performance can have major 
implications in the interpretation of clinical trials applying the 
disease activity as the primary endpoint, and in daily clinical 
practice, where SLE-DAS could provide robust guidance for 
treatment in the individual patient.

The assessment of disease activity in SLE is a very challenging 
task due to the heterogeneity of the disease manifestations and 
the difficulty of incorporating in a single instrument all the poten-
tially relevant variables and their relative weights in assessing 
severity.28 Using a purely dichotomous approach to score vari-
ables, without grading the intensity of their change, makes the 
currently available tools insensitive to relevant changes, both at 
individual and group levels.29 These limitations underlie the diffi-
culties that the scientific community has faced in establishing a 
defined clinical response as the outcome measure in randomised 
controlled trials or in defining remission and LDA as the targets 
in treat-to-target strategies.28 30 Actually, the current instruments 
cannot separate remission from LDA as we do with DAS28 in 
rheumatoid arthritis.31 These observations led us to the concept 
that a continuous measure of disease activity was indispensable 
to appropriately value change and to define cut-offs for remis-
sion, LDA and moderate or high disease activity.

In the absence of a validated gold standard, we considered 
that measuring SLE activity should consider all variables that 
have deserved acceptance by the scientific community so far and 
should be modelled on experienced physicians, whose judge-
ment is validated by high-quality health outcomes documented 
in their patient cohorts.26 31 We started by acknowledging that 
in clinical practice the judgement of disease activity in a patient 
with SLE is based on a combination of laboratory and clinical 
features as well as the physician overall impression of the patient 
status (scored in PGA).28 The derivation of the SLE-DAS was 
modelled on the PGA and hence it was of utmost importance to 
ensure the accuracy of an expert clinician. Its construct validity 
was demonstrated in an external cohort with the PGA scored 
by a different expert clinician from another country and, most 
importantly, SLE-DAS was a better predictor of damage accrual 
than SLEDAI-2K, which argues for the objectivity of a better 
SLE-DAS performance.

In the SLE-DAS, the four parameters scored as continuous vari-
ables (arthritis, proteinuria, leucopenia and thrombocytopenia) 

are major drivers of its increased sensitivity to change. In addi-
tion, we expect that our new scoring algorithm and item redef-
inition, reduced from 24 (in SLEDAI) to 17 (in SLE-DAS), can 
also contribute to the improved performance of SLE-DAS. At 
least in some patients, it can be of major impact the inclusion 
of potentially severe features absent from SLEDAI (haemolytic 
anaemia, gastrointestinal and cardiopulmonary involvement), 
which were included in the current definitions of lupus LDA 
and remission.10 12 13 Assembling all these items into a quantita-
tive disease activity index provided us with a sensitive and stan-
dardised instrument to assess disease activity in SLE.

Limitations of our study include the use given to PGA, given 
its subjective nature. However, PGA is considered the gold stan-
dard to assess SLE disease activity and has received renewed 
interest with the recent development of the Lupus Foundation 
of America-Rapid Evaluation of Activity, an index based on the 
assessment of a PGA for each organ system.32 Furthermore, in 
the current study, PGA was scored always by the same senior 
rheumatologist over the follow-up, its validity being supported 
by a high correlation with SLEDAI-2K in both cohorts. Addition-
ally, the SLE-DAS was highly correlated with SLEDAI-2K and 
PGA in the internal and external validation cohort, supporting 
that PGA was consistently scored. Another important limita-
tion refers external validation being performed, so far, in only 
one centre and mainly in Caucasian patients. Further studies 
are needed to confirm these results in multicentric, multiethnic 
cohorts. The prospective assessment of data at each clinical visit 
with consistently scored SLEDAI-2K, PGA and SDI, the internal 
and external validation including the damage accrual prediction 
are important strengths of our study.

In conclusion, SLE-DAS has good construct validity, a much 
higher discriminative power to detect clinically meaningful 
changes in SLE disease activity and a higher performance in 
predicting damage accrual, as compared with SLEDAI-2K. 
Future work from our group will focus in defining cut-off values 
for remission, LDA, moderate or high disease activity and devel-
oping an online calculator.
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Key messages

What is already known about this subject?
 ► In the treatment of systemic lupus 
erythematosus (SLE), the clinical efficacy of 
belimumab plus standard SLE therapy (standard 
of care, SoC) compared with placebo plus SoC 
has been demonstrated in four phase III clinical 
trials; in addition to disease lowering benefits 
at phase III, two long-term extension (LTE) 
studies demonstrated that long-term exposure 
to belimumab was safe and well tolerated, with 
low rates of organ damage accrual over time.

What does this study add?
 ► As the LTE studies did not have comparator 
arms, comparison of belimumab plus SoC with 
SoC alone was not possible; the present study 
extends the work of the LTE studies by enabling 
a comparison of belimumab plus SoC versus 
SoC alone, using a matched comparator group.

 ► This study uses propensity score matching 
(PSM) to match patients in one of the 
belimumab LTE studies with patients from an 
external SLE cohort (the Toronto Lupus Cohort) 
treated with SoC alone, thus enabling a robust 
and credible comparison of belimumab’s 
impact on organ damage over a 5-year period, 
compared with SoC treatment alone.

How might this impact on clinical practice or 
future developments?

 ► The results of this study demonstrate that 
belimumab plus SoC treatment results in lower 
rates of organ damage accrual compared with 
SoC alone. The benefits of treatment with 
belimumab have been demonstrated over a 
5-year period, which may assist healthcare 
providers in determining the appropriate long-
term treatment for patients with SLE.

 ► This study demonstrates the utility and value of 
PSM in providing a comparator for a treatment 
observed within an LTE. The results suggest 
that this methodology could be applied more 
frequently to reinforce the conclusions that can 
be drawn from these studies.

AbSTrACT
Objectives The study (206347) compared organ 
damage progression in patients with systemic lupus 
erythematosus (sle) who received belimumab in the 
Bliss long-term extension (lTe) study with propensity 
score (Ps)-matched patients treated with standard of 
care (soC) from the Toronto lupus Cohort (TlC).
Methods a systematic literature review identified 
17 known predictors of organ damage to calculate a 
Ps for each patient. Patients from the Bliss lTe and 
the TlC were Ps matched posthoc 1:1 based on their 
Ps (±calliper). The primary endpoint was difference in 
change in systemic lupus international Collaborating 
Clinics/american College of Rheumatology Damage 
index (sDi) score from baseline to 5 years.
results For the 5- year analysis, of 567 (Bliss lTe 
n=195; TlC n=372) patients, 99 from each cohort were 
1:1 Ps matched. Change in sDi score at Year 5 was 
significantly lower for patients treated with belimumab 
compared with soC (−0.434; 95% Ci –0.667 to –0.201; 
p<0.001). For the time to organ damage progression 
analysis (≥1 year follow-up), the sample included 965 
(Bliss lTe n=259; TlC n=706) patients, of whom 179 
from each cohort were Ps-matched. Patients receiving 
belimumab were 61% less likely to progress to a higher 
sDi score over any given year compared with patients 
treated with soC (HR 0.391; 95% Ci 0.253 to 0.605; 
p<0.001). among the sDi score increases, the proportion 
of increases ≥2 was greater in the soC group compared 
with the belimumab group.
Conclusions Ps-matched patients receiving belimumab 
had significantly less organ damage progression 
compared with patients receiving soC.

InTrOduCTIOn
In the treatment of systemic lupus erythematosus 
(SLE), the clinical efficacy of belimumab plus stan-
dard SLE therapy (standard of care, SoC) compared 
with placebo plus SoC has been demonstrated in 
four phase III clinical trials.1–4 Long-term exten-
sion (LTE) studies (BEL112233, NCT00724867 
US patients and BEL112234, NCT00712933 
outside-US patients) of the phase III studies 
BLISS-52 (BEL110752, NCT00424476) and 
BLISS-76 (BEL110751, NCT00410384) demon-
strated that long-term exposure to belimumab was 
safe and well tolerated and that clinical efficacy was 
maintained.1 3 5 However, as the LTE studies did not 
have comparator arms, comparison of belimumab 
plus SoC (referenced as belimumab throughout) 

with SoC alone was not possible. Consequently, 
the question of long-term relative efficacy required 
further investigation.

 on 2 M
arch 2019 by guest. P

rotected by copyright.
http://ard.bm

j.com
/

A
nn R

heum
 D

is: first published as 10.1136/annrheum
dis-2018-214043 on 4 January 2019. D

ow
nloaded from

 

http://www.eular.org/
http://ard.bmj.com/
http://dx.doi.org/10.1136/annrheumdis-2018-214043
http://dx.doi.org/10.1136/annrheumdis-2018-214043
http://crossmark.crossref.org/dialog/?doi=10.1136/annrheumdis-2018-214043&domain=pdf&date_stamp=2019-02-14
http://ard.bmj.com/


373Urowitz MB, et al. Ann Rheum Dis 2019;78:372–379. doi:10.1136/annrheumdis-2018-214043

Systemic lupus erythematosus

Figure 1 Study design and visit* assessments. *For the BLISS LTE study, the final visit in the parent study of the BLISS LTE study was recorded at 
76 weeks. Thereafter, SDI was recorded every 48 weeks (‘annual’ visits). In the TLC, annual visits were defined as the visit closest to each 48-week 
interval from baseline that deviated by no more than 24 weeks from that interval. **Patients within the TLC had no exposure to belimumab as it 
was not available at the time. LTE, long-term extension; SDI, Systemic Lupus International Collaborating Clinics/American College of Rheumatology 
Damage Index; SLE, systemic lupus erythematosus; SLEDAI, SLE Disease Activity Index; SoC, standard of care; TLC, Toronto Lupus Cohort.

Propensity score matching (PSM) is a statistical technique 
that allows matching of patients within two treatment groups 
based on their propensity score (PS).6 7 A patient’s PS is based on 
their relationship to known clinical demographics and disease 
characteristics that would likely lead to the patient receiving 
a particular treatment. Therefore, once patients have been 
matched based on their PS, any observed difference in outcomes 
is assumed to be a direct result of the treatment. PSM is often 
used in observational studies to compare treatments, clinical 
techniques or subgroups8 9 or to adjust for confounding in two 
groups of patients with different observed outcomes, to examine 
the effect of the treatment.8

This study (206347) used PSM to match patients with SLE 
treated with belimumab in the US BLISS LTE study (BEL112233) 
with patients from an external SLE cohort treated with SoC to 
enable a long-term comparative analysis of belimumab versus SoC.

The primary objective was to compare organ damage progres-
sion (mean change in Systemic Lupus International Collaborating 
Clinics/American College of Rheumatology Damage Index (SDI) 
score) from baseline to Year 5 in patients treated with belimumab 
or SoC, using PS-matched data from the BLISS LTE study and 
the external cohort. Secondary objectives included comparing the 
time to organ damage progression and the magnitude of damage 
accrual.

MeTHOdS
Identifying the comparator cohort
A systematic literature review was performed to identify cohorts, 
registries or other databases formed to support studies in SLE, with 
the objective of identifying an SLE comparison cohort with popu-
lation characteristics similar to those of the BLISS LTE study popu-
lation and an adequate sample with ≥5 years of follow-up. In total, 
393 publications were identified referring to 92 cohorts, from 
which 21 cohorts/databases were selected for more in-depth evalu-
ation, using the criteria of at least 400 patients and 3 peer-reviewed 

publications. Data for each of the 21 cohorts were extracted to 
evaluate cohort size, ethnicity, age, duration of SLE, severity of 
disease activity, extent of organ damage progression, duration of 
follow-up, loss to follow-up, scope of data collection and data avail-
ability. The review identified the Toronto Lupus Cohort (TLC)10 11 
as the preferred source of SoC data for this study, based on the 
size of the cohort, the extent of organ damage in the patients and 
the severity of SLE disease activity within the cohort. The TLC 
collected patient data at each visit and at 3–4-month intervals, and 
the scales used within the TLC for recording disease severity and 
organ damage progression were similar to those used within the 
BLISS LTE study.

Study design
This was a posthoc longitudinal PS-matched study comparing 
patients from the BLISS LTE study to clinically and demographi-
cally similar patients in the TLC. Baseline for the BLISS LTE study 
was the date of first exposure to belimumab (1 mg/kg or 10 mg/kg). 
For patients in the TLC, baseline was the first date they obtained 
an SLE Disease Activity Index-2000 (SLEDAI-2K) score ≥6, as 
this was an inclusion criterion for the BLISS LTE parent study 
(figure 1). Patients in the TLC did not receive belimumab because 
it was not available at the time.

Patients
The eligibility criteria used in the US BLISS LTE study were applied 
to patients in the TLC before PSM. Patients were ≥18 years of age, 
had a diagnosis of SLE using ≥4 of 11 American College of Rheu-
matology criteria (710.0)12 13 and a Safety of Estrogens in Lupus 
Erythematosus National Assessment–SLEDAI (SELENA-SLEDAI)/
SLEDAI-2K score ≥6 at baseline and were autoantibody positive.5 
Patients were excluded if they had active severe lupus nephritis 
or central nervous system lupus or if they had received B-cell 
target therapy at any time, if their baseline data preceded 1990 
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(to enhance the comparability of the period of treatment across 
groups) or if they had no visit within 24 weeks of their sched-
uled annual visit. The time to organ damage progression analysis 
included all patients with >1 year of follow-up and excluded TLC 
patients with ≥15 years of follow-up.

Choosing the PSM variables
A systematic literature review14 was used to identify publications 
that reported predictors of SLE organ damage and progression.15–18 
Key predictors found in the literature (figure 2) were reviewed by 
a clinical expert (Professor Murray B Urowitz) and limited to those 
available in both the BLISS LTE study and the TLC. This generated 
a list of 14 predictors, which correlated to 17 operationalised vari-
ables used in the PSM analysis (figure 2).

endpoints and assessments
The primary endpoint was the difference in change of total SDI 
score from baseline to 5 years between the BLISS LTE study 
and the TLC in patients with ≥5 years of follow-up. Secondary 
endpoints, assessed in patients with ≥1 year of follow-up, included 
time to first worsening (SDI score increase) in total SDI score, 
which used full longitudinal data for all patients (up to 6.5 years 
and 14 years within the BLISS LTE study and TLC cohorts, respec-
tively). Magnitude of SDI score worsening was also assessed, and 
data from patients with ≥1 year of follow-up and up to 5 years of 
data were analysed. SDI score was taken from each visit within the 
BLISS LTE study and the TLC (figure 1).

Statistical analyses
PS were calculated using the logistic regression procedure in SAS 
V.9.4 software (SAS Institute, Cary, North Carolina, USA). The 
model specification included all potential predictor variables as 
independent variables.

The PS value for matching was defined as the estimated log-odds 
(ie, the Xβ value) from the logistic regression, rather than the 
predicted probability, to enhance the range of variation in the 
PS distribution for matching. Patients from the BLISS LTE study 
were matched 1:1 to patients from the TLC based on similar PS 
values (within a calliper value defined as 20% of the SD for the 
distribution of the PS variable in the full sample). The standardised 
distance (bias) in the PS-matched sample across groups for all vari-
ables used to determine PS values ideally should be <5%; however, 
a standardised distance of <10% for all variables is considered 
adequate balance.19

An augmented regression model for the 5-year change in SDI 
score in the PS-matched samples was also estimated, adjusting for 
baseline corticosteroid dosage and decade of entry into the study to 
account for changes in the management of SLE over time.

For sensitivity analyses, the difference in change in total SDI 
score from baseline to 5 years across groups was evaluated using 
the inverse PS weighting (IPSW), method that uses the entire 
patient sample and the PS to weight the observations. The IPSW 
method aimed to confirm the robustness of the PSM method. 
Regression-augmented IPSW was also conducted as an additional 
sensitivity analysis to overcome any inadequate balance with the 
IPSW analysis, adding variables with bias >10% as covariates in 
the regression model. To assess the potential for nonlinearity in the 
magnitude of the 5 year change in SDI score, an ordered logistic 
regression model (SDI change equal to 0, 1 or 2+) was estimated 
using the PS-matched samples. Finally, changes from baseline in 
SDI organ damage system subscores were compared using Fisher’s 
exact tests.

All inferential statistics were two-tail tests performed with an 
alpha of p=0.05. The difference in organ damage progression 
from baseline was evaluated using linear regression with change of 
total SDI score from baseline as the dependent variable and with 
a variable indicating treatment group (belimumab or SoC). Unbal-
anced matching variables were added as covariates. The difference 
in time to organ damage progression was analysed using para-
metric survival models with a binary indicator for treatment with 
belimumab as a covariate. Unbalanced matching variables were 
added as covariates. If statistically significant, the decade of entry 
into the study was also added as a covariate in both the difference 
in organ damage progression endpoint and time to organ damage 
progression analysis. The descriptive statistics for the magnitude of 
year-to-year organ damage progression were estimated at the end 
of Years 1–5 for both the belimumab and the SoC groups. Patient 
year-to-year increases in total SDI scores were classified as either 
+1 or ≥2. A two-proportion z-test was used to determine whether 
there was a statistically significant difference between treatment 
cohorts in the proportion of total SDI increases that were ≥2.

reSulTS
There were 259 patients from the BLISS LTE study and 706 patients 
from the TLC who met the inclusion criteria and were included in 
the PSM analysis.

PS-matched population for patients with 5 years of follow-up 
data (primary endpoint)
The range of PS distribution for patients with 5 years of follow-up 
was −9.927 to 4.701. The range of common support (overlap in 
the PS distributions) for patients in the BLISS LTE study and the 
TLC was −3.648 to 2.893 (online supplementary figure S1A). 
With the calliper value of 0.53 (20% of the SD for the PS distri-
bution), the range of support was −4.178 to 3.423. Matching 
was not possible for 11 patients from the BLISS LTE study and 
95 patients from the TLC with PS values outside of the range of 
support (including the calliper).

Using PSM, 99 patients from the BLISS LTE study and  
99 patients from the TLC were 1:1 PS-matched from a larger pool 
of 567 patients (BLISS LTE n=195; TLC n=372). This sample was 
well balanced, with percentage bias <5% for 9 of 17 variables and 
<10% for all variables (mean bias=4.6%) (table 1).

PS-matched population for patients with ≥1 year of  
follow-up data
The range of PS distribution for patients from the BLISS LTE study 
and the TLC with ≥1 year of follow-up was −8.475 to 3.645, 
and the range of overlap in the PS distributions was −3.928 to 
2.171 (online supplementary figure S1B). With the calliper value 
of 0.40, the range of support was −4.328 to 2.571. Matching 
was not possible for 13 BLISS LTE study patients and 246 TLC 
patients with PS values outside of the range of support (including 
the calliper).

Using PSM, 179 patients from the BLISS LTE study and  
179 patients from the TLC were 1:1 PS-matched from a larger pool 
of 965 patients (BLISS LTE n=259; TLC n=706). This sample was 
well balanced, with percentage bias <5% for all but one variable and 
<10% for all variables (mean bias=2.2%) (table 2).

difference in organ damage progression from baseline  
to 5 years
The change in SDI score from baseline to Year 5 for PS-matched 
patients was significantly lower for patients treated with belim-
umab compared with SoC (−0.434; 95% CI −0.667 to −0.201; 
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Figure 2 Predictors, variables and operationalised variables determined from a systematic literature review and used within the PSM analysis. 
*The variable ‘disease activity over time’ could not be used within the PSM as it was not a baseline variable. **The references for the ‘race/ethnicity’ 
variable and the ‘baseline SDI’ variable were ‘Caucasian’ and ‘Baseline SDI=0’, respectively. ACR, American College of Rheumatology; PSM, propensity 
score-matched; SDI, Systemic Lupus International Collaborating Clinics/American College of Rheumatology Damage Index; SF-20, 20-item short form 
survey; SLE, systemic lupus erythematosus; SLEDAI, SLE Disease Activity Index.
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Table 1 Variables at baseline, pre-PSM and post-PSM for patients with 5 years of follow-up

Variable

bias pre-PSM bias post-PSM

belimumab 
(n=195) SoC (n=372) bias (%)*

belimumab 
(n=99) SoC (n=99) bias (%)*

Mean age, years 42.8 37.3 45.5 40.0 39.0 8.4

Mean age squared, years 1947.4 1560.8 38.1 1733.0 1661.7 7.2

Female, % 92.8 89.5 11.6 92.9 91.9 3.8

Black, % 23.1 15.3 19.7 21.2 23.2 −4.8

Asian†/other race, % 9.2 23.4 −39.0 14.1 12.1 6.0

Mean SLE duration, years 7.9 5.8 30.0 7.4 7.6 −2.6

Smoker, % 3.6 23.7 −61.1 7.1 7.1 0.0

Hypertension‡, % 67.7 37.6 63.0 54.5 53.5 2.0

Dyslipidaemia, % 22.6 58.1 −77.5 28.3 31.3 −6.6

Proteinuria, % 12.3 31.7 −48.1 20.2 18.2 5.1

Number of ACR classification criteria satisfied 5.9 5.7 19.8 6.0 5.9 6.5

Baseline SLEDAI 7.8 10.1 −48.4 8.5 8.5 −2.2

Corticosteroid use, % 63.6 60.8 5.8 64.6 66.7 −4.2

Antimalarial use, % 73.8 51.9 46.6 69.7 68.7 2.2

Immunosuppressive use, % 53.8 31.5 46.4 45.5 44.4 2.0

SDI score=1, % 27.2 14.8 30.7 24.2 27.3 −6.9

SDI score ≥2, % 28.7 10.8 46.2 15.2 18.2 −8.1

*The extent of balance in clinical characteristics between groups was assessed using a standardised distance (bias) for each of the variables in the PS model. The standardised 
distance in the PS-matched sample across groups for all variables used to determine PS values ideally should be <5%; however, a standardised distance of <10% for all variables 
is considered adequate balance.
†Asian from the BLISS LTE population refers to patients with Central Asian, East Asian, Japanese, South Asian and Southeast Asian heritage; and Asian from the TLC refers to 
patients of Chinese heritage.
‡Patients who met any of the following criteria at baseline were defined as having hypertension: (1) systolic blood pressure ≥140 mm Hg or (2) diastolic pressure ≥90 mm Hg 
or (3) use of antihypertensive medications. The BLISS database had a flag for patients with baseline hypertension, but any BLISS patients who were not flagged were defined as 
having hypertension based on the same criteria used for TLC patients.
ACR, American College of Rheumatology; PS, propensity score; PSM, propensity score matching; SDI, Systemic Lupus International Collaborating Clinics/American College of 
Rheumatology Damage Index; SLE, systemic lupus erythematosus; SLEDAI, SLE Disease Activity Index; SoC, standard of care; TLC, Toronto Lupus Cohort.

p<0.001) (table 3). The IPSW sensitivity analysis, using the patient 
full sample, also showed belimumab treatment to be associated 
with a smaller increase in SDI score compared with SoC (−0.441; 
95% CI −0.669, to −0.222; p<0.001); however, bias within this 
analysis was statistically inadequate (table 3), indicating the sample 
was not well balanced. Regression-augmented IPSW analysis, 
adding variables with bias >10% as covariates, produced similar 
results, with a smaller SDI score increase for patients treated with 
belimumab compared with SoC (−0.450; 95% CI −0.676 to 
−0.223; p<0.001) (table 3).

An additional posthoc analysis was conducted to re-estimate 
the regression model for the 5 year change in SDI, to adjust for 
baseline corticosteroid dose and decade of entry into the study. 
In this augmented model, the estimated coefficient of the belim-
umab treatment variable remained essentially unchanged (−0.448; 
95% CI −0.739 to −0.157; p=0.003). A breakdown of the use 
of corticosteroids within the BLISS LTE and the TLC, by cortico-
steroid dose, has been provided in online supplementary table S1. 
A posthoc, regression-augmented model estimating the differences 
between groups in daily average cumulative corticosteroid usage 
through to Year 5, adjusted for decade of entry, indicated that 
cumulative corticosteroid usage was lower each day by 2.045 units 
(95% CI −3.625 to −0.465; p=0.011) for patients treated with 
belimumab compared with SoC. When immunosuppressive medi-
cation use was added as a covariate in the 5 year SDI score change 
model for the PS-matched samples, the estimated belimumab coef-
ficient remained essentially unchanged (−0.449; 95% CI −0.739 
to −0.159); however, this was not statistically significant, and the 
variation in types of immunosuppressive medication used was not 
clinically meaningful (online supplementary table S2).

As the 5 year SDI change measure has a significant floor effect  
(ie, zero change) and does not necessarily increase in a linear 
manner, the analysis was re-estimated using an ordered logistic 
regression model (for response levels 0, 1 and 2+), using the 
PS-matched sample. The results indicated that patients treated with 
belimumab plus SoC were 60% less likely than patients from the 
TLC treated with SoC only to have a 5 year change in total SDI 
score. If patients treated with belimumab did experience a change, 
they were 60% less likely to have seen a change of more than 1 
unit.

Changes in SDI subscores at Year 5 for patients treated with 
belimumab and patients treated with SoC were analysed, and the 
only subscores with significant differences were musculoskeletal 
(OR 0.163; 95% CI 0.030 to 0.599; p<0.003) and skin (OR 0; 
95% CI 0 to 0.559; p=0.007). For patients treated with belim-
umab, the odds of experiencing an SDI increase from baseline in 
musculoskeletal system subscores were significantly smaller in 
the first year (p=0.010) and continued to be significantly smaller 
for the intervening years versus those treated with SoC. Similarly, 
for patients treated with belimumab the odds of experiencing an 
SDI increase from baseline in skin subscore were significantly 
smaller for all but the first year.

difference in time to organ damage progression
Patients receiving belimumab were 61% less likely to progress to a 
higher SDI score over any given year of follow-up compared with 
patients treated with SoC (HR 0.391; 95% CI 0.253 to 0.605; 
p<0.001) (figure 3). A patient receiving belimumab had a 3.5% 
annual probability of organ damage progression compared with 
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Table 2 Variables at baseline, pre-PSM and post-PSM for patients with ≥1 year of follow-up

Variable

bias pre-PSM bias post-PSM

belimumab 
(n=259) SoC (n=706) bias (%)*

belimumab 
(n=179) SoC (n=179) bias (%)*

Mean age, years 42.6 36.9 46.0 40.4 40.7 −2.4

Mean age squared, years 1937.4 1541.0 37.6 1763.4 1792.3 −3.0

Female, % 93.4 88.8 16.3 91.6 91.6 0.0

Black, % 21.6 14.6 18.3 22.3 23.5 −2.7

Asian†/other race, % 9.3 28.0 −49.6 12.8 12.8 0.0

Mean SLE duration, years 7.7 6.2 21.5 7.5 7.7 −3.2

Smoker, % 3.9 24.2 −61.2 5.6 6.7 −4.6

Hypertension‡, % 53.3 38.0 31.1 45.8 45.8 0.0

Dyslipidaemia, % 22.8 34.7 −26.5 25.1 22.9 5.2

Proteinuria, % 13.5 33.0 −47.4 16.8 17.9 −2.9

Number of ACR classification criteria satisfied 6.0 5.7 22.0 6.0 5.9 1.9

Baseline SLEDAI 7.9 10.0 −49.0 8.4 8.5 −3.7

Corticosteroid use, % 64.9 62.5 5.0 68.2 69.3 −2.4

Antimalarial use, % 71.8 56.4 32.6 65.9 67.0 −2.4

Immunosuppressive use, % 55.2 34.4 42.7 45.8 46.4 −1.1

SDI score=1, % 27.8 14.2 33.9 24.6 25.7 −2.6

SDI score ≥2, % 27.8 10.2 46.0 16.8 16.8 0.0

*The extent of balance in clinical characteristics between groups was assessed using a standardised distance (bias) for each of the variables in the PS model. The standardised 
distance in the PS-matched sample across groups for all variables used to determine PS values ideally should be <5%; however, a standardised distance of <10% for all variables 
is considered adequate balance.
†Asian from the BLISS LTE population refers to patients with Central Asian, East Asian, Japanese, South Asian and Southeast Asian heritage; and Asian from the TLC refers to 
patients of Chinese heritage.
‡Patients who met any of the following criteria at baseline were defined as having hypertension: (1) systolic blood pressure ≥140 mm Hg or (2) diastolic pressure ≥90 mm Hg 
or (3) use of antihypertensive medications. The BLISS database had a flag for patients with baseline hypertension, but any BLISS patients who were not flagged were defined as 
having hypertension based on the same criteria used for TLC patients.
ACR, American College of Rheumatology; PS, propensity score; PSM, propensity score matching; SDI, Systemic Lupus International Collaborating Clinics/American College of 
Rheumatology Damage Index; SLE, systemic lupus erythematosus; SLEDAI, SLE Disease Activity Index; SoC, standard of care; TLC, Toronto Lupus Cohort.

Table 3 Change in SDI from baseline to 5 years using PSM, IPSW 
and regression augmented IPSW

Method/variable SoC belimumab difference

PSM sample

  n 99 99

  5 year SDI change, 
mean (SE)

0.717 0.283 −0.434 (0.119)

    95% CI 0.500 to 0.934 0.166 to 0.400 −0.667 to −0.201

    p values p<0.001

IPSW sample

  n 372 195

  5 year SDI change, 
mean (SE)

0.777 0.336 −0.441 (0.116)

    95% CI 0.607 to 0.947 0.184 to 0.488 −0.669 to −0.222

    p values p<0.001

Regression augmented 
IPSW sample

  n 372 195

  5 year SDI change, 
mean (SE)

0.782 0.333 −0.450 (0.116)

    95% CI 0.630 to 0.935 0.167 to 0.498 −0.676 to −0.223

    p values p<0.001

CI, confidence interval; IPSW, inverse propensity score weighting; PSM, propensity 
score matching; SDI, Systemic Lupus International Collaborating Clinics/American 
College of Rheumatology Damage Index; SE, standard error; SoC, standard of care.

an 8.7% annual probability of progression with SoC alone. There 
were no statistically significant differences in the HRs between the 
1 mg/kg and 10 mg/kg doses from the parent study.

Magnitude of year-to-year organ damage progression
Of the patients treated with belimumab, there were 33 instances of 
an SDI score increase of ≥1 compared with 72 instances in patients 
treated with SoC. Of these, the proportion of SDI score increases 
≥2 over any given year of follow-up was five times greater with 
SoC (n=22/72, 30.56%) compared with belimumab (n=2/33, 
6.06%; p=0.006).

dISCuSSIOn
This PSM analysis matched patients within the BLISS LTE study 
1:1 with similar patients from the TLC who had not received 
belimumab. This enabled the results from the two cohorts to 
be effectively and credibly compared in terms of organ damage 
progression, time to organ damage progression and magnitude of 
progression.

The study demonstrated that, over a 5-year period, patients 
treated with belimumab experienced less organ damage compared 
with patients treated with SoC alone. The IPSW and regression-aug-
mented IPSW results were similar to the PS-matched results, which 
demonstrates the robustness of the findings across alternative PS 
adjustment methodologies. Patients treated with belimumab were 
61% less likely to progress to a higher SDI score over any given 
year of follow-up compared with patients treated with SoC, indi-
cating that belimumab appears to slow the rate of organ damage 
progression compared with SoC. In addition, a higher proportion 
of patients treated with SoC experienced an SDI score increase ≥2 
compared with patients treated with belimumab. These results are 
in accordance with previous studies. An interim analysis of the two 
BLISS LTE studies demonstrated that 85.1% of patients treated with  
belimumab at Years 5–6 (n=403) showed no change from baseline 
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Hazard ratio = 0.391 (95% CI 0.253 to 0.605); p<0.0001
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Figure 3 Difference in time to organ damage progression in patients with ≥1 year of follow-up.*Years are 48 weeks in length.
KM, Kaplan-Meier; SLE, systemic lupus erythematosus; SoC, standard of care.

in SDI score, 11.4% experienced an SDI score increase of +1 and 
3.2% experienced an SDI score increase of ≥2.20 These results, 
demonstrating slow rates of organ damage progression in patients 
treated with belimumab compare favourably with organ damage 
progression rates reported by other SLE cohorts, such as the SLICC 
inception cohort,21 the Tromso cohort16 and the Lupus in Minori-
ties Nature vs Nurture (LUMINA) cohort;15 however, it should be 
noted that the BLISS studies excluded patients with severe lupus 
nephritis and central nervous system disease.1 3 5

The quality of the systematic literature review preceding the 
PSM analysis was essential in determining the appropriate, clini-
cally reviewed variables to use within the PSM analysis to effec-
tively and accurately match patients within the BLISS LTE study 
and the TLC. The operationalised variables used within the PSM 
analysis captured both clinical demographics and disease character-
istics that enabled patients to be adequately matched, thus reducing 
the potential for confounders in the assessment of comparative 
treatment effectiveness. The PSM process, using a 20% calliper, 
produced well-balanced samples of patients across the BLISS LTE 
study and the TLC as shown by the low mean bias for all variables 
following PSM.

PSM has been used previously in patients with SLE.  
Ruiz-Irastorza et al22 conducted an observational prospective 
cohort study to determine the effect of antimalarials on throm-
bosis and survival in patients with SLE. Patients were divided by 
whether they had previously been treated with antimalarials and 
were PS-matched based on 24 variables related to disease severity 
and known prognostic significance.22 PSM enabled a compar-
ison of patients treated with antimalarials with patients without a 
history of antimalarial medication, while adjusting for confounders 

that would otherwise have biased the results (as it would have been 
unethical to randomise patients, treatment was allocated according 
to clinical judgement). PSM was also used to compare live patients 
(controls) in the LUMINA cohort with deceased patients (cases) to 
determine the protective effect of hydroxychloroquine on survival 
in patients with SLE.8 Patients were sorted into PS quintiles based 
on their likelihood of being treated with hydroxychloroquine. It 
was expected that patients with milder disease had a higher prob-
ability of being treated with hydroxychloroquine than those with 
more severe disease; however, as each PS quintile included both 
treated and untreated patients, the study essentially achieved de 
facto pseudorandomisation. Here, PSM was effectively used to 
adjust for patients’ characteristics at baseline and to act as a single 
variable in multivariable analyses.8 23

LTE studies with no comparator are routinely used to explore 
the long-term efficacy and safety of a treatment beyond the limited 
duration of controlled double-blinded trials; this study demon-
strates the utility and value of PSM in providing a comparator for 
a treatment observed within an LTE. The results suggest that this 
methodology could be applied more frequently to reinforce the 
conclusions that can be drawn from these studies.

limitations
PSM can only match patients based on known variables; other 
differences may exist between matched populations that cannot be 
observed, which may cause some degree of residual confounding.6 23 
A strength of this study is that the patients in the TLC who were 
otherwise indicated for belimumab treatment did not receive beli-
mumab solely because it was not available at the time. In addition, 
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although only a moderate number of patients were matched within 
this analysis, the IPSW and regression-augmented IPSW sensitivity 
analyses, which used the whole available population samples, 
produced similar results to the main PS-matched analysis, thus 
confirming the credibility of the original PS-matched analysis.

