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In this Issue
Highlights from this issue of A&R | By Lara C. Pullen, PhD

Higher HCQ Blood Levels Associated with Reduced 
Thrombosis Risk in SLE
Systemic lupus erythematosus (SLE) 
increases the risk of both venous thrombosis 
and arterial thrombosis. Rheumatologists 
consider hydroxychloroquine (HCQ) to be a 

mainstay of SLE therapy 
and have noted that it may 
also be protective against 

thrombosis in the patient population. Unfor-
tunately, optimal weight-based dosing of 
HCQ is unknown. In this issue, Petri et al 
(p. 997) report the results of their analysis 
of a longitudinal SLE cohort to determine 
the usefulness of HCQ blood monitoring in 
predicting thrombosis risk. They found that 
low HCQ blood levels are associated with 
thrombotic events in SLE. 

The study included 739 patients with 
SLE, and thrombosis was detected in 38 
patients. Since HCQ whole blood levels 
more accurately reflect HCQ exposure 
as compared to plasma or serum levels, 
the investigators serially quantified HCQ 
levels from EDTA whole blood using liquid 
chromatography–tandem mass spectrom-
etry. They used t-tests to compare the mean 
HCQ blood levels calculated prior to throm-
bosis or until the last visit between patients 
with and those without thrombosis. Pooled 
logistic regression was used to analyze the 
association between rates of thrombosis and 
HCQ blood level and to calculate rate ratios 
and 95% confidence intervals.

p.   997

Novel Stratification of Systemic Autoimmune Diseases
Systemic autoimmune diseases present with 
clinical heterogeneity, which can impede 
early diagnosis and effective treatment. This 
has led some rheumatologists to attempt 

to classify patients into 
groups defined by molec-
ular patterns. In this issue, 

Barturen et al (p. 1073) report the results of 
their effort to identify clusters for reclassifying 
systemic autoimmune diseases independently 
of clinical diagnosis. They found that patients 
with systemic autoimmune diseases can be 
jointly stratified into 3 stable disease clusters 
with specific molecular patterns that differen-
tiate different molecular disease mechanisms. 

The investigators used an unsupervised 
model that integrated transcriptome and meth-
ylome data to identify and validate 4 clus-
ters. Three of the clusters were pathologic, 
representing “inflammatory,” “lymphoid,” 
and “interferon” patterns. Each of the clus-
ters included all diagnoses and was defined 

by genetic, clinical, serologic, and cellular 
features. For example, the clusters were char-
acterized by differences in cell type propor-
tions and specific types of cytokines, as well 
as clinical characteristics associated with the 
pathways. The fourth cluster had no specific 
molecular pattern, was associated with low 
disease activity, and included healthy controls.

The researchers then used a longitu-
dinal and independent inception cohort that 
showed a relapse–remission pattern to reveal 
that patients remained in their pathologic 
cluster, moving only to the healthy cluster. 
These results suggest that the molecular 
clusters remained stable over time and that 
single pathogenic molecular signatures char-
acterized each individual patient. The authors 
conclude that their findings have important 
implications for future clinical trials and 
the study of nonresponse to therapy. Their 
results suggest a paradigm shift in the view 
of systemic autoimmune diseases.

p.  1073

The investigators found that the mean 
HCQ blood level was lower in patients 
who developed thrombosis versus those 
who did not. Moreover, thrombosis rates 
were reduced by 13% for every 200-ng/
ml increase in the most recent HCQ blood 
level and by 13% for mean HCQ blood level. 
Further calculations revealed that throm-
botic events were reduced by 69% in patients 
with mean HCQ blood levels ≥1,068 ng/
ml compared to those with levels <648 ng/
ml. This finding was significant, even after 
adjustment for confounders. The authors 
conclude that longitudinal measurement 
of HCQ levels may allow for personalized 
HCQ dosing strategies. 

Figure 1. Healthy individuals are assigned pri-
marily to the undefined cluster, which also in-
cludes patients with systemic autoimmune disease 
with low disease activity and few differentially 
expressed genes as compared to health controls. 
Above: Distribution of healthy individual assign-
ments to the molecular classification of systemic 
autoimmune diseases.



Oral methotrexate (MTX) remains the mainstay of therapy for 
rheumatoid arthritis (RA) and related autoimmune conditions 
worldwide. However, only up to 50% of patients have a clinically 
adequate response. The reasons for this discrepancy in clinical 
outcomes are not clearly understood. Most importantly, there 
is a lack of available tools to predict response to MTX. Several 
groups have shown that the microbiome can impact response to a 
variety of therapies and could be used as a biomarker of treatment 
response. Based on these findings,  Artacho et al. analyzed the effect 
of the human gut microbiome on the response to MTX in patients 
with RA, as well as its utility as a prognostic tool. 

The researchers first analyzed the fecal microbiome composition 
before MTX treatment initiation in patients with new-onset RA. The 
commensal bacteria that compose the microbiome were inferred using 
16s ribosomal RNA sequencing.  The genes encoded by the micro-
biome were analyzed through shotgun sequencing.  They then showed 
that the pretreatment microbiome in patients that went on to achieve 
clinically adequate response to MTX (responders) was different from 
that of nonresponders. Differences at baseline included a variety of 
gene orthologs, including those that could be related to MTX and folate 
metabolism. Next, they applied machine learning algorithms, including a 
random forest model and the Boruta algorithm. This allowed them to 
build a predictive model based on gene orthologs whose abundance 
in the microbiome differed between responders and nonresponders. 

Using this model, the researchers were able predict future clinical 
response to the drug in the majority of patients from a new valida-
tion cohort.  They analyzed the potential direct effect of the gut micro-
biome on MTX availability and response to treatment using an ex vivo 
model.  Using nuclear magnetic resonance and mass spectrometry, 
they showed that the remaining levels of MTX after incubation were 
significantly associated with clinical response to MTX, as observed 4 
months after treatment initiation.  This finding indicates that the human 
gut microbiome can indeed metabolize MTX, suggesting a potential 
direct impact on response to therapy.

Questions

1. What is currently known about the differential response of 
RA patients to MTX?

2.  How can the microbiome impact response to therapies in 
general? How can the microbiome impact specific future clin-
ical response to MTX in RA?

3.  What are the different methods used for analyzing the micro-
biome?  Which methodologic tool provided a more robust predic-
tion to MTX response?  What are the possible explanations?

4.  What are the key differences between the new and previously 
identified methods applied in order to predict MTX response?

Pretreatment Gut Microbiome Associated with Lack of Response to MTX

Certain Lipid Mediators Associated with Future IA
In this issue, Polinski et al (p. 955) describe 
the results from their prospective cohort of 
anti–cyclic citrullinated peptide (CCP)–posi-
tive individuals. They examined the associ-

ations of circulating lipid 
mediator concentrations 
with progression from 

rheumatoid arthritis (RA)–related autoim-
munity to inflammatory arthritis (IA). They 
found that higher levels of 5-HETE, an impor-
tant precursor to proinflammatory leukotri-
enes, were associated with subsequent IA. 

The team used data from the Studies of 
the Etiology of Rheumatoid Arthritis, which 
enrolled first-degree relatives of individuals 
with RA and individuals who screened posi-
tive for RA-related autoantibodies at health 

fairs. They then followed up 133 anti-
CCP3.1–positive participants, 29 of whom 
developed IA. The investigators quantified 
lipid mediators from stored plasma samples 
using liquid chromatography–tandem mass 
spectrometry. They then fit multivariable 
Cox proportional hazard models for each 
lipid mediator as a time-varying variable. 
When they identified lipid mediators that 
were significantly associated with IA, they 
examined interleukin-1β (IL-1β), IL-6, IL-8, 
and tumor necrosis factor as potential statis-
tical mediators.

The investigators found that for every 1 
natural log pg/ml increase in the circulating 
plasma levels of proinflammatory 5-HETE, 
individuals had a 241% increased risk of 

developing IA. This translated into a hazard 
ratio of 2.41, which persisted after adjust-
ment for age at baseline, cohort, and shared 
epitope status. They then used models to 
examine 15-HETE and 17-HDHA and 
observed the same trend, although they 
noted that the trend did not reach signifi-
cance. The researchers found no evidence 
that the association between 5-HETE 
and IA risk was influenced by the proin-
flammatory cytokines tested. Though the 
mechanisms of these proinflammatory/
proresolving pathways in RA pathogen-
esis need further clarification, the authors' 
findings highlight the potential significance 
of these polyunsaturated fatty acid metabo-
lites in pre-RA populations.

p.   955
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HLA–B*08 Identified as the Most  
Prominently Associated MHC Locus for  
Anti-CarP+/Anti-CCP− RA
Regueiro et al, Arthritis Rheumatol 2021;89:963–969
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KEY POINTS  
•  The HLA–B*08 allele 

encoding Asp-9 increases 
susceptibility to the specific 
subgroup of anti-CarP+ RA. 
No other MHC variant was 
detected.

•  The role of HLA is central to 
RA susceptibility, indicating that 
the variety of autoantibodies 
reflects different HLA 
susceptibility alleles.

•  These findings may be 
useful in the identification 
of natural autoantigens, 
delimitation of boundaries 
between autoantibody types, 
development of biomarkers, 
and design of therapeutics.

SUMMARY  
The major histocompatibility complex (MHC) accounts for a significant fraction (30–50%) of rheumatoid arthritis (RA) 
heritability. This notable contribution is thought to facilitate autoantigen reactivity and the production of RA-specific 
autoantibodies.  Accordingly, the HLA–DRB1 alleles expressing valine (V) at position 11 are strongly associated with anti–
cyclic citrullinated peptide antibody–positive (anti-CCP+) RA (and the canonical anti–citrullinated protein antibodies 
[ACPAs]) but not with anti-CCP− RA. In contrast, the HLA–DRB1*03 allele, which expresses serine at position 11, has 
been associated with anti-CCP− RA patients who are positive for anti–carbamylated protein antibodies (anti-CarP). 
Another HLA allele, HLA–B*08, that encodes aspartic acid (D) at position 9 (Asp-9) is associated with the presence 
of ACPAs that diverge from anti-CCP (noncanonical ACPAs).  In this study by Regueiro et al, HLA–B*08 appears to be 
the MHC locus most associated with anti-CarP.  This association is specific and not explained by other autoantibodies.  
It also accounts for the previously described HLA–DRB1*03 association through linkage disequilibrium.  Therefore, it 
seems that the HLA–B*08 allele is independently predisposed to antibody types: anti-CarP and noncanonical ACPA.
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KEY POINTS  
•  Similar to childhood-onset SLE, type I IFNs play a role in juvenile 

myositis skin disease pathogenesis.

•  A juvenile myositis–specific skin gene expression signature of 
SLURP1, FBLN2, and CHKA distinguishes juvenile myositis lesions 
from other autoimmune skin diseases.

•  NXP-2–positive juvenile myositis patients demonstrate a higher 
IFN score and stronger Mx-1 immunostaining in lesional skin.

SUMMARY  
Juvenile myositis and childhood-onset systemic lupus 
er ythematosus (SLE) are pediatric autoimmune 
diseases that commonly present with skin inflammation, 
heralding severe systemic organ involvement. We do 
not fully understand the role of skin disease in assessing 
systemic disease activity and directing treatment. 
Turnier et al investigated gene expression changes in 
the skin of juvenile myositis and lupus patients relative 
to healthy controls. While both juvenile myositis and 
lupus skin demonstrated a striking up-regulation of 
type I interferon (IFN) signaling, childhood-onset SLE 
skin had an overall higher inflammatory signature. 
Compared to childhood-onset SLE, juvenile myositis skin 
demonstrated only 28 unique differentially expressed 
genes, including SLURP1, FBLN2, and CHKA. A juvenile 
myositis–specific skin signature was derived using these 
3 candidate genes and was found to be higher in both 
pediatric and adult dermatomyositis compared to 
other skin diseases, including lupus. Potential immune 
cell types present in juvenile myositis and lupus skin 
were also characterized, with childhood-onset SLE 
demonstrating increased signatures from T cells, B cells, 
macrophages, and plasmacytoid dendritic cells, whereas 
juvenile myositis included predominantly macrophages. 
Juvenile myositis patients with nuclear matrix protein 
2 (NXP-2) autoantibodies exhibited the strongest 
IFN signature and showed the most extensive Mx-1 
immunostaining, both in keratinocytes and perivascular 
regions.  Further investigation into molecular signatures 
of skin disease in juvenile myositis and lupus may 
provide insight into disease endotypes, pathogenesis, 
and targeted treatment.

Comparison of Lesional Juvenile Myositis and 
Lupus Skin Reveals Overlapping Yet Unique 
Disease Pathophysiology 
Turnier et al, Arthritis Rheumatol 2021;89:1062–1072

CORRESPONDENCE 
Jessica Turnier, MD: turnierj@med.umich.edu

Juvenile myositis-specific 
skin signature

Common type I IFN signaling

NXP-2+ juvenile myositis:
Increases skin IFN score

Increased inflammatory 
signature
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Rheumatology During a Pandemic: Science and Resilience
Ellen M. Gravallese

It seemed as though it was a year like any other year. But 
in December 2019 a new virus, the SARS– CoV- 2 virus, was 
identified. In less than 9 months, this tiny 100- nanometer RNA 
virus, with a menacing spiked capsid, took over a million lives 
worldwide, disrupted economies, and brought entire nations to 
a standstill.

Although this was not on our radar as rheumatologists, 
epidemiologists and public health experts knew that this could 
happen. In 2018 I attended a series of lectures and panels on 
epidemics featuring experts from academics, industry, govern-
ment organizations, and foundations. Bill Gates spoke, and in 
his lecture he said, “Given the continual emergence of new path-
ogens…, and the ever- increasing connectedness of our world, 
there is a significant probability that a large and lethal modern- 
day pandemic will occur in our lifetime” (1). And there was 
resounding agreement among the panelists that the world was 
ill- prepared. Figure 1 shows 3 doctors at my hospital in Boston, 
then called the Peter Bent Brigham Hospital, during the 1918 flu 
pandemic, donning the now all- too familiar personal protective 
equipment. Mr. Gates showed a global map with a simulation 
demonstrating what would happen if a lethal airborne pathogen, 
like the 1918 flu virus, were to occur today. This pathogen would 
travel the globe in 6 months and kill over 30 million people. But 
somehow the probability of a pandemic happening soon still 
seemed unlikely, remote. Then, within 2 months of the start of my 
term as ACR President, events unfolded in a way that was eerily 
similar to what had been foreseen at that symposium less than 
2 years earlier.

The philosopher Francis Bacon once wrote, “Prosperity is 
not without many fears and disasters; and adversity is not with-
out comforts and hopes” (2). This year rheumatologists across 
the globe have embraced adversity and have risen to the many 
challenges with hope. What I have witnessed in the field of rheu-
matology in response to this pandemic has been nothing short of 
remarkable. There are so many examples. In the face of a vacuum 
of data on the outcomes of patients with rheumatic diseases who 

contract COVID- 19, physician- reported registries have sprung up 
around the globe to collect information on patients with rheumatic 
diseases who contract COVID- 19. Here in the US, ACR members 
have addressed this crisis with resilience and collaboration, con-
tinuously finding creative solutions to new challenges. We have 
organized a virtual, international lecture series for our fellows so 
that their education would be less impacted by the pandemic, 
developed patient- facing safety documents, and written guidance 
to support those in practice.

Rheumatologists do this because we care, deeply. We care 
about our patients, about science, about our specialty, and about 
each other. In my own division at Brigham and Women’s Hospi-
tal, the young faculty members had concern for our colleagues 
over the age of 70 who are at risk for severe disease should they 
contract COVID- 19. This group of young faculty offered to take 
all of the coverage for the care of hospitalized patients, so that 
our older colleagues would not be put at risk. We, as rheuma-
tologists, have what is needed to persevere, and we can come 
out of this as a stronger discipline, because we have learned 
so many lessons from the adversities of this past year that pro-
vide us with comfort and hope. If we heed these lessons and 
implement change thoughtfully, rheumatology will enter a new era 
as an even more essential and highly sought- after specialty. Here 
are my own thoughts about some of the lessons the pandemic 
has taught us:

Lesson 1: As the content experts in immunology, 
our knowledge and insights are highly relevant

Immunology is a cornerstone of medicine, and we are the 
experts. We can provide knowledge that no other specialty has. 
We have an intimate understanding of immune cell types and 
pathways, of cytokines, chemokines, and their actions. We under-
stand better than any other specialty the pharmacologic and ther-
apeutic issues surrounding cytokine blockade and the risks and 
benefits of immunosuppressive therapies. This knowledge has 

Presented at Convergence 2020, the 84th Annual Meeting of the 
American College of Rheumatology, November 5, 2020.

Ellen M. Gravallese, MD: Brigham and Women’s Hospital, Harvard 
Medical School, Boston, Massachusetts; President, American College of 
Rheumatology, 2019– 2020.

No potential conflicts of interest relevant to this article were reported.

Address correspondence to Ellen M. Gravallese, MD, Division of Rheu
matology, Inflammation, and Immunity, Brigham and Women’s Hospital, 
60 Fenwood Road, Suite 6002U, Boston, MA 02115. Email: egravallese@  
bwh.harvard.edu.

Submitted for publication December 10, 2020; accepted December 10, 
2020.

mailto:
mailto:egravallese@ 
bwh.harvard.edu
mailto:egravallese@ 
bwh.harvard.edu
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.41756&domain=pdf&date_stamp=2021-04-26


GRAVALLESE 904       |

been critical in the care of patients with COVID- 19, especially in 
the setting of severe disease. Several of our therapies have been 
tested in patients with COVID- 19, and our input in directing the 
care of these patients has been critical.

We should embrace this strength and utilize our immunology 
expertise, not only in the direct care of patients, but also in the 
design and implementation of new clinical trials and in the devel-
opment and use of vaccines. We should always be in the room 
where it happens. Rheumatologists should be advising hospital 
teams caring for patients with all diseases that impact the immune 
system, using COVID- 19 as an example, and we should be avail-
able to consult on issues that require our unique knowledge. I can 
think of no time in recent history when the work we do as rheu-
matologists, in immunology, medical research, and patient care, 
has been more critical, helping to drive an insightful and evidence- 
based approach.

Lesson 2: In order to respond rapidly and 
effectively in a crisis, we need to rethink our 
organizational structure

This pandemic has been a stress test for organizations: for 
the ACR, for practices, for academic divisions, and for institu-
tions. Shortly after the pandemic hit, we at ACR began receiving 
calls from our members. The most common question was “What 
should I do with my patients on immunosuppression in the setting 
of this pandemic?” We quickly realized that we needed a more 
nimble organizational structure to address the concerns of mem-
bers quickly, in real time, as they arose. Thus, we envisioned a 
series of task forces that we set into motion immediately.

The first of these task forces was formed to provide guid-
ance for the care of patients with rheumatic diseases during the 
COVID- 19 pandemic, and from this need was born the Clinical 
Guidance Task Force. Over one weekend in March, Ken Saag, 

Dave Karp, and I convened an expert task force panel and 
panel members began working in teams to rapidly review the 
existing literature and develop initial guidance statements, while 
acknowledging the limited available evidence. The guidance docu-
ment was completed in late April (3). We envisioned this as a living 
document, anticipating the need for frequent updates as new data 
became available; 2 updates have been published since April.

This initial guidance document intentionally did not address 
pediatric patients because in the early days of the pandemic very 
few children were reported as contracting COVID- 19. But by late 
April, we saw an increasing number of reports of children with this 
disease, and case reports were accumulating of a new syndrome 
akin to, but distinct from, Kawasaki disease. We then organized 2 
additional task forces, one to develop clinical guidance for pediat-
ric rheumatology patients (4), and a second to provide definitions 
and guidance regarding the multisystem inflammatory syndrome in 
children associated with the SARS– CoV- 2 virus (5).

In the early days of the pandemic, the next two most com-
monly asked questions by ACR members were: “How can I 
see my patients safely?” and “How will my practice survive finan-
cially?” To address these questions, we launched the Practice and 
Advocacy Task Force in March. The members of this task force 
have released more than 30 guidance documents and videos, 
providing resources for navigating telehealth, applying for federal 
stimulus relief funds, guiding principles for in- person versus tele-
health patient visits, and the ACR’s comments on vaccine devel-
opment and allocation. With the help of this task force, the ACR 
has also continued powerful advocacy efforts in Washington, DC 
throughout the pandemic, using virtual platforms. We have lob-
bied for parity of reimbursement for telehealth modalities, for addi-
tional federal stimulus dollars, and for decreased administrative 
burdens for those in practice.

This experience taught us that the ACR needs mechanisms 
that will allow for a rapid and effective response to issues as they 

Figure 1. Physicians at the Peter Bent Brigham Hospital during the 1918 flu pandemic (Brigham and Women’s Hospital Archives, Center for 
the History of Medicine, Countway Library, Harvard Medical School).
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arise in our specialty and needs to be organized differently, to 
address issues common to multiple committees. Although the 
task forces implemented during the pandemic have been very 
effective and efficient, we need a better approach going forward. 
Last year, in a forward- thinking initiative under Paula Marchetta’s 
leadership, the ACR began to rethink its organizational structure. 
The pandemic has magnified this need and exposed an urgent call 
for structural change. The ACR has thus launched an additional 
task force to address its governance structure, with the guiding 
principle that “Good nonprofit governance is all about focusing 
on the processes for making & implementing decisions that will 
continue to advance the organization” (6). We will think carefully 
about the ways in which current events, such as this pandemic, 
can be better handled and put changes in place that will allow us 
to rapidly and efficiently respond to challenges to our specialty 
going forward.

Lesson 3: We can’t do it alone

In caring for patients, in developing clinical guidance, and 
in looking ahead to vaccine development and usage, it has 
become obvious that we can’t, and shouldn’t, address these 
challenges alone. Collaboration with experts in other fields 
of medicine is critical. On the adult Clinical Guidance Task 
Force, we included both infectious disease experts and epide-
miologists, and their input was invaluable. And on pediatric task 
forces we included infectious disease and cardiology special-
ists. We have reached out to our cardiology colleagues again 
to collaborate to define the cardiac risks of hydroxychloroquine, 
and to understand these in the setting of SARS– CoV- 2 infection, 
as well as in settings independent of infection. These collabo-
rations must extend beyond this pandemic. We as rheumatol-
ogists are used to thinking about all organs and systems in the 
body, and to collaborating across specialties. Going forward we 
should codify this way of thinking, grouping diseases in which 
immune pathways are foundational. The artificial silos of medical 
subspecialties and departments ultimately need to break down, 
and we should consider a new structure of medical care focused 
on disease mechanisms, rather than clinging to our traditional 
organ- based thinking.

Lesson 4: Telehealth is changing the way we 
practice medicine

But is it, as has been suggested in a recent article by Hol-
lander and Carr (7), a “virtually perfect” solution? In the pre- 
pandemic world, many rheumatologists were using telehealth only 
occasionally, but as a specialty we were quick to embrace it. In my 
own institution, Rheumatology was one of the earliest divisions to 
adopt telehealth, and we reached 90% of our typical in- person 
visits via telehealth within the first 2 months of the pandemic. This 
trend was true nationally. In May, we at ACR conducted a survey 

of private- practice rheumatologists to better understand the pain 
points being experienced by those in practice. Eighty- five percent 
of respondents said they did not use telehealth at all prior to the 
pandemic. There were so many obstacles to overcome: technical 
platforms, documentation requirements, laws across states. But 
this same group reported that over 50% of their patient visits had 
been converted to telehealth within 3 months.

There is great promise for this modality in the future beyond 
the pandemic, assuming that reimbursement is maintained. 
Telehealth has the potential to expand our reach to communi-
ties underserved by rheumatologists, allowing us to address the 
current and increasing workforce shortages, a major threat to 
our specialty. We lobbied hard in Washington for adaptations 
for telehealth during the pandemic and fortunately the Centers 
for Medicare and Medicaid Services stepped up, waiving HIPAA 
restrictions, allowing parity of reimbursement for audio- only 
visits, and limiting barriers for telehealth visits across states. 
Going forward, telehealth must be maintained to allow us to see 
our most disabled and vulnerable patients without them having 
to travel.

But one serious downside of telehealth is something essen-
tial to the practice of rheumatology, the physical examination. 
In a recently published opinion piece, the general surgeon Paul 
Ruggieri stated, “The hallowed art of the physical examination has 
been on life support for a while now. Unfortunately, its priority… 
was chronically infected with practical neglect well before a simple 
RNA virus inserted itself into our health care system” (8). We as 
rheumatologists bemoan this as a serious limitation. We long to 
get a better look at those aching joints, as depicted in Figure 2 in 
which the physician, like a genie from a bottle, attempts to enter 
the patient’s room through his computer. We should continue to 
hold the physical exam in high esteem and insist on seeing our 
patients in person between telehealth visits to identify and confirm 
suspected physical findings. And we should also embrace new 
technologies that could allow us to assess certain aspects of the 
exam remotely; perhaps, for example, by using infrared technol-
ogy to identify inflamed joints. We will need to prioritize patients 
who can be seen virtually and those who require in- person visits. 

Figure 2. Physician’s need to examine a patient during a telehealth 
visit (illustration by Jennifer Bogartz for Doximity).
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And we should always look to preserve another critical corner-
stone of our specialty, human contact with our patients.

Lesson 5: Educational meetings will never be the 
same

Communication during a pandemic is essential. We at the 
ACR struggled to deliver critical messages in the early days of 
lockdowns and travel bans. We developed a new section of our 
website devoted to COVID- 19 to focus new content, and pro-
duced informational videos that were sent out to members. We 
also organized 3 Town Halls to provide members with additional 
information on clinical guidance and practice- related issues that 
included a question- and- answer section with a panel of selected 
task force members. By necessity we have learned that so much 
information can be communicated remotely on the computer plat-
forms we are now all so adept at using. And we can harness 
these platforms to educate. As a result, educational meetings 
have changed forever.

We at the ACR began watching the CDC website closely in 
early March, looking to understand the spread of the SARS– CoV- 2 
virus and its potential impact on meetings. In late March, we did 
the unthinkable. We cancelled our planned in- person meetings for 
the month of April. And that, of course, was only the beginning 
of meeting cancellations worldwide. Meetings that once looked 
like this (Figure 3A) currently look like this (Figure 3B). This very 
ACR annual meeting is an experiment in remote education. We are 
rethinking how we deliver lectures, manage question- and- answer 
sessions, and allow attendees to discuss critical new scientific 
concepts. We know we can do this. And yet one of my colleagues 
expressed to me his concern about virtual annual meetings, not 
that they would be unsuccessful, but that they would be done 
too well. “If we manage to perfect remote learning,” he asked, 
“will I ever see my colleagues again?” We should work toward 
hybrid meetings, embracing remote learning, in part, while main-
taining in- person exchanges of scientific knowledge and ideas. We 
have all struggled with the personal isolation that this pandemic 

has imposed upon us. And we have been acutely reminded of the 
importance of the connection with our rheumatology colleagues 
locally and around the world.

Lesson 6: We are a global society, facing common 
issues relevant to rheumatology

Viruses have no regard for geography, borders, or politics. 
Many published maps have documented the resurgence of 
COVID- 19 infections in areas of the world where the pandemic 
was previously under control, and areas in which it was never 
really contained. As a global society we are currently facing a com-
mon enemy and searching together for ways to protect our elderly 
populations, to open businesses and schools safely, and to find 
effective therapies and vaccines. We can no longer think in an 
isolationist manner. As the pandemic has taught us how easily 
a virus can move across the globe, it also has taught us how 
easy it is to communicate with one another globally. We can uti-
lize these almost instantaneous connections to our advantage to 
solve problems collaboratively across borders. There are many 
challenges still to be met, those of drug shortages and poten-
tial toxicities, vaccine side effects and allocation, and how to 
include our rheumatic disease patients in clinical vaccine trials 
to enrich our understanding of responses among those who are 
immunosuppressed.

There are a multitude of vaccines currently under develop-
ment worldwide, and effective ones will be available soon. There 
will be an end to this pandemic. During my term as President, 
I have seen that in this most difficult of years, rheumatologists 
across the globe have come together. You have thought creatively 
about how to address the challenges faced in this pandemic, how 
to best serve the patients who depend on us, and how to con-
tinue to move research forward in our field. Every single person 
who was asked to assist the ACR in our efforts to respond to this 
pandemic has risen to the occasion without hesitation, enthusi-
astically volunteering their time to address this crisis: those within 
the ACR, and those in our practice communities, in our academic 

Figure 3. A, Educational meeting prior to the COVID- 19 pandemic. B, Educational meeting during the COVID- 19 pandemic.

A B
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divisions, and in institutions throughout the world. As rheumatolo-
gists, you have persevered with optimism and hope. We know we 
can go forward from here, highlighting our expertise in immunol-
ogy, collaborating with colleagues in other specialties, and reor-
ganizing our institutions to be more nimble and responsive. We 
can take the best of what we have learned about communication 
to optimize telehealth and medical education, all while holding on 
to the precious ability to discuss new ideas and scientific con-
cepts face to face with our colleagues, both locally and globally.

In closing, there are so many people that I need to thank. I 
am incredibly grateful to the ACR Executive Committee, who met 
with me for 2 hours every week from March through September 
to help address this pandemic. Without them, much of the work 
that has been accomplished would not have been possible. Going 
forward, the ACR and ARP are in superb hands. I want to thank 
each and every person who served on one of the ACR’s 7 task 
forces this year. Your work has assisted our members and rede-
fined our charge as an organization. I’d like to thank the Board 
of Directors and committee chairs, for their very thoughtful input 
on so many issues throughout this difficult year. And sincerest 
thanks to the ACR and ARP staff for their tireless work in multiple 
arenas. Thanks to my division for their resilience, hard work, and 
patience during this year that posed so many challenges. Finally, 
I’d like to thank my family, my husband Tim and my sons Andrew 

and  Gregory, for their interest in our work and for their humor and 
understanding. Many thanks to all of you. It has been my honor to 
serve as President of the College.
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American College of Rheumatology, American Academy 
of Dermatology, Rheumatologic Dermatology Society, and 
American Academy of Ophthalmology 2020 Joint Statement 
on Hydroxychloroquine Use With Respect to Retinal 
Toxicity
James T. Rosenbaum,1  Karen H. Costenbader,2 Julianna Desmarais,3 Ellen M. Ginzler,4 Nicole Fett,3 
Susan M. Goodman,5  James R. O’Dell,6 Gabriela Schmajuk,7  Victoria P. Werth,8  Ronald B. Melles,9 
and Michael F. Marmor10

Four major medical societies involved with hydroxychloroquine (HCQ) therapy concur on the need for common 
principles and cooperation to minimize the risk of ocular toxicity. At a daily dosage of ≤5 mg/kg/day actual body 
weight, the risk of retinal toxicity from HCQ is <2% for usage up to 10 years. Widespread adoption of more sensitive 
testing techniques, such as optical coherence tomography and automated visual fields, by eye care providers will 
allow the detection of early toxicity and thus preserve the patient’s visual function. Baseline testing is advised to rule 
out confounding disease when a patient is started on HCQ. Annual screening with sensitive tests should begin no 
more than 5 years after treatment initiation. Providers should be sensitive to the medical value of HCQ, and not stop 
the drug for uncertain indications. It is important to note that effective communication among prescribing physicians, 
patients, and eye care providers will optimize the utility and safety of HCQ.

Introduction

Prescribing clinicians and eye care specialists share respon-
sibility for safely prescribing hydroxychloroquine (HCQ) and 
screening for the potential risk of retinopathy. Two relevant national 
societies, the American College of Rheumatology (ACR) and the 
American Academy of Ophthalmology (AAO), have independently 
offered management guidelines with regard to screening for HCQ 
retinopathy (1,2), but this is the first joint statement to emphasize 

points of agreement that should be recognized by practitioners in 
all specialties. The ACR and AAO are joined in this statement with 
the American Academy of Dermatology (AAD) and Rheumatologic 
Dermatology Society (RDS).

Methods

A working group consisting of 7 rheumatologists, 2 ophthal-
mologists, and 2 dermatologists was recruited based on their 

These principles were developed jointly by the American College 
of Rheumatology, American Academy of Dermatology, Rheumatologic 
Dermatology Society, and American Academy of Ophthalmology.
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clinical experience and publication record regarding the use of 
HCQ and its toxicity from the perspective of the rheumatology, 
dermatology, or ophthalmology community. The selection pro-
cess considered sex, age, and US geographic diversity. In 2016, 
the AAO issued guidelines for monitoring patients for HCQ ret-
inal toxicity (2). Committee members consulted the literature 
carefully to take into account whether new developments in their 
fields might alter these basic principles of management. The com-
mittee viewed its major task as determining what components of 
those 2016 recommendations were jointly acceptable to the phy-
sicians most likely to prescribe HCQ.

Objectives

The need for collaborative management has triggered this 
joint statement, which applies only to managing the risk of HCQ 
retinopathy and does not include consideration of cardiac,  muscle, 
dermatologic, or other toxicities. All treatment involves a risk– benefit 
assessment, but unfortunately there is a dearth of information on 
the appropriate dosage of HCQ in relation to the efficacy of treat-
ment. We recognize that this is a critical unmet need if HCQ risks 
and benefits are to be balanced effectively. There have been con-
cerns about greater potential toxicity from chloroquine (3), but as 
data are sparse, this document focuses on the use of HCQ. Basic 
recommendations for the use of chloroquine are currently the same, 
except for an adjustment of dosage to ≤2.3 mg/kg/day (2).

The ACR, AAD, RDS, and AAO stress the importance of 
 effective communication between health care providers in the man-
agement of HCQ. It is the responsibility of the rheumatologist, 
dermatologist, or other non- ophthalmology clinician to prescribe 
HCQ properly, but it is the responsibility of the ophthalmologist or 
other eye care professional to screen correctly for toxicity, and the 
responsibility of both to advise patients about the risk of retinopa-
thy and to work together to ensure optimal care.

The ACR, AAD, RDS, and AAO emphasize that HCQ is a val-
uable drug and considered safe at doses deemed proper for the 
treatment of rheumatic diseases in conjunction with appropriate 
eye screening. HCQ should not be avoided for fear of retinopathy 
(although additional risk factors to consider are discussed below) 
and should not be stopped casually for borderline findings. The 
goal of retinal screening is to safely maintain the use of this valua-
ble medication for as long as possible for patients with rheumatic 
diseases, including the treatment of cutaneous manifestations of 
rheumatic diseases.

Dosing

In recent representative studies, the prevalence of HCQ retin-
opathy has been reported to range from 4.3% to 13.8% (4– 8). 
These studies cannot be directly compared, because they vary 
in many important aspects, including the number of participants 
who have taken HCQ for 10 years or longer.

The most extensive data to date on HCQ dosage relative to 
risk of retinopathy come from a large Northern California popula-
tion of 2,361 patients with systemic lupus erythematosus, rheu-
matoid arthritis, or related disorders. These data showed that, 
on average, a prescribed dose of HCQ of ≤5.0 mg/kg (based 
on actual body weight) provided a low risk of toxicity (with toxic 
effects developing in fewer than 2% of patients with HCQ usage of 
up to 10 years) (8). Similar results were reported in a more recent 
study from the Republic of Korea (7). Higher average daily dose 
usage increases the risk of retinopathy to ~10% after 10 years, 
and the risk continues to rise with longer duration of use (8). None-
theless, many patients can safely take HCQ for decades without 
developing retinopathy (8). For a patient with a normal screening 
examination in a given year, the risk of developing retinopathy in 
the  ensuing year is low (e.g., <5%), even after 20 years of use (8). 
When the dose of HCQ was determined based on actual body 
weight, these risks of retinopathy were statistically similar among 
patients in body mass index groups ranging from 15 kg/m2 to 35 
kg/m2 (8). In the future, determination of blood levels of HCQ might 
help in monitoring both its clinical effect and risk of toxicity (6,9), 
but such pharmokinetic blood tests are not yet widely available, 
and as presently performed, they show great variability relative to 
drug intake among individuals. Ultimately, better data on the effi-
cacy of different treatment regimens will allow better judgments on 
how much HCQ is needed for disease control.

Risk factors

High daily dosage relative to body weight and the cumula-
tive dose of HCQ are the primary risk factors for retinopathy (8). 
Because the drug is excreted in urine, reduced renal function is 
the greatest additional risk factor, as it increases systemic levels 
of HCQ (10) and the risk of toxicity (8). Patients with renal insuffi-
ciency may need lower doses and closer monitoring. The balance 
of risks should be discussed between physicians and patients. 
Current data are not adequate to support a precise dosage reduc-
tion. These same principles apply to concomitant use of tamox-
ifen, which can itself be retinotoxic, and which also increases the 
risk of retinopathy (8).

Clinical appearance of retinopathy and racial 
factors

HCQ retinopathy has been classically described as appearing 
to be a “bull’s- eye” lesion in the macula, sparing the foveal center. 
However, visible damage (assessed with an ophthalmoscope) 
represents an advanced stage of disease that should no longer 
occur, since damage can be detected much earlier with modern 
retinal scanning techniques. Examples of early changes are thin-
ning of the retinal layers or mild disruption of critical areas of the 
retina, such as the ellipsoid zone. Both of these are detectable 
with optical coherence tomography (OCT) (as discussed below). 
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In addition, the phenotype of initial parafoveal toxicity is not uni-
versal, and in many patients (East Asian patients, in particular), the 
retinal changes may appear initially along the pericentral vascu-
lar arcades (11). The importance of this finding is that East Asian 
patients should be screened by tests that reach beyond the cen-
tral macula.

Screening

Screening is vital to detect early retinopathy before a bull’s- eye 
lesion becomes visible on ophthalmoscopy, since at that severe 
stage, the damage tends to progress even after discontinuing 
the medication and may eventually threaten central vision (12). A 
baseline retinal examination should be performed within the first 
few months of HCQ usage, to rule out underlying retinal disease 
that might already compromise retinal function or complicate the 
recognition of retinopathy. Examples include significant macular 
degeneration, severe diabetic retinopathy, or hereditary disorders 
of retinal function, but these are judgments best made by the 
ophthalmologist, since mild and stable abnormalities that do not 
interfere with interpretation of critical diagnostic tests may not be 
a contraindication (2). If there are no special risk factors (such as a 
high daily dose, kidney disease, or concurrent tamoxifen usage), 
screening for the development of retinopathy after baseline exam-
ination may be deferred for 5 years, but thereafter should be per-
formed annually.

The mainstays of early detection, if available, are opti-
cal testing with OCT (an objective test that generates high- 
resolution “cross- sections” of the retina to show individual cell 
layers and potential regions of thinning) and automated visual 
fields (which are subjective tests of visual function). Damage 
detected at an early stage can stabilize, without serious visual 
loss, if HCQ is discontinued (12). It is critical that screening be 
performed by practitioners experienced with the interpretation of 
these techniques.

Visual fields should typically focus on the central 10 degrees 
of the retina (e.g., 10- 2 protocols), looking for areas of low visual 
sensitivity in central vision. For East Asian patients, screening 
should preferably include a broader OCT (e.g., 30° line scans) and/
or wider field test (e.g., 24- 2 or 30- 2). As a subjective test, fields 
can vary considerably from test to test and are difficult for many 
patients; thus, they should not be considered definitive evidence 
of retinopathy until repeat testing shows a consistent partial or 
full ring scotoma. Whenever possible, screening should start with 
an OCT retinal scan, as anatomic changes are more specific for 
detecting toxicity.

Questionable or borderline findings

HCQ is an important drug for the control of many rheumatic 
diseases and should not be discontinued without adequate 
cause. The earliest changes on OCT, and especially visual fields, 

can be subtle and hard to distinguish from normal variation. Retin-
opathy generally develops slowly (over several years), and there-
fore there is time for suspicious findings to be rechecked after a 
few months or for the patient to be sent for retina consultation 
(with further tests, such as multifocal electroretinography or fun-
dus autofluorescence imaging). Suggestive or uncertain findings 
should be discussed with the patient and prescribing physician to 
justify further examinations, but the drug need not be stopped until 
evidence of retinopathy is definitive, in particular in patients with 
active rheumatic or cutaneous disease. The decision to discon-
tinue HCQ should be reached through shared decision- making, 
involving the patient, prescribing physician, and eye care provider, 
considering the severity of the rheumatic disease and estimated 
risk of visual loss if the drug is continued.

Limitations

This consensus opinion is limited by the relative dearth of 
data on dosage of HCQ required to achieve clinical benefit, the 
lack of prospective data on toxicity, the need for additional studies 
on the value of HCQ blood levels in achieving efficacy or avoiding 
toxicity, and the need for pharmacogenomic studies that might 
identify those at greater (or lesser) risk.

Summary

The keys to effective management of HCQ, specifically to 
avoid the development of retinopathy, should include usage of 
proper dosing, continued awareness of additional risk factors, 
and performance of effective screening with modern techniques, 
in particular OCT. For this to succeed, eye care providers need 
to communicate not only with the patients but also with the cli-
nicians who prescribe HCQ. It is important that the drug is not 
stopped prematurely, but also that it is not continued in the face of 
definitive evidence of retinal toxicity, except in some situations with 
unusual medical need. It is essential that patients are aware of the 
risks, the dosage, the importance of screening, and how HCQ 
contributes to the management of their disease. Overall, the risk 
of retinopathy is very low if these principles are followed.
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E D I T O R I A L

A Picture Is Worth a Thousand Words, But Only If It Is a 
Good Picture
Daniel H. Solomon,1  Bryce A. Binstadt,2 David T. Felson,3  and Peter A. Nigrovic4

Edward Tufte, considered by some as the Leonardo Da Vinci 
of scientific illustrations, described that, “Excellence in statistical 
graphics consists of complex ideas communicated with clarity, 
precision, and efficiency. Graphical display should: show the data, 
… make large data sets coherent, encourage the eye to compare
different pieces of data, … and be closely integrated with the sta-
tistical and verbal descriptions of a data set” (1). While Tufte wrote 
this in 2001, before many of the current analytic technologies were 
developed, the concepts still apply.

Arthritis & Rheumatology (A&R) strives to publish figures 
that help tell the scientific story underpinning a manuscript. The 
journal includes a wide array of basic, translational, and clini-
cal scientific articles, stretching the readership to interpret many 
types of data displays. As the technology producing such dis-
plays evolves, A&R must periodically reevaluate our standards 
for graphical displays. The current reevaluation focused on 
basic and translational scientific papers, but the concepts apply 
broadly.

First, we want to emphasize the importance of showing all 
data points whenever feasible. The goal is to enable readers 
to understand at a glance the number of observations as well 
as their distribution, facilitating the detection of outliers, sub-
populations, or batch effects. We will therefore restrict the use 
of bar graphs (“dynamite plunger plots”) in A&R and require 
authors to show the data from individual observations, experi-
ments, animals, or humans whenever possible. In many cases, 
the most effective mode of display will be to superimpose dots 
upon a graph showing medians and a measure of disper-
sion (e.g., standard error, standard deviation, or interquartile 
range) (Figure 1). In rare cases, where the very large number 
of observations renders it difficult to show all data points, bar 

graphs may be acceptable; however, in such instances, the 
number of observations should be indicated in the legend.

Second, the journal will liberalize the maximum size of printed 
figures from a half page to a full page, recognizing the impor-
tance of multi- panel displays. Authors have always been able to 
include “extra” panels in supplements, but we recognize that the 
scientific story sometimes requires many panels to be shown in a 
given figure to display all related data together. The one- full- page 
limit must include the legend and must (like all figures) be of excel-
lent resolution in the printed journal. We realize that many readers 
only consult the online version of articles, but the journal still has 
an avid readership focusing on the printed articles. We continue to 
give authors the option of publishing some figures exclusively as 
online supplemental materials.

Whatever their size, figures should be clear, accessible, and 
visually appealing. Lines within graphs should be clearly distin-
guishable from each other, for example through appropriate use 
of color. Use font sizes throughout that will remain legible on the 
printed page after reduction. Text, numbers, labels, and legends 
should be comfortably legible at print resolution, potentially with 
the exception of displays such as heatmaps, where labels are 
not immediately relevant for understanding the data. However, in 
all such cases, labels must be legible in the online version of the 
figure. More generally, we encourage the use of vector graphics 
that allow figures to retain their resolution with magnification.

Finally, it is critical that authors describe in sufficient detail the 
analytic methods used to generate the data displayed, so readers 
can compare their own experimental results. These details can be 
included in the legends, Methods section, or in a supplement. As 
we note in the Author Instructions (https://onlin elibr ary.wiley.com/
page/journ al/23265 205/homep age/forau thors.html#illus trations), 
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“images should be minimally processed, faithfully represent the 
original data, and conform to accepted scientific standards.” 
Attention to these details helps avoid future published errata.

Implementing these changes will occur through several meas-
ures: changes in Author Instructions, additional questions asked 
of reviewers, and enhanced scrutiny at the editorial level. These 
changes are in response to author, reviewer, and editor comments. 
They represent a natural evolution to the changing science that 
underpins rheumatology. We strongly suggest that all authors con-
sult the Illustrations section of the Author Instructions (even if they are 
frequent submitters); this will improve the speed of processing man-
uscripts. We welcome your feedback and further suggestions.
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Figure 1. Left, Bar graph (“dynamite plunger plot”) with no representation of data points, which is not recommended by Arthritis & Rheumatology 
and will be rejected in almost all cases. Middle and right, Recommended dot plot with individual observations plus summary statistics (in this 
example, median and interquartile range) (middle) and bar graph with data points (right).
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B R I E F  R E P O R T

COVID- 19 Outcomes in Patients With Systemic Autoimmune 
Rheumatic Diseases Compared to the General Population: 
A US Multicenter, Comparative Cohort Study
Kristin M. D’Silva,1  April Jorge,1  Andrew Cohen,2 Natalie McCormick,1  Yuqing Zhang,1

Zachary S. Wallace,1 and Hyon K. Choi1

Objective. Patients with systemic autoimmune rheumatic diseases (ARDs) continue to be concerned about risks 
of severe coronavirus disease 2019 (COVID- 19) outcomes. This study was undertaken to evaluate the risks of severe 
outcomes in COVID- 19 patients with systemic ARDs compared to COVID- 19 patients without systemic ARDs.

Methods. Using a large multicenter electronic health record network, we conducted a comparative cohort study of 
patients with systemic ARDs diagnosed as having COVID- 19 (identified by diagnostic code or positive molecular test result) 
compared to patients with COVID- 19 who did not have systemic ARDs, matched for age, sex, race/ethnicity, and body mass 
index (primary matched model) and additionally matched for comorbidities and health care utilization (extended matched 
model). Thirty- day outcomes were assessed, including hospitalization, intensive care unit (ICU) admission, mechanical 
ventilation, acute renal failure requiring renal replacement therapy, ischemic stroke, venous thromboembolism, and death.

Results. We initially identified 2,379 COVID- 19 patients with systemic ARDs (mean age 58 years; 79% female) and 
142,750 comparators (mean age 47 years; 54% female). In the primary matched model (2,379 patients with systemic ARDs 
and 2,379 matched comparators with COVID- 19 without systemic ARDs), patients with systemic ARDs had a significantly 
higher risk of hospitalization (relative risk [RR] 1.14 [95% confidence interval (95% CI) 1.03– 1.26]), ICU admission (RR 1.32 
[95% CI 1.03– 1.68]), acute renal failure (RR 1.81 [95% CI 1.07– 3.07]), and venous thromboembolism (RR 1.74 [95% CI 1.23– 
2.45]) versus comparators but did not have a significantly higher risk of mechanical ventilation or death. In the extended 
model, all risks were largely attenuated, except for the risk of venous thromboembolism (RR 1.60 [95% CI 1.14– 2.25]).

Conclusion. Our findings indicate that COVID- 19 patients with systemic ARDs may be at a higher risk of 
hospitalization, ICU admission, acute renal failure, and venous thromboembolism when compared to COVID-19 
patients without systemic ARDs. These risks may be largely mediated by comorbidities, except for the risk of venous 
thromboembolism.

INTRODUCTION

The coronavirus disease 2019 (COVID- 19) pandemic is 
an unprecedented global health crisis. Patients with systemic 

autoimmune rheumatic diseases (ARDs) may be at a higher risk of 
severe outcomes from COVID- 19 due to underlying immunodefi-
ciency and/or immunosuppression; however, results from studies 
to date have been conflicting. Findings from early case reports and 
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series suggested that patients with rheumatic diseases generally 
had mild COVID- 19 infections (1). However, comparative cohort 
studies from early pandemic epicenters in Wuhan, China and 
Boston, Massachusetts demonstrated up to 3- fold higher odds 
of mechanical ventilation in patients with rheumatic disease versus 
comparators (2,3). With schools, workplaces, and governments 
loosening physical distancing restrictions, patients with rheumatic 
diseases and their providers remain concerned about the poten-
tially heightened risk of severe outcomes from COVID- 19. We 
examined COVID- 19 outcomes in patients with systemic ARDs 
 versus matched comparators in a multicenter research network in 
the US.

PATIENTS AND METHODS

Data source. We conducted a comparative cohort study 
using the US- based data from the Dataworks network of TriNetX, 
a large, federated health research network of electronic health 
record data with real- time updates (including demographic char-
acteristics, diagnoses, procedures, medications, laboratory val-
ues, and vital status), which has been previously used to study 
COVID- 19 outcomes (4– 6). The data set included 41 health care 
organizations, including a mixture of academic medical centers 
and community hospitals across the US, with ~51 million individ-
ual patients in total. The TriNetX platform uses aggregate counts 
and statistical summaries of deidentified information so that no 
protected health information or personal data are disclosed. There 
was no patient or public involvement in this study.

Study cohort. We identified patients with systemic ARDs 
including rheumatoid arthritis (RA), systemic lupus erythemato-
sus (SLE), Sjögren’s syndrome (SS), systemic sclerosis, derma-
tomyositis/polymyositis, other connective tissue diseases (CTDs) 
(including mixed or undifferentiated CTDs), systemic vasculitis 
(including granulomatosis with polyangiitis, eosinophilic granu-
lomatosis with polyangiitis, microscopic polyangiitis, polyarteri-
tis nodosa, giant cell arteritis, and Behçet’s disease), psoriatic 
arthritis, and ankylosing spondylitis. Patients were included if 
they had 2 International Statistical Classification of Diseases 
and Related Health Problems, Tenth Revision (ICD- 10) codes 
>2 months apart but within ≤2 years (Supplementary Table 1, 
available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41619/ abstract) (7). We iden-
tified patients with COVID- 19 using specific ICD- 10 diagnosis 
codes recommended by the World Health Organization and the 
US Centers for Disease Control and Prevention (codes U07.1, 
J12.81, B97.29, and B97.21) (8) and/or positive polymerase 
chain reaction results for severe acute respiratory syndrome 
coronavirus 2 between January 20, 2020 and August 15, 2020. 
A comparator cohort with COVID- 19 but without a systemic 
ARD was also identified.

Covariates. We assessed baseline covariates within 1 year 
prior to the index date (date of COVID- 19 diagnosis) including 
demographic characteristics (age, sex, and race/ethnicity), comor-
bidities (hypertension, ischemic heart disease, chronic kidney 
disease, asthma, chronic obstructive pulmonary disease, and dia-
betes mellitus), body mass index (BMI), and prior hospitalization. 
A comorbidity was defined as at least 1 occurrence of an ICD- 10 
code during the covariate assessment period. Disease- modifying 
antirheumatic drug (DMARD) use was defined as 2 prescriptions 
>30 days apart but within 1 year of the index date.

Outcomes. Outcomes were assessed within 30 days of 
COVID- 19 diagnosis by relevant ICD- 10 and/or procedure codes 
for hospitalization, intensive care unit (ICU) admission, mechan-
ical ventilation, acute renal failure requiring the initiation of renal 
replacement therapy, ischemic stroke, venous thromboembolism 
including pulmonary embolism and deep venous thrombosis, 
death, and a composite outcome of ICU admission, mechani-
cal ventilation, or death (Supplementary Table 2, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41619/ abstract) (9,10).

Statistical analysis. Using the TriNetX online platform for  
real- time analyses, we performed exposure score matching be -
tween COVID- 19 patients with a systemic ARD and those with-
out a systemic ARD, analogous to propensity score matching, 
using logistic regression and a greedy nearest neighbor matching 
algorithm with a caliper of 0.1 pooled standard deviations (11). 
Our primary model included the following covariates in the expo-
sure score: age, sex, race/ethnicity, and BMI. Comorbidities were 
not included in our primary model, since they would likely have 
occurred due to a systemic ARD (thus causal intermediates for 
poor COVID- 19 outcomes), but not as a cause of a systemic ARD 
(to qualify as a confounder). For example, RA, SLE, or small ves-
sel vasculitis can directly or indirectly (through treatments such as 
glucocorticoids) contribute to the development of cardiovascular, 
renal, or metabolic sequelae, whereas these conditions are not 
risk factors for the development of systemic ARDs.

Nevertheless, our extended model additionally included co -
morbidities and health care utilization (which would also likely be a 
consequence of having a systemic ARD, as opposed to a cause of 
a systemic ARD). We assessed the covariate balance between the 
exposure score– matched cohorts using standardized differences, 
with a value <0.1 indicating minimal differences between groups. 
We compared the incidences and relative risks (RRs) of these 
outcomes among the unmatched and exposure score– matched 
cohorts. Within the systemic ARD cohort, we examined the risk 
of the composite outcome (ICU admission, mechanical ventilation, 
or death) in patients receiving certain immunosuppressive medi-
cations versus those not receiving those medications, including 
conventional synthetic DMARDs, biologic or targeted synthetic 

http://onlinelibrary.wiley.com/doi/10.1002/art.41619/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41619/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41619/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41619/abstract


D’SILVA ET AL 916       |

Ta
b

le
 1

. 
B

as
el

in
e 

ch
ar

ac
te

ris
tic

s 
of

 th
e 

C
O

V
ID

-1
9 

pa
tie

nt
s 

w
ith

 a
 s

ys
te

m
ic

 A
R

D
 c

om
pa

re
d 

to
 th

e 
C

O
V

ID
- 1

9 
pa

tie
nt

s 
w

ith
ou

t a
 s

ys
te

m
ic

 A
R

D
*

U
nm

at
ch

ed
 c

oh
or

ts
Ex

po
su

re
 s

co
re

– m
at

ch
ed

 c
oh

or
ts

†
Ex

te
nd

ed
 e

xp
os

ur
e 

sc
or

e–
 m

at
ch

ed
 c

oh
or

ts
‡

Pa
tie

nt
s 

w
ith

 
sy

st
em

ic
 A

RD
(n

 =
 2

,3
79

)

Co
m

pa
ra

to
rs

 w
ith

ou
t 

sy
st

em
ic

 A
RD

(n
 =

 1
42

,7
50

)
St

d.
 

D
iff

.

Pa
tie

nt
s 

w
ith

 
sy

st
em

ic
 A

RD
(n

 =
 2

,3
79

)

Co
m

pa
ra

to
rs

 w
ith

ou
t 

sy
st

em
ic

 A
RD

(n
 =

 2
,3

79
)

St
d.

 
D

iff
.

Pa
tie

nt
s 

w
ith

 
sy

st
em

ic
 A

RD
(n

 =
 2

,3
74

)

Co
m

pa
ra

to
rs

 w
ith

ou
t 

sy
st

em
ic

 A
RD

(n
 =

 2
,3

74
)

St
d.

 
D

iff
.

D
em

og
ra

ph
ic

 c
ha

ra
ct

er
is

tic
s

Ag
e,

 m
ea

n 
± 

SD
 y

ea
rs

58
 ±

 1
6

47
 ±

 1
9

0.
61

58
 ±

 1
6

57
 ±

 1
6

0.
01

58
 ±

 1
6

58
 ±

 1
6

0.
02

Fe
m

al
e 

se
x

1,
87

3 
(7

9)
77

,4
38

 (5
4)

0.
54

1,
87

3 
(7

9)
1,

87
3 

(7
9)

<0
.0

1
1,

86
8 

(7
9)

1,
86

6 
(7

9)
<0

.0
1

Ra
ce

/e
th

ni
ci

ty
W

hi
te

1,
29

5 
(5

4)
72

,9
46

 (5
1)

0.
07

1,
29

5 
(5

4)
1,

29
5 

(5
4)

<0
.0

1
1,

29
3 

(5
4)

1,
29

7 
(5

5)
<0

.0
1

Af
ric

an
 A

m
er

ic
an

64
9 

(2
7)

32
,3

47
 (2

3)
0.

11
64

9 
(2

7)
64

9 
(2

7)
<0

.0
1

64
8 

(2
7)

66
2 

(2
8)

0.
01

H
is

pa
ni

c
31

2 
(1

3)
26

,3
88

 (1
8)

0.
15

31
2 

(1
3)

31
2 

(1
3)

<0
.0

1
31

2 
(1

3)
30

4 
(1

3)
0.

01
Co

m
or

bi
di

ty
H

yp
er

te
ns

io
n

1,
20

6 
(5

1)
24

,17
1 

(1
7)

0.
76

1,
20

6 
(5

1)
75

8 
(3

2)
0.

39
1,

20
1 

(5
1)

1,
20

9 
(5

1)
0.

01
Is

ch
em

ic
 h

ea
rt

 d
is

ea
se

36
0 

(1
5)

5,
37

8 
(4

)
0.

40
36

0 
(1

5)
16

5 
(7

)
0.

26
35

5 
(1

5)
34

8 
(1

5)
0.

01
Ch

ro
ni

c 
ki

dn
ey

 d
is

ea
se

37
6 

(1
6)

5,
54

9 
(4

)
0.

41
37

6 
(1

6)
18

3 
(8

)
0.

25
37

2 
(1

6)
36

1 
(1

5)
0.

01
D

ia
be

te
s 

m
el

lit
us

59
9 

(2
5)

13
,0

26
 (9

)
0.

44
59

9 
(2

5)
38

4 
(1

6)
0.

22
59

5 
(2

5)
58

8 
(2

5)
0.

01
As

th
m

a
37

2 
(1

6)
5,

80
0 

(4
)

0.
40

37
2 

(1
6)

20
0 

(8
)

0.
22

36
7 

(1
5)

36
0 

(1
5)

0.
01

CO
PD

87
 (4

)
96

9 
(1

)
0.

21
87

 (4
)

34
 (1

)
0.

14
85

 (4
)

74
 (3

)
0.

03
BM

I, 
m

ea
n 

± 
SD

 k
g/

m
2

30
.7

 ±
 8

.2
30

.5
 ±

 7
.9

0.
02

30
.7

 ±
 8

.2
30

.6
 ±

 7
.8

<0
.0

1
30

.7
 ±

 8
.2

31
.0

 ±
 8

.2
0.

03
Cr

ea
tin

in
e,

 m
ea

n 
± 

SD
 m

g/
dl

1.
1 

± 
1.

3
1.

2 
± 

2.
6

0.
01

1.
1 

± 
1.

3
1.

1 
± 

1.
2

0.
03

1.
1 

± 
1.

3
1.

3 
± 

1.
7

0.
10

Pr
io

r h
os

pi
ta

liz
at

io
n

36
0 

(1
5)

5,
76

1 
(4

)
0.

38
36

0 
(1

5)
18

7 
(8

)
0.

23
35

5 
(1

5)
33

5 
(1

4)
0.

02
* 

As
se

ss
ed

 in
 th

e 
ye

ar
 p

rio
r t

o 
th

e 
in

de
x 

da
te

. E
xc

ep
t w

he
re

 in
di

ca
te

d 
ot

he
rw

is
e,

 v
al

ue
s 

ar
e 

th
e 

nu
m

be
r (

%
) o

f p
at

ie
nt

s.
 C

O
VI

D
- 1

9 
= 

co
ro

na
vi

ru
s 

di
se

as
e 

20
19

; A
RD

 =
 a

ut
oi

m
m

un
e 

rh
eu

m
at

ic
di

se
as

e;
 S

td
. D

iff
. =

 s
ta

nd
ar

di
ze

d 
di

ff
er

en
ce

; C
O

PD
 =

 c
hr

on
ic

 o
bs

tr
uc

tiv
e 

pu
lm

on
ar

y 
di

se
as

e.
 

† 
O

ne
- to

- o
ne

 e
xp

os
ur

e 
sc

or
e 

m
at

ch
in

g 
w

as
 p

er
fo

rm
ed

 u
si

ng
 a

 m
et

ho
d 

an
al

og
ou

s 
to

 p
ro

pe
ns

ity
 s

co
re

 m
at

ch
in

g.
 T

he
 e

xp
os

ur
e 

sc
or

e 
in

cl
ud

ed
 a

ge
, s

ex
, r

ac
e/

et
hn

ic
ity

, a
nd

 b
od

y 
m

as
s 

in
de

x 
(B

M
I).

 
‡ 

Ex
te

nd
ed

 e
xp

os
ur

e 
sc

or
e 

in
cl

ud
ed

 a
ge

, s
ex

, r
ac

e/
et

hn
ic

ity
, B

M
I, 

co
m

or
bi

di
tie

s,
 a

nd
 p

rio
r h

os
pi

ta
liz

at
io

n.
 



COVID- 19 OUTCOMES IN PATIENTS WITH SYSTEMIC ARDs |      917

DMARDs, and glucocorticoids (Supplementary Table 3, available 
on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41619/ abstract). For all measures, we 
calculated a 95% confidence interval (95% CI). All P values were 
2- sided, and P values less than 0.05 (2- sided) were considered 
significant.

RESULTS

Study population. We identified 2,379 patients with a sys-
temic ARD and COVID- 19 and 142,750 patients with  COVID- 19 
who did not have a systemic ARD (Table 1). The systemic ARD 
cohort had a mean age of 58 years, and 1,873 were women 
(79%), while the unmatched comparator pool of patients without a 
systemic ARD had a lower mean age of 47 years and a lower pro-
portion of women (77,438 [54%]). The systemic ARD cohort had 
a greater proportion of patients with comorbidities and prior hos-
pitalization than the unmatched comparator pool. Mean BMI (30.7 
kg/m2 versus 30.5 kg/m2) and creatinine levels (1.1 mg/dl versus 
1.2 mg/dl) were similar in the unmatched cohorts of patients with 
a systemic ARD and those without a systemic ARD (Table 1).

In the primary exposure score– matched model, there were 
2,379 patients with a systemic ARD and 2,379 matched com-
parators. Age, sex, race/ethnicity, BMI, and creatinine levels were 
similar between the primary exposure score– matched groups (all 
standardized differences <0.1), although comorbidities and prior 
hospitalization were more prevalent in the cohort of patients with 
a systemic ARD versus comparators without a systemic ARD 
(Table 1). In the extended exposure score– matched model, age, 
sex, race/ethnicity, BMI, creatinine levels, comorbidities, and prior 
hospitalization were similar between the cohort of patients with 
a systemic ARD and comparators without a systemic ARD (all 
standardized differences <0.1) (Table 1).

In the systemic ARD cohort, the most common rheumatic 
diseases were RA (1,181 [50%]), SLE (528 [22%]), SS (317 
[13%]), mixed or undifferentiated CTD (188 [8%]), systemic vasculi-
tis (175 [7%]), and psoriatic arthritis (200 [8%]) (Table 2). Regarding 
immunomodulatory therapy, 1,304 patients (55%) were receiving 
glucocorticoids, 374 patients (16%) were receiving biologic or tar-
geted synthetic DMARDs, and 981 patients (41%) were receiv-
ing conventional synthetic DMARDs, such as hydroxychloroquine 
(534 [22%]) or methotrexate (302 [13%]).

COVID- 19 outcomes. Prior to exposure score matching, 
the risks of hospitalization, ICU admission, mechanical ventilation, 
acute renal failure, ischemic stroke, venous thromboembolism, 
death, and a composite outcome (ICU admission, mechanical 
ventilation, or death) were significantly higher in the systemic 
ARD cohort versus comparators (Table 3). In the primary expo-
sure score– matched analysis, patients with a systemic ARD had 
a significantly higher risk of hospitalization (RR 1.14 [95% CI 
1.03– 1.26]), ICU admission (RR 1.32 [95% CI 1.03– 1.68]), acute 

renal failure requiring renal replacement therapy (RR 1.81 [95% 
CI 1.07– 3.07]), and venous thromboembolism (RR 1.74 [95% 
CI 1.23– 2.45]) versus matched comparators. There was a trend 
toward a higher risk of ischemic stroke (RR 1.50 [95% CI 0.93– 
2.41]) in the systemic ARD cohort versus comparators, although 
this was not statistically significant. There was no significantly 

Table 2. Baseline rheumatic disease characteristics of the COVID-19 
patients with a systemic ARD (n = 2,379)*
Rheumatic disease†

RA 1,181 (50)
SLE 528 (22)
SS 317 (13)
SSc 92 (4)
DM/PM 79 (3)
Other CTDs‡ 188 (8)
Systemic vasculitis 175 (7)
PsA 200 (8)
AS 76 (3)

Rheumatic disease medications
Glucocorticoids 1,304 (55)
Conventional DMARDs§ 981 (41)

AZA 80 (3)
CYC 20 (1)
Cyclosporine 58 (2)
HCQ 534 (22)
LEF 45 (2)
MTX 302 (13)
Mycophenolate 160 (7)
SSZ 55 (2)
Tacrolimus 92 (4)

Biologic or targeted synthetic 
DMARDs¶

374 (16)

B cell– activating factor 
inhibitor

17 (1)

CD20 inhibitor 60 (3)
CTLA- 4 immunoglobulin 38 (2)
IL- 1 inhibitor <10 (<1)
IL- 6 receptor inhibitor 38 (2)
IL- 17 inhibitor 26 (1)
IL- 23 inhibitor 23 (1)
JAK inhibitor 56 (2)
TNFi 200 (8)

* Assessed in the year prior to the index date. Values are the
number (%) of patients. RA = rheumatoid arthritis; SLE = systemic 
lupus erythematosus; SS = Sjögren’s syndrome; SSc = systemic 
sclerosis; DM = dermatomyositis; PM = polymyositis; PsA = psoriatic 
arthritis; AS = ankylosing spondylitis; DMARDs = disease- modifying 
antirheumatic drugs (see Table 1 for other definitions). 
† Some patients may have >1 rheumatic disease diagnosis. 
‡ Other connective tissue diseases (CTDs) include mixed CTD and 
undifferentiated CTD. 
§ Includes azathioprine (AZA), cyclophosphamide (CYC), cyclosporine,
hydroxychloroquine (HCQ), leflunomide (LEF), methotrexate (MTX), 
mycophenolate, sulfasalazine (SSZ), and tacrolimus. 
¶ Includes B cell– activating factor inhibitors (belimumab), CD20 in hi -
bitors (rituximab, ocrelizumab, and ofatumumab), CTLA- 4 immu-
noglobulin (abatacept), interleukin- 1 (IL- 1) inhibitors (anakinra, 
canakinumab, and rilonacept), IL- 6 receptor inhibitors (tocilizumab 
and sarilumab), IL- 17 inhibitors (secukinumab, ixekizumab, and 
brodalumab), IL- 23 inhibitors (ustekinumab, guselkumab, risanki-
zumab, and tildrakizumab), JAK inhibitors (upadacitinib, baricitinib, 
and tofacitinib), and tumor necrosis factor inhibitors (TNFi) (adalim-
umab, etanercept, infliximab, golimumab, and certolizumab). 

http://onlinelibrary.wiley.com/doi/10.1002/art.41619/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41619/abstract
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higher risk of mechanical ventilation (RR 1.05 [95% CI 0.77– 
1.44]), death (RR 1.08 [95% CI 0.81– 1.44]), or the composite 
outcome of ICU admission, mechanical ventilation, or death (RR 
1.19 [95% CI 0.98– 1.44]) in the systemic ARD cohort versus 
comparators.

In the extended exposure score– matched analysis, the pre-
viously observed higher risks of hospitalization, ICU admission, 
and acute renal failure requiring renal replacement therapy were 
attenuated and no longer significantly higher in the systemic ARD 
cohort versus the comparator cohort. However, patients with 
a systemic ARD continued to have a significantly higher risk of 
venous thromboembolism versus patients without a systemic 
ARD in the extended exposure score– matched analysis (RR 1.60 
[95% CI 1.14– 2.25]).