One variable that could not be matched across groups was the 
year of entry into the study. To enhance comparability, patients 
in the TLC database with baseline dates preceding 1990 were 
excluded from the study sample. Nonetheless, the PS-matched 
analysis could be confounded by remaining changes in SoC over 
time between the two study periods. Although no revolutionary 
changes in SLE treatment occurred during the study period, there 
may have been evolutionary changes in the management of SLE 
over this period. For example, the proportion of patients using 
corticosteroids was well balanced; but among patients using corti-
costeroids, those treated with belimumab were more likely to use 
a lower dosage compared with patients treated with SoC. Simi-
larly, among patients using immunosuppressive medications, there 
were some differences in the specific immunosuppressive medica-
tion used. Nevertheless, the PS-matched model was re-estimated 
to adjust for baseline corticosteroid dose, immunosuppressive use 
and decade of study entry and the change in SDI score from base-
line to Year 5 for PS-matched patients was similar to the primary 
PS-matched analysis (reported in table 1), which did not adjust for 
these factors. Thus, the evolution in the management of SLE over 
this time period does not appear to have had an impact of a magni-
tude sufficient to confound the results of the PSM analysis.

The endpoints presented here made use only of the USA LTE 
dataset. Therefore, the generalisability of these results to other 
countries may be in question and may require further studies.

COnCluSIOn
This PS-matched analysis produced adequate, well-balanced 
patient samples using predictors of disease and clinical character-
istics as variables within the analysis. PSM enabled effective and 
credible comparison of patients from the BLISS LTE study to 
patients from the TLC. Patients receiving belimumab had signifi-
cantly less SLE-related organ damage progression over 5 years 
compared with patients in the TLC receiving SoC only. Similarly, 
the study found significantly slower organ damage progression, 
and a smaller magnitude of progression, in patients treated with 
belimumab compared with SoC. Future studies may use PSM 
methodology to reinforce conclusions that can be drawn from 
long-term, open-label studies.
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Key messages

 ► Lupus-related auto-antibodies (auto-Abs) 
are T cell driven and HLA-DR restricted but 
the mechanisms for their initiation and 
diversification are not known.

 ► T cell responses to SmD, a major lupus-related 
auto-Ag, utilize multiple TCRs and are HLA-DR 
restricted.

 ► Multiple intramolecular cross-reactive T cell 
epitopes and intermolecular cross-reactive 
T cell epitopes are identified with SmD and 
among various systemic lupus erythematosus-
related autoantigens (auto-Ags), providing 
the molecular basis why these auto-Ags are 
being targeted and the basis for auto-Ab 
diversification.

 ► The prevalence of T cell epitope mimics from 
microbes is consistent with the conclusions that 
auto-Abs and autoreactive T cells are initiated 
by multiple environmental Ags and their 
detection is inevitable in normal individuals.

 ► Autoimmunity should be separated from end-
organ damage in lupus and other autoimmune 
diseases, suggesting that autoimmune diseases 
should not be diagnosed without related clinical 
presentations.

AbSTrACT
Objectives The generation of systemic lupus 
erythematosus (sle)-related autoantibodies have been 
shown to be T cell dependent and antigen driven with 
Hla-Dr restriction. in this study, the initiating antigen(s) 
and the mechanism of autoantibody diversification were 
investigated.
Methods T cell epitopes (T-epitopes) of smD1 (smD) 
were mapped by T-T hybridomas generated from 
Dr3+ae0 mice immunised with smD and with smD 
overlapping peptides. Tcrs from the reactive hybridomas 
were sequenced. The core epitopes were determined. 
Bacterial mimics were identified by bioinformatics. sera 
from Dr3+ae0 mice immunised with smD peptides and 
their mimics were analysed for their reactivity by elisa 
and immunohistochemistry. samples of blood donors 
were analysed for Hla-Dr and autoantibody specificities.
results Multiple Hla-Dr3 restricted T-epitopes within 
smD were identified. Many T-T hybridomas reacted with 
more than one epitope. some of them were cross-
reactive with other snrnP peptides and with proteins 
in the ro60/la/ro52 complex. The reactive hybridomas 
used unique Tcrs. Multiple T-epitope mimics were 
identified in commensal and environmental bacteria. 
certain bacterial mimics shared both T and B cell 
epitopes with the related smD peptide. Bacterial mimics 
induced autoantibodies to lupus-related antigens and 
to different tissues. Hla-Dr3+ blood donors made 
significantly more sle-related autoantibodies.
Conclusions The unique antigenic structures of the 
lupus-related autoantigens provide the basis for being 
targeted and for T and B cell epitope spreading and 
autoantibody diversification with unique patterns. 
sle-related autoantibodies are likely generated from 
responses to commensal and/or environmental microbes 
due to incomplete negative selection for autoreactive 
T cells. The production of sle-related antibodies 
is inevitable in normal individuals. The findings in 
this investigation have significant implications in 
autoimmunity in general.

InTrOduCTIOn
Systemic lupus erythematosus (SLE) is an auto-
immune disorder affecting multiple organs with 
complex autoantibodies (auto-Abs).1 The most 
common auto-Abs are those against ribonucleopro-
teins such as Sm and RNP within the snRNA parti-
cles and Ro/La complexes. There are considerable 
lag periods up to >9 years between the appearance 
of these auto-Abs and the diagnosis of SLE.2 Over 

these lag periods, the auto-Abs specificities become 
diverse with specific diversification patterns with 
auto-Ab to specific linked sets of lupus-related 
autoantigens (auto-Ags).2–4 It is established that the 
generation of these auto-Abs is antigen (Ag)-driven 
and T cell dependent. In addition, the generation 
of these auto-Abs is linked to HLA-DR2 (DR2) and 
HLA-DR3 (DR3).5–7 Cognizant of these character-
istics of lupus-related auto-Abs, we have used mice 
with the DR3 transgene to interrogate the role of 
HLA-DR and T cells in the generation of anti-Sm 
Abs. DR3 transgenic mice have been shown to 
respond best to immunisation with recombinant 
SmD1 (SmD) and Ro60.8 9 Immunisation with SmD 
in DR3 transgenic mice induces a response with 
auto-Ab diversification to other peptides within 
the Sm core complex (D1/2/3, B/B’, E, F, and G) as 
well as to dsDNA.8 In addition, DR3 supports the 
development of anti-SmD Abs and lupus nephritis 
with early mortality.10 These results support the 
important role of HLA-DR3 in the induction and 
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diversification of lupus-related auto-Abs. In order to better 
understand the origin of auto-Abs to lupus-related auto-Ags, 
the HLA-DR3 restricted T-epitopes in SmD were mapped. The 
results provide novel insights into the origin of lupus related 
auto-Abs, providing an explanation why these auto-Ags are 
being targeted and the mechanism by which these auto-Abs are 
diversified. In addition, the novel findings have implications in 
autoimmunity in general.

MeTHOdS
Peptides and recombinant proteins
15mers spanning the entire sequence of SmD (aa1-119), of 
core SmD epitope peptides with alanine substitutions, and 
bacterial mimic peptides (HPLC purified with >95% purity) 
were obtained from ChinaPeptides (Shanghai, China). SmD, 
SmB, A-RNP, Ro60, R052 and La were prepared as previously 
described.11

Mouse strain and immunisations
Mouse experiments were approved by the Animal Care and Use 
Committees at the University of Virginia. The HLA-DRB1*0301, 
HLA-DRA1*0101 (DR3.A0/0E0/0) transgenic (tg) mice were 
previously described.12 For T-epitope mapping, mice were 
immunised in the left footpad and base of tail with 100 µg of 
SmD in IFA. For Ab generation, mice were immunised in the left 
footpad and base of tail with 100 µg of peptide in CFA. On days 
14 and 28 post immunisation, mice received injections of 50 µg 
of peptide in IFA intraperitoneally. Sera were collected monthly 
and stored at −20°C.

Generation of Smd T-T hybridomas
T-T hybridomas were generated by fusing lymph node cells 
from DR3+ A0/0E0/0 mice immunised with SmD in IFA with 
BW5147TCR-/- as described by Kruisbeek.13 For each fusion, 
cells were suspended in 10 96-well plates. Hybrid cells surviving 
HAT selection were expanded in 24-well plates. 105 T-T 
hybridoma cells were incubated with 2.5×105 syngeneic splenic 
cells in the presence of SmD for 14 hours. Interleukin (IL)-2 in 
culture supernatants was estimated by ELISA (BD Pharmingen) 
following manufacturer’s instructions. Reactive hybridomas 
were cloned by limiting dilution.

Analysis of TCr usage
TCR Vα and Vβ usage by T-T hybridomas was determined by 
sequencing the TCRs as described Chen et al.14 The consensus 
sequences of three clones of TCRα and TCRβ were analysed by 
the IMGT TCR database (http://www. imgt. org/ IMGT_ vquest/ 
vquest).

eLISA, indirect immunofluorescence and 
immunohistochemistry
These methods are detailed in the online supplemental method 
section.

Human sera and HLA-dr typing
DNA was extracted from the clots and the sera were collected 
from samples of healthy anonymous blood donors provided 
by Virginia Blood Services (Richmond, Virginia, USA) without 
identification. HLA-DR typing was done by the PCR method 
description by Bunce.15 HLA-DR homozygous cell lines, MGA 
for DRB1*1501(DR2), QBL for DRB1*0301(DR3) and BSM 
for DRB1*0410(DR4) were used as positive controls.16

bioinformatics analysis
The bacterial sequences for analysis were downloaded from 
NCBI protein database (Taxonomy ID: 2). A software designed 
by Zhao and Dai (available to academic investigators on request 
directed to Zhao) divided all the bacterial protein sequences into 
15mers with 14 overlapping aa as the bacterial 15mer library. 
The SmD 15mer peptides with T-epitopes, in which core aa 
with conservative substitutions are depicted in figure 3A, were 
stored as the SmD 15mer epitope library. These two libraries 
were compared. The bacterial 15mers sharing four aa residues 
identical to the core amino acids in the SmD 15mer library were 
collected as candidate bacterial mimics. The candidate bacterial 
mimics were screened by the IEDB tool (http:// tools. immuneep-
itope. org/ mhcii/ download/) to identify those bacterial 15mers 
with binding affinity to HLA-DR3 <5000 µM. The resulting 
peptides were considered potential bacterial mimics with 
DR3-restricted SmD T cell mimotopes.

reSuLTS
Multiple cross-reactive intramolecular T-epitopes in Smd
In total, 5000 T-T hybridomas were generated from four fusion 
experiments with lymph node cells from eight DR3 transgenic 
mice immunised with SmD. T-T hybridomas reactive with SmD 
were screened with SmD 20mers with 15 overlapping aa. The 
hybridomas then were screened with a panel of SmD 15mers 
with 12 aa overlapping. 135 T-T hybridomas were reactive with 
diverse SmD T-epitopes (online supplementary material table 
S1). Two unstable hybridomas were reactive with SmD1-15. Thus, 
the core T-epitope within SmD1-15 was not determined.

With our protocol, ~90% of the generated hybridomas are 
monoclonal with a single TCRαβ. In the initial screening, a 
significant number of the hybridomas were reactive with two or 
more regions of SmD. As shown in figure 1A, hybridoma D1438-
7-21 cloned twice with a single TCRαβ reacted with peptides in 
SmD1-25 and SmD51-75. The reactive T-epitopes were localised in 
SmD6-20 and SmD57-71. Figure 1B summarises hybridomas reac-
tive with two or three SmD T-epitopes. Thus multiple intramo-
lecular HLA-DR3 restricted cross-reactive T epitopes are present 
within SmD. The presence of multiple intramolecular HLA-DR3 
restricted cross-reactive T-epitopes has also been shown in Ro60 
online supplementary material table S2.

Cross-reactive intermolecular T and b cell epitopes in lupus-
related auto-Ags
Auto-Abs to multiple proteins within snRNP and to Ro60/La are 
often detected in individual patients with SLE. The hypothesis 
that the presence of multiple HLA-D-restricted intermolecular 
cross-reactive T-epitopes may be responsible for the observed 
auto-Ab diversification in patients with SLE17 was tested. As 
shown in figure 1C, the cloned T-T hybridoma F140-9 that 
expressed a single TCRαβ reacted with SmD66-80, SmD, SmB 
and A-RNP in a dose-dependent fashion. In fact, this hybridoma 
reacted better with SmB. In addition, this hybridoma also 
responded to Ro60 as shown by its response to two recombi-
nant Ro fragments (rRo60132-277 and rRo60263-406). Figure 1D 
summarises our T-T hybridomas reactive with two or more of 
the lupus related auto-Ags, SmD, SmB, A-RNP and Ro60. Thus 
there are multiple intermolecular DR3 restricted shared T-epi-
topes among the proteins within the snRNP particles and among 
the snRNP particle and the Ro60 protein. Similarly significant 
numbers of anti-Ro60 T-T hybridomas also react with T-epi-
topes on La (online supplementary material table S2). Together 
with our previous demonstration that the lupus-related Ags 
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Figure 1 T-T hybridomas recognising multiple cross-reactive T-epitopes with SmD and cross-reactive T-epitopes shared by SmD, SmB, A-RNP and 
Ro60. (A) Hybridoma D1438-7-21 was cloned twice and recognises two different regions within SmD. Further mapping with SmD 15mer peptides 
overlapping by 12 aa showed H1438-7-21 reacts with SmD6-20 and SmD57-71. These two SmD peptides share cross-reactive T-epitopes although they 
do not have significant sequence homology. (B) Summary of hybridomas reactive with two or more SmD T epitopes shows that SmD have multiple 
intramolecular cross-reactive T-epitopes. T-cell epitope in bold means they are the dominant epitope within the cross-reactive epitopes with other 
epitope(s) inducing <70% of interleukin (IL)-2. (C) Hybridoma F140-9 reacts with SmD66-80. It reacts to SmD, SmB and A-RNP in a dose-dependent 
manner (left panel). Their responses are DR3 restricted. It reacts much better to SmB. It reacts to Ro60132-277 and Ro60263-406 in a HLA-DR3 restricted 
manner as shown in the right panel. Thus F140-9 reacts with a T-epitope shared among SmD, SmB, A-RNP and Ro60. (D) Summary of T-T hybridomas 
reactive with SmD and SmB (four clones), SmD, SmB and A-RNP (three clones) and SmD, SmB, A-RNP and Ro60 (one clone).
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have multiple shared B cell epitopes,18 the structure features of 
lupus-related Ags make them logical targets for intermolecular 
epitope spreading often observed in SLE.

Presence of multiple T cell core epitopes and the polyclonal T 
cell responses to Smd
The core T-epitopes within relevant 15mers of SmD were ascer-
tained by alanine substitutions. For alanine in the peptides, it was 
substituted by lysine. As shown in figure 2A, hybridoma H425-40 
is reactive with SmD31-45. The T-epitope is located within SmD33-

42. Within this 9mer, substitutions at SmD36 SmD39 or SmD41 
abolished the peptide’s ability to stimulate the hybridoma. Substi-
tutions at SmD33, SmD34 or SmD40 reduced the peptide ability 
to stimulate the hybridoma by 50%. Figure 2B summarises the 
results of mapping T-epitopes recognised by the 42 hybridomas 
reactive with seven 15ers of SmD. Importantly, each hybridoma 
reacts with a specific epitope. In some T-epitopes, the flanking 
sequences play major roles in stimulating the T-T hybridomas. 
The unique nature of each of the T-epitopes suggests that each 
hybridoma should have a unique TCRαβ. This was confirmed by 
sequencing the TCRs of 16 hybridomas (figure 2C). Each of the 
hybridomas has a unique TCRαβ although some TCRα or TCRβ 
segments are sometimes used by more than one hybridoma. 
These data indicate that SmD behaves as a conventional Ag with 
multiple T-epitopes and T cell response to SmD is polyclonal.

Multiple bacterial T-epitopes cross-reactive with Smd from 
both commensal and environmental microbiota
It is evident that as shown in figure 2 there are many T-epitopes 
in SmD. To make our analysis manageable, we chose seven core 
epitopes in the following peptides: SmD31-45, SmD57-71, SmD61-75, 
SmD64-78, SmD66-80, SmD76-90 and SmD78-92. Using SmD31-45 as an 
example, the core amino acids is arbitrarily assigned to reside 
in SmD33-41. The conservative substitutions of aa33, aa34 and 
aa36 to aa41 are listed in figure 3A. Substitutions with any aa 
in other positions of this core T-epitope are permitted. A 15mer 
peptide library that is named library 1 was then constructed to 
include all 15mers generated from the core SmD T-epitopes. A 
bacterial 15mer library was constructed from the NCBI bacterial 
protein database. All known bacterial protein sequences were 
divided into 15mers with 14 aa overlapping (library 2). These 
15mers were screened for the presence of four aa identical to 
those conserved aa in the seven core T-epitopes. The identified 
bacterial peptides were then collected as the library of poten-
tial bacterial mimic peptides (library 3). The potential mimic 
peptides were then screened for their binding to HLA-DR3 
with the IEDB database. Peptides with binding affinity of IC50 
(µM)<5000 were considered candidate peptides with T-epitope 
mimics. Figure 3B summarises the results of this analysis. It is 
of note that the parental peptides have middle binding affinity 
ranks among their mimics. For example, SmD31-45 ranks 259th 
among the 427 identified molecular mimics. Approximately 
10%–15% of the bacterial mimics are from commensal bacteria. 
Online supplementary table S3 1 provides the identified bacte-
rial mimics for SmD66-80.

Immunogenicity of Smd 15mers with core T-epitopes and 
their bacterial T-epitope mimics
To ascertain the potency of the SmD T cell mimics from bacteria 
as immunogens, 12 peptides (online supplementary table S4) 
were randomly chosen from the list of 159 mimics of SmD66-80 
(online supplementary table S3). Only one of them activated one 
of the five hybridomas reactive with SmD66-80 listed in figure 2B. 

F140-9 could be activated by SmD66-80 M7. However, with the 
exception of SmD66-80 M11 (M11), four other mimics (SmD66-80 
M2, SmD66-80 M5, SmD66-80 M7 and SmD66-80 M9 in figure 4A) 
induced Abs to lupus-related Ags (figure 4B). These peptides 
were from commensal or environmental bacteria. It is of note 
that M9, which is ranked 104th in its affinity among the 159 
potential mimics, was a good immunogen. Thus a majority of the 
mimics are good immunogens, providing evidence that lupus-re-
lated auto-Abs can be initiated by many bacterial mimics.

Five of the seven SmD peptides (SmD31-45, SmD57-71, SmD61-75, 
SmD66-80 and SmD78-92) and SmD were used to immunise mice. All 
of them induce auto-Abs to various lupus–related Ags (figure 4B 
and online supplementary figure S1). Sera from mice immunised 
with SmD61-75, SmD66-80 or SmD78-92 reacted with SmD and other 
lupus-related Ags. Sera from mice immunised with SmD57-71 
or SmD31-45 were reactive with multiple lupus-related Ags but 
not with SmD. A similar observation was observed in A/J mice 
responses to SmD52-66.

19 Although SmD91-119 induced anti-peptide 
antibodies (data not shown), the immune sera did not react with 
SmD and other lupus-related Ags.

Absorption experiments (figure 4C) with sera showed that 
M3, M5 and M9 shared a B cell epitope with SmD66-80. These 
results are remarkable in that some bacterial mimics share both T 
and B cell epitopes with the relevant SmD auto-peptides, making 
them potent immunogens. This feature would favour the rele-
vant mimics to initiate lupus-related auto-Abs.

Anti-tissue Ab, anti-nuclear Ab (AnA) and anti-dsdnA Abs in 
mice immunised with Smd peptides and certain mimics.
Sera from DR3 transgenic mice immunised with SmD, or its 
selected peptides and SmD66-80 bacterial mimics, were interro-
gated for their reactivity against kidneys, salivary glands and 
skin. As shown in figure 5A, pre-immune sera and immune sera 
from mice immunised with SmD91-119 at a dilution of 1:8100 did 
not stain these tissue samples. Anti-SmD sera stained kidneys and 
weakly stained skin. Anti-SmD57-71 sera stained kidney tubular 
cells, salivary gland and skin and this staining was abolished by 
absorption with the immunogen (data not shown). Anti-SmD66-80 
sera stained all three tissues strongly. The staining was partly 
abolished by absorption with the immunogen. Immune sera from 
four SmD66-80 mimics stain these tissues with varied patterns. 
Both M2 and M5 with higher affinities for DR3 than SmD66-80 
induced strong Ab staining on all three tissues. Immune sera from 
mice immunised with SmD66-80 and its mimics contained ANA 
(figure 5B). Anti-dsDNA Abs were detected in high titres in the 
immune sera of mice immunised with SmD66-80 M2 (figure 5C). 
These Abs were not absorbed with the immunogen (data not 
shown).

More auto-Abs to lupus related-Ags in HLA-dr3+ blood 
donors
DNA extracted from the clot of 169 outdated blood samples 
from healthy blood donors was used for typing for DR2, DR3 
and DR4 by PCR. The sera were used for ELISA assays on 
various lupus-related Ags and for ANA determination by indi-
rect immunofluorescence (online supplementary table S5). Sera 
from DR3+ individuals at 1:100 dilutions had higher anti-SmD 
titres compared with those from individuals who were neither 
DR3+ nor DR2+ (non-DR3/DR2) with p=0.036 (figure 6Aa). 
DR3+ individuals with high titres against SmD had higher Ab 
titres against SmB, A-RNP and dsDNA (figure 6Ab, Ac). When 
DR3+ individuals with low titres against SmD were compared 
with non-DR3/DR2 individuals, DR3+ individuals made more 
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Figure 2 Determination of multiple HLA-DR3 (DR3) restricted cell epitopes on SmD and polyclonal TCR usage for recognising T-cell epitopes. (A) 
Determination of the core epitope by alanine substitution. Hybridoma H425-40 was incubated with SmD31-45 with alanine-substituted peptides with 
splenic cells from DR3 transgenic mice as antigen-presenting cells (APC) for 20 hours at 37°C. Supernatants were assayed for interleukin (IL)-2 by 
ELISA. In the case of alanine, lysine-substituted peptide was used. When the IL-2 responses to the A-substituted peptides were decreased to <20%, 
the amino acids (aa) were coded by red (M, N, T, H, K at SmD aa36, 37, 38, 39 and 41). When the Il-2 responses were >20%, the aa were coded by 
blue (SmD aa33, 34 and 40). The core amino acids for SmD31-45 was assigned to be SmD33-41. Hybridoma H425-40 should respond to SmD33-41 with 
conservative substitutions allowed at aa36, 37, 38, 39 and 40) and with all aa substitutions at other positions. (B) Summary of the core T-epitopes 
restricted by HLA-DR3 and recognised by T-T hybridomas. Each hydridoma recognises unique T-epitopes. (C) Multiple TCRs are used by T-T hybridomas 
reactive to HLA-DR3-restricted SmD T epitopes. TCRs are used in responses to the T-epitopes within each SmD 15mer.
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Figure 3 Identification of multiple potential bacterial mimics of HLA-DR3 restricted 7 SmD core T-epitopes by bioinformatics analysis. (A) Two 
peptide libraries were constructed. One was a Bacterial Peptides Library, which is generated first by dividing all the bacterial protein sequences from 
NCBI protein database (Taxonomy ID: 2) into 15mers overlapping with 14 aa. This 15mer library is very large and is reduced by a custom-designed 
software. In examining the seven 15mer core epitopes (figure 2B), the core epitopes within each 15mers have 11mers with at least four sequential aa 
that are critical for the reactive hybridoma to bind either DR3 or the reactive TCR. Thus the software were designed to identify in the bacterial library 
with four aa identical to the seven core T-epitopes. The bacterial 15mer library with the desired aa sequences were then collected and designated 
as our bacterial peptides library (right panel). The second library is constructed as the collection of the 15mer SmD T-epitopes with conservative 
substitutions at certain positions and free substitutions at the other positions (left panel). Our software then compared the two libraries to identify 
peptides with identical sequences. These are the candidate 15mers that contain the bacterial mimics of SmD T-epitopes. All candidate peptides were 
then analysed for their binding affinity to HLA-DR3 by the IEDB database. Those binding affinities <5000 µM were considered as good mimics for SmD 
T-epitopes. (B) Summary of numbers of potential bacterial mimics of SmD core T-epitopes and their binding affinities to HLA-DR3 are listed.

anti-A-RNP Abs (figure 6Ac, Ad). The DR3+ individuals had 
higher titres of anti-Ro60 Abs (figure 6Ae) and anti-Ro52 Abs 
(figure 6Af) with p=0.0007 and 0.012, respectively. DR3+ indi-
viduals made significantly more anti-dsDNA Abs compared with 
individuals negative for DR2, DR3 and DR4 (figure 6B). DR3+ 
individuals had higher frequencies for positive ANA (figure 6C). 
The staining patterns vary individually, suggesting that the Abs 
target different nuclear Ags (figure 6C).

dISCuSSIOn
In this investigation, HLA-DR3-restricted T-epitope mapping 
was carried out in SmD, a major lupus-related auto-Ag that has 
100% homology between human and mouse proteins. Multiple 
HLA-DR3-restricted T-epitopes within SmD were identified. 
Many T-T hybridomas reacted with more than one epitope, indi-
cating the presence of multiple cross-reactive epitopes. Some of 
these SmD-reactive hybridomas were also reactive with other 
snRNP peptides and with proteins in the Ro60/La/Ro52 complex, 

suggesting the presence of multiple cross-reactive T epitopes 
among lupus auto-Ags. The reactive hybridomas used unique 
TCRs. Multiple T-epitope mimics were identified in commensal 
and environmental bacteria. Certain bacterial mimics shared 
both T and B cell epitopes with the related SmD peptide. Bacte-
rial mimics induced auto-Abs to lupus-related Ags such as ANA, 
snRNP, Ro60/Ro52, La and dsDNA and to different tissues. 
HLA-DR3+ blood donors made significantly more SLE-related 
auto-Abs. These data have significant implications on the patho-
genesis of SLE. They extended our previous limited studies11 20 
and give further support to our hypothesis that the generation of 
autoreactive Abs and effector T cells in SLE is induced by envi-
ronmental T-epitope mimics and is HLA-DR restricted. Accumu-
lation of cross-reactive T cells is a consequence of responses to 
multiple environmental mimics in hosts with susceptibility genes 
(HLA-DR3 and others) but not in hosts without these genes. The 
accumulation of diverse auto-Abs and T cells as a response to 
these mimics results in varied SLE clinical presentations. After 
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Figure 4 Immune serum from DR3 mice immunised with selected SmD peptides and SmD66-80 mimics peptides had diverse auto-antibodies 
(auto-Ab) specificities by ELISA. (A) Five SmD66-80 bacterial mimics were chosen to immunise HLA-DR3 mice. These mimic peptides came from two 
commensal bacteria (SmD66-80M2, M2 and SmD66-80M5, M5), from two pathogenic bacterial (SmD66-80M7, M7 and SmD66-80M11, M11) and one from 
environmental bacteria (SmD66-80M9, (M9). They have different binding affinities to HLA-DR3. The red aa are the same ones as the parent SmD peptide, 
and the blue ones are those with conservative substitutions. Black aa indicates substitutions from other aa. (B) Sera from DR3 transgenic mice 
immunised with SmD, SmD57-71, SmD66-80, SmD91-119 and M2, M5, M7 and M9 were diluted at 1:100 and used in ELISA for their antibody activities. SmD 
induced Abs against the six systemic lupus erythematosus (SLE)-related autoantigens (auto-Ags). SmD57-71 induced Ab to SmB, A-RNP and Ro52. SmD66-

80 induced Ab to SmD, SmB, A-RNP and Ro52. SmD91-119 induced anti-peptide Ab (data not shown) but did not induce Ab to all six SLE-related Ags. 
Except for M7, the other three mimics induced Ab to all six Ags. M7 did not induce Ab to Ro60 and La. M11 did not make Ab to any of these auto-Ags 
(data not shown). (C) Absorption experiments with antisera (1/100 diluted) from mice immunised with M5, M7 and M9 showed shared B cell epitopes 
among SmD66-80, M3, M5 and M9. All immune sera were obtained 90 days after the initial immunisation.
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Figure 5 Immune sera from DR3 mice immunised with SmD peptides and SmD66-80 T-epitope mimic peptides had anti-tissue antibodies (Abs), anti-
nuclear antibodies (ANA) and anti-dsDNA Abs. (A) Diverse staining patterns on kidney, salivary gland and skin from B6.Rag1-/-mice at 1/8100 dilutions 
are seen. (B) They have variable ANA positivity against mouse NIH-3T3 cells at 1/30 dilutions. (C) Three of four sera from M2 immunised mice had 
anti-dsDNA Ab. One of the four immune sera from M9 immunised mice had anti-dsDNA Ab. All immune sera tested were obtained 90 days after the 
initial immunisation.

therapy, the complexity of these auto-Abs and autoreactive T 
cells is reduced, leading to remission. Over a period of time 
after discontinuing therapy, the complexity of auto-Abs and 
effector T cells returns, leading to a protean clinical presentation 
in relapses. The mimics reside on a diverse array of environ-
mental antigens and the chances for exposure to these mimics 
are random, providing a scenario in that SLE is not caused by 
a single pathogen or commensal microbe. This mechanism has 
the flavour of a stochastic process.17 As a corollary, cytokines 
and interferons that are generated in innate immunity play an 
amplification role in the generation of lupus-related auto-Abs.

The presence of auto-Abs and autoreactive T cells in normal 
individuals provides evidence that autoimmunity need not lead to 

autoimmune diseases. In this regard, we have provided evidence 
that autoimmunity and susceptibility to end-organ damage are 
under distinct genetic control and that targeted end organs by 
auto-Abs and autoreactive T cells participate actively in the 
pathogenesis of autoimmune disorders.21–23 The requirement of 
interaction between auto-Abs and autoreactive T cells with the 
targeted end organs for the occurrence of autoimmune diseases 
should preclude the diagnosis of these diseases with the presence 
of relevant auto-Abs without any clinical symptoms. Thus far 
more investigations have focused on the immune system without 
understanding the roles of the targeted end organs.

Our finding of the presence of multiple cross-reactive 
intra-molecular and inter-molecular T-epitopes within SmD and 
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Figure 6 Normal DR3+ blood donors have more anti-SmD, anti-SmB, anti-A-RNP, anti-Ro60 and anti-Ro52 antibodies (Ab), and anti-dsDNA Ab, and 
are 15% positive for antinuclear antibodies (ANA) staining. (A) HLA-DR3+donors had higher Ab titres against lupus-related Abs. (a) DR3+ donors have 
higher anti-SmD Ab than those without DR3 and DR2 (DR3-/DR2-). (b) DR3+ donors with high anti-SmD Ab had significantly higher anti-SmB, anti-A-
RNP and anti-dsDNA Ab compared with those with little anti-SmD Ab as shown in c. (c) DR3+ donors with little anti-SmD Ab titres had higher Abs to 
A-RNP when they were compared with DR2-/DR3- donors as shown in d. (d) DR2-/DR3- donors had little Abs to SmD, SmB, A-RNP and dsDNA. (e) DR3+ 
donors had more anti-Ro60 Ab compared with DR2-/DR3- donors. (f) DR3+ donors had more anti-Ro52 Ab compared with DR2-/DR3- donors. (g) There 
was no difference in anti-La Ab in DR3+ donors and DR2-/DR3-donors. (B) DR3+, DR2+ and DR4+donors made anti-dsDNA Ab. There were no significant 
differences among these six groups. However, DR3+ donors made more anti-dsDNA Ab compared with DR2-/DR3-/DR4- (denoted as non) donors. 
(C) DR3+ individuals have a higher frequency of ANA. The red colour shows staining on Hela cells by anti-IgG Ab. The blue staining is due to nuclear 
staining by DAPI. Sera were diluted at 1/100 for ELISA assays and 1/40 for ANA. The two-tailed p value was calculated by unpaired t-test with Welch's 
correction.
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among multiple lupus-related auto-Ags may have implications in 
both organ-specific and systemic autoimmunity. The presence of 
intra-molecular cross-reactive T-epitopes has been described in 
thyroid peroxidase, a major auto-Ag in Graves’ disease,24 GAD65 
in type 1 diabetes mellitus (DM),25 26 myelin basic protein in 
experimental autoimmune encephalomyelitis27 and melan-A, 
a melanocyte differentiation and a melanoma associated Ag.28 
Thus the presence of multiple intra-molecular cross-reactive 
T-epitopes may be the common feature of auto-Ags that are 
targeted in many autoimmune diseases. The presence of multiple 
shared T-epitopes among lupus-related auto-Ags provides the 
basis for the diversification of lupus-related Abs to snRNP and 
the Ro60/La/Ro52 complex and vice versa. Our observation is 
congruent with the observation that cloned T cells from patients 
with mixed connective tissue disease recognise T-epitopes present 
on U1-70kDa and SmB in a HLA-DR4-restricted manner.29 It is 
likely that the presence of multiple shared T-epitopes represents 
a general mechanism for targeting multiple auto-Ags in different 
autoimmune disorders. For example, patients with type 1 DM 
have auto-Abs to insulin, GAD65 and protein tyrosine phos-
phatase.30 It would be of interest to determine whether these 
three molecules have shared T-epitopes, explaining why they are 
targeted together.

TCR polyreactivity31 is the basis for detecting cross-reactive 
T-epitopes and bacterial molecular mimics that are capable of 
inducing lupus-related auto-Abs. Our observations agree with 
the recent observation that the mechanism of negative selection 
to eliminate autoreactive T cells has been shown to be incom-
plete and the non-deleted autoreactive T cells are thought to 
be negatively regulated by Ag-specific Treg cells.32 33 The large 
number of bacterial mimics of SmD T epitopes with some of 
them sharing B cell epitopes with relevant SmD peptides and 
their potency to induce lupus-related auto-Abs would provide 
the basis for detecting lupus-related auto-Abs in healthy indi-
viduals. The ever larger numbers of mimics from viral or fungal 
organisms that have not been interrogated and the unique T-epi-
tope structures of lupus-related Ags would suggest that autoreac-
tive T and B cells against lupus-related Ags are inevitably present 
in normal individuals. In addition, some of these autoreactive 
immune cells are likely positively selected for host defense. The 
identification of a significant number of commensal bacteria 
harbouring T-epitope mimics that may initiate and perpetuate 
the production of lupus-related auto-Abs provides credence 
that manipulation of microbiota is an appropriate therapeutic 
approach in treating SLE and other autoimmune disorders. 
Some of these commensal bacteria may have significant immu-
nomodulating effects.34 35 They may also serve as a source of 
antigenic stimulation to initiate and to perpetuate the autoim-
mune response.

Autoreactive T cells and auto-Abs to auto-Ags in other auto-
immune diseases may be generated by similar mechanisms as 
those to lupus-related Ags. Our observations and those by others 
provide an explanation for the observed side effects of autoim-
mune disorders in patients treated with checkpoint inhibitors as 
their anti-cancer therapies.36 In this regard, it is of interest to 
note that the most common endocrine disease in cancer immu-
notherapies is thyroid dysfunction.37 It is no coincidence that 
the most common endocrine disorder of autoimmune origin 
is autoimmune thyroiditis. These observations suggest that 
screening patients with a familial history of multiple autoim-
mune disorders and for the presence of auto-Abs may identify 
the population at risk. Similarly, our findings have significant 
implications in post-vaccination autoimmunity. It has been 
postulated that autoimmune/inflammatory syndrome may be 

due to the immunogenic components of the vaccines and/or 
adjuvants that are often present in vaccines to enhance their 
immunological potency.38 39 The molecular basis for vaccine-in-
duced autoimmunity is likely due to the presence of T-epitope 
mimics of autoimmune disease-related auto-Ags in addition to 
the presence of adjuvants that are used to boost the immunoge-
nicity of the vaccines. In this regard, Tetanus Toxoid (TT) has 
been implicated to be temporally associated with the develop-
ment of SLE.40 41 Recently we have obtained preliminary data 
showing the cross-reactivity between TT and SmD. Several of 
the HLA-DR3-restricted TT T-epitopes appear to be capable to 
induce auto-Ab to SmD and/or Ro60 in mice with the human 
leukocyte antigen-DR isotype (HLA-DR)3 transgene (data not 
shown). Further studies are needed to firmly establish the casual 
effect of TT in the pathogenesis of SLE. However, these prelimi-
nary results may provide an explanation for the above-cited clin-
ical observations. A systematic review and meta-analysis reveals 
that vaccinations with human papillomavirus (HPV), hepatitis 
B virus (HBV), influenza vaccine and anthrax are also linked to 
increased risk of SLE and rheumatoid arthritis.3 4 Analyses on the 
T-epitopes of these vaccine immunogenic components that are 
restricted by relevant HLA-DR types may provide information 
regarding the pathogenesis of autoimmune diseases associated 
with these vaccines. Elimination of these T-epitopes may result 
in safer vaccines.
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Key messages

What is already known about this subject?
 ► Autologous adipose tissue-derived stromal 
vascular fraction (SVF) represents a promising 
therapy for ischaemic vasculopathy and hand 
disability in systemic sclerosis (SSc), but the 
impact of the disease on the bioactivity of SVF 
has never been investigated.

What does this study add?
 ► Our study provides the first characterisation 
of GMP-grade autologous SVF used as an 
experimental advanced therapy medicinal 
products (ATMP) in patients with SSc.

 ► SVF from SSc presents similar distribution 
of haematopoietic and regenerative 
subpopulations compared with healthy donors’ 
SVF.

 ► SSc context does not compromise the 
vasculogenic capacity of SVF in vitro and in 
vivo.

 ► SSc-SVF presents a molecular signature 
mainly affecting endothelial and stromal cells 
and reflecting deregulation of angiogenesis, 
endothelial activation and fibrosis.

How might this impact on clinical practice or 
future developments?

 ► This study supports the rationale for autologous 
SSc-SVF therapeutic use and delineates new 
perspectives and targets for potential cell 
engineering strategies to optimise SVF-based 
therapeutic approaches in a personalised way.

AbSTrACT
Objective The autologous stromal vascular fraction 
(sVF) from adipose tissue is an alternative to cultured 
adipose-derived stem cells for use in regenerative 
medicine and represents a promising therapy for 
vasculopathy and hand disability in systemic sclerosis 
(ssc). However, the bioactivity of autologous sVF is not 
documented in this disease context. This study aimed 
to compare the molecular and functional profiles of the 
sVF-based medicinal product obtained from ssc and 
healthy subjects.
Methods Good manufacturing practice (GMP)-grade 
sVF from 24 patients with ssc and 12 healthy donors 
(HD) was analysed by flow cytometry to compare the 
distribution of the cD45− and cD45+ haematopoietic 
cell subsets. The ability of sVF to form a vascular 
network was assessed using Matrigel in vivo assay. The 
transcriptomic and secretory profiles of the ssc-sVF were 
assessed by rna sequencing and multiplex analysis, 
respectively, and were compared with the HD-sVF.
results The distribution of the leucocyte, endothelial, 
stromal, pericyte and transitional cell subsets was 
similar for ssc-sVF and HD-sVF. ssc-sVF retained its 
vasculogenic capacity, but the density of neovessels 
formed in sVF-loaded Matrigel implanted in nude mice 
was slightly decreased compared with HD-sVF. ssc-sVF 
displayed a differential molecular signature reflecting 
deregulation of angiogenesis, endothelial activation and 
fibrosis.
Conclusions our study provides the first evidence that 
ssc does not compromise the vascular repair capacity 
of sVF, supporting its use as an innovative autologous 
biotherapy. The characterisation of the specific ssc-
sVF molecular profile provides new perspectives for 
delineating markers of the potency of sVF and its targets 
for the treatment of ssc.

InTrOduCTIOn
Systemic sclerosis (SSc) is a rare systemic auto-
immune disease characterised by inflammation, 
fibrosis and vasculopathy.1 2 The key clinical mani-
festations of SSc are skin thickening and tightening 
and Raynaud’s phenomenon. These symptoms typi-
cally coexist with gastrointestinal, cardiopulmonary 

and renal involvement, leading to high morbidity.3–5 
The diffuse cutaneous form of the disease is associ-
ated with a worse outcome compared with limited 
cutaneous SSc.6 7

The injection of autologous stem/progenitor cells 
is emerging as a therapeutic option in SSc. Haema-
topoietic stem cell transplantation can achieve 
long-term benefits but display high toxicity.8 9 
Adipose-derived stromal/stem cells (ASC) can also 
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Table 1 Baseline characteristics of patients with SSc and HD

SSc, n=24 Hd, n=12 P value

Gender, female/male 23/1 10/2 –

Age, years, mean±SEM 57.4±2.5 43±2.7 0.0013*

Body mass index (kg/m2, mean±SEM) 24.1±0.74 24.4±0.7 0.772

CRP (median, 25–75th percentile) 2.2 (1.1–6.2) 1.7 (1–2.4) 0.734

Estimated glomerular filtration rate (mL/
min/1.73 m2)

92±3.6 102±8.3 0.204

Cardiovascular risk factors (%)

  Tobacco 12.5 8

  Diabetes 0 0 –

  Arterial hypertension 0 0 –

  Hypercholesterolaemia 8 0 0.347

Disease characteristics

  Disease duration from diagnosis (years) 6.7±0.9 – –

  Early SSc disease <4 years 3 (12.5%) – –

  History of Raynaud’s phenomenon (years) 10 (4.2–14.5) – –

  SSc subclassification: diffuse vs limited 
(%)

9 (37.5) vs 15 
(62.5)

– –

  Medsger’s Severity Scale 2 (2–3) – –

  Total Modified Rodnan Skin Score 10 (6.25–
16.5)

– –

  Digital ulcers (active) 29% – –

  Cochin Hand Function Score 39.8±1.8 – –

  SHAQ score 1.3±0.07 – –

  Raynaud’s Condition Score 5.2±0.5 – –

  Total lung capacity (% of predicted value) 93±3 – –

  Forced vital capacity (% of predicted 
value)

99±4 – –

  Alveolar capillary diffusing capacity (% of 
predicted value)

55±3 – –

Autoantibodies (% positive)

  Antinuclear antibodies 100 – –

  Antitopoisomerase-1 antibodies (Scl70) 30.4 – –

  Anticentromere antibodies 27.3 – –

  Anti-RNA polymerase III antibodies 30 – –

Systemic sclerosis medications, n, % – –

  Calcium-channel blockers, ongoing 
(previous)

9, 37.5 (10, 
41.7)

– –

  Bosentan, ongoing (previous) 6, 25.0 (4, 
16.7)

– –

  Prednisone <10 mg/day, ongoing 
(previous)

8, 33.3 (1, 
4.2)

– –

  Methotrexate, ongoing (previous) 5, 20.8 (1,4.2) – –

  Iloprost infusion, ongoing (previous) 0, 0 (11, 45.8) – –

Data are mean±SEM or median (25–75th percentile range) or n (%) of patients.
–, Not applicable in HD.
*P<0.05.
CRP, C reactive protein; HD, healthy donor; SHAQ, scleroderma health assessment 
questionnaire; SSc, systemic sclerosis.

beneficially impact dysimmunity, vascular dysfunction and extra-
cellular matrix production. ASCs are multipotent cells, obtained 
after cell culture, able to exert paracrine proangiogenic and 
immunomodulatory effects through the secretion of various 
growth factors and cytokines.10–12 ASC has been shown to reduce 
fibrosis in a murine model of diffuse SSc through normalisation 
of extracellular matrix remodelling and inflammation and stim-
ulation of antioxidant defences.13 Translation of the use of ASC 
to the clinic was performed with a favourable safety profile and 
resulted in significant skin improvement in six patients with 
localised scleroderma.14

To circumvent the issues with ex vivo cell expansion, the use 
of the autologous stromal vascular fraction (SVF), obtained 
through enzymatic digestion of adipose tissue, is becoming an 
alternative to ASC in regenerative medicine, particularly in the 
context of vasculopathy and fibrosis.15 SVF is a dynamic and 
heterogeneous cell population including mesenchymal-like 
stem/stromal cells (MSC), endothelial progenitor cells (EPC), 
pericytes, haematopoietic and immune cells that recapitulates 
the variety of cells present in the adipose tissue vasculature and 
allows the onset of synergistic mechanisms promoting vascular 
repair.16–18 We recently reported the results from a phase I clin-
ical trial showing the safety of local injection of autologous 
SVF cells in patients with SSc with hand disability.19 Changes in 
secondary endpoints indicated potential efficacy in the improve-
ment of Raynaud’s phenomenon, digital ulcers, hand pain and 
global quality of life at 6 and 24 months compared with base-
line.19 20 The predominant improvement of peripheral vascular 
manifestations was consistent with the beneficial proangiogenic 
effects of SVF reported in experimental models and emerging 
clinical trials addressing ischaemic diseases.21–23 However, alter-
ations of the progenitor cell-dependent endogenous capacity for 
vascular repair are involved in the SSc pathogenesis,24 25 which 
raises questions about the therapeutic potency of autologous 
SVF in this disease. Conflicting results have arisen from studies 
comparing MSC from patients with SSc and healthy donors 
(HD). Bone marrow-derived MSC (BM-MSC) from patients with 
SSc displays enhanced TGF-β receptor II expression and 1α2 
collagen synthesis.26 This myofibroblast-like phenotype indi-
cates that the SSc microenvironment may limit the therapeutic 
use of autologous MSC. The coculture of SSc-BM-MSC with 
HD microvascular endothelial cells reprogrammes these cells 
towards a proangiogenic phenotype.27 In contrast, the pheno-
typic and functional properties of ASC were recently reported to 
be unaffected in patients with SSc.28 In addition, blood-derived 
endothelial colony-forming cells from patients with SSc show 
an altered gene expression profile that may compromise their 
vascular repair capacity.29 30 However, no study has yet investi-
gated whether SSc impairs the bioactivity of adipose tissue-de-
rived SVF.

The aim of this study was to provide extensive characterisa-
tion of therapeutic-grade-SVF from patients with SSc (SSc-SVF) 
in comparison with HD-SVF. The phenotypic, transcriptomic 
and angiogenic properties of both fractions were assessed to 
refine the appraisal of autologous SVF-based therapeutic options 
in SSc.

MATerIAlS And MeTHOdS
donor specifications
SVF from patients with SSc was obtained from the cell biobank 
(n°CD-2011–1331 attached to the Scleradec II clinical trial :  
ClinicalTrials. gov NCT02558543). SVF from HD was obtained 
from surgical residues of adipose tissue after liposuction for 

cosmetic purposes. The materials and methods are described in 
the online supplementary text.

reSulTS
Characteristics of the patients
The therapeutic-grade SVFs from 24 patients with SSc (15 
limited and 9 diffuse cutaneous forms) were analysed in compar-
ison with the SVF from 12 HDs. The demographic and standard 
biochemical data of the patients and control groups were similar 
except in age (table 1).
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Figure 1 (A–C) The standard characteristics of SVF in HD and patients with SSc : viable nucleated cells yield, viability and clonogenic activity 
(CFU-F). (D) The repartition of CD45− populations between HD and patients with SSc. (E) The repartition of CD45+ populations between HD and 
patients with SSc. CFU-F, colony-forming units-fibroblast; HD, healthy donors; SSc, systemic sclerosis.

Viable nucleated cells and colony-forming units-fibroblast
The standard characterisation of the SVF (Supplementary Figure) 
did not reveal any differences between patients with SSc and 
HD (figure 1A,B,C) regarding the number of viable nucleated 
cells extracted/cc of fat (median 200 469 [25–75th percentile 
range 123 488–263 167] in patients with SSc vs 214 431 [180 
263–321 616] in HD), cell viability (85% [82–88] in SSc vs 84% 
[80–89] in HD) and the proportion of colony-forming units-fi-
broblast (3.9% [2.3–5.4] in patients with SSc vs 2.7% [0.9–3.8] 
in HD).

Flow cytometry analysis of SVF cell subsets
The distribution of the cell subpopulations in SVF was not 
significantly different between patients with SSc and HD 
(figure 1D,E). The main cell subset presented an MSC pheno-
type (median: 43.9% [25–75th percentile range: 31.8–48.5] in 
patients with SSc vs 38.4% [34.0–47.3] in HD), whereas endo-
thelial cells represented 6.1% of the cells (4.7–7.9) in patients 
with SSc vs 6.3% (3.3–10.5) in HD (figure 1D). The leucocytes 
(26.6% [20.7–39.5] in patients with SSc vs 26% [20.2–30.7] 
in HD) mainly consisted of lymphocyte and monocyte/macro-
phage populations (13.6% [10.1–24.5] and 16.4% [13.7–21.4] 
in patients with SSc vs 11.5% [7.9–15.7] and 15.0% [11.5–
20.3] in HD, respectively). In addition, a low proportion of 
polymorphonuclear cells was observed in both groups (4.3% 
[2.6–5.8] in patients with SSc vs 5.5% [2.6–11.7] in HD) 
(figure 1E).

Angiogenic activity of SVF cells
The SVF-dependent formation of capillary-like structures, 
as evaluated in an in vitro Matrigel assay, was comparable in 
patients with SSc and HD (figure 2A). Sprout formation and 
the cumulative sprout length measured in a three-dimensional 
spheroid assay were not altered in SSc-SVF compared with 
HD-SVF (figure 2B, left graphs). However, a trend towards 
decreases in the average length of sprouts and the average 
number of junctions formed by sprouts was observed for 
SSc-SVF (p=0.07) (figure 2B, right graphs). We then investi-
gated the impact of SSc on SVF properties related to the forma-
tion of functional capillary networks in vivo using Matrigel 
plug assays performed in nu/nu mice. As controls, Matrigel 
implants that did not contain SVF were devoid of vessels (data 
not shown). H&E histological staining revealed a significantly 
impaired capacity of SSc-SVF to generate vessels compared 
with HD-SVF (figure 2C, upper left graph). Furthermore, in 
the implants containing SSc-SVF, the number of Dextran+ 
perfused vessels was slightly decreased compared with the 
HD group, without reaching statistical significance (p=0.24; 
figure 2C, upper right graph). Interestingly, this impairment of 
perfusion was also observed by ultrasound Doppler imaging, 
as indicated by a decrease in the vascularisation percentage 
(p=0.11; figure 2C, lower right graph). Taken together, these 
data demonstrated that SVF from patients with SSc exhibited 
slightly impaired angiogenic potential.
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Figure 2 Angiogenic capacity of SVF cells from HD and patients with SSc. Matrigel tube formation did not reveal differences between groups (A). 
Spheroid-based sprouting assay revealed a tendency for higher angiogenic capacity of HD-SVF based on length and junction by sprouts (B). In vivo 
vascularisation revealed a significant increase in the number of vessels/mm2 in HD conditions and a tendency for % of vascularisation per plug using 
Doppler imaging (C). HD, healthy donors; SSc, systemic sclerosis; SVF, stromal vascular fraction.

Transcriptomic analysis
To explore the molecular mechanisms underlying the angio-
genic potential of SSc-SVF, we performed global gene expres-
sion profiling. Hierarchical clustering distinguished a significant 
differential gene expression profile based on the comparison of 
patients with SSc and HD (figure 3A). Overall, the transcrip-
tomic analysis revealed that 321 genes from the SVF samples 
were differentially expressed in patients with SSc compared with 
HD, among which 123 genes were upregulated and 198 were 
downregulated (online supplementary tables 2 and 3). Among 
these genes, six genes (ACE2, Apelin, IDO1, SAA1, GDF15 and 
HAS1) were selected for further confirmation of expression 
based on their previous implication in fibrosis or angiogenesis 
and the fold change in their differential expression between 
patients with SSc and HD. The quantitative reverse transcrip-
tion-PCR analysis confirmed significant upregulation of the 
gene expression of ACE2, Apelin, IDO1 and GDF15 in SSc 
patients, while that of SAA1 and HAS1 only showed a statistical 
tendency towards upregulation and downregulation respectively 
(figure 3B). To provide a cohesive view of the biological func-
tions associated with the changes in the SSc-SVF gene expression 
profile, we conducted a gene ontology analysis using the DAVID 
database. The upregulated genes showed a strong association 
with the positive regulation of cell proliferation as well as angio-
genesis and vasculogenesis regulation, whereas the categories 
enriched among the downregulated genes were associated with 

the regulation of cell proliferation and migration, positive regu-
lation of angiogenesis and the inflammatory response (figure 3C 
and online supplementary tables 4 and 5). Pathway enrichment 
analysis (online supplementary table 6) showed enrichment in 
several pathways involved in inflammatory response and angio-
genesis (renin-angiotensin system, Notch), as well as pathways 
previously involved in SSc (transforming growth factor-β [TGF-
β]). Collectively, these data identified an enrichment of genes 
involved in the control of vascular growth and maturation and 
the fibrotic response.

Single-cell analysis
A single-cell analysis was performed using four SVF samples 
(two HD, one limited and one diffuse cutaneous SSc samples). 
After normalisation, the gene content of 16 590 cells was 
obtained (8619 for HD and 7971 for SSc) and 6 cell popula-
tions were distinguished based on gene expression levels. Iden-
tification of the different subpopulations was performed using 
the top 20 genes expressed by each population and the available 
literature on their specificity of expression. The CD45+ popu-
lation comprised one myeloid population, representing 3.6% 
of the analysed cells, and one lymphoid population (2.3%). 
The CD45− cells corresponded to stromal cells (46.8%), peri-
cytes (27.8%) and two endothelial clusters (15.8% and 3.8%, 
respectively) (figure 4). Analysis of the set of genes of interest 
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Figure 3 Transcriptomic analysis of SVF from HD (n=4) and patients with SSc (n=7) revealed a differential expression profile between the two 
conditions by hierarchic clustering (A) for 321 genes. (B) Represents the log2 (FC) obtained by RNA-Seq for selected genes and their confirmation by 
qRT-PCR (median [25%–75% quartile] expressed in specific transcripts detected per 106 GAPDH transcripts). (C) Represents the fold enrichment over 
chance for the gene ontology biological process of the up (red) and down (green) gene lists using DAVID (fold change ≥2, p≤0.001). FC, fold change; 
GADPH, glycéraldéhyde-3-phosphate déshydrogénase; HD, healthy donors; qRT-PCR, quantitative reverse transcription-PCR; SVF, stromal vascular 
fraction.

revealed major endothelial localisation of Apelin (71.7%) and 
IDO1 (79.9%), whereas SAA1 and GDF-15 were coexpressed 
by stromal cells (36.4% and 31.9%, respectively) and one endo-
thelial cluster (26.0% and 58.0%, respectively). The expression 
of HAS1 was specifically assigned to the stromal cell clusters, 
and ACE2 to pericytes. This analysis also confirmed the differen-
tial gene expression levels between patients with SSc and HD in 
specific subpopulations (online supplementary table 7).

Secretome analysis
Among the secreted proteins evaluated using Luminex assay, the 
SSc-SVF cells produced higher levels of SAA and GDF15, which 
was consistent with the transcript analysis. The SSc-SVF cells 
were also observed to secrete higher levels of VCAM1, ICAM1, 
ADAMTS 13 and P-selectin (figure 5). In addition, a trend 
towards increased levels of fibrinogen was observed in patients 
with SSc (online supplementary table 8).

dISCuSSIOn
In the context of regenerative medicine, SVF represents a prom-
ising therapy for ischaemic vasculopathy and hand disability in 
SSc. The use of an autologous source of SVF is advantageous to 
prevent alloimmune responses but assumes that the infused cell 
therapy product retains a favourable profile in terms of compo-
sition and functional properties, despite the disease context. Our 
study is the first to provide investigations on the autologous SVF 
used as an advanced therapeutic medical product in a phase II 
clinical trial addressing handicap of the hand in SSc. Importantly, 
we demonstrate that SSc does not compromise the vascular 
repair capacity of SVF and characterise the specific SSc-SVF 
molecular profile by RNA sequencing analysis.

The easily accessible and uncultured SVF, concentrating all 
regenerative cell components of the adipose tissue vasculature, 
was shown to promote the formation of robust self-assembled 
vasculature, making it a clinically relevant cellular system with 
therapeutic potential in vascular diseases.16 Biological reports, 
mainly investigating blood and bone marrow-derived cells, 

have documented that the SSc environment alters circulating 
or tissue-resident endogenous progenitor/stem cells in diverse 
ways. In addition, the mechanisms that sustain vasculopathy 
and fibrotic pathogenic processes associated with SSc involve 
a variety of cells, such as fibroblasts, pericytes, adipocytes, and 
endothelial cells and progenitors. However, the impact of SSc 
on the components of SVF has never been investigated. Based 
on the recent literature refining the phenotypic identification of 
SVF cell subsets, we designed a comprehensive flow cytometry 
approach, which showed no alteration in the distribution of the 
CD45+ leucocyte and CD45− cell subsets in SVF derived from 
SSc adipose tissue. These results may indicate that quantitative 
SSc-associated microvascular alteration patterns, such as rarefac-
tion of microvessels and perivascular immune cell infiltrates, are 
not significant in SVF. Of note, pericytes involved in fibrosis31 
were also not altered in SSc-SVF. These observations attest that 
the homeostasis of SVF and the quantitative composition of the 
SVF-based cell therapy product are maintained in the autologous 
context of SSc.

Furthermore, in various complementary functional assays, 
we observed no major impairment in the angiogenic function 
of SSc-SVF. The only significant impact of SSc was shown to be 
a decrease in the density of the neovessels formed following the 
injection of SVF-loaded Matrigel in nude mice. These in vivo data 
are consistent with in vitro spheroid assays showing a slightly 
decreased sprouting capacity of SSc-SVF. Thus, we demon-
strated that the vasculogenic behaviour of the SVF obtained from 
patients with SSc was only marginally affected, supporting the 
rationale for its therapeutic use. Previous studies in mice indi-
cate that diabetes and age potentially alter the intrinsic ability 
of SVF to support microvascular network formation in vivo.32 33 
Although the older age of the SSc cohort compared with HD 
might have contributed to the diminished neovascularisation 
potential of the SVF, this hypothesis is unlikely because a univar-
iate analysis failed to associate age with any of the angiogenic 
features characterising SVF (data not shown). In addition, the 
heterogeneity of ongoing treatments among enrolled patients 
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Figure 4 Graphic representation of single-cell analysis and top 20 
genes expression for each cluster identified (in red, strong evidence 
genes). tSNE, t-distributed stochastic neighbor embedding.

with SSc did not allow delineating the specific impact of the 
pharmacological environment on these findings.

The current hypotheses about the angiogenic mechanism of 
action of SVF involve myeloid, immune cells34 and vascular 
wall resident stem/progenitor cells,35 36 but highlight the major 
role of cooperation between MSC and EPC. The density of the 
vascular networks formed by the synergistic dual-cell system is 
many-fold higher than that found in implants containing either 
EPC or MSC alone.37 In such interplay, paracrine activity is 
known to make a predominant contribution. Factors produced 
by MSC, such as vascular endothelial growth factor (VEGF), aid 
in the migration and survival of EPC, whereas the platelet-de-
rived growth factor (PDGF-BB) produced by EPC supports MSC 
proliferation and migration.37 38 Therefore, we further analysed 
whether SSc was associated with a specific molecular signature 
of SVF through global and single-cell RNA-Seq approaches and 
analysis of SVF-derived secreted factors. We provide the first 
evidence of a transcriptional signature with differential gene 
expression in whole SVF between SSc and healthy conditions. 
Notably, the transcript analysis identified a set of six genes of 
interest (Apelin, IDO1, SAA1, GDF15, HAS1 and ACE2) that 
are known to be involved in pathways controlling angiogenesis 
and fibrosis and are relevant to SSc vasculopathy. In this regard, 
the observed enrichment in several signalling pathways such 

as renin angiotensin system, TGF-β, Notch and PI3-kinase, is 
consistent with their involvement not only in SSc. These path-
ways also constitute key regulators of vascular stem/progenitor 
cells function.39 Interestingly, the expression of these genes 
was mainly assigned to clusters identified as cells belonging to 
the endothelial or stromal lineage using single-cell RNA-Seq 
technology.

Among the alterations predominantly affecting the endothelial 
SVF cell subset, we showed upregulation of Apelin gene expres-
sion in SSc-SVF. Apelin is an endothelial ligand of the Apelin 
receptor that activates proangiogenic signalling and regulates 
cardiovascular homeostasis. This result is in line with a previous 
description of enhanced levels of circulating Apelin as a marker of 
early endothelial activation and angiogenic responses that occur 
prior to fibrosis in early SSc and the development of proliferative 
vasculopathy in late-stage SSc.40 41 In addition, modulation of 
Apelin receptor was recently identified as a component of the 
SSc signature in skin endothelial cells analysed using single-cell 
RNA sequencing approach.42 We also bring a first evidence of an 
increase in endothelial indoleamine 2,3-dioxygenase 1 (IDO1) 
expression in SSc-SVF. IDO1 catalyses the production of metab-
olites in the Kynurenine pathway of tryptophan degradation. In 
addition to its well-known immunoregulatory functions, IDO1 
was shown to be involved in the regulation of endothelial func-
tion, vascular tone, angiogenesis and atherogenesis processes.43 
Consistent with our results, IDO is emerging as a key regulator 
of innate and adaptive immune inflammatory responses in SSc.44 
Thus, upregulation of IDO in SVF could be a compensatory 
mechanism that counteracts endothelial inflammation, dysan-
giogenesis and immune activation. Moreover, an analysis of 
conditioned media from SSc-SVF revealed higher levels of the 
endothelial activation markers VCAM1, P-selectin and ICAM1 
compared with HD-SVF. Collectively, these data support the 
hypothesis of an activated endothelial profile induced by SSc in 
adipose tissue. These also suggest that Apelin and IDO1 could 
be targeted in an attempt to improve SVF therapeutic potential.

In addition to these endothelial-specific alterations, the 
enhanced GDF15 and SAA1 secretion and gene expression 
observed in SSc-SVF were localised to both stromal and endo-
thelial cells. GDF15 is involved in fibrosis initiation in sclero-
derma.45–47 Serum levels of SAA1 are higher in patients with 
SSc with pulmonary involvement48 and in patients presenting 
giant cell arteritis compared with HDs with potential myofibro-
blast outgrowth induction.49 In addition, HAS1 transcripts were 
significantly downregulated in SSc-SVF, and their expression 
was mainly assigned to stromal cells based on single-cell analysis. 
HAS1 plays a role in synthesising hyaluronic acid.50 Collectively, 
the significance of such alterations deserves further investiga-
tion, as they may affect the impact of SSc-SVF on fibrosis.

In conclusion, our study is the first to show that the quan-
titative distribution of the endothelial, stromal, immune and 
pericytes cell subsets is preserved within the autologous SVF 
preparation used to treat patients with SSc. While the transcrip-
tomic and secretory profiles of SVF obtained from patients with 
SSc exhibited a molecular signature that reflected fibrosis, angio-
genesis and endothelial activation processes, we provide func-
tional evidence that these alterations did not translate into major 
impairment of the angiogenic behaviour of the autologous SVF 
medicinal product. However, specific profiles that may account 
for the interindividual variability in SSc-SVF potency could 
impact the cell-based therapeutic effect. Taking advantage of 
the ongoing clinical trial assessing the fully characterised autol-
ogous SVF batches used to treat hand disability in patients with 
SSc, a future analysis will allow us to determine the relationship 
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Figure 5 Significant differences (p<0.05) in secreted proteins from the stromal vascular fraction of patients with systemic sclerosis (SSc) and 
healthy donors (HD).

between the biological attributes of SVF and its clinical effi-
cacy in reducing vascular manifestations, which should provide 
clues for identifying markers of a good responder profile. These 
results also provide new perspectives and targets for delineating 
potential cell engineering strategies to optimise SVF-based ther-
apeutic approaches in a personalised way.
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Key messages

What is already known about this subject?
 ► Cyclophosphamide remains the first-line 
induction remission treatment for antineutrophil 
cytoplasmic antibody (ANCA)-associated 
vasculitis for many patients but is linked with 
infertility, infection and malignancy.

 ► Mycophenolate mofetil (MMF) has been shown 
in small studies to have high remission rates.

What does this study add?
 ► This study is the largest to show with sufficient 
power that remission rates with MMF are non-
inferior to pulsed cyclophosphamide but this 
may be associated with a higher rate of relapse.

How might this impact on clinical practice or 
future developments?

 ► MMF induction therapy in patients at low risk 
of relapse, such as those with myeloperoxidase-
ANCA, may be a suitable alternative to 
cyclophosphamide.

AbsTrACT
Objectives Cyclophosphamide induction regimens are 
effective for antineutrophil cytoplasmic antibody (anCa)-
associated vasculitis (aaV), but are associated with 
infections, malignancies and infertility. Mycophenolate 
mofetil (MMF) has shown high remission rates in small 
studies of aaV.
Methods We conducted a randomised controlled 
trial to investigate whether MMF was non-inferior to 
cyclophosphamide for remission induction in aaV. 140 
newly diagnosed patients were randomly assigned 
to MMF or pulsed cyclophosphamide. all patients 
received the same oral glucocorticoid regimen and 
were switched to azathioprine following remission. The 
primary endpoint was remission by 6 months requiring 
compliance with the tapering glucocorticoid regimen. 
Patients with an eGFR <15 ml/min were excluded from 
the study.
results at baseline, anCa subtype, disease activity 
and organ involvement were similar between groups. 
non-inferiority was demonstrated for the primary 
remission endpoint, which occurred in 47 patients 
(67%) in the MMF group and 43 patients (61%) in the 
cyclophosphamide group (risk difference 5.7%, 90% Ci 
−7.5% to 19%). Following remission, more relapses 
occurred in the MMF group (23 patients, 33%) compared 
with the cyclophosphamide group (13 patients, 19%) 
(incidence rate ratio 1.97, 95% Ci 0.96 to 4.23, 
p=0.049). in MPO-anCa patients, relapses occurred in 
12% of the cyclophosphamide group and 15% of the 
MMF group. in PR3-anCa patients, relapses occurred 
in 24% of the cyclophosphamide group and 48% of the 
MMF group. serious infections were similar between 
groups (26% MMF group, 17% cyclophosphamide 
group) (OR 1.67, 95% Ci 0.68 to 4.19, p=0.3).
Conclusion MMF was non-inferior to 
cyclophosphamide for remission induction in aaV, but 
resulted in higher relapse rate.
Trial registration number nCT00414128.

bACKgrOund
Antineutrophil cytoplasmic antibody (ANCA)-as-
sociated vasculitis (AAV),1 which includes granu-
lomatosis with polyangiitis (GPA) and microscopic 
polyangiitis (MPA), is a rare potentially life-threat-
ening multisystem autoimmune disease. They are 

frequently grouped together for the purpose of 
treatment trials given their similar initial responses 
to standard therapy.2 3 Treatment for AAV 
comprises remission induction and maintenance 
regimens.2 The European League Against Rheuma-
tism (EULAR) guidelines for the treatment of AAV 
suggest the use of cyclophosphamide (CYC) or ritux-
imab for remission induction therapy in new-onset 
organ-threatening or life-threatening AAV in combi-
nation with glucocorticoids.4 CYC with high-dose 
glucocorticoids has been the standard remission 
induction therapy for severe AAV for over 30 years 
with remission rates of 80%–90%5 6 and a current 
1-year mortality of 10%–25%.7 However, CYC is 
toxic causing infertility and malignancy. Rituximab 
is associated with remission induction rates similar 
to those achieved with CYC and similar relapse rates 
over 18–24 months of follow-up.8–11 However, the 
biological effect of rituximab is long and variable, 
and rituximab has been associated with hypogam-
maglobulinaemia in AAV.12 Due to its high cost the 
use of rituximab is restricted in some countries.13 14 
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For non-organ-threatening AAV, EULAR recommends metho-
trexate or mycophenolate mofetil (MMF) in combination with 
glucocorticoids, although the level of evidence is rated as 1B, 
requiring further studies.4 Methotrexate has efficacy similar to 
CYC for remission induction in non-severe AAV, but its toxicity 
precludes use in renal impairment.15 16 MMF is an alternative 
oral immunosuppressant with lymphocyte selective suppres-
sive effects with a short duration of action, can be used in renal 
disease and unlike CYC is not associated with urothelial malig-
nancy or infertility. Small studies have suggested that MMF has 
efficacy for remission induction in AAV, particularly in myelop-
eroxidase (MPO)-ANCA disease.17 18 Understanding the role of 
MMF as a remission induction agent in AAV remains important. 
We conducted a randomised trial of adult and paediatric patients 
to investigate whether MMF was non-inferior to CYC for remis-
sion induction in new patients with AAV.

MeTHOds
study design and patients
This trial was an open-label, two-group, parallel-design, 
randomised, non-inferiority trial involving 132 adult patients 
from 21 sites in six countries in Europe, Australia and New 
Zealand, and eight paediatric patients from four sites in the UK. 
All patients/parents provided written informed consent; and 
written assent where appropriate. Inclusion in this study required 
a new diagnosis of active AAV (GPA or MPA)1 with either a posi-
tive ANCA or histologically proven disease (see protocol for 
full inclusion details). Patients were excluded if they were aged 
<6 years, had imminently life-threatening vasculitis, rapidly 
declining renal function or an estimated glomerular filtration 
rate (eGFR) <15 mL/min/m2, or had received >2 weeks of oral 
CYC or MMF or more than 1 pulse of intravenous CYC (15 mg/
kg). The trial protocol is available at http:// vasculitis. org/ images/ 
documents/ mycyc. pdf.

Patients were allocated in a 1:1 ratio to MMF or CYC using a 
concealed system of minimisation by: age >60 years, the planned 
use of additional therapy with plasma exchange or solumedrol 
>0.5 g at randomisation, eGFR <30 mL/min/m2 or ≥30 mL/
min/m2 with an allocation probability of 0.8. Although the mini-
misation procedure did not include site as a stratification factor, 
the degree of balance of treatments within the sites was reason-
able (online supplementary table 1).