Finally, within the systemic ARD cohort, the relative risks 
of the composite outcome in the primary exposure score– 
matched model were 1.19 (95% CI 0.87– 1.62) and 1.31 (95% CI 
0.80– 2.14) for patients receiving conventional synthetic DMARDs 
and those receiving biologic or targeted synthetic DMARDs, 
respectively, whereas the corresponding RRs in the extended 
exposure score– matched model were 1.00 (95% CI 0.70– 1.42) 
and 1.17 (95% CI 0.73– 1.89). For patients receiving glucocorti-
coids versus those not receiving glucocorticoids, there was a 
significantly higher risk of the composite outcome in the primary 
exposure score– matched model (RR 1.74 [95% CI 1.28– 2.38]) 
and extended exposure score– matched model (RR 1.50 [95% CI 
1.07– 2.10]).

DISCUSSION

In a large US multicenter electronic health record database, 
patients with a systemic ARD and COVID- 19 had higher risks of 
hospitalization, ICU admission, acute renal failure requiring renal 
replacement therapy, and venous thromboembolism in the 30 
days following COVID- 19 diagnosis versus comparators without 
a systemic ARD matched for age, sex, race/ethnicity, and BMI. 
However, the risks of mechanical ventilation and death were not 
higher for those with systemic ARDs, which may provide some 
reassurance during the ongoing COVID- 19 pandemic. Addition-
ally, in an extended model matched for the above covariates as 
well as comorbidities and health care utilization, the risks of hos-
pitalization, ICU admission, and acute renal failure requiring renal 
replacement therapy were attenuated, suggesting that comor-
bidities are likely key mediators of the excess risk of these out-
comes in patients with systemic ARD, similar to risk factors for 
poor COVID- 19 outcomes in the general population. However, 
the risk of venous thromboembolism was not substantially atten-
uated in the extended exposure score– matched model, suggest-
ing that having a systemic ARD has a direct causal mechanism 
for a higher risk of venous thromboembolism in COVID- 19 infec-
tion compared with comparators, beyond the mediating effects 
of comorbidities.

Our findings support and extend prior work on COVID- 19 
outcomes in patients with systemic ARD. Center- specific studies 
in early pandemic epicenters in Wuhan, China and Boston, Mas-
sachusetts between January and April 2020 demonstrated up to 
3- fold higher odds of mechanical ventilation in patients with a sys-
temic ARD versus comparators, although there was no significantly 
higher risk of death (2,3). We used a multicenter US electronic 
health record network that included patients diagnosed as having 
COVID- 19 up to August 15, 2020 (6 months into the pandemic 
in the US) to examine COVID- 19 outcomes and found no signif-
icantly higher risk of mechanical ventilation or death in patients 
with a systemic ARD versus matched comparators. Compared 
to prior studies, our study had a larger sample size of patients 
with a systemic ARD with broader geographic representation in 
the US, which may explain the differing results. It is also possi-
ble that higher testing capacity (potentially leading to increased 
detection of milder COVID- 19 cases) and/or improvements in 
COVID- 19 management may have ameliorated the higher risk 
of mechanical ventilation previously observed in patients with a 
systemic ARD early in the pandemic (12). We did observe a higher 
risk of hospitalization, ICU admission, acute renal failure requir-
ing renal replacement therapy, and venous thromboembolism in 
patients with a systemic ARD versus comparators, emphasizing 
the need for continued vigilance with regard to physical distancing 
recommendations to prevent COVID- 19 transmission during the 
ongoing pandemic, especially in patients with systemic ARDs and 
significant comorbidities.

We observed a significantly higher risk of venous throm-
boembolism in patients with a systemic ARD versus matched 
comparators in our primary exposure and extended models. 
COVID- 19 has been associated with severe endothelial injury 
resulting in widespread thrombosis and microangiopathy (13). 
Patients with systemic ARDs at baseline may be at a higher risk 
of venous thromboembolism because of chronic inflammation 
and/or the presence of the antiphospholipid syndrome. For exam-
ple, a  comparative cohort study using US claims data showed 
a 40% higher risk of venous thromboembolism in patients with 
RA versus comparators (14). Due to the low event rate, we were 
unable to determine the risk of venous thromboembolism in 
 specific diseases, and further studies are warranted to determine 
disease- specific risk and optimal thromboprophylaxis strategies 
for patients with a systemic ARD and COVID- 19.

Finally, we examined the risk of a composite outcome (ICU 
admission, mechanical ventilation, or death) in patients receiving 
various immunosuppressive medications versus those not receiv-
ing them within the systemic ARD cohort. Similar to results from 
prior studies, conventional synthetic DMARDs and biologic or tar-
geted synthetic DMARDs were not associated with higher risks of 
severe COVID- 19 outcomes, while glucocorticoid use was asso-
ciated with severe COVID- 19 outcomes (15– 18). Future studies 
with larger sample sizes are needed to examine the effects of indi-
vidual medications.
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This is the first national multicenter cohort study examining 
COVID- 19 outcomes in patients with systemic ARD. The data 
source is representative of academic and community health care 
settings across the US, and the results are therefore likely gen-
eralizable. Additionally, the availability of real- time data from a 
large- scale network enabled the timely analysis of COVID- 19 out-
comes. However, the limitations of our study warrant comment, 
including the typical limitations of observational electronic health 
record data, such as the potential for residual confounding and 
inaccuracies in ICD- 10 coding. Outcomes may have been incom-
pletely captured if they occurred outside of the included health 
care organizations, but this would not be expected to differentially 
impact the systemic ARD and comparator cohorts. Additionally, 
due to privacy regulations, we cannot identify the relative contribu-
tions of COVID- 19 cases from individual health care organizations 
or geographic regions, and we have no available measures of the 
social determinants of health. Finally, given that the study popu-
lation selection was conditioned upon a diagnosis of COVID- 19, 
there is the possibility of collider bias, which may bias the results 
toward a null effect (19).

In a large comparative cohort study using a multicenter electronic 
health record research network in the US, we found that COVID-19 
patients with a systemic ARD had a higher risk of hospitalization, ICU 
admission, acute renal failure requiring renal replacement therapy, 
and venous thromboembolism compared to COVID-19 patients 
without a systemic ARD, but did not have a higher risk of mechan-
ical ventilation or death. Except for venous thromboembolism, the 
other risks were largely attenuated in an extended model match-
ing for comorbidities, suggesting that these risks are mediated by 
comorbidi ties. COVID-19 patients with a systemic ARD should be 
closely monitored for thrombotic complications.
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Association Between Bone Mineral Density and 
Autoantibodies in Patients With Rheumatoid Arthritis
Josephine A. M. P. Amkreutz,1  Emma C. de Moel,1  Lisa Theander,2 Minna Willim,3 Lotte Heimans,1 
Jan- Åke Nilsson,4 Magnus K. Karlsson,5 Tom W. J. Huizinga,1  Kristina E. Åkesson,5 Lennart T. H. Jacobsson,6 
Cornelia F. Allaart,1 Carl Turesson,4  and Diane van der Woude1

Objective. Autoantibodies, such as anti– citrullinated protein antibodies (ACPAs), have been described as inducing 
bone loss in rheumatoid arthritis (RA), which can also be reflected by bone mineral density (BMD). We therefore 
examined the association between osteoporosis and autoantibodies in two independent RA cohorts.

Methods. Dual x- ray absorptiometry (DXA) of the lumbar spine and left hip was performed in 408 Dutch patients 
with early RA during 5 years of follow-up and in 198 Swedish patients with early RA during 10 years of follow-up. The 
longitudinal effect of ACPAs and other autoantibodies on several BMD measures was assessed using generalized 
estimating equations.

Results. In the Dutch cohort, significantly lower BMD at baseline was observed in ACPA- positive patients 
compared to ACPA- negative patients, with an estimated marginal mean BMD in the left hip of 0.92 g/cm2 (95% 
confidence interval [95% CI] 0.91– 0.93) versus 0.95 g/cm2 (95% CI 0.93– 0.97) (P = 0.01). In line with this, significantly 
lower Z scores at baseline were noted in the ACPA- positive group compared to the ACPA- negative group (estimated 
marginal mean Z score in the left hip of 0.18 [95% CI 0.08– 0.29] versus 0.48 [95% CI 0.33– 0.63]) (P < 0.01). However, 
despite clear differences at baseline, ACPA positivity was not associated with greater decrease in absolute BMD 
or Z scores over time. Furthermore, there was no association between BMD and higher levels of ACPAs or other 
autoantibodies (rheumatoid factor and anti– carbamylated protein antibodies). In the Swedish cohort, ACPA- positive 
patients tended to have a higher prevalence of osteopenia at baseline (P = 0.04), but again, ACPA positivity was not 
associated with an increased prevalence of osteopenia or osteoporosis over time.

Conclusion. The presence of ACPAs is associated with significantly lower BMD at baseline, but not with greater 
BMD loss over time in treated RA patients. These results suggest that ACPAs alone do not appear to contribute to 
bone loss after disease onset when disease activity is well- managed.

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic inflammatory disease 
characterized by polyarthritis and an increased risk of osteoporo-
sis (1). It is known that patients with RA have twice the risk of sus-
taining osteoporosis- related fractures compared to age- matched 
controls, which is associated with high morbidity and mortal-
ity (2). Although some of the mechanisms leading to bone loss 
in RA have been clarified (such as the effect of cytokines), the 

precise relationship between the immunopathogenesis of RA 
(e.g., autoantibodies) and osteoporosis remains unclear.

One of the most important serological markers in RA is the 
presence of anti– citrullinated protein antibodies (ACPAs), which 
is a well- known predictive marker of a more destructive disease 
course (3). ACPAs may affect systemic bone mineral density 
(BMD) loss, as seropositive patients (especially those with higher 
levels of ACPAs) have been described as having lower systemic 
BMD and a higher prevalence of osteoporosis (4– 6).
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There are two hypotheses for how ACPAs might affect BMD: 
1) ACPAs represent a unique type of antibody able to directly induce 
bone loss or 2) ACPAs mediate bone loss only in the presence of 
concomitant inflammation. Regarding the first hypothesis, some 
data suggest that ACPAs can bind to and activate osteoclasts (7,8), 
which leads to increased osteoclast- mediated bone degradation 
and elevated serum levels of collagen degradation products such 
as RANKL (9). This process is believed to occur independently of 
inflammation status (6,10), as bone remodeling starts even before 
the onset of clinical disease (11). In addition, altered bone metab-
olism has been observed in healthy subjects with ACPAs (12) and 
bone loss may develop in mice after injection of ACPAs (7), further 
supporting a possible direct pathogenic link between ACPAs and 
bone destruction in RA. However, chronic inflammation alone could 
also lead to bone degradation in RA via osteoclast activation medi-
ated by proinflammatory cytokines (13,14). ACPAs could therefore 
characterize a particular subset of RA with a more inflammatory 
profile that in turn could result in more bone loss. This hypothe-
sis is supported by preliminary studies indicating that RA patients 
who have higher disease activity and higher levels of inflamma-
tion markers suffer from more bone loss (15). Lower BMD values 
in ACPA- positive patients can also be attributed to more aggressive 
prednisone bridging in ACPA- positive patients, which in itself is a risk 
factor for bone loss (16).

Longitudinal data, including detailed information about dis-
ease activity and treatment with disease- modifying antirheumatic 
drugs (DMARDs) and glucocorticoids, are necessary to elucidate 
the exact association between ACPAs and bone loss in RA, which 
could provide insight into underlying biological mechanisms. We 
therefore performed an in- depth investigation into the relation 
between autoantibodies and BMD by examining yearly dual x- ray 
absorptiometry (DXA) scores in two independent cohorts of RA 
patients.

PATIENTS AND METHODS

Study design and patient selection. We used data from 
two large RA cohorts that were analyzed separately. The Dutch 
Induction therapy with Methotrexate and Prednisone in Rheuma-
toid Or Very Early arthritic Disease (IMPROVED) study is a multi-
center, randomized controlled trial in which 610 patients with early 
untreated RA (symptom duration of <2 years) or undifferentiated 
arthritis received remission- steered treatment between 2007 and 
2010, with remission being defined as having a Disease Activity 
Score (DAS) of <1.6. For the Swedish cohort, 233 consecutively 
enrolled patients with early RA (symptom duration of <12 months), 
recruited between 1995 and 2005 in the area of the city of Malmö, 
were followed up according to a structured  program. Detailed 
inclusion and exclusion criteria as well as the exact study pro-
tocols have been described previously (17,18). For both studies, 
ethics approval was granted, and written informed consent was 
obtained from all patients.

At baseline, ACPA (anti- CCP2) IgG and rheumatoid factor 
(RF) IgM were measured by standard clinical methods. In the 
Dutch cohort, antibodies directed against  carbamylated pro-
teins (anti- CarP) were analyzed by a validated in- house assay 
as described previously (19). RA was classified according to the 
2010 American College of Rheumatology (ACR)/European Alli-
ance of Associations for Rheumatology (EULAR) criteria for RA 
(20) in the Dutch cohort and the 1987 ACR criteria for RA (21) in 
the Swedish cohort. Data from RA patients ages 20 years and 
older with a known ACPA status were used for this study, result-
ing in 408 Dutch patients and 198 Swedish patients. Of the 408 
Dutch patients with RA, a subgroup of 128 patients with a rela-
tively high disease activity (mean DAS of >1.8 during the first two 
years after study inclusion) was selected for separate analyses to 
assess the association between ACPAs and BMD in the presence 
of increased levels of inflammation.

Measurements of BMD. BMD was assessed by DXA. In 
the Dutch cohort, DXA images were obtained of the left total hip, 
the first to fourth vertebrae of the lumbar spine (L1– L4), or the sec-
ond to fourth vertebrae of the lumbar spine (L2– L4) every year for 
5 years. For the Swedish cohort, DXA images of the left femoral 
neck and second to fourth vertebrae of the lumbar spine (L2– L4) 
were obtained at study inclusion and after 2, 5, and 10 years. 
Results for BMD were expressed as absolute values (in g/cm2),   
T scores (measured as standard deviations from the mean value in 
healthy young adults), or Z scores (measured as standard devia-
tions from the mean value in an age- , sex- , and ethnicity- matched 
control population [22]). Osteopenia was defined as a T score 
between −2.5 (a value of −2.5 not included) and −1.0 (a value 
of −1.0 included) at any location, and osteoporosis was defined 
as a T score of less than or equal to −2.5 at any location. Dutch 
centers used the Hologic densitometer system, whereas Swedish 
data derived from the Lunar densitometer system. For the Dutch 
cohort, lumbar scores were determined according to the Hologic 
Spine reference group, and femoral scores were determined 
according to the National Health and Nutrition Examination Sur-
vey femur reference population (23). BMD scores for the Swed-
ish cohort were calculated using a cohort of healthy individuals 
(146 men and 178 women, ages 20– 87 years) from the same area 
as the reference population (24).

Statistical analysis. First, univariate analyses were per-
formed to determine which of the covariates should be included 
in the final models. Variables that were univariably associated 
with ACPA status and one of the outcome measures of interest 
(P ≤ 0.1) in at least one of the cohorts were included as covariates 
in the final models for both cohorts, namely: sex, age, body mass 
index (BMI), symptom duration, smoking status, and serum levels 
of 25- hydroxyvitamin D. Furthermore, the following variables were 
added to the models based on literature and a priori hypothe-
ses: prednisone usage, DAS scores (25), Health Assessment 
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Questionnaire (HAQ) scores (26), and C- reactive protein (CRP) 
levels.

The association between ACPAs and BMD over time was  
modeled using generalized estimating equations (GEE), which 
allow for missing data in the outcome and account for clinical 
and demographic factors that differ between the two groups. 
With repeated measurements of BMD scores as the depend-
ent variable, we investigated whether ACPA status was associ-
ated with changes in BMD. The same was done for osteopenia 
or osteoporosis prevalence. An interaction term of ACPA sta-
tus × time was added to determine whether yearly changes in 
the outcome variables were different between ACPA- positive 
patients and ACPA- negative patients. The final models were 
adjusted for the following baseline variables: age, sex, BMI, 
symptom duration, and smoking status. The final models were 
also adjusted for the following longitudinal time- varying meas-
urements: disease activity (as assessed by the DAS44), pred-
nisone intake, the HAQ disability index, CRP levels, and serum 
levels of 25- hydroxyvitamin D (levels of vitamin D only available 
for the Dutch cohort). Since there was no difference in the 
intake of antiosteoporotic medication (bisphosphonates, vita-
min D, or calcium supplementation) between ACPA- positive 
patients and ACPA- negative patients, these variables were not 
included in the final analyses.

Due to missingness of data, multiple imputation by chained 
equations (MICE) with predictive mean matching on 5 nearest 
neighbors was used to create 20 imputed data sets. All data of 
variables considered relevant for BMD were included. For analy-
ses conducted on these 20 imputed data sets, only results after 
imputation were reported, which did not differ from the results 

obtained before imputation. All statistical analyses of data from 
the Dutch cohort were performed using Stata version 14 software, 
and all analyses of data from the Swedish cohort were performed 
using IBM SPSS version 26. P values less than or equal to 0.05 
were considered significant. The Holm- Bonferroni method was 
used to correct the alpha level for multiple testing.

RESULTS

Patient characteristics. Baseline characteristics of all 
pa  tients included in this study are displayed in Table 1. The only 
notable differences in demographic or clinical variables between 
ACPA- positive and ACPA- negative patients were DAS scores, 
HAQ scores, and BMI for the Dutch cohort and CRP levels for 
the Swedish cohort. Higher levels of disease activity measured in 
the Dutch ACPA- negative group can be explained by the use of the 
2010 ACR/EULAR criteria for RA, which indicate that in patients 
who are negative for ACPAs, a higher number of affected joints and 
higher levels of acute- phase reactants are needed to meet the defi-
nition of RA. A higher BMI among Dutch ACPA- negative patients is 
consistent with previous findings (27), as is the observed associa-
tion between ACPAs  and smoking (28) and between ACPAs and 
CRP (29) in the Swedish cohort.

Patient characteristics and treatment at follow- up visits are 
shown in Supplementary Table 1, available on the Arthritis & 
Rheumatology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41623/ abstract. The use of conventional synthetic DMARDs 
(csDMARDs), biological DMARDs (bDMARDs), and prednisone 
at later time points was generally lower among ACPA- negative 
patients, as expected based on previous results of the IMPROVED 

Table 1. Baseline characteristics of the rheumatoid arthritis patients in the Dutch and Swedish cohort*

Dutch cohort 
(n = 408)

Swedish cohort 
(n = 198)

ACPA- positive 
(n = 268)

ACPA- negative 
(n = 140) P

ACPA- positive 
(n = 114)

ACPA- negative 
(n = 84) P

Age, years 52 ± 13 54 ± 14 0.27 61 ± 12 62 ± 16 0.78
Female sex, no. (%) 188 (70) 92 (66) 0.36 81 (71) 61 (73) 0.81
BMI 25.6 ± 4.3 26.6 ± 4.9 0.02 25.4 ± 4.1 24.9 ± 3.9 0.36
Smoking status, no. (%)

Never 151 (57) 90 (65) 0.09 25 (22) 34 (42) 0.01
Ever 116 (43) 48 (35) – – 
Former – – 40 (36) 25 (31)
Current – – 47 (42) 22 (27)

Symptom duration, 
median (IQR) weeks

18 (9– 36) 14 (9– 28) 0.18 35 (26– 44) 31 (22– 43) 0.11

CRP, median (IQR) mg/liter 13 (6– 29) 11 (4– 29) 0.32 10 (<9– 32) <9 (<9– 17) 0.05
DAS 3.3 ± 0.9 3.6 ± 0.9 <0.01 3.3 ± 1.2 3.2 ± 1.1 0.48
HAQ 1.1 ± 0.7 1.3 ± 0.7 0.02 0.8 ± 0.6 0.9 ± 0.7 0.29
Calcium intake, mg/day 822 ± 281 870 ± 327 0.13 NA NA
Serum 25(OH)D, nmoles/liter 61 ± 30 55 ± 27 0.06 NA NA

* Except where indicated otherwise, values are the mean ± SD. P values were calculated using t- tests, Mann- Whitney U tests, or chi- square tests for 
normally distributed, non- normally distributed, and dichotomous variables, respectively. ACPA = anti– citrullinated protein antibody; BMI = body 
mass index; IQR = interquartile range; CRP = C- reactive protein; DAS = Disease Activity Score; HAQ = Health Assessment Questionnaire; NA = not 
available; 25(OH)D = 25-hydroxyvitamin D. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41623/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41623/abstract
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study that showed a higher achievement of drug- free remission in 
this subset of patients (30).

Lower BMD values at baseline in ACPA- positive 
patients. In the Dutch cohort, a significantly lower absolute 
BMD at baseline was observed in ACPA- positive patients com-
pared to ACPA- negative patients (Figures 1A and B). A similar 
result was observed for Z scores in this cohort (Supplementary 
Figure 1, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41623/ abstract). 
For the Swedish cohort, ACPA- positive patients also had slightly 
lower BMD values at baseline, but the difference was far less 
pronounced than in the Dutch cohort and did not reach statistical 
significance (Figures 1C and D). Notably, no conclusions can be 
drawn from statistical comparisons between the two cohorts, as 
the Dutch and Swedish data were analyzed in separate models.

The association between ACPA status and BMD mea-
surements at baseline and over time was analyzed using GEE, 
the results of which are shown in Table 2. We found that ACPA 
positivity was significantly associated with lower absolute BMD 
values at baseline in the Dutch cohort, both at the lumbar spine 
(P = 0.03) and at the left hip (P = 0.01). Z scores at baseline were 
also significantly lower at both the left hip and lumbar spine in the 

ACPA- positive group. Differences in BMD values or Z scores in 
the Swedish cohort did not reach statistical significance, although 
point estimates for the ACPA- positive subset were slightly lower 
than for the ACPA- negative subset at both measurement sites. 
When the final analyses for the Dutch and the Swedish cohort 
were adjusted for longitudinal intake of antiosteoporotic medica-
tion, the results did not change (Supplementary Table 2, available 
on the Arthritis & Rheumatology website at http://onlin e libr ary.
wiley.com/doi/10.1002/art.41623/ abstract).

Given the possible negative influence of ACPAs on BMD, 
we expected the prevalence of osteopenia or osteoporosis to be 
higher among ACPA- positive patients compared to ACPA- negative 
patients. This was indeed the case in the Swedish cohort, wherein 
a significantly higher prevalence of osteopenia at baseline was 
found in the ACPA- positive patients (P = 0.04) (Table 2). The prev-
alence of osteoporosis at baseline, though, did not differ between 
the two groups in the Swedish cohort. In the Dutch cohort, how-
ever, there was no association between ACPA positivity and a 
higher prevalence of osteopenia or osteoporosis at baseline.

In total, ACPA- positive patients appeared to have slightly 
lower BMD values at baseline in both cohorts, although the 
BMD measurements in which this is reflected differed between 
the cohorts (absolute BMD value and Z score in the Dutch cohort 

Figure 1. Raw data plots illustrating the yearly change in bone mineral density (BMD) measurements in two independent rheumatoid arthritis cohorts 
which were caterogized by anti– citrullinated protein antibody (ACPA) status. The Dutch cohort (A and B) and the Swedish cohort (C and D) of ACPA- 
positive and ACPA- negative patients received dual x- ray absorptiometry (DXA) assessments at the lumbar spine and left hip at the indicated time 
points. Values below the graphs represent the number of patients with available DXA scans at each given time point in the ACPA-positive and the 
ACPA-negative group. Results are shown as the mean with error bars showing the 95% confidence intervals for both groups at the given time points.

http://onlinelibrary.wiley.com/doi/10.1002/art.41623/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41623/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41623/abstract
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versus osteopenia in the Swedish cohort). Although not all differ-
ences reached statistical significance after correction for multiple 
testing, ACPA- positive patients overall had slightly lower BMD val-
ues at baseline in both cohorts.

No association between ACPA positivity and more 
loss of BMD over time. We hypothesized that ACPA- positive 
patients would have a greater decline in BMD over time com-
pared to ACPA- negative patients. However, in contrast to the dif-
ferences observed at baseline between the two groups, we found 
no association between ACPA status and yearly changes in BMD 
(Figure 1 and Table 2). ACPA positivity was not associated with 
a significantly greater decline in absolute BMD values during the 
follow- up periods of 5 years (Dutch cohort) or 10 years (Swed-
ish cohort) at either the left hip or the lumbar spine. Also, ACPA 
positivity was not associated with an increase in osteopenia or 
osteoporosis over time in either cohort. In line with this, changes 
in Z scores over time did not differ between the two groups at 
either the left hip or lumbar spine (Supplementary Figure 1, availa-
ble on the Arthritis & Rheumatology website at http://onlin e libr ary. 
wiley.com/doi/10.1002/art.41623/ abstract).

No association between ACPA levels and BMD. To 
investigate whether higher levels of ACPAs are associated with 
greater BMD loss, we analyzed the association between ACPA 
IgG levels at inclusion and longitudinal BMD scores. We found 
that higher levels of ACPAs were not significantly associated with 
lower BMD values at baseline (Table 3). This was observed for 
absolute BMD values as well as for Z scores, at both lumbar and 
femoral sites. There was also no association between higher lev-
els of ACPA IgG at baseline and more absolute BMD loss over 

time (Supplementary Figure 2, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41623/ abstract).

Other autoantibodies not independently associ-
ated with BMD. In light of the associations that were observed 
between ACPA status and baseline BMD values, we extended 
our analyses in the Dutch cohort to other autoantibodies asso-
ciated with RA (RF and anti- CarP). Table 4 lists the differences 
in BMD measurements between seropositive and seronega-
tive patients for the different autoantibodies. We found that RF- 
positive patients had lower absolute BMD at baseline compared 
to RF- negative patients (lumbar spine: P = 0.04). Similarly, the 
presence of anti- CarP was associated with lower absolute BMD 
and Z scores at baseline (left hip: P = 0.04 and P = 0.04, respec-
tively). Since both RF and anti- CarP frequently occur simultane-
ously with ACPAs, the analyses were adjusted for ACPAs, after 
which both RF and anti- CarP were found to no longer be asso-
ciated with lower BMD scores at baseline at any given location. 
In contrast, the association between ACPAs and lower BMD val-
ues at baseline at the left hip remained significant after correction 
for the presence of RF and anti- CarP. Consistent with previously 
described results for ACPAs, no association was found between 
RF positivity or anti- CarP positivity and more decline in BMD over 
time. Finally, there was no baseline or longitudinal association 
between the quantitative number of autoantibodies present in 
a patient (ranging 0– 3, among ACPAs, RF, and anti- CarP) and 
(loss of) BMD either at baseline or over time.

In summary, the association between autoantibody pres-
ence and lower BMD at baseline appears to be most clearly 
demonstrated for ACPAs, independent of the presence of other 
autoantibodies.

No association between ACPAs and BMD in patients 
with high levels of disease activity. Inflammation is hypoth-
esized to play a role in BMD loss in RA (15). This raises the ques-
tion of whether the lack of association observed between ACPAs 
and BMD loss over time could be due to the fact that there 
was very little disease activity, and thus inflammation, over time, 
especially in the Dutch patients who were treated with a treat- to- 
target approach with a DAS target of <1.6. Perhaps an associa-
tion between ACPAs and BMD loss over time would have been 
apparent in the setting of higher levels of inflammation/disease 
activity. To investigate this, we attempted to identify a subgroup 
of patients with higher disease activity in the Dutch cohort. In light 
of the overall very low disease activity in this cohort, we defined 
this group with a higher disease activity as having a mean DAS of 
>1.8 during the first two years after study inclusion (not including 
the baseline visit). In this subgroup of 128 patients, no association 
was found between ACPAs and absolute BMD values at baseline 
in the lumbar spine or left hip (Figures 2A and B). In line with the 
results obtained from all patients included in the study (regardless 

Table 3. Generalized estimating equations (conducted on non- 
imputed data) of the association between ACPA IgG levels at 
inclusion and baseline and longitudinal change in absolute BMD and 
Z scores*

Absolute BMD, g/cm2 Z score
Lumbar spine

Baseline −0.002 (−0.017, 0.126) 0.001 (−0.129, 0.132)
Yearly change 0.001 (−0.001, 0.002) 0.004 (−0.009, 0.017)

Left hip (total hip)
Baseline 0.007 (−0.006, 0.019) 0.074 (−0.016, 0.165)
Yearly change 0.0003 (−0.002, 0.002) −0.004 (−0.012, 0.004)

* Values are the β (95% confidence interval [95% CI]) for the
association between anti– citrullinated protein antibody (ACPA) IgG 
levels at inclusion and absolute bone mineral density (BMD) and Z 
scores at baseline, and yearly change in absolute BMD and Z scores 
per 10- fold (or log10) difference in ACPA IgG levels. Analyses were 
performed in 268 Dutch patients with rheumatoid arthritis who 
were positive for anti– citrullinated protein antibodies (ACPAs). Log10 
transformation on ACPA IgG levels was applied in order to achieve 
normal distribution of levels. Models were adjusted for the following 
baseline variables: age, sex, body mass index, symptom duration, 
and smoking status. Models were also adjusted for the following 
longitudinal time- varying measurements: Disease Activity Score, 
prednisone intake, Health Assessment Questionnaire score, C- 
reactive protein levels, and serum 25- hydroxyvitamin D levels. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41623/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41623/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41623/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41623/abstract
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of DAS), no association was found between ACPAs and more 
bone loss over time.

DISCUSSION

To the best of our knowledge, our study is the first to inves-
tigate the important link between ACPAs and BMD in a longitu-
dinal manner in untreated patients with early RA. In the present 
study, we found that ACPAs are associated with lower systemic 
BMD at disease onset in RA. This was particularly the case 
at femoral sites, where the observed values remained statisti-
cally significant after correction for multiple testing. However, in 
spite of differences in BMD between ACPA- positive and ACPA- 
negative patients at baseline, ACPA positivity is not associated 
with greater BMD loss over time in patients receiving standard 
clinical care or tight remission- steered treatment. Finally, there 
is no association between BMD and other RA- specific autoan-
tibodies (such as RF and anti- CarP), nor is there an association 
between BMD and the number of autoantibodies present in a 
patient.

Our results are consistent with previous findings showing 
lower BMD values among ACPA- positive patients compared 
to ACPA- negative patients at baseline. Moreover, this study is 
of important additive value, as it provides new insights into the 
course of BMD loss over time in patients with RA. Although no 
longitudinal differences were observed between the two groups, 
baseline differences were pronounced. Considering these 
results, it might be unlikely that the mere presence of ACPAs is 
sufficient to cause bone loss in RA, as ACPAs remain present 
after the start of treatment, yet ACPA- positive patients do not 
exhibit more bone loss compared to ACPA- negative patients. 
Our results therefore suggest alternative explanations than previ-
ous findings that have supported the theory that ACPAs induce 
bone loss independently of inflammation status by directly 

binding to osteoclasts, stimulating osteoclast differentiation and 
proliferation.

Instead, lower BMD in ACPA- positive patients could possibly 
be an effect of inflammation. This hypothesis is supported by pre-
liminary studies indicating that adequate suppression of disease 
activity, and thus inflammation, is key to prevent further bone loss 
and thereby stabilize BMD in patients with RA (13,31). Furthermore, 
it has been suggested that suppression of inflammation effec-
tively prevents bone loss in ACPA- positive and ACPA- negative 
patients in equal measure. Earlier studies have demonstrated 
that inhibition of interleukin- 8 interferes with osteoclastogenesis 
and thus prevents osteolysis (32,33). Moreover, ACPAs are only 
associated with higher erosion scores in the clinically suspect 
arthralgia stage of RA when concomitant inflammation is pres-
ent, indicating that inflammation functions as a key mediator in the 
link between ACPAs and erosion development (34). Since there is 
strong evidence that erosive disease and systemic BMD loss in 
RA have common pathways in their pathogenesis (35,36), these 
results might also suggest an indirect association between ACPAs 
and bone loss via inflammation.

In the present study, we found a stronger association 
between BMD and ACPAs than between BMD and RF or anti- 
CarP. This could be a reflection of the fact that due to for example 
their specific associations with certain genetic and environmental 
risk factors (37), ACPAs seem to represent a more discrimina-
tory type of antibody compared to RF or Anti-CarP that is able to 
define a particular subset of patients with RA. This specific subset 
of RA patients might also tend to experience more severe bone 
loss. In contrast to the findings of Orsolini et al (5), we found no 
level- dependent effect of ACPAs on BMD at baseline.

Our study has several limitations. One limitation is that we do 
not know the natural course of BMD over time in the absence of 
therapeutic intervention. We cannot exclude the possibility that 
ACPAs might have been associated with BMD loss over time if 

Figure 2. Raw data plots illustrating the yearly change in BMD measurements in 128 Dutch patients with rheumatoid arthritis who had high 
disease activity and who were categorized by ACPA status. High disease activity was classified as a patient having a mean Disease Activity 
Score of >1.8 during the first two years after study inclusion (baseline visit not included). BMD was measured at the lumbar spine (A) and left hip 
(B). Values below the graphs represent the number of patients with available DXA scans for each given time point in the ACPA- positive and the 
ACPA- negative group. Results are shown as the mean with error bars showing the 95% confidence intervals for both groups at the given time 
points. See Figure 1 for definitions.
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patients had not been treated. However, this limitation is una-
voidable in modern RA research, because all RA patients nor-
mally receive treatment. This limitation could also be seen as an 
advantage, as it afforded us the opportunity to assess the effect 
of autoantibody presence in the setting of optimal control of dis-
ease activity. Furthermore, treatment for osteoporosis, which was 
in part initiated based on the DXA results in the study, may have 
prevented further BMD loss during follow- up. Although this could 
theoretically have affected our comparisons, we have no indica-
tion that medication for osteoporosis was preferentially prescribed 
to ACPA- positive or ACPA- negative patients. Another limitation 
is that we cannot exclude the possibility that DXA scans of the 
lumbar spine are sensitive to increasing degenerative and oste-
oarthritic changes associated with aging. This could explain 
why lumbar BMD measurement showed a very slight increase 
over time. Furthermore, differences regarding absolute BMD val-
ues and Z scores between ACPA- positive and ACPA- negative 
patients in the Dutch cohort were not exactly replicated in 
the Swedish cohort. This could be due to the fact that there 
were fewer Swedish patients, resulting in less power to detect 
differences. Finally, despite the clear statistically significant 
differences at baseline, absolute differences in mean BMD mea-
sures between ACPA- positive and ACPA- negative patients 
were minor, meaning the clinical relevance of these findings has 
yet to be established.

Our study also has several strengths, such as the use of two 
independent cohorts with large sample sizes. Because of the long 
follow- up periods of 5 and 10 years, we were able to not only 
investigate the link between autoantibodies and BMD on a base-
line level, but also to determine the impact of these autoantibod-
ies on long- term changes in BMD while accounting for various 
relevant covariates. By selecting patients diagnosed with early 
untreated arthritis, we were able to study the effect of autoanti-
bodies on BMD without prior confounding by therapy.

In conclusion, we found that ACPA- positive patients have a 
significantly lower BMD at baseline compared to ACPA- negative 
patients. However, ACPA positivity is not associated with more 
bone loss over time in patients with early RA who are treated 
according to modern strategies. These results indicate that 
ACPAs alone do not seem to contribute to bone loss after the 
onset of clinical disease in the absence of severe inflammation.
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The Pretreatment Gut Microbiome Is Associated With 
Lack of Response to Methotrexate in New-Onset 
Rheumatoid Arthritis
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Objective. Although oral methotrexate (MTX) remains the anchor drug for rheumatoid arthritis (RA), up to 50% of 
patients do not achieve a clinically adequate outcome. In addition, there is a lack of prognostic tools for treatment 
response prior to drug initiation. This study was undertaken to investigate whether interindividual differences in the 
human gut microbiome can aid in the prediction of MTX efficacy in new- onset RA.

Methods. We performed 16S ribosomal RNA gene and shotgun metagenomic sequencing on the baseline gut 
microbiomes of drug- naive patients with new- onset RA (n = 26). Results were validated in an additional independent 
cohort (n = 21). To gain insight into potential microbial mechanisms, we conducted ex vivo experiments coupled with 
metabolomics analysis to evaluate the association between microbiome- driven MTX depletion and clinical response.

Results. Our analysis revealed significant associations of the abundance of gut bacterial taxa and their genes 
with future clinical response (q < 0.05), including orthologs related to purine and MTX metabolism. Machine learning 
techniques were applied to the metagenomic data, resulting in a microbiome- based model that predicted lack of 
response to MTX in an independent group of patients. Finally, MTX levels remaining after ex vivo incubation with distal 
gut samples from pretreatment RA patients significantly correlated with the magnitude of future clinical response, 
suggesting a possible direct effect of the gut microbiome on MTX metabolism and treatment outcomes.

Conclusion. Taken together, these findings are the first step toward predicting lack of response to oral MTX in 
patients with new- onset RA and support the value of the gut microbiome as a possible prognostic tool and as a 
potential target in RA therapeutics.
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INTRODUCTION

Despite multiple advances in the understanding of rheu-
matoid arthritis (RA) pathogenesis and in the development of 
therapeutics (1), oral methotrexate (MTX) remains the mainstay 
of therapy (2,3). MTX is a dihydrofolate reductase inhibitor and 
is considered a disease- modifying drug since it ameliorates 
symptoms and prevents joint destruction. Importantly, only up 
to 50% of patients will have a clinically adequate response when 
the drug is administered as monotherapy (2,4). The reasons for 
this discrepancy in clinical outcomes are not clearly understood, 
although one possibility may relate to interindividual differences 
in the bioavailability of oral MTX, which is known to be highly vari-
able (range 20– 80%) (5). This is of utmost relevance since MTX is 
well tolerated, safe, and has a significantly lower cost compared 
to newer biologic therapies (6), making it first- line therapy in RA 
worldwide (7,8).

Despite decades of study, the interindividual variation in 
MTX response cannot be accurately predicted by host biomark-
ers  (9– 14), and the determination of responder status requires a 
lengthy trial, creating a window for joint damage to accrue. More 
recently, several groups have characterized the dependence of 
immunomodulatory therapies on the gut microbiome and its util-
ity as a predictor of clinical response (15– 20). Accordingly, it is 
possible that the bioavailability and/or subsequent response to 
MTX could at least be partially driven by differences in the micro-
bial species, genes, enzymes, and/or metabolites found within 
the gastrointestinal tracts of RA patients. The premise for 
this hypothesis is supported by prior work in rodents, where 
both germ- free housing and antibiotic depletion significantly 
decreased intestinal absorption and metabolism of MTX (21,22). 
However, our understanding of the role of the human gut micro-
biome in RA treatment remains limited (23). In this study, we 
sought to address these knowledge gaps by determining if the 
pretreatment gut microbiome is associated with prediction of 
drug efficacy and whether human bacterial communities could 
directly metabolize MTX.

PATIENTS AND METHODS

Patients. Consecutive patients from the New York Univer-
sity Langone Medical Center, Lutheran Hospital, Staten Island and 
Mount Sinai School of Medicine rheumatology clinics and offices 
were screened for RA. Eligible patients with active, new- onset RA 
were included in the study (see Supplementary Methods, avail-
able on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41622/ abstract).

Study design. All patients with new- onset RA (n = 26 for the 
training cohort and n = 21 for the validation cohort) were recruited 
using established protocols (24). Clinical and demographic character-
istics of the training and validation cohorts are shown in Supplemen-
tary Tables 1 and 2, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41622/ abstract). 
Biologic samples and metadata were obtained before treatment with 
MTX and folic acid and 1, 2, and 4 months after therapy initiation. A 
responder to MTX was defined a priori as any patient with new- onset 
RA with an improvement in the Disease Activity Score in 28 joints 
(DAS28) (25) of ≥1.8 by month 4 after initiation of MTX monotherapy. 
Biologic samples from 20 RA patients who subsequently either never 
initiated MTX or were prospectively prescribed other medications 
were analyzed as controls (see Supplementary Methods).

Microbiome sequencing and analysis. We performed 
16S ribosomal RNA (16S rRNA) and shotgun sequencing analysis 
as described in detail in the Supplementary Methods. The 16S rRNA 
sequencing led to the identification of each taxa, operational tax-
onomic unit (OTU), and ribosomal sequence variant (RSV) present 
in a given sample. Shotgun sequencing led to the identification of 
KEGG modules, pathways, and gene orthologs. Sequencing data 
generated during the study are available at the NCBI Sequence 
Read Archive (accession #PRJNA682730). Data include accession 
codes and unique alphanumeric identifiers associated with raw data.

Identification of a microbiome- based model to pre-
dict response to MTX. Features (i.e., OTUs, RSVs, and KEGG 
orthologs [KOs]) for model development were selected by applying 
the Boruta algorithm (26) to the samples from the training cohort 
(Supplementary Methods and https://github.com/scher - lab). A ran-
dom forests model was fitted using the features identified, and the 
accuracy of the model was evaluated in an independent validation 
cohort of patients with new- onset RA (Supplementary Methods) 
and in a control cohort of RA patients who subsequently either never 
initiated MTX or were prospectively prescribed other medications.

Ex vivo incubation of fecal samples. Fecal samples 
were incubated ex vivo with MTX, and the remaining levels of MTX 
were measured by nuclear magnetic resonance (NMR) spectros-
copy or liquid chromatography mass spectroscopy (LC- MS) (see 
Supplementary Methods).

Statistical analysis. The DESeq2 algorithm and the false 
discovery rate were applied to identify differences in the abun-
dance of microbiome features, while Bray- Curtis distance- based 
permutational multivariate analysis of variance (PERMANOVA) 
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was used to detect overall differences in the gut microbiome (Sup-
plementary Methods). Spearman’s correlation test was used to 
detect associations between continuous variables using Graph-
Pad Prism version 6.0. P values less than 0.05 and q values less 
than 0.05 were considered significant.

RESULTS

Pretreatment gut microbial community structure 
differentiates clinical response to MTX. We first investi-
gated whether the pretreatment gut microbial community structure 
could differentiate clinical response to MTX in patients with new- 
onset RA. We collected stool samples from a training cohort of 26 
patients with new- onset RA (Supplementary Figure 1 and Supple-
mentary Tables 1 and 2, available on the Arthritis & Rheumatology 

website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41622/ 
abstract). All patients enrolled received oral MTX at standard- of- 
care dosing (average 20 mg/week, range 15– 25 mg). Fecal sam-
ples were obtained within 48 hours prior to treatment initiation. 
We then classified patients as either MTX responders (39% of the 
cohort) or MTX nonresponders (61% of the cohort) based on a 
stringent definition of clinical response (improvement in DAS28 of 
≥1.8 and no need for adding a biologic drug) at month 4 after 
therapy initiation (7).

Using 16S rRNA gene sequencing, we first analyzed 
 differences in microbial diversity between MTX nonresponders 
(n = 16) and MTX responders (n = 10). Patients who responded 
to therapy had significantly lower microbial diversity at the OTU 
level (P < 0.05 by Wilcoxon’s 2- sided test) (Figure 1a), with a simi-
lar trend observed for richness (Figure 1a). A significant difference 

Figure 1. Pretreatment gut microbial diversity and taxa in a training cohort of patients with new- onset rheumatoid arthritis (RA) who responded to 
methotrexate (MTX- R) and patients with new- onset RA who did not respond to MTX (MRX- NR). a, Diversity (Shannon index) and richness (number 
of operational taxonomic units [OTUs]) of pretreatment microbiota in responders and nonresponders to MTX. Bars show the mean ± SEM. Symbols 
represent individual patients (n = 10– 16 per group). * = P < 0.05. NS = not significant. b, Principal components analysis (PcoA) of samples from 
responders and nonresponders to MTX based on their pretreatment microbiota composition at the OTU level, using Bray- Curtis distance. PC1 = 
principal component 1. c, Significant differences in gut microbial community structure between responders and nonresponders to MTX at the 
indicated taxonomic levels, determined by Bray- Curtis distance– based permutational multivariate analysis of variance (PERMANOVA). * = P < 0.05. 
d, Firmicutes:Bacteroidetes ratio in responders and nonresponders to MTX. * = P < 0.05 by Wilcoxon’s 2- tailed test. FC = fold change. e, Significantly 
different relative abundance (counts per 105) of OTUs in responders to MTX versus nonresponders to MTX (q < 0.05 by DESeq2). Only OTUs with a 
median abundance >0.01% in ≥1 group are shown. Significantly different low abundance OTUs (q < 0.05 by DESeq2) are shown in Supplementary 
Table 3, available on the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41622/ abstract. In d and e, data are 
shown as box plots. Boxes represent the 25th to 75th percentiles. Lines inside the boxes represent the median. Whiskers indicate maximum and 
minimum values. Symbols represent individual patients (n = 10– 16 per group). UC = unclassified. ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001.
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in overall gut microbial community structure was also observed 
between groups based on abundance of OTUs and other tax-
onomic levels (principal components analysis based on Bray- 
Curtis distance; P < 0.05 by PERMANOVA) (Figures 1b and c). 
Subsequently, we applied the DESeq2 algorithm to test for dif-
ferential abundance in bacterial groups that could be driving this 
separation. At the phylum level, we detected a higher abundance 
of Firmicutes and lower abundance of Bacteroidetes in nonre-
sponders (P < 0.05, q = 0.08) (Supplementary Figure 2, available 
on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41622/ abstract) and, consequently, a 
higher Firmicutes:Bacteroidetes ratio in nonresponders (P < 0.05 
by Wilcoxon’s 2- sided test) (Figure 1d). In addition, samples 
from nonresponders to MTX showed a higher abundance of the 
Euryarchaeota phylum (q < 0.05 by DESeq2) (Supplementary 
Figure 2), unclassified Clostridiales/Clostridiales incertae sedis 
XIII family, and Escherichia/Shigella genera (q < 0.05 by DESeq2) 
(Supplementary Figure 2). We also detected differences in 5 low 
abundance taxa (median abundance per group <0.01%) (Supple-
mentary Table 3, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41622/ abstract).

Consistent with the lower Firmicutes:Bacteroidetes ratio in 
responders to MTX, we found that several OTUs from the Bac-
teroides and Prevotella genera (Bacteroidetes phylum) were 
significantly more abundant in this group (q < 0.05, by DESeq2) 
(Figure 1e), with a concomitant decrease in OTUs from the order 
Clostridiales and the genus Ruminococcus (Firmicutes phylum) 
(q < 0.0 by DESeq2) (Figure 1e). Differences in 14 additional low 
abundant OTUs were also detected between groups (Supple-
mentary Table 3). Analysis of RSVs revealed similar results (Sup-
plementary Figure 3 and Supplementary Table 3).

MTX nonresponders have consistent differences in 
gut microbial gene abundance relative to responders. 
Although we identified some differences in gut microbial com-
munity structure between patient groups, 16S rRNA sequencing 
can only approximate metabolic capacity, in particular for genes 
related to drug metabolism (27,28). We therefore performed shot-
gun sequencing to define the bacterial metagenome and gene 
abundance of the pretreatment gut microbiome in our training 
cohort. An average of 1.7 × 109 bp per sample were obtained 
after quality filtering (Supplementary Table 4, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41622/ abstract), which allowed us to functionally 
annotate gut microbial genes into a total of 6,356 KOs. Although 
the percentage of open- reading frames annotated using the KEGG 
database was similar between groups (mean ± SD 27.64 ± 0.01 
in responders versus 27.87 ± 0.01 in nonresponders; P = 0.78 
by 2- sided t- test), the metagenome from pretreatment fecal sam-
ples separated most MTX responders from MTX nonrespond-
ers (principal components analysis; P < 0.05 by PERMANOVA) 
(Figure 2a). Moreover, our analysis identified 7 microbial modules 

that differed significantly between groups (q < 0.05 by DESeq2) 
(Supplementary Figure 4 and Supplementary Table 5, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41622/ abstract), indicating a major cluster-
ing by metabolic and biosynthetic potential.

At the microbial pathway level, 26 features were significantly 
increased in MTX nonresponders, including the MAPK signaling 
pathway (ko04016), DNA replication (ko03030/3032), fatty acid 
degradation (ko00071), and ABC transporters (ko02010) (Figure 2b 
and Supplementary Table 5) (q < 0.05 by DESeq2). In contrast, 
28 pathways were diminished in the MTX nonresponder group 
(Figure 2b), including those associated with lipopolysaccharide 
biosynthesis (ko01005) and either carbohydrate/vitamin metabo-
lism (e.g., fructose/mannose [ko00051] and thiamine [ko00730]) or 
biosynthetic pathways, most notably folate biosynthesis (ko00790).

In total, 462 KOs separated MTX nonresponders from MTX 
responders (q < 0.05 by DESeq2) (Figure 2c and Supplementary 
Table 5), with 86 of these orthologs showing at least a 2- fold dif-
ference between groups (Supplementary Table 5). Some of the 
top genes with higher effect sizes encode for bacterial structural 
proteins (e.g., peptidoglycan- binding protein) or enzymes (e.g., 
oxalate decarboxylase) (Figure 2c and Supplementary Figure 5, 
available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41622/ abstract).

In addition, we detected significant differences in the abun-
dance of multiple KOs encoding enzymes that may be indicative of 
potential changes in the bacterial metabolism of MTX, folate, and/or 
other molecules that have been linked, at least in mammalian cells, 
to an inadequate response to MTX (Figure 2d and Supplementary 
Table 5). A notable example was trmFO (K04094), an enzyme that 
leads to increased levels of tetrahydrofolate, which was found to 
be significantly higher in MTX nonresponders. Other differentiat-
ing KOs that may be of importance include adenine deaminase 
(K01486) and purine nucleoside phosphorylase (K03784), which 
were also increased in nonresponders. In contrast, several genes 
that encode for enzymes that can potentially lead to higher pro-
duction of aminoimidazole carboxamide ribonucleotide (AICAR; an 
intermediate molecule of downstream MTX effects), including hisH 
(K02501) and hisA (K01814), were decreased in nonresponders. 
Other genes known to be involved in the intracellular folate/MTX 
pathway (e.g., metF/MTHFR [K00297] and metH/MTR [K00548]) 
were also significantly lower in nonresponders.

Taken together, these results indicate that the gut microbi-
ome of patients with new- onset RA who respond favorably to 
MTX is distinct from that of nonresponders to MTX, prompting us 
to hypothesize that the pretreatment microbiome could be used 
to predict clinical nonresponse.

The pretreatment new-onset RA gut microbiome en -
ables robust machine learning–based prediction of MTX 
response. Because the gut metagenomes of MTX nonresponders 
and MTX responders were significantly different prior to treatment 
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initiation, we sought to build a microbiome- based model that could 
predict clinical response to the drug. We first applied the Boruta 
algorithm (26) to our training cohort in order to identify metagen-
omic features relevant to the development of a predictive model, 
yielding a total of 38 Boruta- confirmed KOs (Figure 3a). Of those, 
and although most of them have no known implication in the 
folate/MTX pathways, the KO with the highest discriminative 
score (thiamine- phosphate diphosphorylase) is indeed involved 
in the metabolism of thiamine (a byproduct of which can inter-
fere with MTX transport), while 2 other confirmed KOs encode 
for enzymes that may be involved in MTX response (i.e., hisH and 
hisA).

All 38 Boruta- selected KOs were included as predictors in a 
random forest model that was fitted using data exclusively from 
our training cohort. We then tested the predictive capability of 
this model in a new validation cohort of 21 patients with new- onset 
RA (with demographic characteristics similar to those of the train-
ing cohort) (Supplementary Tables 1 and 2), which yielded a high 
discriminative performance (area under the curve [AUC] 0.84). This 
translated into 80% of the patients being correctly classified (83.3% 
as nonresponders and 78% as responders) (Figure 3b). Consistent 
with this predictive capacity, a significant positive correlation was 
detected between the observed clinical improvement at month 4 
and the probability of response provided by the model (rho = 0.601, 

Figure 2. Differential bacterial pathways and gene orthologs in the pretreatment microbiomes in a training cohort of patients with new- onset 
RA who responded to MTX and patients with new- onset RA who did not respond to MTX. a, Principal components analysis of samples from 
responders and nonresponders to MTX based on the relative abundance of KEGG orthologs (KOs), using Bray- Curtis distance. Significant 
differences in gene family abundance were determined by PERMANOVA. b, Significantly different microbial pathways (q < 0.01 by DESeq2) 
identified in the pretreatment microbiomes of nonresponders and responders to MTX. The relative abundance (log2 fold change) is shown for 
each pathway. Other significant pathways (q < 0.05 by DESeq2) are shown in Supplementary Table 5, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41622/ abstract. c, Heatmap showing 462 significantly different KOs in the gut 
microbiome of responders versus nonresponders to MTX (q < 0.05 by DESeq2). The KOs with the highest fold change difference for each 
group are indicated. Colors in the heatmap represent the KO abundance deviation from the median corrected by group size (see Patients and 
Methods). d, Relative abundance (in counts per million [cpm]) of pretreatment intestinal microbiome– derived KOs that significantly differed 
between responders and nonresponders to MTX and have previously been implicated in purine metabolism and/or MTX biotransformation 
(in either mammalian or bacterial cells). Data are shown as box plots. Boxes represent the 25th to 75th percentiles. Lines within the boxes 
represent the median. Whiskers indicate the maximum and minimum values. Symbols represent individual patients (n = 10– 16 per group). ** = 
P < 0.01; *** = P < 0.001; **** = P < 0.0001. See Figure 1 for other definitions. Color figure can be viewed in the online issue, which is available 
at http://onlinelibrary.wiley.com/doi/10.1002/art.41622/abstract.
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P = 0.004 by Spearman’s rank correlation test) (Figure 3c). To study 
whether these findings could be rather reflective of microbial sur-
rogates of clinical variables, we evaluated the correlations of the 

probability of response with both the observed baseline disease 
activity and the disease activity after MTX treatment. We found 
only a modest correlation with the former (rho = 0.45, P = 0.039) 

Figure 3. Pretreatment microbiota KEGG orthologs (KOs) as predictors of response to MTX treatment. a, KOs confirmed by the Boruta 
algorithm (n = 38) that discriminated between responders and nonresponders to MTX in a training cohort. Relative abundance (in counts per 
million [cpm]) (left) and median importance in a random forests model (right) are shown for each KO. In the left panel, data are shown as box 
plots. Boxes represent the 25th to 75th percentiles. Lines within the boxes represent the median. Whiskers indicate the maximum and minimum 
values. Symbols represent individual patients (n = 10– 16 per group). b, Proportion of patients from a validation cohort who were correctly 
assigned to each group using a threshold of probability of response of 0.5 (those with a probability of response of >0.5 were considered 
responders; those with a probability of response of <0.5 were considered nonresponders). c, Correlation between actual (observed) response 
to MTX (based on change in Disease Activity Score in 28 joints [DAS28] at month 4 after treatment initiation) and predicted probability of 
response according to the metagenome- based model in the validation cohort (rho = 0.601; P < 0.05 by Spearman’s 2- sided rank correlation 
test). The blue line shows the mean linear regression; red lines indicate 95% confidence intervals. Symbols represent individual patients (n = 
21). d, Comparison of the predictive potential of different models. A random forest model was built using the Boruta- selected gene orthologs 
(metagenomic model), clinical- pharmacogenetic variables (see Supplementary Methods, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41622/ abstract), and a combination of both. The area under the curve (AUC) obtained with each 
model is shown. TPR = true- positive rate; FPR = false- positive rate (see Figure 1 for other definitions). Color figure can be viewed in the online 
issue, which is available at  http://onlinelibrary.wiley.com/doi/10.1002/art.41622/abstract.
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and no correlation with the latter (rho = −0.29, P = 0.19). Further, 
we observed a correlation between baseline disease activity and 
change in DAS28 in this population of patients with new- onset 
RA with high disease activity prior to MTX treatment (rho = 0.34, 
P = 0.018). Taken together, these results suggest that the predictive 
capacity of the model is mostly related to the change in disease 
activity, although the possibility that a few gene orthologs may con-
comitantly behave as a proxy for systemic inflammation cannot be 
ruled out.

The predictive capacity of the model was maintained or even 
increased when the number of features included in the model 
were reduced to as few as 12 KOs, based on the importance 
score assigned by the Boruta algorithm (Supplementary Figure 6 
and Supplementary Table 6, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41622/ abstract Methods). As expected, the predictive power 
was enhanced (89% of patients correctly classified; AUC 0.94) 
when considering only those patients with the highest probability 
score of belonging to either group (i.e., probabilities of response 
≤0.2 or ≥0.8). A similar prediction outcome was obtained when 
analyzing sequences from a different platform (i.e., MiSeq), fur-
ther validating the potential utility of our tool (Supplementary 
Figure 7, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41622/ abstract).

To expand on its clinical applicability, we tested the model 
in yet another group of RA patients (n = 20) who were either pre-
scribed different antirheumatic drugs (i.e., conventional synthetic 
disease- modifying antirheumatic drugs [DMARDs] or biologic 
agents) or were not started on any medications at all (Supple-
mentary Tables 2 and 7, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41622/ 
abstract). In these patients, clinical response could not be pre-
dicted using the microbiome- based model that included 38 KOs 
(i.e., only 50% of the patients were correctly assigned to their 
respective group), suggesting that the potential clinical utility of 
the model is restricted to RA patients who are both drug- naive 
and exposed directly to MTX, but not to other drugs.

We also applied the Boruta algorithm to the OTU- level data 
set (Supplementary Figure 8, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41622/ abstract) and confirmed 13 features with predictive 
potential. However, a model based on these 13 OTUs did not sat-
isfactorily classify patients from the validation cohort (AUC 0.63) 
(Supplementary Figures 8A– D, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41622/ abstract). A similar result was obtained when using 
RSV data (AUC 0.72) (Supplementary Figures 8E– H, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41622/ abstract).

Although previous studies have suggested that clinical- 
pharmacogenetic variables at baseline can also predict response 
to MTX therapy (29), we were not able to validate those findings 

in our new- onset RA cohort (Table 1). In order to compare the 
potential prediction capability of metagenomic variables (i.e., gene 
orthologs, KOs) to that of clinical- pharmacogenetic variables, 
the Boruta algorithm was applied after combining both sets of 
features. Notably, the Boruta algorithm only selected gene ort-
hologs as predictors (results not shown). We then built a random 
forest model containing exclusively the clinical- pharmacogenetic 
features, which failed to predict response to therapy (AUC 0.6) 
(Figure 3d). Moreover, when clinical- pharmacogenetic variables 
were added to the random forest model based on gene orthologs, 
the prediction potential did not differ from the one obtained with 
a model containing only metagenomic features (AUC 0.84) 
(Figure 3d). Taken together, these results indicate that the model 
based on microbiome features can determine response to MTX, 
while the clinical- pharmacogenetic features do not add to its pre-
dictive potential.

Gut bacteria derived from MTX nonresponders dif-
ferentially deplete MTX ex vivo, and remaining drug lev-
els correlate with decreased clinical response. In order to 
gain further mechanistic insights into whether the gut microbiome 
of patients with new- onset RA may directly mediate differences in 
clinical response by affecting MTX metabolism, we performed ex 
vivo studies using 2 independent metabolomic platforms.

We first incubated human stool samples from 22 patients 
with new- onset RA (n = 9 MTX responders and n = 13 MTX non-
responders) with MTX (100 μg/ml, 220 μM) ex vivo for 72 hours 
(see Patients and Methods). MTX and bacteria- produced down-
stream metabolites were measured in the supernatant using NMR 
spectroscopy. A total of 28 NMR signals (variable- size regions) were 
integrated in the NMR spectra (Supplementary Table 8, available 
on the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41622/ abstract). Subsequently, orthogonal 
partial least squares (OPLS) analyses were performed to minimize 
the potential contribution of variability between samples and to facil-
itate the identification of the NMR signals most relevant in the sepa-
ration between the groups, as previously described (30).

Among the NMR signals integrated in the spectra, 10 regions 
were found to be relevant (variable importance on projection 
[VIP] value > 1) when comparing the MTX responders and MTX 

Table 1. Prediction power of the clinical- pharmacogenetic and 
metagenomic- based models for predicting response to MTX in 
patients with new- onset RA in our validation cohort*

Clinical- 
pharmacogenetic 

model
Metagenomic- 
based model

Patients classified as 
MTX nonresponders 
or MTX responders

48.9 100

True- negative rate 69 83.3
True- positive rate 0 78

* Values are the percent. MTX = methotrexate; RA = rheumatoid 
arthritis. 
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nonresponders (percentage of variability described in the first 
component R2 [Y] = 0.664; predictive value Q2 [Y] = 0.35) 
(Figure 4a), and 10 of them were found to be relevant (VIP 
value > 1) in the OPLS model when DAS28 was used as a 
continuous discriminant variable (R2 [Y] = 0.73, Q2 [Y] = 0.386) 
(Figure 4b and Supplementary Table 9, available on the Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41622/ abstract). We then analyzed changes in 
the levels of those metabolites corresponding to signals with 
a VIP value >1 from the OPLS model using DAS28 as a con-
tinuous discriminant variable (the best- fitting model as deter-
mined by the R2 and Q2 values). This analysis revealed that 2 
of the features found to be relevant for discriminating between 
samples were compatible with MTX NMR signals (Supplemen-
tary Table 9). Higher intensities of these MTX signals in the 
supernatant were positively correlated with response to treat-
ment (greater change in DAS28 4 months after treatment initi-
ation) (rho = 0.619, P = 0.002 by Spearman’s rank correlation) 
(Figure 4c).

We next validated the NMR- based results using targeted 
LC- MS. This analysis facilitated a more specific measurement of 
the MTX concentration available upon incubation with different 
fecal microbiomes. Pretreatment samples from 30 patients with 
new- onset RA were incubated ex vivo with MTX (100 μg/ml) for 
48 hours. Supernatants were taken at 0, 16, 24, and 48 hours 
prior to LC- MS analysis, followed by quantification of MTX con-
centration at each time point for each sample. We first analyzed 
the ability of fecal microbiomes to metabolize MTX ex vivo, and 
found, as expected, a high interindividual variability (Figure 4d). 
While the microbiome of some patients was able to rapidly reduce 
the levels of MTX, the concentration of MTX was not modified in 
others (percent conversion ranging from 0 to 100). The samples 
that diminished MTX levels faster were mostly from MTX nonre-
sponders (71% of nonresponder samples showed >50% reduc-
tion in MTX levels by 48 hours), while those samples that did not 
substantially alter drug quantity were mostly from MTX respond-
ers (56% of responder samples showed <50% MTX reduction 
at 48 hours) (Figure 4e). We next applied linear regression on 

Figure 4. Differential ex vivo depletion of MTX by gut microbiomes from patients with new- onset RA, and correlation between remaining drug 
concentrations and future clinical response. Fecal samples from responders and nonresponders to MTX were incubated with MTX (100 μg/ml) 
at a temperature of 37°C under anaerobic conditions for 72 hours (a– c) or 48 hours (d– f). Abundance of MTX was measured in the supernatant 
using nuclear magnetic resonance (NMR) spectroscopy (a– c) or liquid chromatography mass spectroscopy (LC- MS) (d– f). a, Clustering of 
samples from nonresponders to MTX (red; n = 13) separately from samples from responders to MTX (blue; n = 9), determined by orthogonal 
partial least squares (OPLS) analysis based on the integration of 28 signals identified on the NMR spectra. b, OPLS model of the correlation of 
change in the Disease Activity Score in 28 joints (DAS28) with change in NMR signals. c, Significant correlation of the mean abundance (spectral 
intensity in AU) of the 2 peaks corresponding to MTX (B8_6200 and B1_9825) with future clinical response (DAS28) in patients with new- onset 
RA (rho = 0.619, P < 0.05 by Spearman’s 2- sided rank correlation test). The blue line shows the mean linear regression; shading indicates 95% 
confidence intervals. d, Levels of MTX at the indicated time points after incubation with fecal samples from RA patients (n = 30). Most patients 
whose fecal microbiota rapidly depleted MTX did not have an adequate response to treatment. e, Proportion of nonresponders and responders 
to MTX who were fast metabolizers. f, Significant correlation of MTX elimination rate (slope of a linear fit to a semi- log plot of MTX concentration 
versus time) with future clinical response (DAS28 score) in patients with new- onset RA (rho = −0.37, P = 0.04 by Spearman’s 1- sided rank 
correlation test). See Figure 1 for other definitions. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.
com/doi/10.1002/art.41622/abstract.
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log- transformed MTX concentrations to determine the elimination 
rate of MTX for each individual sample and observed that the elim-
ination rate was significantly and negatively associated with future, 
observed clinical response (rho = – 0.37, P = 0.04 by Spearman’s 
1- sided correlation test) (Figure 4f).

Taken together, these data provide a plausible mechanis-
tic explanation for the association between the pretreatment 
gut microbiome and drug response, where patients’ communities 
enriched for gut bacteria capable of efficiently metabolizing and/or 
depleting MTX are associated with worsened clinical outcomes.

DISCUSSION

Although several efficacious therapies have recently been 
developed, the field of rheumatology lacks tools to help clinicians 
and their patients decide early on which drugs are most likely to be 
beneficial. In RA, prior models based on clinical- pharmacogenetic 
features could not be generalized or validated to predict MTX out-
comes (31– 33). Consequently, the current state of clinical care for 
new- onset RA is to initiate MTX regardless (34), turning the thera-
peutic decision- making process effectively aleatory. This approach 
is most problematic for those patients who fail to respond within 
the early therapeutic window of opportunity (35– 39).

Using a combination of 16S rRNA gene and metagen-
ome sequencing, we report for the first time that the pretreat-
ment microbiome can differentiate response to oral MTX in a 
cohort of patients with new- onset RA. We found that overall bac-
terial diversity is distinct between patients who respond to MTX 
and those who do not. Although we found differences at higher 
taxonomic levels, these differences could not be explained by 
specific relative expansion/contraction at lower taxonomic hierar-
chies (i.e., OTUs and RSVs) (Supplementary Figure 9, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41622/ abstract), suggesting that group(s) 
of microbes or bacterial functions, rather than dominant spe-
cies, may be associated with or implicated in clinical response. 
Consistent with this finding, metagenomic sequencing enabled 
improved predictions of clinical response. Notably, based on the 
abundance of 38 KOs, we were able to predict lack of response 
to MTX in the majority of patients from an independent, valida-
tion cohort. This indicates that our metagenome- based classifier 
constitutes a potentially valuable tool for decision- making in newly 
diagnosed RA (Figure 5).

To our knowledge, only one other group has used micro-
biome features to predict MTX response in RA (23). However, 
that study focused primarily on the oral microbiome as a pre-
dictor and mostly on RA patients with longstanding, estab-
lished, treated disease, who are known to have a markedly 
distinct microbiome from patients with new- onset RA (40). In 
addition, predictors of response to MTX in the prior study were 
based on the abundance of metagenomic species rather than 
specific gene orthologs.

Nevertheless, we note limitations to our model, which may 
prevent its immediate applicability. First, although our cohorts were 
heterogeneous in nature (i.e., patients derived from various ethnic 
backgrounds and clinics), they were limited in number and, there-
fore, the tool should still be tested in expanded, distinct RA popu-
lations. Second, we chose a change in DAS28 of 1.8 to enhance 
the stringency of our outcome of response. In doing so, however, 
this approach led us to consider some patients to be MTX non-
responders even though they had a probability of response very 
close to that of MTX responders (i.e., near 0.5). This result is not 
unexpected, since the threshold used to classify response was 
high (i.e., a change in DAS28 of 1.2– 1.8 is still considered mod-
erate to good response in practice) and because of the dynamic 
nature of DAS28 as a continuous measurement. Nevertheless, 
the predictive capacity of this metagenomic model is on par with 
those observed in other chronic diseases and cancer (16,41), 
and outperforms both a previous clinical pharmacogenetic- based 
approach in RA (29) (Table 1) and the current clinical practice in 
early disease (Figure 5). Although prediction could not be enhanced 
by incorporating clinical- pharmacogenetic features (Figure 3d), it 
is possible that the discriminating power of the model may be 
increased by adding other previously studied predictors of MTX 
efficacy (42). Third, our study focused exclusively on oral MTX 
and could not address how microbiome features associate with 
response to parenteral MTX. Although of interest, the clinical 
relevance of such an approach may be limited since: a) MTX 
undergoes enterohepatic circulation, and b) the overall use of 
subcutaneous MTX, even when more effective, is exceedingly lim-
ited (43). In addition, and based on our results, our model may 
not be applicable to other DMARDs/oral small molecules or 
other biologic therapies (Supplementary Table 7, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41622/ abstract). This finding is consistent with 
work from other groups suggesting that specific models may be 
required for different medications (41,44).