The trial was sponsored by Cambridge University Hospitals 
NHS Foundation Trust. Vifor Pharma (previously Aspreva Phar-
maceuticals) provided a research grant to cover the trial and 
MMF costs. The trial protocol was designed by the ‘MYCYC’ 
trial steering committee, and received ethical and regulatory 
approval in each participating country. The trial was conducted 
according to the European Union (EU) clinical trials directive 
(Directive 2001 EU/20/EC) (EUDRACT 2006-001663-33). Trial 
data are stored by the trial management committee at Adden-
brooke’s Hospital, UK.

Treatments
After randomisation, both groups received the same oral 
tapering glucocorticoid regimen (prednisolone 1 mg/kg/day 
initially, reducing to 5 mg/day at the end of 6 months (online 
supplementary figure 1D)). Adult patients in the MMF group 
received MMF 2 g/day, with dose increases to 3 g/day permitted 
for uncontrolled disease at 4 weeks. Patients aged less than 17 
years received a body surface area-based MMF dosing regimen. 
Patients in the CYC group received intravenous pulsed CYC as 
given in the CYCLOPS trial (15 mg/kg every 2–3 weeks with 

reductions for age and renal function).6 9 All patients were 
switched from their assigned study treatment to oral azathio-
prine (AZA) 2 mg/kg/day after remission had been achieved, 
between 3 and 6 months. AZA with prednisolone 5 mg/day was 
continued until study end at 18 months.

Outcomes
The primary outcome was remission by 6 months. Remission 
was defined as the absence of disease activity with a Birmingham 
Vasculitis Activity Score (BVAS) 2003 of zero on two consecutive 
occasions at least 1 month apart and adherence to the predniso-
lone taper. Secondary efficacy endpoints were time to remission, 
remission by 6 months irrespective of glucocorticoid adherence, 
progressive disease, relapse, cumulative glucocorticoid dosing, 
change in eGFR, Vasculitis Damage Index (VDI)19 and ANCA 
positivity at 6 months. Planned subgroup analyses were the 
effect of eGFR, age and additional intravenous methylprednis-
olone and/or plasma exchange prerandomisation on remission, 
and ANCA subtypes, on remission and relapse. Safety outcomes 
were serious adverse events, serious infections, end-stage renal 
disease (ESRD), death, malignancy, cardiovascular, thromboem-
bolic and serious disease-related events. Outcomes were adjudi-
cated by a committee blinded to study group assignment.

Assessments
Assessments were performed at 0, 1, 1.5, 3, 4.5, 6, 9, 12 and 18 
months and at the time of a relapse. Relapses could only occur 
after an initial remission (absence of disease activity, irrespective 
of glucocorticoid compliance, at any time during trial follow-up). 
Patients who did not achieve an initial remission were excluded 
from relapse analyses. Relapses were defined as the recurrence 
or new appearance of any disease activity, as reflected by a BVAS 
2003 >0. Major relapse required the presence of one or more 
major BVAS items. Renal function was assessed using eGFR, 
calculated using the four-variable Modified Diet in Renal Disease 
equation in adults20 or Haycock-Schwartz formula in patients 
aged <16 years.21 ESRD was defined as dialysis dependence for 
6 weeks or more without subsequent recovery of renal func-
tion. Progressive disease was defined as ongoing disease activity 
of sufficient severity to necessitate therapy escalation with a 
change in immunosuppression or intravenous methylpredniso-
lone before remission. Serious adverse events were collected as 
defined by the European Medicines Agency and Food and Drug 
Administration. ANCA negativity was determined by the refer-
ence range of the local laboratory for both indirect immunoflu-
orescence and ELISA.

statistical analysis
The sample size estimate was based on a non-inferiority design. 
We assumed a remission rate of 85% with CYC and specified a 
12% absolute risk difference (RD) as the non-inferiority margin 
(ie, remission rate <73%) for MMF. Using these assumptions, 
we calculated that 124 patients were required to meet non-in-
feriority for the primary remission endpoint with a power of 
80%, and a significance level of 5% in a non-inferiority test.22 
Allowing for a 10% dropout rate we recruited 140 patients.

All endpoint analyses were by intention to treat with an 
additional prespecified per protocol analysis of the primary 
endpoint. The primary and secondary remission endpoints 
(non-inferiority) were assessed by calculating the RD of remis-
sion with corresponding two-sided 90% CIs, consistent with 
the Consolidated Standards of Reporting Trials extension for 
reporting of non-inferiority trials.23 For the primary analyses, no 
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Figure 1 Randomisation and inclusion in the analysis at 18 months.

attempts were made to impute missing data. Data were censored 
at withdrawal, loss to follow-up or death. Time to event anal-
yses of remission (non-inferiority) were performed using a Cox 
proportional hazards model with an HR of 0.85 as the non-in-
feriority margin. Relapse rates (superiority) were compared by 
calculating the incidence rate ratio (IRR; relapses per patient 
per year) and corresponding 95% CI with significance estimates 
derived from the binomial distribution test. For safety and other 
efficacy endpoints comparison of proportions was performed 
using the Fisher mid-p test, as recommended.24 All contin-
uous variables are presented as mean±SD or median (IQR) as 
appropriate to their distribution, and categorical variables are 
presented as count (%). All analyses were conducted using Stata 
SE V.15 (College Station, TX).

resulTs
Patients
Between March 2007 and July 2011, a total of 140 patients 
were enrolled in the study (66 adults and four children in each 
treatment group). The four children recruited to the CYC group 
were aged 14, 16, 14 and 15 years and the four recruited to 
the MMF group were 10,16, 12 and 13 years old. All patients 
received their allocated treatment and were retained for the 
primary analysis. By the end of the 6-month treatment period, 
four in each group had died, and three in the MMF group and 
two in the CYC group had been lost to follow-up or had with-
drawn consent (figure 1, table 1). Fifty-eight patients received 

at least 6 pulses of CYC, of whom 23 had 7–10 pulses. CYC 
was terminated early in six (two infection, two intolerance, one 
ESRD, one no reason), and six died or withdrew from the trial 
prior to 3 months. The maximum dose of MMF received by 
patients was 2 g in 76%, 6% received >2 g and 18% received 
<2 g. MMF was withdrawn due to intolerance in four patients 
due to incontinence, rash, diarrhoea and reason not specified. 
At 18 months, 52 patients, 26 from each study group, were not 
receiving AZA. This was due to drug intolerance in 11 patients 
in the CYC group and 15 patients in the MMF group.

Primary outcome
The primary endpoint of remission with glucocorticoid compli-
ance within 6 months occurred in 47 (67%) patients, including 
one child, in the MMF group, and 43 (61%), including one 
child, in the CYC group (RD 5.7%, 90% CI −7.5% to 19%). 
Given the specified non-inferiority margin of −12%, the lower 
bound of the 90% CI of −7.5% established non-inferiority 
(figure 2).

In a prespecified analysis restricted to per-protocol treated 
patients, 43 remissions (74%) occurred in 58 mycophenolate 
patients, compared with 33 remissions (62%) in 53 CYC patients 
(RD 11.9%, 90% CI −2.6% to 26.3%, non-inferior) (figure 2). 
There was no evidence of interaction by PR3-ANCA positivity, 
age, renal function and the use of additional induction therapies 
with the primary endpoint (figure 2).
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Table 1 Baseline characteristics of the patients at trial entry

Variable

Mycophenolate 
mofetil group

Cyclophosphamide 
group

(n=70) (n=70)

Age (years), median (IQR) 60 (48–70) 61 (53–68)

Paediatric <18 years (%) 4 (6) 4 (6)

Male sex, n (%) 41 (59) 33 (47)

Diagnosis, n (%)

  GPA 47 (67) 44 (63)

  MPA 23 (33) 26 (37)

ANCA, n (%)

  PR3 or cANCA 41 (59) 42 (60)

  MPO or pANCA 28 (40) 26(37)

  Negative 1 (1) 2 (3)

ANCA ELISA, n (%)

  PR3-ANCA 40 (57) 42 (60)

  MPO-ANCA 27 (39) 26 (37)

  Negative 3 (4) 2 (3)

eGFR at entry (mL/min/m2), median 
(IQR)

  All patients 51 (29–92) 51 (31–79)

  Patients with renal disease 47 (27–70) 46 (29–74)

Organs involvement*, n (%)

  Renal 57 (81) 57 (81)

  Lung 30 (43) 35 (50)

  ENT 41 (59) 38 (54)

BVAS†, median (IQR) 19 (13–25) 18 (14–23)

CRP (mg/L), median (IQR) 22 (7.5–52) 19 (5–83)

ESR (mm/hour), median (IQR) 54 (31–98) 59 (33–90)

Cyclophosphamide prerandomisation

  Patients, n (%) 17 (24) 22 (31)

  Total dose (g), median (IQR) 1 (0.55–1.1) 1 (0.6–1.07)

Intravenous methylprednisolone 
prerandomisation

  Patients, n (%) 41 (59) 35 (50)

  Total dose (g), median (IQR) 1.5 (1.5–3) 1.5 (1.5–2)

Plasma exchange prerandomisation

  Patients, n (%) 8 (11) 4 (6)

  Total exchanges, median (IQR) 5 (5–7) 7 (6–7)

*Renal involvement is defined as one or more renal BVAS items present at entry 
excluding hypertension alone. Lung and ENT require one or more lung or ENT BVAS 
items present at entry respectively.
†Baseline BVAS data were missing in one subject in the mycophenolate mofetil 
(MMF) group.
ANCA, antineutrophil cytoplasmic antibody; BVAS, Birmingham Vasculitis Activity 
Score; CRP, C-reactive protein; ENT, ear, nose, throat; ESR, erythrocyte sedimentation 
rate; GPA, granulomatosis with polyangiitis; MPA, microscopic polyangiitis; MPO, 
myeloperoxidase; eGFR, estimated glomerular filtration rate.

Figure 2 Absolute risk ratio for the primary remission endpoint, 
per-protocol and subgroup analyses. The lower bound 90% CI did not 
cross the non-inferiority margin of 12% for the primary endpoint and 
per-protocol analyses demonstrating non-inferiority. The lower bound 
90% CI only crossed the non-inferiority margin for patients with eGFR 
<30 mL/min but the upper bound 90% CI exceeded 0. This would be 
described as ‘inconclusive’ and given this is a secondary analysis of a 
subgroup we are unable to draw any inference from this other than the 
p value for interaction being non-significant. The diamonds represent 
the absolute risk ratio, horizontal black lines represent 90% CIs. The left 
side of blue shaded area represents the lower limit of non-inferiority 
margin (−12%). ANCA, antineutrophil cytoplasmic antibody; eGFR, 
estimated glomerular filtration rate; ITT, intention to treat.

secondary efficacy outcomes
Secondary efficacy outcomes are summarised in figure 3 (online 
supplementary table 2 and figure 1). The time to primary remis-
sion in the MMF group (median 91 days, IQR 44–95) was 
non-inferior to the CYC group (median 87 days, IQR 42–91), 
since the lower bound of the 90% CI did not cross 0.85 (HR 
1.27 (90% CI 0.89 to 1.79)).

Remission irrespective of steroid compliance within 6 months 
occurred in 61 patients (87%) in the MMF group and 55 (79%) 
in the CYC group (RD 8.6%, 90% CI −1.8% to 19%). Remission 
at any time during trial follow-up irrespective of steroid compli-
ance occurred in 63 patients (90%), including two children, in 

the MMF group, and 64 (92%), including two children, in the 
CYC group (RD −1.4%, 90% CI −9.5% to 6.6%).

There were more relapses after remission in the mycophe-
nolate group (23/63 patients; 4 major and 19 minor relapses) 
compared with the CYC group (13/64 patients; 3 major and 
10 minor relapses, IRR 1.97, 95% CI 0.96 to 4.23, p=0.049). 
Relapse-free survival was shorter in the mycophenolate group 
(HR 2.14, 95% CI 1.07 to 4.31, p=0.03). A post hoc subgroup 
analysis found the higher relapse rate in MMF patients was 
accounted for by more relapses in PR3-ANCA patients, but not 
MPO-ANCA patients (online supplementary Figure 2). There 
was no evidence that the effect of MMF on relapse differed by 
ANCA subtype (p=0.52 for interaction).

Remission irrespective of steroid compliance within 6 months 
occurred in 61 patients (87%) in the MMF group and 55 (79%) 
in the CYC group (RD 8.6%, 90% CI −1.8% to 19%). Remis-
sion at any time during trial follow-up irrespective of steroid 
compliance occurred in 63 patients (90%) in the MMF group 
and 64 (92%) in the CYC group (RD −1.4%, 90% CI −9.5% 
to 6.6%).

Progressive disease necessitating rescue therapy before remis-
sion occurred in 5 patients (7%) in the MMF group and 8 (11%) 
in the CYC group (p=0.56). At 6 months, 26 of 65 (40%) 
patients in the MMF group were ANCA negative, and 21 of 
65 (32%) patients in the CYC group were ANCA negative (risk 
ratio 1.23, 95% CI 0.78 to 1.96, p=0.36).

There was no statistically significant difference in cumulative 
glucocorticoid exposure during the trial (MMF 6194±317 mg, 
CYC 5800±234 mg, p=0.32) (online supplementary figure 1A). 
Two patients in both groups progressed to ESRD and eGFR at 
18 months did not differ between groups (MMF group 68±4 
mL/min, CYC group 64±4 mL/min, p=0.46) (online supple-
mentary figure 1B). There was no difference in disease and 
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Figure 3 Remission and relapse. (A) Time to primary remission. Primary remission was remission with no disease activity and glucocorticoid protocol 
compliance. Analysis was censored at the first of the following events: remission (first Birmingham Vasculitis Activity Score (BVAS) of zero), 6-month 
study visit, withdrawal or death. (B) Time to first relapse. Relapse could only occur after an initial remission. Remissions for this analysis are not 
restricted to the first 6 months of follow-up, but represent remissions occurring at any time point after randomisation irrespective of glucocorticoid 
compliance. Time to first relapse was significantly shorter in the mycophenolate mofetil group. CYC, cyclophosphamide; MMF, mycophenolate mofetil.

Table 2 Serious adverse events

Mycophenolate mofetil group
(n=70)

Cyclophosphamide group
(n=70)

significance 

All events Patients with ≥1 event All events Patients with ≥1 event

n n (%) n n (%)

All serious adverse events 73 35 (50) 64 28 (40) P=0.30

Serious events by category 

  Infections 29 18 (26) 16 12 (17) P=0.30

  End-stage renal disease 2 2 (3) 2 2 (3) P=1.0

  Death 5 5 (7) 4 4 (6) P=1.0

  Malignancy 1 1 (1) 1 1 (1) P=1.0

  Cardiovascular 6 3 (4) 6 5 (7) P=0.72

  Disease-related events 16 10 (14) 9 7 (10) P=0.61

  Thromboembolism 2 2 (3) 2 2 (3) P=1.0

treatment-related damage assessed by the VDI at study end 
between the two groups (MMF=1, IQR 1–3; CYC=2, IQR 1–3; 
p=0.80).

safety outcomes
Serious adverse events occurred in 35 in the MMF group (50% 
patients, 73 events) and 28 in the CYC group (40% patients, 64 
events) and are summarised in table 2. There were no signifi-
cant differences in serious infections, death, thromboembolism, 
malignancy or serious disease-related events between the two 
groups.

Five mycophenolate patients died (7%) (causes of death were 
cardiac n=1, infections n=2 and other n=2) and four CYC 
patients died (6%) (causes of death were cardiac n=1, infections 
n=2 and other n=1) (OR 1.27, 95% CI 0.26 to 6.68, p=1.0). 
Median age at death was 75 years (range 73–82 years) in the 
MMF group and 83 years (range 63–85 years) in the CYC group. 
Malignancies were liver metastases of unknown primary in a 74 

year-old in the mycophenolate group and a malignant melanoma 
in a 63 year-old in the CYC group.

disCussiOn
In this randomised trial of remission induction in AVV, excluding 
patients on dialysis or with life-threatening disease, MMF was 
non-inferior to pulsed CYC. The relatively low remission rate for 
the primary outcome can be attributed to the stringent require-
ment for adherence to glucocorticoid taper as shown by others,8 
and the higher rate of the secondary endpoint of remission irre-
spective of glucocorticoid adherence is consistent with previous 
reports where the glucocorticoid taper was not a component of 
the remission definition.6 25 Our results demonstrate that MMF 
represents an alternative to CYC for remission induction in AAV. 
This study provides further evidence to support the EULAR 
guidelines on management of AAV.

Our findings of the efficacy of MMF for remission induc-
tion are consistent with previous MMF induction studies in  on 2 M
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AAV.18 26 27 After remission, relapses occurred earlier and more 
frequently in the MMF group (33%) compared with the CYC 
group (19%). Although this was a secondary outcome and the 
trial was not designed or powered to detect differences in relapse 
rate, this observation is consistent with the increase in early 
relapses observed with methotrexate compared with CYC,15 
higher relapse risk with lower cumulative CYC exposure28 and 
the higher rate of relapse with MMF compared with AZA when 
used for maintenance therapy.29 While treatment with MMF 
may be associated with a higher risk of relapse compared with 
pulsed CYC, this increased risk may be acceptable to avoid the 
potential adverse effects of CYC particularly when the baseline 
risk of relapse is low (eg, in patients who are MPO-ANCA posi-
tive) or if rituximab is unavailable.

The use of MMF alongside standard dose glucocorticoids 
offers advantages over CYC in terms of fertility preservation 
for younger patients and potentially lower malignancy rates 
in elderly populations at greatest risk.30 Unlike rituximab (an 
approved alternative to CYC for severe AAV), MMF is an oral 
drug, has a short duration of action and, unlike methotrexate, 
can be used in moderate or severe renal disease and was not 
associated with slower time to remission compared with CYC.15 
However, there were no differences in this study in the number 
of adverse events between the two groups.

Our trial has several notable strengths. It is the largest 
randomised trial in AAV to assess the use of MMF for remis-
sion induction. Patients were recruited from 21 countries, and 
the trial cohort was representative of other trial populations in 
AAV. This is the first randomised trial in AAV to include children, 
although the small number of paediatric participants (n=8) 
limits the inferences we might draw concerning relative efficacy 
of MMF in this population. The primary endpoint was achieved 
in one of four paediatric patients in both CYC and MMF groups 
and response rates were similar in the MMF and CYC groups 
in children. Compliance was a contributory factor to the lower 
remission rate in children, and because of the small sample size 
we have not drawn conclusions of efficacy in this subpopulation.

The strengths of our trial should be viewed against its limita-
tions. The trial was not blinded, although the similar rates of 
glucocorticoid adherence and exposure, progressive disease, 
rescue therapy requirement, ANCA negativity and the rates of 
ESRD are reassuring. Treating clinicians were allowed to include 
plasma exchange or additional Solu-Medrol at entry; however, 
there were no differences in additional treatments used between 
the two groups. The short follow-up of 18 months in this study 
may have reduced the ability to detect the true effect on relapse 
and malignancy rates in the longer term. It should be noted in 
another study MMF was inferior to AZA for remission main-
tenance after CYC induction, with more relapses in the MMF 
group,.29 Following remission induction all patients in our trial 
received AZA and glucocorticoid maintenance therapy. There is 
limited evidence for using AZA as induction therapy in AAV. It 
has been used in addition to corticosteroids for newly diagnosed 
non-severe eosinophilic GPA, MPA or polyarteritis nodosa; 
however, the addition of AZA in these patients did not improve 
remission rates or reduce relapse.31

Since initiation of the trial, it has become common to use 
rituximab as an alternative to CYC induction therapy, which may 
question the use of MMF as an alternative induction therapy. 
However, rituximab is expensive and its use is restricted in many 
countries, for example, in New Zealand treatment of patients 
with MPO-ANCA vasculitis must first have failed with CYC or 
MMF14 prior to rituximab use. Alternative effective low-cost 
induction therapies may be required in some cases.

This study provides evidence that MMF is a potential alterna-
tive to CYC for remission induction in non-life-threatening AAV, 
particularly in patients with low predicted relapse risk, such as the 
elderly who are MPO positive. With increasing remission induc-
tion treatment options for AAV, stratified treatment approaches 
are indicated in order to optimise long-term  outcomes. http:// dx. 
doi. org/ 10. 1136/ annrheumdis- 2018- 214245
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AbsTrACT
Objective igG4-related disease (igG4-RD) is a 
heterogeneous, multiorgan condition of unclear aetiology 
that can cause organ failure. Difficulty recognising 
igG4-RD contributes to diagnostic delays. We sought to 
identify key igG4-RD phenotypes.
Methods We used two cross-sectional studies 
assembled by an international, multispecialty network of 
igG4-RD specialists who submitted 765 cases to derive 
and replicate phenotypic groups. Phenotype groups of 
disease manifestations and key covariate distributions 
across the identified groups were measured using latent 
class analysis.
results in the derivation cohort (n=493), we identified 
four groups with distinct manifestations: Group 1 (31%), 
Pancreato-Hepato-Biliary disease; Group 2 (24%), 
Retroperitoneal Fibrosis and/or aortitis; Group 3 (24%), 
Head and neck-limited disease and Group 4 (22%), 
classic Mikulicz syndrome with systemic involvement. We 
replicated the identification of four phenotype groups in 
the replication cohort. Compared with cases in Groups 
1, 2 and 4, respectively, cases in Group 3 were more 
likely to be female (OR 11.60 (95% Ci 5.39 to 24.98), 
10.35 (95% Ci 4.63 to 23.15) and 9.24 (95% Ci 3.53 
to 24.20)) and asian (OR 6.68 (95% Ci 2.82 to 15.79), 
7.43 (95% Ci 2.97 to 18.56) and 6.27 (95% Ci 2.27 to 
17.29)). Cases in Group 4 had a higher median serum 
igG4 concentration (1170 mg/dl) compared with groups 
1–3 (316, 178 and 445 mg/dl, respectively, p<0.001).
Conclusion We identified four distinctive igG4-RD 
phenotypes according to organ involvement. Being asian 
or female may predispose individuals to head and neck-
limited disease. These phenotypes serve as a framework 
for identifying igG4-RD and studying its aetiology and 
optimal treatment.

InTrOduCTIOn
IgG4-related disease (IgG4-RD) is an immune-me-
diated condition that can affect nearly any organ 
and often presents with multiorgan involve-
ment.1 2 Early recognition and treatment are essen-
tial to minimising irreversible organ damage that 
can result from the disease itself or unnecessary 
surgical intervention.3–6 A challenge to early recog-
nition is the failure to consider the diagnosis, given 
the manifold patterns of organ involvement with 
which IgG4-RD can present.3

Clinicians of all specialties need to be able to 
consider and recognise IgG4-RD in a patient with 
tumefactive or inflammatory lesions. Previous 

cohort studies have catalogued and described the 
common and uncommon manifestations of IgG4-
RD,3 7–9 but patterns of organ involvement remain 
poorly defined. Defining typical patterns of organ 
involvement might identify homogenous groups 
of IgG4-RD, facilitating earlier recognition of the 
condition. Moreover, these groups may offer a 
systematic framework that can be used to clarify 
disease aetiology, identify risk factors and develop 
personalised treatment strategies.10–12

Given the multiorgan nature of IgG4-RD, the 
potential number of groups that may be identified 
is on the order of thousands but most would be 
neither unique nor useful for clinical application or 
research.13 Latent class analysis (LCA) allows one 
to identify a parsimonious number of homogenous 
groups, each composed of individuals who share 
similar observed characteristics that are distinct 

Key messages

What is already known about this subject?
 ► IgG4-related disease (IgG4-RD) can affect 
nearly any organ or anatomic site, particularly 
the salivary glands, pancreato-biliary 
structures, lymph nodes, lungs, kidneys and 
retroperitoneum.

 ► It was initially described in a Japanese 
population but has now been described in all 
racial and ethnic groups.

What does this study add?
 ► This study applies a novel cluster analysis 
method to identify common presentations 
in the largest multicentre cohort of patients 
with IgG4-RD assembled by an international 
collaboration of experts from a variety of 
specialties.

How might this impact on clinical practice or 
future developments?

 ► We identified four distinctive IgG4-RD 
phenotypes according to organ involvement 
which also differed from one another 
demographically and can be used to frame the 
approach to diagnosing and studying IgG4-RD.

 ► Our findings raise the question of potential 
racial and/or environmental factors that 
might influence the risk of certain IgG4-RD 
manifestations and require further study.
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from those defining other groups. To our knowledge, LCA has 
not been previously applied to group patients with heteroge-
neous multiorgan diseases such as IgG4-RD.

We used two cohorts assembled by an international, multispe-
cialty network of investigators to perform an LCA to identify 
distinct phenotypic groups in IgG4-RD.

MeTHOds
study population
IgG4-RD specialists from the Americas, Europe and Asia were 
invited to submit data from cases with either IgG4-RD or a 
mimicker of IgG4-RD to the two cohorts used to derive and vali-
date the 2018 American College of Rheumatology (ACR) and 
European League Against Rheumatism (EULAR) Classification 
Criteria for IgG4-RD.14 Eighty investigators participated in the 
ACR/EULAR Classification Criteria Working Group and were 
invited because of their expertise in IgG4-RD and participation 
in international symposia. Of the 80 investigators, 52 submitted 
IgG4-RD cases. The 52 investigators practiced in Japan, China, 
Australia and 14 countries in the Americas and Europe. There 
were 25 rheumatologists, 13 gastroenterologists, 3 nephrologists 
and 11 investigators from other specialties without apparent 
difference in the distribution of specialties between Asian and 
non-Asian countries. The larger of the two cohorts included 
493 IgG4-RD cases and was used as the primary study popula-
tion (ie, derivation cohort), whereas the smaller one consisted 
of 272 IgG4-RD cases and was used to replicate the results (ie, 
replication cohort). The diagnosis of IgG4-RD was rendered 
according to the judgement of the participating investigators. All 
cases were anonymised. This study was approved by the Partners 
HealthCare Institutional Review Board.

Variables of interest
For each case, investigators submitted details including age (at 
symptom/disease onset and diagnosis), sex, race/ethnicity, organ 
involvement and serum IgG4 concentrations. Time to diagnosis 
was calculated by subtracting the age at symptom onset from age 
at diagnosis, reported in years. In the derivation cohort, investi-
gators reported each case’s serum IgG4 concentration, the asso-
ciated unit of measurement and the upper limit of normal (ULN) 
in the laboratory in which the assay was performed. All serum 
IgG4 concentrations were converted to milligram per decilitre 
(mg/dL). Based on the reported ULN, we created four serum 
IgG4 concentration categories. In the replication cohort, only 
the serum IgG4 concentration category was reported. Based 
on reported race/ethnicity, we dichotomised cases into either 
Asian or non-Asian. We chose to dichotomise race by Asian or 
non-Asian because of differences in organ distribution, serum 
IgG4 concentration elevations and other factors observed when 
comparing Asian and non-Asian cohorts.15 Patients of South 
Asian descent (eg, India, Pakistan; n=14), all of whom resided in 
North America or Europe, were grouped with non-Asian cases.

statistical analysis
We described the characteristics of study patients overall and 
according to sex and race (Asian vs non-Asian). For contin-
uous covariates, summary statistics were reported as mean 
and SD or median and IQR, where appropriate. Proportions 
were compared using the Chi square test and continuous vari-
ables were compared using the Student’s t test or the Wilcoxon 
rank-sum test, as appropriate.

We performed a LCA using SAS procedure PROC LCA to 
classify subjects into mutually exclusive groups based on their 

clinical manifestations of IgG4-RD.16 Twenty-eight potential 
manifestations (online supplementary table 1), each representing 
different organs or anatomic sites (eg, submandibular gland, 
pancreas), were used as categorical variables to identify groups 
(eg, latent classes).

We began by fitting models with potential solutions ranging 
from 2 to 5 groups in the primary study cohort. Of the models 
that ranged in size from 2 to 5 groups, we chose the best fit 
model based on the lowest Akaike information criteria (AIC) 
and adjusted Bayesian information criterion (BIC). When five or 
more groups were fit in the model, the AIC and BIC continued to 
increase. The probability of group membership for each patient 
was obtained from the LCA model and each patient was assigned 
to the group in which he or she had the highest probability of 
membership.16

We then incorporated a set of key covariates (ie, sex, race, age 
at diagnosis, time to diagnosis and serum IgG4 concentration) 
into the model with the best fit. These covariates were chosen 
based on a priori knowledge of IgG4-RD and prior studies.3 The 
distribution of organ involvement in each group is reported as a 
probability. We labelled each group with a descriptive term based 
on the common manifestation(s) present in each group and the 
distribution of organ involvement within each group. We exam-
ined the relation of each covariate to the odds of belonging 
to a specific group using multivariable logistic regression. We 
performed a sensitivity analysis in which we only included 
cases that fulfilled the proposed 2018 ACR/EULAR Classifica-
tion Criteria.14 We applied the same approach described above 
in our replication cohort to determine the optimal number of 
groups, manifestations characteristic of each group and associ-
ations between covariates and group membership. We used SAS 
9.3 (SAS Institute, Cary, North Carolina, USA) for all analyses. A 
two-sided p<0.05 was assumed to be significant for all analyses.

resulTs
Of the 493 cases in the primary cohort, 322 (65.3%) were male 
and 285 (57.8%) were non-Asian with 198 (40.2%) Caucasians 
(table 1). Rheumatologists submitted 193 (39%) of these cases, 
90 from Asian countries and 103 from non-Asian countries. 
The mean (SD) ages at symptom onset and diagnosis were 57.7 
(14.5) years and 59.5 (14.0) years, respectively, resulting in a 
mean (SD) time to diagnosis of 1.8 (3.4) years. The character-
istics of the replication cohort (n=272) were similar (online 
supplementary table 3).

An elevated serum IgG4 concentration was reported in 388 
(78.7%) cases (table 1). The mean (SD) number of organs affected 
in each case was 2.9 (1.8). The most commonly affected organs 
were in the pancreato-hepato-biliary system (235, 47.7%), 
followed by involvement of the salivary glands (186, 37.7%). 
At least one biopsy was performed in 425 (85.4%) cases, but the 
classically described histological feature of storiform fibrosis was 
reported in only 195 (39.6%) cases. Male patients were older 
(mean (SD)) at the time of symptom onset (59.9 (14.3) vs 53.4 
(14.0) years; p<0.001) and diagnosis (61.7 (13.8) vs 55.4 (13.5) 
years; p<0.001) than female patients and were less likely to have 
head and neck disease (46.9% vs 65.5%, p<0.001) but more 
likely to have retroperitoneal fibrosis (RPF) (19.3% vs 9.4%, 
p=0.004) (table 1).

Asian patients were older (mean (SD)) at symptom onset (61.2 
(13.2) years vs 55.1 (14.9) years, p<0.001) and diagnosis (62.6 
(12.8) years vs 57.2 (14.4) years, p<0.001), had a higher base-
line median (IQR) serum IgG4 concentration (666 (321-1,230) 
mg/dL vs 240.5 (100-505) mg/dL, p<0.001) and more often had 
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Table 1 Demographic features overall and by sex and race (derivation cohort)

sex race

 All (n=493) Male (n=322) Female (n=171) Asian (n=208) non-Asian (n=285)

Age at symptom onset (years, mean, SD) 57.7 (14.5) 59.9 (14.3) 53.4 (14.0) 61.2 (13.2) 55.1 (14.9)

  Age at diagnosis 59.5 (14.0) 61.7 (13.8) 55.4 (13.5) 62.6 (12.8) 57.2 (14.4)

  Time to diagnosis 1.8 (3.4) 1.7 (3.6) 2.0 (2.9) 1.4 (2.7) 2.2 (3.7)

Male (n,%) 322 (65.3%) – – 126 (60.6%) 196 (68.7%)

Race 

  Caucasian 198 (40.2%) 144 (44.7%) 54 (31.6%) – 198 (69.5%)

  Asian* 208 (42.2%) 126 (39.1%) 82 (47.9%) 208 (42%) –

    Asian, not otherwise specified 48 (9.7%) 34 (10.6%) 14 (8.2%) 48 (9.7%) –

    Japanese 105 (21.3%) 61 (18.9%) 44 (25.7%) 105 (21.3%) –

    Chinese 53 (10.8%) 29 (9.0%) 24 (14.0%) 53 (10.8%) –

  Latino/Hispanic 58 (11.8%) 32 (9.9%) 26 (15.2%) – 58 (20.4%)

  South Asian 14 (2.8%) 10 (1.1%) 4 (2.3%) – 14 (4.9%)

  Black 9 (1.8%) 8 (2.5%) 5 (2.9%) – 9 (3.2%)

  Other 6 (1.2%) 2 (0.6%) 0 (0%) – 6 (2.1%)

IgG4 concentration (mg/dL, median, IQR) 342.5 (160–870) 382 (177–870) 302 (124–866) 666 (321–1230) 240.5 (100–505)

  Not checked 15 (3.0%) 13 (4.0%) 2 (1.2%) 0 (0%) 15 (5.3%)

  Normal 90 (18.3%) 49 (15.2%) 41 (24.0%) 17 (8.2%) 73 (25.6%)

  >Normal < 2×ULN 83 (16.8%) 54 (16.8%) 29 (17.0%) 24 (11.5%) 59 (20.7%)

  >2×Normal <5×ULN 149 (30.2%) 98 (30.4%) 51 (29.8%) 67 (32.2%) 82 (28.8%)

  >5×ULN 156 (31.6%) 108 (33.5%) 48 (28.1%) 100 (48.1%) 56 (19.6%)

Biopsy performed 421 (85.4%) 267 (82.9%) 154 (90.1%) 188 (90.4%) 233 (81.8%)

  Obliterative phlebitis 91 (18.5%) 55 (17.1%) 36 (21.1%) 19 (9.1%) 72 (25.3%)

  Storiform fibrosis 195 (39.6%) 126 (39.1%) 69 (40.4%) 57 (27.4%) 138 (48.4%)

Number of organs affected (mean, SD) 2.9 (1.8) 2.9 (1.9) 2.8 (1.6) 2.9 (1.5) 2.9 (1.9)

  Single organ 120 (24.3%) 75 (23.3%) 45 (26.3%) 33 (15.9%) 87 (30.5%)

  Multiorgan (≥2 organs) 373 (75.6%) 247 (76.7%) 126 (73.7%) 175 (84.1%) 198 (69.5%)

  Head and Neck 263 (53.3%) 151 (46.9%) 112 (65.5%) 141 (67.8%) 122 (42.8%)

    Salivary gland 186 (37.7%) 110 (34.2%) 76 (44.4%) 109 (52%) 77 (27.0%)

    Orbital 32 (6.5%) 15 (4.7%) 17 (9.9%) 8 (3.9%) 24 (8.4%)

    Extraocular muscle 20 (4.1%) 6 (1.9%) 14 (8.2%) 5 (2.4%) 15 (5.3%)

    Lacrimal gland 128 (26.0%) 61 (18.9%) 67 (39.2%) 80 (38.5%) 48 (16.8%)

  Pancreato-hepatobiliary 235 (47.7%) 178 (55.3%) 57 (33.3%) 88 (42.3%) 147 (51.6%)

  Pulmonary 70 (14.2%) 51 (15.8%) 19 (11.1%) 30 (14.4%) 40 (14.0%)

  Aorta 51 (10.3%) 38 (11.8%) 13 (7.6%) 20 (9.6%) 31 (11.0%)

  Retroperitoneum 78 (15.8%) 62 (19.3%) 16 (9.4%) 28 (13.5%) 50 (17.5%)

  Renal 77 (15.6%) 58 (18.0%) 19 (11.1%) 34 (16.3%) 43 (15.1%)

*Two patients (0.4%) were Korean, both were male.
ULN, upper limit of normal.

head and neck disease (67.8% vs 42.8%, p<0.001) (table 1). Of 
note, there was a shorter time to diagnosis (mean (SD)) among 
Asian patients compared with non-Asian patients (1.4 (2.7) vs 
2.2 (3.7) years, p=0.01). Similar differences were observed in 
the replication cohort according to sex and race (online supple-
mentary table 2).

determination of phenotype groups
After fitting candidate cluster models (2-5 groups), we found 
that the four-group model had the best fit statistics and aligned 
with clinical experience (online supplementary table 3). The four 
groups were distinguished from one another by the distribution 
of organ involvement; the average posterior probability of group 
membership ranged from 90% to 93%, indicating mutually 
exclusive group assignment (table 2 and figure 1).

Group 1 (n=149, 31%) was characterised by pancreato-hepa-
tobiliary disease, whereas Group 2 (n=114, 24%) was character-
ised by RPF and/or aortitis involvement. Group 3 (n=115, 24%) 

was characterised by disease generally limited to the head and 
neck structures in a pattern of incomplete Mikulicz syndrome. 
The probability of parotid gland involvement was only 22% in 
Group 3. Group 4 (n=100, 22%) was characterised by head and 
neck disease in a pattern more consistent with Mikulicz syndrome 
along with extraglandular, systemic involvement. In contrast to 
Group 3, the probability of parotid gland involvement was 49% 
in Group 4. In addition, there was a 22% probability of orbital 
disease in Group 3 but <1% probability in Group 4. The mean 
(SD) number of organs affected was significantly larger in Group 
4 (5.2 (1.9)) than in others (2.1 (1.1), 2.1 (1.2) and 2.7 (1.4) for 
Groups 1–3, respectively, p<0.001).

The distribution of key covariates according to group member-
ship and associations between them are shown in (tables 3 and 
4). Compared with Group 3 (Head and Neck-Limited) in which 
76% were female, Group 1 (Pancreato-Hepato-Biliary), Group 
2 (RPF/Aorta) and Group 4 (Mikulicz and Systemic) had a low 
proportion of female patients (21%, 26% and 22%, respectively). 
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Table 2 Phenotypic groups of IgG4-RD (derivation cohort)*

Variables used to identify groups†

Group 1
‘Pancreato-Hepato-
biliary’ (%)

Group 2
‘retroperitoneum and 
Aorta’ (%)

Group 3
‘Head and neck-
limited’ (%)

Group 4
‘Mikulicz and systemic’ 
(%) P value

  Pancreas 87 12 15 46 <0.001

  Liver 13 1 2 5 <0.001

  Biliary 55 <1 <1 27 <0.001

  Orbital <1 3 22 <1 <0.001

  Extraocular muscle <1 1 13 4 <0.001

  Sinusitis 3 <1 17 16 <0.001

  Parotid gland 2 1 22 49 <0.001

  Submandibular gland 15 5 50 77 <0.001

  Lacrimal gland 3 3 60 48 <0.001

  Renal 11 13 5 36 <0.001

  Lung 2 15 7 39 <0.001

  Lymph node 15 25 29 67 <0.001

  Prostate 1 <1 <1 14 <0.001

  Thoracic aorta 1 10 1 3 <0.001

  Abdominal aorta 3 22 <1 13 <0.001

  Retroperitoneum 4 53 2 8 <0.001

Proportion of cohort 31 24 24 22

Average probability (Mean) 93 92 90 90

*Only cases (n=478) with complete covariate data are included in the latent class analysis with covariates.
†All percentages are probabilities that the manifestation occurs in that group, conditional on latent class membership (eg, totals will not equal 100%).
IgG4-RD, IgG4-related disease.

Figure 1 Distribution of organ involvement in each group (% of overall cohort). EOM, extraocular muscle; Lad, lymphadenopathy.

The adjusted ORs for female patients being in Group 3 vs 
Groups 1, 2 and 4 were 11.6 (95% CI 5.4 to 25.0), 10.4 (95% 
CI 4.6 to 23.2) and 9.2 (95% CI 3.5 to 24.2), respectively. The 
distribution of race/ethnicity also differed across groups. Propor-
tions of Asian patients in Groups 3 (67%) and 4 (52%) were 
much higher than in Groups 1 (37%) and 2 (25%). The adjusted 
ORs for Asians being in Group 3 vs Groups 1, 2 and 4 were 6.7 
(95% CI 2.8 to 15.8), 7.4 (95% CI 3.0 to 18.6) and 6.3 (95% 
CI 2.3 to 17.3), respectively (table 4). Mean age at diagnosis was 
younger in Groups 3 than in the other three clusters (p<0.001) 

but patients in Group 3 tended to have a longer time to diagnosis 
than those in Groups 1 and 2 (p<0.001), respectively.

Serum IgG4 concentrations also differed across the four 
groups. Patients in Group 4 (Mikulicz and Systemic) had the 
highest serum IgG4 concentrations (median (IQR) 1170 (520-
2178) mg/dL), followed by Group 3 (Head and Neck-Limited; 
445 (183–888) mg/dL) and Group 1 (Pancreato-Hepato-Bil-
iary; 316 (147–622) mg/dL); those in Group 2 (RPF/Aorta) had 
the lowest serum IgG4 concentrations (178 (63–322) mg/dL). 
Compared with Group 2, for every 100 mg/dL increase in the 
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Table 3 Demographics and key covariates according to IgG4-RD phenotype groups (derivation cohort)

Covariate
Group 1
‘Pancreato-Hepato-biliary’

Group 2
‘retroperitoneum and 
Aorta’

Group 3
‘Head and neck-limited’

Group 4
‘Mikulicz and systemic’

Female (%) 21% 25% 76% 22%

Asian (%) 37% 25% 67% 52%

Age at diagnosis (year, mean, SD) 63 (13) 58 (16) 55 (13) 63 (13)

Time to diagnosis (year, mean, SD) 0.9 (1.8) 1.8 (4.0) 2.3 (3.4) 2.0 (3.6)

Serum IgG4 concentration (mg/dL, median, IQR) 316 (147–622) 178 (63–322) 445 (183–888) 1170 (520–2178)

Table 4 Multivariable logistic regression (adjusted OR, 95% CI) evaluating the odds of belonging to the Head and Neck-Limited group based on 
selected covariates (derivation cohort)

Covariate
‘Head and neck-limited’ versus 
‘Pancreato-Hepato-biliary’

‘Head and neck-limited’ versus 
‘retroperitoneum and Aorta’

‘Head and neck-limited’ versus 
‘Mikulicz and systemic’

Female 11.60 (5.39 to 24.98) 10.35 (4.63 to 23.15) 9.24 (3.53 to 24.20)

Asian 6.68 (2.82 to 15.79) 7.43 (2.97 to 18.56) 6.27 (2.27 to 17.29)

Age at diagnosis (per 5 years) 0.78 (0.67 to 0.89) 0.85 (0.74 to 0.98) 0.80 (0.68 to 0.95)

Time to diagnosis (per year) 1.41 (1.19 to 1.66) 1.14 (1.04 to 1.26) 1.12 (0.99 to 1.25)

Serum IgG4 concentration (per 100 mg/dL) 1.03 (0.96 to 1.11) 1.20 (1.05 to 1.36) 0.90 (0.84 to 0.96)

IgG4-RD, IgG4-related disease.

serum IgG4 concentration, the adjusted OR of being in Group 
3 was 1.2 (95% CI 1.1 to 1.4). In contrast, compared with 
Group 4, the adjusted OR of being in Group 3 was 0.9 (95% CI 
0.84 to 0.96) for every 100 mg/dL increase in the serum IgG4 
concentration.

In a sensitivity analysis, that included only cases that fulfilled 
the proposed 2018 ACR/EULAR Classification Criteria (86% in 
Group 1, 77% in Group 2, 84% in Group 3 and 84% in Group 
4), our results did not change materially.14

Using the replication cohort (online supplementary table 
2), we identified four phenotypic groups with the same organ 
distribution characteristics (online supplementary table 5) as 
those identified using the derivation cohort. As in the deri-
vation cohort, female and Asian patients tended to be in the 
groups characterised by head and neck disease; the Mikulicz 
and Systemic Group had the highest serum IgG4 concentrations 
(online supplementary tables 6 and 7).

dIsCussIOn
Multiorgan diseases such as IgG4-RD pose challenges in aeti-
ological understanding, in part because of their heterogeneous 
manifestations. Using an unbiased approach— latent class anal-
ysis (LCA)—that identifies groups sharing common features, 
we characterised four common phenotypes of IgG4-RD based 
on organ involvement patterns. The groups identified in this 
manner also differed significantly from one another by age, sex, 
race, serum IgG4 concentration and time to diagnosis.

Our results suggest that cases of Asian descent are particu-
larly predisposed to developing IgG4-RD complications in the 
head and neck region and have a predilection for disease limited 
to this region. In contrast, non-Asian cases—predominantly 
Caucasians—have a greater predilection for pancreato-hepatobi-
liary disease and/or retroperitoneal and aorta disease compared 
with Asian patients. It is noteworthy that the first recognition 
of pancreato-hepatobiliary disease associated with IgG4-RD 
occurred in Japan.17 Our findings are the first to imply that the 
distribution of organs affected by IgG4-RD differs between Asian 
and non-Asian cases. Differences observed in variables such as 
race, age and serum IgG4 concentrations across groups suggest 

that genetic or environmental risk factors may differ across 
groups and, perhaps, among Asian and non-Asian patients. 
Given the similar distribution of subspecialists among investi-
gators in this study practicing in Asian and non-Asian countries, 
the observed differences are unlikely to be the result of detection 
or selection biases.

Our observation of race as a potential risk factor for certain 
IgG4-RD manifestations adds to a growing body of literature 
describing potential IgG4-RD risk factors, including tobacco 
and asbestos exposure,18 19 atopic disease20–22 and a history 
of malignancy,23 which may also differ across clusters. For 
instance, a prior study found that tobacco and asbestos expo-
sure were risk factors for ‘idiopathic’ RPF, a common IgG4-RD 
manifestation which tended to be present in Group 2.18 More-
over, our group has identified associations between atopic 
phenotypes and head and neck manifestations22 as well as an 
increased flare risk.21 Future studies should evaluate whether 
certain phenotypes are more likely to have atopic phenotypes 
or other comorbidities.

This multicentre study confirms the findings of earlier, single-
centre studies that cases with multiorgan disease (eg, Group 
4) often have higher serum IgG4 concentrations,3 7 whereas 
RPF cases (eg, Group 2) generally have lower concentrations.3 
Although previous studies have suggested that female patients are 
more likely to have head and neck disease, our findings specify 
that females tend to have disease limited to the head and neck 
rather than systemic disease with head and neck manifestations.7

Time to diagnosis varied across the groups but tended to be 
long, underscoring the persistent challenges in diagnosing IgG4-
RD. The interval between symptom onset and receipt of the 
IgG4-RD diagnosis was nearly 2 years overall but varied from 
approximately 1 year in Group 1 (Pancreato-Hepato-Biliary) 
to over 2 years in Groups 3 (Head and Neck-Limited) and 4 
(Mikulicz and Systemic). Facilitating early diagnosis is critical: 
the observed association between a group with greater number 
of organs affected and a longer diagnostic delay suggests that 
diagnostic delays permit the accrual of additional organ involve-
ment, heightening the risk of permanent organ damage (eg, 
pancreatic insufficiency, renal failure).3–6
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The longer time to diagnoses observed in some groups is 
likely multifactorial in nature. First, important knowledge defi-
cits regarding the existence of this condition—recognised only 
within the last 15 years—persist among medical practitioners. 
Second, for many manifestations, existing criteria that define 
IgG4-RD are weighted heavily to serum IgG4 concentrations and 
the presence of certain pathology findings.24 The forthcoming 
ACR/EULAR Classification Criteria emphasise the importance 
of clinical and radiological features as well as serological and 
pathological findings. These criteria will facilitate the identifica-
tion of patients appropriate for study but will also orient diag-
nostic thinking in a more expansive way.

Our findings suggest other steps that may optimise IgG4-RD 
patient care. The association between higher IgG4 concentra-
tions and more extensive disease (eg, Group 4) suggests that 
in cases with high IgG4 concentrations, one should carefully 
review the case’s history, perform a full physical examination, 
and consider advanced imaging (eg, CT) to identify other organ 
involvement when disease seems isolated to a single organ.

Our study has several strengths. We used an unbiased approach 
to analyse two of the largest IgG4-RD cohorts representing a 
wide disease spectrum assembled through an international 
collaboration of experts from a variety of specialties. Investiga-
tors were encouraged to include all cases that they considered 
to have IgG4-RD, regardless of whether the case fulfilled previ-
ously published diagnostic or classification criteria. Moreover, 
we replicated the four phenotypes and other observations identi-
fied from one cohort in the second cohort, indicating the robust-
ness of our results.

Despite these strengths, our study has certain limitations. 
First, some manifestations known to occur infrequently (eg, 
hypophysitis) were rarely reported in this cohort, limiting our 
ability to describe their distribution across the groups. Second, 
this was a cross-sectional study in which cases were reported for 
the purposes of validating IgG4-RD classification criteria. Thus, 
the assessment of cases was not standardised such that the use of 
advanced imaging and certain laboratory tests likely varied by 
investigator. Moreover, we cannot rule out the potential effect 
of selection bias on our findings regarding race. However, there 
was no difference in the distribution of subspecialists between 
Asian and non-Asian countries, we encouraged investigators to 
submit all cases which they considered to be IgG4-RD regard-
less of whether they had fulfilled previous criteria, our findings 
remained unchanged when we limited our analysis to cases 
fulfilling the proposed ACR/EULAR Classification Criteria;, 
and there was no difference in the distribution of diagnostic 
confidence between investigators from Asian and non-Asian 
countries. Third, we had few cases of Asian descent evaluated 
in non-Asian countries so we are unable to meaningfully discern 
the relative impact of environment as opposed to race on our 
findings. Fourth, participation by investigators with expertise 
in IgG4-RD at academic centres may limit the generalisability 
of our findings. However, this is a relatively rare disease that 
is often diagnosed and/or managed by clinicians like those who 
participated in this study. We therefore suspect that we captured 
the wide range of disease likely to be encountered by physicians 
in a variety of settings. Fifth, while we replicated the pheno-
types observed in our derivation cohort, the small sample size of 
our replication cohort limited our ability to detect some of the 
differences observed in multivariable analyses of the derivation 
cohort.

In conclusion, we have described four distinctive phenotypes 
of IgG4-RD according to the distribution of organ involvement. 
In addition to differences in organ involvement, these groups 

also differed by race, age, time to diagnosis, sex and serum IgG4 
concentration. Differences in genetic and environmental risk 
factors associated with each group may explain these observa-
tions. These phenotypes may be used by clinicians to improve 
recognition of IgG4-RD. These findings form the basis of further 
investigations designed to understand these factors in greater 
detail.
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Key messages 

What is already known about this subject?
 ► Preclinical studies of human osteoarthritis 
(OA) and mouse models suggested that 
interleukin-1α (IL-1α) and IL-1β were potential 
mediators of synovitis, cartilage damage, and 
bone loss in patients with erosive hand OA 
(HOA). Lutikizumab is a dual variable domain 
immunoglobulin (DVD-Ig) that binds and 
neutralises both IL-1α and IL-1β.

What does this study add?
 ► In this phase 2a, randomised, double-blind 
study in patients with erosive HOA, treatment 
with lutikizumab, versus placebo, did not result 
in significantly better improvements in hand 
joint pain, despite adequate neutralization of 
IL-1α and IL-1β.

 ► Besides hand pain, other symptomatic, 
functional, and structural efficacy endpoints 
were not significantly different for erosive 
HOA patients treated with lutikizumab versus 
placebo.

 ► Injection site reactions, neutropenia, and 
discontinuations because of AEs were more 
frequent with lutikizumab compared with 
placebo.

How might this impact on clinical practice?
 ► Targeting IL-1 may not be effective for the 
treatment of erosive HOA.

AbsTrACT
Objective To assess the efficacy, safety, 
pharmacokinetics and pharmacodynamics of the 
anti-interleukin (il)-1α/β dual variable domain 
immunoglobulin lutikizumab (aBT-981) in erosive hand 
osteoarthritis (HOa).
Methods Patients with ≥1 erosive and ≥3 tender and/
or swollen hand joints were randomised to placebo or 
lutikizumab 200 mg subcutaneously every 2 weeks for 24 
weeks. The primary endpoint was change in australian/
Canadian Osteoarthritis Hand index (aUsCan) pain 
subdomain score from baseline to 16 weeks. at baseline 
and week 26, subjects had bilateral hand radiographs 
and MRi of the hand with the greatest number of 
baseline tender and/or swollen joints. Continuous 
endpoints were assessed using analysis of covariance 
models, with treatment and country as main factors and 
baseline measurements as covariates.
results Of 132 randomised subjects, 1 received no 
study drug and 110 completed the study (placebo, 61/67 
(91%); lutikizumab, 49/64 (77%)). aUsCan pain was not 
different among subjects treated with lutikizumab versus 
placebo at week 16 (least squares mean difference, 
1.5 (95% Ci –1.9 to 5.0)). Other clinical and imaging 
endpoints were not different between lutikizumab 
and placebo. lutikizumab significantly decreased 
serum high-sensitivity C reactive protein levels, il-1α 
and il-1β levels, and blood neutrophils. lutikizumab 
pharmacokinetics were consistent with phase i studies 
and not affected by antidrug antibodies. injection site 
reactions and neutropaenia were more common in the 
lutikizumab group; discontinuations because of adverse 
events occurred more frequently with lutikizumab (4/64) 
versus placebo (1/67).
Conclusion Despite adequate blockade of il-1, 
lutikizumab did not improve pain or imaging outcomes in 
erosive HOa compared with placebo.

InTrOduCTIOn
Hand osteoarthritis (HOA) is highly prevalent, espe-
cially among women and the elderly.1 2 Erosive HOA, 
characterised by pain, swelling, interphalangeal 
joint inflammation and central erosions,3 4 can result 
in substantial disability.5–7 Treatments are limited8 
to topical and oral non-steroidal anti-inflammatory 

drugs (NSAIDs) to relieve pain9; there are no 
disease-modifying OA drugs that prevent structural 
damage.8 9 Antitumour necrosis factor (anti-TNF) 
therapies in patients with erosive HOA failed to 
demonstrate significant pain relief but did slow 
structural progression of inflamed joints.10 11 A 
randomised, placebo-controlled study (Hydroxy-
chloroquine Effectiveness in Reducing symptoms of 
hand Osteoarthritis (HERO)) showed no significant 
symptomatic or radiographic efficacy for hydroxy-
chloroquine in patients with severe HOA.12 The 
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efficacy of intra-articular steroid injections has been equivocal in 
patients with HOA.13

Inflammatory cytokines such as interleukin-1 (IL-1) may be 
involved in the pathogenesis of OA.14 15 IL-1α and IL-1β bind 
to the IL-1 type 1 receptor (IL-1R1), leading to the produc-
tion of proinflammatory molecules, proteases and other medi-
ators,16 17 which result in joint pain, inflammation and cartilage 
destruction.15 IL-1 is also present in the bone,18 where it plays 
an important role in bone resorption.18–20 In a rabbit model, 
production of transfected exogenous IL-1 receptor antagonist 
(IL-1Ra) reduced the severity of induced knee OA lesions.21 In 
clinical trials, an IL-1Ra drug (anakinra)22 and an antibody (AMG 
108) that blocks the IL-1R123 were generally well tolerated, but 
did not significantly improve symptoms in patients with knee 
OA. However, in contrast to knee OA,24 erosive HOA is asso-
ciated with an IL-1β gene polymorphism,25 and in a case series 
(n=3) anakinra markedly improved pain in patients with erosive 
HOA,26 implying that inhibition of IL-1 might be beneficial.

Lutikizumab (ABT-981), a novel human dual variable 
domain immunoglobulin (DVD-Ig), simultaneously binds and 
inhibits IL-1α and IL-1β without interfering with other human 
IL-1 family members including IL-1Ra.27 In a mouse model, 
a mouse anti-IL-1α/β DVD-Ig reduced OA progression28 and 
increased the threshold for evoked pain29 more than inhi-
bition of either IL-1α or IL-1β alone. In a phase I multiple 
ascending-dose study in subjects with knee OA, lutikizumab 
was generally well tolerated and associated with expected 
pharmacodynamic effects, including reductions in neutrophils, 
high-sensitivity C reactive protein (hsCRP) and reductions in 
markers of synovitis (matrix metalloproteinase (MMP)-de-
graded collagen type III (C3M), MMP-generated fragment of 
CRP (CRPM) and MMP-degraded collagen type 1 (C1M)).30 
The objective of the current study was to determine the clin-
ical and structural efficacy, safety, pharmacokinetics and phar-
macodynamics of lutikizumab in patients with erosive HOA.

MeTHOds
study design
The design of this phase IIa, randomised, double-blind, 
placebo-controlled, parallel-group study (NCT02384538; 
EudraCT 2014-001096-31) in patients with erosive HOA 
(online supplementary figure 1) was based on the recommen-
dations of an Osteoarthritis Research Society International 
(OARSI) task force.31 All subjects provided informed consent. 
After a screening and washout period of approximately 45 
days, subjects were randomised 1:1 to placebo or lutikizumab 
200 mg subcutaneously every 2 weeks for 24 weeks (13 injec-
tions) using stratification by country (online supplementary 
methods).

subjects
Adult patients 35–80 years diagnosed with HOA and fulfilling 
the American College of Rheumatology criteria32 were eligible. 
Key inclusion criteria included active inflammation (ie, ≥3 
tender and/or swollen interphalangeal joints), subject-rated hand 
pain ≥6 (11-point Numeric Rating Scale (NRS-11), 0–10), and 
radiographic evidence of ≥1 interphalangeal joint defined by 
Verbruggen et al33 as erosive (E; subchondral plate eroded) or 
erosive/remodelling (E/R; new irregular sclerotic subchondral 
plates with intervening space in a part of the joint). Radiographs 
were centrally scored by CP for eligibility. Subjects had to have 
discontinued use of analgesics, NSAIDs and nutraceuticals 
(online supplementary methods).

Key exclusion criteria included previous anti-IL-1 treatment; 
corticosteroid use within 1 month before screening; immunosup-
pressive therapy within 1 month (biologic) or 3 months (conven-
tional) or 5 half-lives, whichever was longer, before beginning 
the study drug; colchicine within 1 month before beginning the 
study drug; diagnosis of fibromyalgia, inflammatory arthritis, 
gout, pseudogout, secondary OA, psoriatic arthritis or psoriasis; 
active or latent, untreated tuberculosis; and evidence of prema-
lignant dysplasia or history of malignancy within 5 years, except 
successfully treated non-metastatic cutaneous squamous cell, 
basal cell carcinoma or localised carcinoma in situ of the cervix. 
Patients with a positive hepatitis A, B or C virus and HIV test 
were excluded with evidence of active infection (vs past infec-
tion) or history of HIV.

efficacy
The primary endpoint was change from baseline to 16 weeks 
in the Australian/Canadian Osteoarthritis Hand Index score 
(AUSCAN V.3.1; NRS-11, range 0–50 pain subdomain score) 
(online supplementary methods).34 A key secondary endpoint 
was change from baseline to 26 weeks in AUSCAN function 
subdomain score (NRS-11, range 0–90).34 Key exploratory 
endpoints included change from baseline to 26 weeks in swollen 
and tender joint counts (each totalling 0–30 for metacarpopha-
langeal, proximal interphalangeal, distal interphalangeal, first 
interphalangeal and first carpometacarpal joints in both hands), 
structural bone and joint damage by radiography, and synovitis, 
erosive damage, cartilage space loss and bone marrow lesions 
by MRI (online supplementary figure 1, online supplementary 
methods). To assess structural damage, at baseline and week 26, 
subjects had radiography of both hands and MRI of the hand 
with the largest number of tender and/or swollen joints at base-
line (index hand). Radiographs were scored according to a modi-
fied Verbruggen-Veys method,35 the OARSI atlas36 and a modified 
Kellgren-Lawrence Scale.37 38 MRIs were scored using a modified 
Outcome Measures in Rheumatology/Hand Osteoarthritis MRI 
Scoring system (OMERACT/HOAMRIS).39

Central readers, independent of AbbVie, separately scored 
(online supplementary table 1) the radiographs (IKH and FK) 
and the MRIs (CP and Yan Chen, Spire Sciences). Scores of 
the pairs of readers were averaged for both radiographic and 
MRI analyses. However, if an adjudicator score was available 
(online supplementary table 2), it was substituted for both 
radiographic and MRI analyses instead of an average score. 
Discrepancies between readers in radiographic change scores 
above a predefined threshold were adjudicated by a third 
independent reviewer (Gust Verbruggen, Ghent University 
Hospital). The top 10% of discrepancies in scores between 
readers for each feature of the OMERACT/HOAMRIS readings 
were adjudicated by consensus review to identify and correct 
potential input errors. All radiographic and MRI scoring were 
blinded to examination chronology and subject and clinical 
characteristics.

rescue medication
Subjects could take acetaminophen (maximum, 3000 mg/day) as 
rescue medication during the washout period through week 16 
or acetaminophen (maximum, 3000 mg/day) and/or ibuprofen 
(maximum, 1200 mg/day) during weeks 16–26 for breakthrough 
hand pain. Rescue medication was requested to be stopped 48 
hours before clinical outcome assessments at baseline and at each 
biweekly clinic visit.
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Table 1 Demographics and baseline disease characteristics

Characteristics Placebo (n=67) Lutikizumab (n=64)

Age, years, mean±SD 66±7 66±8

Female, n (%) 58 (87) 53 (83)

Race, n (%) 

  White 66 (99) 63 (98)

  Black 1 (1) 0

  Asian 0 1 (2)

BMI, kg/m2, mean±SD 28±5 27±5

OA duration, years 

  Mean±SD 11±8 11±9

  Median (range) 8.5 (0.4–37.5) 7.4 (0.1–34.5)

Prior NSAID use, n (%) 35 (52) 36 (56)

Prior opioids use, n (%) 1 (1) 2 (3)

AUSCAN pain (full scale, 0–50), mean±SD* 39±7 38±6

AUSCAN function (full scale, 0–90), mean±SD* 69±15 71±13

Tender joints, both hands (full scale, 0–30), mean±SD* 12±6 12±7

Swollen joints, both hands (full scale, 0–30), mean±SD* 6±5 6±5

Verbruggen-Veys radiographic erosive joints, both hands (full scale, 0–16), mean±SD† 2±2 3±2

Kellgren-Lawrence score, both hands (full scale, 0–80), mean±SD‡ 42±13 46±13

OARSI JSN, both hands (full scale, 0–58), mean±SD§ 29±10 32±9

OARSI osteophytes, both hands (full scale, 0–58), mean±SD§ 23±11 26±10

HOAMRIS synovitis, index hand (sum score, 0–52.5), mean±SD¶** 11±5 10±4

HOAMRIS erosive damage, index hand (sum score, 0–52.5), mean±SD¶** 18±10 18±9

HOAMRIS BML, index hand (sum score, 0–52.5), mean±SD¶** 7±6 5±5

HOAMRIS cartilage space loss, index hand (sum score, 0–45), mean±SD¶** 14±7 15±7

Joints with synovitis by MRI, index hand (full scale, 0–15), mean±SD¶** 9±3 8±3

ANC, ×109/L, mean±SD 3.8±1.0 4.1±1.6

hsCRP, mg/L 

  Mean±SD 4.1±6.6 4.4±8.0

  Median (range) 1.8 (0.2–44.5) 1.8 (0.3–53.7)

*Placebo: n=66.
†Defined by Verbruggen et al,33 erosive phase+erosive with remodelling phase. Measured in DIP joints 2–5 and PIP joints 2–5.
‡Measured in DIP joints 2–5, PIP joints 2–5, CMC joint of the thumb and IP joint of the thumb.
§Measured in DIP joints 2–5, PIP joints 2–5, MCP joints 1–5, CMC joint of the thumb, IP joint of the thumb and STT joint.
¶Measured in DIP joints 2–5, PIP joints 2–5, MCP joints 1–5, CMC joint of the thumb and IP joint of the thumb.
**Placebo: n=63; lutikizumab: n=59.
STT, scaphotrapeziotrapezoid.ANC, absolute neutrophil count; AUSCAN, Australian/Canadian Osteoarthritis Hand Index; BMI, body mass index; BML, bone marrow lesions; CMC, carpometacarpal; 
DIP, distal interphalangeal; HOAMRIS, Hand Osteoarthritis MRI Scoring system; IP, interphalangeal; JSN, joint space narrowing; MCP, metacarpophalangeal; NSAID, non-steroidal anti-inflammatory 
drug; OA, osteoarthritis; OARSI, Osteoarthritis Research Society International; PIP, proximal interphalangeal; hsCRP, high-sensitivity C reactive protein.

Pharmacokinetics
Blood samples were taken at baseline and throughout the 26 weeks 
to assess lutikizumab levels and antidrug antibody responses to 
lutikizumab (online supplementary methods).

Target engagement and pharmacodynamics
To measure target engagement, IL-1α and IL-1β serum levels 
were measured at baseline and weeks 2 and 4. Pharmacodynamic 
measures included absolute neutrophil counts (ANCs) at baseline 
and every 2 weeks thereafter, serum hsCRP measured at baseline 
and weeks 2, 4, 6, 8, 12, 16, 20 and 26, and serum C1M, C3M, 
CRPM, hyaluronic acid, N-propeptide of collagen IIA (PIIANP), 
and C-terminal telopeptide fragments of type I collagen (CTX-I) 
and urine CTX-II (corrected for urine creatinine) measured at base-
line and weeks 4, 16 and 26 (see online supplementary methods 
for assay methods).

safety
Adverse events (AEs), vital signs, physical examinations and labo-
ratory data were assessed throughout the study (online supplemen-
tary methods).

statistical analyses
Sample size was determined based on the primary efficacy variable, 
change from baseline in AUSCAN pain subdomain score. In published 
HOA and erosive HOA studies, the mean baseline AUSCAN pain 
score ranged from 23 to 33,10 40–42 and the SD of change from base-
line in these scores ranged from 6.7 to 14.10 40 42 43 The sample size 
per group (n=60) was estimated using 10% inflation to account for 
possible dropouts, with 80% power at α=0.05, assuming SD=10 
and based on a two-sided, two-sample t-test for detecting a differ-
ence of 5.4 (20%) between lutikizumab and placebo.

Efficacy was analysed in a modified intent-to-treat population 
comprising randomised subjects who received ≥1 dose of the 
study drug (online supplementary methods). Continuous efficacy 
endpoints were assessed using analysis of covariance models, with 
treatment and country as main factors and baseline measurements 
as covariates. Last observation carried forward (LOCF) imputa-
tion was used for the primary endpoint; observed cases were used 
for other endpoints. Sensitivity analysis using a mixed model that 
assumed randomly missing data revealed only modest differences 
from LOCF, with no impact on the conclusions (data not shown). 
The safety analysis set included subjects who received ≥1 dose of 
the study drug per treatment assignment.
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Figure 1 LS mean change from baseline in AUSCAN pain over time 
(A) and LS mean change from baseline in AUSCAN function over time 
(B). Last observation carried forward imputation was used for analysis 
when values were missing. All comparisons of lutikizumab versus 
placebo were not significant using an analysis of covariance adjusted 
for treatment group and country as factors, and including baseline value 
as a covariate. AUSCAN, Australian/Canadian Osteoarthritis Hand Index; 
LS, least squares.

resuLTs
subjects
In this study, 558 patients were screened, 132 randomised and 
131 treated, from 29 April 2015 to 13 July 2016. The most 
common reasons for exclusion were absence of erosions, hand 
pain <6 and laboratory abnormalities (online supplementary 
table 3). Of treated subjects, 61 of 67 (91%) who received 
placebo and 49 of 64 (77%) who received lutikizumab completed 
the study (online supplementary figure 2). In the placebo group, 
1 of 67 (1%) and in the lutikizumab group 4 of 64 (6%) subjects 
discontinued from the study because of AEs. Demographic and 
baseline characteristics were well matched between treatment 
groups (table 1).

efficacy
Pain, function and joint symptoms
The primary efficacy endpoint, least squares (LS) mean (95% CI) 
change from baseline in AUSCAN pain at 16 weeks, was similar 
for placebo (−10.7 (–15.4 to –6.0)) and lutikizumab (−9.2 (−13.8 
to –4.6)) (LS mean difference (95% CI), 1.5 (–1.9 to 5.0); LOCF; 
figure 1A). At 16 weeks, the LS mean (95% CI) change from base-
line in AUSCAN function was −17.2 (–24.9 to –9.4) for placebo 
and −14.6 (–22.1 to –7.1) for lutikizumab (LS mean difference 
(95% CI), 2.5 (−3.2 to 8.3); LOCF; figure 1B). Changes from 
baseline at other time points in AUSCAN pain (figure 1A) and 
function (figure 1B) were similar in subjects treated with lutiki-
zumab compared with placebo. The LS mean change from baseline 
in tender and swollen joint counts at week 26 was similar between 
placebo and lutikizumab (table 2). Other efficacy outcomes (pain, 
stiffness, grip strength and patient-reported outcomes) were also 
not different between the placebo and lutikizumab groups (online 
supplementary table 4).

Imaging
Changes from baseline in radiographic evidence of erosive 
joints (new E, E/R or R phase) and total score, as defined by 
Verbruggen et al and Verbruggen and Veys et al,33 35 were similar 
with lutikizumab and placebo at 26 weeks (figure 2A; table 2). 
Similar results were observed when using the Kellgren-Law-
rence37 and OARSI scoring systems (figure 2A; table 2). MRI 
changes from baseline using the OMERACT/HOAMRIS system 
were not statistically significantly different for lutikizumab 
compared with placebo (figure 2B; table 2).

rescue medication use
Rescue medication use was similar between the treatment groups 
(online supplementary results). In a post-hoc analysis, there was 
no significant impact of disease symptom flares due to discon-
tinuing NSAID use during the screening (washout) period, prior 
to enrolment and randomisation, on the primary endpoint of 
change from baseline to 16 weeks in AUSCAN pain. However, 
among subjects treated with lutikizumab, the magnitude of 
change in the primary endpoint was numerically but not statisti-
cally greater among subjects who were not using NSAIDs at the 
time of screening compared with subjects using NSAIDs at the 
time of screening.