Importantly, using shotgun sequencing, we identified microbial- 
derived gene orthologs in pretreatment samples from patients 
with new- onset RA, which enabled us to study microbiome- based 
 features that characterize response to MTX. Many of the pathways 
and genes that were significantly distinct between groups were 
linked to nonspecific bacterial structure and physiology. How-
ever, other gene orthologs were related to known MTX metabolic 
pathways, at least in mammalian cells. For example, the micro-
biome of MTX nonresponders showed increased abundance of 
genes encoding for adenine deaminase and purine- nucleoside 
phosphorylase. These enzymes are involved in the purine metab-
olism pathway and catalyze reactions leading to the production of 
hypoxanthine, a purine derivative known to rescue cells from MTX 
cytotoxicity (45,46). This could potentially allow for a higher incor-
poration of MTX by intestinal bacteria and further reduce drug bio-
availability. Conversely, a relative decrease in genes that encode 
for enzymes implicated in the accumulation of AICAR (i.e., hisH 
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and hisA) was detected in MTX nonresponders. This finding is rel-
evant because MTX exerts many of its functions through the accu-
mulation of (mammalian) intracellular AICAR, which in turn leads to 
the release of extracellular adenosine, which modulates many of 
the immune- mediated effects of MTX. A second series of genes 
encoding for enzymes involved in intracellular folate/MTX dis-
position, at least in humans (47), were also significantly lower in 
the microbiome of MTX  nonresponders, including metH and metF.

Overall, many more KOs differentiate MTX nonresponders 
from MTX responders than OTUs and RSVs. It is quite possi-
ble that this relates to the established functional redundancy 
between bacterial species and strains (48,49). In the case of RA, 
it is conceivable that comparable metagenomes implicated in 
MTX transformation could functionally converge through several 
combinations of distinct taxa in any given patient. In fact, many 
KOs related to purine metabolism and/or MTX biotransformation 

pathways that significantly differentiated MTX nonresponders 
from responders were imputed to different taxa (Supplementary 
Figure 10, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41622/ abstract). 
Taken together, our results further underscore the importance 
of gut metagenomic characterization for studies that aim to 
develop a functional view of drug metabolism (18).

While the metagenomic sequencing data suggest that 
human gut bacteria possess the metabolic potential to act on 
MTX, we demonstrated experimentally that MTX is depleted by 
human gut bacteria ex vivo. Although previous studies in mice 
suggested that the gut microbiome is necessary for the bio-
transformation of MTX (21,22), they failed to demonstrate that 
human gut bacteria are capable of directly metabolizing MTX 
(50). Using 2 independent analytical platforms, our data show 
for the first time that human gut microbiota derived from patients 

Figure 5. Illustration showing the proportions of patients with rheumatoid arthritis (RA) who would benefit from our microbiome- based model. Left, 
Percentage of patients with new- onset RA (based on our cohort) with observed poor (red) or good (dark blue) response to methotrexate (MTX) therapy 
at 4 months. Right, Visual representation of how treatment decision- making could potentially be improved using our microbiome- based model of 
treatment response. Five of 6 patients with new- onset RA (light blue) predisposed to not respond adequately to MTX would have benefited from the 
model (i.e., nonresponders to MTX would have been correctly classified as such and could have been treated earlier with alternative, more efficacious 
therapies). Similarly, all of those patients with new- onset RA predisposed to respond to MTX would have been treated adequately with either MTX 
(75%; dark blue) or erroneously, but still adequately, with alternative, efficacious therapies (25%; gray). This benefit would have been at the expense 
of 1 of 10 patients with new- onset RA who our model predicts would be responders to MTX when they are actually observed nonresponders (red). 
Color figure can be viewed in the online issue, which is available at  http://onlinelibrary.wiley.com/doi/10.1002/art.41622/abstract.

Current practice
Potential benefit for the 

application of our microbiome-
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from our microbiome-based model
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by our microbiome-based model
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with new- onset RA differentially deplete MTX ex vivo. We fur-
ther found that, when incubated with fecal samples, MTX lev-
els measured in the supernatant correlate with future clinical 
response. Although a comparison between the MTX depletion 
rate and the probability of response given by the metagenome- 
based model did not show a significant correlation (P > 0.05), 
this may reflect the fact that most gene orthologs included in 
the model do not seem to have a direct role in MTX deple-
tion (Figure 3a). One possibility is that these KOs could be 
considered solely as biomarkers/predictors of MTX response. 
Another complementary explanation is that they could be influ-
encing MTX response but independently of drug metabolism 
(e.g., priming the immune response to enhance systemic drug 
activity). Intriguingly, however, abundance of some KOs whose 
function may involve reduction in MTX levels (i.e., trmFO and 
deoD) (Figure 2d) was in fact significantly correlated with MTX 
depletion ex vivo (P < 0.05) (Supplementary Figure 11, avail-
able on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41622/ abstract), suggesting a 
potential direct effect of the microbiome on MTX metabolism. 
Future studies should be performed in order to confirm whether 
the microbiome can directly metabolize MTX in vivo, prime the 
immune system to enhance response, or both.

In summary, we have characterized, for the first time, the 
potential clinical value of the pretreatment microbiome as a 
predictor of early response to MTX in drug- naive patients with 
new- onset RA. Our work suggests that the intestinal metage-
nome could be exploited in the development of biomarkers of 
response, either by high- throughput sequencing or through sim-
plified (e.g., polymerase chain reaction– based) precision medicine 
approaches. Finally, our results open the possibility of rationally 
designing microbiome- modulating strategies to improve oral 
absorption of MTX and its downstream immune effects, inform 
clinical decision- making, or both.
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Regulation of Synovial Inflammation and Tissue 
Destruction by Guanylate Binding Protein 5 in Synovial 
Fibroblasts From Patients With Rheumatoid Arthritis and 
Rats With Adjuvant- Induced Arthritis
Mahamudul Haque,1 Anil K. Singh,1 Madhu M. Ouseph,2 and Salahuddin Ahmed3

Objective. Rheumatoid arthritis synovial fibroblasts (RASFs) are crucial mediators of synovial inflammation and 
joint destruction. However, their intrinsic immunoregulatory mechanisms under chronic inflammation remain unclear. 
Thus, the present study was undertaken to understand the role of a newly identified GTPase, guanylate binding 
protein 5 (GBP- 5), in RA pathogenesis.

Methods. The expression of GBP1– GBP7 transcripts was evaluated using quantitative reverse transcription– 
polymerase chain reaction in RA synovial tissue or synovial tissue unaffected by RA. Our investigation on transient 
small interfering RNA (siRNA) knockdown and lentiviral overexpression in human RASFs examined the regulatory role 
of GBP- 5 on proinflammatory cytokine signaling pathways. Unbiased whole transcriptome RNA sequencing analysis 
was used to assess the impact of GBP- 5 on RASF molecular functions. These findings were confirmed using a rat 
model of adjuvant- induced arthritis (AIA) in vivo.

Results. Among different GBPs evaluated, GBP- 5 was selectively up- regulated in RA synovial tissue (P < 0.05; 
n = 4) and in the joints of rats with AIA (P < 0.05; n = 6) and was significantly induced in human RASFs by interleukin- 
1β (IL- 1β), tumor necrosis factor (TNF), and/or interferon- γ (IFNγ) (P < 0.05; n = 3). Bioinformatics analysis of RNA 
sequencing data identified cytokine– cytokine receptor signaling as a major function altered by GBP- 5, with IL- 6 
signaling as a primary target. Knockdown of GBP- 5 amplified IL- 1β– induced IL- 6, IL- 8, and epithelial neutrophil– 
activating peptide 78/CXCL5 production by 44%, 54%, 45%, respectively, and matrix metalloproteinase 1 (MMP- 
1) production by several- fold— effects that reversed with exogenously delivered GBP- 5. Lack of GBP- 5 increased
IFNγ- induced proliferation and migration of human RASFs. GBP- 5 knockdown in vivo using intraarticular siRNA 
exacerbated disease onset, severity, synovitis, and bone destruction in rat AIA.

Conclusion. Expressed by RASFs in response to cytokine stimulation, GBP- 5 has potential to restore cellular 
homeostasis and blunt inflammation and tissue destruction in RA.

INTRODUCTION

Rheumatoid arthritis (RA) is an autoimmune disease of joints 
in which macrophages, B cells and T cells, and neutrophils infiltrate 
the joints and activate synovial fibroblasts (SFs), which thereby 
exacerbates inflammation and tissue destruction (1,2). Activated 
RA synovial fibroblasts (RASFs) play an important role in the per-
petuation of local inflammation and tissue destruction (1). Human 
RASFs produce high levels of interleukin- 6 (IL- 6), IL- 8, CXC or CC 

chemokines, and tissue- degrading enzymes such as matrix metal-
loproteinases (MMPs) in response to inflammatory cytokines such 
as IL- 1β or tumor necrosis factor (TNF) (3– 7), making RASFs an 
attractive target for RA therapies. Since RASFs play a significant 
role in amplifying inflammation and tissue destruction, there is a 
paramount therapeutic need to identify endogenous proteins that 
can regulate RASF functions to limit their contributions to disease 
pathogenesis. However, very little is known about the autoregu-
latory or antiinflammatory factors produced by RASFs that play a 
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protective role by an autocrine regulation of this vicious inflamma-
tory cycle. More research is needed to determine whether such 
factors could restore cellular homeostasis and blunt proinflamma-
tory actions of the cytokines that contribute to RA pathogenesis.

Recent studies have shown that a newly discovered family of 
interferon (IFN)– stimulated GTPases (ISGs) called guanylate bind-
ing proteins (GBPs) participate centrally in inflammasome activa-
tion and host defense mechanisms (8). The GBP family comprises 
7 members (GBP1– GBP7) that are expressed in human cells and 
are highly responsive to IFN stimulation (8). Besides their function 
in immunity (9), studies suggest that they regulate cellular prolifer-
ation, angiogenesis, and tissue invasion (10– 12). Among the GBP 
family members, GBP- 5 has recently been shown to play a crucial 
role in immunity against infections through NLRP3 inflammasome 
activation in macrophages (13– 15).

Various studies utilizing mass cytometry– coupled single- cell 
transcriptomics and global transcriptome profiling of RASFs have 
suggested an increase in the expression of different GBPs, including 
GBP1, GBP2, GBP4, and GBP5 (16,17); however, their role has never 
been characterized in RA. In corroboration with these profiling stud-
ies, our preliminary laboratory findings with RNA sequencing (RNA- 
Seq) showed GBP- 5 to be one of the most highly up- regulated genes 
in RA synovial tissue compared to synovial tissue not af  fected by 
RA. In the present study, we examined the role of GBP- 5 in RASF- 
mediated synovial inflammation and tissue destruction in vitro and in 
a rat model of adjuvant- induced arthritis (AIA).

MATERIALS AND METHODS

Detailed information about antibodies and reagents, Western 
immunoblotting, enzyme- linked immunosorbent assay (ELISA), 
and in vitro scratch test are provided in the Supplementary Materi-
als and Methods, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41611/ abstract.

Animals. Female Lewis rats ages 6– 8 weeks were purchased 
from Envigo. All work was performed at an AAALAC International– 
accredited facility that meets the standards set in the Guide for 
the Care and Use of Laboratory Animals. Animals were main-
tained under pathogen- free conditions on corn cob bedding in 
plastic microisolator cages on ventilated racks with controlled rel-
ative humidity of 50% (±5%) and controlled temperature of 70°F 
(±2°F) on a 12- hour light/dark cycle. Cages were changed weekly. 
Animals were maintained on a nutritionally complete diet (Teklad/
Envigo), with tap water (in water bottles) ad libitum.

Isolation and culture of SFs from the synovial tissue 
of human subjects not affected by RA and RA subjects. 
The deidentified synovial tissue not affected by RA and RA syno-
vial tissue samples were procured under a protocol approved by 
the Washington State University Institutional Review Board (IRB) 
(approval no. 14696) from the Cooperative Human Tissue Network 

and the National Disease Research Interchange. Synovial tissue 
from RA patients was obtained via joint surgery or synovectomy 
according to an IRB protocol and in accordance with the Declaration 
of Helsinki. Synovial tissue not affected by RA was obtained from 
human subjects at the time of autopsy or from an amputated limb 
of a subject not affected by RA. Synovial tissue from 6 patients with 
RA were used in the present study (Supplementary Table 1, available 
on the Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.41611/abstract). RASFs and human SFs not 
affected by RA were processed as previously described (18).

Treatment of RASFs. Human RASFs were treated with 
10 ng/ml of recombinant interleukin- 1β (IL- 1β) or 20 ng/ml of 
TNF and incubated for 24 hours in the absence or presence 
of IFNγ (10 ng/ml). The expression level of GBP- 5 was deter-
mined by quantitative reverse transcription– polymerase chain 
reaction (qRT- PCR) and Western immunoblotting methods. 
Conditioned medium was used in ELISAs to determine IL- 6, 
IL- 8, MMP- 1, and epithelial neutrophil– activating peptide 78 
(ENA- 78)/CXCL5 production by RASFs. To understand the sig-
naling mechanism, human RASFs were treated with IL- 1β alone 
or in combination with IFNγ for 30 minutes. Whole cell lysates 
were prepared and used for the analysis of the phosphorylated 
proteins (p-JNK, p- ERK, p- p38, p– c- Jun, p– NF- κBp65). All blots 
included β- actin as a loading control to confirm equal loading of 
proteins. RASFs were seeded in 96- well plates and stimulated 
with IL- 1β or IFNγ for 24 hours to evaluate the effect on cell via-
bility by MTT cell viability assay.

Transient transfection of small interfering (siRNA). 
To study the effects of GBP- 5 knockdown, RASFs were trans-
fected with 120 pmoles of scrambled control (NC) or GBP- 5 
siRNA using Lipofectamine 2000 (Life Technologies) for 48 hours 
and then stimulated with IFNγ and/or IL- 1β for 24 hours in a 
6- well format. Conditioned medium was used in ELISAs to study 
the production of IL- 6, IL- 8, ENA- 78/CXCL5, MMP- 1, RANTES/
CCL5, macrophage inflammatory protein 1α (MIP- 1α)/CCL2, 
and monocyte chemotactic protein 1 (MCP- 1)/CXCL1 by the 
transfected RASFs.

RNA extraction and qRT- PCR. Total RNA was reverse- 
transcribed using the SuperScript First- Strand Synthesis kit 
(Life Technologies) according to the manufacturer’s instructions. 
GBP- 5 messenger RNA (mRNA) transcripts were amplified using the 
Power SYBR Green PCR Master Mix (Life Technologies) and validated 
primers from the QuantiTect primer assay (Qiagen). The sequence 
of the primer pairs is provided in Supplementary Table 2, available 
on the Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.41611/abstract. Quantification of the rela-
tive expression of IL- 6, IL- 8, MMP- 1, MMP- 3, MMP- 12, ENA- 78/  
CXCL5, CCL8, CXCL10, and CCL20 was determined by the 
ΔΔCt method using GAPDH expression as an endogenous control.

http://onlinelibrary.wiley.com/doi/10.1002/art.41611/abstract
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RNA library preparation, sequencing, and bioinfor-
matics analysis. Methods of RNA preparation, sequencing, and 
bioinformatics analysis were performed as described earlier (19) 
and are provided with experimental details in the Supplementary 
Materials and Methods, available on the Arthritis & Rheumatology 
website at http://onlinelibrary.wiley.com/doi/10.1002/art.41611/
abstract.

GBP- 5 plasmid transformation and purification. The 
validated and sequence- confirmed GBP- 5 wild- type plasmid (cat-
alog no. HG14977-ANG) was purchased from Sino Biological. 
Bacterial transformation and plasmid purification were performed 
according to the manufacturer’s instructions (Qiagen).

Lentiviral overexpression and transduction proto-
col. Lentivirus containing empty vector and GBP- 5 overexpres-
sion plasmids were purchased from Origene. After the RASFs 
reached 70– 80% confluence in 24- well plates, they were trans-
duced with culture medium containing GBP- 5 LentiORF particle 
and Polybrene (8 mg/ml). Vector control LentiORF particle (Ori-
gene, catalog no. PS100071V) was used as a negative control. 
RASFs were infected with 3 multiplicities of infection of the lentivi-
ral particles. After 18 hours, the new culture medium was added. 
After 48 hours, RASFs were serum- starved overnight, followed by 
stimulation with 10 ng/ml of IL- 1β for 24 hours. Whole cell lysates 
were collected to determine GBP- 5 expression by Western immu-
noblotting. Conditioned medium was collected to quantitate levels 
of IL- 6, IL- 8, MMP- 1, and ENA- 78/CXCL5.

Rat adjuvant- induced arthritis (AIA). The study on AIA in 
rats was performed as previously described (3,7,18). Briefly, female 
Lewis rats weighing ~130 gm were injected subcutaneously at the 
base of the tail with 300 µl (5 mg/ml stock) of lyophilized Mycobac-
terium butyricum (Difco Laboratories) in sterile mineral oil. The rats 
were divided into 2 groups, with group 1 (n = 6) receiving 10 μg of 
NC siRNA and group 2 (n = 6) receiving GBP- 5 siRNA. The siRNA 
was administered intraarticularly in 10 μl of atelocollagen in each 
ankle on days 7 and 12 (onset of arthritis) and monitored for clini-
cal measurements until day 17. Clinical parameters such as articu-
lar index (AI) and ankle circumference (AC) were measured. AI and 
AC scores were recorded for each hind joint by an observer (AKS) 
who was blinded with regard to treatment group and then aver-
aged for each animal as described previously (18). Samples from 
the joints and sera were collected on day 17. All animal studies 
were approved by the ethics committee of the Washington State 
University and conformed to the NIH Guide for the Care and Use 
of Laboratory Animals (8th edition, 2011).

Micro– computed tomography (micro- CT) scanning 
and bone analysis. Rat ankles fixed in formalin were scanned 
using the Quantum GX micro- CT Imaging System (PerkinElmer). 
The system acquired the image using voltage level 90 kV and 88 

amperes with a field of view of 10 mm and a scanning time of 4 min-
utes (voxel size 20 μm). Bone marker analysis was performed by 
standardizing images to the QRM- MicroCT- HA Phantom (QRM). 
The structural parameters for bone were assessed with Analyze 
12.0 software (AnalyzeDirect). Bone volume, cortex volume, tra-
becular volume, intratrabecular volume, trabecular tissue volume, 
and trabecular tissue mean (bone mineral density), were calculated 
using the region of interest tool as previously described (18).

Histologic analysis. Histologic analysis was performed as 
described previously (20). In brief, harvested joints were decalci-
fied with 10% EDTA for 21 days and then embedded with paraf-
fin. The centerline of the joint was cut sagittally into 5- µm slices. 
Sections from NC and GBP- 5 siRNA groups were stained with 
hematoxylin and eosin (H&E). Infiltrating cell and bone destruc-
tion was measured with a Leica DM2500 microscope. A pathol-
ogist (MMO) who was blinded with regard to the treatment group 
analyzed the slides, and inflammation markers were compared 
between the 2 groups with results presented in Supplementary 
Table 3, avail able on the Arthritis & Rheumatology website at 
http://onlinelibrary.wiley.com/doi/10.1002/art.41611/abstract.

Statistical analysis. A Kruskal- Wallis nonparametric test 
was used to evaluate the statistical significance of group differences 
in the protein expression or production from Western blotting or 
ELISA results in RASFs and different measured parameters obtained 
from in vivo investigations. For bioinformatics analysis, Student’s 
t- test was performed to calculate statistical differences between 
variables. Values are shown as the mean ± SEM unless stated oth-
erwise. P values less than 0.05 were considered significant.

RESULTS

Significantly enhanced expression of GBP- 5 in 
 RA- affected synovial tissue and induction of GBP- 5 upon 
cytokine stimulation in human RASFs. RNA- Seq data from 
our Illumina assay identified GBP5 as one of the most highly 
expressed genes in RA synovial tissue compared to synovial 
tissue not affected by RA in humans (Supplementary Figure 1A, 
available on the Arthritis & Rheumatology website at http://online 
library.wiley.com/doi/10.1002/art.41611/abstract). Therefore, we 
profiled the mRNA expression of GBP1– GBP7 in RA synovial tis-
sue and compared it to the expression of mRNA in synovial tissue 
not affected by RA. Among all the human GBPs analyzed, a sig-
nificant 5- fold increase in GBP5 mRNA expression was observed 
in RA synovial tissue compared to synovial tissue not affected by 
RA (P < 0.05) (Figure 1A). Furthermore, densitometric analysis of 
Western blots showed a similar increase in the protein expression 
of GBP- 5 (P < 0.05) (Figure 1B). In the rat AIA model, evaluation 
of homogenates from the joints of rats with AIA showed an ~2- 
fold increase in GBP- 5 protein expression as compared to that of 
naive control rats without AIA (P < 0.05) (Figure 1B).
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To confirm this in vitro, we stimulated human RASFs with 10 
ng/ml of IL- 1β for up to 48 hours. We observed a time- dependent 
increase in GBP- 5 expression that peaked around 24 hours after 
stimulation (P < 0.05 at 24 hours) (Figure 1C).

To test whether IL- 1β is capable of inducing GBP- 5 for longer 
durations and in SFs not affected by RA as well, we stimulated 
RASFs and SFs not affected by RA with 10 ng/ml of IL- 1β for 24, 
48, and 72 hours. Analysis of the cell lysates showed that IL- 1β 
induced an increase in GBP- 5 expression in SFs not affected by 
RA to a similar extent as that in RASFs, and expression levels 
declined to almost basal values by 72 hours after treatment in both 
groups without affecting cell viability (Supplementary Figures 1B 
and C, available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.41611/abstract).

GBP- 5 is an ISG robustly induced in response to IFNγ in 
different cell types (11,13,14). However, its expression in RASFs 
activated by proinflammatory cytokines in RA pathogenesis has 
remained untested. Activation of RASFs with 10 ng/ml of IL- 1β 
or 20 ng/ml of TNF alone or in combination with 10 ng/ml of IFNγ 
for 24 hours confirmed up- regulation in the expression of GBP- 5. 

The combination of IFNγ with IL- 1β or TNF further amplified the 
expression of GBP- 5 protein compared to IFNγ alone (P < 0.01) 
(Figure 1D) and produced a 10- fold increase in mRNA level 
(P < 0.05) (Figure 1D). However, antiinflammatory cytokines such 
as IL- 10 (1– 100 ng/ml) or IL- 35 (1– 100 ng/ml) failed to induce 
GBP- 5 expression on RASFs (Supplementary Figure 1E, avail-
able on the Arthritis & Rheumatology website at http://onlineli-
brary.wiley.com/doi/10.1002/art.41611/abstract). Evaluation of 
the conditioned medium from RASFs treated with IL- 1β or TNF 
alone or in combination with IFNγ for 24 hours showed that treat-
ment with IFNγ led to a significant reduction in the levels of IL- 
1β– induced IL- 6, IL- 8, MMP- 1, and ENA- 78/CXCL5 production 
by 38%, 74%, 37%, and 72%, respectively (P < 0.05) (Figure 1E).

Identification by RNA- Seq analysis of a novel anti-
inflammatory role of GBP- 5 mediated through modu-
lation of cytokine– cytokine receptor interactions. To 
determine the role of GBP- 5 in IL- 1β– induced inflammation, we 
used a loss- of- function model by performing RNA- Seq analy-
sis on IL- 1β– stimulated RASFs in the absence or presence of 

Figure 1. Significantly higher expression of guanylate binding protein 5 (GBP- 5) in human rheumatoid arthritis synovial tissue (RAST), with 
interferon- γ (IFNγ) preferentially inducing a robust GBP- 5 expression that suppresses interleukin- 1β (IL- 1β)– induced chemokine production 
in RA synovial fibroblasts (RASFs). A, Quantitative reverse transcription– polymerase chain reaction (qRT- PCR) analysis shows a significant 
increase in GBP5 mRNA in RA synovial tissue compared to synovial tissue not affected by RA (NLST). B, Western blotting shows increased 
expression of GBP- 5 protein in human RA synovial tissue compared to synovial tissue not affected by RA, and up- regulation of GBP- 5 protein 
in joint homogenates from rats with adjuvant- induced arthritis (AIA) compared to naive control rats. C, Stimulation of human RASFs with IL- 1β 
induced a time- dependent increase in GBP- 5 expression that peaked around 24 hours after stimulation. D, Human RASFs showed increased 
levels of GBP- 5 protein and mRNA after stimulation with IL- 1β (10 ng/ml) or tumor necrosis factor (TNF) (20 ng/ml), with further amplification 
by IFNγ alone or in combination with IL-1β or TNF. Controls were left unstimulated (NS). E, Human RASFs were treated in the same manner as 
described in D, and levels of IL- 6, IL- 8, matrix metalloproteinase 1 (MMP- 1), and epithelial neutrophil– activating peptide 78 (ENA- 78)/CXCL5 
were examined. Bars show the mean ± SEM. # = P < 0.05; ## = P < 0.01 versus controls. * = P < 0.05; ** = P < 0.01 versus IL- 1β.

http://onlinelibrary.wiley.com/doi/10.1002/art.41611/abstract)
http://onlinelibrary.wiley.com/doi/10.1002/art.41611/abstract)
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transiently knocked down GBP- 5. Among the panel of 20,803 
genes, the expression of 3,315 genes was significantly modu-
lated, with a ≥2.5- fold change in expression, in RASFs following 
stimulation with IL- 1β, as depicted on a heatmap in Figure 2A. 
Further analysis of the data showed that of these modulated 
genes, 1,353 genes were significantly down- regulated, and 825 
genes were significantly up- regulated with GBP- 5 knockdown 
(Figure 2A).

Gene Ontology (GO) analysis of the differentially expressed 
genes (using the Metascape portal for gene list annotation/
assessment) showed that knockdown of GBP- 5 primarily mod-
ulated cytokine- mediated signaling pathways (Supplementary 
Figure 2A, available on the Arthritis & Rheumatology website at 
http://onlinelibrary.wiley.com/doi/10.1002/art.41611/abstract). 
Our identification of the top up- regulated inflammatory genes 
corroborated those identified previously (Figure 2B). GO stud-
ies using ToppGene Suite analysis of the up- regulated genes 
predicted the role of GBP- 5 in regulating top RASF molecular 
functions such as cytokine/chemokine activity and their signaling 

receptor binding (Supplementary Figure 2B) and affected path-
ways such as cytokine signaling in the immune system, IFN sig-
naling, and cytokine– cytokine receptor signaling (Supplementary 
Figure 2C). Functional network and canonical pathway analysis of 
up- regulated genes predicted the top biologic function affected 
by GBP- 5 to include response to cytokine, defense response, 
immune response, response to biotic stimulus, and cellular 
response to cytokine stimulus (Supplementary Figure 2D). The 
top affected cellular component function included extracellular 
space, cell surface, extracellular matrix, IκB/NF- κB complex, and 
the integral component of the plasma membrane (Supplemen-
tary Figure 2E). Notably, GO analysis of the down- regulated genes 
showed regulation of cell motility as an important affected cellular 
function (Figure 2B).

Among top IL- 1β– activated genes that were further ampli-
fied in the absence of GBP- 5 were those that govern inflam-
mation (IL- 6 and IL- 8), chemotaxis (CXCL1, CXCL2, CXCL3, 
CXCL5, CXCL10, CCL7, CCL8, CCL20, and CCL3), and tissue 
remodeling (MMP- 1, MMP- 3, and MMP- 12) (Supplementary 

Figure 2. Exacerbation of IL- 1β– induced inflammatory and tissue- destructive genes in human RA synovial tissue with loss of GBP- 5. A, 
Heatmap shows the 3,315 genes that were determined by t- test to be differentially modulated, with lower expression indicated in red and 
higher expression indicated in green. B, Gene Ontology analysis reveals the network of enriched terms for the identified up- regulated and down- 
regulated genes. Node sizes represent the proportional number of genes in each term, with different colors representing the indicated clusters. 
C, The role of GBP- 5 in the IL- 6 signaling pathway, as visualized by Ingenuity Pathway Analysis, is shown. D, Costimulation of human RASFs 
with IL- 6 (10 ng/ml or 100 ng/ml) and IL- 6 receptor (IL- 6R) (100 ng/ml) up- regulated the expression of GBP- 5 and pSTAT3 (Tyr705). E, Membrane- 
bound gp130 (mgp130) was up- regulated in human RASFs by IL- 1β stimulation for 24 hours and further augmented upon GBP- 5 knockdown 
with small interfering RNA (siRNA) in both constitutive and IL- β– treated RASFs. F, Overexpression of GBP- 5 in human RASFs was achieved 
using a lentiviral (Lenti) delivery method followed by IL- 1β stimulation for 24 hours. Exogenous GBP- 5 reduced the expression of mgp130. In 
E and F, bars show the mean ± SEM of 3 independent experiments. * = P < 0.05. NC = scrambled control (see Figure 1 for other definitions).
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Figure 2F, available on the Arthritis & Rheumatology website at 
http://onlinelibrary.wiley.com/doi/10.1002/art.41611/abstract). 
Further validation of the RNA- Seq data by qRT- PCR showed a 
significant increase in IL- 1β– induced MMP- 3, MMP- 12, CCL8, 
CXCL10, and CCL20 mRNA expression with the knockdown of 
GBP- 5 compared to the NC siRNA control group (all P < 0.05) 
(Supplementary Figure 2G).

Interestingly, the interactome generated from Ingenuity 
Pathway Analysis (IPA) showed IL- 6 signaling to be centrally 
affected by GBP- 5 knockdown in IL- 1β– stimulated RASFs 
(Figure 2C). To validate this IPA finding, we stimulated RASFs 
with IL- 6/IL- 6 receptor (IL- 6R) for 24 hours. Western immun-
oblotting results showed that IL- 6/IL- 6R induced GBP- 5 expres-
sion along with pSTAT3(Tyr705) expression in RASFs (Figure 2D). 
Interestingly, knockdown of GBP- 5 in RASFs up- regulated 
both the constitutive as well as IL- 1β– induced expression 
of membrane- bound gp130 (mgp130) (P < 0.05) (Figure 2E), a 
key transmembrane receptor in IL- 6 signaling (3). Furthermore, 
overexpression of GBP- 5 using a lentiviral delivery method sig-
nificantly reduced IL- 1β– induced mgp130 expression in RASFs 
(P < 0.05) (Figure 2F).

Significantly higher levels of soluble mediators of 
inflammation and cartilage destruction induced by IL- 1β  
in the absence of GBP- 5. We knocked down GBP- 5 before 
activating RASFs with IL- 1β or TNF alone or in combination with 
IFNγ for 24 hours. The results of ELISAs showed that, compared to 
the effects of NC siRNA, GBP- 5 knockdown significantly reduced 
the ability of IFNγ to inhibit IL- 1β– induced inflammation, as GBP- 5 
knockdown further amplified IL- 6 and IL- 8 production by 84% and 
39%, respectively (for IL- 6, P < 0.05) (Figure 3A). This suggests that 
IFNγ primarily relies on GBP- 5 to inhibit IL- 1β– induced expression 
of inflammation mediators. Strikingly, GBP- 5 knockdown in IL- 1β– 
stimulated RASFs resulted in an ~8- fold increase in MMP- 1 and 
an ~43% increase in ENA- 78/CXCL5 production compared to the 
levels in the NC siRNA group (P < 0.05 and P <0.01, respectively) 
(Figure 3B).

Additionally, our results at the transcriptional level showed 
that lack of GBP- 5 further increased IL- 1β– induced IL- 6 and 
IL- 8 gene expression by 40– 50% (P < 0.05 and P < 0.01, 
respectively) (Figure 3C). We also found a several-fold increase 
in IL- 1β– induced MMP- 1 production and an ~2- fold increase 
in ENA- 78/CXCL5 production in GBP- 5 siRNA– treated samples 

Figure 3. Loss of IFNγ protection and further amplification of IL- 1β– induced inflammation in human RASFs as a result of GBP- 5 knockdown 
by transient transfection with small interfering RNA (siRNA). A and B, RASFs were transfected with scrambled control (NC) or GBP- 5 siRNA (120 
pM) for 48 hours followed by serum starvation and stimulation with IFNγ (10 ng/ml) and IL- 1β (10 ng/ml) or TNF (20 ng/ml) for 24 hours. GBP- 5 
knockdown nullified the effect of IFNγ and up- regulated IL- 1β– induced production of IL- 6 and IL- 8 (A) and MMP- 1 and ENA- 78/CXCL5 (B). C and 
D, RASFs stimulated with IL- 1β showed significantly increased expression of IL- 6 and IL- 8 mRNA (C) and MMP- 1 and ENA- 78/ CXCL5 mRNA (D) 
after transfection of GBP- 5 siRNA compared to control siRNA. E, Western immunoblotting confirms the efficiency of GBP- 5 knockdown in human 
RASFs. Bars show the mean ± SEM of 3 independent experiments. * = P < 0.05; ** = P < 0.01. See Figure 1 for other definitions.
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compared to the NC siRNA group (P < 0.05 and P < 0.01, 
respectively) (Figure 3D). Several additional inflammatory 
genes identified in IPA were confirmed by qRT- PCR (Sup-
plementary Figure 2F, available on the Arthritis & Rheuma-
tology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.41611/abstract).

Successful knockdown of GBP- 5 was confirmed by Western 
immunoblotting (Figure 3E). Furthermore, knockdown of GBP- 5 
in human dermal fibroblasts also resulted in a significant up- 
regulation of IL- 1β– induced IL- 6 and IL- 8 production (P < 0.05 
and P < 0.01, respectively) (Supplementary Figures 3A and B, 
available on the Arthritis & Rheumatology website at http://online 
library.wiley.com/doi/10.1002/art.41611/abstract). These results 
suggest that GBP- 5 elicits its antiinflammatory actions in fibro-
blasts of other origin as well.

Suppression of inflammation and amplification of 
the function of IFNγ. To evaluate whether preconditionting of 
RASFs with GBP- 5 blunts inflammatory pathways, cells were 
transfected with control or lentiviral GBP- 5 overexpression vector, 
followed by stimulation with 10 ng/ml of IL- 1β for 24 hours. The 
transduction success was confirmed using Western immunoblot-
ting (Figure 4A). Overexpression of GBP- 5 resulted in 40%, 43%, 
and 17% reduction in IL- 1β– induced IL- 6, IL- 8, and ENA- 78/
CXCL5 production, respectively (P < 0.01 each) (Figure 4B), with 
no significant modulation in RANTES/CCL5, MCP- 1/CXCL1, or 
MIP- 1α/CCL2 production (Supplementary Figures 4A– C, available 
on the Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.41611/abstract).

Since MAPK signaling is important in IL- 1β– driven RA patho-
genesis (21), we tested the impact of GBP- 5 overexpression on 

Figure 4. Abrogation of IL- 1β– induced chemokine production and increase in the protective action of IFNγ with exogenous overexpression 
of GBP- 5 in human RASFs. Human RASFs were transduced with control or GBP- 5 lentiviral (Lenti) particles at 3 multiplicities of infection for 
overnight incubation. After 48 hours, cells were left untreated or treated with IL- 1β or IFNγ for 24 hours. Whole cell extracts were collected 
to determine the expression of GBP- 5. A, Western immunoblotting confirms the overexpression of exogenous GBP- 5 in GBP-5 lentivirus–
transduced RASFs. B, Enzyme- linked immunosorbent assay results show significant reduction in IL- 1β– induced IL- 6, IL- 8, and ENA- 78/CXCL5 
production in GBP-5 lentivirus–transduced RASFs. C, Human RASFs were transduced as described in A and treated with IL- 1β for 30 minutes. 
Western immunoblotting shows a marked decrease in IL- 1β– induced levels of p– c- Jun, p– NF- κBp65, p-JNK, p- ERK1/2, and pP38. β- actin 
was tested as a loading control. D– F, Human RASFs were transfected with empty vector or GBP- 5 plasmid (1 μg/ml) in 12- well plates for 
48 hours, followed by treatment with IL- 1β (10 ng/ml) or IL- 1β and IFNγ at the indicated concentration for 24 hours. Conditioned medium was 
collected to determine levels of IL- 6, IL- 8, and ENA- 78/CXCL5. Bars show the mean ± SEM of independent experiments using RASFs from 3 
different donors. * = P < 0.05; ** = P < 0.01 versus lentiviral control or IL- 1β– stimulated cells. # = P < 0.05; ## = P < 0.01 versus unstimulated 
cells. See Figure 1 for other definitions.
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IL- 1β– induced MAPKs in RASFs. Western immunoblot anal-
ysis of lysates treated with IL- 1β after GBP- 5 overexpression 
revealed marked inhibition of IL- 1β– induced phosphorylation of 
p38 and JNK, thereby down- regulating the activation of transcrip-
tion factors p– NF- κBp65 and p– c- Jun (Figure 4C).

To further test the potential combinatorial effects of GBP- 5 
and IFNγ, we transiently overexpressed GBP- 5 and treated 
RASFs with 0.5– 10 μg/ml of IFNγ followed by IL- 1β stimulation for 
24 hours. Intriguingly, in the presence of GBP- 5, the ability of IFNγ 
to inhibit IL- 1β– induced IL- 6, IL- 8, and ENA- 78/CXCL5 produc-
tion was enhanced when compared to IFNγ treatment alone at the 
respective concentrations (P < 0.05 each) (Figure 4D– F). These 
results suggest that GBP- 5 not only has the capacity to reduce 
inflammation mediators, but also adds a combinational effect to 
the function of IFNγ function in human RASFs.

Propagation of migration, inflammation, and tissue 
destruction following GBP- 5 knockdown in RASFs. Since 
GBP- 5 is classified as an ISG (22), it is crucial to understand 
its broader regulatory role in RASFs when both IFNγ and IL- 1β 
pathways are activated. First, we performed RNA- Seq on RASFs 
treated with IL- 1β and/or IFNγ to confirm that IFNγ suppresses 
IL- 1β– induced inflammatory pathways. Our results (presented as 
a heatmap in Supplementary Figure 5A [http://onlinelibrary.wiley.
com/doi/10.1002/art.41611/abstract]) showed a marked regula-
tion by IFNγ of the 1,350 genes that were determined by t- test 
to be significantly up- regulated by IL- 1β. IPA data revealed key 
pathways affected by IFNγ (Supplementary Figure 5B).

Next, we knocked down GBP- 5 in RASFs treated with the 
combination of IL- 1β and IFNγ and compared the results to that 
in the NC siRNA cells. RNA- Seq analysis after t- test qualification 

Figure 5. Enhancement of migration, inflammation, and tissue- destructive properties of human RASFs with loss of GBP- 5. A, Heatmap 
shows the 269 genes determined by t- test to be differentially regulated in RASFs treated with IFNγ + IL-1β and transfected with GBP-5 small 
interfering RNA (siRNA) or scrambled control (NC) siRNA. B, Heatmap shows the pathways affected by GBP-5 knockdown in IFNγ + IL-1β–
treated RASFs. C, Results of the wound-healing assay depict the effects of transfecting RASFs with or GBP- 5 siRNA (versus scrambled control 
[NC] siRNA) for 48 hours, followed by stimulation with IL- 1β and/or IFNγ for 72 hours. Images from the time of the scratch wound (0 hours) and 
after 72 hours were acquired from the same area. D, The width of the scratched area was measured at 72 hours and compared with the width 
measured at 0 hours (control). Results are presented as the mean ± SEM percentage relative to control. E, Western immunoblotting shows a 
marked increase in IL- 1β– induced or IL- 1β + IFNγ– induced production of MMP- 1 and MMP- 13 following transfection of GBP- 5 siRNA, and 
analysis of cell lysates shows a marked increase in cyclooxygenase 2 (COX- 2) expression, with no effect on intercellular adhesion molecule 
1 (ICAM- 1) expression, in the GBP- 5 siRNA group. The results were normalized to those for β- actin. F, RASFs were transfected with IFNγ 
receptor II (IFNGR2) siRNA or NC siRNA (120 pmoles) for 48 hours, followed by stimulation with IFNγ (10 ng/ml) or IL- 1β (10 ng/ml) for 24 hours. 
Western immunoblotting shows that inhibition of IFNγ receptor II nullified the expression of IFNγ- induced GBP- 5, and IL- 1β– induced GBP- 5 
expression was not altered by IFNγ receptor II knockdown. * = P < 0.05. See Figure 1 for other definitions. Color figure can be viewed in the 
online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41611/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41611/abstract


SYNOVIAL INFLAMMATION AND TISSUE DESTRUCTION REGULATION BY GBP- 5 |      951

identified 269 genes differentially regulated by GBP- 5 siRNA com-
pared to the NC siRNA group (Figure 5A). Follow- up IPA using 
these differentially regulated genes identified pathways, includ-
ing the IL- 1 signaling, phosphatidylinositol 3- kinase (PI3K)/Akt 
signaling, and osteoarthritis pathways, among the top 10 path-
ways affected by GBP- 5 knockdown (Figure 5B). Importantly, 
some of the top genes altered (Supplementary Figure 5C [http://
onlinelibrary.wiley.com/doi/10.1002/art.41611/abstract]) matched 
those most affected when GBP- 5 was knocked down with IL- 1β 
alone (Supplementary Figure 2E, available on the Arthritis & Rheu-
matology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.41611/abstract), suggesting that GBP- 5 acts as an antiinflam-
matory agent in response to IL- 1β stimulation.

Next, we evaluated the effect of GBP- 5 knockdown on 
RASF functions. In an in vitro scratch test, we observed that 
GBP- 5 knockdown had no effect on migration in the presence 
of IL- 1β, but it significantly increased the invasiveness of RASFs 

in IFNγ- treated samples (P < 0.05) (Figures 5C and D). Western 
blot analysis of the concentrated supernatants from a similar 
treatment showed a marked increase in IL- 1β−induced or IL- 1β +   
IFNγ– induced production of MMPs 1 and 13 following tranfesc-
tion of GBP- 5 siRNA (Figure 5E). Analysis of cell lysates showed 
a marked increase in cyclooxygenase 2 (COX- 2) expression, with 
no effect on intercellular adhesion molecule 1 (ICAM- 1) expression 
in the GBP- 5 siRNA group (Figure 5E).

Evaluation of the MAPK signaling pathway showed that 
GBP- 5 knockdown significantly enhanced the basal and IL- 1β + 
IFNγ– stimulated expression of p-JNK (Supplementary Figures 
5D and E [http://onlinelibrary.wiley.com/doi/10.1002/art.41611/
abstract]). Since JNK- activated transcription factor activator pro-
tein 1 plays a central role in up- regulating proteins that cause 
inflammation (COX- 2) and tissue destruction (MMP- 1 and MMP- 
13) in RA, these findings underline the antiinflammatory and
potential tissue- protective actions of GBP- 5 in RA.

Figure 6. Exacerbation of inflammation and bone destruction in rats with AIA in the absence of GBP- 5. A, Rats with AIA were injected with 
GBP- 5 small interfering RNA (siRNA) or scrambled control (NC) siRNA along with atelocollagen (10 μg in 10 μl of atelocollagen) on days 7 and 
12, and arthritis was assessed according change in ankle circumference from day 0 to day 16 and articular index score on day 16. B, Western 
immunoblotting shows effective knockdown of GBP- 5 with GPB- 5 siRNA (versus control siRNA) in the ankle joints of rats with AIA, without any 
effects on other GBPs such as GBP- 1. C, Left, Representative images of the ankle joints of rats with AIA in each treatment group are shown. 
Middle and Right, Ankle joints were assessed for structural bone parameters by micro– computed tomography after study termination. Arrows 
indicate areas of bone destruction. D, The ankle joints of rats with AIA in each treatment group were assessed for the indicated bone markers 
in regions of interest. E, After decalcification, the ankle joints were sectioned into 5- μm slices and stained with hematoxylin and eosin (H&E) 
to identify bone destruction (B), cartilage degradation (C), and synovitis (S). F, Histologic assessment of the H&E- stained sections was used 
to determine synovial inflammation scores for each treatment group. Results are shown as the mean ± SEM. Symbols in A and D represent 
individual rats. * = P < 0.05; ** = P < 0.01. BS/TV = bone surface/total volume (see Figure 1 for other definitions). Color figure can be viewed in 
the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41611/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41611/abstract
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To understand whether GBP- 5 expression can be induced 
independent of IFNγ signaling, we knocked down IFNγ receptor II 
(IFNGRII) using siRNA in human RASFs and stimulated cells with 
IFNγ or IL- 1β for 24 hours. As expected, the inhibition of IFNGRII 
nullified the expression of IFNγ- induced GBP- 5 (Figure 5F). Nota-
bly, IL- 1β– induced GBP- 5 expression was not altered by IFNGRII 
knockdown, suggesting that IL- 1β– induced GBP- 5 expression in 
human RASFs is independent of the IFNγ signaling pathway.

Exacerbation of synovial inflammation and bone 
destruction in rat AIA with intraarticular administration 
of GBP- 5 siRNA. To characterize the role of GBP in vivo, we 
administered NC siRNA or GBP5 siRNA into the hind ankles of rat 
with AIA on day 7 and day 12 (from the onset of the disease). AI 
score and AC were measured on day 0, day 7, and from day 11 
through 16 with termination on day 17. When compared to rats 
with AIA that were given NC siRNA, the administration of GBP- 5 
siRNA exacerbated disease severity in rats with AIA (P < 0.05) 
(Figure 6A). The AI score of the GBP- 5 siRNA treatment group 
was ~25% higher compared to the NC group at day 16 (P < 0.05) 
(Figure 6A). The efficiency and selectivity of GBP- 5 knockdown in 
the ankle joints of rats were confirmed by Western immunoblotting 
(Figure 6B).

Next, we analyzed the impact of GBP- 5 on bone remodeling 
using micro- CT imaging of the ankle joints of rats. We found that 
severe bone damage was more prominent in the GBP- 5 siRNA 
group compared to the NC siRNA arthritis group (Figure 6C). In- 
depth bone analysis (Supplementary Figures 6A– E) showed that 
rat ankles from the GBP- 5 siRNA group showed significantly less 
bone volume, lower cortex volume, lower bone surface density, 
and decreased trabecula volume (Figure 6D).

Histopathologic evaluation of H&E– stained ankle joints and 
periarticular connective tissue from rats with AIA showed signifi-
cant accentuation of acute and chronic inflammation of the joints 
and periarticular connective tissue as well as associated se quelae 
including synovitis, erosion of articular cartilage, subchondral bone 
loss and remodeling, pannus formation, and fibrous ankylosis in 
rats with AIA that were treated with GBP- 5 siRNA compared to 
NC siRNA (Figure 6E). Evaluation of the inflammation score (Sup-
plementary Table 3, available on the Arthritis & Rheumatology 
website at http://onlinelibrary.wiley.com/doi/10.1002/art.41611/
abstract) showed that the GBP- 5 siRNA group had higher inflam-
mation scores than the NC siRNA group (P < 0.05) (Figure 6F).

DISCUSSION

In the present study, we identified GBP- 5 as a unique endog-
enous antiinflammatory protein expressed by RASFs in response 
to inflammation that has the ability to inhibit IL- 1β– induced syno-
vial inflammation and tissue destruction in RA. Importantly, we 
identified that GBP- 5 not only directly blunts cytokine- mediated 

inflammation, but also centrally contributes to the antiinflamma-
tory function of IFNγ. We hypothesize that GBP- 5 is up- regulated 
in the inflamed joint as a negative feedback response to restore 
cellular homeostasis in human RASFs and to blunt the actions 
of proinflammatory cytokines that contribute to RA pathogene-
sis. These findings may present an opportunity for therapeu-
tic approaches to harness GBP- 5 in order to suppress synovial 
inflammation and bone/cartilage destruction, a primary therapeu-
tic need for effective management and treatment of RA.

The GBP family belongs to the ISGs that are active in host 
cell defense (23). Although antiviral activity of the GBP family is 
less potent than that of Mx family proteins (9), each GBP pro-
tein elicits a unique role in host defense mechanisms and displays 
clear associations with specific disease pathogenesis. A study 
by Hu et al showed a significantly higher expression of GBP- 2 in 
the saliva of patients with Sjögren’s syndrome compared to that 
in healthy controls (24). Similarly, increased expression of GBP- 1 
was observed in skin lesions of cutaneous lupus erythematosus 
and in islets of patients with type 1 diabetes mellitus (25). Why 
GBPs are up- regulated in these diseased conditions, and whether 
they serve as autocrine or paracrine regulators in the pathogene-
sis of disease, remains elusive.

While IFNγ was initially characterized as proinflammatory due 
to its ability to up- regulate IL- 12, TNF, and IFNγ– inducible 10- kd 
protein in diseases such as autoimmune thyroid disease (26), 
insulin- dependent diabetes mellitus (27), and lupus (28), it has also 
displayed antiinflammatory activity by inhibiting Th17 cell differen-
tiation, resulting in reduced levels of IL- 17 in a collagen- induced 
arthritis (CIA) model (29). Knockdown of the IFNγ gene or block-
ade of IFNγ signaling using an anti- IFNγ antibody or IFNγ receptor 
knockout resulted in aggravated joint destruction in rats with CIA, 
further confirming that IFNγ inhibits one or more crucial inflamma-
tory pathways in RA (30,31). However, it is unclear which proteins 
are critical specifically in mediating the antiinflammatory effects of 
IFNγ in RA. Our finding that the inhibition of IL- 1β– induced inflam-
mation by IFNγ was completely lost in the absence of GBP- 5 
addresses that gap in understanding the biologic processes of 
IFNγ. These findings, coupled with antiinflammatory activity exhib-
ited by GBP- 5 in human dermal fibroblasts, provide evidence of 
a broader impact that could be applied to IL- 1β– driven diseases.

The ability of GBP- 5 to suppress the detrimental effects of 
IL- 1β in activated RASFs independent of IFNγ brings its thera-
peutic potential to the forefront. Despite circumstantial evidence 
of protective action, IFNγ has not been used as a therapeutic 
option due to lack of data on its safety. While our results are 
open to interpretation, we hypothesize that testing a combi-
natorial use of IFNγ at a suboptimal dose with an engineered 
GBP- 5 protein in preclinical models of RA may shed light on 
2 synergistic approaches in controlling disease severity and 
progression. This is timely and clinically relevant given the fact 
that adverse events, such as opportunistic infections from JAK 
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inhibitors, are partly due to their ability to inhibit IFNγ and its 
functions (32– 34).

Activated RASFs become hyperproliferative and secrete 
factors that promote inflammation, neovascularization, and 
cartilage degradation (35). In response to IL- 1β stimulation, 
RASFs produce IL- 6, IL- 8, ENA- 78/CXCL5, and IL- 23, which 
are factors known to promote Th17 cell differentiation. We have 
shown that IL- 1β relies on MAPK and NF- κB pathways to prop-
agate inflammatory signaling in RASFs (3,4). GBP- 5 overex-
pression through the lentiviral method markedly reduced levels 
of IL- 1β– induced p- p38, p-JNK, and p- ERK1/2 activation, and 
the downstream transcription factors p– c- Jun and NF- κBp65 
in the signaling cascade. While these findings are of great inter-
est and open to further interpretation, several unique actions 
of GBP- 5 remain to be elucidated. These include a possible 
interaction and modulation of proteins that are proximal to IL- 
1R, activation of antiinflammatory proteins by GBP- 5 that serve 
as negative feedback control of IL- 1R– mediated signaling, or 
cross- talk with key serine/threonine kinases upstream of MAPK 
or NF- κB pathways. To support this concept, TNF-induced 
protein 3– interacting protein 1 (A20) is one such protein pro-
duced by SFs that has been shown to suppress inflammatory 
responses and bone destruction in vitro and in preclinical mod-
els of RA (36– 38).

Though we characterized the role of GBP- 5 in the con-
text of inflammation and tissue destruction (GBPs reviewed in 
ref. 12), the study has several limitations that could potentially 
lead to future investigation. First, further mechanistic studies 
are needed to identify which pathways are used by IL- 1β to 
induce GBP- 5 expression, given that IFNGRII knockdown did 
not inhibit IL- 1β– induced GBP- 5 expression in RASFs. Second, 
beyond RASFs, the impact of GBP- 5 on other cell types rele-
vant to RA pathogenesis warrants further examination. Finally, 
complementary to our loss- of- function study in vivo, studies 
testing the efficacy of overexpression or exogenous delivery 
of GBP- 5 protein in the amelioration of the disease will further 
 validate our initial findings.
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Association of Lipid Mediators With Development of Future 
Incident Inflammatory Arthritis in an Anti– Citrullinated 
Protein Antibody– Positive Population
Kristen J. Polinski,1  Elizabeth A. Bemis,1 Fan Yang,1 Tessa Crume,1 M. Kristen Demoruelle,2  Marie Feser,2 
Jennifer Seifert,1 James R. O’Dell,3 Ted R. Mikuls,3  Michael H. Weisman,4 Peter K. Gregersen,5  
Richard M. Keating,6 Jane Buckner,7 Nichole Reisdorph,8 Kevin D. Deane,2  Michael Clare- Salzler,9  
V. Michael Holers,2  and Jill M. Norris1

Objective. To determine the association of polyunsaturated fatty acid (PUFA)– derived lipid mediators with 
progression from rheumatoid arthritis (RA)– related autoimmunity to inflammatory arthritis (IA).

Methods. We conducted a prospective cohort study using data from the Studies of the Etiology of Rheumatoid 
Arthritis (SERA). SERA enrolled first- degree relatives (FDRs) of individuals with RA (FDR cohort) and individuals who 
screened positive for RA- related autoantibodies at health fairs (screened cohort). We followed up 133 anti– cyclic 
citrullinated peptide 3.1 (anti- CCP3.1)– positive participants, 29 of whom developed IA. Lipid mediators selected a 
priori were quantified from stored plasma samples using liquid chromatography tandem mass spectrometry. We fit 
multivariable Cox proportional hazards models for each lipid mediator as a time- varying variable. For lipid mediators 
found to be significantly associated with IA, we then examined interleukin- 1β (IL- 1β), IL- 6, IL- 8, and tumor necrosis 
factor (TNF) as potential statistical mediators.

Results. For every 1 natural log pg/ml increase in the circulating plasma levels of proinflammatory 5- HETE, the 
risk of developing IA increased by 241% (hazard ratio 2.41 [95% confidence interval 1.43– 4.07]) after adjusting for 
age at baseline, cohort (FDR or screened), and shared epitope status. The models examining 15- HETE and 17- HDHA 
had the same trend but did not reach significance. We did not find evidence that the association between 5- HETE 
and IA risk was influenced by the proinflammatory cytokines tested.

Conclusion. In a prospective cohort of anti- CCP– positive individuals, higher levels of 5- HETE, an important 
precursor to proinflammatory leukotrienes, is associated with subsequent IA. Our findings highlight the potential 
significance of these PUFA metabolites in pre- RA populations.

INTRODUCTION

To maintain homeostasis, the body’s mechanisms for acti-
vating proinflammatory responses are as important as the mech-
anisms involved in resolving inflammation. Inadequate resolution 
of inflammation can lead to chronic inflammatory conditions, such 
as rheumatoid arthritis (RA), which is one of the most common 

forms of systemic autoimmune inflammatory arthritis (IA) (1– 3). 
Much like the development of anti– citrullinated protein antibodies 
(ACPAs) years before the onset of clinically apparent signs and 
symptoms and subsequent classification as RA (4,5), biomarkers 
of systemic inflammation including cytokines and chemokines are 
also elevated in the preclinical RA period (6– 9). This finding sug-
gests that dysregulation of inflammation generation and resolution 

Supported by the NIH (grants K23- AR- 051461, R01- AR- 051394, U01- 
AI- 101981, and T32- AR- 007534) and by an ASPIRE US Rheumatology award 
from Pfizer (grant WI237803 2018).

1Kristen J. Polinski, MSPH, Elizabeth A. Bemis, MPH, Fan Yang, PhD, 
Tessa Crume, PhD, Jennifer Seifert, MPH, Jill M. Norris, PhD: Colorado 
School of Public Health, Aurora; 2M. Kristen Demoruelle, MD, PhD, Marie 
Feser, MSPH, Kevin D. Deane, MD, PhD, V. Michael Holers, MD: University 
of Colorado School of Medicine, Aurora; 3James R. O’Dell, MD, Ted R. Mikuls, 
MD, MSPH: University of Nebraska Medical Center, Omaha; 4Michael H. 
Weisman, MD: Cedars- Sinai Medical Center, Los Angeles, California; 5Peter 
K. Gregersen, MD: Feinstein Institutes for Medical Research, Manhasset, 
New York; 6Richard M. Keating, MD: University of Chicago, Chicago, Illinois; 

7Jane Buckner, MD: Benaroya Research Institute at Virginia Mason, Seattle, 
Washington; 8Nichole Reisdorph, PhD: University of Colorado Skaggs School 
of Pharmacy and Pharmaceutical Sciences, Aurora; 9Michael Clare- Salzler, 
MD: University of Florida College of Medicine, Gainesville.

Drs. Deane and Holers are holders of a Stanford University patent on the 
use of biomarkers to predict RA development. Dr. Norris has received grant 
support from Pfizer. No other disclosures relevant to this article were reported.

Address correspondence to Jill M. Norris, PhD, Colorado School of Public 
Health, Department of Epidemiology, 13001 East 17th Place, 3rd Floor, Mail 
Stop B119, Aurora, CO 80045. Email: jill.norris@cuanschutz.edu.

Submitted for publication May 18, 2020; accepted in revised form 
December 23, 2020.

https://orcid.org/0000-0001-9825-6095
https://orcid.org/0000-0002-2563-5155
https://orcid.org/0000-0002-0897-2272
https://orcid.org/0000-0003-2211-4861
https://orcid.org/0000-0002-5634-7746
mailto:
mailto:jill.norris@cuanschutz.edu
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.41631&domain=pdf&date_stamp=2021-04-23


POLINSKI ET AL 956       |

processes may be involved in the early break in immune tolerance 
to citrullinated antigens as well as the ultimate development of IA 
and classification as RA (10– 12).

The process responsible for resolving inflammation in the 
body is largely driven by molecules known as lipid mediators (13). 
Lipid mediators, such as the inflammation- promoting eicosanoids 
and specialized proresolving (i.e., inflammation- resolving) media-
tors, are endogenously derived from the metabolism of omega- 3 
and omega- 6 polyunsaturated fatty acids (PUFAs) via lipoxygen-
ase (LOX), cyclooxygenase (COX), and cytochrome P450 (CYP) 
enzymes. Lipid mediators regulate the release of cytokines (13), 
such as interleukin- IL- 1β (IL- 1β), IL- 6, IL- 8, and tumor necrosis 
factor (TNF), which are notably relevant cytokines in RA patho-
physiology (14– 16). Previous findings have shown higher levels 
of red blood cell (RBC) membrane omega- 3 PUFAs, primarily 
docosapentaenoic acid (DPA), to be associated with a lower risk 
of progression to IA in an ACPA- positive population (17). Further-
more, a case– control study found that a higher proportion of the 
omega- 6 PUFA linoleic acid (LA) in RBCs was protective in pre- RA 
cases compared to controls (18). Taken together, these studies 
suggest a role for PUFA metabolites during preclinical RA; how-
ever, their mechanisms of action are still largely unknown.

Lipid mediators are likely candidates underlying the mech-
anistic effects of PUFAs and, therefore, measurement of these 
could help elucidate the role of PUFAs in preclinical RA. Con-
sistent with an important role for these mediators, intraperitoneal 
injection with omega- 3 docosahexaenoic acid (DHA)– derived 
lipid mediators, known as D series resolvins, in murine models can 
attenuate arthritic scores and limit leukocyte infiltration into paw 
joints (19,20). In studies of RA patients, proresolving lipid medi-
ators such as the resolvins, maresin, and lipoxin, and proinflam-
matory mediators such as leukotriene B4 (LTB4) have also been 
identified in synovial fluid (20,21). Despite their potential impor-
tance, no longitudinal studies of lipid mediators in human preclini-
cal RA populations have been completed.

The aim of this study was to determine the association of 
circulating lipid mediators with progression from RA- related auto-
immunity alone to the development of IA. In addition, we hypoth-
esized that the relationship between lipid mediators and incident 
IA may operate through proinflammatory cytokines. Investigating 
lipid mediators may identify potential biomarkers associated with 
RA risk, further clarify the role of PUFA metabolites in preclinical RA, 
and provide guidance regarding appropriate therapeutic strategies.

MATERIALS AND METHODS

Study design. We conducted a prospective cohort study 
using data from the Studies of the Etiology of Rheumatoid Arthri-
tis (SERA), a program that has been described previously (22). 
Briefly, SERA is a longitudinal multisite cohort established in 2002 
to study the natural history of RA. The cohort follows up populations 
at an increased risk of developing future RA, including first- degree 

relatives (FDRs) of RA probands who may have elevated genetic 
and shared environmental risk, as well as individuals who screen 
positive for the presence of ACPAs at community- based health 
fairs in Colorado. SERA participants who were positive for any RA- 
related autoantibody were invited to attend annual study follow- up 
visits; otherwise, follow- up visits took place approximately every 2 
years. At each study visit, a trained SERA investigator conducted 
a 66/68- joint count to determine IA and RA status. Blood sam-
ples were taken at each visit to measure ACPAs (CCP3.1; Inova 
Diagnostics). Participants were also genotyped for the presence 
of the shared epitope (SE) HLA– DR4 and HLA– DR1 alleles via a 
real- time polymerase chain reaction approach and were consid-
ered positive if ≥1 allele contained the SE (22). For the present 
analysis, we included all ACPA- positive participants with follow- up 
visits who did not have IA or RA at baseline (n = 133). Participants 
attended a median of 3 visits and had a mean ± SD of 3.76 ± 2.94 
years of follow- up (median 3.01 years [interquartile range 4.40]) 
over 491 visits for 496 person- years. The study was approved by 
the Colorado Multiple Institutional Review Board.

Ascertainment of incident IA cases. Study participants 
with ≥1 swollen joint consistent with RA- like synovitis were con-
sidered to have IA, the primary outcome of interest. When a par-
ticipant presents with the signs of IA, they can be further classified 
as having RA if they meet the American College of Rheumatology 
(ACR)/European League Against Rheumatism (EULAR) 2010 cri-
teria (23). Because the primary outcome of this study was IA, even 
if a participant met the RA classification criteria, we refer to this 
participant as an incident IA case.

Laboratory methods. Blood samples obtained at each 
study visit were collected into EDTA and serum separator tubes. 
Samples were then processed and stored at −80°C until used in 
this study. For the quantification of IL- 1β, IL- 6, IL- 8, and TNF,  50- μl 
serum samples from each visit were analyzed using a Bio- Plex 
Pro Human Cytokine 27- plex Assay on a Luminex 200 System, 
which has been described previously (14). Cytokine concentra-
tions were natural log transformed (natural log pg/ml) to achieve 
approximately normal distributions.

For the quantification of prespecified nonesterified lipid medi-
ators, 120- μl plasma samples from each visit were analyzed using 
liquid chromatography tandem mass spectrometry on an Agilent 
6490 QQQ, as previously described (24,25). Internal standards 
were purchased from Caymen Chemical and were added prior 
to solid phase extraction. Calibration curves for each lipid medi-
ator of interest were constructed. The lipid mediators that were 
quantified on the panel were selected based on their known par-
ticipation in proinflammatory and antiinflammatory pathways as 
well as their observed stability in storage at −80°C, and are as fol-
lows: α- linolenic acid– derived (9- HOTrE, 13- HOTrE, and 9- KOTrE), 
eicosapentaenoic acid– derived (5- HEPE, 8- HEPE, 15- HEPE, 
17,18- EpETE, and 17,18- DiHETE), DHA- derived (11- HDoHE, 
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17- HDHA, 19,20- EpEDE, and 19,20- DiHDPE), LA- derived (13- 
HODE, 9- OxoODE, 13- OxoODE, 9,10- EpOME, 9,10- DiHOME, 
and EKODE), dihomo- γ- linoleic acid– derived (5- HETrE, 8- HETrE, 
and 15- HETrE), and arachidonic acid (ARA)– derived (14,15- 
EET, 20- HETE, 5,6- DiHETrE, 8,9- DiHETrE, 11,12- DiHETrE, 
14,15- DiHETrE, 12- HHTrE, 9- HETE, 11- HETE, 5- KETE, 5- HETE, 
and 15- HETE). Figure 1 presents the PUFA precursors and their 
lipid mediator metabolites available on the panel. To follow up on 
our finding in this study regarding the ARA- derived lipid media-
tor 5- HETE, we measured total ARA concentrations (i.e., esteri-
fied and nonesterified) in an additional, unthawed stored 120- μl 
plasma aliquot using previously published gas chromatography 
tandem mass spectrometry methods (26). Lipid mediator and ARA 
concentrations were natural log transformed (natural log pg/ml).

Statistical analysis. We focused our primary analyses on 
the proresolving lipid mediator concentrations of 15- HETE and 
17- HDHA and the proinflammatory lipid mediator concentration 
of 5- HETE, because these lipid mediators are precursors to lipoxin 
A4, resolvin D series, and LTA4, respectively. To assess the associ-
ation between the risk of developing IA and a per natural log unit 
increase in the concentration of each of these a priori selected 
lipid mediators (natural log pg/ml), we fit multivariable Cox 

proportional hazards models with the lipid mediator as a time- 
varying variable, incident IA as the event, and years of  follow- up 
since baseline as the time scale. Since >30% of the values for 
17- HDHA were below the limit of detection, we created a dichot-
omous variable that indicated whether this lipid mediator was 
detected or not.

Figure 1. Polyunsaturated fatty acid (PUFA) precursors and their lipid mediator synthesis pathways. Top, Omega- 3 PUFAs α- linolenic acid 
(ALA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA). Bottom, Omega- 6 PUFAs linoleic acid (LA), dihomo- γ- linoleic acid 
(DGLA), and arachidonic acid (ARA). Ovals indicate precursor PUFAs; shaded rectangles indicate lipid mediators available on the targeted 
panel; open rectangles indicate relevant lipid mediators in the synthesis pathways that were not quantified on the targeted panel. Asterisks 
indicate lipid mediators with >30% of values below the limit of detection. 15- LOX = 15- lipoxygenase; COX- 2 = cyclooxygenase 2; CYP = 
cytochrome P450.

Figure 2. Illustration of a traditional mediation model used to 
investigate whether cytokines mediated the relationship between lipid 
mediators and incident inflammatory arthritis (IA). First, we examined 
the total effect by regressing the outcome (incident IA) on lipid mediator 
levels. Next, we tested the relationship between lipid mediators and 
cytokines (measured at the same study visit) (α) adjusting for covariates. 
Then, we tested the conditional relationship between cytokines and IA 
(β) adjusting for the lipid mediator and other covariates.
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For lipid mediators deemed significantly associated with 
progression to IA (P < 0.05), we then examined IL- 1β, IL- 6, IL- 8, 
and TNF (measured at the same visit) as potential mediators in 
this relationship using a standard protocol outlined in Figure 2. 
The goal of the mediation analysis was to test the potential medi-
ating effect of inflammatory cytokines on the relationship between 
lipid mediators and incident IA. First, linear mixed models were 
used to examine the relationship between lipid mediators and 
cytokines, α, adjusting for covariates. Then, Cox proportional 
hazards models were used to examine the relationship between 
cytokines and IA, β, adjusting for the lipid mediator and other 
covariates.