Pharmacokinetics
The mean serum concentrations of lutikizumab collected at the 
week 6 visit or later remained constant, suggesting attainment of 
steady-state lutikizumab serum levels at approximately twofold 
higher than concentrations collected at the week 2 visit, which is 
consistent with the observed half-life and accumulation ratio in 
phase I studies.30 The number of subjects with antilutikizumab 
antibodies at one or more study visits was 4 of 67 (6%) with 
placebo and 9 of 64 (14%) with lutikizumab. The magnitude of 
antilutikizumab antibody response was low and did not appear 
to impact the pharmacokinetic behaviour of lutikizumab.

Target engagement and pharmacodynamics
Lutikizumab treatment compared with placebo was associated 
with significant reductions in serum IL-1α and IL-1β levels, 
although serum levels of both cytokines were low and below the 
limits of quantification for some subjects (online supplementary 
figure 3 and online supplementary table 5). Lutikizumab signifi-
cantly decreased the levels of neutrophils, hsCRP and serum 
C1M compared with placebo (figure 3). Serum C3M, CRPM 
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Table 2 LS mean change from baseline to week 26 in scores for secondary or exploratory efficacy endpoints

endpoint (full scale), mean (95% CI) Placebo Lutikizumab

Ls mean (95% CI) 
difference
Lutikizumab–placebo

P values
Lutikizumab vs 
placebo*

Tender joints, both hands (0–30) −4.7 (−7.1 to −2.3) n=65 −5.8 (−8.2 to −3.3) n=59 −1.07 (−3.19 to 1.06) 0.32

Swollen joints, both hands (0–30) −1.8 (−3.5 to −0.2) n=65 −2.2 (−3.9 to 0.5) n=59 −0.35 (−1.82 to 1.13) 0.64

Verbruggen-Veys new radiographic erosive joints vs baseline, both hands (0–16)† 0.26 (0.10 to 0.42) n=61 0.18 (0.02 to 0.35) n=52 −0.07 (0.22 to 0.08) 0.33

Kellgren-Lawrence score, both hands (0–80)‡ 0.13 (−0.25 to 0.50) n=61 0.10 (−0.28 to 0.48) n=52 −0.03 (−0.38 to 0.32) 0.87

OARSI JSN, both hands (0–58)§ 0.14 (−0.23 to 0.51) n=61 0.03 (−0.35 to 0.40) n=52 −0.11 (−0.46 to 0.23) 0.51

OARSI osteophytes, both hands (0–58)§ 0.25 (−0.05 to 0.55) n=61 0.14 (−0.17 to 0.45) n=52 −0.11 (−0.39 to 0.17) 0.45

HOAMRIS synovitis, index hand (sum score; 0–52.5)¶ 0.92 (−0.05 to 1.88) n=55 0.85 (−0.16 to 1.86) n=47 −0.07 (−1.01 to 0.87) 0.89

HOAMRIS erosive damage, index hand (sum score; 0–52.5)¶ 0.26 (−1.01 to 1.53) n=55 0.10 (−1.22 to 1.43) n=47 −0.16 (−1.39 to 1.08) 0.80

HOAMRIS BML, index hand (sum score; 0–52.5)¶ 0.11 (−1.61 to 1.38) n=55 0.44 (−0.87 to 1.76) n=48 0.33 (−0.92 to 1.58) 0.60

HOAMRIS cartilage space loss, index hand (0–45)¶ 0.29 (−0.30 to 0.89) n=55 0.46 (−0.16 to 1.09) n=47 0.17 (−0.41 to 0.75) 0.56

Joints with synovitis by MRI, index hand (0–15)¶ 0.46 (−0.20 to 1.11) n=55 0.54 (−0.14 to 1.23) n=47 0.09 (−0.55 to 0.73) 0.79

*P values are from an ANCOVA adjusted for treatment group and country as factors, and including baseline value as a covariate.
†Defined by Verbruggen et al33 as joints that entered the erosive, erosive with remodelling or remodelling phase but were normal, stationary or only starting to lose joint space at baseline. 
Measured in DIP joints 2–5 and PIP joints 2–5.
‡Measured in DIP joints 2–5, PIP joints 2–5, CMC joint of the thumb and IP joint of the thumb.
§Measured in DIP joints 2–5, PIP joints 2–5, MCP joints 1–5, CMC joint of the thumb, IP joint of the thumb and STT joint.
¶Measured in DIP joints 2–5, PIP joints 2–5, MCP joints 1–5, CMC joint of the thumb and IP joint of the thumb.
ANCOVA, analysis of covariance model; BML, bone marrow lesions; CMC, carpometacarpal; DIP, distal interphalangeal; HOAMRIS, Hand Osteoarthritis MRI Scoring system; IP, interphalangeal; JSN, 
joint space narrowing; LS, least squares; MCP, metacarpophalangeal; OARSI, Osteoarthritis Research Society International; PIP, proximal interphalangeal; STT, scaphotrapeziotrapezoid.

and CTX-I were also reduced, although less robustly, in subjects 
treated with lutikizumab compared with placebo (online supple-
mentary table 6). Changes in serum hyaluronic acid, serum 
PIIANP and urine CTX-II (corrected for urine creatinine) were 
similar in the lutikizumab and placebo treatment groups.

safety
Similar proportions of subjects receiving placebo or lutikizumab 
experienced an AE or a serious AE during the study (table 3). 
There were no serious infections during the study. Significantly 
more subjects in the lutikizumab treatment group had injection 
site reactions and neutropaenia (which was not associated with 
an increased rate of infection) compared with the placebo group.

Two subjects who received lutikizumab discontinued study 
treatment because of neutropaenia. One woman (aged 65 
years) had a baseline ANC of 3.07×109/L, which decreased 
to 0.89×109/L after 15 days of treatment, at which time she 
discontinued lutikizumab. Another woman (aged 56 years) had 
a baseline ANC of 2.18×109/L, which decreased to 1.28×109/L 
after 29 days of treatment, at which time she discontinued 
lutikizumab.

There were significant mean reductions from baseline to final 
visit in neutrophil counts (figure 3B), platelet counts, white 
blood cell counts and alkaline phosphatase and increases in 
high-density lipoprotein cholesterol with lutikizumab but not 
placebo (online supplementary table 7). The mean low-density 
lipoprotein cholesterol (LDL-C) levels increased significantly 
from baseline with lutikizumab compared with placebo. Except 
for neutrophil counts and a single triglyceride level that was 
grade 3, the laboratory changes were all grade 1. Grade 2 and 
3 laboratory neutropaenia events occurred in 14% and 5% of 
subjects, respectively, in the lutikizumab group and no subjects 
in the placebo group; there were no grade 4 neutropaenia events 
(table 3).

dIsCussIOn
In the present study, treatment with lutikizumab 200 mg was not 
significantly different from placebo for any efficacy endpoints. 
Lutikizumab had no effect on pain and function. Subjects 
treated with lutikizumab compared with placebo had similar 

radiographic progression by several measures, and the small 
differences were likely not clinically significant. These results 
suggest that targeting IL-1 may be ineffective in erosive HOA, 
in agreement with clinical studies in knee OA22 23 44 and a recent 
mouse study.45

It is unlikely that the lack of a lutikizumab treatment effect was 
due to insufficient levels of inflammation, because study subjects 
had moderate to severe levels of inflammation confirmed by 
tender and/or swollen interphalangeal joints and the presence 
of synovitis on MRI. Furthermore, the absence of a significant 
treatment effect could not be attributed to a lack of drug expo-
sure, as lutikizumab serum levels were stable over time, and anti-
drug antibodies had no notable impact on the pharmacokinetics 
of lutikizumab, although drug levels in the local environment 
of the interphalangeal joints were not assessed. Additionally, 
lutikizumab markedly affected IL-1 levels and pharmacodynamic 
measures associated with inhibition of IL-1 (neutrophil counts 
and hsCRP levels). Furthermore, reductions in neutrophil counts 
and hsCRP were similar to those seen in a study of an IL-1R1 
blocking antibody (AMG 108).23 Finally, data from a dose-range 
finding study of lutikizumab 25, 100 and 200 mg in subjects 
with knee OA strongly suggested that a dose of 200 mg every 2 
weeks produced serum levels of lutikizumab that had maximal 
pharmacodynamic effects.44

Discontinuations due to AEs, neutropaenia and injection site 
reactions were more common with lutikizumab compared with 
placebo. AEs partly explain the higher overall discontinuation 
rate with lutikizumab; however, other unknown factors may 
have had a role. Reductions in neutrophil counts were not asso-
ciated with increased rates of infection. These results are consis-
tent with studies of other IL-1 inhibitors.23 46 47 LDL-C increased 
modestly on average with lutikizumab, as noted with other IL-1 
inhibitors.48 49

Studies with other anti-inflammatory therapies have shown 
mixed results in erosive HOA. At least six studies have reported 
on the efficacy of anti-TNF agents in erosive HOA. In a 1-year, 
randomised, double-blind study (N=90), subcutaneous etaner-
cept was not superior to placebo on a visual analogue pain scale at 
24 weeks.11 However, in patients with more pronounced inflam-
matory symptoms who completed the study, etanercept was 
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Figure 2 Assessment of radiographic endpoints (A) and MRI 
endpoints using the Outcome Measures in Rheumatology Clinical Trials/
Hand Osteoarthritis MRI Scoring system (HOAMRIS) (B). *Defined 
by Verbruggen et al33 as joints that entered the erosive, erosive with 
remodelling or remodelling phase but were normal, stationary or only 
starting to lose joint space at baseline. P values for lutikizumab versus 
placebo are from an analysis of covariance model adjusted for age 
group and Kellgren-Lawrence score as factors, and including baseline 
value as a covariate. BML, bone marrow lesions; JSN, joint space 
narrowing; LS, least squares; OARSI, Osteoarthritis Research Society 
International.

Figure 3 Mean hsCRP levels (A), neutrophil counts (B) and C1M 
levels (C) over time. *P<0.05, †P<0.01, ‡P<0.001, for lutikizumab 
versus placebo, one-way analysis of variance. C1M, metalloproteinase-
degraded type I collagen; hsCRP, high-sensitivity C reactive protein.

Table 3 Safety results

Ae, n (%) Placebo (n=67)
Lutikizumab 
(n=64)

Any AE 59 (88) 58 (91)

Any SAE 2 (3) 2 (3)

AE leading to discontinuation 2 (3) 5 (8)

Neutropaenia leading to discontinuation 0 2 (3)

Death 0 0

Infection 34 (51) 26 (41)

Serious infection 0 0

Injection site reaction 11 (16) 23 (36)

Laboratory abnormality, n (%) 

Neutropaenia (grade 2, 3 or 4) 0 12 (19)

  Grade 2: 1 to <1.5 ×109/L 0 9 (14)

  Grade 3: 0.5 to <1 ×109/L 0 3 (5)

  Grade 4:<0.5 ×109/L 0 0

Hypertriglyceridaemia (grade 3 or 4) 0 1 (2)

  Grade 3: >5.7 to 11.4 mmol/L 0 1 (2)

Grades for laboratory abnormalities were defined by Common Toxicity Criteria.
AE, adverse event; SAE, serious adverse event.

superior compared with placebo on pain and radiographically 
assessed structural damage.11 In a 1-year, randomised, double-
blind study (N=60), no difference in erosive progression was 
seen after 12 months between groups who received adalimumab 
40 mg subcutaneously every 2 weeks or placebo. However, in a 
post-hoc analysis, adalimumab was associated with significantly 
less erosive progression than placebo in patients with joints with 
soft-tissue swelling.10 In two other randomised, double-blind 
studies, adalimumab did not improve pain and other outcomes 
compared with placebo.50 51 In a single-blind study, 10 patients 
received monthly injections of infliximab or saline into affected 
joints (opposite hands in each patient). After 12 months of treat-
ment, pain was significantly reduced by infliximab; radiographic 
lesion progression was reduced but not statistically different 
compared with saline.52 A 12-week, open-label study (N=12) 
with adalimumab suggested modest clinical efficacy.53

The strengths of the current study include its stringent enrol-
ment of only patients with moderate to severe inflammation and 
the measurement of efficacy, multiple imaging scoring systems, 
and pharmacodynamics in the same subjects. However, several 
inherent limitations may have affected the findings. More than 

26 weeks may have been needed to observe a structural effect of 
lutikizumab in patients with erosive HOA and to detect related 
pain and function improvement. Although pharmacodynamic 
measures such as the ANC suggest that IL-1 levels were maxi-
mally suppressed in the circulation by 200 mg of lutikizumab 
every 2 weeks,44 we did not measure hand joint synovial fluid 
levels of lutikizumab, IL-1α and/or IL-1β; therefore, IL-1α and 
IL-1β concentrations may not have been reduced locally in the 
joint to a level that improved pain and function or showed 
radiographic evidence of structural improvement. In addition, 
we have no adequate explanation for the low use of NSAIDs 
or analgesics, given the high average level of pain in patients at 
baseline.

In conclusion, despite adequate systemic lutikizumab phar-
macodynamic effects, lutikizumab did not significantly improve 
clinical outcomes or imaging outcomes in patients with erosive 
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HOA, compared with placebo, suggesting that targeting IL-1 
may be ineffective for the treatment of erosive HOA.
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Key messages

What is already known about this subject?
 ► Abnormalities of cellular arginine-metabolising 
enzymes, arginases, have been associated with 
multiple diseases, but its potential contribution 
to osteoarthritis pathogenesis has not been 
clearly elucidated.

What does this study add?
 ► We demonstrate that arginase II (Arg-II), which 
is upregulated in osteoarthritic cartilage tissue, 
regulates osteoarthritis pathogenesis in mice 
by modulating the expression levels of matrix-
degrading enzymes in chondrocytes.

How might this impact on clinical practice or 
future developments?

 ► Arg-II could be a therapeutic target in efforts to 
combat osteoarthritis pathogenesis.

AbsTrACT
Objective osteoarthritis (oa) appears to be 
associated with various metabolic disorders, but the 
potential contribution of amino acid metabolism to 
oa pathogenesis has not been clearly elucidated. 
Here, we explored whether alterations in the amino 
acid metabolism of chondrocytes could regulate oa 
pathogenesis.
Methods expression profiles of amino acid metabolism-
regulating genes in primary-culture passage 0 mouse 
chondrocytes were examined by microarray analysis, 
and selected genes were further characterised in mouse 
oa chondrocytes and oa cartilage of human and 
mouse models. experimental oa in mice was induced 
by destabilisation of the medial meniscus (DMM) or 
intra-articular (ia) injection of adenoviruses expressing 
catabolic regulators. The functional consequences of 
arginase ii (arg-ii) were examined in Arg2−/− mice 
and those subjected to ia injection of an adenovirus 
encoding arg-ii (ad-arg-ii).
results The gene encoding arg-ii, an arginine-
metabolising enzyme, was specifically upregulated in 
chondrocytes under various pathological conditions 
and in oa cartilage from human patients with oa 
and various mouse models. adenovirus-mediated 
overexpression of arg-ii in mouse joint tissues caused oa 
pathogenesis, whereas genetic ablation of Arg2 in mice 
(Arg2−/−) abolished all manifestations of DMM-induced 
oa. Mechanistically, arg-ii appears to cause oa cartilage 
destruction at least partly by upregulating the expression 
of matrix-degrading enzymes (matrix metalloproteinase 
3 [MMP3] and MMP13) in chondrocytes via the nuclear 
factor (nF)-κB pathway.
Conclusions our results indicate that arg-ii is a 
crucial regulator of oa pathogenesis in mice. although 
chondrocytes of human and mouse do not identically, 
but similarly, respond to arg-ii, our results suggest that 
arg-ii could be a therapeutic target of oa pathogenesis.

InTrOduCTIOn
Osteoarthritis (OA) carries a large socioeconomic 
cost, but we currently lack an effective disease-mod-
ifying therapy.1 This whole-joint disease involves 
cartilage destruction, synovitis, osteophyte forma-
tion and subchondral bone remodelling.2 3 Among 
these manifestations, cartilage destruction, which 
is a hallmark of OA, is caused by the actions of 
matrix-degrading enzymes,4 such as matrix metallo-
proteinase 3 (MMP3), MMP13, and ADAMTS5.5–7 
In chondrocytes, these enzymes are regulated by 
various extracellular catabolic regulators, including 
proinflammatory cytokines.8 We previously 

identified various cellular catabolic mediators in 
chondrocytes, including hypoxia-inducible factor 
(HIF)-2α,9 the zinc importer ZIP8,10 oestrogen-re-
lated receptor γ (ERRγ)11 and BATF (basic leucine 
zipper transcription factor, ATF-like),12 all of which 
play catabolic functions by upregulating matrix-de-
grading enzymes.9–12

OA appears to be associated with metabolic 
disorders,13–15 and alterations in amino acid metab-
olism are associated with OA pathogenesis.16 For 
instance, the inducible nitric oxide (NO) synthase 
(iNOS)-mediated production of NO from arginine 
in chondrocytes is associated with OA pathogen-
esis.17 Amino acids serve as precursors for various 
metabolites and bioactive molecules, in addition 
to acting as essential building blocks for protein 
synthesis. Therefore, it is reasonable to hypoth-
esise that alterations of amino acid metabolism 
could be associated with OA pathogenesis. Our 
group preliminarily examined this hypothesis 
by microarray analysis, and found that the gene 
encoding the arginine-metabolising enzyme, argi-
nase II (Arg-II), was markedly increased in chon-
drocytes treated with proinflammatory cytokines 
or overexpressing cellular catabolic mediators of 
OA, such as HIF-2α or ZIP8. Because the role of 
Arg-II in OA has not previously been investigated, 
we herein explored the possible functions and 
underlying molecular mechanisms of Arg-II in OA 
pathogenesis. We found that Arg-II is specifically 
upregulated in human and mouse OA cartilage. 
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Figure 1 Arg-II is upregulated in OA chondrocytes. (A and B) Microarray analysis of primary-culture P0 mouse chondrocytes stimulated with IL-1β, 
Ad-HIF-2α or Ad-ZIP8 (n=4). Heat map of genes involved in amino acid metabolism (A) and arginine metabolism (B). (C) Relative Arg-II mRNA levels 
in chondrocytes stimulated as indicated. The data (mean±SEM; one-way analysis of variance with Bonferroni test) were obtained from 12 (IL-1β), 5 
(TNF-α) and 10 (Ad-HIF-2α and Ad-ZIP8) independent primary cultures of mouse chondrocytes. (D) Representative images of Alcian blue staining and 
Arg-II immunostaining of human OA cartilage (n=7 patients). (E) Representative images of Safranin-O and immunostaining of Arg-II, HIF-2α and ZIP8 
in sham-operated or DMM-operated mouse cartilage (n=10 mice/group) or cartilage of mice intra-articular-injected with Ad-C (n=6 mice), Ad-HIF-2α 
(n=10 mice) or Ad-ZIP8 (n=10 mice). Scale bar: 50 µm. Ad-HIF-2α, adenovirus-mediated overexpression of HIF-2α; Ad-ZIP8, adenovirus-mediated 
overexpression zinc importer; Arg-II, arginase II; DMM, destabilisation of the medial meniscus; HIF, hypoxia-inducible factor; IL, interleukin; MOI, 
multiplicity of infection; OA, osteoarthritis; P0, passage 0; TNF-α, tumour necrosis factor-α.

Our gain-of-function (adenovirus-mediated overexpression) and 
loss-of-function (Arg2−/− mice) approaches indicated that Arg-II 
acts as a novel catabolic regulator of OA pathogenesis at least 
partly by upregulating the matrix-degrading enzymes, MMP3 
and MMP13, in chondrocytes.

MATerIAls And MeTHOds
Human OA cartilage was sourced from individuals undergoing 
arthroplasty (online supplementary table S1).9–12 Arg2−/− mice18 
(Jackson Laboratory) and wild-type (WT) littermates were used 
for the experimental OA studies. The experimental procedures 
are detailed in the online supplementary materials and methods 
and online supplementary table S2. These include the induction 
of experimental OA; histological analyses; primary cell culture; 
microscopy; microarray; transcription factor (TF) array; reverse 
transcription-PCR (RT-PCR) and quantitative RT-PCR (qRT-
PCR); western blotting; and assays of arginase activity, senes-
cence, autophagy, reactive oxygen species (ROS) production, 
mitochondrial dysfunction, NO production and nuclear factor 
(NF)-κB reporter gene. Statistical comparisons of two indepen-
dent groups were made using the Shapiro-Wilk test for normality, 
Levene’s test for homogeneity of variance and the two-tailed 

independent t-test. Multiple comparisons were performed using 
the Shapiro-Wilk test, Levene’s test and one-way analysis of vari-
ance (ANOVA) with post-hoc Bonferroni test. Data based on 
ordinal grading systems were analysed by the non-parametric 
Mann-Whitney U test. The n numbers indicate the number of 
independent primary cultures or mice per group. The p values 
are indicated in the figures, and the error bars represent SEM 
for parametric data and the calculated 95% confidence invervals 
(CIs) for non-parametric data. Additional information on the 
statistical tests reflected in the individual figures is presented in 
online online supplementary tables S3 and S4.

resulTs
Arg-II is upregulated in OA chondrocytes
The expression profiles of genes involved in amino acid metab-
olism were examined by microarray analysis of primary-culture 
passage 0 (P0) mouse chondrocytes treated with stimuli that 
trigger OA pathogenesis, namely interleukin (IL)-1β8 or the 
adenovirus-mediated overexpression of HIF-2α (Ad-HIF-2α)9 
or the zinc importer ZIP8 (Ad-ZIP8).10Among the examined 
genes, the mRNA levels of those encoding arginine-metabolising 
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Figure 2 Arg-II overexpression in mouse joint tissues causes OA. (A−C) WT mice were IA-injected with Ad-C (n=6 mice) or Ad-Arg-II (n=7 mice) and 
sacrificed at 3 weeks postinjection. Representative images of Arg-II immunostaining (A), Safranin-O/haematoxylin staining and scoring of synovitis 
(B), and Safranin-O staining of cartilage sections (C). (D) WT mice were IA-injected with Ad-C (n=9 mice) or Ad-Arg-II (n=20 mice) and sacrificed at 8 
weeks postinjection. Representative images of Safranin-O staining of joint sections are presented. Values (B and D) are presented as means±95% CI; 
Mann-Whitney U test (OARSI grade, osteophyte maturity and synovitis) and two-tailed t-test (SBP thickness). Scale bar: 50 µm. Arg-II, arginase II; IA, 
intra-articular; OA, osteoarthritis; OARSI, Osteoarthritis Research Society International; WT, wild-type.

enzymes were markedly increased in the stimulated chondro-
cytes (figure 1A; online supplementary supplementary table 
S5). Among the examined arginine-metabolising enzymes, the 
mRNA levels of Arg-II and iNOS (NOS2) were the most prom-
inently increased by IL-1β, Ad-HIF-2α or Ad-ZIP8 (figure 1B). 
While the role of iNOS-mediated NO production in OA 
pathogenesis has been extensively studied,17 the role of Arg-II 
had not previously been investigated in this context. Accord-
ingly, we examined the functions of Arg-II in OA pathogenesis. 
RT-PCR (online supplementary figure S1A–D) and qRT-PCR 
(figure 1C) analyses confirmed that Arg-II mRNA levels were 
significantly increased in chondrocytes treated with IL-1β or 
tumour necrosis factor (TNF)-α, or infected with Ad-HIF-2α 
or Ad-ZIP8. Immunostaining of cartilage sections indicated 
that Arg-II protein levels were markedly elevated in OA-af-
fected damaged regions of human cartilage compared with 
undamaged areas from the same patient (figure 1D) and in 
mouse models of OA cartilage caused by destabilisation of the 
medial meniscus (DMM) surgery or intra-articular (IA) injec-
tion of Ad-HIF-2α or Ad-ZIP89 10(figure 1E).

Arg-II overexpression in mouse joint tissues causes OA
The in vivo functions of Arg-II were examined by its over-
expression in knee-joint tissues via IA injection of Ad-Arg-II 
in 12-week-old male mice. We had previously demonstrated 
that an adenovirus system could effectively deliver genes to 
cartilage and other joint tissues.9–12 Here, we confirmed that 
Arg-II was effectively expressed in the cartilage, meniscus 
and synovium of joint tissues (figure 2A). At 3 weeks post-IA 
injection, Arg-II overexpression was associated with synovitis 
(figure 2B) and loss of glycosaminoglycans in articular carti-
lage without apparent osteophyte development or subchondral 
bone remodelling (figure 2C). At 8 weeks post-IA injection, 
joint tissues showed severe cartilage erosion, osteophyte devel-
opment and thickening of the subchondral bone plate (sugges-
tive of sclerosis) (figure 2D). These results collectively suggest 

that Arg-II functions as a catabolic regulator in mouse models 
of OA pathogenesis.

As studies have shown that synovitis contributes to OA 
pathogenesis19 and FLS (fibroblast-like synoviocytes) regu-
late synovitis by producing various OA-associated catabolic 
factors,20 we examined whether Arg-II in mouse FLS modu-
lates the expression of matrix-degrading enzymes (MMPs and 
a disintegrin and metalloproteinase with thrombospondin 
motifs (ADAMTS)), cytokines (IL-1β, IL-6 and TNF-α), and 
chemokines and their receptors (CC chemokine ligand (CCLs) 
and CC chemokine receptor (CCRs)). We found that Arg-II 
overexpression in FLS did not modulate the expression of 
the examined catabolic factors (online supplementary figure 
S2). However, it remains possible that Arg-II overexpression 
in other cell types of synovial tissues in mice IA injected with 
Ad-Arg-II may contribute to OA pathogenesis.

Arg2−/− mice exhibit protection from experimental OA
We further examined the functions of Arg-II in OA patho-
genesis using Arg2−/− mice. These mice are viable18 and 
exhibited normal development of cartilage and other skel-
etal elements, including the skeletal size of E18.5 embryos, 
the growth plate structure in 2-week-old metatarsal bone 
and the structure of 5-month-old cartilage tissues (online 
supplementary figure S3A-D). However, compared with WT 
littermates, Arg2−/− mice exhibited significant reductions in 
all manifestations of DMM-induced OA, including cartilage 
erosion, osteophyte formation and subchondral bone plate 
thickening (figure 3A,B). The DMM-induced upregulation of 
Arg-II was completely abrogated in Arg2−/− mice (figure 3A). 
Consistent with the observed inhibition of cartilage destruc-
tion, the DMM-induced upregulations of MMP3 and MMP13 
(figure 3C) and productions of the aggrecan neoepitopes, 
NITEGE and DIPEN21 (figure 3D), which were seen in the 
cartilage of WT mice, were markedly reduced in Arg2−/− mice. 
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Figure 3 Arg2−/− mice exhibit protection from post-traumatic OA. Arg2−/− mice and WT littermates were subjected to sham operation (n=8 mice/
group) or DMM surgery (n=15 mice for WT and n=13 mice for knock-out (KO)) and sacrificed at 8 weeks postoperation. Representative images of 
Safranin-O staining and Arg-II immunostaining in joint sections (A), quantitation of OA parameters (B), and representative immunostaining images of 
MMP3 and MMP13 (C) and the aggrecan neoepitopes, DIPEN and NITEGE (D), in cartilage sections. Values are presented as means±95% CI; Mann-
Whitney U test (OARSI grade and osteophyte maturity) and two-tailed t-test (SBP thickness). Scale bar: 50 µm. DMM, destabilisation of the medial 
meniscus; MMP, matrix metalloproteinase; OA, osteoarthritis; OARSI, Osteoarthritis Research Society International; WT, wild-type.

Figure 4 Arg-II upregulates matrix-degrading enzymes in mouse chondrocytes. (A−C) Primary cultures of mouse chondrocytes were infected with 
Ad-C (800 MOI) or the indicated MOI of Ad-Arg-II. Presented are representative RT-PCR results (A), qRT-PCR results (B) and western blot results for 
cellular Arg-II and secreted MMP3, MMP13 and ADAMTS5 (C). The data were obtained from nine (A and B) and five (C) independent primary cultures 
of chondrocytes. Values are presented as means±SEM (one-way analysis of variance with Bonferroni test). (D and E) WT mice were IA-injected with 
Ad-C (n=9 mice) or Ad-Arg-II (n=20 mice) and sacrificed at 8 weeks postinjection. Representative images of Safranin-O staining and immunostaining 
of MMP3 and MMP13 (D) and detection of the Arg-II and DIPEN and NITEGE neoepitopes (E). Scale bar: 50 µm. Arg-II, arginase II; ADAMTS, a 
disintegrin and metalloproteinase with thrombospondin motifs; Ad-Arg-II, adenovirus encoding Arg-II; IA, intra-articular; MOI, multiplicity of infection; 
MMP, matrix metalloproteinase; qRT-PCR, quantitative RT-PCR; RT-PCR, reverse transcription-PCR; WT, wild-type.

These results suggest that Arg-II is necessary for OA pathogen-
esis in mouse models.

Arg-II upregulates MMP3 and MMP13 in mouse articular 
chondrocytes
To elucidate the mechanisms underlying Arg-II regulation of 
OA cartilage destruction, we examined the impact of Arg-II 

on the expression levels of matrix-degrading enzymes in chon-
drocytes. As genetic studies in mice have demonstrated that 
MMP3, MMP13 and ADAMTS5 play crucial roles in OA carti-
lage destruction,5–7 we examined these and other factors in our 
system. Arg-II overexpression in primary-culture chondrocytes 
markedly elevated the mRNA levels (figure 4A,B) and extracel-
lular secreted protein levels of MMP3 and MMP13 (figure 4C). 
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Figure 5 Arg-II upregulates MMPs via the NF-κB pathway in mouse chondrocytes. (A) Representative confocal microscopic images of Mitotracker 
and Arg-II staining in chondrocytes (n=4). (B) Arginase activity in chondrocytes treated as indicated (n=4). (C and D) mRNA levels (C; n=8) and 
arginase activity (D; n=5) in chondrocytes transfected with 1 µg of EV, WT-Arg2 or △-Arg2. (E) TF activity in chondrocytes infected with Ad-Arg-II. 
(F) NF-κB reporter gene activity in chondrocytes transfected with EV or vectors encoding WT-Arg2, Δ-Arg2 or p65, or stimulated with IL-1β (n=9). 
(G) mRNA levels in chondrocytes infected with Ad-Arg-II and exposed to SC-514 (n=6). The n indicates the number of independent primary cultures 
of chondrocytes. Values are presented as means±SEM (one-way analysis of variance with Bonferroni test). AP-1, activator protein 1; Arg-II, arginase 
II; Ad-Arg-II, EV, empty vector; GR, glucocorticoid receptor; IL-1β, interleukin-1β; MMP, matrix metalloproteinase; NF-κB, nuclear factor-κB; PPAR, 
peroxisome proliferator-activated receptor; TF, transcription factor.

However, Arg-II overexpression in chondrocytes did not modu-
late ADAMTS5 at the mRNA or protein levels (figure 4A–C). 
In addition, Arg-II overexpression did not modulate the mRNA 
levels of SOX9, type II collagen or aggrecan (figure 4A). The 
overexpression of Arg-II in cartilage via IA injection of Ad-Arg-II 
caused the upregulation of MMP3 and MMP13 (figure 4D), 
confirming that Arg-II causes cartilage destruction by upregu-
lating MMP3 and MMP13. Although ADAMTS5 expression 
was not modulated by Arg-II, the productions of the DIPEN and 
NITEGE neoepitopes were markedly elevated in Ad-Arg-II-in-
jected cartilage tissue (figure 4E).

nF-κb mediates the Arg-II-induced upregulation of MMP3 and 
MMP13
Arg-II in chondrocytes was localised in the mitochondria 
(figure 5A), which is consistent with previous reports.22–25 Stim-
ulation of chondrocytes with IL-1β or Ad-Arg-II increased the 
expression and enzymatic activity of Arg-II (figure 5B). Because 
both enzymatic and non-enzymatic functions of Arg-II regulate 
various cellular processes,25–27 we examined whether arginase 
enzymatic activity is necessary for the Arg-II-induced upregula-
tion of MMPs. Whereas WT-Arg-II increased the mRNA levels 
of MMP3 and MMP13, △-Arg-II (H160F),26 which lacks argi-
nase activity (figure 5D), did not (figure 5C). This indicates that 
arginase activity is necessary for the Arg-II-induced expression of 
MMP3 and MMP13 in chondrocytes.

TF array analysis revealed that Arg-II overexpression in 
chondrocytes caused more than twofold increases in the activ-
ities of E2F, NF-κB, PPAR (peroxisome proliferator-activated 
receptor), SMAD, AP-1 (activator protein 1) and GR (gluco-
corticoid receptor) (figure 5E; online supplementary figure 

S4A). Inhibition of NF-κB with SC-51428 markedly abrogated 
the Arg-II-induced upregulations of MMP3 and MMP13, 
whereas inhibition or knockdown of other TFs exhibited no 
marked effect (online supplementary figure S4B). Consistently, 
WT-Arg-II significantly increased NF-κB reporter gene activity 
(figure 5F). △-Arg-II also activated NF-κB, although to a signifi-
cantly smaller degree than seen with WT-Arg-II (figure 5F). 
Therefore, both enzymatic and non-enzymatic activities of 
Arg-II contribute to NF-κB activation, whereas MMP expression 
is regulated by the enzymatic activity of Arg-II. Consistent with 
this, inhibition of NF-κB partially but significantly inhibited the 
Arg-II-induced upregulation of MMPs (figure 5G). Moreover, 
while NF-κB inhibition completely abrogated the IL-1β-induced 
upregulation of MMP3 and MMP13, Arg2−/− chondrocytes 
exhibited significant but incomplete inhibition of the IL-1β-in-
duced upregulations of MMP3 and MMP13 (online supplemen-
tary figure S5A-E). Our results collectively indicate that Arg-II 
activates NF-κB, and that this significantly contributes to, but 
does not fully account for, the Arg-II-induced expression of 
MMP3 and MMP13 in chondrocytes.

Because Arg-II enzymatic activity is necessary for MMP 
expression, we examined whether the enzymatic products of 
Arg-II, ornithine and urea, could mimic the effects of Arg-II 
overexpression in chondrocytes. Similar to the effects of 
Arg-II overexpression on the expression of matrix-degrading 
enzymes, exogenous ornithine, but not urea, caused upregula-
tion of MMP3 and MMP13 and activation of NF-κB (online 
supplementary figure S6A-D). Our results suggest that stim-
ulation of Arg-II and subsequent production of ornithine is 
associated with NF-κB activation and MMP expression in 
chondrocytes.
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Figure 6 Arg-II modulates NO production and senescence in mouse chondrocytes. (A) ROS production in chondrocytes infected with Ad-C 
or Ad-Arg-II (n=4). Tert-butyl hydroperoxide (TBHP) was used as a positive control. (B) JC-1 assay in chondrocytes infected with Ad-Arg-II or in 
Arg2−/− chondrocytes (n=4). Valinomycin (10 µM) was used as a positive control. (C) Autophagy was induced by serum/nutrient starvation in 
chondrocytes infected with Ad-C or Ad-Arg-II. Autophagy markers were detected by western blotting (n=5). (D) NO production in IL-1β-stimulated 
chondrocytes infected with Ad-C or Ad-Arg-II (Ad-A) or in WT or Arg2−/− chondrocytes (left n=13 and right n=4). (E) SA-β-gal staining in passage 0 
(P0) chondrocytes infected with Ad-C or Ad-Arg-II for 72 hours or in p6 WT and Arg2−/− chondrocytes. Quantitation of SA-β-gal-positive cells (n=9) 
and p16INK4A mRNA levels (n=9). (F) Schematic illustration of the functions of Arg-II in OA pathogenesis. The n numbers indicate the numbers of 
independent primary cultures of chondrocytes. Values are presented as means±SEM one-way analysis of variance with Bonferroni test (D, left) and 
two-tailed t-test (D, right, and E). Ad-Arg-II, adenovirus encoding Arg-II; Arg-II, arginase II; DAPI, 4',6-diamidino-2-phenylindole; DHE, dihydroethidium; 
DMM, destabilisation of the medial meniscus; FITC-A, fluorescein isothiocynate (FITC)-A; HIF, hypoxia-inducible factor; IL-1β, interleukin-1β; NO, nitric 
oxide; OA, osteoarthritis; ROS, reactive oxygen species; SA-β-gal, senescence-associated β-galactosidase; TBHP, tert-butyl hydroperoxide; ZIP8, zinc 
importer.

Arg-II modulates nO production and chondrocyte senescence
Arg-II regulates oxidative stress, mitochondrial dysfunction and 
autophagy in various cell types.26 27 29 However, Arg-II-overex-
pressing or Arg2−/− chondrocytes did not exhibit any change in 
ROS production (figure 6A), mitochondrial membrane poten-
tial (figure 6B), or the autophagy of serum-starved and nutri-
ent-starved chondrocytes (figure 6C). Because Arg-II competes 
with NOS for arginine,22–25 we examined whether Arg-II could 
modulate NO production. IL-1β-induced NO production was 
significantly reduced by the overexpression of Arg-II, but a large 
amount of NO was still produced in these cells (figure 6D). 
Consistently, IL-1β caused more NO production in Arg2−/− 
cells compared with WT chondrocytes (figure 6D). However, 
the observed inhibition of DMM-induced OA in Arg2−/− mice 
(figure 3) indicates that this enhancement of NO production in 
Arg2−/− chondrocytes is not associated with the ability of Arg-II 
to regulate OA pathogenesis.

Finally, we examined whether Arg-II modulates chondrocyte 
senescence, as this is a well-known regulatory mechanism of 
OA pathology30 31 and Arg-II is known to regulate senescence 
in various cell types.26 32 However, Arg-II overexpression in P0 

WT chondrocytes did not cause senescence, as demonstrated by 
senescence-associated β-galactosidase (SA-β-gal) staining and 
detection of p16INK4A mRNA levels (figure 6E). Serial-passage 
culture of WT chondrocytes to P6, which causes de-differen-
tiation,33 resulted in positive SA-β-gal staining and increased 
mRNA expression of p16INK4A; in contrast, these parameters 
were significantly reduced in Arg2−/− chondrocytes subjected 
to serial passage (figure 6E). Therefore, although Arg-II overex-
pression in P0 chondrocytes does not cause senescence, the lack 
of Arg-II inhibits the cellular senescence caused by serial passage 
culture.

Human relevance of Arg-II regulation in OA pathogenesis
To support the human relevance of our findings, we examined 
the potential roles of Arg-II in human chondrocytes. We found 
that cartilage tissue of all seven patients examined herein exhib-
ited elevation of Arg-II protein levels (figure 1D). To examine the 
role of Arg-II in human chondrocytes, we used two different lots 
(donors) of P2 human normal chondrocytes (Cell Applications) 
and P1 human OA chondrocytes sourced from three individuals 
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undergoing arthroplasty (online supplementary table 1). Our 
experiments revealed that Arg-II overexpression increased the 
mRNA levels of MMP3 without effects on the MMP13 mRNA 
levels both in human normal chondrocytes (online supplemen-
tary figure S7A, B) and OA chondrocytes (online supplemen-
tary figure S7E, F). Our results indicate that Arg-II plays similar, 
although not identical, functions in mouse and human chondro-
cytes in the context of MMP expression. Lastly, we examined the 
potential role of Arg-II in the senescence of human chondrocytes. 
As seen in mouse chondrocytes, overexpression of Arg-II in P2 
human normal chondrocytes or P1 human OA chondrocytes did 
not cause cellular senescence, as determined by SA-β-gal staining 
(online supplementary figure S7C, G). However, unlike the 
mouse results, serial-passage culture of human normal and OA 
chondrocytes to P6 did not cause cellular senescence, and knock-
down of Arg-II in P6 human chondrocytes also did not affect 
SA-β-gal staining (online supplementary figure S7D, H). Our 
results are consistent with previous report that more than 10 
passages are required for senescence of human chondrocytes.34

dIsCussIOn
Abnormalities of cellular arginase have been associated with 
multiple diseases, including those of the cardiovascular and 
central nervous systems.23 Here, we demonstrate that Arg-II 
regulates OA pathogenesis in mice by modulating the expression 
levels of MMP3 and MMP13 in chondrocytes. Arg-II is upreg-
ulated in mouse chondrocytes subjected to mechanical stress 
(DMM), extracellular catabolic regulators (proinflammatory 
cytokines) and cellular catabolic mediators (HIF-2α and ZIP8). 
The upregulation of Arg-II is necessary for OA pathogenesis 
in mice, as demonstrated by our gain-of-function and loss-of-
function approaches. Our results collectively indicate that Arg-II 
is a crucial catabolic regulator of OA pathogenesis in mice, as 
summarised in figure 6F.

We found that Arg-II, but not Arg-I, is upregulated in chon-
drocytes under our examined pathological conditions. Arg-I and 
Arg-II are encoded by separate genes; they both convert arginine 
to urea and ornithine,22–24 but knock-out (KO) studies in mice 
have demonstrated that they have isoform-specific functions. 
Arg1−/− mice die before postnatal day 14 with severe hyperam-
monia,35 whereas Arg2−/− mice are viable18 and exhibit protection 
from obesity-associated pancreatic cancer36 and high-fat diet-in-
duced hepatic steatosis.37 Arg-I and Arg-II also differ in their 
cellular localisations and expression mechanisms. Arg-I is cyto-
plasmic and its expression is inducible by extracellular stimuli, 
whereas Arg-II is located in the mitochondria and constitutively 
expressed in many cell types.22–24 Here, we found that Arg-II is 
specifically upregulated in chondrocytes stimulated with proin-
flammatory cytokines or by the overexpression of HIF-2α and 
ZIP8, whereas Arg-I is barely detectable in these chondrocytes. 
Notably, Arg-I is the most strongly regulated mechanosensitive 
gene induced immediately after the induction of OA by DMM 
surgery and on ex vivo cartilage injury.38 39 Therefore, whereas 
Arg-II is stimulated by extracellular catabolic regulators and 
cellular catabolic mediators, Arg-I is likely to be highly active in 
mechanically damaged tissues of the joint.

The NF-κB-mediated upregulations of MMP3 and MMP13 
in chondrocytes appear to be associated with the regulation 
of Arg-II during cartilage destruction. Our results suggest that 
complex signalling pathways govern Arg-II-induced NF-κB acti-
vation and the downstream induction of MMPs. Both enzymatic 
and non-enzymatic functions of Arg-II caused NF-κB activation, 
whereas the enzymatic activity of Arg-II was solely responsible 

for the inductions of MMP3 and MMP13. Arg-II-induced 
MMP expression was only partially blocked by the inhibition of 
NF-κB, whereas the IL-1β-induced upregulation of MMPs was 
completely abrogated. Therefore, it is likely that complicated 
and yet-unknown signalling mechanisms regulate Arg-II-induced 
MMP expression in chondrocytes. Nevertheless, we found that 
ornithine, an enzymatic product of Arg-II, causes NF-κB acti-
vation and MMP induction. Although we did not elucidate the 
mechanisms underlying these effects, we speculate that ornithine 
or its metabolites (polyamines such as putrescine, spermidine 
and spermine) mediate the effects of Arg-II on the expression 
levels of matrix-degrading enzymes. Among these enzymes, 
MMP3, MMP13 and ADAMTS5 play crucial roles in OA carti-
lage destruction.5–7 The activity of ADAMTS5, which regulates 
aggrecan degradation, is for the most part controlled post-trans-
lationally.40 However, we found that Arg-II does not modulate 
the mRNA or protein levels of ADAMTS5 in chondrocytes. 
Therefore, the inhibition of the DMM-induced production of 
aggrecan neoepitopes in Arg2−/− mice is likely to be mediated 
by other aggrecanases. Additionally, MMP3 is essential for 
collagenase-induced OA5 but not for cartilage destruction in 
DMM-induced OA.41 Therefore, it is likely that the NF-κB-me-
diated upregulation of MMP13 plays an important role in the 
Arg-II-mediated cartilage destruction seen in experimental 
mouse models of OA.

Chondrocyte senescence is believed to contribute to OA 
pathology, with OA chondrocytes exhibiting a variety of senes-
cence-associated phenotypes.31 In various cell types, Arg-II has 
been shown to interact with ribosomal S6 kinase and mitochon-
drial p66Shc to promote cell senescence, apoptosis and inflamma-
tion under pathological conditions.26 32 Moreover, a recent study 
indicated that Arg-II deficiency extends the lifespan in mice.42 
However, no previous report has addressed the functions of 
Arg-II in regulating chondrocyte senescence. We observed here 
that Arg-II deficiency significantly inhibited SA-β-gal staining 
in serial-passage-cultured P6 chondrocytes. This suggests that 
Arg-II regulates subculture-induced chondrocyte senescence, 
which might be associated with OA pathogenesis.31 However, 
ectopic expression of Arg-II in P0 chondrocytes did not alter 
SA-β-gal staining, indicating that simple overexpression of Arg-II 
does not cause chondrocyte senescence. Therefore, the detailed 
mechanisms through which Arg-II regulates chondrocyte senes-
cence remain to be further elucidated.

The human relevance of the ability of Arg-II to regulate 
OA pathogenesis was supported by the upregulation of Arg-II 
in human OA cartilage. Additionally, overexpression of Arg-II 
similarly, although not identically, regulated the expression of 
matrix-degrading enzymes in mouse and human chondrocytes. 
Although Arg-II functions in the senescence of human chondro-
cytes are not clearly determined in this study, our results collec-
tively suggest that our findings are relevant to human OA and 
that Arg-II could be a therapeutic target in efforts to combat OA.
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Interferon-α enhances the IL-12-induced STAT4 
activation selectively in carriers of the STAT4 
SLE risk allele rs7574865[T]

Intronic single nucleotide polymorphisms (SNP) in STAT4, 
tagged by rs7574865[T], are associated with increased suscep-
tibility to develop systemic lupus erythematosus (SLE) and a 
more severe disease phenotype with nephritis and stroke.1 2 
Recently, we demonstrated that T cells from patients with SLE 
carrying the STAT4 risk allele rs7574865[T] have an enhanced 
induction of STAT4 protein following PHA/interleukin (IL)-2 
activation, which results in increased IL-12-induced phosphor-
ylation of STAT4 (pSTAT4) and interferon (IFN)-γ produc-
tion.3 As the majority of STAT4 risk allele carriers do not 
develop disease, we asked whether the STAT4 risk allele exerts 
the same effect in healthy individuals. In studies of IL-12-stim-
ulated cells from 72 healthy women (online supplementary 
materials and methods) we unexpectedly found that STAT4 risk 
allele carriership was associated with a decreased pSTAT4 in 
CD8+ and CD4+ T cells from healthy individuals (figure 1A). 
Notably, in the absence of STAT4 risk alleles healthy indi-
viduals and patients with SLE phosphorylated STAT4 to the 
same extent (figure 1B). However, with increasing numbers 
of STAT4 risk alleles, patients with SLE responded stronger 
to IL-12 stimulation. The decreased IL-12 response in healthy 
STAT4 risk allele carriers resulted in a decreased production 
of IFN-γ in CD8+ T cells and a slight, but non-significant, 
decrease in CD4+ T cells (figure 1C). Demonstrating the spec-
ificity for IL-12, phorbol 12-myristate 13-acetate-induced 
IFN-γ production was not affected (online supplementary 
figure 1). Thus, the STAT4 risk allele rs7574865[T] associates 
with opposite directional effects in cells from healthy donors 
compared with patients with SLE.

Opposing directional effects have been described for SNPs 
in terms of neurotransmitter receptor binding in patients with 
psychiatric diseases and healthy individuals,4 5 but to the best of 
our knowledge this is the first time such an effect is described 
in patients with SLE. Another example of this phenomenon is 
the differential regulation of mRNA expression in different cell 
types, and in in vitro stimulated cells compared with unstimu-
lated cells.6 The underlying mechanisms for these observations 
are not completely known, but may include cell-type-specific 
expression or context-dependent induction of transcription 
factors.

When exploring these possibilities, we observed that basal 
mRNA levels of STAT4alpha, STAT4beta and STAT1alpha did 
not correlate with STAT4 genotype in healthy donor CD8+ 
memory T cells. However, following PHA/IL-2 stimulation, 
homozygous risk individuals displayed a defective induction of 
STAT4alpha mRNA expression, which is essential for IL-12-in-
duced IFN-γ production,7 whereas STAT4beta and STAT1alpha 
mRNA were normally induced (figure 1D).

Given the important role of type I IFN in SLE, we hypoth-
esised that IFN-α may be an environmental modulator of 
the STAT4 risk allele. Indeed, preactivation of healthy donor 
cells with IFN-α for 24 hours before PHA/IL-2 stimulation 
augmented the IL-12-induced pSTAT4 in CD8+ and CD4+ 
T cells from risk allele carriers, but not in non-risk allele 
carriers (figure 1E). In contrast, preactivation of cells with 
tumour necrosis factor-α did not affect IL-12-induced pSTAT4 
(figure 1F). In support of an interaction with IFN-α and the 

STAT4 risk allele in patients with SLE in vivo, stratification of 
the patients from our previous study3 into those with plasma 
levels of IFN-α above or below the detection limit 0.5 U/mL 
revealed that the increased IL-12-induced pSTAT4 in CD8+ 
T cells from risk allele carriers was specific to the IFN-α+ 
patients (figure 1G).

In conclusion, the STAT4 risk allele rs7574865[T] has oppo-
site effects in healthy individuals compared with patients with 
SLE and we identify IFN-α as an environmental modifier of 
the STAT4 risk allele. This finding may have implications for 
why the majority of risk allele carriers do not develop disease, 
and may also suggest a mechanism where STAT4 risk allele 
carriers are at risk to develop SLE when IFN is produced, for 
instance, during a viral infection.
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Figure 1 IFN-α enhances the IL-12 response in T cells from STAT4 risk allele carriers. (A–C) PHA/IL-2 preactivated peripheral blood mononuclear 
cells (PBMC) from healthy donors (HD) were restimulated with IL-12. (A, B) Phosphorylation of STAT4 (pSTAT4) (50 ng/mL IL-12, 20 min) and (C) 
frequency of IFN-γ+ cells (5 ng/mL IL-12, 15 hours) were determined using flow cytometry. (B) Mean with error bars depicting the SEM. Data from 
patients with SLE are previously published.3 (D) mRNA expression levels of STAT4alpha, STAT4beta and STAT1alpha in CD8+ memory T cells from 
healthy individuals before and after 6 hours of stimulation with PHA/IL-2 were determined with qRT-PCR. (A–D) Statistical comparisons were made 
using two-tailed Mann-Whitney U tests. (E, F) PBMCs from healthy individuals were preactivated with (E) 100 U/mL IFNαb2, (F) 1 ng/mL TNF-α, or 
mock treated for 24 hours before PHA/IL-2 stimulation. IL-12-induced pSTAT4 (100 ng/mL, 20 min) in cytokine pretreated cells was divided by IL-
12-induced pSTAT4 in mock-treated cells and two-tailed one-sample t-tests were used to assess whether the means differ from 1. (G) IL-12-induced 
pSTAT4 in patients with SLE stratified for plasma levels of IFN-α below (black) or above (red) the detection limit of 0.5 U/mL. P values for two-tailed 
Spearman’s correlation tests and the Spearman’s correlation coefficient (r) are denoted. (A–G) G/G, homozygous protective; G/T, heterozygous; 
T/T, homozygous risk for rs7574865. Red horizontal lines depict the (A–D) median or (E, F) mean values. *P<0.05; ** P<0.01. IFN, interferon; IL, 
interleukin; n, number of individuals in each group; SLE, systemic lupus erythematosus; TNF, tumour necrosis factor.
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Efficacy of JAK1/2 inhibition in the treatment of 
chilblain lupus due to TREX1 deficiency

The type I interferonopathies, Mendelian disorders character-
ised by constitutive upregulation of the type I interferon (IFN) 
pathway, are associated with a spectrum of phenotypes partic-
ularly involving the brain and the skin.1 Mutations in the 3′−5′ 
DNA exonuclease TREX1 were the first described cause of the 
severe encephalopathy Aicardi-Goutières syndrome (AGS),2 
of which acral vasculitic lesions are a well-recognised feature. 
Familial chilblain lupus (FCL) is the name given where such 
lesions occur in the absence of neurological disease.3 TREX1 
dysfunction, due to biallelic loss of function or dominant nega-
tive heterozygous mutations, is postulated to lead to aberrant 
immune recognition of self-nucleic acids inducing the produc-
tion of type I IFNs. These potent cytokines drive the expres-
sion of IFN-stimulated genes (ISGs) through the engagement 
of a common receptor and the subsequent activation of Janus 
kinase 1 (JAK1) and tyrosine kinase 2. We describe, to our 
knowledge for the first time, the efficacy of the JAK1/2 inhib-
itor ruxolitinib in a patient with TREX1-related skin disease. 
Parental consent was obtained for the use of ruxolitinib on a 
compassionate basis.

The patient carried a previously recorded dominant nega-
tive heterozygous mutation in TREX1 (c.52G>A, p.D18N) 
identified by Sanger sequencing and inherited from her asymp-
tomatic mother (online supplementary figures S1 and S2). 
Her disease, starting at age 6 months, was characterised by 
painful chilblain-like lesions of the fingers, toes and cheeks. 
She was treated with hydroxychloroquine without obvious 
effect. From 2 years of age she presented recurrent episodes 
of polyarthritis, together with fevers, growth failure (weight 
and height falling from +0.5 SD to – 2 SD) and chronic pain. 
Development, neurological examination and cerebral imaging 
were normal. Treatment with methotrexate and steroids was 
initiated at the age of 3 years, without benefit.

We recorded persistently enhanced expression of ISGs4 in 
blood over a 3-year period (figure 1C), and raised levels of 
IFNα protein5 (figure 1D). Based on our experience of JAK1/2 
inhibition in the treatment of STING-associated vasculopathy 
with onset in infancy (SAVI),6 and considering the severity 
of the phenotype and constitutive activation of the type I 
IFN pathway in our patient, we trialled the use of a JAK1/2 

inhibitor, ruxolitinib, at an initial dose of 5 mg twice a day 
(0.62 mg/kg/day). Treatment was associated with a rapid 
clinical improvement within 1 week (online supplementary 
figure S3). Hydroxychloroquine was discontinued 3 months 
later. At last follow-up, after 12 months (M12) of ruxoli-
tinib, her general condition had markedly improved, with an 
almost complete resolution of her skin lesions (figure 1A, B 
and online supplementary figure S3), resumption of normal 
activities of daily living and increase in weight (from −2 SD 
to +0.5 SD) and height (from −2 SD to +0.6 SD), for which 
reason the dose of ruxolitinib was increased to 7.5 mg twice 
a day, 0.8 mg/kg/day. Ruxolitinib was well tolerated. Pharma-
cokinetic analysis was consistent with published data.6 Despite 
marked clinical efficacy, the IFN score fluctuated, normalising 
at M3 but rising again at M6 (figure 1C), while IFNα levels fell 
but remained elevated above normal levels (figure 1D). The 
explanation for these results, which are consistent with those 
observed in patients with SAVI treated with JAK1/2 inhibi-
tors,6 7 remains unclear, but indicates either an effect at the 
level of the tissue that is not captured by blood sampling, or 
changes in other cytokines, some of which were assessed here 
(online supplementary figure S4).

Overall, our observations suggest that JAK1/2 inhibition might 
be a relevant therapeutic option for skin vasculopathy in the 
phenotypic spectrum of FCL and AGS. Whether such therapy 
has a role in the treatment of the neurological involvement seen 
in the type I interferonopathies remains to be determined.
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Figure 1 Skin vasculopathy and constitutive activation of the type I interferon (IFN) signalling observed in the patient before and during treatment. 
(A, B) Cutaneous involvement observed in the patient 3 months before (M-3), the day before (M0) and after 2.5 (M2.5) and 12 (M12) months of 
treatment with ruxolitinib. An almost complete resolution of the lesions was observed following 12 months of treatment. (C) IFN score calculated 
from the median fold change in relative quantification values of a set of six IFN-stimulated genes (ISGs) (IFI27, IFI44L, IFIT1, ISG15, RSAD2, SIGLEC1, 
normal <2.466) recorded in the peripheral blood from the patient, before and during treatment. The vertical dotted line indicates the initiation of 
treatment. (D) Concentrations of IFNα protein assessed by ultrasensitive digital ELISA5 in plasma or serum from the patient before and after starting 
treatment with ruxolitinib. Black line indicates median value for healthy controls. Previously derived control data show that IFNα is present at 
submicromolar concentrations in the blood of normal individuals, irrespective of age, sex and ethnicity (healthy controls <10 fg/mL).5
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Figure 1 Patient 1. US shows strong hyperechogenicity of the renal 
medulla on B mode (A), with twinkling artefacts behind reflecting 
interfaces on Doppler mode (B). On CT scan (C), dense deposits are seen 
in the medulla, which seems to be composed of red-coded urate on 
DECT (D,E). DECT, Dual-energy CT; US, ultrasonography.

Figure 2 Patient 2. US study shows intensively hyperechoic medulla, 
with posterior acoustic shadowing (A) and twinkling artefacts (B). 
Abdominal radiography (C) and CT scan (D) show several foci of high 
density in renal medullae, consisting of red-coded urate on DECT (E). 
DECT, Dual-energy CT; US, ultrasonography.

Renal medulla in severe gout: typical findings 
on ultrasonography and dual-energy CT study in 
two patients

Monosodium urate (MSU) crystal deposition in renal medulla, 
described as early as the 1800s,1 was documented by autopsy 
studies in the 1950s to 1970s,2 3 and later by renal biopsies.4 Renal 
deposits have been reported mainly in patients with gout and rarely 
in non-gout patients with renal failure.4 Deposits appeared to be 
surrounded by inflammatory granulomas and medullary fibrosis. 
These observations led to the description of microcrystalline gouty 
nephropathy, a concept that was later challenged and even denied.5

Here, we report on two patients with severe gout and the use of 
modern imaging modalities to reveal widespread crystal deposition 
in the renal medulla.

Patient 1 was a French 54-year-old man with Lesch–Nyhan 
syndrome; the gene defect was previously reported.6 The patient 
experienced several episodes of renal colic and had severe topha-
ceous gout, frequent flares, urate arthropathies and worsening 
dystonia. He was poorly adherent to urate-lowering drugs, and 
the uricaemia fluctuated over the years from rarely normal to 
frequently high (10–15 mg/dL). The patient took a beta-blocker 
for hypertension; the body mass index (BMI) was 29 kg/m2. In 

2018, the serum uric acid level was 3.4 mg/dL (under febuxostat 
treatment 240 mg/day), creatinine level 114 mmol/L, and esti-
mated glomerular filtration rate 58 mL/min/1.73 m2 by the Modi-
fication of Diet in Renal Disease (MDRD) formula. Urine lab stick 
examination revealed no proteinuria, haematuria or leucocyturia 
and pH 6.4. Dual-energy CT (DECT; Aquilion PRIME, Canon, 
Japan) of the lumbar back performed because of persistent low 
back pain revealed urate deposits in intervertebral discs and the 
renal medulla (figure 1). Renal ultrasonography (US) revealed 
normal renal size (length 116 and 110 mm) and normal cortical 
echogenicity; both medullae exhibited a hyperechoic pattern of all 
Malpighi pyramids with massive acoustic shadowing. The presence 
of twinkling artefacts on colour-Doppler US was typical for micro-
crystalline deposits (figure 1). No renal stone was detected in the 
renal sinus, and the pelvicalyceal tree was not dilatated. The resis-
tive index calculated at the level of the interlobar arteries was not 
elevated (mean 0.72 and 0.73), but medulla stiffness, measured by 
real-time shear wave elastography, was strongly increased to 45 
kPa as compared with the cortex (mean 20 kPa).

Patient 2 was a 40-year-old Vietnamese man who underwent 
surgical ablation of a renal stone in 2013; he experienced a first 
gout flare in 2014, and the first tophus appeared in 2015. As 
of June 2018, he had never received urate-lowering drugs and 
reported several acute flares each month. He had a large tophus 
at the lateral aspect of the right ankle and a first metatarsopha-
langeal urate arthropathy. The gout diagnosis was confirmed by 
the observation of MSU crystals in tophus aspirate and double 
contours of the two first metatarsophalangeals on US. The patient 
had no comorbidities except untreated hypertriglyceridemia (5.43 
mmol/L). BMI was 20 kg/m2. Serum uric acid level was 8.5 mg/
dL, serum creatinine level 281.5 mmol/L and glomerular filtra-
tion rate (estimated by MDRD) 24 mL/min/1.73 m2. Urine lab 
stick showed 3+leucocyturia, 2+proteinuria and pH 6.5. Polar-
ising light examination showed no crystallinuria. US examination 
revealed reduced length of kidneys (97 and 98 mm) with irregular 
contours. The medulla was strongly hyperechogenic, with poste-
rior acoustic shadowing and numerous twinkling artefacts figure 2. 
No sinus stone was seen. Resistive index values were normal (0.71 
and 0.73). Radiographs and CT scan showed dense deposits in 
the medulla, which appeared to be mainly composed of urate on 
DECT analysis (figure 2).

Our report shows that modern imaging techniques can reveal 
urate deposits in the renal medulla of patients with severe 
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tophaceous gout. US examination, which is cheaper and more 
available than DECT, is routinely used to look for urinary stones in 
gout. These two cases show that US examination can also be used 
to detect crystal deposition in the renal medulla, a classical but 
somewhat forgotten feature of the gouty kidney.
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Antibodies targeting protein-arginine deiminase 
4 (PAD4) demonstrate diagnostic value in 
rheumatoid arthritis

Although anti-citrullinated protein antibodies (ACPA) and 
rheumatoid factor (RF) are widely used as part of the diag-
nosis of patients with rheumatoid arthritis (RA), they leave 

a serological gap.1 Recently, several novel autoantibodies 
have been described in RA including antibodies targeting 
protein-arginine deiminases (PAD).2 3 Similar to ACPA and 
RF, anti-PAD4 antibodies also precede the clinical onset of 
RA.4 A subset of autoantibodies cross-reactive to PAD3 and 
PAD4 decrease the enzyme’s calcium requirement into the 
physiologic range, thereby increasing the catalytic efficiency 
of PAD4.5 Here we aim to evaluate the diagnostic relevance of 
anti-PAD3/4 antibodies in a large cohort (n=1473) of patients 
with RA and relevant controls (details in figure 1, table 1).

The median age (min/max) of the patients with RA was 60 
(18/90) years and 510 (79.7%) were female. For 528 patients 
with RA and 582 controls, data on disease duration were avail-
able. Median (min/max) disease duration was 8.0 (0.0/68.0) 
years. Anti-PAD3 and anti-PAD4 IgG were measured using 
a particle-based multianalyte technology (research use only, 
Inova Diagnostics, USA). Cut-off values for anti-PAD3 and 
anti-PAD4 antibodies were established using the 95th percen-
tile of healthy individuals and set to 200 and 1000 units, 
respectively. ACPA IgG and RF IgM were measured by EliA 
(Phadia, Germany).

Anti-PAD3 and anti-PAD4 antibodies were observed in 14% 
(88/640) and 35% (223/640) of patients with RA , respec-
tively, as well as in 0%–21% and 0%–9% of controls (see 
online supplementary table S1) and found in ACPA+ and 
ACPA− patients, even at high titres (figure 1). The prevalence 
of the double positivity in patients with RA was 12% (77/640). 
Similar results were found in the ACPA/RF double-negative 
patients (data not shown). Consequently, the OR for RA in 
the ACPA− population was 5.9 for anti-PAD4 and 2.3 for 
anti-PAD3 antibodies. In the entire cohort, receiver operating 
characteristic curve analysis showed significant discrimination 
between RA and controls for both markers (figure 1C). In the 
ACPA− subgroup (figure 1D), anti-PAD4, but not anti-PAD3 
showed significant discrimination. However, in the clinically 
relevant area (90%–100% specificity), significant discrim-
ination was observed (for details see figure 1). Combining 
ACPA and anti-PAD4 antibodies increased the sensitivity by 
6.2%–72.7% (95% CI 69.1% to 76.0%) with a decrease in 
specificity by 3.7%93.4% (95% CI 91.5% to 94.9%). Double 
positivity yielded 28.4% (95% CI 25.1% to 32.1%) sensitivity 
and 99.2% (95% CI 98.3% to 99.6%) specificity.

When analysing antibody expression in relation to disease 
duration (0–2, >2–10 and >10 years), in early disease (0–2 
years), the prevalence of anti-PAD3 antibodies was compa-
rable in RA and controls. In patients with more established 
disease, anti-PAD3 antibodies were significantly more preva-
lent in RA versus controls. In contrast, anti-PAD4 antibodies 
were significantly more prevalent in patients with early RA 
versus controls. For both antibodies, the prevalence increased 
with disease duration in patients with RA.

Recently, it was demonstrated that immunisation with PAD 
enzymes can trigger ACPA production in mice6 which might 
change the understanding of RA pathogenesis and increase the 
importance of anti-PAD antibody testing. Although several 
studies indicated diagnostic value of anti-PAD (especially 
anti-PAD4) antibodies, these antibodies are not currently used 
in clinical practice due to lack of commercial assays for their 
detection. To date, this is the largest study on the diagnostic 
relevance of anti-PAD3 and anti-PAD4 antibodies in RA versus 
a broad range of controls. Both anti-PAD3 and anti-PAD4 anti-
bodies showed discrimination between RA and controls, with 
anti-PAD4 antibodies being superior. In the ACPA− group, 
anti-PAD4 antibodies showed a significant discrimination. 
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Figure 1 Distribution and diagnostic performance of anti-PAD3 and anti-PAD4 antibodies in patients with RA and controls. The prevalence and 
titres of both anti-PAD3 (A) and anti-PAD4 (B) antibodies were significantly higher in RA versus controls. Both anti-PAD3 and anti-PAD4 antibodies 
were found in ACPA+ and in ACPA− patients as well as in early RA. Cut-off values are indicated by the dotted red line (200 MFI for PAD3 and 1000 
MFI for PAD4). Receiver operating characteristic (ROC) analyses of anti-PAD3 and anti-PAD4 antibodies are shown in (C)–(H). (C) and (F) show the 
ROC for the total study population, (D) and (G) for the ACPA negative group, and in (E) and (H) when considering disease duration and focusing on 
patients with early RA (0–2 years of disease duration), including all controls or only autoinflammatory conditions, respectively. ACPA, anti-citrullinated 
peptide/protein antibodies; FMS, fibromyalgia syndrome; HI, healthy individual; IIM, idiopathic inflammatory myopathy; MFI, median fluorescent 
intensity; OAARD, other ANA-associated autoimmune rheumatic disease; OAID, other autoimmune disease; PAD, protein-arginine deiminase; RA, 
rheumatoid arthritis; SjS, Sjogren’s syndrome; SLE, systemic lupus erythematosus; SSc, systemic sclerosis.

This was even more pronounced in early RA (disease duration 
0–2 years). Our data provide strong evidence that anti-PAD4 
antibodies represent a useful biomarker in the diagnosis of RA.
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Table 1 Diagnostic performance of anti-PAD3 and anti-PAD4 antibodies compared with the classification criteria markers anti-CCP2 antibodies 
and RF

Anti-CCP2 RF IgM Anti-PAD3 Anti-PAD4

Entire cohort (n=1471) (n=1469) (n=1473) (n=1473)

  Sensitivity, % (95% CI) 66.5 (62.7 to 70.0) 67.3 (63.6 to 70.8) 13.8 (11.3 to 16.6) 35.0 (31.4 to 38.8)

  Specificity, % (95% CI) 97.1 (95.7 to 98.1) 87.7 (85.3 to 89.8) 95.7 (94.1 to 96.9) 95.4 (93.8 to 96.7)

  LR+, % (95% CI) 23.1 (15.6 to 34.3) 5.5 (4.5 to 6.6) 3.2 (2.2 to 4.6) 7.7 (5.5 to 10.7)

  LR−, % (95% CI) 0.3 (0.3 to 0.4) 0.4 (03 to 0.4) 0.9 (0.9 to 0.9) 0.7 (0.6 to 0.7)

  OR (95% CI) 66.8 (43.2 to 103.2) 14.7 (11.3 to 19.1) 3.5 (2.4 to 5.3) 11.3 (7.8 to 16.2)

  Youden’s index 0.6 0.6 0.1 0.3

  Cut-off for 95% specificity 5.8 12.1 175 980

  Sensitivity at 95% specificity, % (95% CI) 69.4 (65.7 to 72.8) 60.5 (56.6 to 64.2) 15.8 (13.2 to 18.8) 35.3 (31.7 to 39.1)

  OR at 95% specificity (95% CI) 42.7 (30.4 to 59.8) 29.5 (20.8 to 42.0) 3.5 (2.4 to 5.1) 10.3 (7.3 to 14.6)

CCP2 negative population (n=1473) (n=1020) (n=1023) (n=1023)

  Sensitivity, % (95% CI) NA 22.9 (17.8 to 29.0) 8.9 (5.8 to 13.4) 19.2 (14.4 to 25.0)

  Specificity, % (95% CI) NA 88.5 (86.1 to 90.5) 95.9 (94.3 to 97.1) 96.2 (94.6 to 97.3)

  LR+, % (95% CI) NA 2.0 (1.4 to 2.7) 2.2 (1.3 to 3.7) 5.0 (3.2 to 7.7)

  LR−, % (95% CI) NA 0.9 (0.8 to 0.9) 0.9 (0.9 to 1.0) 0.8 (0.8 to 0.9)

  OR (95% CI) NA 2.3 (1.6 to 3.3) 2.3 (1.3 to 4.1) 5.9 (3.6 to 9.7)

  Youden’s index NA 0.1 0.05 0.2

  Cut-off for 95% specificity NA 11.1 173 940

  Sensitivity at 95% specificity, % (95% CI) NA 19.2 (14.4 to 25.0) 9.3 (6.1 to 14.0) 19.6 (14.9 to 25.5)

  OR at 95% specificity (95% CI) NA 4.7 (2.9 to 7.5) 2.0 (1.1 to 3.5) 4.7 (3.0 to 7.4)

Early RA population (0–2 years) (n=178) (n=179) (n=179) (n=179)

  Sensitivity, % (95% CI) 60.0 (47.9 to 71.0) 56.1 (44.1 to 67.4) 7.6 (3.3 to 16.5) 16.7 (9.6 to 27.4)

  Specificity, % (95% CI) 94.7 (88.9 to 97.5) 83.2 (75.2 to 89.0) 93.8 (87.8 to 97.0) 99.1 (95.2 to 99.8)

  LR+, % (95% CI) 11.3 (5.3 to 25.0) 3.3 (2.1 to 5.3) 1.2 (0.4 to 3.5) 18.8 (3.2 to 112.2)

  LR−, % (95% CI) 0.4 (0.3 to 0.6) 0.5 (0.4 to 0.7) 1.0 (0.9 to 1.1) 0.8 (0.7 to 0.9)

  OR (95% CI) 26.8 (10.4 to 68.4) 6.3 (3.2 to 12.6) 1.2 (0.4 to 3.9) 22.4 (3.6 to 138.2)

  Youden’s index 0.5 0.4 0.01 0.2

  Cut-off for 95% specificity 15.1 10.1 226 620

  Sensitivity at 95% specificity, % (95% CI) 53.0 (41.2 to 64.6) 54.5 (42.6 to 66.0) 7.6 (3.3 to 16.5) 28.8 (19.3 to 40.6)

  OR at 95% specificity, (95% CI) 24.4 (9.0 to 65.6) 25.9 (9.6 to 69.7) 1.8 (0.5 to 6.0) 8.7 (3.2 to 24.0)

CCP, cyclic-citrullinate peptide; LR, likelihood ratio; NA, not applicable; PAD, protein-arginine deiminase; RA, rheumatoid arthritis; RF, rheumatoid factor.
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Figure 1 Analysis of additive interactions in simulated genome-wide association study datasets with European genetic architecture and a spiked-in 
variant with OR≈5, 3, 2, 1.5, 1.2 or 1. P values for additive interactions (pAP) between the spiked-in variant and each of the other variants in different 
chromosomes were box-plotted in the –log10(pAP) scale based on the categories defined by the p values for disease associations (pdisease) of variants 
that were tested for interactions with an OR-simulated variant. False-positive rates shown in red are calculated at a significance threshold pAP=0.05. 
The expected false-positive rate, 5%, is shown by a blue dashed line.