For the remaining 30 lipid mediators that were measured 
in this cohort, we conducted a discovery analysis in which we 
ran separate adjusted Cox proportional hazards models for each 
lipid mediator. Lipid mediators that had >30% of values below the 
limit of detection were dichotomized as detected or not. Addition-
ally, to examine the effects of lipid mediators of similar structure 
we calculated totals by summing the plasma levels of lipid medi-
ators using a previously published approach as follows (27): 
ΣHETE (5- HETE, 9- HETE, 11- HETE, and 15- HETE); ΣDiHETrE 
(5,6- DiHETrE, 8,9- DiHETrE, 11,12- DiHETrE, and 14,15- DiHETrE); 
ΣHETrE (5- HETrE, 8- HETrE, and 15- HETrE); ΣHOTrE (9- HOTrE 
and 13- HOTrE); and ΣOxoODE (9- OxoODE and 13- OxoODE).

We adjusted for the following covariates in the regres-
sion models based on univariate associations with IA status: age 
at baseline, SE status, and cohort. SE status was included as 
a precision variable since it was associated with IA but not with 
lipid mediator concentrations. We adjusted for the cohort- source 
population (i.e., FDR or community- based health fair) due to the 
possible heterogeneity from combining these populations, as we 
observed that FDRs were significantly more likely to be women, 
have a longer sample storage time, and be younger at baseline 
(Supplementary Table 1, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41631/ 
abstract). However, inclusion of a cohort interaction term was not 
statistically significant. We also ran additional models with adjust-
ment for sample storage time. All statistical analyses were con-
ducted using SAS 9.4 (SAS Institute).

RESULTS

The baseline characteristics of the 133 study participants are 
presented in Table 1. The mean ± SD age of the participants was 
53.4 ± 13.8 years, and 68.4% were women. During the follow- up 
period we observed 29 cases of incident IA. Of note, 22 of the 29 
cases met the ACR/EULAR criteria for RA. The associations of the 
a priori– selected lipid mediators with incident IA risk are displayed in 

Table 1. Baseline characteristics of the ACPA- positive study participants (n = 133)*

Characteristic
All participants  

(n = 133)
Developed IA  

(n = 29)
Did not develop IA  

(n = 104)
Sex, female 91 (68.4) 18 (62.1) 73 (70.2)
Race, non- Hispanic white 108 (81.2) 21 (72.4) 87 (83.6)
Education, high school or higher 107 (80.4) 25 (86.2) 82 (78.8)
Shared epitope, present 67 (50.4) 20 (69.0) 47 (45.2)
Smoker, ever† 53 (40.1) 11 (37.9) 42 (40.8)
Age at baseline, mean ± SD years 53.4 ± 13.8 49.9 ± 14.7 54.3 ± 13.4

* Except where indicated otherwise, values are the number (%). ACPA = anti– citrullinated protein 
antibody; IA = inflammatory arthritis. 
† Data were missing for 1 participant. 

Table 2. Association of individual lipid mediator concentrations with development of 
IA in the ACPA- positive participants (n = 29)*

Precursor 
fatty acid/lipid 

mediator
Crude HR  
(95% CI)

Adjusted HR  
(95% CI)†

Additionally adjusted 
for storage time HR  

(95% CI)‡
ARA/15- HETE 1.61 (0.88– 2.93) 1.52 (0.87– 2.65) 1.55 (0.87– 2.79)
ARA/5- HETE 2.10 (1.12– 3.92) 2.41 (1.43– 4.07) 2.09 (1.10– 3.97)
DHA/17- HDHA 1.59 (0.68– 3.74) 1.61 (0.72– 3.56) 1.58 (0.70– 3.57)

* Hazard ratios (HRs) for 15- HETE and 5- HETE indicate the change in the risk of developing 
inflammatory arthritis (IA) if the lipid mediator increases by 1 unit (natural log pg/ml). 
Levels of 17- HDDA were dichotomized as detected or below the limit of detection. HRs 
for 17- HDHA indicate the change in the risk of developing IA in participants in whom 
17- HDHA was detected versus those with levels below the limit of detection (reference). 
ACPA = anti– citrullinated protein antibody; 95% CI = 95% confidence interval; ARA = 
arachidonic acid; DHA = docosahexaenoic acid. 
† Adjusted for age at baseline, cohort (first- degree relatives of individuals with rheu -
matoid arthritis [FDR cohort] or screened positive for rheumatoid arthritis– related auto-  
  antibodies at health fairs [screened cohort]), and shared epitope (SE) status. 
‡ Adjusted for age at baseline, cohort, SE status, and sample storage time. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41631/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41631/abstract
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Table 2. Higher circulating plasma 5- HETE levels were associated 
with an increased risk of incident IA after adjustment for age at base-
line, cohort, and SE status (hazard ratio [HR] 2.41 [95% confidence 
interval (95% CI) 1.43– 4.07]). The adjusted models for 15- HETE and 
17- HDHA showed the same trend but did not reach significance 
(for 15- HETE, HR 1.52 [95% CI 0.87– 2.65]; for 17- HDHA, HR 1.61 
[95% CI 0.72– 3.56]). Of note, the results were unchanged after 
adjustment for sample storage time. The remaining 30 lipid medi-
ators in the discovery analysis and the summed lipid mediators of 
similar structure were not significantly associated with IA (Table 3).

Next, we examined possible mediation effects of the cytokines 
IL- 1β, IL- 6, IL- 8, and TNF as a potential mechanism underlying 
the relationship between 5- HETE and incident IA risk (Table 4). 
When we regressed each cytokine on 5- HETE, we found a posi-
tive association with IL- 8 (P = 0.01). The associations of 5- HETE 
with TNF, IL- 1β, and IL- 6 did not reach significance, suggesting 
that these cytokines are not potential mediators of the relation-
ship with IA. When examining the conditional association between 
each cytokine and IA risk adjusted for 5- HETE, we found that IL- 8 
was not associated with IA risk (P = 0.86), therefore suggesting 
that IL- 8 is not a mechanism underlying the relationship between 
5- HETE and IA. Of note, TNF, IL- 1β, and IL- 6 were marginally sig-
nificantly associated (P < 0.06) with incident IA risk after adjustment 
for 5- HETE, indicating their importance as markers of inflammation 
in the preclinical period.

As a post hoc analysis, we quantified total plasma lev-
els of ARA, the fatty acid precursor to 5- HETE, to determine if 
levels of the precursor were associated with either 5- HETE 
or IA. While plasma levels of ARA positively correlated with 
plasma 5- HETE after adjustment for age and cohort (β ± SE 
0.53 ± 0.09; P < 0.0001), we did not observe a significant asso-
ciation between plasma ARA and incident IA risk after adjusting 
for age, SE status, and cohort (HR 1.39 [95% CI 0.58– 3.34]). To 
further explore the observed association between 5- HETE and IA 
risk, we examined the association of the ratio of 5- HETE (proin-
flammatory) to 15- HETE (proresolving) with incident IA. A higher 
5- HETE– to– 15- HETE ratio was not significantly associated with 
an increased risk of incident IA, adjusted for cohort, SE status, 
and age (HR 1.02 [95% CI 0.84– 1.26]). This result is supported by 
the fact that these lipid mediators are generated independently by 
5- LOX and 15- LOX and thus may act independently.

DISCUSSION

In a prospective cohort of ACPA- positive individuals, we 
examined the associations of circulating lipid mediator concen-
trations with incident IA risk. The main finding from our study was 

Table 3. Association of discovery lipid mediators and summed 
mediators with the development of IA in ACPA- positive participants*

Precursor fatty acid Lipid mediator HR (95% CI)
ALA 9- KOTrE† 0.69 (0.32– 1.51)
ALA 9- HOTrE 1.06 (0.64– 1.77)
ALA 13- HOTrE 0.99 (0.60– 1.64)
ALA ΣHOTrE 1.02 (0.78– 1.32)
ARA 5,6- DiHETrE 1.94 (0.81– 4.64)
ARA 14,15- EET 1.77 (0.79– 3.98)
ARA 11,12- DiHETrE 0.61 (0.25– 1.45)
ARA 11- HETE 1.28 (0.69– 2.35)
ARA 8,9- DiHETrE 1.38 (0.49– 3.90)
ARA 14,15- DiHETrE 0.75 (0.26– 2.22)
ARA 9- HETE 1.09 (0.58– 2.07)
ARA 12- HHTrE 1.02 (0.77– 1.36)
ARA 5- KETE 0.96 (0.49– 1.87)
ARA 20- HETE† 1.02 (0.45– 2.32)
ARA ΣDiHETrE 1.05 (0.78– 1.41)
ARA ΣHETE 1.11 (0.91– 1.36)
DGLA 15- HETrE 0.78 (0.35– 1.73)
DGLA 5- HETrE 1.11 (0.55– 2.24)
DGLA 8- HETrE 0.97 (0.52– 1.80)
DGLA ΣHETrE 0.98 (0.75– 1.28)
DHA 11- HDoHE 1.31 (0.93– 1.84)
DHA 19,20- EpDPE† 0.56 (0.25– 1.23)
DHA 19,20- DiHDPE 0.98 (0.56– 1.71)
EPA 17,18- EpETE 1.56 (0.84– 2.93)
EPA 5- HEPE 1.39 (0.77– 2.52)
EPA 8- HEPE† 1.30 (0.70– 2.44)
EPA 17,18- DiHETE 1.22 (0.60– 2,49)
EPA 15- HEPE† 1.13 (0.48– 2.63)
LA 9- OxoODE 0.57 (0.32– 1.04)
LA 13- OxoODE 0.71 (0.43– 1.17)
LA EKODE 0.76 (0.48– 1.21)
LA 9,10- EpOME 0.81 (0.48– 1.36)
LA 9,10- DiHOME 1.00 (0.58– 1.73)
LA ΣOxoODE 0.75 (0.53– 1.05)

* Hazard ratios (HRs) indicate the change in the risk of developing 
inflammatory arthritis (IA) if the lipid mediator increases by 1 unit 
(natural log pg/ml) or the risk of developing IA in participants in whom 
lipid mediators were detected versus those with lipid mediators 
below the limit of detection. Summed lipid mediators were calculated 
as follows: ΣHOTrE (9- HOTrE + 13- HOTrE); ΣDiHETrE (5,6- DiHETrE + 
8,9- DiHETrE + 11,12- DiHETrE + 14,15- DiHETrE); ΣHETE (5- HETE + 9- 
HETE +11- HETE + 15- HETE); ΣHETrE (5- HETrE + 8- HETrE + 15- HETrE); 
and ΣOxoODE (9- OxoODE + 13- OxoODE). Since no significant 
associations (nominal P > 0.05) were found, we did not adjust for 
multiple comparisons. ACPA = anti– citrullinated protein antibody; 95% 
CI = 95% confidence interval; ALA = α- linolenic acid; ARA = arachidonic 
acid; DGLA = dihomo- γ- linoleic acid; DHA = docosahexaenoic acid; 
EPA = eicosapentaenoic acid; LA = linoleic acid. 
† Dichotomized as detected versus below the limit of detection 
(reference). 

Table 4. Mediation effects of proinflammatory cytokines on the 
association of 5- HETE and IA risk*

Cytokine β P
α: assessment of the association of 5- HETE 

with cytokines
TNF 0.04 0.44
IL- 1β 0.09 0.14
IL- 6 0.19 0.09
IL- 8 0.15 0.01

β: assessment of the conditional association of 
cytokines with IA risk

TNF 0.93 0.05
IL- 1β 0.66 0.01
IL- 6 0.32 0.06
IL- 8 −0.06 0.86

* IA = inflammatory arthritis; TNF = tumor necrosis factor; IL- 1β = 
interleukin- 1β. 
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that levels of the LT precursor, 5- HETE, were significantly elevated 
in the plasma of individuals who developed IA, and this relation-
ship was not evident for other lipid mediators on the panel. We 
then explored the possibility that RA- related cytokines underly 
this positive association but did not find evidence of a mediating 
effect. Though we were unable to quantify LTs as part of this study, 
the elevated levels of 5- HETE may be a proxy for potentially higher 
concentrations of LTs in those who went on to develop IA.

Although not significant, increased levels of 15- HETE, a 
 15- LOX product and the precursor to lipoxins, in the progres-
sion to IA may indicate a shift toward proresolution processes 
occurring in preclinical RA. The 5- LOX pathway is considered the 
dominant pathway leading to the synthesis of proinflammatory 
LTs; however, prostaglandin E2 (PGE2), which regulates 15- LOX, 
can shift activity from 5- LOX to 15- LOX to produce 15- HETE and 
lipoxins (2,3,28). In turn, the proresolving lipoxins counteract the 
proinflammatory effects of 5- LOX LTs. Similarly, in those who went 
on to develop IA, the detection of plasma 17- HDHA, a precursor 
to resolvins, may also indicate an activation of these pathways. 
A mechanism of action for lipoxin and potentially other proresolv-
ing lipid mediators in preclinical RA may be through blocking the 
JAK2/STAT3 signaling pathway via up- regulation of suppressor 
of cytokine signaling 3 (29– 31). JAK inhibitors, such as tofacitinib, 
have been shown to be clinically effective in the treatment of RA 
patients.

While this is the first and largest study examining the asso-
ciation of lipid mediators with incident IA so far, our study also 
has several limitations. First, the generalizability of results to 
other populations is limited. By design, the SERA study popula-
tion consists of FDRs of individuals with RA and individuals who 
attended health fairs and screened positive for ACPAs. However, 
including a higher- risk population is appropriate for our study 
as we can identify more individuals in the preclinical period of 
interest. Second, COX enzymes are inhibited by treatment with 
nonsteroidal antiinflammatory drugs (NSAIDs), which can lead to 
increases in the levels of 5- LOX products such as 5- HETE and 
LTs. In addition to these COX inhibitors, 5- LOX inhibitor med-
ications such as zileuton are also available. In this study, we 
were unable to adjust for intake of these inhibitors, since use of 
these medications was not specifically queried in study partici-
pants. It is possible that those who went on to develop subse-
quent IA in this study may have been more likely to take NSAIDs, 
and if so the association may be overestimated. Third, nonfasting 
plasma was collected as part of this study and may increase the 
variability of the quantified ARA. Fourth, DPA- derived lipid medi-
ators were not available on the panel, but might be important 
in the development of IA, since higher RBC membrane status 
was protective in its development (17). Last, lipid mediators and 
cytokines were measured at the same study visits, which may 
obscure which biomarker is mediating the other. Lipid media-
tor metabolism and the timing of a lipid mediator’s biologic 
action on cytokines is important. Recent experimental studies 

have demonstrated that lipid mediator bioactions occur within a 
24- hour period (32). Due to this short time window, we believed 
that measurements taken at the same visit would better cap-
ture the relationship than cytokines that were measured at a 
later follow- up visit (~1 year later). Future mechanistic studies 
are still needed to further explore these relationships. Despite 
these limitations, a strength of our study was our prospective 
approach, in which we could exclude all participants who already 
had IA at baseline and thereby examine the temporal associa-
tion of lipid mediator levels with IA risk. Furthermore, we were 
able to include measures of lipid mediators at multiple points in 
time, so we are better able to capture long- term effects on IA 
development.

In this study, we focused on systemic (i.e., plasma) lev-
els of nonesterified lipid mediators. Future studies in preclinical 
RA populations may prospectively investigate lipid mediator 
concentrations at localized sites or focus on specific cell types. 
Macrophages, neutrophils, and platelets have the machinery to 
contribute to the resolution of inflammation. For example, it has 
been shown that macrophages can synthesize PGE2 in synovial 
tissue (33). In the synovial fluid of RA patients (and to a lesser 
extent in the peripheral blood), platelet activation and plate-
let microparticles are elevated and have a presumed role in IA 
development (34,35). Interestingly, platelets can be activated by 
ACPA- IgG immune complexes via Fcγ receptor IIa on platelets 
(35,36). These activated platelets can then interact with neutro-
phils and other leukocytes to produce proinflammatory lipid medi-
ators and proresolving lipoxin A4 and other omega- 3– derived 
lipid mediators (37). This potential role of ACPA positivity sug-
gests that it may be an important driver for the increased levels 
of 5- HETE in those who went on to develop IA during our study. 
Proresolving lipid mediators can also enhance the clearing of 
immune complexes (38), so any dysregulation in the synthesis or 
bioactivity of these lipid mediators in this process could contribute 
to the pathogenic effects of ACPAs in the progression to IA. While 
these mechanisms are still being clarified, a deeper understanding 
of how these processes may further relate to RA pathogenesis 
and intersect with the generation and effects of lipid mediators is 
an important future direction.

Overall, our findings indicate that plasma concentrations 
of 5- HETE, a precursor to proinflammatory LTs, are associated 
with IA development among ACPA- positive adults, independent 
of age and SE status. An important next step will be to repli-
cate these findings in other nonclinical pre- RA populations. Our 
findings highlight the potential pathologic and prognostic signifi-
cance of PUFA metabolites in inflammatory processes in pre- RA 
populations.
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HLA– B*08 Identified as the Most Prominently 
Associated Major Histocompatibility Complex Locus for 
Anti – Carbamylated Protein Antibody– Positive/Anti– Cyclic 
Citrullinated Peptide– Negative Rheumatoid Arthritis
Cristina Regueiro,1 Desire Casares- Marfil,2 Karin Lundberg,3 Rachel Knevel,4  Marialbert Acosta- Herrera,2 
Luis Rodriguez- Rodriguez,5  Raquel Lopez- Mejias,6 Eva Perez- Pampin,1 Ana Triguero- Martinez,7 Laura Nuño,8

Ivan Ferraz- Amaro,9  Javier Rodriguez- Carrio,10  Rosario Lopez- Pedrera,11  Montse Robustillo- Villarino,12 
Santos Castañeda,7 Sara Remuzgo- Martinez,6 Mercedes Alperi,13 Juan J. Alegre- Sancho,12 Alejandro Balsa,8 
Isidoro Gonzalez- Alvaro,7  Antonio Mera,1 Benjamin Fernandez- Gutierrez,5 Miguel A. Gonzalez- Gay,6  
Leendert A. Trouw,14 Caroline Grönwall,3  Leonid Padyukov,3 Javier Martin,2 and Antonio Gonzalez1

Objective. Previously, only the HLA– DRB1 alleles have been assessed in rheumatoid arthritis (RA). The aim of 
the present study was to identify the key major histocompatibility complex (MHC) susceptibility factors showing a 
significant association with anti–carbamylated protein antibody–positive (anti-CarP+) RA.

Methods. Analyses were restricted to RA patients who were anti– cyclic citrullinated peptide antibody negative 
(anti- CCP−), because the anti-CCP status dominated the results otherwise. Therefore, we studied samples from 1,821 
anti- CCP− RA patients and 6,821 population controls from Spain, Sweden, and the Netherlands. The genotypes for 
~8,000 MHC biallelic variants were assessed by dense genotyping and imputation. Their association with the anti- 
CarP status in RA patients was tested with logistic regression and combined with inverse- variance meta- analysis. 
Significance of the associations was assessed according to a study- specific threshold of P < 2.0 × 10−5.

Results. The HLA– B*08 allele and its correlated amino acid variant Asp- 9 showed a significant association 
with anti- CarP+/anti- CCP− RA (P < 3.78 × 10−7; I2 = 0). This association was specific when assessed relative to 3 
comparator groups: population controls, anti- CarP−/anti- CCP− RA patients, and anti- CCP− RA patients who were 
positive for other anti– citrullinated protein antibodies. Based on these findings, anti- CarP+/anti- CCP− RA patients 
could be separated from other antibody- defined subsets of RA patients in whom an association with the HLA– B*08 
allele has been previously demonstrated. No other MHC variant remained associated with anti- CarP+/anti- CCP− RA 
after accounting for the presence of the HLA– B*08 allele. Specifically, the reported association of HLA– DRB1*03 was 
observed at a level comparable to that reported previously, but it was attributable to linkage disequilibrium.

Conclusion. These results identify HLA– B*08 carrying Asp- 9 as the MHC locus showing the strongest association 
with anti- CarP+/anti- CCP− RA. This knowledge may help clarify the role of the HLA in susceptibility to specific 
subsets of RA, by shaping the spectrum of RA autoantibodies.

Supported in part by the Instituto de Salud Carlos III (grant PI16/00113 
to Dr. Rodriguez-Carrio, grant RD16/0012/0015 to Dr. Lopez- Pedrera, grant 
RD16/0012/0012 to Dr. Balsa, grant RD16/0012/0011 to Dr. Gonzalez- Alvaro, 
grant RD16/0012/0004 to Dr. Fernandez- Gutierrez, grant RD16/0012/0009 to Dr. 
Gonzalez- Gay, grant RD16/0012/0013 to Dr. Martin, and grants PI17/01606 and 
RD16/0012/0014 to Dr. Gonzalez), which are partially financed by the European 
Regional Development Fund of the EU (FEDER), and by the Innovative Medicines 
Initiative (BTCure grant 831434). Dr. Regueiro’s work was supported by Ministerio 
de Educacion Cultura y Deporte (grant FPU15/03434). Dr. Acosta- Herrera’s work 
was supported by a Juan de la Cierva Fellowship (grant IJC2018- 035131- I).

1Cristina Regueiro, MSc, Eva Perez- Pampin, MD, PhD, Antonio Mera, 
MD, PhD, Antonio Gonzalez, MD, PhD: Instituto de Investigacion Sanitaria 
and Hospital Clínico Universitario de Santiago, Santiago de Compostela, 
Spain; 2Desire Casares- Marfil, MSc, Marialbert Acosta- Herrera, PhD, Javier 
Martin, MD, PhD: Instituto de Parasitología y Biomedicina López- Neyra 
(IPBLN- CSIC), Granada, Spain; 3Karin Lundberg, PhD, Caroline Grönwall, PhD, 
Leonid Padyukov, MD, PhD: Karolinska Institutet and Karolinska University 
Hospital, Stockholm, Sweden; 4Rachel Knevel, MD, PhD: Leiden University 
Medical Center, Leiden, The Netherlands, and Brigham and Women’s 
Hospital, Boston, Massachusetts; 5Luis Rodriguez- Rodriguez, MD, PhD, 

https://orcid.org/0000-0002-7494-3023
https://orcid.org/0000-0002-2869-7861
https://orcid.org/0000-0001-7152-0458
https://orcid.org/0000-0003-0197-5267
https://orcid.org/0000-0002-0011-5102
https://orcid.org/0000-0003-2067-4603
https://orcid.org/0000-0001-9614-5199
https://orcid.org/0000-0002-7924-7406
https://orcid.org/0000-0002-9111-5537
mailto:
https://orcid.org/0000-0002-2624-0606
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.41630&domain=pdf&date_stamp=2021-04-23


REGUEIRO ET AL 964       |

INTRODUCTION

The major histocompatibility complex (MHC) accounts for 
a large fraction (30– 50%) of rheumatoid arthritis (RA) heritabil-
ity (1) (background details are provided in the Supplementary 
Overview, available on the Arthritis & Rheumatology website at 
http://onlin e libr ary.wiley.com/doi/10.1002/art.41630/ abstract). 
This notable contribution of the MHC involves 5 independent 
RA risk loci, HLA– DRB1, HLA– B, HLA– DP, HLA– A, and HLA– 
DOA, except in the Han Chinese, in whom a recently discov-
ered risk locus in HLA– DQA1 was found to predominate (2). 
The mentioned HLA loci show differential association with RA 
phenotypes defined by the presence of specific autoantibodies. 
For example, the HLA– DRB1 alleles expressing valine at posi-
tion 11 (Val- 11) are strongly associated with anti– cyclic citrul-
linated peptide antibody– positive (anti- CCP+) RA but not with 
anti- CCP− RA (1,3). In contrast, HLA– DRB1 alleles bearing other 
amino acid combinations are associated with anti- CCP− RA 
(4,5), including HLA– DRB1*03, which expresses serine at posi-
tion 11 (Ser- 11). This association could be partly explained by 
the presence of anti– carbamylated protein antibodies (anti- CarP) 
in anti- CCP− RA patients (6,7). The anti- CarP antibodies are RA 
autoantibodies targeting another posttranslational protein modi-
fication and revealing additional aspects of the pathogenesis and 
natural history of RA (8).

Another example of differential association concerns the 
HLA– B*08 allele, which encodes aspartic acid at position 9 (Asp- 
9). HLA– B*08 is the MHC locus showing the second most prom-
inent association with anti- CCP+ RA (3), and is the most strongly 
associated with anti- CCP− RA (4,5). According to a recent study 
by Terao et al (9), this complex association could be explained by a 
subset of anti– citrullinated protein antibodies (ACPAs). In effect, in 
that study (9), analysis of multiple ACPA fine specificities revealed 
that ACPAs could be grouped into 2 subsets, the canonical ACPAs 
and the noncanonical ACPAs, which were either correlated with 
the presence of anti- CCP2 antibodies (canonical ACPAs) or not 
correlated with the presence of anti- CCP2 (noncanonical ACPAs). 

The noncanonical ACPAs accounted for the association of HLA– 
B*08 within the anti- CCP+ and anti- CCP− RA patient subsets (9). 
However, this interpretation is still uncertain, because the distinc-
tion between canonical and noncanonical ACPAs was only made 
in the Terao et al study.

As mentioned, the HLA– DRB1*03 allele increases the risk 
of anti- CarP+ RA, but this association was identified in studies 
addressing only the HLA– DRB1 alleles (6,7). We do not know if 
other MHC loci are also associated with anti- CarP+ RA. We there-
fore undertook the present study to analyze the whole MHC in 3 
cohorts of RA patients, with the combined use of dense genotyp-
ing and imputation, to elucidate the risk variants for susceptibility 
to anti- CarP+ RA.

MATERIALS AND METHODS

Sample collection. We obtained blood samples from RA 
patients and population controls from cohorts in Spain, Sweden, 
and the Netherlands. Except in a preliminary analysis done with 
the samples from Spanish subjects, only the anti- CCP− subset 
of RA patients was considered in our analyses. Additional details 
and sample sizes are provided in Supplementary Materials and 
Methods and Supplementary Table 1, at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41630/ abstract.

Laboratory determinations. The anti- CCP antibody 
status was established in each collection of blood samples using 
commercial anti- CCP2 kits. The anti- CarP antibody testing was 
done with a homemade enzyme- linked immunosorbent assay 
against carbamylated fetal calf serum, following an established 
protocol (8). Genotype data were obtained from Illumina Inmun-
oChip and a minor contribution from genome- wide arrays. Infor-
mation on the genotypes was enriched by the imputation of a 
rich set of 7,893 MHC binary markers comprising classic HLA 
alleles, polymorphic amino acids, and single- nucleotide polymor-
phisms (SNPs).
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Statistical analysis. As a first step, we used logistic 
regression analysis to test the association between the MHC 
binary markers and anti- CarP+/anti- CCP− RA among the samples 
from each collection. Summary- level statistics from each data set 
were combined using fixed- effects meta- analysis, weighting the 
contribution of each population with the inverse variance method. 
The random- effects meta- analysis method of DerSimonian and 
Laird was selected only when the heterogeneity of the data was 
notable (I2 > 60). To control for the SNPs showing the stron gest 
associations with anti- CarP+/anti- CCP− RA, we performed a 
conditional stepwise regression analysis.

Additionally, we performed analyses aimed at determining the 
anti- CarP specificity of the associations relative to other RA sub-
groups (4,9). A P value (corrected for multiple testing) of less than 
2.03 × 10−5 was used as the significance threshold for interpretation.

RESULTS

Preliminary analysis of the Spanish anti-CarP+ 
RA patients. The previous studies that analyzed HLA– DRB1 
alleles showed that the anti-CCP status constitutes an obstacle 
for detecting anti-CarP–specific associations (6,7). In the cur-
rent study, a preliminary exploration in samples from Spanish 
RA patients showed that the same applied to the entire MHC. In 
effect, the same top variant (AA_DRB1_13_HF) was found associ-
ated with anti-CarP+ RA and with anti- CCP+ RA (see Supplemen-
tary Figure 1, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41630/ abstract). 
The only difference between the results of the 2 analyses was that 
the association of this variant with anti- CarP+ RA had a lower level 
of significance (odds ratio [OR] 2.6, 95% confidence interval [95% 
CI] 2.3– 2.9, P = 9.0 × 10−52 in anti- CarP+ RA patients versus OR 
2.8, 95% CI 2.5– 3.0, P = 7.8 × 10−84 in anti- CCP+ RA patients). 
This pattern was also observed in subsequent conditional anal-
yses (for association with variant AA_DRB1_11_SGL in the first 
conditional analysis, P = 1.8 × 10−12 in anti- CarP+ RA patients ver-
sus P = 5.1 × 10−15 in anti- CCP+ RA patients and for association 
with SNP rs3130544 in the second conditional analysis, P = 7.5 
× 10−10 in anti- CarP+ RA patients versus P = 8.1 × 10−12 in anti- 
CCP+ RA patients) (Supplementary Figure 1).

These findings suggest that the MHC associations were 
specific for anti- CCP+ RA, but not for anti- CarP+ RA. The speci-
ficity of anti- CCP+ RA was demonstrated by analyzing antibody- 
discordant patients. These analyses showed that in anti- CarP−/
anti- CCP+ RA patients, a significant association with the top 
variant (AA_DRB1_13_HF) was found (OR 2.6, 95% CI 2.3– 3.0, 
P = 2.9 × 10−50), whereas in anti- CarP+/anti- CCP− RA patients, 
no association was found (OR 1.1, 95% CI 0.8– 1.6, P = 0.47) 
(see Supplementary Figure 2, at http://onlinelibrary.wiley.com/
doi/10.1002/art.41630/abstract). Therefore, all subsequent anal-
yses were restricted to the anti- CCP− RA patients.

HLA– B*08 or Asp- 9 at HLA– B identified by meta- 
analysis as the major MHC risk variants in anti- CarP+/
anti- CCP− RA patients. The 3 case– control sample collections 
included a total of 1,821 anti- CCP− RA patients, 195 of whom 
were anti- CarP+/ anti- CCP−, and 6,824 population controls (see 
sample sizes in Supplementary Table 1 [http://onlin elibr ary.wiley.
com/doi/10.1002/art.41630/ abstract]). Most binary markers showed  
a low level of heterogeneity between the collections. A total of 
165 of those markers showed frequency differences that were 
significant at the study- specific threshold (P < 2.03 × 10−5) 
(Figure 1A and Supplementary Table 2, at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41630/ abstract). The HLA– B*08 allele was 
the HLA allele showing the strongest association with anti- CarP+/
anti- CCP− RA (P = 3.70 × 10−7; I2 = 0). Only 3 SNPs were ranked 
higher (according to P value) than HLA– B*08 (see Supplementary 
Table 2). The high ranking of these 3 SNPs was attributed to the 
presence of HLA– B*08 because 1) they were in strong linkage 
disequilibrium with HLA– B*08 (r2 = 0.62– 0.81), 2) their association 
with anti- CarP+/anti- CCP− RA did not reach a higher level of sig-
nificance than that of HLA– B*08 (P = 0.89– 0.95 in the pairwise 
comparison), and 3) they lack known relevance in RA.

The presence of Asp in the HLA– B amino acid position 9 
(Asp- 9) showed a very similar level of association with anti- CarP+/
anti- CCP− RA (P = 3.78 × 10−7; I2 = 0). This similarity is expected 
because of the tight correlation between Asp at HLA– B position 
9 and the HLA– B*08 allele (r2 = 0.995 in our subjects). Both the 
HLA– B*08 allele and the Asp- 9 amino acid were consistently 
associated with anti- CarP+/anti- CCP− RA among the patients in 
the 3 cohorts, with a summary OR of 2.00 (95% CI 1.53– 2.61) 
(see Supplementary Figure 3, at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41630/ abstract). There was no other classic HLA 
allele or polymorphic amino acid with a significant association (see 
Supplementary Table 2). Furthermore, no other genetic marker 
was significantly associated with the subset of anti- CarP+/anti- 
CCP− RA in the conditional meta- analysis accounting for the 
presence of the HLA– B*08 allele (Figure 1B).

The HLA– DRB1*03 allele, which has previously been iden-
tified as a specific risk factor for anti- CarP+/anti- CCP− RA (6,7), 
showed the strongest association among the HLA– DRB1 alleles. 
However, this association disappeared after accounting for the 
HLA– B*08 allele in the conditional meta- analysis (see Supple-
mentary Table 3, at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41630/ abstract).

Predominance of the HLA– B*08 association with 
anti- CarP+ RA relative to other anti- CCP− RA subsets. 
We next wished to distinguish the association of HLA– B*08 (or 
Asp- 9 at HLA– B) with anti- CarP+/anti- CCP− RA from previously 
reported HLA– B*08 associations. Specifically, we assessed the 
2 previously described associations of HLA– B*08 in patients with 
anti- CCP− RA (4) and in RA patients with noncanonical ACPAs (9). 

http://onlinelibrary.wiley.com/doi/10.1002/art.41630/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41630/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41630/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41630/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41630/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41630/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41630/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41630/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41630/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41630/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41630/abstract


REGUEIRO ET AL 966       |

First, we compared the frequencies of HLA– B*08 (and Asp- 9 at 
HLA– B) between the anti- CarP+/anti- CCP− RA patients and the 
anti- CarP−/anti- CCP− RA patients. This comparison showed that 
HLA– B*08 and Asp- 9 at HLA– B were significantly more frequent 
in the anti- CarP+/anti- CCP− RA patients than in the anti- CarP−/
anti- CCP− RA patients (OR 1.53, 95% CI 1.15– 2.04, P = 0.003 in 
the meta- analyses with the 2 binary markers). The relative increase 
in frequency of HLA– B*08 and Asp- 9 at HLA– B in anti- CarP+/anti- 
CCP− RA patients was observed in all 3 cohorts (Figures 2A and B).

We next addressed the HLA– B*08 association with nonca-
nonical ACPA+ RA, using the patients from the Swedish Epide-
miological Investigation of RA cohort, for whom information on 
canonical versus noncanonical ACPAs was uniquely available as 
part of the original report (9). That report differentiated 18 ACPA 
fine specificities into 2 groups: 6 noncanonical ACPAs, which did 
not correlate with anti- CCP+ RA nor did they correlate with other 
ACPAs, and 12 canonical ACPAs, which were tightly concordant 
with the anti- CCP status. Therefore, we stratified the anti- CCP− 
RA patients according to the presence of the canonical ACPAs, 
noncanonical ACPAs, and anti- CarP antibodies and assessed the 
HLA– B*08 association with each of these subsets. The associ-
ations were stronger in the anti- CarP+ subsets than in the anti- 
CarP− subsets (Figure 3 and Supplementary Figure 4, at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41630/ abstract).

These preferential associations were observed in the strata of 
patients positive for any ACPA (OR 2.75, 95% CI 1.63– 4.63 in anti- 
CarP+ RA versus OR 1.52, 95% CI 1.15– 2.01 in anti- CarP− RA), 

for canonical ACPAs (OR 2.38, 95% CI 1.32– 4.30 in anti- CarP+ 
RA versus OR 1.38, 95% CI 0.98– 1.88 in anti- CarP− RA), or, most 
notably, for noncanonical ACPAs (OR 3.14, 95% CI 1.54– 6.41 in 
anti- CarP+ RA versus OR 1.88, 95% CI 1.23– 2.88 in anti- CarP− 
RA). Similar results were obtained in assessing the association 
of Asp- 9 at HLA– B (data not shown). However, it is important to 
note that sample sizes were small in these strata, and none of the 

Figure 1. Association of major histocompatibility complex (MHC) variants with the risk of anti– carbamylated protein antibody– positive (anti- 
CarP+)/anti– cyclic citrullinated peptide antibody negative (anti- CCP−) rheumatoid arthritis (RA). Manhattan plots show the findings from the 
meta- analysis of MHC associations in anti- CarP+/anti- CCP− RA patients compared with population controls (A) and from the conditional meta- 
analysis accounting for the presence of the HLA– B*08 allele (B). Each diamond represents a variant according to its chromosomal position 
(abscises) and – log10(P value) (ordinates). The color gradient indicates the linkage disequilibrium (r2) with the top associated marker. The broken 
horizontal line represents the study- specific significance threshold (P = 2.03 × 10−5).

Figure 2. Analysis of the specificity of the association of HLA– B*08 
and Asp- 9 at HLA– B with anti- CarP+/anti- CCP− RA. Individual 
frequencies of the HLA– B*08 alleles (A) and the 3 possible amino acids 
at HLA– B position 9 (B) were plotted in anti- CarP+/anti- CCP− RA 
patients, anti- CarP−/anti- CCP− RA patients, and population controls in 
each cohort. EIRA = Epidemiological Investigation of RA; D = aspartic 
acid; H = histidine; Y = tyrosine (see Figure 1 for other definitions).
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differences between anti- CarP+ and anti- CarP− RA patients were 
statistically significant.

Confirmation of HLA associations in additional 
 analyses. We then performed additional analyses to complement 
our results, including a meta- analysis of principal components 
analysis– adjusted associations, a combined logistic regression 
analysis, and an omnibus test of all of the HLA– B polymorphic 
amino acid positions. The results of these 3 analyses were fully 
consistent with those already described above (see Supplemen-
tary Results, Supplementary Figures 5, 6, and 7, and Supplemen-
tary Tables 4 and 5, at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41630/ abstract).

DISCUSSION

Our results show that the HLA– B*08 allele and the corre-
sponding amino acid variant Asp- 9 are the major susceptibility var-
iants specifically associated with anti- CarP antibodies in patients 
with RA. The outcomes observed in this study, the first one to 
address the relationship between the entire MHC region and anti- 
CarP antibodies, complement our understanding of the role of 

the HLA in RA susceptibility. Our data indicate that the HLA– B*08 
allele contributes differentially to RA autoantibody phenotypes. 
No other MHC variant showed evidence of association with anti- 
CarP+/anti- CCP− RA, after accounting for the HLA– B*08 associ-
ation. This finding raises questions about the previously described 
association of HLA– DRB1*03 with anti- CarP antibodies (6,7), as 
our current results indicate it was attributable to linkage disequi-
librium. Therefore, the susceptibility to anti- CarP+ RA purportedly 
conferred by the MHC should be reassigned from HLA–DRB1*03 
to HLA–B*08. Moreover, our findings reinforce previous observa-
tions of the predisposing role of the HLA to the various serologic 
RA phenotypes.

The strength of the HLA– B*08 association with anti- CarP+/
anti- CCP− RA was remarkable, as shown by the OR of 2.0. This 
strength determined the notable level of significance obtained. 
Another contributing factor was the absence of heterogeneity in 
the HLA– B*08 association. These characteristics indicate that 
replication studies would be feasible once more samples with the 
required information become available.

We demonstrated the specificity of the HLA– B*08 associ-
ation with anti- CarP+/anti- CCP− RA relative to 3 comparator 
groups: population controls, anti- CarP−/anti- CCP− RA patients, 
and RA patients with noncanonical ACPAs. Comparison with 
anti- CarP−/anti- CCP− RA patients was necessary because 
the HLA– B*08 allele has been described as a risk factor for 
seronegative RA (4,5). The significant association with anti- 
CarP+/anti- CCP− RA observed in this comparison excluded 
the possibility of a mere bystander association as part of the 
anti- CCP− subgroup of RA patients. The other alternative, that 
the associations with anti- CarP+ RA could be attributable to the 
concordant presence of noncanonical ACPAs, was also reason-
ably excluded. The noncanonical ACPAs were recently identi-
fied as being specifically associated with the HLA– B*08 allele, in 
particular in anti- CCP− RA patients (9). However, the fraction of 
our patients bearing noncanonical ACPAs was similar between 
the anti- CarP+/anti- CCP− and anti- CarP−/anti- CCP− RA sub-
sets (6.8% versus 5.6%, respectively), making it very unlikely 
that antibody concordance accounted for the HLA– B*08 asso-
ciation. The same interpretation was obtained from our observa-
tions of the more marked HLA– B*08 association with anti- CarP+ 
RA than with anti- CarP− RA independently of the presence or 
absence of noncanonical ACPAs. It is important to note that the 
same pattern of association was observed in the presence of 
any ACPA, making our results immune to changes in the canoni-
cal/noncanonical ACPA classification, which has been described 
in only a single study (9). Therefore, it seems more likely that the 
HLA– B*08 allele is independently associated with the 2 antibody 
types, anti- CarP antibodies and noncanonical ACPAs.

It has been known for some time that the HLA contribu-
tions to anti- CCP+ RA and to anti- CarP+ RA are discordant. The 
shared epitope alleles of HLA– DRB1 predisposing to anti- CCP+ 
RA are not associated with anti- CarP antibodies (6,7). In contrast, 

Figure 3. Preferential association of the HLA– B*08 allele with anti- 
CarP+/anti- CCP− RA independently of anti– citrullinated protein anti-
bodies (ACPAs), either noncanonical or canonical. The category of “All” 
refers to all anti- CCP− RA patients selected from the Epidemiological 
Investigation of RA (EIRA) cohort. The remaining groups are subsets 
of these patients from the EIRA cohort according to the absence or 
presence of ACPAs (not including anti- CCP2). For the ACPA- positive 
groups, ACPAs were stratified as any of the 18 analyzed, the 12 
canonical ACPAs, or the 6 noncanonical ACPAs. Circles with whiskers 
represent the log(odds ratio [OR]) with 95% confidence interval (95% 
CI) for the association of HLA– B*08 with anti- CarP+ RA versus anti- 
CarP− RA. The horizontal broken line indicates the null association (OR 
of 1). Values below the categories indicate the number/total number of 
patients per group. See Figure 1 for other definitions.
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the HLA– DRB1*03 allele has been found to be associated with 
anti- CarP antibodies, but not with anti- CCP+ RA (6,7). Accord-
ingly, HLA– DRB1*03 was the HLA– DRB1 allele with the strong-
est association with anti- CarP+/anti- CCP− RA in our patients, 
showing an OR similar to that previously reported (6,7). However, 
the conditional analysis, which was unavailable in the previous 
studies, showed that the HLA– DRB1*03 association was attrib-
utable to linkage disequilibrium in our patients. This result is not 
surprising, because the HLA– B*08 and HLA– DRB1*03 alleles are 
part of the 8.1 ancestral haplotype. The 8.1 ancestral haplotype 
has been historically associated with a variety of autoimmune 
diseases. Recently, some of these associations have been dis-
entangled, leading to the identification of the HLA– B*08 allele as 
a prominently associated locus in early- onset myasthenia gravis 
(10,11), anti– Jo- 1– positive myositis (12), and celiac disease 
(13), whereas the significant locus within the haplotype is either 
another one or still uncertain for other diseases.

The association with celiac disease could be informative, 
because gliadin peptides are presented to CD8 T cells on the 
HLA– B*08 molecule in patients with celiac disease (14). A similar 
antigen- presentation mechanism can be proposed for its involve-
ment in the susceptibility to anti- CarP+ RA. However, this hypoth-
esis is incomplete. A missing element concerns the connection 
of peptide presentation on HLA– B*08 to antibody production. 
Another is the identity of the endogenous peptides inducing the 
anti- CarP reactivity, which may be from carbamylated proteins or 
proteins with other posttranslational modifications, as observed 
in a recent mouse study (15). This uncertainty about the endog-
enous peptides and the fuzzy boundaries between RA autoanti-
body types could potentially be addressed by understanding the 
specific association of HLA– B*08 with anti- CarP+/anti- CCP− RA. 
Moreover, the eventual development of antigen- specific therapies 
will require the identification of peptides and HLA alleles, as they 
increasingly rely on the delivery of peptide– HLA complexes as 
being more effective than the peptides on their own.

In summary, our results identify HLA– B*08 carrying Asp- 9 as 
the major MHC risk factor for anti- CarP+/anti- CCP− RA, instead 
of the previously reported HLA– DRB1*03 allele. This knowledge 
contributes to clarification of the role of HLA– B*08 in susceptibil-
ity to antibody- defined RA subsets and, more generally, the role 
of the HLA in shaping the spectrum of RA autoantibodies.
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Divergence of Cardiovascular Biomarkers of Lipids and 
Subclinical Myocardial Injury Among Rheumatoid Arthritis 
Patients With Increased Inflammation
Brittany Weber,1  Zeling He,1 Nicole Yang,1 Martin P. Playford,2 Dana Weisenfeld,1 Christine Iannaccone,1 
Jonathan Coblyn,1 Michael Weinblatt,1 Nancy Shadick,1  Marcelo Di Carli,1 Nehal N. Mehta,2 Jorge Plutzky,1 
and Katherine P. Liao3

Objective. Patients with rheumatoid arthritis (RA) are 1.5 times more likely to develop cardiovascular disease 
(CVD) attributed to chronic inflammation. A decrease in inflammation in patients with RA is associated with increased 
low- density lipoprotein (LDL) cholesterol. This study was undertaken to prospectively evaluate the changes in lipid 
levels among RA patients experiencing changes in inflammation and determine the association with concomitant 
temporal patterns in markers of myocardial injury.

Methods. A total of 196 patients were evaluated in a longitudinal RA cohort, with blood samples and high- sensitivity 
C- reactive protein (hsCRP) levels measured annually. Patients were stratified based on whether they experienced either 
a significant increase in inflammation (an increase in hsCRP of ≥10 mg/liter between any 2 time points 1 year apart; 
designated the increased inflammation cohort [n = 103]) or decrease in inflammation (a decrease in hsCRP of ≥10 mg/liter 
between any 2 time points 1 year apart; designated the decreased inflammation cohort [n = 93]). Routine and advanced 
lipids, markers of inflammation (interleukin- 6, hsCRP, soluble tumor necrosis factor receptor II), and markers of subclinical 
myocardial injury (high- sensitivity cardiac troponin T [hs- cTnT], N- terminal pro– brain natriuretic peptide) were measured.

Results. Among the patients in the increased inflammation cohort, the mean age was 59 years, 81% were women, 
and the mean RA disease duration was 17.9 years. The average increase in hsCRP levels was 36 mg/liter, and this 
increase was associated with significant reductions in LDL cholesterol, triglycerides, total cholesterol, apolipoprotein 
(Apo B), and Apo A- I levels. In the increased inflammation cohort at baseline, 45.6% of patients (47 of 103) had detectable 
circulating hs- cTnT, which further increased during inflammation (P = 0.02). In the decreased inflammation cohort, hs- 
cTnT levels remained stable despite a reduction in inflammation over follow-up. In both cohorts, hs- cTnT levels were 
associated with the overall estimated risk of CVD.

Conclusion. Among RA patients who experienced an increase in inflammation, a significant decrease in routinely 
measured lipids, including LDL cholesterol, and an increase in markers of subclinical myocardial injury were observed. 
These findings highlight the divergence in biomarkers of CVD risk and suggest a role in future studies examining the 
benefit of including hs- cTnT for CVD risk stratification in RA.
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INTRODUCTION

Patients with rheumatoid arthritis (RA) are at an increased 
risk for cardiovascular disease (CVD) compared to the general 
population (1,2). This increased risk of developing CVD is not fully 
explained by traditional CV risk factors such as smoking, hyper-
lipidemia, and hypertension and has been attributed to systemic 
inflammation. Inflammation is strongly implicated as a contribut-
ing factor in atherosclerosis and inflammation markers, such as 
high- sensitivity C- reactive protein (hsCRP), and has been shown 
to predict CVD risk independently in the general population as well 
as among RA patients (3– 5). Moreover, recent clinical trials in the 
general population have demonstrated the importance of inflam-
mation as an independent risk factor for CVD. In the Canakinumab 
Antiinflammatory Thrombosis Outcome Study trial, blocking inter-
leukin- 1β (IL- 1β) prospectively decreased future CV events with-
out changing other CV risk markers (6). However, the magnitude 
of inflammatory burden over a prolonged period of time in RA dis-
tinguishes this group from the general population. Additionally, the 
relationship between changes in systemic fluctuating inflammation 
and the concomitant, temporal changes in cardiac biomarkers in 
RA has not been elucidated. Understanding these changes can 
inform efforts to improve CV risk stratification in RA.

In patients with RA, low levels of low- density lipoprotein (LDL) 
cholesterol and total cholesterol have been observed to confer 
similar risks as the highest levels of LDL cholesterol and total 
cholesterol, a term often referred to as the “lipid paradox” (7,8). 
Studies have also shown that the relationship is dynamic and that 
a reduction in inflammation in RA is associated with increased 
levels of LDL cholesterol and is not specific to a particular class 
of disease- modifying antirheumatic drugs (DMARDs) (9– 11). 
Increased LDL cholesterol levels in the setting of reduced inflam-
mation may not portend worse CV risk as they are also associated 
with improved antiatherogenic capacity of high- density lipoprotein 
(HDL) cholesterol, measured by HDL cholesterol efflux capacity 
(10,12,13). There are, however, limited data on the potential car-
diac impact of these fluctuations in inflammation obtained through 
studies of cardiac biomarkers.

Development of a high- sensitivity assay for cardiac troponin 
T (hs- cTnT) has enhanced the ability to measure low levels of cir-
culating cardiac troponin to detect subclinical myocardial injury. 
Cardiac hs-CTnT has emerged as the preferred biomarker for the 
noninvasive detection of myocardial injury and is elevated in a host 
of conditions in the absence of acute coronary syndrome (14,15). 
Elevated levels of hs- cTnT in the blood are associated with 
increased rates of cardiac events, including coronary artery dis-
ease and heart failure, as well as CV-related and all- cause mortality 

independent of the underlying disease (14,16,17). Furthermore, 
specifically in RA, hs- cTnT has been independently associated 
with occult coronary plaque burden and long- term cardiac events, 
and both hs- cTnT and N- terminal pro– brain natriuretic peptide 
(NT- proBNP) have been shown to be higher in RA patients com-
pared to controls (18– 20). Systemic inflammatory disorders such 
as RA are not static, and patients exhibit periods of increased 
and decreased inflammation that continue chronically over time. 
Thus, the objective of this study was to determine the relationship 
between lipids and subclinical markers of myocardial injury as RA 
patients experience fluctuations in inflammation.

PATIENTS AND METHODS

Ethical considerations. This study was approved by the 
Partners Healthcare Institutional Review Board (IRB) and con-
ducted in compliance with institutional guidelines (IRB protocol no. 
2016P000219). All patients provided written informed consent.

Study design and population. The study cohort con-
sisted of patients with RA from the Brigham and Women’s Hospital 
Rheumatoid Arthritis Sequential Study (BRASS) (21), a prospective 
observational RA cohort study. All patients were age ≥18 years and 
were diagnosed as having RA by a rheumatologist based on the 
American College of Rheumatology criteria (22,23). Subjects in the 
BRASS had regular clinical assessments for RA disease activity, 
in- person interviews to obtain information on current and past RA 
treatments, and assessments for CV risk factors, and hsCRP levels 
were measured annually; blood samples were also banked annually. 
Details of the BRASS cohort were previously reported (21). Within 
the BRASS, 2 populations of patients were studied: 1) subjects who 
experienced an increase in hsCRP levels, defined as an increase 
of ≥10 mg/liter between any 2 time points 1 year apart (increased 
inflammation cohort) and 2) subjects who experienced a decrease in 
hsCRP levels, defined as a decrease of ≥10 mg/liter between any 2 
time points 1 year apart (decreased inflammation cohort).

The focus of this study is on patients who experience an 
increase in inflammation. For both cohorts, the first time point was 
defined as the baseline. As statins are potent LDL cholesterol– 
lowering agents, patients receiving statin therapy within 1 year 
before baseline or during the follow- up period were excluded; 
no patients were receiving proprotein convertase subtilisin/kexin 
type 9 therapy. All patients in the BRASS have an assessment 
of disease activity every 6 months using 2 validated instruments, 
the Disease Activity Score in 28 joints (DAS28) (24) and the Clin-
ical Disease Activity Index (25). In a previous study, the American 
College of Cardiology (ACC)/American Heart Association (AHA)  
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10- year arteriosclerotic cardiovascular disease (ASCVD) risk  
score (26) was calculated in both cohorts.

A subset of data lipids and advanced lipoproteins was previ-
ously published for the decreased inflammation cohort only (10). 
New data from the decreased inflammation cohort reported in this 
study include the association of the inflammation markers IL- 6 
and soluble tumor necrosis factor receptor II (sTNFRII) with bio-
markers of subclinical myocardial injury.

Laboratory measurements. Inflammation markers. Lev-
els of hsCRP and IL- 6 were measured in all patients at the clinical 
laboratory of Boston Children’s Hospital using standardized meth-
ods as previously described (27– 29). HsCRP was measured using 
a standard immunoturbimetric assay on a Roche P Modular sys-
tem with reagents and calibrators from Roche (6). Levels of sTN-
FRII were measured using a Quantikine ELISA Human TNF RII/
TNFRSF1B Immunoassay (R&D Systems). For the measurement 
of sTNFRII, we excluded 45 patients (25 in the increased inflam-
mation cohort and 20 in the decreased inflammation cohort) who 
were actively taking etanercept, which can result in spuriously 
high measured sTNFRII values in patients with RA (30).

Lipids and advanced lipoproteins. Banked blood samples 
were tested for the following: 1) routinely measured lipids (total 
cholesterol, HDL cholesterol, LDL cholesterol, and triglycerides in 
the increased inflammation cohort only); and 2) advanced lipo-
protein measures (Apo A- I, Apo B, lipoprotein[a] [Lp(a)], and HDL 
cholesterol efflux capacity). Total cholesterol, HDL cholesterol, 
LDL cholesterol, triglycerides, Apo A- I, and Apo B measurements 
were collected according to standardized techniques in the clin-
ical laboratories (31,32). In accordance with published methods, 
we analyzed the HDL cholesterol efflux capacity by using J774 
cells derived from a murine macrophage cell line (26,33). Lp(a) lev-
els were measured using a turbidimetric assay on a Roche Cobas 
6000 system (34).

Subclinical markers of myocardial injury. Two myocardial mark-
ers were measured: hs- cTnT and NT- proBNP. The hs- cTnT level 
was analyzed using an Elecsys 2010 system (Roche Diagnostics), 
which has a 5 ng/liter limit of detection and a 3 ng/liter limit of blank. 
The 99th percentile cutoff point was 14 ng/liter, and the coefficient 
of variation was <10% at 13 ng/liter (35). Clinical cutoff points for 
hs- cTnT levels were categorized according to prior studies: cate-
gory 1 (<5 ng/liter, undetectable), category 2 (5– 14 ng/liter, inter-
mediate), and category 3 (>14 ng/liter, >99th percentile) (17,36). 
NT- proBNP levels were measured using a quantitative sandwich 
enzyme immunoassay technique on a Roche E Modular system 
(37). The levels of hs-CTnT and NT- proBNP were measured at 
Boston Children’s Hospital. All assays were performed in duplicate.

Statistical analysis. We compared values obtained at 
baseline and at 1- year follow- up using the Wilcoxon’s signed 
rank test. For the primary analyses, we tested the correlations 
between changes in hsCRP levels and the percentage change 

in each lipid parameter ([lipidfollow- up − lipidbaseline]/lipidbaseline) using 
Pearson’s correlation test. Due to the non- normal distribution of 
the hsCRP data, we performed all correlation and association 
analyses using the natural log of the change (increase) in hsCRP 
 (hsCRPfollow- up − hsCRPbaseline). Changes in hs- cTnT level were 
assessed by comparing the proportion of patients with detect-
able levels at baseline to the proportion with detectable levels at 
follow- up. Next, we performed cross- sectional analyses to deter-
mine the correlations using the clinically defined cutoff points for 
hs- cTnT outlined above with demographic characteristics, RA- 
specific factors, and the ACC/AHA risk factors and scores. We 
combined data from both the increased inflammation cohort and 
the decreased inflammation cohort at time points with elevated 
inflammation. For the increased inflammation cohort, we used 
baseline data, and for the decreased inflammation cohort, we 
used the  follow- up data. To test for the presence of a significant 
trend across the troponin categories, the Jonckheere- Terpstra 
test was used for continuous variables, and the Cochran- 
Armitage test was used for binary variables. The ACC/AHA risk 
score and risk factors were previously calculated for patients 
using the method described by Yu et al (38). Analyses were per-
formed using SAS 9.2 and R version 3.6.3.

RESULTS

The study included a total of 196 RA patients, of whom 103 
patients experienced an increase in inflammation and 93 expe-
rienced a decrease in inflammation. At baseline in the increased 
inflammation cohort, the focus of this study, the mean age was 
59.0 years, 81% were women, 80% were positive for rheuma-
toid factor or anti– cyclic citrullinated peptide, and the mean RA 
disease duration was 17.9 years (Table 1). The mean hsCRP 
level at baseline was 8.7 mg/liter, and the mean DAS28- CRP 
was 3.32 (moderate disease activity) (24). The mean ± SD 
hsCRP level at 1- year follow- up was 44.6 ± 47.7 mg/liter, an 
absolute increase of 35.9 mg/liter (P < 0.001). Most patients 
(90%) received DMARDs, with the majority receiving methotrex-
ate (50.5%) or a TNF inhibitor (TNFi) (49.5%). Further details 
on DMARD use at baseline and follow- up for both cohorts are 
provided in Supplementary Table 1 (available on the Arthri-
tis & Rheumatology website at http://onlin e libr ary.wiley.com/
doi/10.1002/art.41613/ abstract). Baseline characteristics of the 
decreased inflammation cohort are also shown in Table 1, and 
have been previously reported (10).

We performed a systematic chart review of the 103 patients 
who experienced an increase in inflammation to determine the 
reasons for the increase from baseline to 1- year follow- up. The 
primary reason for an increase in inflammation was inadequate 
control of RA disease (61%), concomitant infection (18%), trauma 
(8.7%), or other/unknown (~18%). Since patients taking statins 
were excluded from the study, only 1 patient had a history of cor-
onary artery disease.

http://onlinelibrary.wiley.com/doi/10.1002/art.41613/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41613/abstract
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Relationship between increased inflammation and 
changes in lipid parameters. The median total cholesterol 
level was 188 mg/dl at baseline and 175 mg/dl at follow- up in 
the increased inflammation cohort, and the overall median per-
cent change was −9.5% (P < 0.0001) (Figure 1). The median LDL 
cholesterol level was 107 mg/dl at baseline and 99.3 mg/dl at 
follow- up, and the overall median percent change was −8.6% 
(P < 0.0001). The median triglyceride levels decreased from 

100 mg/dl at baseline to 81 mg/dl at follow- up, with an over-
all median percent change of −7.7% (P = 0.003). Median Apo A- I 
levels decreased from 163.4 mg/dl at baseline to 152.2 mg/dl at 
follow- up, while median Apo B levels decreased from 91.9 mg/dl 
to 88.1 mg/dl. The overall median percent change in Apo A- I lev-
els was −6.5% (P < 0.0001). The overall median percent change 
in Apo B levels was −4.7 (P = 0.02). No significant changes in 
HDL cholesterol, Lp(a), Apo B/Apo A- I, and HDL cholesterol 

Figure 1. Changes in lipid parameters at follow- up compared to baseline among rheumatoid arthritis patients with an increase in inflammation. 
The median increase in the inflammation marker high- sensitivity C- reactive protein was 22.3 mg/liter. Data are shown as box plots. Each box 
represents the 25th to 75th percentiles. Lines inside the boxes represent the median. Lines outside the boxes represent the 10th and 90th 
percentiles. * = P < 0.05 versus baseline, by paired Wilcoxon’s signed rank test. NS = not significant; TC = total cholesterol; HDL- C = high- 
density lipoprotein cholesterol; LDL- C = low- density lipoprotein cholesterol; TG = triglycerides; Apo AI = apolipoprotein A- I; Lp(a) = lipoprotein(a). 
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41613/abstract.

Table 1. Characteristics of the RA patients*

Increased 
inflammation 

cohort (n = 103)

Decreased 
inflammation cohort 

(n = 93)
Age, mean ± SD years 59.0 ± 12.6 57.6 ± 12.3
Female sex 83 (81) 83 (89)
RA disease duration, mean ± SD years 17.9 ± 12.1 17 ± 12.2
CDAI, mean ± SD 14.8 ± 12.5 26.81 ± 18.39
RF positive 71/99 (72) 67 (72)
Anti- CCP positive 71/102 (70) 69 (78)
hsCRP, median (IQR) mg/liter 4.5 (1.7– 8.1) 28.7 (22.1– 43.8)
RA treatment

Methotrexate 52 (51) 46 (50)
Tumor necrosis factor inhibitor 51 (50) 42 (45)
Prednisone 27 (26) 35 (38)

Cardiovascular risk factors
Obesity 23/100 (23) 23/92 (25)
Diabetes mellitus 2 (2) 10 (11)
Hyperlipidemia 12/98 (12) 13 (14)
Hypertension 25 (24) 29 (31)

* Except where indicated otherwise, values are the number (%). RA = rheumatoid arthritis; CDAI = 
Clinical Disease Activity Index; RF = rheumatoid factor; anti- CCP = anti– cyclic citrullinated peptide; 
hsCRP = high- sensitivity C- reactive protein; IQR = interquartile range. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41613/abstract
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efflux capacity were evident between baseline and 1- year fol-
low- up (Figure 1).

A significant increase in hsCRP level was associated with 
decreases in levels of total cholesterol, LDL cholesterol, Apo A- I, and 
Apo B (Figure 2). Consistent with this pattern, there was a similar re -
lationship between these lipid parameter reduction and increases in 
IL- 6 and sTNFRII levels. No significant correlations were observed 
between hsCRP or IL- 6 levels and triglyceride, HDL cholesterol, 
Lp(a), and HDL cholesterol efflux capacity. In contrast, sTNFII was 
significantly associated with lower HDL cholesterol levels (Figure 2).

Relationship between changes in inflammation and 
cardiac biomarkers. A high prevalence of detectable hs- cTnT  
was seen among patients who experienced an increase in 

inflammation; 45.6% of RA patients (47 of 103) had evidence of 
detectable troponin at baseline (defined as >5 ng/liter, lower limit of 
assay detection). At follow- up, 54.4% of RA patients (56 of 103) had 
detectable troponin, an increase of 8.7% compared to the base-
line measurement (P = 0.02). We also observed evidence of increased 
ventricular wall stress, as indicated by NT- proBNP levels, among RA 
patients experiencing an increase in inflammation. The median NT- 
proBNP value was 87 ng/liter (interquartile range [IQR] 43.9– 196.8), 
which increased to 112 ng/liter (IQR 49.0– 285.6) at follow- up 
(P = 0.0017), a 28.7% increase. Nearly two- thirds of patients (64%) 
experienced an increase in NT- proBNP levels, with a 32% median 
increase (Figure 3). These data suggest that increases in inflamma-
tion in RA patients are associated with both increased myocardial 
injury and evidence of biochemical left ventricular dysfunction.

Figure 2. Correlations between changes in lipid levels and changes in inflammation markers among rheumatoid arthritis patients with an 
increase in inflammation. Values are the correlation coefficient. White indicates nonsignificance; teal blue indicates a significant correlation 
(P < 0.05). hsCRP = high- sensitivity C- reactive protein; IL- 6 = interleukin- 6; sTNFR2 = soluble tumor necrosis factor receptor type II (see Figure 
1 for other definitions).

Figure 3. Comparison of subclinical markers of myocardial injury among rheumatoid arthritis patients with either an increase in inflammation 
or a decrease in inflammation. The percent change in the number of patients with detectable high- sensitivity cardiac troponin T (hs- cTnT) and 
the percent change in the level of N- terminal pro– brain natriuretic peptide (NT- proBNP) are shown as box plots. Each box represents the 25th 
to 75th percentiles. Lines inside the boxes represent the median. Lines outside the boxes represent the 10th and 90th percentiles. * = P < 0.05 
versus baseline, by paired Wilcoxon’s signed rank test. Table on the right shows the median change in levels of inflammation markers in each 
cohort. See Figure 2 for other definitions.
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Among the 93 RA patients who experienced a decrease 
in inflammation, 39 (42.4%) had detectable levels of hs- cTnT at 
baseline. At follow- up, there was no significant reduction in the 
proportion of patients with detectable hs- cTnT (38 of 93 [41.3%], 
P = 0.84). Furthermore, there was no change in NT- proBNP levels 
following a decrease in inflammation (at baseline, 82.3 ng/liter [IQR 
54.3– 161], at follow- up, 74.6 ng/liter [IQR 38.1– 139]; P = 0.10) 
(Figure 3).

Thus, there was a significant increase in hs- cTnT levels, 
translating to an increase of 8.7% of patients with detectable 
hs- cTnT at follow- up compared to that at baseline, and an 
increase in NT- proBNP levels among RA patients experiencing 
an increase in inflammation. In contrast, among RA patients 
experiencing a decrease in inflammation, a corresponding 
decrease in hs- cTnT and NT- proBNP levels was not present.

Cross- sectional relationships between hs- cTnT 
and demographic characteristics, RA factors, CV risk 
factors, and the ACC/AHA ASCVD risk score. Com-
bining hs- cTnT data from both cohorts, we observed that 
cross- sectionally, patients with detectable levels of hs- cTnT 
at baseline were older and had longer RA disease duration 

(Table 2). NT- proBNP levels correlated positively with increas-
ing levels of hs- cTnT (Table 2), which is consistent with previ-
ous findings in the general population (39,40). However, there 
was no significant difference in CV risk factors (hypertension, 
hyperlipidemia, obesity, and smoking status) according to hs- 
cTnT level. A statistically significant trend toward higher levels 
of inflammation in RA patients with elevated troponin levels, as 
indicated by hs- CRP and IL- 6 measurements, was observed, 
with the strongest trend shown for levels of  sTNFRII. No signif-
icant differences in the frequency of use of different RA treat-
ments in relation to hs- cTnT level were observed.

In patients with undetectable troponin levels, the median 
ASCVD 10- year risk score during increased inflammation 
was 2.52 (IQR 0.92– 6.54) at baseline (n = 45) and 2.04 (IQR 
1.03– 5.63) at follow- up (n = 37). In contrast, RA patients with 
detectable troponin had a median ACC/AHA ASCVD risk 
score of 9.6 (IQR 4.2– 15.8) at baseline (n = 39) and 8.54 (IQR 
3.85– 14.16) at follow- up (n = 47) during increased inflam-
mation. Patients with undetectable troponin fell into a low 
risk category based on ACC/AHA ASCVD risk criteria (41), 
whereas patients with elevated troponin levels had an inter-
mediate risk.

Table 2. Association between troponin categories and ACC/AHA risk among RA patients in both cohorts*

Troponin category 1,  
≤5 ng/ml  
(n = 91)

Troponin category 2, 
>5– 14 ng/ml  

(n = 66)

Troponin category 3,  
>14 ng/ml  

(n = 29) P†
Age, mean ± SD years 51.4 ± 11.4 65.2 ± 8.7 69.1 ± 9.9 <0.0001
Female 82 (90) 53 (80) 22 (76) 0.2
RA disease duration, mean ± SD years 16.2 ± 11.2 19.6 ± 13.4 22.1 ± 12.3 0.02
NT- proBNP, median (IQR) ng/liter 67.9 (42.5– 112.1) 123.6 (62.4– 273.3) 482.4 (247.4– 799.7) <0.0001
Inflammation markers, median (IQR)

hsCRP, mg/liter 26 (18.7– 42) 29 (23.9– 46.5) 28.7 (21.9– 59.5) 0.05
IL- 6, pg/ml 13.8 (7.5– 44.2) 17.5 (10– 40.7) 32.3 (15.1– 67.8) 0.03
sTNFRII, pg/ml‡ 3,361 (3,010– 4,735) 3,823 (3,040– 5,545) 4,947 (3,814– 6,925) <0.0001

RA treatment
Current steroid use 29 (32) 25 (38) 14 (48) 0.2
DMARDs 77 (84) 57 (88) 23 (79) 0.94
TNFi 42 (47) 33 (49) 8 (28) 0.25

Routinely measured lipids, mean ± SD mg/dl
HDL cholesterol 61.5 ± 19.9 60.8 ± 19 55.6 ± 16 0.3
LDL cholesterol 103.8 ± 28 101.4 ± 33.3 95.2 ± 30.2 0.17
Triglycerides§ 109.4 ± 73.6 95.2 ± 48.7 96.7 ± 29.3 0.8
Total cholesterol 185 ± 34 181.2 ± 45.4 172.7 ± 39.7 0.17

Cardiovascular risk factors
Obesity 23/90 (26) 16/64 (25) 4/28 (14) 0.5
Diabetes mellitus 5 (6) 5 (8) 1 (3) 0.9
Hyperlipidemia 5 (6) 8 (12) 2 (7) 0.7
Hypertension 19 (21) 18 (27) 11 (38) 0.2
Active smoker 2/78 (3) 2/57 (4) 2/28 (7) 0.8

ACC/AHA ASCVD risk score, median (IQR) 2.7 (0.8– 5.4) 8.2 (3.8– 13.9) 11.4 (5.7– 21) <0.0001
* Except where indicated otherwise, values are the number (%). ACC = American College of Cardiology; AHA = American Heart Association; RA = 
rheumatoid arthritis; NT- proBNP = N- terminal pro– brain natriuretic peptide; IQR = interquartile range; hsCRP = high- sensitivity C- reactive protein; 
IL- 6 = interleukin- 6; sTNFRII = soluble tumor necrosis factor receptor type II; DMARDs = disease- modifying antirheumatic drugs; TNFi = tumor 
necrosis factor inhibitor; HDL = high- density lipoprotein; LDL = low- density lipoprotein; ASCVD = atherosclerotic cardiovascular disease. 
† By Jonckheere- Terpstra test. 
‡ Patients currently receiving etanercept therapy were excluded from this analysis (n = 134). 
§ Triglyceride values were available for the increased inflammation cohort only (n = 103).
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DISCUSSION

In this study, we observed a divergence between lipid 
and myocardial biomarkers among RA patients experiencing an 
increase in inflammation. Specifically, increased inflammation was 
associated with an increased proportion of patients with detect-
able hs- cTnT while a reduction in LDL cholesterol levels was 
observed, a change typically associated with reduced CV risk. 
However, in contrast, among RA patients experiencing a decrease 
in inflammation, a reduction of circulating hs- cTnT levels was not 
observed. These results suggest that the subclinical injury occur-
ring with increased inflammation may not be readily reversible with 
control of inflammation. Additionally, we observed a relatively high 
prevalence (45%) of RA patients with detectable hs- cTnT at base-
line in both cohorts, despite a low prevalence of CV risk factors.

When routinely measured lipids were tested, an increase in 
inflammation was generally associated with a significant decrease 
in levels of LDL cholesterol, triglycerides, and total cholesterol. In 
testing for advanced lipoprotein measures, a decrease in Apo B 
levels was observed with increases in inflammation, which is in 
accordance with the decrease in observed LDL cholesterol lev-
els. No significant change in HDL cholesterol levels was observed; 
however, a significant reduction in Apo A- I was present, with no 
change in HDL cholesterol efflux capacity. As a comparison, our 
previous study showed that a reduction in inflammation was also 
associated with no change in HDL cholesterol or Apo A- I, but was 
associated with significant improvement in HDL cholesterol efflux 
capacity (10). Thus, for Apo A- I and HDL cholesterol efflux capac-
ity, changes occurring as a result of an increase in inflammation 
were not necessarily mirrored with a decrease in inflammation. 
Lp(a) levels did not change with increased inflammation, which 
is in accordance with evidence that Lp(a) levels are under strong 
genetic control by the lipoprotein A gene locus (42).

We also tested the association between lipids and 2 inflam-
mation markers representing 2 key inflammatory pathways in 
RA, namely IL- 6 and sTNFRII. IL- 6 had similar associations to 
those observed with hsCRP. We observed an inverse association 
between IL- 6 and total cholesterol, LDL cholesterol, and Apo B. 
Interestingly, the relationship between changes in sTNFRII and lipid 
levels differed from the relationship between changes in hsCRP 
or IL- 6 and lipid levels. Higher levels of sTNFRII were significantly 
correlated with lower HDL cholesterol and Apo A- I, whereas these 
associations were not observed with the other inflammation bio-
markers. These results suggest possible specificity regarding the 
impact of inflammatory pathways on lipoproteins containing Apo 
A-I versus those containing Apo B. Supporting this hypothesis is 
that TNF has been demonstrated to attenuate the expression of 
ATP- binding cassette transporter A1 and cholesterol efflux to Apo 
A- I (43).

Despite decreased levels of LDL cholesterol, patients had evi-
dence of increased myocardial injury, which was reflected by higher 
levels of hs- cTnT after an increase in inflammation. RA patients 

who experienced a significant reduction in inflammation continued 
to have evidence of myocardial injury detected by the presence 
of hs- cTnT and NT- proBNP. The lack of change in the decreased 
inflammation cohort could represent the fact that a high proportion 
of patients had coronary atherosclerosis given the long disease 
duration of 18 years. Levels of hs- cTnT have been shown to be 
associated with coronary plaque features, and if the levels are a 
reflection of coronary plaque, then meaningful plaque stabilization 
will likely take longer than the 1- year follow- up in this study (44,45). 
These findings support the hypothesis that transient increases in 
inflammation may promote subclinical cardiac damage over time 
and that cumulative damage may contribute to an elevated CV risk.

In the present study, stratifying patients by degree of troponin 
elevation demonstrated a trend toward increased CV risk estimated 
by the 10- year ACC/AHA ASCVD risk score. Higher levels of troponin 
were also associated with older age and male sex, both strong risk 
factors and components of the ASCVD risk score. The RA patients 
who were negative for troponin had a median risk score of 2.7, which 
would be considered low risk; however, patients who were positive 
for troponin were in the intermediate- risk category in our analysis.

We believe these data highlight the need for future work to 
investigate the role of hs- cTnT in RA CV risk classification. Indeed, 
this is a rapidly evolving field. Previous work has demonstrated that 
there is a high prevalence of circulating hs- cTnT in a population 
of ambulatory community- dwelling individuals age ≥65 years and 
demonstrated that a >50% increase in hs- cTnT levels was asso-
ciated with a 60% higher risk of both heart failure and CV death, 
whereas a decrease in cTnT levels by >50% was associated with a 
30% decreased risk of both heart failure and CV death (17). Further-
more, a recent study investigating whether low- level positive hs- cTnI 
values could complement the AHA/ACC management guidelines 
to improve the ASCVD risk classification in patients with estab-
lished CVD showed that patients with a lower- risk ASCVD score 
and hs- cTnT levels of >6 ng/liter had the same rate of CV events 
as patients classified as having a high-risk ASCVD score. Similarly, 
patients with a very- high- risk ASCVD score but undetectable tro-
ponin had CV event rates similar to those in patients classified as 
having a lower- risk ASCVD score. Although this study focused on 
a high- risk population with established CVD, it highlights the way in 
which hs- cTnT could be utilized as a way to risk stratify and identify 
patients at higher risk of CV outcomes (46). We focused on hs- cTnT 
in this study rather than NT- proBNP due to the availability of clinical 
cutoff values for the former, facilitating interpretation. Future studies 
are needed to understand if elevated hsTnT levels in RA patients 
confer a higher risk of major adverse CV events and CV mortality, 
and the utility of hsTnT as part of CV risk prediction models.

Current CV risk estimators underestimate CV risk in RA by 
2- fold in women with RA (2). Indeed, the European Alliance of 
Associations for Rheumatology recommends a 1.5 multiplica-
tion factor to the ASCVD risk score and recommends assess-
ing the lipid profile when a patient has low disease activity or 
RA is in remission (47). Furthermore, RA- adapted scores (which 
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incorporate inflammation, RA- specific factors, and disease 
activity) (QRISK2, ERS- RA, ATACC- RA) have not been shown 
to improve CV risk prediction in some cohorts compared to oth-
ers (48– 51). Thus, the addition of further information that incor-
porates CV imaging or serum biomarkers could be utilized to 
improve the robustness of CV risk prediction in RA.

The role of statin use in the primary prevention of CV events 
is still not firmly established in RA, which may help explain the 
significant underuse of statins in RA patients who otherwise 
fulfill general population thresholds for statin treatment (52). 
As part of the inclusion criteria for this study, no patients were 
treated with statin, thereby allowing us to interpret the changes 
in lipid levels in the presence of inflammation. There is limited 
evidence for the use of statins in the primary prevention of CV 
events in RA (53). It is also unknown whether statins might lead 
to a reduction in hs- cTnT levels among RA patients.

Our study had several limitations. Lipid measurements 
were not performed in the fasting state. However, this is not 
standard of care in routine cardiovascular practice, as data 
suggest that the variation between fasting and nonfasting 
states for total cholesterol, LDL cholesterol, and HDL choles-
terol does not significantly impact CV risk estimates (54). We 
could not account for patients who underwent lifestyle mod-
ifications that could result in lipid modifications; prior studies 
indicate that changes in lipoprotein levels in response to life-
style changes are modest (55,56). Heterogeneous reasons for 
increased inflammation in RA may lead to complex interactions 
between inflammation and lipids that were not measured in this 
study.

Additionally, the focus of this study was the impact of inflam-
mation on lipid, inflammatory, and cardiac biomarker parame-
ters. Thus, we could not test the association of individual drug 
classes with these changes. Based on prior clinical trial data, 
the effect of RA treatments on lipids was consistent among drug 
classes, whereby treatment with methotrexate, triple therapy, or 
TNFi resulted in increases in both LDL cholesterol and total cho-
lesterol levels (9,11). While there are limited data on glucocorti-
coids and lipids, treatment with glucocorticoids was associated 
with increased levels of HDL cholesterol and no change in LDL 
cholesterol or the total cholesterol:HDL cholesterol ratio com-
pared to no glucocorticoid use in RA patients (57,58).

In conclusion, we observed that RA patients who expe-
rienced an increase in inflammation had a reduction in levels 
of the routinely measured lipids LDL cholesterol, triglyceride, 
and total cholesterol while also manifesting increases in hs- 
cTnT and NT- pro- BNP. Concomitantly, RA patients who had 
a decrease in inflammation did not show a decrease in these 
same biomarkers, suggesting that subclinical myocardial injury 
and stress may accrue over time and lead to increased CV risk. 
The high proportion of RA patients who had circulating hs- 
cTnT and the finding that elevated hs- cTnT levels persist with 
increased inflammation suggest that hs- cTnT may be a useful 

biomarker to include in future efforts to improve CV risk stratifi-
cation in patients with RA.
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Functional Genomic Analysis of a RUNX3 Polymorphism 
Associated With Ankylosing Spondylitis
Matteo Vecellio,1  Liye Chen,1 Carla J. Cohen,1 Adrian Cortes,2 Yan Li,3 Sarah Bonham,4 Carlo Selmi,5 
Matthew A. Brown,6 Roman Fischer,4 Julian C. Knight,7 and B. Paul Wordsworth1

Objective. To investigate the functional consequences of the single- nucleotide polymorphism rs4648889 in a 
putative enhancer upstream of the RUNX3 promoter associated with susceptibility to ankylosing spondylitis (AS).

Methods. Using nuclear extracts from Jurkat cells and primary human CD8+ T cells, the effects of rs4648889 
on allele- specific transcription factor (TF) binding were investigated by DNA pull- down assay and quantitative mass 
spectrometry (qMS), with validation by electrophoretic mobility shift assay (EMSA), Western blotting of the pulled- 
down eluates, and chromatin immunoprecipitation (ChIP)– quantitative polymerase chain reaction (qPCR) analysis. 
Further functional effects were tested by small interfering RNA knockdown of the gene for interferon regulatory factor 
5 (IRF5), followed by reverse transcription– qPCR (RT- qPCR) and enzyme- linked immunosorbent assay (ELISA) to 
measure the levels of IFNγ messenger RNA (mRNA) and protein, respectively.

Results. In nuclear extracts from CD8+ T cells, results of qMS showed that relative TF binding to the AS- risk A allele 
of rs4648889 was increased 3.7- fold (P < 0.03) for Ikaros family zinc- finger protein 3 (IKZF3; Aiolos) and components 
of the NuRD complex, including chromodomain helicase DNA binding protein 4 (CHD4) (3.6- fold increase; P < 0.05) 
and retinoblastoma binding protein 4 (RBBP4) (4.1- fold increase; P < 0.03). In contrast, IRF5 bound significantly 
more to the AS- protective G allele compared to the AS- risk A allele (fold change 8.2; P = 0.003). Validation with 
Western blotting, EMSA, and ChIP- qPCR confirmed the differential allelic binding of IKZF3, CHD4, RBBP4, and IRF5. 
Silencing of IRF5 in CD8+ T cells increased the levels of IFNγ mRNA as measured by RT- qPCR (P = 0.03) and IFNγ 
protein as measured by ELISA (P = 0.02).

Conclusion. These findings suggest that the association of rs4648889 with AS reflects allele- specific binding of 
this enhancer- like region to certain TFs, including IRF5, IKZF3, and members of the NuRD complex. IRF5 may have 
crucial influences on the functions of CD8+ lymphocytes, a finding that could reveal new therapeutic targets for the 
management of AS.

INTRODUCTION

Ankylosing spondylitis (AS) is a form of spondyloarthrop-
athy that is characterized by prominent axial skeletal enthesitis, 
spinal fusion, and deformity. It is highly heritable, but its genetic 
etiology is complex; even its strong association with the major 

histocompatibility complex (MHC) reflects its association not just 
with HLA– B27 but also with numerous additional MHC class I 
and class II immune- response genes (1). Outside the MHC, more 
than 100 genetic influences have been identified in genome- wide 
association studies (GWAS) (2,3), but only a few of the associ-
ated single- nucleotide polymorphisms (SNPs) actually produce 
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amino acid substitutions with functional effects. For example, 
rs11209026 in IL23R results in impaired signaling through the 
interleukin- 23 (IL- 23) receptor, which is protective against AS 
(4). Moreover, rs30187 in ERAP1 alters the trimming of peptide 
antigens by endoplasmic reticulum aminopeptidase 1 (ERAP- 1), 
which functions synergistically with HLA– B27 in the MHC class 
I antigen presentation pathway to influence susceptibility to AS 
(5,6). In contrast, most disease- associated SNPs are believed to 
operate through their effects on gene expression, which involves 
cell type– specific epigenetic mechanisms such as the differential 
binding of transcription factors (TFs) or microRNAs (7).

We and others have previously reported strong associations 
between AS and a cluster of SNPs upstream of the RUNX3 gene 
(encoding RUNX family transcription factor 3) close to a putative 
regulatory element with “enhancer- like” characteristics (5,8). We 
have shown that the AS- protective rs4648889 G allele was asso-
ciated with higher RUNX3 expression in CD8+ T cells than the 
disease- associated A allele. In vitro, the binding of TFs from nuclear 
extracts was influenced by rs4648889, and one member of the 
interferon regulatory factor (IRF) family of TFs, IRF4, appeared to 
be involved (8). IRF5, which is another closely related member of 
this family, shares similar DNA binding characteristics with IRF4, 
and has also been previously implicated in several autoimmune/
inflammatory diseases (9,10). IRF5 plays a key role in macrophage 
function and its polarization toward the M1 (inflammatory) phe-
notype (11), but the potential activity of IRF5 in T cells is less well 
described. RUNX3 is itself also a TF, and plays a key regulatory 
role in several lineage- specific developmental pathways, including 
T cells. It is involved in the pathophysiology of infections, immunity, 
and cancer (12,13).

As the regulatory effects of TFs are frequently mediated 
through complexes containing multiple components, rather than 
a single TF, we decided to investigate the effects of rs4648889 
on protein– DNA complex formation using a hypothesis- free 
approach. We used DNA pull- down assays combined with quan-
titative mass spectrometry (qMS) to define the full range of inter-
acting TF partners binding at rs4648889 (8,14). Our results reveal 
the involvement of IRF5, and demonstrate that silencing IRF5 in 
CD8+ T cells may have important functional consequences. We 
also demonstrate significant differential binding at rs4648889 for 
IKZF3 (the Ikaros family zinc- finger protein also known as Aiolos), 
which plays a major role in lymphocyte differentiation and function 
(15), and also binding of several factors of the NuRD complex, 
which is often physically associated with Aiolos and involved in 
chromatin remodeling (16).

MATERIALS AND METHODS

Cell culture, isolation of CD8+ T cells, and prepa-
ration of nuclear extracts. Jurkat cells were cultured in 
RPMI medium supplemented with 10% fetal bovine serum, pen-
icillin/streptomycin, and L- glutamine. CD8+ T cells were isolated 

from human peripheral blood mononuclear cells obtained from 
buffy coat, using a CD8+ T cell isolation kit (catalog no. 130- 096- 
495; Miltenyi, UK); subjects provided informed consent for use of 
these blood samples (obtained from NHS Blood and Transplant, 
Oxford University Hospitals NHS Foundation Trust). CD8+ T cells 
were resuspended at 1 × 106/ml in prewarmed RPMI medium 
supplemented with 10% fetal bovine serum, penicillin/strepto-
mycin, and L- glutamine. The cells were harvested after 4 hours 
in resting conditions. Nuclear extract was prepared using an 
NE- PER Nuclear reagent and cytoplasmatic extraction reagents 
(catalog no. 78833; ThermoFisher Scientific), in accordance with 
the manufacturer’s instructions.

DNA- affinity capture. An overview of the experimental 
approach used for DNA- affinity capture assay is shown in Figure 1 
The 50- bp sense and antisense oligonucleotides centered around 
the A or G allele of rs4648889 were obtained from Eurofins 
Genomics (sequences of the oligonucleotides are listed in Supple-
mentary Table 1, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41628/ abstract). 
In these experiments, 100 nM antisense single- stranded oligonu-
cleotides (50 bp) were 3′- end biotinylated, mixed, and annealed at 
room temperature (RT) for 1 hour with the sense oligonucleotide. 
Streptavidin- coated magnetic beads (Dynabeads M- 280, cata-
log no. 11205D; ThermoFisher Scientific) were equilibrated by 6 
washes with wash buffer (10.0 mM Tris HCl, pH 7.4, 2.0M NaCl, 
1 mM EDTA). Biotin- labeled DNA was incubated with streptavidin- 
coated beads for 1 hour at RT, on a rotary wheel. Three succes-
sive washes were performed to eliminate the unbound biotinylated 
DNA. Nuclear extract (500 μg) from CD8+ T cells was preincu-
bated on ice for 20 minutes in electrophoretic mobility shift assay 
(EMSA) binding buffer (100 mM Tris, 500 mM KCl, 10 mM dithio-
threitol [pH 7.5]) and then incubated with beads for 1 hour at 21°C 
on a rotary wheel. The beads were then stringently washed 6 
times: once with 500 μl of EMSA binding buffer, 3 times with wash 
buffer plus 0.1% Tween 20, and twice with 50 mM NH4HCO3. 
Beads were then resuspended in sample buffer containing 10 mM 
EDTA, 1% sodium dodecyl sulfate (SDS), and benzonase (1 unit) 
for 60 minutes at RT on a rotary wheel. Magnetic separation was 
used to separate the DNA– protein complexes from the beads.

Mass spectrometry analyses. Protein samples were 
prepared for liquid chromatography tandem mass spectrometry 
(LC- MS/MS) analysis using tryptic digestion, as described previ-
ously (17). Briefly, proteins were reduced and alkylated (with 1- 4 
dithiothreitol/iodoacetamide) before digestion with trypsin (Pro-
mega) and desalting of peptides using C18 material (Sola; Ther-
moFisher). Thereafter, the peptides were analyzed on a nano 
LC- MS/MS platform consisting of a Q- Exactive mass spectrom-
eter and nano ultra- performance LC mass spectrometer (both 
from ThermoFisher) (18). Chromatographic separation of pep-
tides was achieved on Easyspray columns (75 μm × 500 mm) 

http://onlinelibrary.wiley.com/doi/10.1002/art.41628/abstract
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using a gradient spanning from 5% DMSO in 0.1% formic acid 
in 5% acetonitrile to 5% DMSO in 0.1% formic acid in 35% ace-
tonotrile. The MS parameters used have been described previ-
ously (18).

Quantitative data were derived from the number of MS/MS 
spectra per peptide (spectral counting) or the integrated peak 
area of the ion chromatogram of a specific peptide as reported 

by ProgenesisQI (Waters, version 2.0) using default parame-
ters. Identification of proteins was generated with the use of the 
Mascot search engine based on a false discovery rate (FDR) of 
1% and peptide score cutoff of 20, checked against the UniProt 
human protein database. All proteomics data are publicly available 
through the Proteomics Identification Database (PRIDE consor-
tium; https://www.ebi.ac.uk/pride/ archi ve/) (19).

Figure 1. Identification of proteins bound to the rs4648889 locus in nuclear extracts from CD8+ T cells, using DNA- affinity capture assay/
quantitative mass spectrometry (qMS). A, Workflow diagram of the experimental approach. B, Principal components analysis of variance in 
protein levels in 3 replicated experiments, assessing binding to the ankylosing spondylitis (AS)– protective G allele versus the AS- risk A allele. 
C, Volcano plot showing the complete set of 658 proteins identified as showing differential binding in 3 different qMS experiments. Orange 
dots represent the proteins showing statistically significant variance at a false discovery rate (FDR) of <0.05. D, Reactome pathway analysis of 
the functional pathways associated with statistically significant proteins. E, Unsupervised hierarchical clustering of the statistically significant 
proteins (FDR <0.05) showing differential binding between the AS- protective and AS- risk alleles. RBBP4 = retinoblastoma binding protein 4; 
CHD4 = chromodomain helicase DNA binding protein 4; IKZF3 = Ikaros family zinc-fingerprotein 3; IRF5 = interferon regulatory factor 5.

https://www.ebi.ac.uk/pride/archive/
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Visualization and analysis of proteomics data. Pro-
teomics data were visualized using a Qlucore Omics Explorer 
(version 3.7) in order to carry out principal components analysis 
and unsupervised hierarchical clustering. The Reactome data-
base (20) was used to investigate the functional pathways (i.e., 
Gene Ontology [GO] categories). The R package was used to 
create volcano plots. The Search Tool for the Retrieval of Interact-
ing Genes/Proteins (STRING; version 11.0), a database of known 
and predicted protein– protein interactions, was used to define the 
protein– protein interactions among the 38 differentially abundant 
proteins identified by DNA pull- down assay/qMS analysis.

Epigenetic database interrogation. Epigenetic data 
from Roadmap Epigenomics Projects (http://epige nomeg ateway.
wustl.edu) (21) was used to analyze the region encompassing 
SNP rs4648889, in particular the chromatin immunoprecipitation– 
sequencing (ChIP- seq) peaks for the TFs IKZF and chromodomain 
helicase DNA binding protein 4 (CHD4) on lymphoblastoid cell lines.

EMSA. EMSA were performed as previously described (8). 
Briefly, the DNA probes were mixed and annealed at RT for 1 hour. 
For supershift assays, 5 μg of nuclear extract obtained from Jurkat 
cells was first incubated (for 20 minutes) with a specific antibody, 
and then the nuclear extract– antibody complex was incubated (for 
20 minutes) with biotinylated DNA and run on retardation gels. The 
full list of antibodies and DNA probes is provided in Supplementary 
Tables 1 and 2 (available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41628/ abstract).

Western blot assay. Eluted samples from the qMS 
experiments were separated by SDS– polyacrylamide gel elec-
trophoresis, transferred to nitrocellulose membranes (Bio- Rad), 
and incubated overnight at 4°C with various primary antibodies 
against IKZF3, CHD4, retinoblastoma binding protein 4 (RBBP4), 
and IRF5 (see Supplementary Table 2 [http://onlin elibr ary.wiley.
com/doi/10.1002/art.41628/ abstract]). An appropriate horse-
radish peroxidase– conjugated secondary antibody was used, 
and signals were detected using the enhanced chemilumines-
cence method (ThermoFisher Scientific). Image quantitation was 
performed using ImageJ.

ChIP– quantitative polymerase chain reaction (qPCR) 
analysis. Chromatin was sonicated with Bioruptor Pico (Diagen-
ode) and fragment sizes were analyzed on a 2% agarose gel. ChIP 
samples were prepared using the iDeal ChIP- seq kit for Transcrip-
tion Factors (catalog no. C01010055; Diagenode). For each ChIP 
sample, 2.5 × 106 CD8+ T cells were used. Three independent 
qPCR experiments were performed using allele- specific primers 
for rs4648889 (see ref. 8 for specific primer sequences). We used 
CD8+ T cells (n = 3 samples) of known genotype (heterozygous for 
rs4648889) from buffy coat blood cones to compare the impact of 
the AS- risk and AS- protective alleles on relative enrichment. We 

normalized all of our ChIP- qPCR data against a 1% input control, 
in accordance with the manufacturer’s instructions.

Data were visualized with Prism version 8.0.2. The following 
ChIP- grade antibodies were used: anti- RBBP4 (ab79416; Abcam), 
anti- CHD4 (14173- 1- AP; Proteintech Europe), anti- IKZF3 (ab139408; 
Abcam), anti- IRF5 (E1N9G, rabbit monoclonal antibody 13496; Cell 
Signaling Technology), and an IgG antibody (K02041008; Diagenode).

IRF5 silencing. Primary human CD8+ T cells were trans-
fected with small interfering RNA (siRNA) targeting IRF5 or with a 
scrambled control siRNA (both from Dharmacon), using the Neon 
transfection system (ThermoFisher Scientific). The cells were then 
stimulated with anti- CD2/anti- CD3/anti- CD28 beads (Miltenyi, 
UK) and a proinflammatory cytokine cocktail (consisting of inter-
leukin- 2 [IL- 2], IL- 1β, IL- 6, and IL- 23; all from PeproTech). Three 
days after transfection, the supernatant was collected for enzyme- 
linked immunosorbent assay (ELISA) analysis of interferon- γ (IFNγ), 
and cells were lysed in TRIzol for RNA isolation and qPCR analysis 
of RUNX3, IRF5, and IFNγ messenger RNA (mRNA) expression, 
using a TaqMan gene expression assay.

Statistical analysis. Statistical analysis for the volcano plot 
and hierarchical clustering data was performed using base R. Stu-
dent’s 2- tailed t- test was used to determine statistically significant 
differences between groups, calculated using GraphPad Prism 
software (version 8.01).

RESULTS

SNP- based capture of TFs and identification of dif-
ferentially bound proteins by label- free MS. We hypoth-
esized that the effects of rs4648889 on disease association and 
differential gene expression can be attributed to allele- specific TF 
binding in CD8+ T cells. We first sought to identify which TFs have 
the capacity to bind in an allele- specific manner, using a highly 
sensitive DNA pull- down approach with analysis using label- free 
MS. Nuclear proteins from freshly isolated CD8+ T cells were incu-
bated with rs4648889- centered DNA oligonucleotide baits cor-
responding to the 2 naturally occurring alleles, followed by qMS 
analysis in 3 independent experiments (Figure 1A).

Principal components analysis demonstrated that there 
were clear clusters of proteins preferentially binding the different 
rs4648889 alleles (Figure 1B). There was significant differen-
tial binding for 38 proteins (FDR <0.05) between the AS- risk A 
allele and the AS- protective G allele, as shown in the volcano plot 
(Figure 1C and Supplementary Table 3, available on the Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/doi/  
10.1002/art.41628/ abstract). Reactome pathway analysis revealed 
significant enrichment for proteins involved in immunity, chroma-
tin remodeling/histone deacetylation, RNA polymerase II tran -
scription initiation, and regulation of RUNX3 expression and 
activity (Figure 1D). Unsupervised hierarchical clustering analysis 

http://epigenomegateway.wustl.edu
http://epigenomegateway.wustl.edu
http://onlinelibrary.wiley.com/doi/10.1002/art.41628/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41628/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41628/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41628/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41628/abstract
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demonstrated distinct DNA– protein “interactome” profiles for the 
2 rs4648889 alleles (Figure 1E).

Identification of IKZF3 and NuRD cofactors by qMS 
analysis. We then prioritized TFs for validation among those 
showing differential binding. We reasoned that as a regulatory 
complex of TFs, protein– protein interactions would be important. 

We therefore performed protein association network analysis 
(using the STRING database, version 11.0; www.strin g- db.org) 
and found several significant protein– protein interactions among 
the 38 factors identified (Figure 2A), with significant GO terms for 
regulation of IFN production (FDR 0.04) and NuRD complex (FDR 
0.02). These analyses provided evidence of interactions involving 
IRF5, IKZF3 (the zinc- finger protein Aiolos), RBBP4, and CHD4 

Figure 2. Identification of IKZF3, CHD4, and NuRD complex factors in binding the genomic region spanning rs4648889. A, Protein– protein 
interaction analysis of the 38 factors identified as significant by DNA pull- down/qMS and related Gene Ontology (GO) analysis. B, Illustration 
showing the binding of IKZF3 (Aiolos) and NuRD complex factors to DNA. C, DNA binding motifs of IKZF3 and CHD4 (verified in the ENCODE 
Factorbook [21]) that overlap the rs4648889- encompassing locus. D, Chromatin immunoprecipitation– sequencing peak signals for CHD4 and 
IKZF proteins on GM12878 cell lines, as revealed by interrogation of the Epigenome database. Purple vertical line indicates the location of the 
rs4648889 genetic variant. E, Label- free quantitation of IKZF3, NuRD complex factors, and IRF5 identified by qMS. The heatmap represents 
the differential binding of each protein, quantified as fold change in expression. pro = protective; HDAC1/2 = histone deacetylase 1/2; MTA2 = 
metastasis- associated protein 2; MECP2 = methyl- CpG binding protein 2; LSD1 = lysine- specific demethylase 1 (see Figure 1 for other definitions).

http://www.string-db.org
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(Figure 2A). Crucially, we were able to identify all of the previ-
ously described members of the NuRD repressor complex in our 
pull- down experiments (Figure 2B and Supplementary Table 4, 
 avail able on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41628/ abstract) (22).

To investigate this further, we analyzed DNA binding motifs 
spanning rs4648889. We found evidence of specific motifs for 
IKZF3 and CHD4 overlapping the disease- associated A allele 
at rs4648889 (Figure 2C). We interrogated publicly available 
ENCODE ChIP- seq data (https://genome.ucsc.edu/ENCOD E/) and 

Figure 3. Validation of the NuRD factors identified. A, Representative Western blot (3 samples analyzed) of the pulled- down eluates used in qMS 
experiments shows the differential binding of IKZF3, CHD4, and RBBP4 to the AS- protective (pro) G allele versus the AS- risk A allele. Silver staining 
was used for equal loading. Numbers above the bands show the quantification of binding, measured with ImageJ. B, Representative findings from 
electrophoretic mobility shift assay (EMSA) (2 samples analyzed) show differential nuclear extract (N.E.) binding after addition of Jurkat cell lysates 
(lanes 2 and 7). A 100- fold excess of unlabeled probes was used as competitor (Comp) (lanes 3 and 8). The involvement of IKZF3 and CHD4 was 
assessed by adding the corresponding antibody (lanes 4, 5, 9, and 10). Numbers below the bands represent the pixel intensity, measured with ImageJ. 
C, Representative findings from EMSA (2 samples analyzed) show differential nuclear extract binding of RBBP4 after addition of the RBBP4 antibody 
(lanes 4 and 8). In B and C, the asterisk indicates the presence of a supershifted complex (arrow). D, The relative enrichment of CHD4, IKZF3, and 
RBBP4 was assessed with chromatin immunoprecipitation– quantitative polymerase chain reaction (ChIP- qPCR) (3 samples analyzed) on CD8+ T cells 
heterozygous for rs4648889 (from buffy coat blood cones). Data were normalized against a 1% input control, with IgG set at 1.0. Symbols represent 
individual samples; bars show the mean ± SD. P values were determined by Student’s t- test. See Figure 1 for other definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.41628/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41628/abstract
https://genome.ucsc.edu/ENCODE/
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found evidence of binding of both IKZF and CHD4 at or near these 
sites in lymphoblastoid cell lines (Figure 2D). Our label- free qMS 
experiment showed that IKZF3 was significantly more abundant 
from pull- down with the AS- risk A allele than with the protective 
G allele (3.7- fold increase; P < 0.03) (Figure 2E and Supplemen-
tary Table 4 [http://onlin elibr ary.wiley.com/doi/10.1002/art.41628/ 
abstract]). Binding to the A allele was also significantly increased 
for several components of the NuRD complex, including CHD4 
(3.6- fold increase; P < 0.05), RBBP4 (4.1- fold increase; P < 0.03), 
and methyl- CpG binding protein 2 (MECP2) (1.5- fold increase; 
P = 0.05). Although not statistically significant, this trend of 
increased binding to the A allele continued for other NuRD pro-
teins, including lysine- specific histone demethylase 1 (KDM1A) 
and the histone deacetylases HDAC1 and HDAC2 (increase in 
preferential binding to the A allele of 2.4- fold, 16.1- fold, and 16.2- 
fold, respectively) (Figure 2E and Supplementary Table 4).

Validation of differential binding for IKZF3, CHD4, 
and RBBP4. We then sought to validate our qMS results further. 
First, we used Western blots to analyze the pulled- down eluates 
from the qMS experiments. We demonstrated increased amounts 
of IKZF3, CHD4, and RBBP4 in eluates pulled down with probes 
containing the AS- risk A allele (Figure 3A).

We then determined the impact of rs4648889 on TF bind-
ing by analyzing nuclear extracts from Jurkat T cells using EMSA. 
While the overall binding intensity of the DNA– nuclear extract 
complex was less with the A allele than with the G allele (units of 
intensity, mean ± SD 21.3 ± 3.7 with the A allele versus 68.1 ± 1.5 
with the G allele [n = 3]; P = 0.002), incubation with antibodies 
against IKZF3, CHD4, and RBBP4 resulted in supershifted bands, 
which was more evident with the A allele (Figures 3B and C; see 
also Supplementary Figure 1A, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41628/ abstract). These findings confirm the interaction of 
these TFs with the 50- bp sequence encompassing rs4648889, 
and demonstrate increased binding of these TFs to the AS- risk 
A allele.

We also performed allele- specific ChIP- qPCR to assess the 
relative abundance of these 3 specific factors. Freshly isolated 
CD8+ T cells from healthy donors who were heterozygous for 
rs4648889 showed enhanced relative enrichment of binding to 
the AS- risk A allele for CHD4, IKZF3, and RBBP4 (in 3 indepen-
dent experiments) (P = 0.04, P = 0.07, and P = 0.06, respectively) 
(Figure 3D).

Preferential binding of IRF5 to the G allele at 
rs4648889. Similar experimental approaches were used to vali-
date IRF5 binding. Expression of IRF5 was evaluated by Western 
blotting in Jurkat T cells and CD8+ T cells (see Supplementary 
Figure 2, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41628/ abstract). 
There was a markedly increased amount of IRF5 in eluates pulled 

down with probes containing the AS- protective G allele compared 
to those containing the AS- risk A allele (Figure 4A). Among the 38 
proteins displaying significant differential allelic binding by qMS, 
IRF5 was significantly enriched in the fraction pulled down with the 
oligonucleotide containing the AS- protective G allele (fold change 
8.2; P = 0.003).

Similar to the above findings, EMSA revealed markedly greater 
binding of nuclear extracts from Jurkat T cells to the G allele, which 
was significantly reduced by preincubating the nuclear extracts 
with 2 independently validated anti- IRF5 antibodies (Figures 4B 
and C; quantification of the Western blot findings is shown in Sup-
plementary Figure 1B [http://onlin elibr ary.wiley.com/doi/10.1002/
art.41628/ abstract]), although no supershift was seen in this case. 
Furthermore, EMSA analysis of nuclear extracts from CD8+ T cells 
confirmed this result, as shown in Figure 4D. These findings are 
consistent with the notion that IRF5 is involved in the DNA– protein 
complex. ChIP- qPCR analysis of freshly isolated CD8+ T cells 
from healthy donors heterozygous for rs4648889 also showed a 
trend toward enhanced enrichment of IRF5 for the protective G 
allele (P = 0.08) (Figure 4E). These findings suggest that an allelic 
imbalance occurs in these cells.

Impact of IRF5 silencing on CD8+ T cells. We then 
investigated the potential functional significance of differential 
IRF5 binding in CD8+ T cells. We used siRNA to knock down 
IRF5 expression in primary CD8+ T cells activated with anti- CD2/
anti- CD3/anti- CD28 beads. Transfection of CD8+ T cells with 
siRNA targeting IRF5 resulted in a significant reduction (up to 91%) 
in IRF5 expression compared to the effects of a scrambled control 
siRNA (Figure 5A). We initially observed a small, but nonsignifi-
cant, increase in RUNX3 expression following IRF5 knockdown 
(Figure 5B). In addition, we observed a significant increase in the 
levels of both IFNG mRNA (P = 0.03) and IFNγ protein (P = 0.02) 
following IRF5 knockdown in CD8+ T cells (Figures 5C and D).

DISCUSSION

Converting knowledge obtained from GWAS for complex 
traits into a mechanistic understanding of the underlying patho-
logic processes represents a truly formidable challenge (23). In 
the present study we have shown the power of qMS to address 
this challenge, by using this approach to identify a complex net-
work of TFs and chromatin regulatory proteins (24,25) interact-
ing with a putative cis- regulatory (enhancer) element upstream 
of the distal RUNX3 promoter, which has previously been impli-
cated in the etiology of AS when investigated in GWAS and fine- 
mapping studies (2,5,8). We find that many of these TFs exhibit 
differential allelic binding in vitro to a short DNA sequence flank-
ing rs4648889. In particular, one member of the Ikaros family of 
closely related TFs known as Aiolos (IZKF3), a global regulator of 
chromatin architecture (26), binds preferentially to the AS- risk A 
allele. The Ikaros family of TFs (including Aiolos) plays important 

http://onlinelibrary.wiley.com/doi/10.1002/art.41628/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41628/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41628/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41628/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41628/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41628/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41628/abstract
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roles in lymphocyte biology, and Aiolos has been incriminated in B 
cell disorders (hyperproliferative states, autoantibody production, 
and lymphomas), T cell proliferation, Th17 cell differentiation, and 
innate immune cell plasticity (27– 29).

Aiolos is often physically associated with the NuRD complex, 
an ATP- dependent chromatin- remodeling complex involved in 

transcriptional repression (30,31). We identified most of the com-
ponents of the NuRD complex active at this locus (CHD4, MECP2, 
RBBP4, HDAC1, HDAC2, and KDM1A), all of which exhibit some 
degree of preferential binding to the A allele. These findings were 
consistent with our results from Western blotting, EMSA, and 
ChIP- qPCR and suggest that the NuRD complex is recruited more 

Figure 4. Validation of IRF5. A, Representative Western blot (3 samples analyzed) of the pulled- down eluates used in qMS experiments shows 
the differential binding of IRF5 to the AS- protective (pro) G allele versus AS- risk A allele. Silver staining was used for equal loading. Numbers 
above the bands show the quantification of binding, measured with ImageJ. B, Representative findings from electrophoretic mobility shift assay 
(EMSA) (2 samples analyzed) show differential Jurkat cell nuclear extract (N.E.) binding for IRF5, after the addition of IRF5 antibody 13496 
(lanes 4 and 8). In this case, inhibition of the complex was detected. C and D, Representative findings from EMSA (3 samples analyzed) show 
differential Jurkat cell (C) and CD8+ T cell (D) nuclear extract binding for IRF5, after addition of IRF5 antibody 21689 (lanes 4 and 8). Inhibition 
of the complex (arrow) is confirmed. E, The relative enrichment of IRF5 was assessed with allele- specific chromatin immunoprecipitation– 
quantitative polymerase chain reaction (ChIP- qPCR) on CD8+ T cells heterozygous for rs4648889 (3 samples analyzed). Data were normalized 
against a 1% input control, with IgG set at 1.0. Symbols represent individual samples; bars show the mean ± SD. P values were determined by 
Student’s t- test. See Figure 1 for other definitions.
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efficiently to the AS- associated A allele of rs4648889 in the regu-
latory sequence upstream of RUNX3. This could account for our 
previous findings of the transcriptional repression of RUNX3 by 
the A allele of rs4648889 (8). CHD4 and the NuRD complex are 
pivotal in early T cell development, specifically during the transition 
from double- negative to double- positive (CD4+CD8+) T cell pre-
cursors (32– 34). Moreover, CHD4 and the NuRD complex work 
together with IKZF family members in modifying CD8a transcrip-
tion and expression (35). Of passing interest to rheumatologists, 

CHD4 is one of the target antigens for anti- Mi2 autoantibodies, 
which are found in ~20% of patients with dermatomyositis (36). 
However, the relevance of these antibodies to the pathogenesis 
of myositis or the malignancies commonly associated with der-
matomyositis is unclear.

The presence of IRF5 among the 38 factors exhibiting signif-
icant differential allelic binding to this region is intriguing, particu-
larly since its binding was significantly higher to the protective G 
allele— in contrast to Aiolos and the NuRD complex, which bound 
preferentially to the A allele (as described above). Our hypothesis- 
free DNA pull- down approach clearly demonstrated the differential 
binding of IRF5 to the risk and protective alleles of rs4648889. The 
detection of a unique peptide (LITVQVVPVAAR) in all 3 replicated 
pull- down experiments with the protective allele demonstrates cat-
egorically the presence of IRF5, as has also recently been shown 
by others (37). These results were also independently supported 
by the observed changes in IRF5 expression levels evaluated on 
the pull- down eluates from Western blotting and as analyzed with 
in vitro supershift assays performed with Jurkat and CD8+ T cells.

We corroborated our findings by using 2 different IRF5- specific 
antibodies. IRF5 is one of the closely related members of the IRF 
family that play critical roles in cell differentiation, development, 
and proliferation. It is constitutively expressed in monocytes, mac-
rophages, B cells, and dendritic cells (38) and is a key factor in 
promoting polarization toward the inflammatory (M1) macrophage 
phenotype, which subsequently enhances the development of 
Th1– Th17 cell responses (39). It plays a central role in the induc-
tion of inflammatory cytokines (40) and in determining macrophage 
responses to stimulation by IFNγ and granulocyte– macrophage 
colony- stimulating factor, which appears to be a key factor in the 
pathogenesis of AS (41). Stimulation by Toll- like receptor and Fcγ 
receptor are both required for IRF5 phosphorylation, activation, 
and nuclear translocation, which are essential for its transcription 
(42). The role of IRF5 in T cells has been explored relatively rarely, 
in contrast to its well- defined actions in monocytes/macrophages. 
Recently, a possible role for IRF5 in the differentiation and migra-
tion of CD4+ and CD8+ T cells, and their production of cytokines, 
has been described (43). IRF5 is up- regulated in mouse splenic 
T cells during chronic infection with Leishmania donovani (44) 
and has also been strongly associated genetically with several 
immune- mediated diseases (9,45).

The increased production of IFNγ by CD8+ lymphocytes 
that we observed after IRF5 silencing was particularly interesting, 
in view of another recent study relating to chronic visceral leish-
maniasis in mice. In these animals, IFNγ- producing CD4+ T cells 
were more abundant in the spleen of an irf5−/− mouse, in which 
increased IRF5 expression was triggered through Toll- like receptor 
7, and CD4+ T cells were sensitized to cell death by increased 
expression of death receptor 5, indicating a possible mechanism 
for the maintenance of chronic infection (46). However, it is not 
known whether IRF5 might have a similar role in CD8+ T cells. 
Since the enhancer region that was studied herein lies closest to 

Figure 5. Functional validation of the role of interferon regulatory 
factor 5 (IRF5) using gene silencing. A, The efficiency of IRF5 silencing 
was evaluated with reverse transcription– quantitative polymerase 
chain reaction (RT- qPCR) on CD8+ T cells transfected with IRF5 
small interfering RNA (siRNA). A scrambled siRNA was used as 
control (Ctr- siRNA). Results are shown as the normalized transcript 
levels after IRF5 knockdown (KD) relative to control. B, Results of RT- 
qPCR show the effect on RUNX3 mRNA expression in CD8+ T cells 
after IRF5 silencing (n = 4). C, Results of RT- qPCR show the effect 
on expression of the interferon- γ (IFNγ) gene after IRF5 silencing in 
CD8+ T cells (n = 4). D, Results of enzyme- linked immunosorbent 
assay (ELISA) show the effect on IFNγ protein levels in CD8+ T cells 
after IRF5 knockdown (n = 4). Values in B–D are shown as box plots, 
where lines inside the box represent the median, the boxes show the 
interquartile range, and the lines outside the boxes show the 10th 
and 90th percentiles. * = P = 0.002 by Student’s t- test.
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RUNX3, we assumed that it is most likely to influence expres-
sion of this gene. However, although we demonstrated a small 
increase in RUNX3 expression following IRF5 knockdown, this 
was not conclusive and a statistically significant change was not 
observed. It is possible that any regulatory effects involving IRF5 at 
this locus might also involve other TFs; this will need further evalu-
ation. However, in mice, irf5 has been showed to have a regulatory 
effect on Runx3 transcription in CD11+ intestinal macrophages, 
although data from T cells are so far lacking (47).

The therapeutic possibilities with regard to modulation of 
IRF5 expression, its posttranslational modification, and/or func-
tional interactions with its protein partners have been extensively 
discussed elsewhere (39,48). For example, AAAG- rich oligode-
oxynucleotides that compete with IRF5 for the consensus DNA 
binding site in regulatory elements associated with inflammatory 
genes have been used successfully to ameliorate bacterial septic 
peritonitis and influenza- induced acute lung injury and to reduce 
the levels of IL- 6, tumor necrosis factor, and type 2 nitric oxide 
synthase in mouse models (49,50).

The experiments described herein represent a continuation 
of our approach to discover the pathogenic mechanisms underly-
ing the strong genetic association of AS with RUNX3. In this study 
and in our previous work (8), we have demonstrated the impact 
of AS- associated SNPs on TF binding to the enhancer- like region 
upstream of RUNX3 and on RUNX3 expression in CD8+ T cells 
(8). Further clarification of the involved pathways is needed, but 
these results suggest that RUNX3-  and IRF5- related pathways 
represent important potential therapeutic targets for the treatment 
of AS and support the role of CD8 lymphocytes in its pathology.
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Prevalence of Systemic Lupus Erythematosus in the United 
States: Estimates From a Meta- Analysis of the Centers for 
Disease Control and Prevention National Lupus Registries
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Objective. Epidemiologic data on systemic lupus erythematosus (SLE) are limited, particularly for racial/ethnic 
subpopulations in the US. This meta- analysis leveraged data from the Centers for Disease Control and Prevention (CDC) 
National Lupus Registry network of population- based SLE registries to estimate the overall prevalence of SLE in the US.

Methods. The CDC National Lupus Registry network includes 4 registries from unique states and a fifth registry from 
the Indian Health Service. All registries defined cases of SLE according to the American College of Rheumatology (ACR) 
1997 revised classification criteria for SLE. Case findings spanned either 2002– 2004 or 2007– 2009. Given the heterogeneity 
across sites, a random- effects model was used to calculate the pooled prevalence of SLE. An estimate of the number of 
SLE cases in the US was generated by applying sex/race- stratified estimates to the 2018 US Census population.

Results. In total, 5,417 cases were identified as fulfilling the ACR SLE classification criteria. The pooled prevalence of 
SLE from the 4 state- specific registries was 72.8 per 100,000 person- years (95% confidence interval [95% CI] 65.3– 81.0). 
The prevalence estimate was 9 times higher among females than among males (128.7 versus 14.6 per 100,000), and 
highest among Black females (230.9 per 100,000), followed by Hispanic females (120.7 per 100,000), White females (84.7 
per 100,000), and Asian/Pacific Islander females (84.4 per 100,000). Among males, the prevalence of SLE was highest 
in Black males (26.7 per 100,000), followed by Hispanic males (18.0 per 100,000), Asian/Pacific Islander males (11.2 per 
100,000), and White males (8.9 per 100,000). The American Indian/Alaska Native population had the highest race- specific 
SLE estimates, both among females (270.6 per 100,000) and among males (53.8 per 100,000). In 2018, an estimated 
204,295 individuals (95% CI 160,902– 261,725) in the US fulfilled the ACR classification criteria for SLE.

Conclusion. A coordinated network of population- based SLE registries provides more accurate estimates of the 
prevalence of SLE and the numbers of individuals affected with SLE in the US in 2018.

INTRODUCTION

The heterogeneity of the clinical manifestations of systemic 
lupus erythematosus (SLE) and lack of a singular diagnostic 
test make SLE difficult for epidemiologists to study (1). Previous 
estimates of the rates of SLE in the US have been predominantly 

derived from tertiary care settings and relatively small, homogene-
ous patient populations, for which limited data are available on key 
demographic groups in the US (1). Other explanations for the var-
ied estimates, which range from 19 to 241 per 100,000, include 
racial/ethnic disparities in SLE susceptibility and mortality, differing 
case definitions, heterogeneous sources for case ascertainment, 
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small populations, possible inaccuracy of self- report, unreliabil-
ity in coding in health system databases, and variable access to 
health care for high- risk populations (2,3).

The Centers for Disease Control and Prevention (CDC) funded 
a network of 5 population- based SLE registries, each using sim-
ilar active surveillance methods, to determine the incidence and 
prevalence of SLE in populations reflecting a broad distribution of 
racial/ethnic demographics in the US. Data from these 5 registries 
have provided overall prevalence and incidence rates of SLE, as 
well as estimates focused on the major US demographic groups, 
including White and Black populations (3,4), Asian/Pacific Islander 
and Hispanic populations (5,6), and American Indian/Alaska Native 
(AI/AN) populations (7). Leveraging these data, we performed 
a meta- analysis to estimate the overall prevalence of SLE and to 
provide an estimate of the number of SLE cases in the US in 2018.

METHODS

Data sources and study selection. The CDC- supported 
and SLE- dedicated registries were based in the following source 
populations, which contained a mix of urban and rural areas. Areas 
with a large Black population (~50%) included Fulton County and 
DeKalb County in Georgia (the Georgia Lupus Registry [GLR]) (3) and 
Washtenaw County and Wayne County in Michigan (the Michigan 
Lupus Epidemiology and Surveillance Program [MILES]) (4). Areas 
with populations having substantial representation of Asian/Pacific 
Islander and Hispanic individuals included San Francisco County 
in California (the California Lupus Surveillance Program [CLSP]) (5) 
and New York County in New York (the Manhattan Lupus Surveil-
lance Program [MLSP]) (6). Estimates for the AI/AN population were 
derived from the Indian Health Service (IHS) (with facilities in Alaska, 
Phoenix, Arizona, and Oklahoma City, Oklahoma) (7).

Active surveillance for these registries was performed at vari-
ous times between 2003 and 2015 using the surveillance exemp-
tion to the US Health Insurance Portability and Accountability Act 
(HIPAA) and public health authorization by the respective state or 
city Health Departments, which allowed access to medical records 
without individual consent. The case definitions for determination 
of SLE prevalence varied slightly according to the time period eval-
uated in each registry, ranging between 2002 and 2009 (3– 7). In 
all registries, the American College of Rheumatology (ACR) 1997 
revised classification criteria for SLE was used as the primary case 
definition for SLE (8,9). The registries employed harmonized meth-
ods, including the utilization of a variety of case- finding sources and 
screening for potential SLE cases using the same core set of Inter-
national Classification of Diseases, Ninth Revision (ICD- 9) codes.

Registries used a consistent approach to capture the relevant 
clinical and demographic information and core definitions from a 
standardized data dictionary. Trained medical abstractors, who 
underwent routine quality assurance monitoring, collected the 
data. Population denominators were based on intercensal pop-
ulation estimates for the respective source populations. Sex-  and 

race/ethnicity- specific prevalence estimates were calculated per 
100,000 person- years and age- adjusted to the 2000 US Stand-
ard Population (10) (see Supplementary Figure 1, available on the 
Arthritis & Rheumatology website at http://onlinelibrary.wiley.com/
doi/10.1002/art.41632/abstract). Data were extracted from the 
published articles independently by 2 of the authors (PI and HP), 
who reached agreement with regard to all of the data used.

Data synthesis and analysis. A meta- analysis was con-
ducted to derive pooled prevalence estimates of SLE using data 
from the 4 similar CDC- funded state registries (the GLR, MILES, 
CLSP, and MLSP registries) for estimating the age- standardized 
prevalence of SLE (adjusted to the 2000 US Standard Population) 
(10) and the rates of SLE stratified by sex and race/ethnicity cate-
gories other than AI/AN (3– 6). In contrast to the 4 state- based reg-
istries, the IHS- based registry (7) was different, as it focused on a 
single demographic (AI/AN), and therefore was handled separately.

For the meta- analysis, heterogeneity across sites was tested 
by Cochran’s Q and I2 statistical tests (11,12). Due to significant 
heterogeneity among the sites, we used a random- effects model, 
weighted by the population denominator for each site, to calculate 
the pooled prevalence of SLE (13). Such random- effects models 
allow an underlying distribution of the effect sizes across different 
studies. Pooled race-  and ethnicity- specific estimates were cal-
culated for each population, except for estimates for the AI/AN 
population, whose data were derived solely from the IHS registry 
covering multiple states.

In the report of the MLSP data (6), rates of SLE were pre-
sented as those in combined race and ethnicity categories (e.g., 
Non- Hispanic White). For the present meta- analysis, rates were 
calculated separately by race and ethnicity for consistency across 
the registries based in states. Hispanic ethnicity and race cate-
gories overlap, so estimates in Hispanic populations include all 
races, and each race category will include Hispanic (i.e., race and 
Hispanic ethnicity are not mutually exclusive).

To estimate the number of SLE cases in the US, the pooled 
age- adjusted, sex-  and race- specific prevalence rates from the 4 
states and the prevalence in the AI/AN population from the IHS 
registry were extrapolated separately to 2018 US Census popula-
tion data; these stratum- specific estimates were then summed for 
the total population count of SLE cases. The pooled prevalence 
estimates of SLE do not incorporate the Hispanic SLE prevalence 
rates, because that would lead to duplicate counting.

RESULTS

Prevalence of SLE in the US. The 5 registries contributed 
5,417 SLE cases fulfilling the ACR classification criteria among 
populations from diverse areas across the country. The random- 
effects model for the meta- analysis of the estimates of SLE prev-
alence from the 4 state- based registries yielded an overall SLE 
prevalence of 72.8 per 100,000 person- years (95% confidence 
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interval [95% CI] 65.3– 81.0) (Figure 1A). The prevalence among 
female persons was ~9 times higher than among male persons 
(128.7 versus 14.6 per 100,000) (Table 1).

In assessing the race-  and ethnicity- specific pooled esti-
mates of SLE from the 4 state- specific registries, the preva-
lence of SLE was the highest among Black females (230.9 per 

Figure 1. Meta- analysis results showing age- standardized estimates of the prevalence of systemic lupus erythematosus (SLE) in the US from 
Centers for Disease Control and Prevention population- based registries in 4 states and the Indian Health Service. SLE cases were defined 
according to the American College of Rheumatology 1997 classification criteria. A, SLE prevalence estimates overall and by 4 state-specific 
registry sites (Michigan, Georgia, New York, and California). The size of each circle corresponds to the weight of the contribution to the meta- 
analysis. B and C, SLE prevalence estimates by race and Hispanic ethnicity among females (B) and males (C). Estimates for Black and White 
persons are based on the pooled estimates from the 4 state- specific lupus registry sites. Estimates for the Asian/Pacific Islander populations 
(Asian/PI) are based on pooled estimates from the registries in Michigan, California, and New York. Estimates for the American Indian/Alaska 
Native populations (AI/AN) are based on data from the Indian Health Service. Estimates for the Hispanic persons are based on pooled estimates 
from the registries in Michigan, California, and New York. Symbols with horizontal lines represent the prevalence estimates with 95% confidence 
intervals. Vertical line denotes the overall estimate.
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100,000, 95% CI 178.2– 299.2), followed by Hispanic females 
(120.7 per 100,000, 95% CI 84.0– 173.4), White females (84.7 
per 100,000, 95% CI 68.4– 104.8), and Asian/Pacific Islander 
females (84.4 per 100,000, 95% CI 48.3– 147.4) (Table 1 and 
Figure 1B). Among males, the prevalence of SLE followed a sim-
ilar pattern, with the highest rates among Black males (26.7 per 
100,000, 95% CI 19.6– 36.4), followed by Hispanic males (18.0 
per 100,000, 95% CI 15.6– 20.8), Asian/Pacific Islander males 
(11.2 per 100,000, 95% CI 5.7– 21.9), and White males (8.9 per 
100,000, 95% CI 8.0– 10.1) (Table 1 and Figure 1C).

The SLE prevalence estimates in the AI/AN population from 
the IHS Registry (not included in the pooled meta- analysis esti-
mates from the 4 state- based registries) were the highest among 
all of the races, both in females (270.6 per 100,000, 95% CI 
237.5– 307.0) and in males (53.8 per 100,000, 95% CI 36.2– 77.1) 
(Table 1 and Figures 1B and C).

Numbers of SLE cases among persons living in 
the US in 2018. When the sex-  and race- specific esti-
mates of SLE prevalence were applied to the correspond-
ing stratum- specific population denominators from the 2018 
US Census, we estimated that 204,295 persons (95% CI 
160,902– 261,725) in the US in 2018 fulfilled the ACR classi-
fication criteria for SLE (Table 1).

DISCUSSION

Based on the data from registries in which the ACR clas-
sification criteria were used to clinically define SLE, we found 
that the overall prevalence of SLE in the US was estimated to 
be 72.8 per 100,000 person- years (95% CI 65.3– 81.0) dur-
ing the calendar years 2002– 2009. Prevalence was ~9 times 
higher in females than in males, and was highest among AI/
AN females and Black females. Extrapolating sex-  and race- 
specific estimates to the 2018 US Census data, we estimated 
that 204,295 individuals (95% CI 160,902– 261,725) (184,323 
females and 19,972 males) in the US fulfilled the ACR classifi-
cation criteria for SLE.

Limitations and strengths of our data derived from each of 
the 5 component registries have been described previously (3– 
7). There are several limitations. First, although the registries were 
designed to employ similar methods, there were subtle differences 
in the comprehensive case- finding sources that were approached 
by the different registries and differences in the ICD- 9 criteria used 
to identify possible cases.

Second, case findings may have missed some true cases   
meeting the ACR criteria, so the actual numbers may be slightly 
higher than these estimates, as demonstrated by the capture- 
recapture analyses conducted by the state- based registries (3– 6).

Table 1. Estimated number of persons with SLE living in the US in 2018, by sex and race/ethnicity 
categories*

Prevalence of SLE  
per 100,000 person- years  

(95% CI)†

US Census 
population 

denominator

Estimated no. of SLE 
cases in US  

(95% CI)
Females

Black (4 sites) 230.9 (178.2– 299.2) 24,880,722 57,450 (44,337– 74,443)
White (4 sites) 84.7 (68.4– 104.8) 130,137,989 110,227 (89,014– 136,437)
Asian/PI (3 sites) 84.4 (48.3– 147.4) 12,544,896 10,588 (6,059– 18,491)
AI/AN (1 site) 270.6 (237.5– 307.0) 2,238,966 6,059 (5,318– 6,874)

Total‡ 128.7 (113.3– 146.2) 169,802,573 184,323 (144,729– 236,245)

Hispanic (3 sites)§ 120.7 (84.0– 173.4) 30,689,083 37,042 (25,779– 53,215)
Males

Black (4 sites) 26.7 (19.6– 36.4) 22,961,129 6,131 (4,500– 8,358)
White (4 sites) 8.9 (8.0– 10.1) 127,942,583 11,387 (10,235– 12,922)
Asian/PI (3 sites) 11.2 (5.7– 21.9) 11,660,533 1,306 (665– 2,554)
AI/AN (1 site) 53.8 (36.2– 77.1) 2,134,870 1,149 (773– 1,646)

Total‡ 14.6 (12.2– 17.5) 164,699,115 19,972 (16,173– 25,480)

Hispanic (3 sites)§ 18.0 (15.6– 20.8) 31,281,605 5,631 (4,880– 6,507)
* Systemic lupus erythematosus (SLE) cases were defined according to the American College of 
Rheumatology 1997 revised classification criteria for SLE. 95% CI = 95% confidence interval. 
† Estimates for the Black and White populations are based on pooled estimates from the 4 state- based 
registries; estimates for the Asian/Pacific Islander (PI) and Hispanic populations are based on pooled 
estimates from Michigan, California, and New York; estimates for the American Indian/Alaska Native (AI/
AN) population are based on the Indian Health Service Registry. 
‡ The pooled total SLE prevalence estimates include the Black, White, and Asian/PI populations. Since the 
prevalence in the AI/AN population was based on a single registry and the values were significantly higher, 
it was not included in the pooled prevalence per 100,000. 
§ Hispanic ethnicity is not mutually exclusive from the race categories, i.e., all Hispanic persons are included 
in one of the race categories. Thus, the pooled estimates do not incorporate the rates in Hispanic persons, 
since that would lead to duplicate counting. Estimates for Hispanic persons are based on pooled estimates 
from Michigan, California, and New York. 
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Third, data on race and ethnicity were abstracted from 
the medical records, which may not accurately represent the 
patient’s own racial or ethnic identification. Hispanic ethnicity and 
the different races encompass several heterogeneous groups, 
and SLE rates among these groups may differ.

Fourth, the prevalence of SLE in the AI/AN population was 
based on a single registry, although 3 geographic regions with 
different population characteristics were encompassed in the IHS 
registry, which improved the generalizability of the results (7). Due 
to significant heterogeneity across sites, the IHS registry data were 
not used in the calculations of pooled prevalence in our meta- 
analysis; however, the estimates of SLE prevalence derived from 
the AI/AN population in the IHS registry were used for the national 
estimate calculation of the number of SLE cases.

Fifth, secondary case definitions used by the 5 registries 
(3– 7) (results not shown herein) resulted in slightly higher esti-
mates of SLE in most instances, although these data may have 
greater sensitivity with lower specificity.

Sixth, our analyses did not include other forms of lupus, such 
as “early” or “incomplete” lupus, drug- induced lupus, or primary 
cutaneous lupus (14,15).

Seventh, our prevalence estimates from 2002– 2004 and 
2007– 2009 were applied to the 2018 US Census population. This 
approach provided a more relevant estimate of the numbers of 
individuals with SLE, but it might have been slightly affected if the 
prevalence of lupus had changed significantly during that period.

These analyses also have several strengths. First, case 
finding likely captured a wider spectrum of SLE than has been 
captured by previous studies, because of the HIPAA surveillance 
exemption and case finding that facilitated data collection that 
extended beyond academic medical centers.

Second, cases were validated through standardized and 
quality- controlled abstracting and rigid reviews of all availa-
ble medical records.

Third, the standard ACR 1997 revised classification criteria 
for SLE (8,9) were used for case definitions.

Fourth, the registries used harmonized methods and data dic-
tionaries, and included a large number of SLE cases from diverse 
populations across the country, with substantial representation 
of males and the major racial and ethnic groups found in the US.

Fifth, employing these estimates allowed us to esti-
mate the numbers affected with SLE in the US. This esti-
mate of the number of individuals with SLE approaches 
the 1983 definition of a rare disease used in the US (i.e., a 
condition that affects fewer than 200,000 people in the US) 
(16) and is lower than the widely used estimate of 1.5 million 
persons (17).

In summary, using estimates from a large, coordinated net-
work of population- based registries in which active surveillance 
of SLE was conducted, a more accurate estimate of the preva-
lence of SLE in the US was obtained. This likely represents a lower 
bound for SLE prevalence in the US.
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Association of Higher Hydroxychloroquine Blood 
Levels With Reduced Thrombosis Risk in Systemic 
Lupus Erythematosus
Michelle Petri , Maximilian F. Konig , Jessica Li, and Daniel W. Goldman

Objective. Hydroxychloroquine (HCQ) has a primary role in the prophylaxis and treatment of systemic lupus 
erythematosus (SLE) and may be protective against thrombosis in SLE. Optimal weight- based dosing of HCQ is 
unknown. This study was undertaken to examine the usefulness of HCQ blood monitoring in predicting thrombosis 
risk in a longitudinal SLE cohort.

Methods. HCQ levels were serially quantified from EDTA whole blood by liquid chromatography– tandem mass 
spectrometry. The mean HCQ blood levels calculated prior to thrombosis or until the last visit were compared using 
t-tests between patients with and those without thrombosis. Pooled logistic regression was used to analyze the 
association between rates of thrombosis and HCQ blood level. Rate ratios (RRs) and 95% confidence intervals (95% 
CIs) were calculated.

Results. In 739 patients with SLE, thrombosis occurred in 38 patients (5.1%). The mean ± SD HCQ blood level 
was lower in patients who developed thrombosis versus those who did not develop thrombosis (720 ± 489 ng/ml 
versus 935 ± 580 ng/ml; P = 0.025). Thrombosis rates were reduced by 13% for every 200- ng/ml increase in the most 
recent HCQ blood level (RR 0.87 [95% CI 0.78– 0.98], P = 0.025) and by 13% for mean HCQ blood level (RR 0.87 
[95% CI 0.76– 1.00], P = 0.056). Thrombotic events were reduced by 69% in patients with mean HCQ blood levels 
≥1,068 ng/ml versus those with levels <648 ng/ml (RR 0.31 [95% CI 0.11– 0.86], P = 0.024). This remained significant 
after adjustment for confounders (RR 0.34 [95% CI 0.12– 0.94], P = 0.037).

Conclusion. Low HCQ blood levels are associated with thrombotic events in SLE. Longitudinal measurement of 
HCQ levels may allow for personalized HCQ dosing strategies. Recommendations for empirical dose reduction may 
reduce or eliminate the benefits of HCQ in this high- risk population.

INTRODUCTION

Thrombosis in systemic lupus erythematosus (SLE) remains 
a major cause of morbidity and mortality. It is multifactorial with 
antiphospholipid antibodies (aPLs), disease activity, nephrotic- 
range proteinuria, and comorbidities, including hypertension, all 
playing a role. Thrombosis in SLE represents immunothrombo-
sis, with cross- talk between the coagulation and complement 
systems augmenting hypercoagulability (1). In particular, the SLE 
thrombosis risk equation showed that lupus anticoagulant, low 
complement component C3, and C4d bound to platelets all con-
tributed significantly to the risk of thrombosis (2).

Multiple retrospective and a few prospective studies (3– 13) 
have shown that hydroxychloroquine (HCQ) reduces the risk of 
arterial and venous thrombosis. An overall thrombosis odds ratio 
of 0.51 favoring HCQ was confirmed by Sankhyan et al (14). 
There are multiple mechanisms of action of HCQ (13) that con-
tribute to this benefit, including an antiplatelet effect, reduction 
in aPLs, and a positive rheologic effect. HCQ may also exert 
protective effects by preventing the disruption of the annexin 
A5 anticoagulant “shield,” reduction of soluble tissue factor, 
and inhibition of endosomal NADPH oxidase induction (15– 17). 
In addition, HCQ is beneficial as it reduces disease flares (18), 
increases low C3, improves renal outcome (19), and reduces 
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comorbidity factors including diabetes (20) and hyperlipidemia 
(5).

Despite its widespread use since the 1950s (21), optimal 
dosing of HCQ in SLE is unknown. The pharmacokinetics and 
pharmacodynamics of HCQ are complex and influenced by differ-
ences in gastrointestinal and tissue- specific absorption, lysosomal 
sequestration and melanin binding, and both hepatic metabolism 
and renal excretion (22,23). Studies on the benefit of HCQ in 
reducing thrombosis in SLE were done using older dosing reg-
imens. More recently, concern about the development of reti-
nopathy increased after a retrospective Kaiser- Permanente study 
(24). A prospective study limited to SLE patients confirmed that 
retinopathy was more common than previously understood, but 
at 16 years of use, the frequency was only 11.5% using sensitive 
screening tests, including optical coherence tomography (25).

The retrospective Kaiser- Permanente study was the basis for 
the revised American Academy of Ophthalmology (AAO) guidance 
to limit HCQ dosing to <5 mg/kg actual body weight (26). This 
study, however, was based on pharmacy dispensing records and 
not on the prescribed dose, which is higher due to partial adher-
ence. A recent study of 412 SLE patients suggested that empirical 
dose reduction following AAO guidelines was not associated with 
increased short- term risk of lupus- related end- organ damage, but 
importantly did not look at therapeutic drug levels or thromboem-
bolic events (27).

The role of monitoring HCQ blood levels has been studied 
for the last decade. HCQ blood levels are preferred over plasma 
levels due to the binding of HCQ to red blood cells and its lyso-
somal sequestration in leukocytes (28). HCQ blood levels reflect 
HCQ intake and tissue stores. The coefficient of variation is small 
(29). The highest tertile of HCQ blood levels in the prospective 
study did predict later development of retinopathy, indicating a 
role in monitoring blood levels to reduce toxicity (25). In this study, 
we analyzed whether HCQ blood levels were associated with 
thrombosis.