Massive false-positive gene–gene interactions 
by Rothman’s additive model

Rothman’s additive interaction model based on additivity of the 
relative risks of two disease-risk factors has frequently been used 
to investigate gene–gene interactions for various traits, especially 
for rheumatic diseases compared with other diseases (online 
supplementary text). For example, a recent paper by Diaz-
Gallo et al1 reported significant additive interactions between 

the HLA-DRB1 shared-epitope allele and numerous non-HLA 
rheumatoid arthritis (RA) risk variants (eg, PTPN22 variants) in 
anti-citrullinated protein antibody–positive (ACPA-positive) RA.

This study investigated the validity of the additive interaction 
model in assessing gene–gene interactions. Genome-wide associa-
tion study (GWAS) datasets including 1000 cases and 1000 controls 
were simulated 100 times based on an actual GWAS dataset from 
2849 WTCCC2 controls (1958_British_Birth) to have European 
genomic features and a single variant with OR≈5, 3, 2, 1.5, 1.2 
or 1 in a dominant genetic model (used in a typical additive inter-
action analysis). The simulated dataset is expected to have no true 
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Figure 2 Correlation coefficients of three disease-risk factors with relative risk (RR)≈5, 2 and 1.5 in 1000 simulated cohort datasets that follow the 
null additive interaction model. Correlation coefficients were calculated for factors with RR≈5 and 2 (top panel), with RR≈5 and 1.5 (middle panel), 
or with RR≈2 and 1.5 (bottom panel) in 1000 independently simulated cohort datasets. Correlation coefficients in unaffected and affected groups are 
shown in red and green density plots, respectively.

disease-risk effects of variants (except for an OR-simulated variant) 
and no true biological interaction effects between any variants on 
risk of a fake disease. Using the simulated datasets, all possible 
interactions between an OR-simulated variant and other variants 
in different chromosomes were evaluated by Rothman’s additive 
interaction model using attributable proportion due to interaction 
(AP) (online supplementary text).

The AP results showed that false-positive rates (FPRs) 
increased dramatically when both the OR-simulated variant 
and its paired variant had higher risk effect sizes (figure 1). For 
example, the average FPR at a significance threshold pAP=0.05 
was 73.1% in testing for interactions between the OR-sim-
ulated variant with OR≈5 and each of other variants with 
10−4<pdisease<10−3, while the rate was 5.6% for interactions 
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between the OR-simulated variant with OR≈1 and variants 
with 10−4<pdisease<10−3. In other words, significant interac-
tion effects are likely to be detected by Rothman’s additive 
interaction model when the main effects of two risk factors 
(under no linkage disequilibrium) are large enough, which 
may explain previous studies1–4 that observed significant inter-
actions between disease-risk variants with large effect sizes in 
ACPA-positive RA. In contrast, the most common interaction 
test based on multiplicative model5 yielded optimal FPRs close 
to the expected rate (5%) at a significance threshold pmultiplica-

tive=0.05 from the same simulated datasets, regardless of the 
effect sizes of variants (online supplementary text; online 
supplementary figure S1), indicating that joint effects between 
variants follow the multiplicative model. Additive joint effects 
of large-effect risk variants are much smaller than multiplica-
tive joint effects, which explains high FPRs for large-effect risk 
variants in the additive model.

In addition, cohort datasets were simulated 1000 times with 
three disease-risk factors that follow the null model of Roth-
man’s additive interaction, given the population size (n=100 
000), the disease prevalence (≈0.01) and the dominant-model 
relative risk (RR≈5, 2 or 1.5) of each risk variant with a fixed 
carrier frequency (≈0.4, 0.2 or 0.1, respectively) (online 
supplementary text). The results showed that the null model 
required negative correlation between the risk factors in the 
patient group (eg, average correlation coefficient=–0.25 
between two variants with RR≈5 and 2; figure 2), in which 
two risk genetic variants actually have no or little correlation 
in the human genome when they are far apart or in different 
chromosomes.

Rothman’s additive interaction model provides an important 
public health message that a subpopulation with two risk 
factors is highly vulnerable to a disease and the modification 
of one of two risk factors by drugs, behaviour or diet could 
have great therapeutic and preventive effects in the subpop-
ulation. However, this study shows that analysing biological 
interactions by the additive interaction model is not proper 
because of massive false-positive interactions between high 
disease-risk variants.
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Patient organisation-led initiatives can play an 
important role in raising awareness about 
Raynaud’s phenomenon and encourage earlier 
healthcare utilisation for high-risk groups

Raynaud’s phenomenon (RP) manifests as episodic vasospasm of 
the extremities (hands and feet) in response to cold exposure. RP 
can be primary (idiopathic) or secondary to underlying disease 
such as systemic sclerosis (SSc). Attacks of RP are often associ-
ated with digital colour changes reflecting local tissue perfusion 
and oxygenation. RP results in pain, numbness, impaired function 
and reduced quality of life.1 2 The obliterative vasculopathy of SSc 
can result in digital ulceration. Diagnostic delay of secondary RP 
remains a major unmet need. The time between the onset of RP 
and emergence of the first non-RP symptom can be over 5 years.3 
This contributes to delay in diagnosis; with >25% of women not 
diagnosed with SSc for 10 years after the emergence of RP.4

Against this background, Scleroderma Raynaud’s UK (SRUK) led 
an initiative to devise a ‘Raynaud’s test’ for visitors to their website 
(https://www. sruk. co. uk/ raynauds/ raynauds- test/). The test, devel-
oped by SRUK and RP experts, comprises questions derived from 
existing RP classification criteria5 6 to determine if RP is likely and 
whether further assessment is necessary (table 1). No identifiable 
information is collected. Algorithms provide respondents with 
statements indicating ‘This is unlikely to be Raynaud’s’ or that ‘You 
may have Raynaud’s’. Participants are encouraged to seek medical 
advice if they experience painful or frequent symptoms, or have 
other concerns. All participants answering ‘yes’ to question 5 (irre-
spective of other responses) are given recommendations to seek 
assessment in primary care (table 1).

We examined anonymised data from 18 840 respondents 
from 43 countries who completed the ‘Raynaud’s test’ between 
22/06/2017 and 21/06/2018. We have no information on who 
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Table 1 The questions and responses comprising the online SRUK ‘Raynaud’s Test’

Questions (Q) comprising the Raynaud’s Test

Question 1 Are your fingers sensitive to the cold?

Question 2 Do your fingers change colour in response to temperature change or stressful situations? (white, blue, red and purple)

Question 3 Do you get numbness or pain in the affected area when they change colour?

Question 4 Do you feel stinging or throbbing when the affected area warms up?

Question 5 Have you ever developed any sores/ulcers on your fingers or toes?

Responses provided to visitors depending on their answers to questions 1–5

No to Q1-5 OR
Yes to Q1 but no to Q2-5

This is unlikely to be Raynaud’s, however if you experience painful or frequent symptoms, or are concerned, then it may be 
worthwhile visiting a GP
You may be oversensitive to the cold and so to reduce your symptoms try to keep warm. Take a look at our information below to support you 
with keeping warm and avoiding smoking. If you would like to know more information about Raynaud’s then why not have a look at the further 
information below. Raynaud’s is a common condition affecting around 1 in 6 people. In people who have Raynaud's, the small blood vessels in the 
extremities are oversensitive to changes in temperature or stress causing a Raynaud's attack. Raynaud's symptoms generally affect the fingers and 
toes, but all extremities can be involved, including the ears.

Yes to Q1, Yes to one of Q2-4, 
and No to Q5

You may have Raynaud’s
Raynaud’s is a common condition affecting around 1 in 6 people. In people who have Raynaud's, the small blood vessels in the extremities are 
oversensitive to changes in temperature or stress. This causes a Raynaud's attack where the fingers change colour typically white, blue or red. 
Raynaud's symptoms generally affect the fingers and toes, but all extremities can be involved, including the ears, nose, lips, tongue and nipples. 
If you are experiencing painful or frequent symptoms then it is worthwhile visiting your GP to discuss the situation, including management 
techniques and possible treatment options.

Yes to Q5, irrespective of the 
answers provided to Q1-4

You may have Raynaud’s
Raynaud’s is a common condition affecting around 1 in 6 people. In people who have Raynaud's, the small blood vessels in the extremities are 
oversensitive to changes in temperature or stress. This causes a Raynaud's attack where the fingers change colour typically white, blue or red. 
Raynaud's symptoms generally affect the fingers and toes, but all extremities can be involved, including the ears, nose, lips, tongue and nipples.
The majority of people with Raynaud’s symptoms have ‘Primary Raynaud’s phenomenon’ which can be intrusive but should not cause any lasting 
damage to the fingers. Primary Raynaud’s often starts during adolescence. A minority of people experiencing Raynaud’s have an underlying health 
condition causing these symptoms. We use the term ‘Secondary Raynaud’s phenomenon’ when this is the case. This can be more serious, and we 
have tests available to help identify people who might have secondary Raynaud’s.
If you have developed sores or ulcers on your fingers or toes then we would recommend an assessment at your GP surgery to rule out an 
underlying health problem.
If you are experiencing painful or frequent symptoms then it is worthwhile visiting your GP to discuss the situation, including management 
techniques and possible treatment options.

GP, general practitioner; SRUK, Scleroderma Raynaud’s UK.

completed the test or how they acted on the information supplied 
in response to their answers. The figures are solely presented to 
provide some impression of the possible demographics of those 
completing the test. RP was deemed ‘unlikely’ in 1138 (6%). 
The majority of respondents were informed they ‘may have 
Raynaud’s’ (14140, 75%). The remaining 3562 respondents 
(19%) were also informed that they may have Raynaud’s, but 
given additional advice to seek medical attention having reported 
the development of digital ischaemic lesions (yes to question 5). 
Accepting the inevitable selection bias accompanying positioning 
the test on the SRUK website, the considerable proportion of 
respondents reporting features that might represent secondary 
RP was of interest and, it is hoped, may have encouraged some 
respondents to seek medical attention when they had not previ-
ously done so.

Utilisation of our Raynaud’s test highlights the large number of 
people visiting patient organisation websites for information and 
the potential of patient organisations to encourage involvement 
of people in their own healthcare. Our findings also highlight 
the global reach of ‘National’ web-based patient organisations. 
The internet has provided the general public with a readily avail-
able tool for the self-investigation of new experiences/symptoms 
that might indicate the presence of disease. Carefully designed 
tools of this nature can positively influence health utilisation by 
providing reassurance to people interested to learn about RP 
and encouraging earlier medical assessment of people at risk of 
potentially life-threatening disease such as SSc. Collaboration 
between healthcare professionals, patient organisations and the 
public is at the heart of important initiatives such as the Euro-
pean League Against Rheumatism ‘Don’t Delay, Connect Today!’ 

campaign, that is seeking to raise awareness around the impor-
tance of early diagnosis.7 The diagnostic potential of mobile 
health technology is fast becoming an important tool for influ-
encing patient referral processes and can be particularly valuable 
for people living in remote areas. We must, however, be alert 
to the dangers of diagnostic inaccuracy and incorporate appro-
priate safeguards that ensures timely secondary care assessment 
using diagnostic tools such as nailfold videocapillaroscopy in 
high-risk patients.8 9

Michael Hughes,1,2 Amy Baker,3 Sue Farrington,3 John D Pauling4,5

1Department of Rheumatology, Royal Hallamshire Hospital, Sheffield Teaching 
Hospitals NHS Foundation Trust, Sheffield, UK
2Centre for Musculoskeletal Research, The University of Manchester, Salford Royal 
NHS Foundation Trust, Manchester Academic Health Science Centre, Manchester, 
UK
3Scleroderma and Raynaud’s UK, London, UK
4Royal National Hospital for Rheumatic Diseases (at Royal United Hospitals), Bath, 
UK
5Department of Pharmacy and Pharmacology, University of Bath, Bath, UK

Correspondence to Dr John D Pauling, Royal National Hospital for Rheumatic 
Diseases, Bath, BA1 1RL, UK;  johnpauling@ nhs. net

Handling editor Josef S Smolen

Acknowledgements The authors wish to thank Professor Ariane Herrick for her 
help devising questions andresponses comprising the ’Raynaud’s Test’.

Contributors All authors were involved in the planning, conduct and reporting of 
the work described in the article.

Funding This study was funded by Scleroderma and Raynaud’s UK.

Competing interests None declared.

Patient consent Not required.

 on 2 M
arch 2019 by guest. P

rotected by copyright.
http://ard.bm

j.com
/

A
nn R

heum
 D

is: first published as 10.1136/annrheum
dis-2018-214161 on 11 O

ctober 2018. D
ow

nloaded from
 

http://ard.bmj.com/


441Ann Rheum Dis March 2019 Vol 78 No 3

Letters

Provenance and peer review Not commissioned; externally peer reviewed.

[object Object]

To cite Hughes M, Baker A, Farrington S, et al. Ann Rheum Dis 2019;78:439–441.

Received 21 July 2018
Revised 13 September 2018
Accepted 13 September 2018
Published Online First 11 October 2018

Ann Rheum Dis 2019;78:439–441. doi:10.1136/annrheumdis-2018-214161

RefeRences
 1 Pauling JD, Domsic RT, Saketkoo LA, et al. Multinational qualitative research study 

exploring the patient experience of Raynaud’s phenomenon in systemic sclerosis. 
Arthritis Care Res 2018;70:1373–84.

 2 Pauling JD, Saketkoo LA, Matucci-Cerinic M. The patient experience of Raynaud’s 
phenomenon in systemic sclerosis. Rheumatology(oxford) 2018;66.

 3 Walker UA, Tyndall A, Czirják L, et al. Clinical risk assessment of organ manifestations 
in systemic sclerosis: a report from the EULAR Scleroderma Trials And Research group 
database. Ann Rheum Dis 2007;66:754–63.

 4 Delisle VC. Sex and time to diagnosis in systemic sclerosis: an updated analysis of 
1,129 patients from the Canadian scleroderma research group registry. Clin Exp 
Rheumatol 2014;32(Suppl 86):S-10–0.

 5 Brennan P, Silman A, Black C, et al. Validity and reliability of three methods used in the 
diagnosis of Raynaud’s phenomenon. The UK Scleroderma Study Group. Br J Rheumatol 
1993;32:357–61.

 6 Maverakis E. International consensus criteria for the diagnosis of Raynaud’s 
phenomenon. J Autoimmun 2014;49:48-60–5.

 7 EULAR Campaign, 2018. ’Don’t delay, connect today’. https://www. eular. org/ what_ 
we_ do_ dont_ delay_ connect_ today_ 2017. cfm (accessed 23 Aug 2018).

 8 Wolf JA, Moreau JF, Akilov O, et al. Diagnostic inaccuracy of smartphone applications 
for melanoma detection. JAMA Dermatol 2013;149:422–6.

 9 Burmester GR, Bijlsma JWJ, Cutolo M, et al. Managing rheumatic and musculoskeletal 
diseases - past, present and future. Nat Rev Rheumatol 2017;13:443–8.

 on 2 M
arch 2019 by guest. P

rotected by copyright.
http://ard.bm

j.com
/

A
nn R

heum
 D

is: first published as 10.1136/annrheum
dis-2018-214161 on 11 O

ctober 2018. D
ow

nloaded from
 

http://dx.doi.org/10.1002/acr.23475
http://dx.doi.org/10.1093/rheumatology/key026
http://dx.doi.org/10.1136/ard.2006.062901
http://www.ncbi.nlm.nih.gov/pubmed/8495253
https://www.eular.org/what_we_do_dont_delay_connect_today_2017.cfm
https://www.eular.org/what_we_do_dont_delay_connect_today_2017.cfm
http://dx.doi.org/10.1001/jamadermatol.2013.2382
http://dx.doi.org/10.1038/nrrheum.2017.95
http://ard.bmj.com/


441Ann Rheum Dis March 2019 Vol 78 No 3

Letters

Figure 1 (A) Illustration of wrist US probe positions and corresponding US images, used for US wrist assessment. (B) Fisher’s exact statistical testing 
for association between high and low SH/PD groups compared with high and low Krenn synovitis scores. The high US SH score is denoted by >1 and 
low score ≤1 and a high US PD score >0 and low score ≤0. NPV, negative predictive value; PD, power Doppler; PPV, positive predictive value; SH, 
synovial hypertrophy; US, ultrasound.

       

Wrist ultrasound - the model method for grey-
scale and power Doppler scoring

The use of ultrasound (US) has been at the forefront of aiding 
diagnosis of inflammatory arthritis since its introduction. More 
recently, US imaging in patients with clinical remission appears 

to provide prognostic information with respect to disease flares 
and progression.1 2 Ultrasonographic scoring typically uses a 
semiquantitative scale of 0–3 for synovial hypertrophy (SH) and 
power Doppler (PD). This system works very well in smaller 
joints or those with single articulations. However, in complex 
joints such as the wrist with many articulations, the final grading 
can be difficult. Figure 1A illustrates three potential positions 
used to score wrist synovitis. As a consequence, there are a 
number of possible permutations for the wrist US score.

Most scoring systems have adopted the minimalistic approach, 
using the individual joint scoring method.3 However, Ellegaard 
et al have used the average wrist score as their final result but this 
was based on excellent interclass correlation coefficient (ICC) 
between users rather than an objective marker that represents the 
wrist inflammation itself.4 Other studies have evaluated the use 
of a maximum wrist score from detailed wrist views,5 but did not 
include the mid-wrist position. Additionally, the total sum score 
has also been adopted6 but importantly, no study to date has 
used histology as a benchmark to optimise an US scoring system. 
In this study, we propose to introduce an optimal US score for 
assessment of the wrist reflective of histological synovitis.

In this study, we analysed 72 wrist US scans with paired syno-
vial tissue biopsies in patients with rheumatoid arthritis (RA), 
within the settings of an early arthritis study (MRC PEAC study 
REC reference: 05/Q0703/198 and IRAS Project ID: 60271). 
Previous work has demonstrated a minimum of 4–6 synovial 
tissue samples with an intact lining layer is sufficient to provide 
a representative histological overview of the whole joint.7 The 
synovial sampling was taken from all compartments of the wrist 
joint and scored as a whole. A total of 16–20 samples were 
usually obtained for histological analysis.

A wrist US SH score of >1 equates high score and ≤1, low 
score. A PD score of >0 consider high score and ≤0, low score. 
Agreement between two readers using 80 US images: ICC 
SH—0.82 (interval 0.79–0.9), ICC PD—0.93 (interval 0.9–0.95), 
calculated using SPSS software. Three different methods were 
recorded for SH and PD US scoring: (1) maximum (max) indi-
vidual score at any of the three regions assessed in figure 1A, 
(2) mid-wrist in isolation and (3) total score of all three assessed 
regions in figure 1A based on the 0–3 scoring system. Using the 
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Krenn’s synovitis scoring method, the histology was defined and 
used as a comparator for both US scores (SH and PD). Each US 
scoring category for the wrist was compared with a high (>4) 
and low (≤4) Krenn score (total score 0–9). This denoted a high 
and low grade of synovitis, respectively, according to previously 
published reports.8 Agreement between two readers using 16 
histology samples: ICC Krenn synovitis score 0.89 (interval 0.71 
and 0.97).

The analysis was aimed at determining the predictive value of 
US imaging, which reflected a synovial histological Krenn score. 
The results demonstrate that the maximum wrist US score in 
both SH and PD provided the best assessment, when compared 
to the other the other methods recorded (figure 1B). This was 
achieved with a negative predictive value (NPV) of 95% and 
positive predictive value (PPV) of 55% for the US SH score and 
86% NPV and 51% PPV for the US PD score.

This study demonstrates that during early RA, a low US score 
of the wrist is reflective of a low histological synovitis Krenn 
score. The ‘maximum’ score from the three areas assessed within 
the wrist has been found to be the optimal scoring system and is 
a valid measure for assessing disease activity and remission.
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Correction: Designing effective graphs to get your message  
across

Boers M. Designing effective graphs to get your message across. Ann of Rheum Dis 
2018;77:833–9. doi:10.1136/annrheumdis-2018-213396

On page 835 of the article the ‘null zone’ is introduced, a way to graphically express statis-
tical tests of differences between groups, and in Online appendix 4 a spreadsheet is offered to 
help calculate the necessary numbers. Unfortunately, this spreadsheet contained an error and 
has been replaced. Appendix 4 now contains the corrected version.
© Author(s) (or their employer(s)) 2019. No commercial re-use. See rights and permissions. Published by BMJ.

Ann Rheum Dis 2019;78:442. doi:10.1136/annrheumdis-2018-213396corr1
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M-CSF and GM-CSF monocyte-derived 
macrophages in systemic sclerosis: the two 
sides of the same coin?

We read with interest the article by Moreno-Moral et al1 
exploring the contribution of monocyte-derived macrophages 
(MDMs) in mediating genetic susceptibility to systemic sclerosis 
(SSc). By conducting RNA sequencing and genome-wide geno-
typing in a model of MDMs differentiated by macrophage colo-
ny-stimulating factor (M-CSF), this article provides new insights 
in the activation/polarisation states of blood MDMs in SSc.

In this work, the blood MDMs from 57 patients with SSc 
present a mixed activation signature state (figure 1 in ref.1): 
on the one hand, the down-regulation of interferon gamma 
response is in favour of an alternative (M2) activation, but on 
the other hand, the downregulation of the interleukin (IL)-6/
JAK/STAT3 signalling pathway may limit this alternative polar-
isation as IL-6 promotes IL-4Rα expression in macrophages 
in an IL-10-independent manner.2 Therefore, blood MDMs’ 
polarisation states contrast with the macrophage signature from 
other tissues in SSc,3 such as lung, in which a STAT3-depen-
dent enhanced expression of CD163 has been associated with an 
immune-driven pulmonary fibrosis. The results of Moreno-Moral 
et al on MDMs are consistent with the results of previous studies 
on undifferentiated peripheral blood monocytes in SSc4 in which 
the inflammatory component of the immune-fibrotic processes is 
only found in peripheral blood, illustrating this mixed (M1/M2) 
polarisation signature of blood monocytes and MDMs.1 3 Alto-
gether, these results reinforce the vision of a wide and hetero-
geneous functional range of activated macrophages, not only 
depending on the disease at stake and its stage of evolution, but 
also on the organ of interest, highlighting the need for a more 
refined phenotypic characterisation of these so-called ‘M1 and 
M2’ macrophages in inflammatory and fibrotic disorders.

However, the relevance of these results at a protein level is still 
to be evaluated in this in vitro model of MDMs. Moreover, we 
and others have demonstrated that the CSF used for differenti-
ating MDMs, that is, M-CSF or GM-CSF, has a major impact 
at a functional and phenotypic level.5 Therefore, the results 
of this RNA sequencing and genome-wide genotyping in the 
M-CSF-driven MDM model may vary in GM-CSF MDMs. This 
GM-/M-CSF duality may also influence and partly explain the 
variations of phenotypes and polarisation states among tissues 
in SSc, as GM-CSF classically characterises lung macrophages 
and M-CSF is involved in the physiology of macrophages from 
tissues like digestive tracts. The issue of macrophage ontogeny 
in human fibrotic diseases is still unsolved,6 and the question of 

the most relevant CSF for obtaining MDMs in vitro is still to be 
determined. The comparison of M-CSF and GM-CSF MDMs 
using the same methodology as Moreno-Moral et al may high-
light key pathogenic processes both in SSc and in the under-
standing of macrophage physiology in general.
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Response to: 'M-CSF and GM-CSF monocyte-
derived macrophages in systemic sclerosis: the 
two sides of the same coin?' by Lescoat et al

In the quest for identification of genes for complex disorders, 
the functional annotation of disease-risk variants in the relevant 
cell type remains a challenge. Lescoat and colleagues1 pose the 
question ‘what is a scleroderma macrophage?’ and in view of 
current literature (including the study by Moreno-Moral et al2), 
argued how the heterogeneous range of activated macrophages 
can vary between target organs of interest and possibly across 
different fibrotic diseases.

While we share Lescoat’s point of view on the underlying 
complexity of functional cells in disease, it remains open to 
debate whether GM-CSF or M-CSF-mediated differentiation 
conditions of peripheral blood monocytes are sufficient to fully 
capture the characteristics of these cells in their disease context. 
As stated by Lescoat et al,1 whether and to which extent the 
in vitro defined M1/M2 macrophage subtypes reflect the 
context-specific activation of macrophages observed in different 
organs (eg, skin, lung) in scleroderma remains to be demon-
strated. In this respect, the proposed spectrum model of human 
macrophage activation3 argues in favour of a scleroderma-spe-
cific macrophage activation profile which does not fall into the 
binary M1/M2 categorisation.1

The experimental challenges encountered in finding the 
‘best’ cell culture conditions for modelling disease could be 
eased by investigating the genetic control of gene expression 
(ie, expression QTL or eQTL). Theoretically, these studies can 
test, regardless of culturing conditions, whether certain DNA 
variants affect the expression levels of core susceptibility genes 
expressed by myeloid cells, in general. Recent eQTL studies in 
humans showed context-specific variants (ie, on stimulation) in 
monocytes and macrophages but there is also evidence of some 
transcripts which are regulated by DNA sequence variation (eg, 
SNPs) independently of the stimulus4 or the differentiation state 
of the cell (monocyte vs macrophage). For instance, Fairfax 
et al identified GSDMA as an eQTL in activated monocytes4 
and Moreno-Moral et al. (figure 2 in reference 2) showed the 
same gene being under local genetic control in M-CSF-derived 
macrophages isolated from patients with scleroderma. Notably, 
GSDMA associates with asthma susceptibility5 and scleroderma.6 
This suggests genotype-dependent GSDMA expression in a 
wider monocyte/macrophage compartment, which is likely to be 
a risk component in these diseases. It is therefore plausible that 
the genetic control of GSDMA mRNA levels will be conserved 
in both M-CSF and GM-CSF-derived scleroderma macrophages 
but further experiments will be required to reach a definite 
conclusion.

Interestingly, human monocytes share eQTLs with CD4+ T 
cells7 and neutrophils,8 indicating that common DNA variants 
regulate mRNA levels of target genes in multiple immune cell 
types, suggesting the possibility of disease risk variants impacting 
on the wider immune response. As highlighted by Lescoat et al,1 
whether the effect of particular disease susceptibility variants 
on a gene’s mRNA level is also conserved at the protein level 
remains to be examined, and we reckon that additional layers 
of regulation (eg, post-transcriptional, translational) are likely 
to be at work. Still, there are examples of robust conservation 

between expression and protein QTLs associated with disease.9 
Ultimately, the eQTL approach, while informative in linking 
bona fide disease risk variants with target cells (as shown by 
Moreno-Moral et al2), should be considered in the broader 
target tissue context rather than in specific cell culture condi-
tions,10 and recent advances in ATAC-seq, single cell RNA-seq 
will allow the refinement of causal variants for systemic sclerosis 
in a setting closer to their in vivo context.
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Metabolic and cardiovascular benefits of 
hydroxychloroquine in patients with rheumatoid 
arthritis: a systematic review and meta-analysis

With great interest, we read the paper recently published 
in the Annals of the Rheumatic Diseases titled ‘Metabolic 
and cardiovascular benefits of hydroxychloroquine in 
patients with rheumatoid arthritis(RA): a systematic review 
and meta-analysis’.1 In the study, the authors revealed that 
hydroxychloroquine may benefit the metabolic profile and 
to a lesser extent cardiovascular events in patients with RA. 
We congratulate and applaud their significant work for clin-
ical practice, but there are some worthwhile issues that need 
to be further explored.

First, the current meta-analysis was conducted according to 
the guidelines of the Preferred Reporting Items for Systematic 
Review and Meta-Analysis, but the protocol, which should 
have been predefined, was not registered in any platforms, 
such as the Cochrane Library, PROSPERO (https://www. 
crd. york. ac. uk/ prospero/) and BMJ Open, which may affect 
its transparency and reproducibility.2 Medline, Embase, 
the Cochrane Library, and the databases for the American 
College of Rheumatology and the European League Against 
Rheumatism annual meetings were searched in this study, 
but these databases seemed to be not enough to retrieve all 
the eligible studies. Additionally, NLM Gateway, BIOSIS 
previews and some grey literatures should be included, 
which may contribute to a more comprehensive collection 
of eligible studies.3

Second, Jadad score was employed to assess the quality of 
eligible randomised controlled trials (RCTs) in the current 
meta-analysis. However, owing to the lack of allocation conceal-
ment assessment, Jadad score may overestimate the quality of 
eligible RCTs, thus overstating authentic intervention effect 
of hydroxychloroquine. Alternatively, the Cochrane risk-of-
bias tool including random sequence generation, allocation 
concealment, blinding of participants and personnel, blinding 
of outcome assessment, incomplete outcome data, selective 
reporting and other bias may be a better choice to comprehen-
sively evaluate the quality of eligible RCTs.4

Third, RCTs and observational studies were inappropriately 
pooled together in the current meta-analysis. Part of reasons 
may be that limited studies were involved in the outcomes of 
interest, such as low-density lipoprotein, high-density lipo-
protein and triglycerides. However, it is general that RCTs 
and observational studies cannot be pooled when considering 
different evidence levels in the hierarchy of evidence pyramid 
according to the Cochrane Handbook. We wonder whether 
further subgroup analyses based on study design should be 
performed to clarify the potential advantages of hydroxychlo-
roquine, which may increase the robustness and credibility of 
the conclusions. Furthermore, authors stated in the Methods 
section that all the meta-analyses were performed using a 
random-effects model in case of significant heterogeneity. 
Nevertheless, we found that fixed-effects model was chosen 
to estimate all the pooled effects in the following analyses in 
the Results section. As with us, some readers may be confused 
about the inconsistency.

Fourth, the meta-analysis in total included only five studies for 
publication bias assessment. Funnel plots and Egger’s tests indi-
cated no significant statistical difference, and then the authors 
stated that publication bias did not exist. However, this conclu-
sion may be inaccurate. Generally, owing to the poor statistic 
weight from ‘small-study effects’ and bad performance of funnel 
plots’ visualisation in detecting publication bias, publication bias 
can be identified though the asymmetry of funnel plot and subse-
quent tests only when more than 10 studies were included in 
the meta-analysis.5 Thus, considering limited studies included in 
the meta-analysis, the possibility of publication bias was hardly 
excluded.

To sum up, we respect the great work done by the 
authors, but the study should be interpreted with the afore-
mentioned limitations, and further high-quality multicentre 
RCTs with larger sample size should be warranted to clarify 
the potential benefits of hydroxychloroquine in patients 
with RA.
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Response to: ‘Metabolic and cardiovascular 
benefits of hydroxychloroquine: exploration in a 
wider population at high CV risk’ by Pareek et al

In their letter to the editor, Pareek et al raised some issues 
regarding our recent paper.1 2 We appreciate their interest in our 
study and their positive comments.

Pareek et al highlight the fact that several studies addressing 
the metabolic effect of hydroxychloroquine (HCQ) have not 
been included in our meta-analysis due to our stringent inclu-
sion criteria (HCQ users vs non-users in patients with rheu-
matoid arthritis (RA)). We acknowledge this point. However, 
we believe that to establish and to follow such strict inclusion 
criteria is important in a meta-analysis in order to reduce to 
a minimum heterogeneity of the pooled results. Indeed, there 
was no significant heterogeneity among studies that were 
included in our work.2

Two studies mentioned by Pareek et al regarding reduced 
diabetes incidence with HCQ were not included in our 
meta-analysis. This was due to heterogeneous study popu-
lation for the paper by Solomon et al3 and to a publication 
date posterior to the end of our meta-analysis timeline for the 
paper by Ozen et al.4 Anyway, the data are consistent with our 
results and strengthen our conclusions.

Focusing only on RA was a willingness, because by contrast 
to other diseases such as lupus, HCQ is not clearly recom-
mended in RA due to its rather low efficacy on arthritis.5 
Getting proofs that it could have interesting benefit for 
patients with RA through its metabolic effect could have an 
effective impact in practice. Anyway, as indicated by Pareek 
et al, the beneficial effect of HCQ on cardiovascular risk 
factors that we found in our meta-analysis has also been noted 
in chronic inflammatory conditions other than RA, notably 
lupus.

Thus, even if for methodological reasons we did not present 
in our article all the studies exploring the metabolic effect 
of HCQ, it appears that, as stated by Pareek et al, evidence 
supporting the metabolic and cardiovascular benefits of HCQ 
in inflammatory rheumatic diseases, including RA, begin to be 
quite strong in the literature.
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