PATIENTS AND METHODS

Patients and patient/public involvement. The study 
population included patients from the Hopkins Lupus Cohort, a 
longitudinal study of outcomes of SLE. One of its original specific 
aims, which started 35 years ago, was the longitudinal study of 
aPLs in SLE to predict thrombosis. All patients met the revised 
American College of Rheumatology (ACR) classification criteria (30) 
or the Systemic Lupus International Collaborating Clinics (SLICC) 
classification criteria (31) for SLE. The study protocol included 
visits every 3 months, with laboratory tests performed to com-
plete the Safety of Estrogens in Lupus Erythematosus National 
Assessment version of the SLE Disease Activity Index (32). Extra 
visits were scheduled as needed to monitor disease activity or for 
complications. The Hopkins Lupus Cohort was approved on a 
yearly basis by the Johns Hopkins University School of Medicine 

Institutional Review Board (Study ID NA_00039294). All patients 
provided written informed consent. Patients were not involved in 
the study planning, design, or execution.

HCQ quantification in blood. To be included in the study, 
the patient must have had ≥1 HCQ blood level measurement. If 
the patient had to discontinue HCQ use due to retinopathy or 
intolerance, visits while not taking HCQ were censored. HCQ 
blood levels measured at the Johns Hopkins clinical laboratories 
were included. Levels were quantified from EDTA whole blood by 
liquid chromatography– tandem mass spectrometry as described 
by Füzéry et al, with measurements being linear over a range of 
16– 4,000 ng/ml (29). The coefficient of variation was <3%.

Assessment of thrombotic events. Venous thrombo-
sis (deep vein thrombosis [DVT], pulmonary embolus, superficial 
venous thrombosis, or other venous thrombosis) or arterial throm-
bosis (stroke, myocardial infarction, digital gangrene, or other 
arterial thrombosis) were recorded at each visit according to the 
cohort protocol and confirmed through review of medical records. 
For example, DVT required ultrasound or equivalent imaging, and 
pulmonary embolus required V/Q scan, computed tomographic 
(CT) angiography, or equivalent imaging. Stroke required brain CT 
or magnetic resonance imaging (MRI) scan confirmation. Myocar-
dial infarction required confirmation by electrocardiography (EKG), 
cardiac enzymes, or myocardial imaging. Other arterial thrombo-
sis was defined as appropriate for the site involved.

Patients were excluded if their thrombotic event occurred 
prior to their first HCQ blood level measurement. Follow- up for 
each patient was censored after their first thrombotic event.

Statistical analysis. Between- person and within- person 
correlation coefficients were used to measure the strength of 
the linear association between HCQ blood levels and commonly 
prescribed HCQ doses from 4.5– 6.5 mg/kg. Student’s t- test 
was used to evaluate the differences in mean HCQ blood levels 
between the thrombosis group and the no thrombosis group.

To facilitate the time- to- event analysis, we constructed a data 
set with 1 record for each month of follow- up for each patient 
after the first measurement of HCQ blood levels. Each record 
contained information on the patient’s clinical and medication his-
tory up to that month. For each person- month, we created a vari-
able indicating whether a thrombotic event had occurred during 
that month. In addition, mean HCQ blood levels over all previ-
ous months were calculated.

To calculate the rate of thrombosis in each subgroup, we 
calculated the number of thrombotic events divided by the num-
ber of person- months at risk and converted this rate to the rate 
per 1,000 person- years. To assess the relationship between HCQ 
blood levels (mean or most recent measures), we used pooled 
logistic regression (33). Unadjusted and adjusted results were 
reported. All analyses were performed using SAS version 9.4.
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RESULTS

Clinical characteristics. In total, 739 patients were eligi-
ble to be included in this analysis. Of those included, 93% were  
women, 46% were white, and 43% were African American, with a  
mean age of 43 years at the time the HCQ blood level measure-
ments were started. The cumulative ACR or SLICC classification 
criteria reported as symptoms present in the patients included malar 
rash (43%), discoid rash (18%), photosensitivity (49%), oral/nasal 
ulcers (53%), arthritis (69%), proteinuria (44%), pleurisy (41%), per-
icarditis (20%), psychosis (2%), seizures (6%), antinuclear antibody 
(97%), anti– double- stranded DNA (61%), anti- Sm (25%), lupus 
anticoagulant (21%) (by dilute Russell’s viper venom time test with 
confirmatory testing), leukopenia (51%), thrombocytopenia (18%), 
hemolytic anemia (8%), and positive Coombs’ test (18%).

Thrombotic events. The analysis was based on 2,330 
person- years of follow-up from 739 patients with SLE. Incident 
thrombosis occurred in 38 patients (5.1%) during follow- up, yield-
ing an overall rate of 16.3 per 1,000 person- years. There were 18 
patients with venous thrombotic events (15 with DVT/pulmonary 
embolism, 1 with other venous thrombosis, and 2 with superfi-
cial thrombosis), representing 3% of the total number of patients. 
The 2 episodes of superficial thrombophlebitis were not included 
in this analysis. There were 20 patients with arterial thrombotic 
events (13 strokes, 3 myocardial infarctions, 2 digital gangrene, 
and 5 other sites of arterial thrombosis).

Lack of association between prescribed HCQ doses 
and HCQ blood levels. The lack of correlation between the 
prescribed HCQ dose in mg/kg (through the range of clinical 
use of 4.5– 6.5 mg/kg per day) and the HCQ whole blood level 
is shown in Figure 1. In repeated-measure correlation analyses 
at the within-person level, the HCQ blood level did not change 
as the prescribed dose increased (repeated-measure correlation 
0.01). In the between- person analysis, there was a nonsignificant 
relationship between mean HCQ blood level and prescribed HCQ 
dose (r = 0.088).

Potential confounders. The univariate analysis of several 
potential confounders in the analysis of thrombosis, including sex, 
ethnicity, age, body mass index, hypertension, hyperlipidemia, 
smoking history, history of lupus anticoagulant, and low C3, is 
shown in Table 1. African Americans were more likely to have had 
a thrombotic event (P = 0.0233) compared to whites. The most 
important confounders were hypertension (P = 0.0176) and low 
C3 (P = 0.0173).

Thrombotic events were associated with a lower mean 
HCQ blood level. The results of cross- sectional analysis are 
shown in Table 2. For any thrombosis, the mean HCQ blood 
level was significantly lower (P = 0.0247). In the subanalysis 
of venous thrombosis (P = 0.0747) and arterial thrombosis 
(P = 0.1735), the results were similar, but were not statistically 
significant (due to lower power).

Figure 1. Commonly prescribed hydroxychloroquine (HCQ) doses do not predict HCQ whole blood levels. A, Pooled data on prescribed HCQ 
doses (in mg/kg/day) and HCQ blood levels (in ng/ml) measured by high- performance liquid chromatography in whole blood. B, Within- person 
correlation of prescribed HCQ doses and HCQ whole blood levels. Observations from the same patient are shown using the same color, with 
corresponding lines to show the repeated- measure correlation (rmcorr) fit for each patient’s data. C, Between- person correlation of prescribed 
HCQ doses and HCQ whole blood levels averaged by patient. Both correlations were weak and not statistically significant. Color figure can be 
viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41621/abstract.
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Prospective thrombotic events and adjusted ana
ly  ses. The rate ratio (RR) for the mean HCQ blood level per 200 
ng/ml increments is shown in Table 3. Both the mean HCQ blood 
level (P = 0.0296) and the HCQ blood level closest to the throm-
botic event (P = 0.0134) were statistically significant. This relation-
ship remained statistically significant when adjusted first for age, 

ethnicity, and presence of lupus anticoagulant, and also when 
adjusted for low C3 and hypertension.

Target HCQ blood level and risk of thrombotic 
events. Forest plots of the RRs (with 95% confidence intervals 
[95% CIs]) of thrombotic events by tertiles of mean and most 
recent HCQ blood levels are shown in Figure 2. A mean whole 
blood level of ≥1,068 ng/ml and a most recent whole blood level 
of ≥1,192 ng/ml, as defined by tertiles, were protective against 
thrombosis in our cohort (adjusted RR 0.34 [95% CI 0.12– 0.94], 
P = 0.0374 and 0.40 [95% CI 0.16– 1.04], P = 0.0614, respec-
tively, with the latter P value just missing statistical significance). 
The event rates per 1,000 person- years, unadjusted RRs, and 
RRs adjusted for age, ethnicity, and lupus anticoagulant status 
are summarized in Table 4.

We next determined whether a dose effect of HCQ on risk 
of thrombotic events was present. Indeed, thrombosis rates were 
reduced by 13% for every 200-ng/ml increase in mean HCQ 
blood level (RR 0.87 [95% CI 0.76– 1.00], P = 0.0559), and were 

Table 1. Association of clinical factors with thrombosis*

Group
Observed no. of 

thrombotic events
Person- years of 

follow-up
Rate of events, per 
1,000 person- years Rate ratio (95% CI) P

All 38 2,330 16.3 – – 
Age at first HCQ blood 

level measurement
<40 years 17 990 17.2 1.00 (referent) – 
40– 49 years 9 488 18.4 1.07 (0.48– 2.41) 0.86
50– 59 years 9 489 18.4 1.07 (0.48– 2.41) 0.87
≥60 years 3 363 8.3 0.48 (0.14– 1.64) 0.24

Sex
Male 2 174 11.5 1.00 (referent) – 
Female 36 2,156 16.7 1.45 (0.35– 6.03) 0.61

Ethnicity
White 11 1,096 10.0 1.00 (referent) – 
African American 23 998 23.0 2.3 (1.12– 4.72) 0.02
Other 4 236 17.0 1.69 (0.54– 5.32) 0.37

Smoking history
Never 24 1,616 14.9 1.00 (referent) – 
Ever 14 712 19.7 1.33 (0.69– 2.56) 0.40

BMI
<20 3 193 15.5 1.96 (0.49– 7.84) 0.34
20– 25 6 757 7.9 1.00 (referent) – 
25– 30 14 668 20.9 2.64 (1.02– 6.89) 0.046
≥30 15 710 21.1 2.67 (1.03– 6.87) 0.042

History of LAC by RVVT
No 27 1,831 14.7 1.00 (referent) – 
Yes 11 494 22.3 1.51 (0.75– 3.05) 0.25

History of low C3
No 9 1,013 8.9 1.00 (referent) – 
Yes 29 1,317 22.0 2.48 (1.17– 5.24) 0.017

History of hypertension
No 11 1,136 9.7 1.00 (referent) – 
Yes 27 1,194 22.6 2.34 (1.16– 4.72) 0.018

History of 
hyperlipidemia

No 17 1,229 13.8 1.00 (referent) – 
Yes 21 1,096 19.2 1.39 (0.73– 2.63) 0.32

* 95% CI = 95% confidence interval; HCQ = hydroxychloroquine; BMI = body mass index; LAC = lupus anticoagulant; RVVT = Russell’s 
viper venom time (test). 

Table 2. Association of thrombotic events with mean HCQ whole 
blood level*

HCQ blood level, 
mean ± SD ng/ml

Thrombotic event No event P
Any thrombosis 720 ± 489 935 ± 580 0.0247
Any venous 

thrombosis
688 ± 389 931 ± 580 0.0747

DVT/PE 623 ± 399 931 ± 578 0.0406
Any arterial 

thrombosis
751 ± 566 929 ± 577 0.1735

Stroke 764 ± 674 927 ± 575 0.3113
* HCQ = hydroxychloroquine; DVT = deep venous thrombosis;
 PE = pulmonary embolism. 
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statistically significantly reduced for the most recent HCQ blood 
level (RR 0.87 [95% CI 0.78– 0.98], P = 0.0249) after adjustment 
for age, ethnicity, presence of lupus anticoagulant, C3 level, and 

hypertension. Thrombotic event rates were reduced by 69% in 
patients with mean HCQ blood levels ≥1,068 ng/ml versus <648 
ng/ml (RR 0.31 [95% CI 0.11– 0.86], P = 0.0237). This remained 

Table 3. Rate ratios (RRs) for risk of prospective thrombotic events based on HCQ whole blood levels*

Mean HCQ blood level 
(per 200- ng/ml increase)

Most recent HCQ blood level 
(per 200- ng/ml increase)

RR (95% CI) 0.86 (0.75– 0.99) 0.86 (0.77– 0.97)
P 0.030 0.013

Adjusted RR (95% CI)† 0.87 (0.76– 1.00) 0.87 (0.78– 0.98)
Adjusted P† 0.051 0.023

Adjusted RR (95% CI)‡ 0.87 (0.76– 1.00) 0.87 (0.78– 0.98)
Adjusted P‡ 0.056 0.025

* HCQ = hydroxychloroquine; RR = rate ratio; 95% CI = 95% confidence interval. 
† Adjusted for age, ethnicity, and presence of lupus anticoagulant. 
‡ Adjusted for age, ethnicity, presence of lupus anticoagulant, C3 level, and arterial hypertension. 

Figure 2. Forest plots of the rate ratios (RRs) (with 95% confidence intervals) of thrombosis risk by tertiles of mean and most recent 
hydroxychloroquine (HCQ) whole blood levels. A, Forest plot of RRs of thrombotic events by tertiles of most recent HCQ blood level, adjusted for 
age, ethnicity, and presence of lupus anticoagulant (left), and bar graph of thrombotic event rates/1,000 patient- years by tertiles of most recent 
HCQ blood level (right). B, Forest plot of RRs of thrombotic events by tertiles of mean HCQ blood level, adjusted for age, ethnicity, and presence of 
lupus anticoagulant (left), and bar graph of thrombotic event rates/1,000 patient- years by tertiles of mean HCQ blood level (right). * adjusted P value.
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significant after adjustment for confounders (RR 0.34 [95% CI 
0.12– 0.94], P = 0.0374) (Table 4). Taken together, these data 
indicate that HCQ whole blood levels are predictive of thrombotic 
events in SLE in a dose- dependent manner and suggest that 
there is an opportunity for personalized drug dosing approaches 
beyond empirical dosing recommendations.

DISCUSSION

HCQ has been the mainstay of SLE therapy for many dec-
ades and is an accepted background medication in SLE (34,35). 
Older dosing guidelines recommending up to 6.5 mg/kg ideal 
body weight (36) have now been challenged, based on an anal-
ysis of the retrospective Kaiser- Permanente study (24). The new 
recommendations advise use of HCQ at <5 mg/kg actual body 
weight to reduce the risk of future retinopathy (26). The dilemma 
of how to ensure that patients receive the full benefit of HCQ, 
while at the same time reducing the risk of retinopathy, remains. 
Given the extensive tissue distribution and long terminal half- life 
of HCQ, whole blood levels integrate drug exposure, patient- 
specific differences in metabolism/clearance, and compliance 
over weeks, allowing for a more accurate risk assessment than 
using the prescribed dose/body weight (37).

SLE increases the risk of both venous thrombosis (38) 
and arterial thrombosis (39). Of the many benefits of HCQ in 
SLE treatment, reduction in arterial and venous thrombotic risk 
has been proven in many studies (13). In the current study, the 
data showed that a lower mean HCQ whole blood level— and, 
importantly, a lower HCQ whole blood level measured at the time 
closest to the thrombotic event— were associated with higher 
thrombosis risk. There was a dose response (Figure 2 and 
Table 3), demonstrating that a mean HCQ whole blood level of 
≥1,068 ng/ml and a most recent level of ≥1,192 ng/ml conferred 
significant protection. Importantly, for each 200-ng/ml increase 
in the most recent HCQ whole blood level, there was a 13% 
reduction in the rate of thrombosis (Table 4). While our study was 

not powered to assert the benefit of HCQ for specific thrombotic 
events, similar trends were observed for both arterial thrombosis 
and venous thrombosis. Similar results on the optimum blood 
level to control disease activity were reported by Costedoat- 
Chalumeau et al, with a whole blood level of 1,000 ng/ml as the 
clinically therapeutic goal as assessed using receiver operating 
characteristic curve analysis (37).

Our findings suggest the usefulness of HCQ blood level moni-
toring for ensuring the benefit of HCQ in thrombosis reduction. HCQ 
whole blood levels more accurately reflect HCQ exposure (versus 
plasma or serum levels) and are indicative of the previous month’s 
adherence. Importantly, there was no correlation between the 
prescribed HCQ dose and the HCQ blood level over the range 
(4.5– 6.5 mg/kg) used in clinical practice, highlighting the need for 
personalized HCQ drug level– guided therapy and dose adjustment.

The observational study design has potential limitations. 
These include the potential for confounding by unknown vari ables 
that we did not include in our modeling. Additional limitations 
include the single site, single rheumatologist, and small numbers 
of prospectively ascertained thrombotic events.

In conclusion, empirical HCQ dose reduction to <5 mg/
kg might reduce or eliminate the benefit of HCQ in thrombosis 
prevention. Targeting the HCQ blood level to a threshold of 1,068 
ng/ml was associated with protection. It should be possible to 
target this level and still avoid the upper tertile that we previously 
proved was associated with retinopathy. Routine clinical integra-
tion of HCQ blood level measurement offers an opportunity for 
personalized drug dosing and risk management beyond rigid 
empirical dosing recommendations in patients with SLE.
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Table 4. Event rates, unadjusted rate ratios, and adjusted rate ratios for thrombosis by tertiles of mean and most recent HCQ whole blood 
level*

Group

Observed no. 
of thrombotic 

events

Person- 
years of 

follow- up

Rate of events, 
per 1,000 

person- years
Rate ratio 
(95% CI) P

Rate ratio (adjusted 
for age, ethnicity, 

LAC) (95% CI)
P 

(adjusted)
P for 
trend

All 36 2,326 15.5
Most recent HCQ 

blood level tertile
0.0170

0– 667 ng/ml 16 776 20.6 1.00 (referent) 1.00 (referent)
668– 1,191 ng/ml 14 775 18.1 0.88 (0.43– 1.8) 0.7196 0.97 (0.47– 2.01) 0.94
≥1,192 ng/ml 6 775 7.7 0.38 (0.15– 0.96) 0.0408 0.4 (0.16– 1.04) 0.061

Mean HCQ blood level 
tertile

0.0062

0– 647 ng/ml 16 777 20.6 1.00 (referent) 1.00 (referent)
648– 1,067 ng/ml 15 776 19.3 0.94 (0.46– 1.9) 0.8595 1.05 (0.52– 2.14) 0.89
≥1,068 ng/ml 5 773 6.5 0.31 (0.11– 0.86) 0.0237 0.34 (0.12– 0.94) 0.037

* HCQ = hydroxychloroquine; 95% CI = 95% confidence interval; LAC = lupus anticoagulant. 
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Clinical Images: Lindsay’s nails in early limited cutaneous systemic sclerosis with severe digital vasculopathy

The patient, a 63- year- old man with diet- controlled type 2 diabetes mellitus, was referred to our hospital with a 2- year history of Raynaud’s 
phenomenon (episodic white, blue, and red discoloration of the fingers in response to cold exposure), digital ulceration, and puffy fingers. 
Examination of the fingers revealed features of systemic sclerosis (SSc) with digital pitting and grade 3 sclerodactyly. The fingernails 
appeared abnormal, with proximal leukonychia with complete loss of the lunula and distal hyperpigmentation occupying >50% of the 
nailbed (A). Baseline investigation identified anticentromere antibodies, SSc- pattern nailfold capillary abnormalities with giant capillar-
ies, microhemorrhages and capillary loss (B), reduced distal digital perfusion on thermography (C), and focal acroosteolysis of the right ring 
distal phalanx at the site of previous digital ulceration (D). The nail changes are consistent with Lindsay’s nails, which are characterized by 
a pigmented band (red, pink, or brown) occupying 20– 60% of the distal nail with contrasting leukonychia of the proximal nailbed and loss 
of the lunula (1). Lindsay’s nails are most commonly associated with azotemia but are reported in the context of systemic inflammatory 
disorders, such as Behçet’s disease and Crohn’s disease, and can be an idiopathic finding (2). Fingernail abnormalities are common in 
SSc, and the severity of changes relates to the degree of digital microangiopathy (3). Leukonychia has been reported in ~22% of patients 
with established SSc (comparable with healthy controls) (3). The distinctive nail changes identified in our patient correlated with clinical 
and imaging features of marked digital microangiopathy and tissue ischemia. To our knowledge, this is the first reported case of Lindsay’s 
nails identified at the initial diagnosis of SSc. Pathologic impaired perfusion of the nailbed may be an important pathogenic driver for the 
development of such nail changes in early SSc and other systemic disorders associated with Lindsay’s nails.
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Predictive Significance of Serum Interferon- Inducible 
Protein Score for Response to Treatment in Systemic 
Sclerosis– Related Interstitial Lung Disease
Shervin Assassi,1  Ning Li,2 Elizabeth R. Volkmann,2  Maureen D. Mayes,1 Dennis Rünger,2 Jun Ying,1 
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Daniel E. Furst,2 Jonathan Goldin,2 Elana J. Bernstein,6 Flavia V. Castelino,7  Robyn T. Domsic,8   
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Objective. Response to immunosuppression is highly variable in systemic sclerosis (SSc)– related interstitial lung 
disease (ILD). This study was undertaken to determine whether a composite serum interferon (IFN)– inducible protein 
score exhibits predictive significance for the response to immunosuppression in SSc- ILD.

Methods. Serum samples collected in the Scleroderma Lung Study II, a randomized controlled trial of 
mycophenolate mofetil (MMF) versus cyclophosphamide (CYC), were examined. Results were validated in an 
independent observational cohort receiving active treatment. A composite score of 6 IFN- inducible proteins IFNγ- 
inducible 10- kd protein, monokine induced by IFNγ, monocyte chemotactic protein 2, β2- microglobulin, tumor necrosis 
factor receptor type II, and macrophage inflammatory protein 3β) was calculated, and its predictive significance for 
longitudinal forced vital capacity percent predicted measurements was evaluated.

Results. Higher baseline IFN- inducible protein score predicted better response over 3 to 12 months in the MMF 
arm (point estimate = 0.41, P = 0.001) and CYC arm (point estimate = 0.91, P = 0.009). In contrast, higher baseline C- 
reactive protein (CRP) levels were predictive of a worse ILD course in both treatment arms. The predictive significance 
of the IFN- inducible protein score and CRP levels remained after adjustment for baseline demographic and clinical 
predictors. During the second year of treatment, in which patients in the CYC arm were switched to placebo, a higher 
IFN- inducible protein score at 12 months showed a trend toward predicting a worse ILD course (point estimate = 
−0.61, P = 0.068), while it remained predictive of better response to active immunosuppression in the MMF arm (point 
estimate = 0.28, P = 0.029). The predictive significance of baseline IFN- inducible protein score was replicated in the 
independent cohort (rs = 0.43, P = 0.028).

Conclusion. A higher IFN- inducible protein score in SSc- ILD is predictive of better response to immunosuppression 
and could potentially be used to identify patients who may derive the most benefit from MMF or CYC.
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INTRODUCTION

Interstitial lung disease (ILD) is the leading cause of disease- 
related mortality in systemic sclerosis (SSc) (1,2). Scleroderma 
Lung Study I (SLS I) (3) and SLS II (4) showed that both cyclo-
phosphamide (CYC) and mycophenolate mofetil (MMF) were 
effective in the treatment of SSc- related ILD (SSc- ILD) as mea-
sured by serially obtained forced vital capacity percent predicted 
(FVC%) values. Moreover, a follow- up study indicated that short- 
term improvement in FVC% was associated with improved long- 
term survival (5). However, response to immunosuppression was 
highly variable between patients in both clinical trials. In addition, 
CYC and MMF can be associated with serious side effects (3,4,6). 
Ideally, their use should be reserved for the subset of patients 
who are likely to respond to these medications. However, there 
are no widely accepted clinical or biologic parameters to predict 
response to immunosuppression in SSc- ILD. Moreover, the extent 
of lung fibrosis on high- resolution computed tomography (HRCT) 
of the chest did not predict change in FVC% from baseline in 
patients treated with CYC in SLS I (3). Thus, there is a substantial 
unmet clinical need for novel predictive biomarkers in SSc- ILD.

The interferon (IFN) signature is the most prominent and 
robustly replicated gene expression signature in peripheral blood 
cells from SSc patients. This signature was first described in 
whole blood samples (7,8) but has since been replicated in 
peripheral blood mononuclear cells (9), as well as in lymphocytes 
and monocytes (10). Those studies indicated that approximately 
half of SSc patients have a “lupus- like” IFN gene expression sig-
nature in their peripheral blood cells (7). However, serum sam-
ples are more accessible during routine clinical care and a more 
practical source for biomarker development than peripheral blood 
cell RNA samples. Recent studies have shown that certain serum 
proteins correlate with the IFN gene expression signature in SSc 
(11,12), enabling the utilization of these serum proteins as surro-
gate markers for IFN activation status. The predictive significance 
of the IFN transcript or serum protein signature for response to 
immunosuppression has not been investigated in SSc.

Capitalizing on the valuable, prospectively collected serum 
samples in the SLS II study (4), we determined whether a compos-
ite serum IFN- inducible protein score has predictive significance 
for response to immunosuppression in SSc- ILD. We hypothesized 
that SSc patients with higher serum IFN- inducible protein levels 
would be more responsive to immunosuppressive therapy with 
either MMF or CYC.

PATIENTS AND METHODS

Study participants. All SLS II patients with an available 
baseline serum sample were included in the present study. The 
eligibility criteria for SLS II have been published previously (4). 
Briefly, key inclusion criteria were as follows: adults ages 18– 75 
years with well- defined SSc with limited or diffuse cutaneous 

involvement (13); active ILD as demonstrated by restrictive- to– 
borderline restrictive ventilatory impairment (FVC% <80– 85 but 
≥45) AND the presence of any ground- glass opacity on HRCT; 
exertional dyspnea (grade 2 or worse on the Magnitude of Task 
component of the Mahler Baseline Dyspnea Index [14]); and dis-
ease duration of <7 years (based on the first non– Raynaud’s phe-
nomenon symptom due to SSc). Key exclusion criteria included 
clinically significant pulmonary hypertension, clinically significant 
abnormalities on HRCT not attributable to SSc, smoking within 
the past 6 months, evidence of significant airflow obstruction, 
prior use of oral CYC or MMF for longer than 8 weeks, or use of 
CYC and/or MMF in the 30 days prior to randomization. The SLS 
II protocol was approved by the institutional review board of par-
ticipating sites, and written informed consent was obtained from 
all study participants.

SLS II study design. Patients were randomized to receive 
either MMF for 2 years or oral CYC for 1 year followed by placebo 
for 1 year. Based on this design, patients in both treatment arms 
were receiving active treatment during the first 12 months, while 
the participants in the MMF arm were continued on MMF therapy 
and those in the CYC arm were placed on placebo during the sec-
ond year. The FVC% was the primary outcome and was measured 
every 3 months during the 24- month study period. Serum protein 
levels were also measured in sera collected from 39 healthy con-
trols at the University of Texas Health Science Center at Hous-
ton (UTHSC- H) (see Supplementary Methods, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41627/ abstract). SSc- related autoantibodies 
were determined at the UTHSC- H divisional laboratories, and the 
extent of disease based on involvement >20% was measured on 
HRCT (15,16) (see Supplementary Methods for more details).

Serum protein assays and calculation of the IFN- 
inducible protein score. Serum samples were collected at 
the baseline, 12- month, and 24- month visits and were immedi-
ately processed on- site on the day of collection according to a 
standardized protocol, and were subsequently aliquoted, stored 
in −80°C freezers, and shipped on dry ice in batches to the cen-
tral biorepository at the UTHSC- H. All 133 participants (63 in the 
MMF arm and 70 in the CYC arm) with an available serum sample 
were included in the present study. Serum samples from healthy 
controls were processed and stored in the same manner as those 
from SLS II, except that no shipment was required. Only unthawed 
serum aliquots from SLS II participants and healthy controls were 
used.

The primary focus of the present study was the measure-
ment of 6 IFN- inducible proteins: monokine induced by IFNγ (MIG), 
IFNγ-inducible 10- kd protein (IP- 10), monocyte chemotactic pro-
tein 2 (MCP- 2), β2- microglobulin (β2m), tumor necrosis factor re -
ceptor type II (TNFRII), and macrophage inflammatory protein 3β 
(MIP- 3β). The corresponding gene names of these 6 proteins are 

http://onlinelibrary.wiley.com/doi/10.1002/art.41627/abstract
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CXCL9, CXCL10, CCL8, B2M, TNFRSF1B, and CCL19, respec-
tively. This protein list was selected following a 2- step process. In 
step 1, 14 serum cytokines were identified that correlated signifi-
cantly (r > 0.3 and false discovery rate– adjusted P < 0.05) with the 
IFN gene expression signature in the baseline samples collected 
in the Scleroderma: Cyclophosphamide or Transplantation (SCOT) 
study (see Supplementary Material in ref. 12). In step 2, 6 of these 
proteins were also confirmed as inducible by type I IFN in human 
peripheral blood cells based on in vitro studies, according to the 
information obtained from the Interferome V2.0 database (17).

Serum protein assays were performed at the Clinical Lab-
oratory Improvement Amendments (CLIA)– certified laboratory 
of Myriad Rules- Based Medicine using multianalyte profiling 
(MAP) multiplexed immune assay. Although the primary focus of 
the present study was IFN- inducible proteins, these serum pro-
teins could not be measured in isolation with predesigned mul-
tiplex panels. Therefore, 57 other serum proteins belonging to 
predesigned Myriad MAPs were also measured as part of the mul-
tiplex assay. For the analysis, proteins with levels below the lower 
limit of quantification in >50% of the baseline SLS II participants 
were excluded. For the remainder of the proteins, levels below 
the lower limit of quantification were replaced by the lower limit 
of quantification, while levels above the upper limit of quantita-
tion were replaced by the upper limit of quantitation. The 6 IFN- 
inducible proteins listed above were within the dynamic range of 
their respective assays for all samples and no adjustments were 
necessary. Thirty- four of the other 57 proteins, including high- 
sensitivity C- reactive protein (CRP), were detectable in >50% of 
baseline SLS II samples and were further analyzed. In addition, 
Simoa assays (Quanterix) (18) were used for ultrasensitive detec-
tion of 2 low- abundant cytokines, B lymphocyte chemoattract-
ant (CXCL13) and interleukin- 6 (IL- 6), which have previously been 
implicated as biomarkers in SSc- ILD (19,20).

A composite score of MIG, IP- 10, MCP- 2, β2m, TNFRII, and 
MIP- 3β was calculated using a previously described method 
(7,11,21– 23). Specifically, the protein levels were divided by the 
top 95th percentile for each protein. Next, all values in the top 
5% category were assigned a value of 1.0. Finally, the normalized 
values for the 6 proteins were summed to obtain the IFN- inducible 
protein score.

Confirmation cohort. For independent confirmation of the 
study results, patients with SSc enrolled in the Prospective Reg-
istry for Early Systemic Sclerosis (PRESS) cohort were evaluated. 
Briefly, PRESS is a multicenter, observational cohort of patients 
with early diffuse cutaneous SSc (disease duration <3 years from 
onset of the first non– Raynaud’s phenomenon symptom of SSc) 
(24). All enrolled patients who fulfilled the following criteria were 
included in the present study: available serum sample at the base-
line visit, no missing FVC% data at the baseline and 12- month 
visits, evidence consistent with SSc- ILD on HRCT, and treat-
ment with immunosuppressive agents during the first year of the 

follow- up period. The serum samples in PRESS were processed 
and stored following the same procedures as in SLS II. Moreover, 
levels of IFN- inducible proteins and CRP were measured using 
the same assays in the Myriad Rules- Based Medicine laboratory.

Statistical analysis. Depending on the distribution, raw or 
log2- transformed cytokine data were analyzed. Similar to the pri-
mary clinical outcome analysis in SLS II (4), a joint model (25) com-
bining a mixed- effects model for the longitudinally obtained FVC% 
values with a survival model to handle non- ignorable missing data 
due to study dropouts, treatment failure, or death was used. In the 
primary analysis, the outcome was the course of FVC% measured 
at 3- month increments from month 3 to month 12, which cor-
responds to the time period in which patients in both treatment 
arms were receiving active treatment. The longitudinal model in 
the primary analysis included the following covariates: baseline 
protein level, baseline FVC%, and a linear time trend. In addition, 
an extended multivariable analysis was performed that contained 
baseline protein levels (i.e., IFN- inducible protein score and CRP), 
in addition to baseline demographic and clinical variables that 
showed predictive significance in separate analyses (P < 0.05), 
baseline FVC%, and a linear time trend.

In a secondary analysis, we also investigated whether 
the serum protein levels at the 12- month visit had predic-
tive  significance for the course of FVC% over the 15- month 
to  24- month visits. The longitudinal model in this analysis 
included the following covariates: protein levels at the 12- month 
visit, FVC% at the 12- month visit, and linear splines with a knot 
at 21 months to characterize the time trend. The P value for 
the analysis of individual serum protein levels was adjusted 
for multiple comparisons using the Benjamini- Hochberg false 
discovery rate (26).

In the confirmation cohort (PRESS), the majority of patients 
evaluated had only 2 FVC% measurements available during the 
first 12 months after enrollment (baseline and 12- month visit), thus 
a different, simplified approach for the analysis of data from these 
2 time points was used. As previously described (27), the predic-
tive significance of IFN- inducible protein score for percent change 
in FVC% ([FVC% 12- month visit − FVC% baseline]/FVC% baseline) was ana-
lyzed by Spearman’s correlation.

All tests were 2- sided. The joint analyses were performed 
using the R package JMbayes, and all other analyses were con-
ducted in SAS version 9.4 (SAS Institute).

RESULTS

Baseline characteristics of the participants. Of the 
142 patients enrolled, serum samples were available for 133 patients 
at baseline, 99 patients at the 12- month visit, and 84 patients at the 
24- month visit. The healthy controls were similar to SLS II partici-
pants with regard to age, sex, and ethnic background (see Supple-
mentary Table 1, available on the Arthritis & Rheumatology website 
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at http://onlin elibr ary.wiley.com/doi/10.1002/art.41627/ abstract for 
patient and control characteristics).

IFN- inducible protein score in patients and controls. 
The SLS II participants had a significantly higher IFN- inducible 
protein score at the baseline visit than healthy controls (fold dif-
ference 2.19; P < 0.001). As shown in Supplementary Figure 1 
(available on the Arthritis & Rheumatology website at http://onlin e   
library.wiley.com/doi/10.1002/art.41627/ abstract), the IFN- inducible 
protein score decreased significantly from the baseline visit to the 
12- month visit (fold change 0.75; P < 0.001 for the MMF arm and 
fold change 0.76; P < 0.001 for CYC arm). In the subgroup of 
patients with serum samples available at both the 12- month and 
24- month visits (n = 43 in the MMF arm and n = 41 in the CYC 
arm), the IFN- inducible protein score did not change significantly 
from the 12- month visit to the 24- month visit (P = 0.994 for MMF 
and P = 0.529 for CYC) (Supplementary Figure 2, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41627/ abstract). As shown in Supplemen-
tary Table 2 (available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41627/ abstract), 
the baseline demographic and clinical variables did not show 
a significant association/correlation with the concurrent IFN- 
inducible protein score.

Predictive significance of individual serum protein 
levels for ILD course. As described above, serum levels of 6 
IFN- inducible proteins, as well as 36 serum proteins involved in 
other immune pathways, were measured in the baseline SLS II 
samples as part of the multiplex assay. We subsequently investi-
gated whether any individual baseline protein levels had predictive 

significance for the course of FVC% from month 3 to month 12 of 
the follow- up period. As shown in Supplementary Table 3 (avail-
able on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41627/ abstract), only 2 serum proteins, 
MIG and IP- 10 (both IFN- inducible proteins) showed predictive sig-
nificance for FVC% in both treatment arms in the same direction 
after correction for multiple comparisons. Specifically, higher base-
line MIG and IP- 10 levels predicted higher serial FVC% levels. The 
point estimates for the other 4 IFN- inducible proteins were also 
toward higher serial FVC% levels, although their associations did 
not reach statistical significance. Of note, 2 other proteins (intercel-
lular adhesion molecule 1 and eotaxin 1) also reached statistical 
significance in both treatment arms after correction for multiple 
comparisons, but the direction of prediction was not consistent 
between the 2 SLS II treatment arms for these 2 proteins.

Predictive significance of IFN- inducible protein score 
for ILD course. Next, the predictive significance of the IFN- 
inducible protein score was investigated. As shown in Table 1, a 
higher baseline IFN- inducible protein score predicted better ILD 
course based on higher serial FVC% values from month 3 to month 
12 in both treatment arms after adjustment for baseline FVC% 
(point estimate 0.41, P = 0.001 for MMF and point estimate 0.91, 
P = 0.009 for CYC).

In the secondary analysis pertaining to the second year of 
SLS II, during which patients in the MMF arm continued to receive 
MMF and those in the CYC arm were switched to placebo 
(Table 1), higher IFN- inducible protein scores at 12 months contin-
ued to predict better response to immunosuppression in the MMF 
arm (point estimate 0.28, P = 0.029), while higher IFN- inducible 
protein scores at 12 months showed a trend toward predicting 

Table 1. Predictive significance of IFN- inducible protein score for subsequent serial FVC% values in 
patients with SSc- ILD treated with MMF or CYC*

Point estimate 
(95% CI) P

MMF arm
Predictive significance of baseline IFN- inducible protein score for 

serial FVC% values from month 3 to month 12
Baseline IFN- inducible protein score 0.41 (0.23, 0.59) 0.001
Baseline FVC% 0.84 (0.82, 0.86) <0.001

Predictive significance of 12- month IFN- inducible protein score for 
serial FVC% values from month 15 to month 24

12- month IFN- inducible protein score 0.28 (0.11, 0.69) 0.029
12- month FVC% 0.96 (0.9, 0.98) <0.001

CYC arm
Predictive significance of baseline IFN- inducible protein score for 

serial FVC% values from month 3 to month 12
Baseline IFN- inducible protein score 0.91 (0.56, 1.13) 0.009
Baseline FVC% 0.87 (0.84, 0.9) <0.001

Predictive significance of 12- month IFN- inducible protein score for 
serial FVC% values from month 15 to month 24

12- month IFN- inducible protein score −0.61 (−1.5, 0.11) 0.068
12- month FVC% 1 (0.96, 1.08) <0.001

* All models included time as an independent variable. IFN = interferon; FVC% = forced vital capacity 
percent predicted; SSc- ILD = systemic sclerosis– related interstitial lung disease; MMF = mycophenolate 
mofetil; CYC = cyclophosphamide; 95% CI = 95% confidence interval. 
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lower serial FVC% values from month 15 to month 24 during the 
placebo treatment period in the CYC arm (point estimate = −0.61; 
P = 0.068).

Our previous gene expression studies have shown that 
approximately half of patients with SSc have an IFN signature 
(7,12). Building on this finding, the IFN- inducible protein score 
was dichotomized based on the median value in the baseline 
patient samples. As shown in Figure 1, patients with a positive 
baseline IFN- inducible protein score had a more favorable ILD 
course from month 3 to month 12 in both treatment arms com-
pared with patients with a negative IFN- inducible protein score 

(point estimate 1.28, P = 0.003 for MMF and point estimate 2.6, 
P = 0.004 for CYC).

We also examined whether the baseline IFN- inducible protein 
score had predictive significance for the course of diffusing capac-
ity for carbon monoxide percent predicted (DLco%) from month 
3 to month 12 after randomization. Consistent with the FVC% 
findings, higher IFN- inducible protein score predicted higher serial 
DLco% in the CYC arm (point estimate 0.7 [95% confidence inter-
val 0.47, 0.96]; P < 0.001). However, IFN- inducible protein score 
did not significantly predict DLco% course in the MMF arm (point 
estimate −0.15 [95% confidence interval −0.42, 0.15]; P = 0.146).

Figure 1. Course of forced vital capacity percent predicted (FVC%) from randomization to 12 months, according to interferon (IFN)– inducible 
protein score, in patients with systemic sclerosis (SSc)– related interstitial lung disease (ILD) treated with mycophenolate mofetil (MMF) (A) or 
cyclophosphamide (CYC) (B). IFN- inducible protein score was dichotomized using the median value. Patients with a positive IFN- inducible 
protein score (higher than the median value) had higher FVC% levels in the both the MMF arm (P = 0.003) and the CYC arm (P = 0.004). The 
analysis was adjusted for baseline FVC% and, similar to Tables 1– 3, baseline FVC% and time were added as independent variables to the joint 
model.

Table 2. Predictive significance of CRP for subsequent serial FVC% values in patients with SSc- ILD 
treated with MMF or CYC*

Point estimate 
(95% CI) P

MMF arm
Predictive significance of baseline CRP for serial FVC% values from 

month 3 to month 12
Baseline CRP† −0.15 (−0.31, −0.01) 0.038
Baseline FVC% 0.83 (0.78, 0.86) <0.001

Predictive significance of 12- month CRP for serial FVC% values from 
month 15 to month 24

12- month CRP† −0.61 (−0.7, −0.51) <0.001
12- month FVC% 0.98 (0.96, 0.99) <0.001

CYC arm
Predictive significance of baseline CRP for serial FVC% values from 

month 3 to month 12
Baseline CRP† −0.56 (−0.72, −0.45) <0.001
Baseline FVC% 0.90 (0.86, 0.92) <0.001

Predictive significance of 12- month CRP for serial FVC% values from 
month 15 to month 24

12- month CRP† −0.3 (−0.93, −0.08) 0.027
12- month FVC% 1.01 (0.97, 1.12) <0.001

* All models included time as an independent variable. CRP = C- reactive protein (see Table 1 for other
definitions). 
† Log2 transformed. 
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Predictive significance of CRP level for ILD course. 
Contrary to the favorable (i.e., positive) predictive value of the 
IFN- inducible protein score, higher CRP levels predicted a worse 
ILD course reflected in lower serial FVC% values from month 3 
to month 12 in both treatment arms after adjustment for baseline 
FVC% (Table 2). In the secondary analysis, higher CRP levels at 
12 months again predicted a worse ILD course reflected by lower 
serial FVC% values from month 15 to month 24 in both treatment 
arms (Table 2).

IFN- inducible protein score and CRP level are inde-
pendent predictors of ILD course. As shown in Table 3, the 
predictive significance of baseline demographic and clinical vari-
ables for serial FVC% values from month 3 to month 12 were first 
examined in separate models after adjustment for baseline FVC% 
for each treatment arm. Next, the predictive significance of the 
IFN- inducible protein score and CRP level (both as continuous 

variables) was investigated in an extended multivariable model af -
ter adjustment for baseline FVC%, in addition to variables showing 
predictive significance in the separate analyses described above, 
in the MMF arm (Table 4) and in the CYC arm (Table 5). Similar to 
the findings described above, higher baseline IFN- inducible pro-
tein scores predicted better ILD course, and higher baseline CRP 
levels predicted worse ILD course, from month 3 to month 12 
after adjustment for baseline demographic and clinical vari ables in 
both treatment arms.

Confirmation of the predictive significance of the 
IFN- inducible protein score in an independent cohort. 
The predictive significance of the IFN- inducible protein score and 
CRP level was investigated in the independent, observational 
PRESS cohort. In this cohort, 47 patients had a baseline serum 
sample and had FVC% measurements at the baseline and 12- 
month visits; of these, 31 (66%) had evidence of SSc- ILD on HRCT. 
Of these 31 patients, 26 were treated with immunosuppressive 
agents (23 with MMF and 3 with methotrexate) during the first year 
of the follow- up period and were included in the present study. 

Table 3. Separate analyses to examine the predictive significance of baseline demographic and 
clinical variables for serial FVC% values from month 3 to month 12 in patients with SSc- ILD treated 
with MMF or CYC*

Baseline variable

MMF arm CYC arm

Point estimate  
(95% CI) P

Point estimate  
(95% CI) P

Age in years −0.05 (−0.18, 0.08) 0.462 0.04 (−0.06, 0.15) 0.411
Female sex 0.04 (−0.53, 0.69) 0.891 1.17 (−0.09, 2.26) 0.058
African American race −0.68 (−1.26, −0.13) 0.032† −2.4 (−3.04, −1.9) <0.001†
Diffuse disease type 1.15 (0.43, 2.06) 0.005† −1.97 (−3.34, −0.77) 0.008†
Disease duration 0.04 (−0.06, 0.15) 0.314 0.12 (0.01, 0.25) 0.042†
MRSS 0.07 (0.04, 0.11) 0.002† −0.04 (−0.14, 0.06) 0.392
Antitopoisomerase −0.14 (−1.12, 0.81) 0.729 −0.35 (−2.23, 1.62) 0.654
Anti– RNA polymerase 0.83 (−0.61, 2.06) 0.175 1.08 (−2.08, 4.17) 0.425
Extensive disease on HRCT‡ −2.45 (−2.85, −2.11) <0.001† 0.09 (−2.18, 2.36) 0.79

* Each row represents a separate model that included one baseline clinical variable, baseline FVC%, 
and time as independent variables. MRSS = modified Rodnan skin thickness score (see Table 1 for 
other definitions). 
† Baseline demographic and clinical variables showing predictive significance in separate models 
that were included in the subsequent extended multivariable model (see Tables 4 and 5). 
‡ Quantitative ILD >20% on high- resolution computed tomography (HRCT) of the chest. 

Table 4. Predictive significance of baseline IFN- inducible protein 
score and CRP level, after adjustment for baseline demographic and 
clinical variables, for serial FVC% values from month 3 to month 12 
in patients with SSc- ILD treated with MMF*

Baseline variable Point estimate (95% CI) P
IFN- inducible protein score 0.32 (0.11, 0.52) 0.013
CRP† −0.13 (−0.24, −0.01) 0.041
African American race 0.95 (0.43, 1.41) 0.004
Diffuse disease type 0.39 (−0.19, 1.05) 0.139
MRSS 0.05 (0.03, 0.09) 0.008
Baseline FVC% 0.81 (0.78, 0.83) <0.001
Extensive disease on HRCT‡ −2.27 (−2.70, −1.80) <0.001

* Time was included as an independent variable. CRP = C- reactive 
protein; MRSS = modified Rodnan skin thickness score (see Table 1 
for other definitions). 
† Log2 transformed. 
‡ Quantitative ILD >20% on high- resolution computed tomography 
(HRCT) of the chest. 

Table 5. Predictive significance of baseline IFN- inducible protein 
score and CRP level, after adjustment for baseline demographic and 
clinical variables, for serial FVC% values from month 3 to month 12 
in patients with SSc- ILD treated with CYC*

Baseline variable Point estimate (95% CI) P
IFN- inducible protein score 0.92 (0.79, 1.04) <0.001
CRP† −0.46 (−0.53, −0.39) <0.001
African American race −2.01 (−2.31, −1.71) <0.001
Diffuse disease type −0.60 (−0.91, −0.33) 0.005
Disease duration 0.19 (0.12, 0.26) 0.002
Baseline FVC% 0.90 (0.89, 0.91) <0.001

* Time was included as an independent variable. CRP = C- reactive 
protein (see Table 1 for other definitions). 
† Log2 transformed. 
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Supplementary Table 4, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41627/ 
abstract, shows their demographic and clinical characteristics. 
Confirming our findings in SLS II, higher baseline IFN- inducible 
protein score predicted increasing FVC% values; specifically, the 
baseline IFN- inducible protein levels correlated positively with per-
cent change in FVC% at 12 months (Spearman’s correlation coef-
ficient [rs] = 0.43, P = 0.028). This correlation remained significant 
even after exclusion of the 3 patients treated with methotrexate 
(rs = 0.47, P = 0.023) (n = 23). Of note, baseline CRP level was not 
predictive of percent change in FVC% at 12 months in the PRESS 
cohort (P = 0.828).

DISCUSSION

In the well- characterized SLS II clinical trial cohort, a higher 
IFN- inducible protein score predicted better response to MMF, as 
well as CYC, while higher baseline CRP levels predicted a worse 
ILD course. Moreover, the predictive significance of the IFN- 
inducible protein score was independent of CRP level and clinical/
demographic predictors. In the validation analysis, the predictive 
significance of the IFN- inducible protein score was confirmed in 
the PRESS cohort of patients with early diffuse cutaneous SSc.

In this study, a rigorous method was employed for calculation 
of the serum IFN- inducible protein score. Specifically, serum pro-
teins included in the IFN- inducible protein score correlated with 
the peripheral blood cell IFN transcript signature in our previous 
study of untreated SSc patients using the same protein assays 
(12) and were induced by type I IFN in in vitro studies of human 
peripheral blood cells. Moreover, the method used for calculation 
of the composite score weighted each protein equally (21– 23), 
ensuring that the overall IFN- inducible protein score is not skewed 
by a few outlier values of 1 or 2 proteins. Thus, the IFN- inducible 
protein score used in this study provides an accurate reflection of 
the type I IFN activation status in circulation in SSc- ILD. Of note, 
there is substantial overlap between type I and type II IFN- inducible 
genes/proteins. Based on the information in the Interferome data-
base, the 6 serum proteins utilized can be induced by both type I 
and type II IFN. Therefore, we cannot exclude the possibility that 
the IFN composite score evaluated in this study is in part driven 
by type II IFN. However, in a pilot study of anifrolumab (a block-
ing antibody against IFNAR1) in 26 SSc patients, 2 of the pro-
teins included in the composite score (β2m and IP- 10 [CXCL10]), 
decreased significantly after blocking the type I IFN receptor (28), 
providing direct human evidence that the IFN- inducible protein 
score is at least in part driven by type I IFN in patients with SSc.

In the present study, SSc- ILD patients with a higher IFN- 
inducible protein score were more responsive to immunosuppres-
sion with CYC or MMF. However, the results from the second year 
of the CYC arm (placebo phase) indicated that patients with an 
IFN excess profile at the 12- month visit had a worse ILD course 
without concurrent immunosuppressive treatment, while higher 

IFN- inducible protein score at the same visit continued to be 
predictive of better ILD course in patients assigned to the MMF 
arm, who continued to receive active immunosuppressive treat-
ment during the second year of the study. This finding supports 
the notion that a high IFN score adversely affects SSc- ILD pro-
gression unless immunosuppressive treatment is administered. 
Thus, the IFN- inducible protein score in SSc acts as a predictive 
biomarker identifying likely responders to treatment rather than a 
prognostic biomarker that predicts the natural history of disease 
regardless of treatment status.

The deleterious effect of IFN excess in SSc is supported by 
previous murine model and human studies (for review, see ref. 
29). In a previous study on the role of IFN regulatory factor 5 
(IRF- 5), bleomycin- induced dermal and lung fibrosis was atten-
uated in IRF- 5– deficient mice. Moreover, there was in vitro evi-
dence that profibrotic transcriptional activity of IRF- 5 in fibroblasts 
was enhanced by transforming growth factor β (TGFβ) (30). In 
a more recent study on the role of IRF- 7 in SSc pathogenesis, 
bleomycin- induced dermal fibrosis, as well as hypodermal fibrosis 
in tight skin mice, was attenuated in IRF- 7– deficient mice. More-
over, IRF- 7 blockade attenuated fibrotic response to TGFβ in SSc 
dermal fibroblasts (31). In terms of direct human data, a previous 
randomized controlled trial in which SSc patients were treated 
with recombinant IFNα or placebo had to be stopped prematurely 
because IFNα- treated patients demonstrated a significantly worse 
ILD course as measured by FVC% (32). More recently, in a phase 
I trial of the anti– type I IFN receptor antibody anifrolumab for the 
treatment of SSc, skin gene expression studies showed evidence 
of suppressed TGFβ signaling in the anifrolumab- treated group 
(28). Taken together, these data indicate that IFN excess is dele-
terious in SSc but also identifies patients who are more likely to 
benefit from immunosuppressive treatment.

In the present study, higher CRP level predicted worse ILD 
course in SSc patients receiving active immunosuppressive treat-
ment as well as during the placebo phase in the CYC arm in the 
second year of the study, indicating that CRP, as a general marker 
of inflammation, is a prognostic biomarker that predicts worse 
FVC course regardless of treatment status. This finding is also 
supported by previous observational studies showing that higher 
baseline CRP levels are predictive of reduced survival (33) and 
faster FVC% decline in SSc (34). More recently, in a retrospec-
tive study of 24 SSc- ILD patients treated with 6 monthly infu-
sions of CYC, a higher CRP level was significantly associated 
with poor response (35). Of note, higher CRP levels in the con-
firmation cohort did not predict the course of ILD in the present 
study. This might be due to the small sample size and/or the more 
heterogeneous patient population in the PRESS cohort, where 
a general marker of inflammation like CRP can be influenced by 
extrapulmonary factors. Moreover, patients in the PRESS cohort 
had different baseline characteristics than SLS II participants. 
Specifically, all PRESS patients had diffuse cutaneous involvement 
and had a disease duration of <3 years. Moreover, 30% of the 
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PRESS patients evaluated had baseline FVC% >85% and there-
fore would have not met one of the inclusion criteria for SLS II.

In addition to IFN- inducible proteins, levels of 36 immune 
pathway– related serum proteins, including IL- 6, were measured 
in the present study. In a previous observational study, higher IL- 6 
levels were predictive of worse ILD course (19). In the present 
study, IL- 6 levels were not predictive of FVC% course in either 
the MMF or the CYC arm (Supplementary Table 3). Similarly, anti– 
topoisomerase I was not predictive of ILD course (Table 3). This 
finding is not consistent with our previous finding in an observa-
tional cohort of early SSc patients with or without ILD, in which 
anti– topoisomerase I was predictive of a faster decline in FVC% 
(36), supporting the notion that antitopoisomerase loses its predic-
tive significance in a study population that includes only patients 
with clinically significant ILD.

This study has several strengths. To our knowledge, this is 
the first study examining the predictive role of serum IFN- inducible 
proteins in a randomized controlled clinical trial of SSc- ILD. All 
serum protein assays were performed in the same CLIA- certified 
laboratory using rigorously standardized procedures. In SLS II, 
repeated FVC% measurements were available, allowing for a more 
accurate reflection of ILD progression. Patients were treated 
according to standardized, uniform treatment protocols, decreas-
ing the potential confounding effect of treatment heterogeneity. 
Moreover, the predictive significance of the IFN- inducible protein 
score was shown in both the MMF and CYC arms separately, and 
confirmed in an independent observational study. Finally, SLS II 
was conducted in 14 centers across the US and included patients 
from a diverse ethnic background, increasing the generalizability 
of our findings.

There were several limitations to the present study. The 
sample size in the confirmation cohort was relatively small. Fur-
thermore, SLS II did not include a placebo arm during the first 
year of the study period, although this limitation is partially mit-
igated by the fact that the IFN- inducible protein score showed 
prediction in opposite directions during the second year when 
patients in the CYC arm were switched to placebo while patients 
in the MMF arm continued receiving active immunosuppressive 
treatment. Furthermore, SLS II only included patients with a dis-
ease duration of <7 years; therefore, we could not investigate 
the predictive significance of the IFN- inducible protein score 
in patients with longstanding disease. Moreover, our findings 
should be further investigated in the recently completed study 
of nintedanib treatment for SSc- ILD (37) and future large clinical 
trials of antifibrotic agents in SSc- ILD, with the ultimate goal of 
developing prediction models for identifying patients who would 
primarily benefit from immunosuppressive versus antifibrotic 
treatment.

In conclusion, SSc- ILD patients with a higher serum IFN- 
inducible protein score are more likely to respond to MMF or 
CYC. The predictive significance of IFN- inducible protein score 
is independent of the general marker of inflammation CRP, 

which predicted worse ILD course regardless of the treatment 
regimen in SLS II. These serum proteins may be useful for more 
informed clinical decisions and clinical trial design and may 
ultimately lead to more personalized treatment regimens in 
SSc- ILD.
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Effects of Dietary Patterns on Serum Urate: Results From a 
Randomized Trial of the Effects of Diet on Hypertension
Stephen P. Juraschek,1  Chio Yokose,2  Natalie McCormick,2  Edgar R. Miller III,3 Lawrence J. Appel,3 
and Hyon K. Choi2

Objective. To determine whether the Dietary Approaches to Stop Hypertension (DASH) diet or an alternative, 
simplified diet, emphasizing high- fiber fruits and vegetables (the FV diet), lowers serum urate levels.

Methods. We conducted a secondary study of the DASH feeding study, a 3- arm, parallel- design, randomized 
trial of 459 adults with systolic blood pressure (BP) of <160 mm Hg and diastolic BP of 80– 95 mm Hg, who were 
not receiving BP medications. Participants were randomized to receive 8 weeks of monitored feeding and ate 1 of 
3 diets: 1) a typical American diet (control), 2) the FV diet, a diet rich in fruits and vegetables but otherwise similar to 
the control diet, or 3) the DASH diet, which was rich in fruits, vegetables, and low- fat dairy products, and reduced 
in fat, saturated fat, and cholesterol. Body weight was kept constant throughout the study. Serum urate levels were 
measured at baseline and after 8 weeks of feeding.

Results. For the 327 participants with available specimens (mean ± SD age 45.4 ± 11.0 years, 47% women, 50% 
African American), the mean ± SD baseline serum urate level was 5.7 ± 1.5 mg/dl. Compared to the control diet, the 
FV diet reduced the mean serum urate level by 0.17 mg/dl (95% confidence interval [95% CI] −0.34, 0.00; P = 0.051) 
and the DASH diet reduced the mean serum urate level by 0.25 mg/dl (95% CI −0.43, −0.08; P = 0.004). These effects 
increased with increasing baseline serum urate levels (<5, 5– 5.9, 6– 6.9, 7– 7.9, and ≥8 mg/dl) for those receiving the 
DASH diet (a reduction of 0.08, 0.12, 0.42, 0.44, and 0.73 mg/dl, respectively; P for trend = 0.04), but not for those 
receiving the FV diet.

Conclusion. Our findings indicate that the DASH diet reduces serum urate levels, particularly among those with 
hyperuricemia. These findings support the growing need for a dedicated trial to test the DASH diet among patients 
with hyperuricemia and gout.

INTRODUCTION

Dietary patterns are viewed as important determinants of 
elevated serum urate levels and risk for gout (1). Dietary rec-
ommendations for gout have traditionally focused on reduced 
consumption of purines, which are precursors to uric acid (2– 
4). However, low- purine (i.e., low- protein) diets have limited 
palatability and sustainability. Furthermore, the reduction in pro-
tein consumption can lead to a compensatory higher intake of 

carbohydrates (including fructose) and fats (including trans or 
saturated fats), which can in turn worsen cardiovascular (CV) risk 
factors, such as high blood pressure (BP) and serum lipid levels, 
which are frequently elevated in adults with hyperuricemia and 
gout (5). Recent evidence suggests that the Dietary Approaches 
to Stop Hypertension (DASH) diet, a dietary strategy shown to 
lower both BP and lipid levels, may lower serum urate levels and 
gout risk (6,7) as well as CV risk. However, these findings have not 
been confirmed in an independent trial (8). Furthermore, the extent 
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to which the reduction in serum urate levels seen as a result of 
the DASH diet can simply be attributed to greater consumption of 
fruits and vegetables is unknown.

The DASH trial was a parallel- arm, 8- week feeding study 
conducted in adults with elevated BP or hypertension (9). Partici-
pants were assigned to 1 of 3 diets: 1) a typical American diet, 2) 
a fruit and vegetable– rich diet (the FV diet), or 3) the DASH diet, 
which combined greater consumption of high- fiber fruits and veg-
etables with low- fat dairy and reduced saturated fat and total fat. 
This landmark study demonstrated that the DASH diet lowered 
BP and low- density lipoprotein (LDL) cholesterol level compared 
to a typical American diet, and beyond fruits and vegetables alone 
(10). However, whether the DASH diet also reduced serum urate 
levels has not been reported.

In the present study, we measured serum urate levels in 
stored specimens from the DASH trial to determine the effect of 
the DASH diet or the FV diet on serum urate levels compared to 
the typical American diet. We hypothesized that the DASH diet 
would lower serum urate levels beyond the results obtained with 
the FV diet, consistent with the effects of the DASH diet on CV 
risk factors.

PATIENTS AND METHODS

Study design. The DASH trial was initiated and sponsored 
by the National Heart, Lung, and Blood Institute (NHLBI). The full 
trial protocol is available via the NHLBI BioLINCC repository. It was 
conducted between September 1994 and March 1996 at 4 clin-
ical centers within the US (Baltimore, Maryland; Boston, Massa-
chusetts; Durham, North Carolina; and Baton Rouge, Louisiana). 
The study’s primary results have been published (9). In summary, 
DASH compared the effects of 3 different diets on BP in 459 
adults with elevated BP. Participants were randomized within 
each site to 1) a control diet that was typical of what many Amer-
icans eat, 2) the FV diet, or 3) the DASH diet. Prior to enrollment, 
all participants provided written, informed consent for specimen 
storage. The present study used serum curated by the NHLBI 
BioLINCC repository to measure urate concentration. Notably, 1 
of the 4 research centers did not provide any specimens, resulting 
in the reduced sample for our study. Institutional Review Boards 
(IRBs) at each of the 4 research sites approved the original study 
protocol. Use of the publicly available data was considered by the 
IRBs of Massachusetts General Hospital and Beth Israel Deacon-
ess Medical Center to be exempt research.

Participants. Participants in the DASH trial were ages ≥22 
years with an average systolic BP between 120 and 159 mm Hg 
and an average diastolic BP between 80 and 95 mm Hg. Exclu-
sion criteria were diabetes mellitus, a recent CV event (within 
the previous 6 months), a body mass index (BMI) of >35 kg/
m2, renal insufficiency, use of antihypertensive medications, and 
self- reported alcoholic beverage intake of >14 drinks per week.

Dietary interventions. Participants were randomized to 
1 of 3 diets, following a parallel design: a control diet, the FV 
diet, or the DASH diet (called “the combination diet” in the orig-
inal publication) (Supplementary Table 1, available on the Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41614/ abstract). The control diet was designed 
to reflect a typical American diet, with potassium, magnesium, 
and calcium levels matching the 25th percentile of US consump-
tion, and macronutrient profiles and fiber reflecting the aver-
age intake levels in the US (9). In contrast, the FV diet included 
potassium and magnesium levels at the 75th percentile of US 
consumption and provided higher amounts of fiber. This diet 
had more fruits and vegetables with fewer snacks and sweets 
than the control diet.

The DASH diet was similar to the FV diet, providing potas-
sium and magnesium at levels reflecting the 75th percentile of US 
consumption, and was higher in fiber and protein (9). In addition, 
the DASH diet provided calcium at the 75th percentile of US con-
sumption. It also emphasized fat- free or low- fat dairy products 
and included whole grains, poultry, fish, and nuts while restricting 
saturated fat, total fat, cholesterol, sweets, and sugar- containing 
beverage consumption. All 3 diets provided a comparable amount 
of sodium (~3 gm/day) in this trial.

Each diet was isocaloric and administered as part of a 
7- day menu cycle, which included 3 meals per day at 4 kilocalorie 
levels (1,600, 2,100, 2,600, and 3,100 kcal). Each weekday, par-
ticipants ate 1 main meal (lunch or dinner) on site. The remaining 
weekday meals and all weekend meals were provided to partici-
pants and consumed offsite. Both feeding compliance and partic-
ipants’ weights were closely monitored, and adherence was high, 
with participants attending >95% of person- days at scheduled 
on- site meals and adhering to the study protocol offsite (all study 
foods and no non- study foods) on >93% of person- days. In addi-
tion, objective biomarkers also confirmed high adherence (9).

Primary outcomes. The primary outcome measure for the 
present post hoc study was serum urate level measured in 2018 from 
available stored specimens from 3 of the 4 clinical centers. Serum 
specimens were collected from participants at baseline (n = 327) and 
after the conclusion of the 8- week feeding periods (n = 327) for each 
of the 3 diets. All specimens (baseline and 8- week) were collected 
after a 12- hour fast. Serum was stored at −70°C and underwent ≥1 
freeze– thaw cycle for the present measurements. Serum urate lev-
els were measured using a standard automated uricase enzymatic 
assay on a Roche P Modular  system (Roche Diagnostics).

Covariates. Additional participant characteristics were deter-
mined via questionnaire, laboratory testing, and physical examina-
tion. Sex was self- reported, and race was examined in categories 
of African American and non– African American. BMI was derived 
from measured height and weight, with obesity defined as a BMI 
of ≥30 kg/m2. Seated systolic BP and diastolic BP were measured 

http://onlinelibrary.wiley.com/doi/10.1002/art.41614/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41614/abstract


JURASCHEK ET AL 1016       |

using random- zero sphygmomanometers. Baseline BP was calcu-
lated as the average of 3 pairs of measurements during screening 
and 4 pairs during the run- in phase, while BP at follow- up was 
calculated as the average of 4 or 5 pairs of measurements dur-
ing weeks 7 and 8 of the intervention phase. Hypertension in the 
DASH trial was defined as a systolic BP of ≥140 mm Hg or diastolic 
BP of ≥90 mm Hg. The LDL cholesterol level was estimated (11) 
from total cholesterol, high- density lipoprotein cholesterol, and tri-
glycerides, measured using enzymatic colorimetry.

Statistical analysis. We summarized population char-
acteristics at baseline according to dietary assignment using 
the mean ± SD and proportions. The distribution of change from 
baseline in serum urate level was examined using kernel density 
plots. We determined the mean ± SD serum urate concentration 
at baseline and 8 weeks according to diet and compared the 
change from baseline via t- tests.

We compared serum urate levels across dietary assignments 
with adjustment for baseline serum concentrations, using the fol-
lowing contrasts: FV versus control, DASH versus control, and 
DASH versus FV. In addition, we performed a concurrent change 
analysis adjusted for change from baseline in systolic BP, diastolic 
BP, LDL cholesterol level, or all 3 CVD risk factors. All dietary com-
parisons and concurrent change analyses were performed using 
linear regression models.

We also compared change from baseline in serum urate level 
with change from baseline in systolic BP, diastolic BP, and LDL cho-
lesterol level using scatterplots, lowess curves, and linear regres-
sion models. In addition, we determined the association of change 
from baseline in serum urate level with change from baseline in 

systolic BP, diastolic BP, and LDL cholesterol level using linear regres-
sion with adjustment for age, sex, African American race, and dietary 
assignment.

In addition, we performed prespecified subgroup analyses 
of the effects of the FV diet versus control or the DASH diet ver-
sus control in groups of participants stratified by age (<50 years 
or ≥50 years), sex (male or female), race (non– African American 
or African American), baseline hypertension (defined as baseline 
systolic BP ≥140 or diastolic BP ≥90 mm Hg), baseline obe-
sity (defined as BMI ≥30 kg/m2), baseline hyperuricemia (defined 
as baseline serum urate level >6 mg/dl for women or >7 mg/dl 
for men), and categories of baseline serum urate level (<5, 5– 5.9, 
6– 6.9, 7– 7.9, or ≥8 mg/dl). These subgroups are largely consist-
ent with our prior work (6). Comparisons across categories were 
performed using interaction terms. For categories of baseline 
serum urate level, the interaction term was determined by treat-
ing the median serum urate value of each category as a contin-
uous variable. This interaction term represents P for trend. In a 
sensitivity analysis we also examined the following categories of 
baseline serum urate level: <5, 5– 5.9, 6– 6.9, and ≥7 mg/dl.

All analyses were performed in Stata version 15.1 (Stata 
Corporation). Missing data (primarily from unavailable specimens) 
were evenly distributed across dietary assignments.

RESULTS

Baseline characteristics. Baseline characteristics of the 327 
participants in the DASH trial with stored serum samples are shown 
in Table 1. Overall, the mean ± SD age was 45.4 ± 11.0 years, 47% 
were women, 50% were African American, and the mean ± SD 

Table 1. Baseline characteristics of the participants according to dietary assignment*

Control  
(n = 107)

FV 
(n = 110)

DASH 
(combination) 

(n = 110)
Age, years 45.1 ± 11.7 46.3 ± 10.9 44.8 ± 10.5
Female, % 43.0 44.5 52.7
African American, % 49.5 48.2 53.6
Body mass index ≥30 kg/m2, % 36.4 36.4 36.4
Body mass index, kg/m2 28.0 ± 3.9 27.9 ± 4.0 28.3 ± 3.9
Hypertension, % 27.1 27.3 24.5
Systolic BP, mm Hg 130.7 ± 10.8 131.5 ± 11.3 130.9 ± 10.3
Diastolic BP, mm Hg 85.0 ± 4.5 84.3 ± 4.9 84.3 ± 4.4
LDL cholesterol, mg/dl† 121.8 ± 30.8 127.9 ± 30.6 117.1 ± 33.3

* Except where indicated otherwise, values are the mean ± SD. BP = blood pressure.
† Values for low- density lipoprotein (LDL) cholesterol were missing for 1 participant assigned 
to the control diet and 1 participant assigned to the diet rich in fruits and vegetables (FV diet). 

Table 2. Serum urate levels in participants assigned to each diet*

Diet
Baseline, 

mg/dl
8 weeks, 

mg/dl
Difference 
(95% CI) P

Control (n = 107) 5.65 ± 1.56 5.68 ± 1.55 0.03 (−0.10, 0.16) 0.67
FV (n = 110) 5.85 ± 1.27 5.68 ± 1.27 −0.17 (−0.28, −0.06) 0.004
DASH (n = 110) 5.59 ± 1.55 5.37 ± 1.42 −0.22 (−0.35, −0.08) 0.002

* Except where indicated otherwise, values are the mean ± SD. 95% CI = 95% confidence 
interval (see Table 1 for other definitions). 
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serum urate level at baseline was 5.7 ± 1.5 mg/dl. Characteristics 
were similar across dietary assignments. Notably, the 132 original 
participants who were excluded from the present study were more 
likely to be female, African American, and have hypertension (Supple-
mentary Table 2, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41614/ abstract).

Change from baseline in serum urate level. Mean 
baseline levels of serum urate were similar across dietary assign-
ments (Table 2). We observed significant changes from baseline 
in serum urate level among those receiving the FV diet (mean 
change −0.17 mg/dl [95% confidence interval (95% CI) −0.28, 
−0.06]) and the DASH diet (mean change −0.22 mg/dl [95% CI 
−0.35, −0.08]) (for complete distributions of change from baseline 
see Supplementary Figure 1, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41614/ abstract). There was no change from baseline in mean 
serum urate levels among those assigned to the control diet.

Between- diet comparisons and concurrent change 
analysis. Compared to the control diet, the FV diet reduced 
the mean serum urate level by 0.17 mg/dl (95% CI −0.34, 0.00), 
and the DASH diet reduced the mean serum urate level by 

0.25 mg/dl (95% CI −0.43, −0.08) (Figure 1). There was no differ-
ence in serum urate levels between the DASH and FV diets.

Adjustment for changes in BP or LDL cholesterol level had 
little impact on the effects observed with the FV diet compared 
to the control diet (Table 3). Similarly, adjustment for BP did not 
alter the effects of the DASH diet on serum urate levels com-
pared to the control diet. However, adjustment for LDL choles-
terol level did attenuate the effects of the DASH diet on serum 
urate levels. Despite our reduced sample size (n = 327 versus 
459), the effects of the diets on systolic BP, diastolic BP, and LDL 
cholesterol level were consistent with the findings of the main 
study (Supplementary Table 3, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41614/ abstract).

We also compared the association between change from 
baseline in serum urate level and change from baseline in sys-
tolic BP, diastolic BP, or LDL cholesterol level (Table 4 and 
Supplementary Figure 2, available on the Arthritis & Rheuma-
tology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41614/ abstract). Changes from baseline in systolic BP 
or diastolic BP were not significantly associated with change 
from baseline in serum urate level; however, for systolic BP 
there was evidence of an interaction across diets. In contrast, 

Figure 1. Mean difference in serum urate (SU) level (in mg/dl) between diets, comparing the diet rich in fruits and vegetables to the control diet, the 
Dietary Approaches to Stop Hypertension (DASH; combination) diet to the control diet, and the DASH (combination) diet to the diet rich in fruits and 
vegetables. All comparisons represent the difference in week- 8 measurements adjusted for baseline measurements. 95% CI = 95% confidence interval.

Table 3. Between- diet differences in change from baseline in serum urate levels, adjusted for concurrent changes in systolic BP, diastolic 
BP, and LDL cholesterol level (n = 327)*

FV versus control DASH versus control DASH versus FV

Mean difference 
(95% CI) P

Mean difference 
(95% CI) P

Mean difference  
(95% CI) P

Unadjusted −0.17 (−0.34, 0.00) 0.051 −0.25 (−0.43, −0.08) 0.004 −0.08 (−0.25, 0.09) 0.34
Adjusted for change in systolic BP −0.17 (−0.34, 0.01) 0.062 −0.24 (−0.43, −0.06) 0.009 −0.08 (−0.25, 0.10) 0.38
Adjusted for change in diastolic BP −0.17 (−0.34, 0.01) 0.058 −0.24 (−0.41, −0.06) 0.008 −0.07 (−0.25, 0.10) 0.41
Adjusted for change in LDL cholesterol −0.17 (−0.34, 0.00) 0.057 −0.21 (−0.38, −0.04) 0.018 −0.04 (−0.21, 0.13) 0.63
Adjusted for changes in systolic BP, 

diastolic BP, and LDL cholesterol
−0.16 (−0.34, 0.01) 0.063 −0.20 (−0.39, −0.02) 0.028 −0.04 (−0.21, 0.13) 0.66

* In models adjusted for change in LDL cholesterol, n = 324. 95% CI = 95% confidence interval (see Table 1 for other definitions). 

http://onlinelibrary.wiley.com/doi/10.1002/art.41614/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41614/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41614/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41614/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41614/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41614/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41614/abstract
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change from baseline in LDL cholesterol level was strongly 
associated with change from baseline in serum urate level 
(0.48 mg/dl per 1 mg/dl change in LDL cholesterol [95% CI 
0.15, 0.80]) independent of dietary assignment.

Subgroup analysis. The effects of the FV diet compared 
to the control diet on serum urate levels were not modified by 
strata of age, sex, race, baseline hypertension, baseline obesity, or 
baseline serum urate levels (Figure 2A). In contrast, the DASH diet 
had greater effects on serum urate levels in adults without base-
line hypertension (P for interaction = 0.02) (Figure 2B). Further-
more, there was an incrementally greater reduction in serum urate 
levels among adults with higher serum urate levels at baseline 
(P for trend = 0.04), such that the DASH diet reduced serum urate 
levels by 0.08, 0.12, 0.42, 0.44, and 0.73 mg/dl with increasing 
baseline serum urate levels (<5, 5– 5.9, 6– 6.9, 7– 7.9, and ≥8 mg/dl). 

Findings were unaltered when we used alternative categories of 
baseline serum urate levels (Supplementary Table 4, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41614/ abstract).

DISCUSSION

In this secondary analysis of the DASH trial, compared to a 
typical American diet, the DASH diet significantly reduced serum 
urate levels after an 8- week intervention period. These effects 
were significantly greater in those with higher serum urate con-
centrations at baseline. Furthermore, the observed effects were 
strongly associated with change in LDL cholesterol level, but not 
change in BP. In contrast, while the FV diet lowered serum urate 
levels, the urate- lowering effects were of borderline significance. 
Overall, our findings suggest that merely increasing fruit and veg-
etable consumption is less efficacious for serum urate reduction 
than adopting the complete DASH diet, particularly its features 
that optimize reduction in LDL cholesterol levels.

Diet has been implicated as a determinant of hyperuricemia 
for thousands of years, largely anecdotally or in observational stud-
ies (1). Nutrition recommendations for gout have predominantly 
focused on the purine scavenger pathway as a means of reduc-
ing urate precursors (2– 4). However, the sustainability and bene-
fits of a conventional low- purine (i.e., low- protein) approach have 
been called into question, even for those with hyperuricemia and 
gout. When reducing the intake of one macronutrient (e.g., pro-
tein), there must be a compensatory increase in one or both of the 

Table 4. Association of change from baseline in CVD risk factors 
with change from baseline in serum urate level*

CVD risk factor

Mean difference in 
serum urate level, 

mg/dl  
(95% CI) P

Systolic BP, mm Hg (n = 327) 0.07 (−0.97, 1.12) 0.90
Diastolic BP, mm Hg (n = 327) 0.34 (−1.15, 1.86) 0.65
LDL cholesterol, mg/dl 

(n = 324)
0.48 (0.15, 0.80) 0.004

* Adjusted for age, sex, African American race, and dietary 
assignment. CVD = cardiovascular disease; 95% CI = 95% confidence 
interval; BP = blood pressure; LDL = low- density lipoprotein. 

Figure 2. Mean difference in serum urate level (in mg/dl) between diets, comparing A, the diet rich in fruits and vegetables versus the 
control diet and B, the Dietary Approaches to Stop Hypertension (DASH; combination) diet versus the control diet, in groups stratified by 
demographic characteristics and relevant comorbidities. All comparisons represent the difference in week- 8 measurements adjusted for baseline 
measurements. 95% CI = 95% confidence interval. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.
com/doi/10.1002/art.41614/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41614/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41614/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41614/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41614/abstract
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remaining macronutrients (e.g., carbohydrates and fats). Given the 
prevalence of Western- style diets and deterioration of healthy eat-
ing habits (12), there is a concern that protein restriction may result 
in substitution of foods that are rich in refined carbohydrates (includ-
ing fructose) and saturated or trans fats. These changes could fur-
ther exacerbate insulin resistance, leading to higher plasma levels 
of glucose and lipids, thereby contributing to the development and 
worsening of metabolic syndrome and its complications in patients 
with hyperuricemia and gout (13,14). Meanwhile, the DASH diet 
has been shown to lower BP and LDL cholesterol level (9), two CV 
risk factors often elevated in adults with gout (5,15).

Recently, we demonstrated in the DASH Sodium trial that 
the DASH diet lowered serum urate levels by 0.35 mg/dl, with a 
greater magnitude observed (i.e., −1.3 mg/dl) among adults with 
a baseline serum urate level of ≥7 mg/dl (6). In a later translational 
trial, Five Plus Nuts and Beans, we showed that while $30/week 
of high- potassium fruits and vegetables modeled after DASH did 
not lower serum urate levels, there was a significant trend toward 
a greater reduction in serum urate levels among adults with a 
baseline serum urate level of >8 mg/dl (8). Furthermore, longitu-
dinal studies found that higher adherence to the DASH diet was 
associated with a lower risk of gout (7). The present study adds 
to these previous findings by showing that the DASH diet reduces 
serum urate levels, particularly among adults with hyperuricemia, 
which was not apparent with the FV diet.

Nutrition experts have questioned the necessity of the whole 
DASH diet for serum urate reduction. Indeed, an emphasis on 
one of its subcomponents, for example, increased fruit and veg-
etable consumption, represents a simplified public health preven-
tion strategy that could promote greater adherence. However, 
our study shows that a diet that only increases fruit and vegeta-
ble servings may not achieve the same magnitude of urate level 
reduction as the DASH diet, particularly among those with hype-
ruricemia. Given that the DASH diet differed from the FV diet in 
several ways, it is difficult to isolate the exact feature that was 
responsible for the greater effects of DASH. Nevertheless, we 
suspect that the DASH diet’s emphasis on low- fat and fat- free 
dairy may be contributory, as dairy protein has been shown to 
lower serum urate levels in other clinical trials (16). However, it is 
important to note that the effects of the FV diet on serum urate 
level did not differ significantly from the effects of the DASH diet, 
suggesting a need for further research on dietary patterns for the 
reduction of serum urate levels. In addition, these diets were iso-
caloric such that weight was maintained during the duration of 
the trial. Studies have shown that weight- loss diets, even those 
that are high in protein, may lead to reduction in serum urate lev-
els (14,17) by lowering adiposity and insulin resistance, thereby 
enhancing uric acid excretion (13,18,19). Thus, further research 
on the total effect of diet, including both dietary composition and 
weight loss, on serum urate level is warranted.

Multiple studies have demonstrated a strong relationship 
between hyperlipidemia and hyperuricemia (5,20). Our study 

further showed that changes from baseline in LDL cholesterol 
level were associated with changes in serum urate level. More-
over, adjustment for change in LDL cholesterol level attenuated 
the effects of the DASH diet on serum urate level. These obser-
vations imply that dietary interventions that target LDL choles-
terol reduction may also reduce the serum urate level. This may 
be an important consideration in future dietary studies to opti-
mize serum urate reduction. Notably, change in systolic BP 
and serum urate level were less consistently associated across 
dietary interventions. We have observed similar differences pre-
viously with dietary sodium intake (21). This may suggest that 
dietary strategies targeting BP reduction may be less reliable for 
serum urate reduction.

Our study has limitations. First, specimens were not avail-
able for all randomized participants. Of the 132 individuals 
with missing data, 114 (i.e., 86%) were from one site. However, 
given that participants were randomized by site, these missing 
samples were not related to trial compliance or dietary assign-
ment.  Further, despite the reduced sample in our study, it was 
adequately powered to observe differences in serum urate level 
between the dietary assignments. Second, the trial did not 
focus on enrolling persons with gout. Further, the presence of 
gout at baseline and the incidence of gout attacks during the 
trial were not assessed. Third, since this trial tested dietary pat-
terns, it is challenging to isolate specific food groups or micro-
nutrients that may account for the distinct effects on serum 
urate  levels. Likewise, we are not able to differentiate whether 
the  diet- associated change in serum urate level was due to 
decreased endogenous production or increased renal clearance 
of urate. Nevertheless, the differential effects of the DASH diet 
on serum urate levels suggest that micronutrients or food groups 
unique to the DASH diet (versus the FV or control diets) are likely 
causally involved.

Fourth, the original DASH trial intentionally adjusted kilo-
calories to minimize weight loss. It is possible that this might 
underestimate the full impact of diet on serum urate levels in the 
setting of weight loss. Fifth, our subgroup analyses should be 
viewed cautiously in light of the multiple comparisons performed. 
Sixth, the magnitude of serum urate reduction was small even 
among the hyperuricemic subgroup relative to pharmacologic 
urate- lowering therapy. While small serum urate reductions are 
important for population- wide, prevention strategies, our find-
ings should not be viewed as a replacement for urate- lowering 
therapy, especially among patients with gout. Seventh, the study 
population did not focus on adults with gout and excluded a 
number of conditions (e.g., diabetes, heavy alcohol drinkers) that 
are prototypical of patients with gout. Further research is needed 
to confirm these findings in a gout population. Finally, our asso-
ciation analyses between change in LDL cholesterol level and 
serum urate level are observational.

Our study also has several strengths. First, dietary 
interventions were tightly controlled and administered in a 
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randomized manner, allowing for inferences in a diverse popu-
lation of adults with CVD risk factors often encountered among 
adults with hyperuricemia or gout. Second, we measured serum 
urate, the therapeutic target for preventing gout flares. As a 
result, the observed effects on serum urate level are generalizable 
to the primary prevention of gout, although these findings should 
be confirmed in a gout population. Third, our isocaloric design 
isolated the effects of diet from weight change and its effects on 
serum urate levels. Finally, having 3 dietary patterns with some 
overlap allows for greater insights as to which components of 
diet might be important for reducing serum urate levels. In our 
study, the complete DASH diet seems to be important for urate 
reduction, which is informative for subsequent dietary interven-
tion studies.

In conclusion, the DASH diet lowered serum urate levels, par-
ticularly among adults with hyperuricemia. This reduction in serum 
urate level was highly correlated with reductions in LDL cholesterol 
level. DASH may represent the optimal dietary approach to lower 
serum urate level as an adjunct to urate- lowering therapy in adults 
with hyperuricemia and gout; however, a definitive trial in adults 
with hyperuricemia and gout is needed.
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Novel Majeed Syndrome– Causing LPIN2 Mutations Link 
Bone Inflammation to Inflammatory M2 Macrophages and 
Accelerated Osteoclastogenesis
Farzana Bhuyan,1 Adriana A. de Jesus,1 Jacob Mitchell,1 Evgenia Leikina,2 Rachel VanTries,1 Ronit Herzog,3  
Karen B. Onel,4 Andrew Oler,1 Gina A. Montealegre Sanchez,1 Kim A. Johnson,1 Lena Bichell,1 
Bernadette Marrero,1 Luis Fernandez De Castro,5 Yan Huang,1 Katherine R. Calvo,6 Michael T. Collins,5 
Sundar Ganesan,1 Leonid V. Chernomordik,2 Polly J. Ferguson,7 and Raphaela Goldbach- Mansky1

Objective. To identify novel heterozygous LPIN2 mutations in a patient with Majeed syndrome and characterize 
the pathomechanisms that lead to the development of sterile osteomyelitis.

Methods. Targeted genetic analysis and functional studies assessing monocyte responses, macrophage 
differentiation, and osteoclastogenesis were conducted to compare the pathogenesis of Majeed syndrome to 
interleukin- 1 (IL- 1)– mediated diseases including neonatal- onset multisystem inflammatory disease (NOMID) and 
deficiency of the IL- 1 receptor antagonist (DIRA).

Results. A 4- year- old girl of mixed ethnic background presented with sterile osteomyelitis and elevated acute- phase 
reactants. She had a 17.8- kb deletion on the maternal LPIN2 allele and a splice site mutation, p.R517H, that variably 
spliced out exons 10 and 11 on the paternal LPIN2 allele. The patient achieved long- lasting remission receiving IL- 1 
blockade with canakinumab. Compared to controls, monocytes and monocyte- derived M1- like macrophages from the 
patient with Majeed syndrome and those with NOMID or DIRA had elevated caspase 1 activity and IL- 1β secretion. 
In contrast, lipopolysaccharide- stimulated, monocyte- derived, M2- like macrophages from the patient with Majeed 
syndrome released higher levels of osteoclastogenic mediators (IL- 8, IL- 6, tumor necrosis factor, CCL2, macrophage 
inflammatory protein 1α/β, CXCL8, and CXCL1) compared to NOMID patients and healthy controls. Accelerated 
osteoclastogenesis in the patient with Majeed syndrome was associated with higher NFATc1 levels, enhanced  
JNK/MAPK, and reduced Src kinase activation, and partially responded to JNK inhibition and IL- 1 (but not IL- 6) blockade.

Conclusion. We report 2 novel compound heterozygous disease- causing mutations in LPIN2 in an American 
patient with Majeed syndrome. LPIN2 deficiency drives differentiation of proinflammatory M2- like macrophages and 
enhances intrinsic osteoclastogenesis. This provides a model for the pathogenesis of sterile osteomyelitis which 
differentiates Majeed syndrome from other IL- 1– mediated autoinflammatory diseases.

INTRODUCTION

Genetically defined autoinflammatory bone diseases are 
caused by dysregulation of innate immune responses resulting 

in systemic inflammation (1) and osteomyelitis, which includes 
Majeed syndrome, caused by recessive loss- of- function muta-
tions in LPIN2 (2), and deficiency of interleukin- 1 (IL- 1) receptor 
antagonist (DIRA), caused by loss- of- function mutations in IL1RN 
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encoding the IL- 1 receptor (IL- 1R) antagonist (3,4). Majeed syn-
drome presents in early childhood with osteitis and osteomyelitis, 
dyserythropoietic anemia, and elevation of acute- phase reac-
tants. Since its initial description in 1989 (5), 23 patients from 
10 families/kindreds of Jordanian, Indian, Arabic, Turkish, and 
Chinese ethnic backgrounds have been described as having 7 
autosomal- recessive, disease- causing loss- of- function muta-
tions (summarized in Supplementary Table 1, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41624/ abstract). Clinical similarities to DIRA and 
a rapid resolution of the inflammatory disease manifestations 
upon treatment with short-  and long- acting IL- 1 inhibitors suggest 
a prominent role of IL- 1 in disease pathogenesis (6,7).

LPIN2 encodes lipin 2, a magnesium- dependent phos-
phatide phosphatase enzyme that associates with membrane 
lipids and localizes to organelles. Lipin 2 catalyzes the conversion 
of phosphatidic acid to diacylglycerol (DAG) and acts as a branch 
point for the synthesis of triacylglycerol and phospholipids (8– 
12). Recently, a link between lipin 2 deficiency and inflammation 
was described (13). Lipin 2 negatively regulates MAPK phospho-
rylation and contributes to the activation of the NLRP3 inflam-
masome. Bone marrow– derived macrophages (BMMs) from 
Lpin2−/− mice or small interfering RNA– induced silencing of Lpin2 
in murine and human macrophages showed increased IL- 1 pro-
duction in response to stimulation with lipopolysaccharide (LPS) 
and ATP (13). Reduced lipin 2 levels, as seen in patients with 
Majeed syndrome with disease- causing loss- of- function muta-
tions, result in a decrease in cellular cholesterol levels, which 
increases ion currents through the ATP- activated P2X7 receptor 
and subsequent NLRP3 inflammasome activation with mature IL- 
1β release (13).

Despite insights that link LPIN2 mutations to increased 
pro– IL- 1β transcription and to NLRP3 inflammasome activation, 
pathomechanisms that provide insight into the differential devel-
opment of osteomyelitis in Majeed syndrome and DIRA (but not 
in the NLRP3 inflammasomopathy, neonatal- onset multisystem 
inflammatory disease [NOMID]) remain unresolved (Supplemen-
tary Figure 1, http://onlin elibr ary.wiley.com/doi/10.1002/art.41624/ 
abstract) and suggest NLRP3 inflammasome– independent 
effects of LPIN2 in regulating bone homeostasis at the growth 
plate of long bones. In the present study we demonstrated that 
LPIN2 mutations differentially affect monocytes, monocyte- 
derived M1- like macrophages (M1- MDMs) and M2- MDMs, and 
osteoclastogenesis in the various IL- 1– mediated diseases. In con-
trast to the NLRP3 inflammasomopathy, NOMID, LPS- stimulated 
M2- MDMs from patients with Majeed syndrome and DIRA are 
inflammatory, and the mutations promote accelerated osteo-
clastogenesis. These effects were mediated through changes 
in phosphorylation patterns in macrophages in the patient with 
Majeed syndrome and could largely be reversed through IL- 1 
inhibition. Our data suggest a novel role of lipin 2 in macrophage 

polarization and osteoclastogenesis, and we propose a dis-
ease model for sterile osteomyelitis.

PATIENTS AND METHODS

Patients. The parents of the patient with Majeed syndrome 
and the adult healthy control donors provided written informed 
consent. Patients were enrolled in an institutional review board– 
approved National Institutes of Health (NIH) natural history proto-
col (Clinical Trials.gov identifier: NCT02974595). Blood samples 
were collected. Further details about all methods described in this 
section are presented in Supplementary Methods (http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41624/ abstract).

Genetic analyses. Targeted sequencing. Clinical genetic 
testing of ELANE, LPIN2, MEFV, MVK, NLRP3, PSTPIP1, and 
TNFRSF1A (GeneDx) was inconclusive.

Array- based comparative genomic hybridization (aCGH). 
Genomic DNA from the mother of the patient with Majeed  syndrome 
was examined by aCGH using the current version of ExonArrayDx 
(GeneDx).

Deletion breakpoint delineation by polymerase chain reac-
tion (PCR) and Sanger sequencing. Serial forward and reverse 
primers close to the 5’ and 3’ ends of the deletion, respectively, 
were designed to obtain new amplicons. PCR products were 
sequenced in both directions using an ABI 3100 Genetic Ana-
lyzer (Applied Biosystems).

Detection of LPIN2 splicing abnormalities by complemen-
tary DNA (cDNA) PCR and sequencing. Complementary DNA 
primers were designed using Primer3Plus to amplify the region 
between exon 8 and exon 12 of LPIN2 NM_014646.2.

LPIN2 transcript quantification in RNA- Seq data using 
StringTie. Raw reads were mapped to the reference human 
genome (hg19) by TopHat (version 2.0.8; https://ccb.jhu.edu/
softw are/topha t/index.shtml), and we assembled transcripts 
and determined normalized expression values for each spliced 
event using StringTie (version 1.3.3).

Cell culture experiments. Differentiation of human mono-
cytes and monocyte-derived macrophages. Human peripheral 
blood– derived monocytes and macrophages were prepared 
from heparinized venous blood as previously des cribed (14). 
Peripheral blood mononuclear cells (PBMCs) were suspended in 
RPMI 1640 medium containing a low concentration (1%) of fetal 
bovine serum (FBS). Adherent monocytes were seeded in multi-
well plates or dishes; they were differentiated into M1- MDMs and 
M2- MDMs by culturing with RPMI 1640 supplemented with 10% 
FBS containing either 10 ng/ml recombinant human granulocyte– 
macrophage colony- stimulating factor (GM- CSF) (for M1- MDMs) 
or 100 ng/ml recombinant human M- CSF (for M2- MDMs) (both 
from PeproTech). After 3 days, media were replaced with either 
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GM- CSF or M- CSF, and fresh complete media and cells were 
incubated for another 2 or 3 days.

Osteoclast differentiation and pit formation assay. Osteoclasts 
were prepared from peripheral blood– derived monocytes (15). 
Briefly, PBMCs from the patient with Majeed syndrome and the 
controls were suspended in α- minimum essential medium (α- MEM) 
containing 1% FBS. Monocytes were enriched by allowing attach-
ment to plates and were cultured in α- MEM containing 10% FBS 
with M- CSF (100 ng/ml) for 6 days; floating cells were removed, 
and the attached MDMs were used as osteoclast precursors. To 
generate osteoclasts, M- CSF macrophages were cultured with 
combinations of M- CSF (100 ng/ml) and RANKL (30 ng/ml). After 
an additional 3– 6 days of culture, cells were fixed and stained for 
tartrate- resistant alkaline phosphatase (TRAP) (Cosmo Bio). TRAP- 
positive multinucleated cells containing >3 nuclei were considered 
TRAP- positive multinuclear osteoclasts.

For the pit assay, harvested cells were inoculated on 
fluorescein- labeled CaP- coated 24- well plates at a density of 
1 × 104 cells/well (Cosmo Bio), and were cultured for an additional 
3– 6 days with M- CSF (100 ng/ml) and RANKL (30 ng/ml) accord-
ing to the manufacturer’s recommendation. After 6 days, plates 
were washed with phosphate buffered saline and treated with 5% 
sodium hypochlorite for 5  minutes. After washing the plates, 5 
different regions in each well were photographed by microscopy, 
and the pit areas were measured with ImageJ software.

Stimulation/inhibition assays. Adherent monocytes, M1- 
MDMs, or M2- MDMs were stimulated in the presence of LPS 
(1 μg/ml) for 2 hours and 30 minutes followed by 30- minute 
stimulation with ATP (1 mmole) (Sigma- Aldrich). After 24 hours, 
culture supernatants were collected. For blocking assays, 
the following were used: IL- 1 inhibitor anakinra (Sobi), potent 
JNK inhibitor SP600125 or phosphorylation of JNK (Invivo-
Gen), macrophage migration inhibitory factor (MIF) inhibitor 
ISO- 1 (R&D Systems), potent tumor necrosis factor (TNF) 
inhibitor SPD304 (Sigma- Aldrich), and IL- 6 inhibitor tocili-
zumab (Genentech).

Cytokine/chemokine production and enzyme- linked immu-
nosorbent assay (ELISA). Relative levels of multiple cytokines 
and chemokines in the supernatants of macrophages were ana-
lyzed using a proteome profiler human cytokine array according 
to the instructions of the manufacturer (R&D Systems). Briefly, 
culture supernatants (200 μl) of macrophages, which were col-
lected after centrifugation, were added to dot- blots onto which 
the captured antibodies had been spotted in duplicate. After 
incubation with the secondary antibody mixture, the resultant 
signals were detected using a Bio- Rad image analyzer. A total 
of 36 cytokines, chemo kines, and acute- phase proteins can be 
screened (16,17). The intensity of the spots was quantified using 
ImageJ software. In order to assess concentrations of IL- 1α, IL- 
1β, and IL- 10, the supernatants of macrophages stimulated in 
the presence or absence of LPS and ATP were collected and 
analyzed by ELISA (R&D Systems).

Phosphokinase array. A human Phospho- Kinase Array 
Kit (no. ARY003B; R&D Systems) was used to simultaneously 
detect the relative site- specific phosphorylation of 43 kinases. 
Briefly, cells were plated and cultured for M2- MDM differentia-
tion with M- CSF (100 ng/ml), and 0.5 × 106 cells were lysed and 
assayed according to the manufacturer’s instructions. The array 
results were quantified using ImageJ software.

Immunofluorescence staining. Stimulated and unstimu-
lated macrophages were fixed in 4% paraformaldehyde, per-
meabilized with 0.1% Triton X- 100, and stained with a single 
antibody or combinations of anti– gasdermin D antibody (no. 
LS- B4537; LifeSpan Biosciences), anti– caspase 1 antibody (no. 
ab- 1872; Abcam), anti– lipin 2 antibody (no. HPA017857; Sigma- 
Aldrich), anti- RANK antibody (no. ab222215; Abcam), and anti– 
IL- 1R1 antibody (no. ab106278; Abcam) for 12 hours, followed 
by Alexa Fluor 568– conjugated anti- mouse IgG antibody (Invit-
rogen) or Alexa Fluor 488– conjugated anti- rabbit IgG antibody 
(Abcam). DAPI (Molecular Probes) was used to visualize nuclei. 
Signals were visualized with a confocal laser scanning micro-
scope (Leica SP8). Image processing was performed with Imaris 
9.2.1 software.

Statistical analysis. Statistical analyses and graph-
ing were performed using GraphPad Prism 6. Differences in 
unpaired data with parametric or nonparametric distributions 
were analyzed by Student’s t- test and Mann- Whitney U test, 
respectively, assuming the same variance for each group. P val-
ues were not corrected for multiple comparisons and must be 
viewed as exploratory.

RESULTS

Majeed syndrome in 4- year- old patient caused by 
2 novel compound heterozygous mutations in LPIN2. 
A 4- year- old female patient of Puerto Rican and African Ameri-
can descent was evaluated at the NIH for suspected Majeed 
 syndrome (Supplementary Results, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41624/ abstract). A radiograph of the right knee 
obtained at 26 months to evaluate recurrent right knee pain revealed 
horizontal lucencies at the distal femur and proximal tibia. Labo-
ratory examinations showed systemic inflammation with elevated 
erythrocyte sedimentation rate (ESR) (55 mm/hour) and C- reactive 
protein (CRP) level (61 mg/liter), and a knee magnetic resonance 
imaging demonstrated an abnormal bone marrow signal in the 
bilateral distal femoral metaphyses (Figure 1B).

The patient had anemia, and a bone marrow biopsy showed 
70– 90% marrow cellularity with trilineage hematopoiesis and 
dyserythropoietic, binuclear erythrocyte precursors (Supplemen-
tary Figure 2, http://onlin elibr ary.wiley.com/doi/10.1002/art.41624/  
 abstract). At the first NIH visit at the age of 4 years, the laboratory 
examination showed mild anemia with the following test results: 
hemoglobin 10.1 gm/dl (normal 10.2– 12.7), mean corpuscular 
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volume 65.2 fl (normal 72.3– 85), thrombocytosis with platelets 
556 K/μl (normal 189– 394), and systemic inflammation (ESR 
77 mm/hour [normal <15] and CRP 104 mg/liter [normal <5]). 
After intermittent short courses of nonsteroidal antiinflammatory 
drugs, the patient was started on treatment with the mono clonal 
anti– IL- 1β antibody, canakinumab, at 2 mg/kg every 8 weeks. 
She has continued to receive treatment for the past 6.5 years, 
with significant clinical and laboratory improvement (Supplemen-
tary Table 2, http://onlin elibr ary.wiley.com/doi/10.1002/art.41624/ 
abstract).

The clinical features and treatment response suggested 
an autoinflammatory bone disease, and genetic testing iden-
tified a previously unidentified mutation in LPIN2, c.1550G>A, 
p.R517H, a variant that was initially thought to be homozygous. 
The presence of the missense variant in the patient’s father 
but not her mother prompted a search for a large deletion that 
revealed a multiexon deletion spanning exons 7– 18, which was 

confirmed by aCGH of the maternal DNA (Figure 1C). PCR and 
Sanger sequencing of the approximate breakpoint regions that 
were identified by aCGH demonstrated a 17,770- bp deletion 
(Chr18: 2,921,149– 2,938,919) (Supplementary Figures 3A– C, 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41624/ abstract). 
Sequencing primers to detect the deletion are listed in Supple-
mentary Figure 3D. RNA- Seq transcripts were quantified, and the 
presence of 56% of all LPIN2 transcripts with the maternal dele-
tion suggests protection against nonsense- mediated messenger 
RNA (mRNA) decay.

To investigate aberrant splicing by the paternally inher-
ited mutation in exon 10, we sequenced LPIN2 cDNA between 
exons 8 and 12 and detected 2 alternatively spliced transcripts 
with deleted exon 10 or deleted exons 10 and 11 in the patient’s 
and her father’s cDNA (Supplementary Figure 3E). RNA- Seq 
expression levels of the alternatively spliced transcripts lack-
ing exon 10 alone were estimated to be ~17%, and ~27% 

Figure 1. Novel mutations in LPIN2 cause a compound heterozygous form of Majeed syndrome. A, The patient with Majeed syndrome was 
compound heterozygous (Comp Het) for 2 rare variants in LPIN2. B, Magnetic resonance imaging (STIR imaging) of the patient’s knee shows 
bone marrow enhancement without cortical lesions. C, Genomic structure is shown along with location of the LPIN2 locus and known disease- 
causing LPIN2 variants reported in the literature (blue). The patient’s maternal allele is depicted with deleted exons (red), while the paternal allele 
is depicted with splice site mutations, including spliced out exon 10 (red) or exons 10 and 11 (orange). D, LPIN2 splice junctions were quantified 
in the patient’s blood using alignment data on whole- blood RNA- Seq analysis, yielding predicted transcript levels with each deletion (healthy 
control [HC] data not shown). Prediction of 56% of the transcript with the maternal deletion suggests that this mutation confers protection 
against nonsense- mediated mRNA decay; the 2 alternatively spliced transcripts lacked either exon 10 alone (17.2% of the transcript) or exons 
10 and 11 (26.7% of the transcript). E, LPIN2 mRNA expression in human cell subsets and tissues was quantified by real- time quantitative 
polymerase chain reaction. Fold changes in LPIN2 expression (relative to 18S) are shown; bars show the mean ± SD of 3 technical replicates. 
F, Levels of LPIN1, LPIN2, and LPIN3 mRNA were quantified by RNA-Seq analysis in human monocytes from healthy controls; bars show 
the mean ± SD of 3 samples. PBMC = peripheral blood mononuclear cell; NK = natural killer; HUVEC = human umbilical vein endothelial cell.
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of transcripts lacked exons 10 and 11 (Figure 1D). LPIN2 was 
widely expressed, including in myeloid cells (Figure 1E), and of 
the 3 lipins,  monocytes almost exclusively expressed LPIN2 
(Figure 1F). Using commercial antibodies that are directed to 
the C- terminal domain (which was deleted in the mutation from 
the patient’s mother), we detected ~50% of normal lipin 2 pro-
tein expression in patient cells, which was likely from the paternal 
splice variants (data not shown).

Lipin 2 mutations cause constitutive inflammasome  
activation and high IL- 1β production in patient mono-
cytes and M1- MDMs. Previously, serum IL- 1β levels were 
reported to be elevated in patients with Majeed syndrome who had 
lipin 2 mutations (6) and in macrophages from Lpin2−/− mice (13). 
We assessed IL- 1β production in LPS-  and ATP- stimulated mono-
cytes and in M1- MDMs and M2- MDMs, comparing the patient 
with Majeed syndrome to disease controls and healthy controls. 
Increased inflammasome activation and IL- 1β secretion were 
observed on 2 separate visits in the patient with Majeed syndrome, 
despite receiving canakinumab. IL- 1β release in monocytes was 
elevated to a level similar to that observed in patients with the IL- 
1– mediated autoinflammatory osteomyelitis syndrome (DIRA) but 
lower than that observed in patients with the IL- 1– mediated inflam-
masomopathy (NOMID), which does not present with osteomyeli-
tis (Figure 2A). IL- 1β release was blocked by the recombinant IL- 1 
receptor antagonist, anakinra (shown in monocytes) (Figure 2B). In 
contrast to monocytes, unstimulated M1- MDMs and M2- MDMs 
from the patient with Majeed syndrome and patients with DIRA 
exhibited elevated IL- 1β levels, and LPS-  and ATP- stimulated IL- 
1β secretion was also increased in M1- MDMs, but not in in M2- 
MDMs, in the patient with Majeed syndrome (Figure 2C).

Consistent with these observations, caspase 1 and gas-
dermin D expression were up- regulated in M1- MDMs in the 
patient with Majeed syndrome, but gasdermin D expression in 
M2- MDMs was comparable to that in healthy controls (Supple-
mentary Figure 4 and Supplemental Movie 1, http://onlin elibr ary.
wiley.com/doi/10.1002/art.41624/ abstract). In contrast, LPS-  and 
ATP- stimulated M1- MDMs and M2- MDMs from NOMID patients 
secreted significantly more IL- 1β than healthy controls (Figures 
2C and D). While LPS-  and ATP- stimulated IL- 1α secretion was 
variable in monocytes and M1- MDMs, IL- 1α tended to be higher 
in stimulated M2- MDMs from the patient with Majeed syndrome 
and those with DIRA, but not in NOMID M2- MDMs (Supplemen-
tary Figure 5, http://onlin elibr ary.wiley.com/doi/10.1002/art.41624/ 
abstract).

Proinflammatory M2- MDMs from the patient with 
Majeed syndrome compared to patients with NOMID 
and healthy controls. Monocytes from the patient with 
Majeed syndrome differentiated normally into M1- MDMs and 
M2- MDMs. While M2- MDMs expressed low levels of CD80 (M1- 
MDM marker), similar to controls, they had lower expression of 

CD163 (M2- MDM marker) compared to M2- MDMs from healthy 
controls (Supplementary Figure 6, http://onlin elibr ary.wiley.com/  
doi/10.1002/art.41624/ abstract). To assess responses of M1- 
MDMs and M2- MDMs to inflammatory stimuli, cytokine and chemo-
kine profiles were compared among LPS-  and ATP- stimulated 
M1- MDMs and M2- MDMs from the patient with Majeed syndrome 
and those with NOMID or DIRA (Figures 3A and B). IL- 8 was con-
stitutively expressed in the M2- MDMs but not the M1- MDMs from 
the patient with Majeed syndrome and from 1 of 4 DIRA patients. 

Figure 2. Effect of disease- causing LPIN2 mutations on 
interleukin- 1β (IL- 1β) production in monocytes and macrophages. 
IL- 1β concentration in supernatant was analyzed by enzyme- linked 
immunosorbent assay. A, Adherent monocytes from peripheral 
blood mononuclear cells were stimulated with lipopolysaccharide 
(LPS; 1 μg/ml) for 2.5 hours and ATP (1 mmole) for 30 minutes. 
Each symbol represents an individual subject: healthy controls 
(HCs) (n = 4), patient with Majeed syndrome (n = 1), patients with 
neonatal- onset multisystem inflammatory disease (NOMID) (n = 3), 
and patients with deficiency of the IL- 1 receptor antagonist (DIRA) 
(n = 3). Bars show the mean ± SD. Values from the patient with 
Majeed syndrome represent the mean of 3 technical replicates. B, 
LPS-  and ATP- stimulated monocytes were cultured in the presence 
or absence of anakinra (10 mg/ml). Each symbol represents an 
individual subject: healthy controls (n = 3) and patient with Majeed 
syndrome (n = 1). Bars show the mean ± SD. Values from the 
patient with Majeed syndrome were obtained from 3 independent 
experiments, using samples from separate visits, with the mean of 2 
technical replicates shown. C and D, M1- like macrophages (C) and 
M2- like macrophages (D) were stimulated with LPS (1 μg/ml) and 
ATP (1 mmole) for 24 hours. Each symbol represents an individual  
subject: healthy controls (n = 6), patient with Majeed syndrome (n = 1),  
patients with NOMID (n = 3), and patients with DIRA (n = 4). Bars 
show the mean ± SD. Values for the patient with Majeed syn-
drome represent the mean of the technical replicates. * = P < 0.05; 
**  =  P  <  0.001, by 2- sample t- test assuming equal variances to 
compare disease groups, or by Student’s unpaired t- test to compare 
stimulation with anakinra to no stimulation with anakinra.
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Compared to healthy controls and NOMID patients, the M2- 
MDMs from the patient with Majeed syndrome secreted more IL- 6 
and IL- 8 in response to LPS stimulation, which was most similar 
to the DIRA patients. TNF elevation was higher in M1- MDMs than 
in M2- MDMs from the patient with Majeed syndrome compared 
to healthy controls; however, levels in M2-MDMs from the patient 
with Majeed syndrome and patients with NOMID or DIRA were 
similar. Higher secretion of chemokines, including CXCL1/growth- 
related oncogene α (GROα), macrophage inflammatory protein 
1α/β (MIP- 1α/β), CCL5/RANTES, and CXCL10, was observed in 
LPS-  and ATP- stimulated M2- MDMs from the patient with Majeed 
syndrome compared to unstimulated macrophages as well as 
stimulated disease control macrophages (Figures 3A and B). IL- 10 
production by M2- MDMs from the patient with Majeed syndrome 
and 3 of 4 DIRA patients was lower compared to healthy controls 
and NOMID patients (Figure 3C).

Enhanced osteoclastogenesis in the patient with 
Majeed syndrome compared to healthy controls and 
patients with NOMID. Although many of the proinflammatory 
cytokine/chemokines that are up- regulated in Majeed syndrome 
promote osteoclastogenesis (18– 21), we hypothesized that the 

LPIN2 mutations may promote osteoclastogenesis independently 
of external cytokine supplementation. M2- MDMs are osteoclast 
precursors (22,23) that differentiate into osteoclasts upon RANKL 
stimulation. In fact, higher numbers of monocyte- derived TRAP- 
positive osteoclasts were derived from M2- MDMs from the patient 
with Majeed syndrome compared to cells from healthy controls 
and NOMID patients; more heterogeneity in osteoclast formation 
was observed in the DIRA patients (Figure 4A). Osteoclast function, 
assayed by bone resorption using a pit assay, showed higher bone 
resorption in the patient with Majeed syndrome and DIRA patients 
compared to the healthy controls and NOMID patients (Figure 4B).

RANK expression that accelerates osteogenesis (24) was 
increased in M2- MDMs from the patient with Majeed syndrome 
compared to healthy controls (Figure 4C), while overall IL- 1R1 
expression was comparable to that in healthy controls, with 
higher cell surface expression of IL- 1R1 in the M2- MDMs from 
the patient with Majeed syndrome (Figure 4D). RANKL stimula-
tion in healthy controls increased IL- 1R1 surface expression (Sup-
plementary Figure 7, http://onlin elibr ary.wiley.com/doi/10.1002/
art.41624/ abstract), suggesting a role of RANKL in regulating 
surface expression of IL- 1R1. Induction of IL- 1R1 expression by 
c- Fos enabled IL- 1– induced osteoclastogenesis in murine BMMs 

Figure 3. Cytokine and chemokine production upon stimulation of M1- like macrophages (M1- MDMs) and M2- MDMs. A and B, M1- MDMs (A) 
and M2- MDMs (B) were stimulated with LPS (1 μg/ml) and ATP (1 mmole) for 24 hours. The relative levels of various cytokines and chemokines 
in supernatant were analyzed by antibody array, and cytokine density was analyzed using ImageJ software. C, IL- 10 levels were analyzed by 
enzyme- linked immunosorbent assay. Each symbol represents an individual subject: healthy controls (n = 4), patient with Majeed syndrome 
(n = 1), patients with NOMID (n = 3), and patients with DIRA (n = 4). Bars show the mean ± SD. Values from the patient with Majeed syndrome 
represent the mean of 2 technical replicates.* = P < 0.05; ** = P < 0.001; *** = P < 0.0001, by 2- sample t- test assuming equal variances.  
MCP- 1 = monocyte chemotactic protein 1; GROα = growth- related oncogene α; TNF = tumor necrosis factor; MIP- 1α/β = macrophage 
inflammatory protein 1α/β; IP-10 = interferon-γ–inducible protein 10 (see Figure 2 for other definitions).
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in a RANKL/RANK- independent manner (24,25). In human cells, 
osteoclast differentiation was not induced by recombinant IL- 1β, 
independent of RANKL, nor did IL- 1β enhance RANKL- induced 
osteoclastogenesis (Supplementary Figure 8, http://onlin elibr ary.
wiley.com/doi/10.1002/art.41624/ abstract). Binding of RANKL to 
its receptor (RANK) activates and/or induces expression of key 
transcription factors such as NF- κB, c- Fos, melanocyte- inducing 
transcription factor, PU.1, and NFATc1, which is considered a mas-
ter regulator of osteoclast differentiation in vitro and in vivo (26). 
NFATc1 orchestrates a signaling cascade that stimulates acti-
vator protein 1 and costimulatory signal– mediated intracellular 
Ca2+ oscillation (24,26,27). Consistent with these observations, 
NFATc1 was significantly up- regulated in the supernatant of LPS-   
and ATP- stimulated M2- MDMs and in osteoclasts from the patient 
with Majeed syndrome compared to healthy controls (Supple-
mentary Figure 9, http://onlin elibr ary.wiley.com/doi/10.1002/art. 
41624/ abstract).

IL-1 inhibition effectively blocks proinflammatory 
cytokine production in M2- MDMs and accelerated osteo-
clastogenesis in the patient with Majeed syndrome. The 
clinical benefit of IL- 1 blocking treatments in Majeed syndrome 
prompted investigation into the effect of IL- 1 inhibition on stim-
ulated cytokine and chemokine production in M2- MDMs and 
on osteoclastogenesis. IL- 1 inhibition with anakinra significantly 

reduced the production of inflammatory cytokines and osteoclas-
togenic chemokines in LPS-  and ATP- stimulated M2- MDMs from 
the patient with Majeed syndrome and healthy controls, including 
the neutrophil- recruiting chemokines CXCL1/GROα and IL- 8, as 
well as IL- 6, interferon- γ– inducible protein 10, TNF, and CCL5/
RANTES (Figure 5A). In contrast, IL- 10 levels remained low (data 
not shown). IL- 1 inhibition with anakinra effectively reduced the 
number of TRAP- positive osteoclasts in a dose- dependent man-
ner (Figure 5B), and the inhibitory effect was more pronounced in 
the patient with Majeed syndrome compared to healthy controls.

Although IL- 1β production increased during osteoclastogen-
esis, levels did not significantly differ between healthy controls and 
the patient with Majeed syndrome (Supplementary Figure 10A, 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41624/ abstract). 
In contrast, the osteoclast differentiation factor MIF and serpin/
plasminogen activator inhibitor (PAI) were induced in Majeed 
syndrome osteoclasts compared to healthy control osteoclasts 
(Supplementary Figures 10B and C). Similarly, osteoclastogenic 
factors CXCL1, CCL2/monocyte chemotactic protein 1 (MCP- 1), 
and CXCL8, which may function as autocrine factors in ampli-
fying osteoclastogenesis, increased during osteoclast differentia-
tion in the patient and controls (with higher levels in the patient 
with Majeed syndrome on day 8) (Supplementary Figures 10D– 
F). Osteoclastogenesis was inhibited by ISO- 1 and anakinra, but 
it was less inhibited by tocilizumab, SPD304, and SP600125 

Figure 4. M2- like macrophages (M2- MDMs) in Majeed syndrome are more osteoclastogenic, and anakinra could reduce osteoclast fusion. 
A, MDMs were differentiated with macrophage colony- stimulating factor (M- CSF; 100 ng/ml) for 6 days and with a combination of M- CSF 
(100 ng/ml) and RANKL (30 ng/ml) for another 6 days, to differentiate them into osteoclasts. Tartrate- resistant alkaline phosphatase (TRAP)– 
positive multinucleated cells were quantified in the patient with Majeed syndrome, as well as in DIRA patients, healthy controls, and NOMID 
patients. B, Pit formation by osteoclasts was measured in macrophage cultures with fluoresceinamine- labeled chondroitin sulfate/calcium 
phosphate. In A and B, results are based on 3 independent experiments, with values shown as the mean ± SD (healthy controls, n = 4; patient 
with Majeed syndrome, n = 1 with 2 visits; patients with NOMID, n = 3; and patients with DIRA, n = 3). C and D, M2- MDMs were stained 
for RANK expression on day 7 of culture with M- CSF (C) or stained for IL- 1 receptor (IL- 1R) (D). Nuclei were stained with DAPI.  In C and D, 
results are based on 3 independent experiments, with values shown as the mean ± SD intensity, quantified using Imaris software (version 9.2.1) 
(healthy controls, n = 3; patient with Majeed syndrome, n = 1). Arrowheads show the altered surface distribution of IL-1R in the patient’s M2-  
MDMs compared to controls. In A–D, original magnification × 20. * = P < 0.05; ** = P < 0.001, by Student’s unpaired t- test. NS = not significant 
(see Figure 2 for other definitions).
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(Figure 6A). Anakinra reduced MIF, serpin/PAI, and intercellular 
adhesion molecule 1 production during osteoclastogenesis more 
effectively than IL- 6  inhibition (Supplementary Figure 11, http://
onlin elibr ary.wiley.com/doi/10.1002/art.41624/ abstract), and may 
block osteoclastogenesis by reducing autocrine production of the 
osteoclastogenic  factors MIF and serpin/PAI.

LPIN2 mutations affect M2- MDM activation and 
osteoclast differentiation by modification of phosphoki-
nase activity of JNK/MAPKs and Src kinases. Lipin 2 deple-
tion leads to accumulation of phosphatidic acid, which activates 
the JNK 1/c- Jun pathway to induce transcription of proinflam-
matory cytokine genes including IL- 6, CCL- 2/MCP- 1, and TNF 
in macrophage cell lines (28). Activation of several JNK/MAPKs is 
known to promote osteoclast differentiation (28– 34). We hypothe-
sized that the chemokine dysregulation and/or osteoclast differen-
tiation may be mediated by up- regulation of JNK/MAPK pathways 
and screened for differences in site- specific phosphor ylation in 43 
kinases in M2- MDMs. Of those screened, 9 were differentially 
phosphorylated (Figure 6B). Site- specific phosphorylation was 
increased in JNK1/2/3, MSK1/2, FAK, PRAS40, mechanistic 
target of r apamycin (mTOR), and STAT5b in the M2- MDMs from 
the patient with Majeed syndrome compared to healthy controls. 

Phosphor ylation was unchanged in the Src family kinase member 
Hck and the multifunctional Ser/Thr protein kinase glycogen syn-
thase kinase 3 α/β. In contrast, c- Src kinase phosphorylation at 
position p.Y419, which is essential for full activation (35), was mark-
edly reduced in the patient with Majeed syndrome compared to 
healthy controls. Phosphorylation was also lower in Pyk- 2 and 
WNK1 in the patient compared to healthy controls (Figure 6B). 
Overall, our data suggest that disease- causing LPIN2 mutations 
alter bone homeostasis by modulating phosphokinase activity in 
M2- MDMs, thus accelerating osteoclastogenesis. The proinflam-
matory effect of the LPIN2 mutation on M2- MDMs and osteo-
clasts was inhibited by IL- 1 blockade with anakinra.

DISCUSSION

Majeed syndrome is caused by loss- of- function mutations in   
LPIN2, and disease- causing mutations are recessive and include   
missense mutations at positions p.S734L or p.R736H or truncat-
ing mutations at positions p.C181*, p.S439Wfs*, p.R564Kfs*3, p.Y747*,  
and p.R776Sfs*66 (Supplementary Table 2, http://onlin e library.wiley.
com/doi/10.1002/art.41624/ abstract). This is the first report of an 
American patient with Majeed syndrome who is compound heterozy-
gous, exhibiting a previously undescribed 17.8- kb deletion of exons 

Figure 5. Effect of IL- 1 blockade on osteoclastogenesis and proinflammatory cytokine/chemokine production by M2- MDMs. A, Monocyte- 
derived M2- MDMs were stimulated with LPS (1 μg/ml) and ATP (1 mmole) for 24 hours, and LPS-  and ATP- stimulated monocytes were cultured 
in the presence or absence of anakinra (10 μg/ml). The relative levels of various cytokines and chemokines in supernatant were analyzed by 
antibody array, and intensities of cytokine expression were analyzed using ImageJ software. Bars show the mean ± SD in cells from healthy 
controls (n = 2) (solid bars) and the patient with Majeed syndrome (n = 1 with 2 duplicates) (shaded bars). B, Monocytes from the patient with 
Majeed syndrome, patients with NOMID, and healthy controls were cultured with macrophage colony- stimulating factor (M- CSF) for 6 days, 
then RANKL was added to the M- CSF, and, simultaneously, M2- MDMs were cultured in the presence or absence of anakinra (1 mg/ml or  
10 mg/ml). After 6 days, small and large tartrate- resistant alkaline phosphatase– positive cells with >3 nuclei were quantified. Data are shown 
as box plots, where the boxes represent the 25th to 75th percentiles, the lines within the boxes represent the median, and the lines outside 
the boxes represent the minimum and maximum values (healthy controls [n = 3], NOMID patients [n = 3], patient with Majeed syndrome [n = 1 
with 2 duplicates]). Original magnification × 20. * = P < 0.05; ** = P < 0.001. TNF = tumor necrosis factor; IP- 10 = interferon- γ– inducible protein 
10; GROα = growth- related oncogene α; MCP- 1 = monocyte chemotactic protein 1; NS = not significant (see Figure 2 for other definitions).
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7– 18 and a novel missense mutation at position 517 that affects a 
splice site that alternatively splices out exon 10, or exons 10 and 11. 
The 17.8- kb deletion may be missed with targeted and whole- exome 
sequencing techniques. Treatment with IL- 1 blocking agents reverts 
the inflammatory bone disease and normalizes the acute- phase reac-
tants, emphasizing the need for a rapid diagnosis.

While IL- 1– mediated autoinflammatory diseases including 
NOMID and DIRA share significant systemic inflammation with gran-
ulocytosis and elevated acute- phase reactant levels, only patients 
with DIRA or Majeed syndrome (but not cryopyrinopathies such as 
NOMID) develop osteomyelitis (Supplementary Figure 1, http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41624/ abstract). The in  flammatory 
bone lesions in patients with Majeed syndrome primarily localize to 
the growth plates of long bones, which prompted the evaluation of 
the role of disease- causing LPIN2 mutations in molecular mecha-
nisms that regulate bone homeostasis, specifically the polarization of 
regulatory M2- MDMs. Consistent with other IL- 1– mediated autoin-
flammatory diseases, Majeed syndrome M1- MDMs secreted more 
IL- 1β compared to M1-MDMs from healthy controls but less than 
NOMID M1- MDMs.

In contrast, antiinflammatory or regulatory M2- MDMs 
from the patient with Majeed syndrome secreted high levels of 

proinflammatory cytokine IL- 6 and chemokines IL- 8, CCL2/MCP- 
1, CXCL1/GROα, CCL5/RANTES, and CXCL10. Many were also 
increased in DIRA patients, but not in NOMID and healthy control 
M2- MDMs, suggesting that the inflammatory M2- MDM phenotype 
cannot be attributed to inflammasome activation. In fact, IL- 8 (36), 
CCL2/MCP- 1 (37,38), MIP- 1α/β (39), and CCL5/RANTES (21), 
which were elevated in LPS-  and ATP- stimulated Majeed syn-
drome M2- MDMs, accelerate osteoclast differentiation and have 
been associated with the progression of metastatic bone lesions. 
These osteoclastogenic factors may act in a paracrine manner, 
promoting osteoclastogenesis at the growth plate. CCL2/MCP- 1 
recruits monocytes that differentiate into tissue macrophages, and 
IL- 8 and CXCL1, both prominent neutrophil- attracting chemo-
kines, may orchestrate the recruitment of neutrophils into the growth 
plate, which is the hallmark of sterile osteomyelitis and is absent in 
conditions of exclusive osteoclast activation (such as osteoporosis).

Osteoclastogenesis was enhanced in the patient with Majeed 
syndrome, independently of the aforementioned cytokines and 
chemokines. The enhanced osteoclastogenesis in this patient 
and those with DIRA was significantly reduced by IL- 1 block-
ade with anakinra. Mechanisms by which IL- 1 blockade controls 
bone inflammation remain incompletely understood. However, the 

Figure 6. IL- 1 and macrophage migration inhibitory factor (MIF) blockade inhibit osteoclastogenesis, and mutant lipin 2 regulates 
proinflammatory M2- like macrophages (M2- MDMs) by altering JNK/MAPK expression. A, IL- 1 inhibition with anakinra and MIF inhibition with 
ISO- 1 inhibited osteoclastogenesis most effectively. Macrophages were differentiated into osteoclasts. Cells were left untreated or treated with 
a MIF inhibitor (ISO- 1; 100 mM), an IL- 1 inhibitor (anakinra; 1 mg/ml), an IL- 6 inhibitor (tocilizumab; 10 mg/ml), a tumor necrosis factor inhibitor 
(SPD304; 5 mM), or a JNK inhibitor (SP600125; 10 mM). All experiments were performed in cells from healthy controls. Tartrate- resistant 
alkaline phosphatase (TRAP)– positive multinucleated cells with >3 nuclei were quantified. Bars show the mean of triplicate assays. Original 
magnification × 100. B, The Human Phospho- Kinase Array was used to detect multiple phosphorylated kinases in macrophages in the sample 
from the patient with Majeed syndrome (shaded bars) and healthy controls (solid bars), differentiated with macrophage colony- stimulating factor 
(100 ng/ml) for 6 days. Cell lysate (60 μl) was analyzed to detect the phosphorylation state of M2- MDMs at the basal level. Spot densities of 
phosphoproteins were quantified using ImageJ software. Bars show the mean ± SD of 2 independent experiments, with duplicates for the 
patient with Majeed syndrome. * = P < 0.05; ** = P < 0.001, by Student’s unpaired t- test. GSK- 3 α/β = glycogen synthase kinase 3 α/β; TOR = 
mechanistic target of rapamycin (see Figure 2 for other definitions).
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increase in RANKL and in the induction of NFATc1, a master regu-
lator of osteoclastogenesis, as well as the increased surface distri-
bution of IL- 1R1, suggest a role of intracellular sig naling pathways 
that accelerate osteoclastogenesis independently of autocrine pro-
duction of osteoclastic factors. These factors also illustrate a com-
plex role of lipin 2 deficiency in regulating bone inflammation that 
includes the induction of RANK in M2- MDMs. This was consist-
ent with the relatively small effect of culture supernatant from the 
patient with Majeed syndrome on enhancing osteoclastogenesis 
in vitro (data not shown).

Lipin 2 has emerged as a metabolic checkpoint that links fatty 
acid metabolism to proinflammatory signaling in macrophages 
(28), by controlling the cellular concentrations of DAG and phos-
phatidic acid in saturated fatty acid– overloaded macrophages 
(40– 42). In models of Lpin2 deficiency, the reduced phosphatidic 
acid phosphatase activity results in decreased DAG production 
and phosphatidic acid accumulation, which can activate ERK/
JNK signaling pathways (13). Consistent with these findings, JNK 
and MSK1/2 phosphor ylation, which promote proinflammatory 
chemokine/cytokine production in adaptive and innate immune 
cells (43,44), was increased in the M2- MDMs from the patient 
with Majeed syndrome. In contrast, the profound decrease in Src 
kinase phosphorylation at p.Y419 in the patient’s M2- MDMs had 
not previously been implicated with lipin 2 deficiency. Src acti-
vation is essential for regulating the antiinflammatory property of 
M2- MDMs and for promoting M2- MDM polarization by increas-
ing IL- 10 production (45) and by promoting the production of 
IL- 4– induced STAT6 and Jak1- dependent arginase 1 (46). The 
low IL- 10 secretion and CD163 expression in Majeed syndrome 
M2- MDMs, which were not corrected by IL- 1 inhibition (data not 
shown), are likely caused by the profound suppression of Src 
phosphorylation (47) and are consistent with low levels of Pyk- 2 
phosphorylation (48,49) also observed in the patient with Majeed 
syndrome.

Src is also a central regulator of osteoclast resorption (50– 
53), but we did not assess Src phosphorylation in mature oste-
oclasts. In contrast, FAK, PRAS40, mTOR, and STAT5b kinases 
(which play a role in cell spreading, migration, and survival in 
tumor cells [47,54– 59], in regulating mTORC1- dependent polar-
ization of macrophages [60,61], and in osteoclastogenesis [62]) 
were increased in the M2- MDMs from the patient with Majeed 
syndrome. Although we did not assess the effect of IL- 1 blockade 
on modulating kinase phosphorylation, the significant suppression 
of proinflammatory cytokine production and bone differentiation 
factors MIF and serpin/PAI with IL- 1 blockade is likely regulated 
through modulation of phosphokinases (63). Our findings add to 
recently published data on a novel genetic cause of multifocal 
osteomyelitis that illustrate the relevance of another Src kinase, 
Fgr, in promoting osteoclastogenesis (64).

Bone- resident tissue macrophages recently referred to as   
“osteomacs” (65) have been proposed to have a pivotal role in reg -
ulating bone homeostasis. Osteomacs form canopy- like structures   

at bone remodeling sites, are CD68- positive, and TRAP-negative 
(66,67). Their distinctive stellate and spindle- shaped morphol-
ogy makes it intriguing to speculate that LPIN2 mutations influ-
encing the polarization of the spindle- like M2- MDMs in our in 
vitro culture system may regulate the inflammatory polarization of 
osteomacs in vivo, thus regulating bone inflammation in patients 
with Majeed syndrome. Since bone biopsies were not available 
and Lpin2−/− murine models do not develop osteomyelitis, this 
hypothesis has not been further investigated.

Limitations of our study include the evaluation of only 1 
patient with Majeed syndrome; however, the inclusion of mono-
genic controls, particularly NOMID and DIRA patients, and normal 
controls demonstrates disease- specific clustering. The absence 
of osteomyelitis in Lpin2−/− mice further limits the ability to evaluate 
the bone phenotype.

Taken together, our data suggest that lipin 2 modulates bone 
homeostasis independently of inflammasome activation by driving 
osteoclastogenesis and altering phosphorylation of JNK and Src 
kinases that render regulatory M2- MDMs inflammatory and acceler-
ate osteoclastogenesis. We propose a model for sterile osteomyeli-
tis that illustrates the important role of phosphokinases in modulating 
the inflammatory properties of M2- MDMs and osteoclastogenesis 
(Supplementary Figure 12, http://onlin elibr ary.wiley.com/doi/10.1002/
art.41624/ abstract). Our data may assist in characterizing pathways 
and identifying genetic causes for clinically or genetically uncharac-
terized conditions presenting with chronic recurrent multifocal osteo-
myelitis and suggest additional targets for treatment.
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Association of the Leukocyte Immunoglobulin- like 
Receptor A3 Gene With Neutrophil Activation and Disease 
Susceptibility in Adult- Onset Still’s Disease
Mengyan Wang, Mengru Liu, Jinchao Jia, Hui Shi,  Jialin Teng, Honglei Liu, Yue Sun, Xiaobing Cheng, Junna Ye,  
Yutong Su,  Huihui Chi,  Tingting Liu, Zhihong Wang, Liyan Wan, Jianfen Meng,  Yuning Ma, Chengde Yang, 
and Qiongyi Hu

Objective. Adult- onset Still’s disease (AOSD) is a severe autoinflammatory disease. Neutrophil activation with 
enhanced neutrophil extracellular trap (NET) formation is involved in the pathogenesis of AOSD. Functional leukocyte 
immunoglobulin- like receptor A3 (LIR- A3; gene name LILRA3) has been reported to be associated with many 
autoimmune diseases. We aimed to investigate the association of LILRA3 with disease susceptibility and neutrophil 
activation in AOSD.

Methods. The LILRA3 deletion polymorphism and its tagging single- nucleotide polymorphism rs103294 
were genotyped in 164 patients with AOSD and 305 healthy controls. The impact of LILRA3 on clinical features 
and messenger RNA expression was evaluated. Plasma levels of LIR- A3 were detected using enzyme- linked 
immunosorbent assay (ELISA), and the correlation between LIR- A3 plasma levels and disease activity and levels of 
circulating NET- DNA was investigated. LIR- A3– induced NETs were determined using PicoGreen double- stranded 
DNA dye and immunofluorescence analysis in human neutrophils and a neutrophil- like differentiated NB4 cell line 
transfected with LIR- B2 small interfering RNA.

Results. The findings from genotyping demonstrated that functional LILRA3 was a risk factor for AOSD (11% in 
AOSD patients versus 5.6% in healthy controls; odds ratio 2.089 [95% confidence interval 1.030– 4.291], P = 0.034), 
and associated with leukocytosis (P = 0.039) and increased levels of circulating neutrophils (P = 0.027). Functional 
LILRA3 messenger RNA expression was higher in the peripheral blood mononuclear cells (P < 0.0001) and neutrophils 
(P < 0.001) of LILRA3+/+ patients. Plasma levels of LIR- A3 were elevated in patients with AOSD (P < 0.0001) and 
correlated with disease activity indicators and levels of circulating NET– DNA complexes. Finally, enhanced NET 
formation was identified in neutrophils from healthy controls and patients with inactive AOSD after stimulation of 
the neutrophils with LIR- A3. Moreover, NET formation was impaired in NB4 cells after knockdown of LILRB2 gene 
expression.

Conclusion. Our study provides the first evidence that functional LILRA3 is a novel genetic risk factor for the 
development of AOSD and that functional LIR- A3 may play a pathogenic role by inducing formation of NETs.

INTRODUCTION

Adult- onset Still’s disease (AOSD) is a rare but clinically well- 
known multisystemic autoinflammatory disorder. It is typically 

characterized by a high spiking fever, evanescent skin rash, 
polyarthralgia, sore throat, leukocytosis, and hyperferritinemia. 
The etiology of AOSD is still elusive, though there is evidence 
that a complex interaction between genetic factors of disease 
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susceptibility and environmental triggers contribute to the patho-
genesis of AOSD (1). Associations of HLA antigens, including HLA 
class I and class II, with AOSD have been described in different 
ethnic groups (2). Our previous genome- wide association anal-
yses indicated that both HLA class I and class II regions were 
susceptibility loci for AOSD in Chinese populations (3). The molec-
ular mechanism of HLA class I and HLA class II in the pathogene-
sis of AOSD remains to be determined.

The leukocyte immunoglobulin- like receptor (LIR) family is a 
group of HLA class I receptors expressed mainly by monocytes 
and  macrophages (4). LIRs are divided into activating recep-
tors (LIR- As) and inhibitory receptors (LIR- Bs) (4). LIR- A3 is the 
only member of its family that exists as a soluble receptor due to 
a lack of a transmembrane domain and cytoplasmic tail. Interest-
ingly, the LILRA3 gene, located in chromosome 19q13.4, is unique 
and the only LILR gene that shows genetic diversity (5). It exhibits 
a 6.7- kb deletion polymorphism by removing the first 6 of a total 
of 7 exons, the Ig- like domains of the gene, which produces a 
nonfunctional putative truncated form (6). The deletion occurs at 
an extremely higher frequency in Northeastern Asian populations 
(56– 84%) than in European populations (17%) or African popula-
tions (10%) (7), with a frequency of 70– 90% previously reported in 
one Chinese population (8).

Functional LILRA3 has been reported to be associated with 
susceptibility to and disease severity of many autoimmune dis-
eases, including rheumatoid arthritis (RA), systemic lupus ery-
thematous (SLE), primary Sjögren’s syndrome (primary SS), 
ankylosing spondylitis (AS), multiple sclerosis (MS), and Takayasu 
arteritis, among others (8– 14). A higher frequency of functional 
LILRA3 has been observed in Chinese patients with RA, con-
ferring greater risk for RA in male patients and a predisposition 
toward anti– citrullinated protein antibody– positive RA (10). The 
serum level of LIR- A3 is also significantly increased in RA patients 
and correlated with disease activity. Moreover, functional LILRA3 
is defined as a factor of disease susceptibility in SLE and primary 
SS, and levels of LIR- A3 in both serum and CD14+ monocytes 
were significantly increased in SLE and correlated with disease 
activity (11,14). In addition, functional LILRA3 appears to be a 
strong genetic risk factor for susceptibility to AS, mainly in the 
Northern Han subpopulation, and typically confers an increase 
in the severity of disease activity (8). However, the association 
between LILRA3 and AOSD has not yet been illustrated.

Neutrophil activation is also increasingly recognized as the major 
cause of amplified inflammation in AOSD (2). Some studies have 
reported the effects of LIRs on neutrophils. For example, inhibitory 
LIRs, such as LIR- B1/2/3, may provide a checkpoint for neutrophil 
activation and negatively modulate neutrophils (15,16). Neverthe-
less, LIR- A3 may act as a competitive antagonist for LIR- Bs (17). 
So, a link between LIR- A3 and the activation of neutrophils may 
exist. Neutrophil extracellular trap (NET) complexes are web- like 
structures released by neutrophils, and their formation (NETosis) is 
a special form of neutrophil activation (18). In a previous study, we 

demonstrated accelerated NET formation in AOSD (19). Given the 
potential correlation between LIR- A3 and neutrophil activation, we 
now aim to determine whether LIR- A3 can exert effects on NETosis.

In the present study, we were interested in the potential asso-
ciation between AOSD and LILRA3. We therefore investigated 
the association of functional LILRA3 with disease susceptibility in 
AOSD and explored its potential pathogenic mechanism by stim-
ulating activation of neutrophils via NETosis.

PATIENTS AND METHODS

Study population. The first cohort in which LILRA3 gen-
otyping was performed included 164 patients with AOSD and 
305 healthy controls of Han Chinese ethnicity. The second cohort 
consisted of 128 patients with AOSD (84 with active AOSD and 
44 with inactive AOSD) and 103 healthy controls. Clinical charac-
teristics of the 2 cohorts are summarized in Supplementary Tables 
1 and 2, available on the Arthritis & Rheumatology website at  
http://onlin elibr ary.wiley.com/doi/10.1002/art.41635/ abstract.

All patients fulfilled the criteria for adult Still’s disease (20) after 
exclusion of those with infectious, neoplastic, and other autoim-
mune disorders. All healthy controls were age-  and sex- matched 
volunteers with no history of autoimmune, rheumatic, or other dis-
eases. Disease activity in AOSD was assessed using a modified 
Pouchot’s score (21). Patients were considered as having active 
AOSD if they had fever, arthralgia/arthritis, any suggestive skin 
lesions, and/or sore throat. The design of the study and the proto-
col in which biologic samples were obtained were approved by the 
Institutional Research Ethics Committee at Ruijin Hospital (2016– 
62) (Shanghai, China). The study was performed in accordance 
with the Declaration of Helsinki and the guidelines for good clinical 
practice. All study participants provided written informed consent.

Genotyping of LILRA3 6.7- kb deletion and single- 
nucleotide polymorphism (SNP) rs103294. Genotyping for 
the presence or absence of LILRA3 deletion was performed by 
sequence- specific polymerase chain reaction (PCR) from a pre-
vious study (see Supplementary Materials for detailed informa-
tion on genotyping [http://onlin elibr ary.wiley.com/doi/10.1002/
art.41635/ abstract]) (11). SNP rs103294 was genotyped using 
the TaqMan genotyping assay as previously described (11).

LILRA3 transcription quantification. Peripheral blood  
mononuclear cells (PBMCs) from 32 patients with AOSD (LILRA3+/+ 
[n = 6]), LILRA3+/− [n = 16], and LILRA3−/− [n = 10]) and neutrophils 
from 24 patients with AOSD (LILRA3+/+ [n = 3], LILRA3+/− [n = 8], 
and LILRA3−/− [n = 13]) were isolated to assess LILRA3 messenger 
RNA (mRNA) expression. Total RNA was extracted using TRIzol 
reagent (Takara) and complementary DNA (cDNA) was synthe-
sized using the PrimeScript RT reagent kit (Takara). Expression 
levels of mRNA were evaluated by quantitative reverse transcription– 
PCR (qRT- PCR) using SYBR Green as previously described 

http://onlinelibrary.wiley.com/doi/10.1002/art.41635/abstract
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(Takara). Relative expression levels of mRNA were quantified using 
the following equation: amount of LILRA3 mRNA expres-
sion = 2−ΔCt, in which △Ct represents the difference in Ct for 
LILRA3 relative to GAPDH. Results were multiplied ×1,000. Prim-
ers for GAPDH and LILRA3 are listed in the Supplementary Mate-
rials, available on the Arthritis & Rheumatology website at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41635/ abstract.

Detection of LIR- A3 levels in plasma by enzyme- 
linked immunosorbent assay (ELISA). Quantification of 
plasma levels of LIR- A3 in patients with AOSD and healthy controls 
was performed by ELISA (Cusabio) according to the manufac-
turer’s instructions. ELISA detected both functional and nonfunc-
tional forms of LIR- A3.

Detection of interleukin- 1β (IL- 1β), IL- 6, tumor necro-
sis factor (TNF), and IL- 18. Serum levels of IL- 1β, IL- 6, IL- 18, and 
TNF in AOSD patients were measured by Meso Scale Discovery 
electrochemiluminescence assay according to the manufacturer’s 
instructions.

Quantification of cell- free DNA and NET– DNA com-
plexes in serum of AOSD patients. Cell- free DNA and NET– DNA 
complexes were quantified in the serum of 41 patients with AOSD 
using the Quant- iT PicoGreen double- stranded DNA (dsDNA) assay 
kit (Invitrogen) according to the manufacturer’s instructions.

Determination of NET formation. Neutrophils were 
isolated from AOSD patients and healthy controls, and NET 
formation was quantified as previously described (19). Neutro-
phils were cultured in 96- well plates for 3.5 hours in the absence 

or presence of LIR- A3 (Sino Biological) or 20 nM of phor-
bol myristate acetate (PMA), and PicoGreen was used to detect 
total DNA according to the manufacturer’s instruction. Myelop-
eroxidase (MPO) activity assessment and fluorescence micros-
copy were also applied in the determination of NET formation 
(see Supplementary Materials for details on MPO and fluores-
cence microscopy, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41635/ 
abstract). In some experiments, 25 nM of diphenyleneiodonium 
chloride (DPI) was added for 30 minutes and subsequently 
activated with LIR- A3. NETs induced by LIR- A3 in sera from 
AOSD patients with different LILRA3 genotypes were also eval-
uated (Supplementary Materials [http://onlin elibr ary.wiley.com/
doi/10.1002/art.41635/ abstract]).

NB4 cell transfection and differentiation. NB4 cells, 
which are obtained from a human acute myeloblastic leukemia 
cell line, were transfected using lentivirus LIRB2- RNAi interference 
(Shanghai Genechem Co.) according to the manufacturer’s guide-
lines. To differentiate NB4 cells into a neutrophil- like state, trans-
fected NB4 cells were treated with 2.5 μM all-trans retinoic acid 
(ATRA) (Sigma- Aldrich) for 3– 5 days.

Statistical analysis. All data were analyzed using SPSS 
version 22 (SPSS Inc.). Quantitative data are expressed as 
the mean ± SD. Data with Gaussian distribution were analyzed by 
unpaired t- test or one- way analysis of variance (ANOVA), whereas 
nonparametric data were assessed by Mann- Whitney U test or 
Wilcoxon’s rank sum test. Results are expressed as the odds ratio 
(OR) with 95% confidence intervals (95% CI). P values less than 
0.05 were considered significant.

Table 1. Association of LILRA3 deletion polymorphism or tagging SNP rs103294 with 
susceptibility to AOSD*

Patients with 
AOSD 

(n = 164)

Healthy 
controls 
(n = 305) OR (95% CI) P

LILRA3
Allele

− 220 (67.1) 454 (74.4) 1.429 (1.063– 1.908) 0.017
+ 108 (32.9) 156 (25.6)

Genotype
+/− and −/− 146 (89.0) 288 (94.4) 2.089 (1.030– 4.291) 0.034
+/+ 18 (11.0) 17 (5.6)

rs103294
Allele

T 202 (69.7) 428 (77.0) 1.457 (1.055– 1.995) 0.020
C 88 (30.3) 128 (23.0)

Genotype
CT+TT 131 (90.3) 265 (95.3) 2.179 (1.040– 4.650) 0.047
CC 14 (9.7) 13 (4.7)

* Values are the number (%). For the polymorphisms in LILRA3, “−” indicates a 6.7- kb deletion 
in the LILRA3 gene, while “+” indicates a nondeletion in the gene. Genotypes are shown 
as heterozygous (+/−) or homozygous (−/− or +/+). SNP = single- nucleotide polymorphism; 
AOSD = adult- onset Still’s disease; OR = odds ratio; 95% CI = 95% confidence interval. 
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RESULTS

Functional LILRA3 as a risk factor for AOSD. We first 
compared the distribution of LILRA3 genotypes in 164 patients 
with AOSD and 305 healthy controls to determine whether 
functional LILRA3 might be a susceptibility factor for AOSD. 
Results showed an increased frequency of functional LILRA3 
in AOSD patients compared with healthy controls (11% versus 
5.6%, respectively; OR 2.089 [95% CI 1.030– 4.291], P = 0.034) 
(Table 1). At the allele level, a significant association was also 
observed (32.9% versus 25.6%; OR 1.429 [95% CI 1.063– 1.908], 
P = 0.017) (Table 1). To confirm this association, we also geno-
typed rs103294, a SNP reported to be in strong linkage disequi-
librium with LILRA3 (r2 = 0.83) (22). Consistent with earlier findings, 
a significant association between SNP rs103294 and AOSD sus-
ceptibility was also found, with the genotype model showing that 

9.7% of patients with AOSD versus 4.7% of healthy controls car-
ried rs103294 (OR for association 2.179 [95% CI 1.040– 4.650], 
P = 0.047) and the allele model showing that 30.3% of patients 
with AOSD versus 23% of healthy controls carried rs103294 (OR 
for association 1.457 [95% CI 1.055– 1.995], P = 0.020) (Table 1).

Association of functional LILRA3 with leukocytosis 
and neutrophilia in AOSD. We investigated the association 
of functional LILRA3 with clinical characteristics and laboratory 
values in AOSD. All clinical data on AOSD patients applied in 
this part of the analysis were recorded during disease onset or 
flare. After assessing the proportion of functional LILRA3 and 
rs103294 in patients with different clinical manifestations by 
logistic regression, myalgia was the only condition found to have 
a significant association with rs103294 (P = 0.034) (Table 2). 

Table 2. Association of LILRA3 deletion polymorphism with clinical manifestations of AOSD*

Genotype rs1032924

−/− or +/−, 
no. (%)

+/+,  
no. (%) OR (95% CI)

TT + CT,  
no. (%)

CC,  
no. (%) OR (95% CI)

Healthy controls 288 (94.4) 17 (5.6) 265 (95.3) 13 (4.7)
Fever of >39℃

Positive 138 (89.0) 17 (11.0) 0.986 (0.116– 8.368) 125 (89.9) 14 (10.1) 7.754 × 107 (0– ∞)
Negative 8 (88.9) 1 (11.1) 20 (100.0) 0 (0.0)

Skin rash
Positive 127 (90.1) 14 (9.9) 0.496 (0.147– 1.673) 118 (91.5) 11 (8.5) 0.606 (0.121– 3.037)
Negative 19 (82.6) 4 (17.4) 27 (90.0) 3 (10.0)

Sore throat
Positive 99 (90.0) 11 (10.0) 0.746 (0.272– 2.047) 91 (91.0) 9 (9.0) 0.791 (0.349– 2.511)
Negative 47 (87.0) 7 (13.0) 54 (93.1) 4 (6.9)

Arthralgia
Positive 134 (90.5) 14 (9.5) 0.313 (0.089– 1.103) 122 (91.0) 12 (9.0) 0.443 (0.086– 2.288)
Negative 12 (75.0) 4 (25.0) 23 (92.0) 2 (8.0)

Pleuritis
Positive 38 (95.0) 2 (5.0) 0.352 (0.077– 1.603) 36 (94.7) 2 (5.3) 0.435 (0.093– 2.041)
Negative 108 (87.1) 16 (12.9) 109 (90.1) 12 (9.9)

Pneumonia
Positive 63 (94.0) 4 (6.0) 372 (0.117– 1.185) 57 (95.0) 3 (5.0) 0.349 (0.093– 1.311)
Negative 83 (85.6) 14 (14.4) 88 (88.9) 11 (11.1)

Pericarditis
Positive 22 (95.7) 1 (4.3) 0.332 (0.042– 2.620) 19 (95.0) 1 (5.0) 0.453 (0.056– 3.671)
Negative 125 (88.0) 17 (12.0) 126 (90.6) 13 (9.4)

Hepatomegaly
Positive 9 (90.0) 1 (10.0) 0.895 (0.107– 7.509) 6 (85.7) 1 (14.3) 1.603 (0.179– 14.358)
Negative 137 (89.0) 17 (11.0) 119 (90.2) 13 (9.8)

Splenomegaly
Positive 43 (89.6) 5 (10.4) 0.921 (0.309– 2.743) 33 (86.8) 5 (13.2) 1.650 (0.516– 5.274)
Negative 103 (88.8) 13 (11.2) 92 (91.1) 9 (8.9)

Lymphadenopathy
Positive 94 (89.5) 11 (10.5) 0.869 (0.318– 2.378) 83 (89.2) 10 (10.8) 1.446 (0.430– 4.862)
Negative 52 (88.1) 7 (11.9) 62 (93.9) 4 (6.1)

Myalgia
Positive 42 (79.2) 11 (20.8) 1.576 (0.572– 4.340) 37 (82.2) 8 (17.8) 3.387 (1.100– 10.432)†
Negative 104 (93.7) 7 (6.3) 108 (94.7) 6 (5.3)

Liver dysfunction
Positive 68 (87.2) 10 (12.8) 1.576 (0.568– 4.370) 56 (88.9) 7 (11.1) 1.268 (0.420– 3.827)
Negative 78 (90.7) 8 (9.3) 89 (92.7) 7 (7.3)

* For the genotypes, “−” indicates a 6.7- kb deletion in the LILRA3 gene, while “+” indicates a nondeletion in the gene. Genotypes 
are shown as heterozygous (+/−) or homozygous (−/− or +/+). See Table 1 for definitions.
† P = 0.034. 
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When comparing laboratory test results among different LILRA3 
genotype subgroups in AOSD patients, we observed sig-
nificantly higher leukocyte counts (P = 0.039) and neutrophil 
counts (P = 0.027) as well as an increased erythrocyte sed-
imentation rate (ESR) (P = 0.038) and increased C- reactive 
protein (CRP) level (P = 0.040) in patients with homozygous 
functional LILRA3 than in carriers of nonfunctional LILRA3 (Fig-
ures 1A– D). These findings provide a basis for the relationship 
between LIR- A3 and neutrophil activation. Ferritin levels and 
the modified Pouchot’s score of systemic disease in AOSD 
patients were not correlated with the presence of functional 
LILRA3 (data not shown).

Association of LILRA3 variation with its mRNA 
expression. We detected the levels of LIR- A3 mRNA 
expression in PBMCs from 32 AOSD patients (LILRA3+/+ 
[n = 6], LILRA3+/− [n = 16], and LILRA3−/− [n = 10]) and neu-
trophils from 24 patients with AOSD (LILRA3+/+ [n = 3], 
LILRA3+/− [n = 8], and LILRA3−/− [n = 13]). We also compared 
LILRA3 mRNA expression from PBMCs and neutrophils 
obtained from 14 patients with AOSD who were paired for anal-
ysis. Expression of messenger RNA for LILRA3 in both PBMCs 
and neutrophils was significantly increased among AOSD 
patients who were homozygous for functional LILRA3 com-
pared with carriers of nonfunctional LILRA3 (Figure 1E). We also 

demonstrated that LILRA3 mRNA expression was higher in neu-
trophils than in PBMCs from paired individuals (Supplementary 
Figure 1, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41635/ abstract).

Elevated plasma levels of LIR- A3 in AOSD, especially 
active AOSD. Plasma levels of LIR- A3 in 128 patients with AOSD 
and 103 healthy controls were assessed by ELISA. Significantly 
higher plasma levels of LIR- A3 in patients with AOSD compared 
to healthy controls were observed (mean ± SD 611.3 ± 84.41 
ng/ml versus 0.6705 ± 0.06732 ng/ml, respectively; P < 0.0001) 
(Figure 2A).

We next investigated whether LIR- A3 could assess disease 
activity in patients with AOSD. Patients with AOSD were divided 
into subgroups of active disease and inactive disease. Significantly 
elevated levels of LIR- A3 were detected in patients with active 
AOSD compared to patients with inactive AOSD (880.0 ± 117.6 
ng/ml versus 98.43 ± 30.75 ng/ml, respectively; P < 0.0001) 
(Figure 2B), whereas no difference in LIR- A3 levels was found 
between patients with inactive AOSD and healthy controls.

We also compared plasma levels of LIR- A3 before and after 
treatment in 9 patients with AOSD. During this serial follow- up, 
LIR- A3 levels significantly decreased after treatment (P = 0.0323) 
(Figure 2C). Thus, we speculate that LIR- A3 levels in the plasma 
could serve as a biomarker of disease activity. Correlation analysis 

Figure 1. Association of LILRA3 deletion polymorphism with clinical laboratory findings and LILRA3 mRNA expression. A– D, White blood cell 
(WBC) counts (A), neutrophil counts (B), erythrocyte sedimentation rate (ESR) (C), and C- reactive protein (CRP) levels (D) in patients with adult- 
onset Still’s disease (AOSD) who are carriers of homozygous functional LILRA3 (+/+) compared to carriers of nonfunctional LILRA3 (+/− and 
−/−). E, Messenger RNA expression of LILRA3 in peripheral blood mononuclear cells (PBMCs) and neutrophils from patients with homozygous 
functional LILRA3 and carriers of nonfunctional LILRA3. In left panels of A– D and in E, symbols represent individual subjects; bars show the 
mean ± SD. In right panels of A– D, data are shown as box plots, where lines inside the box represent the median, each box represents the 
interquartile range, and whiskers represent the outer range of values. * = P < 0.05; *** = P < 0.001; **** = P < 0.0001. ns = not significant. Color 
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41635/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41635/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41635/abstract


WANG ET AL 1038       |

also showed that LIR- A3 levels were positively associated with 
the modified Pouchot’s score of systemic disease (r = 0.642, 
P < 0.0001) (Figure 2D). Moreover, correlation of LIR- A3 levels 
with laboratory values was assessed using Spearman’s correla-
tion test, and LIR- A3 levels were found to be positively correlated 
with all meaningful laboratory values, including the white blood 
cell count (r = 0.1985, P = 0.029), neutrophil count (r = 0.0297, 
P = 0.0279), ESR (r = 0.2989, P = 0.0011), CRP level (r = 0.4064, 
P < 0.0001), ferritin level (r = 0.6184, P < 0.0001), and levels of 
alanine aminotransferase (r = 0.2717, P = 0.0036) and aspartate 
aminotransferase (r = 0.5447, P < 0.0001) (Figure 2D and Supple-
mentary Figure 2, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41635/ abstract).

Significantly higher levels of LIR- A3 were observed in patients 
with AOSD with nearly all of the classic symptoms included in 
the Pouchot’s score of systemic disease, except for pleuritis, 

hepatomegaly, and myalgia (Table 3). The results above suggest 
that LIR- A3 is correlated with the disease activity level in patients 
with AOSD and might play a role in the pathogenesis of the disease.

As plasma levels of LIR- A3 in different LILRA3 geno-
types were compared, it was found that the LIR- A3 protein 
was detected in both deletion and non deletion carriers in the 
AOSD subgroup. Plasma levels of LIR- A3 were even higher in 
LILRA3+/− and LILRA3−/− patients than in LILRA3+/+ patients (Sup-
plementary Figure 3 [http://onlin elibr ary.wiley.com/doi/10.1002/
art.41635/ abstract]), which we attribute to the fact that the 
ELISA detected both functional and nonfunctional forms of LIR- 
A3. However, even though nonfunctional LILRA3 carriers had 
increased plasma levels of LIR- A3, which was mainly composed 
of nonfunctional LIR- A3, their inflammation indicators, including 
leukocyte counts, neutrophil counts, ESR, and CRP levels, were 
still lower than that observed in LILRA3+/+ and LILRA3+/− patients 

Figure 2. Plasma levels of immunoglobulin-like receptor A3 (LIR-A3) and their association with disease activity measures and inflammatory 
cytokine levels in patients with AOSD. A and B, LIR- A3 plasma levels, as determined by enzyme- linked immunosorbent assay, were compared 
between healthy controls (HCs) (n = 103) and patients with AOSD in total (n = 128) (A) or according to subgroups of active disease (n = 84) or 
inactive disease (n = 44) (B). C, LIR- A3 plasma levels were determined in 9 patients with AOSD before and after treatment. D and E, LIR- A3 
plasma levels in patients with AOSD were assessed for correlations with the Pouchot’s score of systemic disease, WBC counts, and neutrophil 
counts (D) and levels of interleukin- 1β (IL- 1β), IL- 6, IL- 18, and tumor necrosis factor (TNF) (E). Spearman’s correlation tests were used. In A and 
B, symbols represent individual subjects; bars show the mean ± SD. * = P < 0.05; **** = P < 0.0001. See Figure 1 for other definitions. Color 
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41635/abstract.
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(Figures 1A– D). Furthermore, the plasma level of LIR- A3 in each 
LILRA3 genotype consistently increased concomitantly with the 
active disease stage and was correlated with various disease 
indicators. Therefore, we hypothesize that increased plasma 
level of nonfunctional LIR- A3 might not play a pathogenic role 
in AOSD.

Association of LIR- A3 levels with inflammatory 
cytokine levels. Levels of proinflammatory cytokines such as 
IL- 1β, IL- 18, IL- 6, and TNF are typically elevated in AOSD and 
considered critical players in its disease course. To assess the rela-
tionships between LIR- A3 and inflammatory conditions in AOSD, 
the correlation between plasma levels of LIR- A3 and the levels 
of various cytokines, including IL- 1β, IL- 6, IL- 18, and TNF, were 
analyzed by Spearman’s correlation test. Positive correlations 
were demonstrated between LIR- A3 levels and concentrations 
of IL- 1β (r = 0.3267, P = 0.0019), IL- 6 (r = 0.2568, P = 0.0120), 
IL- 18 (r = 0.8051, P < 0.0001), and TNF (r = 0.4376, P < 0.0001) 

(Figure 2E). Taken together, these data indicate that LIR- A3 may 
play an important role in inflammatory conditions in AOSD.

Association of LIR- A3 levels with NET components 
in the serum of patients with AOSD. The potential role of 
LIR- A3 on NET generation was also investigated. Cell- free DNA, 
an indirect marker, and NET– DNA complexes in the sera of 21 
patients with active AOSD and 20 patients with inactive AOSD 
were measured. Clinical characteristics of these patients are listed 
in Supplementary Table 3, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41635/ 
abstract. Levels of LIR- A3 were positively correlated with levels 
of cell- free DNA (r = 0.4129, P = 0.0073), MPO– DNA (r = 0.3137, 
P = 0.0458), and citrullinated histone 3– DNA (r = 0.3229, 
P = 0.0395) complexes (Figure 3A), suggesting the potential link 
between LIR- A3 and NETosis in AOSD.

Neutrophil activation by LIR- A3 and formation of 
NETs. To further determine whether LIR- A3 could mediate NETosis,  
we isolated peripheral blood neutrophils from patients with AOSD 
and healthy controls for the analysis of NET release. First, we stim-
ulated neutrophils from 3 healthy controls with different concentra-
tions of LIR- A3 (0.5 μg/ml, 2.5 μg/ml, and 5.5 μg/ml) so that we 
could choose the most appropriate concentration of stimulating 
factor. Twenty nM of PMA, a potent NET activator, was used as a 
positive control. As a result, 500 ng/ml of LIR- A3 was found to be 
the most effective concentration in stimulating NETosis (P = 0.042) 
(Supplementary Figure 4A, available on the Arthritis & Rheuma-
tology website at http://onlin elibr ary.wiley.com/doi/10.1002/art. 
41635/ abstract).

We then detected the level of NET release by neutrophils 
from patients with active AOSD, patients with inactive AOSD, and 
healthy controls (all n = 5) following stimulation with LIR- A3 (500 ng/
ml). At baseline, neutrophils from both patients with active AOSD 
and patients with inactive AOSD displayed significantly enhanced 
NET formation compared to healthy controls (P = 0.003 and 
P = 0.0212, respectively) (Figure 3B), and neutrophils from patients 
with active AOSD exhibited significantly augmented NET forma-
tion when compared to patients with inactive AOSD (P = 0.0483). 
With LIR- A3 treatment, enhanced NET formation of neutrophils 
from healthy controls (P = 0.0014) and patients with inactive 
AOSD (P = 0.0127) was observed, but not in neutrophils from 
patients with active AOSD (P = 0.3061) (Figure 3B), which might 
be attributed to the existing high level of LIR- A3 stimulation in the 
plasma of patients with active AOSD. Consistently, immunofluo-
rescence analysis revealed similar findings. Immunofluorescence 
analysis showed that LIR-A3–stimulated neutrophils from healthy 
controls and patients with inactive AOSD showed significantly 
increased NET formation (P = 0.0122 and P = 0.0193, respec-
tively), whereas in patients with active AOSD, the stimulating effect 
was weaker (P = 0.1059) (Figure 3C). We also determined the level 
of MPO activity in detached NETs and found that it significantly 

Table 3. Comparison of plasma levels of LIR- A3 according to 
presence versus absence of clinical manifestations in patients with 
adult-onset Still’s disease

Manifestation
No. of 

patients

LIR- A3  
plasma level,  

ng/ml* P
Fever

<0.0001Positive 61 975.1 ± 136.3
Negative 67 280.1 ± 85.6

Skin rash
<0.0001Positive 63 1,000.3 ± 147.1

Negative 65 234.3 ± 54.9
Sore throat

<0.0001Positive 47 983.6 ± 165.4
Negative 81 395.3 ± 84.6

Arthralgia
0.0087Positive 56 860.4 ± 140.6

Negative 72 417.6 ± 97.7
Pleuritis

0.3176Positive 18 820.7 ± 219.5
Negative 110 577.1 ± 91.4

Pneumonia
0.0001Positive 29 1,255.3 ± 222.2

Negative 99 422.7 ± 78.8
Pericarditis

0.0120Positive 17 1149.7 ± 260.5
Negative 11 528.9 ± 86.7

Hepatomegaly
0.4729Positive 6 885.9 ± 588.6

Negative 122 597.8 ± 84.3
Splenomegaly

<0.0001Positive 36 1,117.9 ± 193.9
Negative 92 413.1 ± 81.5

Lymphadenopathy
<0.0001Positive 68 939.2 ± 138.5

Negative 60 239.7 ± 60.2
Myalgia

0.1759Positive 24 849.7 ± 219.8
Negative 104 556.3 ± 90.4

*  Values are the mean ± SD plasma levels of leukocyte 
immunoglobulin-like receptor A3 (LIR-A3). 
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increased after stimulation with 500 ng/ml of LIR- A3 (Supplemen-
tary Figure 4B, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41635/ abstract).

We stimulated neutrophils from 9 healthy controls with LIR- 
A3 in the presence of DPI, a NADPH oxidase inhibitor to block 
reactive oxygen species (ROS). Our results revealed that DPI 
could significantly suppress LIR- A3– induced elevation of dsDNA 
(Supplementary Figure 4C). These results further support our 
hypothesis that LIR- A3 contributes to AOSD pathogenesis by 
inducing NET formation.

Mediation of NETosis by functional LIR-A3 in neu-
trophils from patients with AOSD. To determine whether 
LIR- A3 in plasma could mediate NETosis, we stimulated neutro-
phils from healthy controls with sera from 3 LILRA3+/+ patients 

with AOSD or 3 LILRA3−/− patients with AOSD before and after 
adsorption of LIR- A3 and detected NETosis mediated by the 
neutrophils. It was found that sera from patients homozygous 
for functional LIR- A3 had a stronger ability to induce NETs than 
sera from LILRA3−/− patients (Supplementary Figure 5, available 
on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41635/ abstract). Furthermore, NET 
generation mediated by sera from AOSD patients who were 
homozygous functional LILRA3 carriers was significantly reduced 
after absorption of LIR- A3, whereas no significant reduction of 
NET formation was found when the neutrophils were stimulated 
with absorbed sera from patients who were homozygous non-
functional LILRA3 carriers (Figure 3D), suggesting that increased 
plasma levels of nonfunctional LILRA3 may not have the ability to 
induce NETs.

Figure 3. Enhanced neutrophil extracellular trap (NET)– forming capacity of leukocyte immunoglobulin- like receptor A3 (LIR- A3). A, Correlation 
between plasma levels of LIR- A3 in patients with AOSD and levels of circulating cell- free DNA, myeloperoxidase– DNA (MPO- DNA), and 
citrullinated histone 3– DNA (Cit- H3- DNA) complexes. B and C, Neutrophils from healthy controls (HCs), patients with inactive AOSD, and 
patients with active AOSD were left unstimulated or stimulated with 500 ng/ml of LIR- A3 or 20 nM of phorbol myristate acetate (PMA). 
Formation of NET– DNA complexes was measured by PicoGreen Assay (B). NETs staining was performed using anti-MPO (red) and anti-NE 
(green) antibodies and the DNA was stained with Hoechst 33342 (blue) (left), and results were quantified as the percentage of neutrophils 
showing formation of these NET complexes (right) (C). Results are representative of 5 independent experiments. D, Neutrophils of healthy 
controls were stimulated by sera from patients with AOSD carrying either homozygous LILRA3(+/+) or nonfunctional LILRA3(−/−). The LIR-A3 
protein in sera was either absorbed away (after absorption) or not absorbed (before absorption). The NET–DNA complexes were assessed in 
both groups. E and F, All-trans retinoic acid– differentiated NB4 cells were transfected with LIR- B2 small interfering RNA (siRNA) or scrambled 
control siRNA (Si NC) and then left unstimulated or stimulated with LIR-A3. Formation of NET– DNA complexes was measured by PicoGreen 
Assay (E) or visualized by immunofluorescence analysis (F). Original magnification × 400. In B and C, symbols represent individual subjects; 
bars show the mean ± SD. In D and E, results are the mean ± SD of 3 independent experiments. * = P < 0.05; ** = P < 0.01; *** = P < 0.001; 
**** = P < 0.0001. See Figure 1 for other definitions.
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LIR- A3– induced formation of NETs and its antagonistic 
effect on LIR- B2. We further investigated the mechanism of 
LIR- A3– mediated NET induction. It was acknowledged that LIR- 
A3 might act as a competitive antagonist in response to LIR- B1/
LIR- B2. Accumulating evidence has shown that LIR- B2 has a role 
in neutrophil function. For instance, it was reported that LIR- B2 
engagement could inhibit neutrophil phagocytosis and ROS pro-
duction (23). In our previous study, we have found that enhanced 
NET formation in AOSD occurs in a ROS- dependent manner 
(19). So, we hypothesized that the NET- forming ability of LIR- 
A3 might be due to its antagonistic effect on LIR- B2. To this end, 
we applied RNAi to knock down the LILRB2 gene by transfecting 
lentivirus vector on the NB4 cell line, a human acute myeloblas-
tic leukemia cell line, and the cells were then differentiated into a 
neutrophil- like stage using ATRA. Both PCR and Western blotting 
were performed to verify the efficacy of LILRB2 knockdown (Sup-
plementary Figure 6, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41635/ 
abstract). Compared with scrambled control small interfering RNA 
(siRNA)– transfected cells, ATRA- differentiated NB4 cells trans-
fected with LILRB2 siRNA exhibited a significantly higher level of 
NET formation at baseline, and the ability of LIR- A3 to release 
NETs was impaired in NB4 cells after knockdown of LIRB2 gene 
expression. This finding indicates that the NET- forming ability of 
LIR- A3 may be due to its antagonistic effect in response to inhibi-
tory receptors such as LIR- B2 (Figures 3E and F).

DISCUSSION

In recent years, many studies have shown functional LILRA3 
to be a new susceptibility factor for autoimmune and autoinflam-
matory disease, including RA, SLE, primary SS, and AS in Han 
Chinese populations. To our knowledge, the present study is the 
first to undertake determining the genetic association of LILRA3 
with AOSD. We identified that functional LILRA3 and its tagging 
SNP, rs103294, are closely associated with increased suscepti-
bility to AOSD. The significant elevation of neutrophil count, ESR, 
and CRP level in AOSD patients who were homozygous for func-
tional LILRA3, as well as the notably increased level of LILRA3 
transcripts in function LILRA3 carriers, indicated a potential patho-
genetic role of functional LILRA3 in the regulation of AOSD sus-
ceptibility and inflammatory response. Furthermore, the potential 
role of functional LILRA3 to mediate neutrophil activation was con-
firmed by investigating the ability of LIR- A3 to form NETs. Thus, a 
new link between HLA antigens and neutrophil activation in the 
pathogenesis of autoinflammatory conditions was established.

Despite the well- illustrated association between LILRA3 
and many autoimmune diseases, the underlying molecular mech-
anisms remain unclear. LIR- A3 binds both classic HLA– A*0201 
and nonclassic HLA– G1 molecules, but with reduced affinities 
compared to members with similar sequences, such as LIR- B1 
and LIR- B2 (17). LIR- A3 also preferentially binds to HLA– C free 

heavy chain (24). Since LIR- A3 is highly homologous to LIR- B1/
LIR- B2 in the extracellular domains, it is predicted to act as an 
antagonist to these inhibitory receptors via shared ligands and 
regulate the immune response induced by these receptors. Fur-
thermore, LIR- A3 facilitates immune response by stimulating 
the proliferation of cytotoxic T cells and natural killer cells and 
up- regulates a wide range of proinflammatory cytokines, includ-
ing IL- 1β, IL- 6, and IL- 8 (25). Our study identified a novel proin-
flammatory role of LIR- A3 in stimulating NETosis in patients with 
AOSD and healthy controls. The optimal concentration of stimu-
lating factor (500 ng/ml) was around the median plasma level of 
LIR- A3 in our AOSD patients and has been previously reported to 
have the best effect on promoting gene expression of proinflam-
matory cytokines (26). Consistently, we found that the activating 
effect of LIR- A3 on NETosis was stronger in healthy controls and 
patients with inactive AOSD than in patients with active AOSD. 
One possible explanation might be that the plasma level of LIR- A3 
in patients with active AOSD was already high enough to reach 
the best range of stimulating concentration. Further studies are 
needed to investigate the underlying mechanism of LIR- A3 that 
activates neutrophils to form NETs.

Neutrophils are of great importance in the pathogenesis of 
AOSD. One of the most studied aspects of neutrophils is their 
ability to form NETs that, coated with mitochondrial DNA, facili-
tate macrophage activation (19). The mechanism of how neutro-
phils are activated and form NETs in AOSD is still to be determined. 
We hypothesize that the NET- forming ability of LIR- A3 might be 
due to its antagonistic effect in response to inhibitory receptors 
like LIR- B1/LIR- B2. For example, LIR- B2 can inhibit Fcγ receptor 
IIa– mediated activation in human neutrophils, reduce neutrophil 
production of ROS, and suppress phagocytosis of pathogens 
(15).

Our previous study has shown an elevated level of ROS 
and NET formation in AOSD. Enhanced NET formation occurs 
in an ROS- dependent manner in AOSD (19). The LIR- B2 inhib-
itory function may also affect other forms of neutrophil activa-
tion induced by pathogens or inflammation, including migration, 
cytokine production, and NETosis (15). LIR- A3 may interfere with 
this inhibitory function and in return amplify NETosis and inflamma-
tion. We found that LIR- A3– induced NET formation was impaired 
in NB4 cells following knockdown of LILRB2 gene. This may 
provide a new mechanism of how amplification of inflammation 
occurs in AOSD. Besides, infection, especially viral infection, has 
also been proved to trigger the initiation or relapse of AOSD, as 
demonstrated in our previous study (27). It is worth noting that 
LIR- A3 expression has been recently reported to be activated by 
Toll- like receptor 8, a sensor of non- self nucleic acids and viruses 
(26). So, virus infection may tend to trigger the pathogenic role of 
LIR- A3 on the basis of its genetic susceptibility in AOSD.

In a previous report, functional LILRA3 was found to be asso-
ciated with leukopenia in SLE. In SLE, it is generally accepted that 
the main pathogenic immune cells are adaptive immune cells, 
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including B cells and T cells (28,29). However, abnormal innate 
immune cell subsets, such as neutrophils, have also been clearly 
identified in SLE. Neutropenia is a commonly observed symptom 
in SLE. The mechanisms of neutropenia in SLE may include cell 
removal driven by neutrophil- reactive autoantibody, autoanti-
bodies neutralizing growth factors on neutrophils such as granulo-
cyte colony- stimulating factor, enhanced neutrophil apoptosis and 
necrosis, and, possibly, cell death accompanied by NETosis (30). 
To date, there is no direct evidence that has revealed the effect of 
LIR- A3 on neutrophils in SLE patients. LIR- A3 is able to promote 
the proliferation of T cells (31), which has a predominant patho-
genic role in SLE, thus also contributing to neutropenia in SLE. We 
therefore assumed that the association of LIR- A3 with neutrope-
nia in SLE is mainly caused by its effect on adaptive immune cells 
and autoimmunity.

Hallmarks of AOSD, an autoinflammatory disease mediated 
by innate immune cell activation, include neutrophil activation 
and neutrophilia (1,32). The mechanism of neutrophilia in AOSD 
is still to be determined. Bone marrow biopsy findings from AOSD 
patients have exhibited features of granulocytic hyperplasia (33). 
The number of neutrophils in blood is maintained at a constant 
level under resting conditions, and in response to inflamma-
tory mediators, emergency myelopoiesis is rapidly switched 
on, leading to increased neutrophil counts. This can be found 
in some inflammatory diseases with enhanced NETs, including 
coronavirus disease 2019 (COVID- 19), sepsis, and atheroscle-
rosis. NETs can promote production of inflammatory mediators 
and further be enhanced by these mediators, leading to an 
uncontrollable, amplified inflammatory loop in COVID- 19 and 
atherosclerosis (18,34,35).

In our previous study, it was found that NETs promote pro-
duction of IL- 1β, IL- 18, and IL- 6, which can further enhance NET 
release, leading to an amplified inflammatory milieu (36). In this 
study, we found that LIR- A3 could activate neutrophils to release 
NETs. Therefore, we hypothesized that LIR- A3– induced NETs 
can further promote amplified inflammatory response, which can 
enhance emergency myelopoiesis and thus amplify neutrophilia. 
Notably, neutrophils in both AOSD patients and SLE patients dis-
play enriched numbers of low- density granulocytes (LDGs) in the 
peripheral blood with an activated phenotype and elevated NETs 
(37– 40). The association of LIR- A3 with LDG counts in SLE and 
AOSD may be interpreted as consistent findings. Taken together, 
these findings indicate that the mechanism of circulating neutro-
phil counts is complex and various in SLE and AOSD, and thus, 
the effect of LIR- A3 on neutrophil activation and NETosis would be 
comprehensively influenced by other factors, leading to different 
counts of neutrophils in SLE and AOSD.

One of the limitations of the present study was the modest 
size of our cohort and the absence of an association between 
LILRA3 genotype and main clinical manifestations like fever, skin 
rash, or arthralgia, which might be attributed to the universality 
of these manifestations in AOSD. Also, we have not yet directly 

compared the level of NETs in different LILRA3 genotypes because 
of the rare incidence of functional LILRA3+/+ genotype as well as 
the various levels of disease activity among our patients.

In conclusion, our study provides the first evidence that func-
tional LILRA3 is a new genetic susceptibility factor for AOSD. LIR- 
A3 has an impact on neutrophil count, ESR, and CRP levels in 
AOSD patients. Our study further demonstrates the role of LIR- A3 
in the pathogenesis of AOSD by stimulating NET formation.
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From Diagnosis to Prognosis: Revisiting the Meaning of 
Muscle ISG15 Overexpression in Juvenile Inflammatory 
Myopathies
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Objective. Juvenile idiopathic inflammatory/immune myopathies (IIMs) constitute a highly heterogeneous group 
of disorders with diagnostic difficulties and prognostic uncertainties. Circulating myositis- specific autoantibodies 
(MSAs) have been recognized as reliable tools for patient substratification. Considering the key role of type I interferon 
(IFN) up- regulation in juvenile IIM, we undertook the present study to investigate whether IFN- induced 15- kd protein 
(ISG- 15) could be a reliable biomarker for stratification and diagnosis and to better elucidate its role in juvenile IIM 
pathophysiology.

Methods. The study included 56 patients: 24 with juvenile dermatomyositis (DM), 12 with juvenile overlap 
myositis (OM), 10 with Duchenne muscular dystrophy, and 10 with congenital myopathies. Muscle biopsy samples 
were assessed by immunohistochemistry, immunoblotting, and real- time quantitative polymerase chain reaction. 
Negative regulators of type I IFN (ISG15 and USP18) and positive regulators of type I IFN (DDX58 and IFIH1) were 
analyzed.

Results. ISG15 expression discriminated patients with juvenile IIM from those with nonimmune myopathies and, 
among patients with juvenile IIM, discriminated those with DM from those with OM. Among patients with juvenile 
DM, up- regulation of the type I IFN positive regulators DDX58 and IFIH1 was similar regardless of MSA status. In 
contrast, the highest levels of the type I IFN negative regulator ISG15 were observed in patients who were positive for 
melanoma differentiation– associated gene 5 (MDA- 5). Finally, ISG15 levels were inversely correlated with the severity 
of muscle histologic abnormalities and positively correlated with motor performance as evaluated by the Childhood 
Myositis Assessment Scale and by manual muscle strength testing.

Conclusion. Muscle ISG15 expression is strongly associated with juvenile DM, with patients exhibiting a different 
ISG- 15 muscle signature according to their MSA class. Patients with juvenile DM who are positive for MDA- 5 have 
higher expression of ISG15 in both gene form and protein form compared to the other subgroups. Moreover, our data 
show that negative regulation of type I IFN correlates with milder muscle involvement.
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INTRODUCTION

Juvenile idiopathic inflammatory/immune myopathies (IIMs) 
are a heterogeneous group of acquired muscle diseases of auto-
immune origin. They include juvenile dermatomyositis (DM), char-
acterized by proximal muscle weakness and distinct skin rashes, 
juvenile overlap myositis (OM), i.e, patients who meet criteria for 
juvenile IIM as well as another autoimmune disease (most fre-
quently systemic lupus erythematosus or systemic sclerosis), and 
autoimmune necrotizing myopathy, which is typically not associ-
ated with extramuscular features (1– 3).

Although outcomes of juvenile IIM have improved with newer 
therapies, numerous patients present with persistent chronic disease 
or damage, emphasizing the need for reliable biomarkers to inform 
prognosis and treatment decisions. Circulating myositis- specific 
autoantibodies (MSAs) have been recognized as reliable tools for 
patient substratification (4). In juvenile DM, which is characterized 
by muscle endomysial microangiopathy and ischemic injuries, mark-
ers of vasculopathy severity have been shown, not surprisingly, to be 
predictive of poor prognosis. Indeed, ischemic patterns on muscle 
biopsy correlated with more severe muscle weakness, more gas-
trointestinal involvement, and the need for more aggressive treat-
ment (5– 7). Similarly, increased serum levels of galectin- 9, CXCL10, 
tumor necrosis factor receptor type II, and galectin- 1, markers that 
are related to endothelial dysfunction and inflammation, were found 
to be predictive of poor response to conventional treatment in 2 
independent cohorts (8). Other important biomarkers investigated 
in juvenile IIM relate to the selective activation of type I interferon 
(IFN), i.e., the IFNα/β pathway, assessed by transcriptomic and 
proteomic analyses performed on different tissues and cells includ-
ing muscle, myogenic precursor cells, skin, blood, and circulating 
leukocytes. A type I IFN signature has been identified in whole mus-
cle extracts and blood samples from patients with juvenile DM and 
juvenile OM and correlated with disease activity scores (9).

Direct screening for type I IFN protein to stratify patients 
with juvenile IIM or to predict disease activity was not available 
until very recently. In 2020 we showed, using a single- molecule 
array digital enzyme- linked immunosorbent assay, that serum 
IFNα concentrations correlated with disease activity in a cohort 
of patients with juvenile IIM (10). Type I IFN is able to induce hun-
dreds of IFN- stimulated genes (ISGs) (11). Among these ISGs, 
IFN- stimulated gene 15 is one of the most strongly and rapidly 
induced (12,13) and one of the most highly overexpressed in 
juvenile DM muscle tissue (14,15), and is also selectively overex-
pressed in muscle from patients with adult DM and perifascicular 
atrophy (16). The up- regulation of type I IFN– inducible transcripts 
is markedly and specifically increased in adult DM compared to 
other forms of myositis including antisynthetase syndrome and 
inclusion body myositis, and normal muscle (16– 18).

The above results led us to investigate the specific contri-
bution to type I IFN to the pathophysiology of juvenile IIM, mainly 

juvenile DM. In the current work, we have demonstrated for the 
first time that muscle ISG15 expression levels in children strik-
ingly differentiated juvenile IIM from other myopathies. In a second 
step, we showed that ISG15 and other type I IFN– induced genes 
were differentially expressed according to juvenile DM subtypes 
defined by MSAs. IFN- induced 15- kd protein (ISG- 15) was also 
expressed differentially according to the MSA profile, consistent 
with the gene results. Finally, we demonstrated that, in the context 
of type I IFN pathway activation, the imbalance between ISG15 
(negative regulator) and positive regulators correlates with the 
severity of muscle injuries and disease.

PATIENTS AND METHODS

Patients and samples. Patients were recruited from the 
Reference Center for Rare Pediatric Inflammatory Diseases and 
the Reference Center for Rare Neuromuscular Diseases in Paris. 
Of the 122 patients with juvenile IIM who were seen between June 
2010 and June 2019, those with newly diagnosed juvenile IIM for 
whom muscle biopsy data, serologic data, and all clinical data 
were available were enrolled (n = 36). Twenty- four were classified 
as having juvenile DM according to conventional clinicopatho-
logic criteria (1– 3,6) and 12 were classified as having juvenile OM 
according to the Troyanov criteria (2). Children with other muscle 
diseases, i.e., Duchenne muscular dystrophy (n = 10) or congeni-
tal myopathies (n = 10) were included as well, with the diagnoses 
based on genetic analysis and characteristic histopathologic find-
ings. Deltoid muscle biopsies were performed in the context of 
routine diagnostic evaluation. For all patients presenting with juve-
nile IIM, serum was screened for MSAs and myositis- associated 
antibodies at disease onset, using an immunodot assay (Euro-
line Autoimmune Inflammatory Myopathies 16 Ag; Euroimmun); 
all serum samples were screened at the same laboratory. Mus-
cle strength was evaluated by manual muscle testing (MMT) and 
application of the Childhood Myositis Assessment Scales (CMAS) 
(19) within 48 hours after admission. Parents or legal guardians 
provided written informed consent for participation of the chil-
dren in the study, in accordance with French law and the hospital 
research ethics committee (approval no. 12- 009).

Myopathologic study. For each patient with juvenile IIM, 
7- μm cryostat cross- sections from deltoid muscle were processed 
for routine histologic staining and immunohistochemistry analysis, 
as previously described (6). (Extended details on the methods 
are available upon request from the corresponding author.) Age- 
matched controls were patients who were referred to our center 
for myologic evaluation but were without clinical signs of neuro-
muscular diseases and in whom results of diagnostic evaluations 
were normal.

All biopsy specimens were reviewed blindly for clinical and 
MSA data by 2 of the authors (CG and FJA), using a validated 
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scoring tool for muscle biopsy evaluation in patients with juve-
nile IIM (20). This tool includes a total score and subscores 
(muscle fiber domain, vascular domain, inflammation score). 
Overall muscle damage is scored via visual analog scale 
(VAS) and specific scoring of inflammation, vascular dam-
age, myofiber injuries, and connective tissue changes (0 = no 
abnormality; 10 = most abnormal). According to the European 
Neuromuscular Centre Research Group, some markers in 
addition to the minimal battery used to establish the validated 
score of severity in juvenile DM are recommended for the char-
acterization of dermatomyositis (4); thus, additional staining 
was performed as follows. Expression of major histocompat-
ibility complex (MHC) class I (HLA– A/B/C) and MHC class II 
(HLA– DR/DQ/DP) was assessed, with abnormal expression 
defined as sarcolemmal staining with or without associated 
intracellular staining. Complement activation was assessed by 
evaluation of C5b– 9 complex deposition (membrane attack 
complex) on endomysial capillary walls and on the sarco-
lemma of non- necrotic myofibers (6). Immunohistochemical 

staining for myxovirus resistance protein A (MxA), a type I IFN– 
induced protein, was performed as previously described (21).

Reverse transcription and real-time quantitative 
polymerase chain reaction (qPCR). Total RNA was extracted 
from muscle biopsy samples using TRIzol and analyzed with 
NanoDrop. RNA was converted into complementary DNA with 
SuperScript III Reverse Transcriptase using an Invitrogen kit (no. 
18080- 044; ThermoFisher Scientific). Gene expression was 
quantified by real- time qPCR using TaqMan Master Mix (Applied 
Biosystems) and the following TaqMan probes for key markers 
of negative and positive regulation of type I IFN overexpression: 
for ISG15, Hs01921425_s1; for USP18, Hs00276441_m1; for 
IFIH1, Hs00223420_m1; and for DDX58, Hs01061436_m1. 
Expression of each gene was normalized to expression of the 
human TATA box binding protein gene (Hs00427620_m1). Real- 
time qPCR was performed with a StepOnePlus real- time PCR 
system (Applied Biosystems). The relative quantification value 
was calculated using the 2−ΔΔCt method. Results are reported 

Figure 1. Representative staining for immunohistochemical features of juvenile idiopathic inflammatory/immune myopathy, i.e., major 
histocompatibility complex (MHC) class I (A, D, and G), MHC class II (B, E, and H), and neural cell adhesion molecule (NCAM) (C, F, and 
I). Immunoperoxidase staining was performed on 7- µm cryosections. A– C, Anti– nuclear matrix protein 2 (anti– NXP- 2)– positive juvenile 
dermatomyositis (DM) with severe muscle involvement. A, Ubiquitous strong myofiber expression of MHC class I with perifascicular reinforcement 
in atrophic fibers. B, Lack of MHC class II myofiber expression, with only capillaries and leukocytes stained; immunostaining also revealed 
marked capillary loss. C, Strong NCAM expression on numerous myofibers either perifascicular or grouped in large areas, indicative of the 
severity of muscle involvement. D– F, Melanoma differentiation– associated gene 5 (MDA- 5)– positive juvenile DM with mild muscle involvement. 
D, Ubiquitous myofiber expression of MHC class I with perifascicular reinforcement, contrasting with the lack of conspicuous myofiber injury. E, 
Lack of MHC class II myofiber expression, with only capillaries stained; immunostaining also revealed slight capillary loss in perifascicular areas. 
F, Presence of NCAM- expressing myofibers, mainly perifascicular or grouped, indicative of myofiber involvement. G– I, MDA- 5– positive juvenile 
overlap myositis (OM). G, Ubiquitous MHC class I expression on myofibers, with heterogeneous intensity but without obvious perifascicular 
reinforcement. H, Perifascicular and focal MHC class II myofiber expression, characteristic of juvenile OM. I, NCAM- expressing regenerating 
fibers appearing only sparsely and multifocally or grouped in small clusters. Original magnification × 20.
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as relative gene expression (2−ΔΔCt) using healthy control muscle 
sample as reference. Real- time qPCR in whole blood was per-
formed as previously described (22).

Western blot analysis. Western blot experiments were 
performed to examine the presence of ISG- 15 or ubiquitin- 
specific protease 18 (USP18) in muscle samples from controls 
(n = 7) and patients with juvenile DM (n = 12). Frozen mus-
cle was cut and homogenized in radioimmunoprecipitation 
assay extraction buffer supplemented with protease inhibitor 
cocktail (1:100) (no. P8340; Sigma) and clarified by centrif-
ugation. Proteins were quantified with a Pierce BCA Protein 
Assay kit (no. 23225; ThermoFisher Scientific), and equal 
protein masses of 30 μg in 10 μl were subjected to elec-
trophoresis with NuPAGE 4– 12% Bis- Tris Midi Protein Gels 
(NP0335BOX; Invitrogen) in an Xcell4 Surelock tank (WR0100; 
Life Technologies) using NuPAGEMES SDS Running Buffer 
(20×) (NP000202; Invitrogen).

Protein was transferred to PVDF membrane (IB401032; 
Fisher Scientific) using an iBlot 2 Dry Blotting System (no. 
IB21001; Fisher Scientific) and iBlot 2 Transfer Stacks (no. 
IB24001; Invitrogen). Membranes were blocked in milk solu-
tion, then probed with mouse anti– ISG- 15 (F- 9; 1:200) (no. sc- 
166755; Santa Cruz Biotechnology), rabbit anti- USP18 (D4E7; 
1:500) (Cell Signaling Technology), and rabbit anti– β- tubulin 
(9F31:1,000) (no. 2128; Cell Signaling Technology) overnight 
at a temperature of 4°C. Membranes were then washed and 
exposed for 1 hour to horseradish peroxidase– conjugated goat 
anti- rabbit secondary antibody (1:5,000)  (sc- 2054; Santa Cruz 
Biotechnology) or anti- mouse secondary antibody (1:2,500) (no. 
PI- 2000- 1 ZC1212; Vector). Proteins were  visualized using a 
chemiluminescence assay kit (SuperSignalWest Femto; Fisher 
Scientific) and a c600 scanner (Azure Biosystems); signals were 
quantified with ImageJ software, version 1.52s. To compare 
expression levels, the quantifications of ISG- 15 and USP18 were 
divided by the quantification of β- tubulin.

Statistical analysis. The significance of the differences 
between identified histopathologic subgroups was assessed 
by Fisher’s exact test for qualitative variables and by Mann- 
Whitney U test for quantitative variables. Pearson’s chi- square 
test was used to calculate clinical associations between 2 
categorical variables (e.g., juvenile DM/juvenile OM groups 
and histologic markers). Western blot and qPCR results are 
presented as the median and range, and significance was 
examined by Mann- Whitney U test (nonparametric equivalent 
to the independent t- test), or by Wilcoxon test when there 
was a control group with values available. The Kruskal- Wallis 
test or Dunn’s multiple comparisons test was used for mul-
tiple comparisons. To calculate correlations between 2 con-
tinuous values, e.g., ISG15 level and performance score (by 
MMT, CMAS) or ISG15 level and histologic score (by VAS or 

juvenile DM scoring tool), Pearson’s correlation method was 
used. GraphPad Prism, version 8.0 was used for all analyses. 
P values less than 0.05 were considered significant.

RESULTS

Clinical and serologic features of the patients with 
juvenile IIM. Clinical and serologic characteristics of the patients 
are shown in Supplementary Table 1, on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41625/ abstract. Thirty- six patients with juvenile IIM (26 female 
and 10 male; median age at disease onset 9.7 years [range 2.8– 
14.9 years]) were included. Two- thirds of the patients with juvenile 
IIM (n = 24) had juvenile DM and one- third (n = 12) had juvenile OM.

Anti– nuclear matrix protein 2 (anti– NXP- 2) was the most 
 frequently found MSA among patients with juvenile DM and oc -
curred exclusively in these patients (n = 8 [33%]). Anti– melanoma 
differentiation– associated gene 5 (anti– MDA- 5) was found in 
both juvenile DM and juvenile OM patients (5 of 24 and 6 of 12, 
respectively; P = 0.07). VAS scores for severity of muscle histo-
logic features were significantly lower in patients with juvenile OM 
(P < 0.01). Expression of MxA protein was identified in 71.4% of 
juvenile DM samples and in 22.2% of juvenile OM samples (P = 0.01) 
 (Supplementary Figure 1, http://onlin elibr ary.wiley.com/doi/10.1002/
art.41625/ abstract). Patients with NXP- 2 autoantibodies had strong  
MxA expression (score of 3 in all cases), whereas patients with 
MDA- 5 exhibited no or weak MxA expression (Supplementary 
Figure 1). Myofiber MHC class I overexpression (associated with type 
I IFN up- regulation) was observed in almost all patients (33 of 36), 
whereas myofiber MHC class II expression (associated with IFNγ up- 
regulation) was observed in only 9 patients and was significantly asso-
ciated with the diagnosis of juvenile OM (7 of 12 patients with juvenile 
OM versus 2 of 24 patients with juvenile DM; P = 0.001) (Figure 1). In 

Figure 2. Differential expression of ISG15 in muscle according to 
juvenile idiopathic inflammatory/immune myopathy subtype. Circles 
show the fold change in ISG15, normalized to HTBP, in individual 
patients with juvenile overlap myositis (JOM) (n = 12) and juvenile 
dermatomyositis (JDM) (n = 24). Bars show the median and range.  
* = P = 0.02 by Mann- Whitney U test.

http://onlinelibrary.wiley.com/doi/10.1002/art.41625/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41625/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41625/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41625/abstract
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control muscle, as expected, myofibers did not express MHC class I 
or II. (Control images showing histologically normal muscle are avail-
able from the corresponding author upon request.)

Differential expression of muscle ISG15 accord-
ing to juvenile IIM subtype. Muscle expression of ISG15 
was markedly increased in patients with juvenile IIM compared 
to those with Duchenne muscular dystrophy (P < 0.0001) and 
congenital myopathy (P < 0.0001) (Supplementary Figure 2, 
on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41625/ abstract). ISG15 expression 
levels were more highly increased in juvenile DM as compared 
to juvenile OM (median 188.0- fold and 50.9- fold, respectively; 
P = 0.02) (Figure 2) or other myopathies (median increase in 
patients with Duchenne muscular dystrophy and patients with 
congenital my opathy 7.9- fold and 3.0- fold, respectively; both 
P < 0.0001 versus juvenile DM) (Supplementary Figure 2). Fur-
thermore, we confirmed type I IFN dysregulation in juvenile DM 
at the protein level. ISG- 15 protein was abnormally expressed in 
juvenile DM muscle compared to control muscle, where the pro-
tein was absent (Figures 3A and B). USP18 is essential for ISG- 
15– mediated down- regulation of type I IFN signaling, by directly 
regulating the stability of this ubiquitin for binding to IFN- α/β/ω 
receptor 2 (IFNAR- 2) (23– 25). USP18 was also undetectable in all 
histologically normal muscle specimens but was expressed in all 
juvenile DM muscle specimens (P = 0.002 by Wilcoxon 1- sample 
test) (Figures 3A and C). There was a positive correlation (P = 0.01) 
between ISG- 15 and USP18 protein expression profiles in muscle 

from patients with juvenile DM (Supplementary Figure 3, http://
onlin elibr ary.wiley.com/doi/10.1002/art.41625/ abstract).

High expression levels of ISG15 in muscle discrim-
inate juvenile DM patients with MDA- 5 from juvenile 
DM patients with other MSAs. Based on the highest expres-
sion level of ISG15 in muscle of patients with juvenile DM com-
pared to patients with the other myopathies studied, including 
juvenile OM (Supplementary Figure 2, http://onlin elibr ary.wiley.
com/doi/10.1002/art.41625/ abstract), we decided to focus on 
the juvenile DM patient group for the rest of this analysis. First 
we determined the expression levels of type I IFN– inducible 
genes among juvenile DM subgroups defined by MSA status 
(no MSAs, transcription intermediary factor 1γ [TIF1γ], NXP- 2, 
and MDA- 5), as assessed by qPCR. We found similar expres-
sion levels of the type I IFN positive regulators IFIH1 (encod-
ing MDA- 5) and DDX58 (encoding retinoic acid– inducible gene 
1) among the juvenile DM subgroups (P = 0.28 and P = 0.54, 
respectively, by Kruskal- Wallis test) (Figures 4A and B). Con-
versely, differential expression of the type I IFN negative regulator 
ISG15 was observed (P = 0.006 by Kruskal- Wallis test). MDA- 
5– positive juvenile DM patients displayed the highest levels of 
ISG15 in muscle (median relative increase 1,074.5- fold) com-
pared to median values observed in the other subgroups (86.5- 
fold, 248.1- fold, and 118.1- fold among those with no MSAs, 
those positive for TIF1γ, and those positive for NXP- 2, respec-
tively) (Figure 4C). Moreover, consistent with the results of gene 
expression analysis, ISG- 15 protein expression was differentially 

Figure 3. Expression of interferon- induced 15- kd protein (ISG- 15) and ubiquitin- specific protease 18 (USP18) in muscle from all of the 
patients with juvenile dermatomyositis (JDM) but in none of the histologically normal muscle specimens from controls. A, Western blot results 
in muscle samples from 7 healthy controls and 12 patients with juvenile DM. B and C, Graphic representation of the Western blot results for 
ISG- 15 (B) and USP18 (C). Circles show the fold change in ISG- 15 level (B) and USP18 level (C), normalized to β- tubulin, in individual subjects. 
Bars show the median and range. *** = P ≤ 0.001 by Wilcoxon 1- sample test.

http://onlinelibrary.wiley.com/doi/10.1002/art.41625/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41625/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41625/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41625/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41625/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41625/abstract
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expressed according to MSA status, with the highest levels 
being found in the MDA- 5– positive patients (P = 0.03 versus the 
group with no MSAs and the NXP- 2– positive group, by Mann 
Whitney test) (Figure 4D).

Next, because MDA- 5– specific autoantibody can be 
expressed in both juvenile DM and juvenile OM, we examined 
ISG15 expression in MDA- 5– positive patients with juvenile OM 
compared to MDA- 5– positive patients with juvenile DM (Supple-
mentary Figure 2). ISG15 expression levels were higher in muscle 
from MDA- 5– positive juvenile DM patients compared to MDA- 5– 
positive juvenile OM patients (P = 0.008), indicating that there are 
differing patterns of muscle type I IFN pathway activation among 
MDA- 5– positive patients with juvenile IIM. The highest ratios 
of negative versus positive regulators of the type I IFN pathway 
were observed in MDA-5– positive juvenile DM, suggesting bet-
ter muscle- specific negative regulation of the type I IFN pathway 
in those patients and indicating that among juvenile DM subsets, 
higher muscle ISG15 expression is specific to MDA- 5– positive 

patients with juvenile DM. In contrast, muscle USP18 expression 
was similar among juvenile DM subsets (Supplementary Figure 3B, 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41625/ abstract).

We recently showed that among juvenile IIM patients, those 
with MDA- 5 autoantibodies presented more frequently with higher 
systemic levels of IFNα (22). Considering ISG15 as a component 
of the IFN score, we looked at the raw data from that cohort (22) 
to specifically analyze blood concentrations of ISG15 in these 
patients. As expected, the highest ISG15 levels were observed 
in MDA- 5– positive patients compared to the other subgroups 
(P = 0.018, P = 0.036, and P = 0.021 for MDA- 5– positive ver-
sus no MSAs, versus TIF1γ- positive, and versus NXP- 2– positive, 
respectively).

Association between muscle ISG15 expression 
and muscle performance in JDM. Finally, we analyzed the 
potential correlations between different markers of disease 
severity and the level of ISG15 gene expression in muscle. 

Figure 4. More efficient negative regulation of muscle type I interferon (IFN) pathway signaling in muscle from patients with juvenile DM who are 
positive for MDA- 5. A– C, Results of real- time quantitative polymerase chain reaction analysis of IFIH1 (A) and DDX58 (B) (positive regulators of 
type I IFN) and ISG15 (C) (negative regulator of type I IFN). Circles show the fold change, normalized to HTBP, in juvenile DM patients according 
to autoantibody status (no myositis- specific antibodies [MSAs] [n = 7], transcription intermediary factor 1γ [TIF1γ] [n = 4], NXP- 2 [n = 8], or 
MDA- 5 [n = 5]). D, Levels of IFN- induced 15- kd protein (ISG- 15) in control muscle specimens (n = 7) and in muscle specimens from patients 
with juvenile DM with no MSAs (n = 4), with NXP- 2 (n = 4), and with MDA- 5 (n = 4). Circles show the fold change, normalized to β- tubulin, in 
individual subjects. Bars show the median and range. * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by Mann- Whitney U test. See Figure 1 for 
other definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.41625/abstract
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Disease severity was assessed by muscle performance scores 
and histologic characteristics. ISG15 expression in muscle was 
positively correlated with the MMT score and CMAS at disease 
onset (P = 0.03 and P = 0.02, respectively) (Figures 5A and B). 
Thus, the higher the ISG15 level, the better the muscle perfor-
mance scores. Similarly, ISG15 expression levels were negatively 
correlated with the severity of histologic changes, as assessed by 
vascular and inflammatory subscores (P = 0.04 and P = 0.0015, 
respectively) (Figures 5C and D), overall muscle damage scored 
by VAS, and total score (P = 0.004 and P = 0.0006, respectively) 
(Figures 5E and F).

DISCUSSION

Juvenile idiopathic inflammatory myopathies are a class 
of autoimmune diseases including dermatomyositis and over-
lap myositis. There is a great deal of clinical heterogeneity among 
the juvenile IIMs, in their autoimmune profiles as well as their myo-
pathologic patterns. Understanding these conditions, especially 
how they differ and what they have in common, provides potential 
insight into differential pathophysiologic mechanisms. This study 
focused on the regulation of type I IFN in the pathophysiology 
of juvenile IIM. ISG15 is a key negative regulator of the type I 
IFN pathway and one of the most strongly up- regulated genes 

in muscle tissue among all IFN- stimulated genes in dermato-
myositis. We investigated whether quantifying its intramuscular 
expression could help in the diagnosis and classification of juve-
nile IIM, and how its expression level may influence juvenile DM 
clinical heterogeneity. Our results indicate that measurement of 
ISG15 levels in muscle allows clear discrimination of juvenile IIM 
from nonimmune myopathies and, among juvenile IIMs, discrim-
ination of juvenile DM from juvenile OM. Importantly, we showed 
that muscle ISG15 expression in juvenile DM was inversely corre-
lated with severity of the disease. This finding sheds new light on 
the significance of type I IFN pathway regulation in the course of 
dermatomyositis.

Juvenile IIMs are highly heterogeneous in terms of severity, 
tissue involvement, and response to treatment. In autoimmune 
conditions, when patients exhibit sustained overexpression of 
type I IFN (IFNα/β) signaling, the disease is considered a multifac-
torial type I interferonopathy. Dysregulation of the type I IFN path-
way is acknowledged to be a key factor in the pathogenesis of 
juvenile and adult DM and has been shown to correlate with dis-
ease severity (26). Marked overexpression of type I IFN– inducible 
genes has been identified in vivo in muscle, skin, and circulating 
leukocytes and in vitro in myogenic precursor cells and endothelial 
cells isolated from patients (9,15,17,18,27,28). Among type I IFN– 
inducible genes, it has been proposed that the expression level of 

Figure 5. Association between muscle ISG15 expression and muscle performance in juvenile dermatomyositis. Clinical severity at disease 
onset (A– C) and muscle histologic parameters (D– F) were evaluated. ISG15 mRNA levels correlated positively with performance scores (manual 
muscle testing [MMT] results [A] and Childhood Myositis Assessment Scale [CMAS] [B]), and negatively with muscle damage (vascular domain 
score [C], inflammatory domain score [D], histologic score by visual analog scale [VAS] [E], and total score [combined vascular and inflammatory 
scores] [F]). Pearson’s correlation method was used to calculate linear relationships.



MUSCLE EXPRESSION OF ISG15 IN JUVENILE IIM |      1051

ISG15 in muscle could be used alone to reliably quantify activa-
tion of the type I IFN pathway in adult inflammatory myositis (13). 
Our present results support a similar view in juvenile IIM, show-
ing that the highest levels of ISG15 in muscle were specifically 
found in patients with juvenile DM. Muscle ISG15 measured by 
RT- qPCR may be considered as an additional biomarker for the 
discrimination of juvenile IIM from nonimmune myopathies and, 
among juvenile IIMs, juvenile DM from juvenile OM.

In recent years, MSAs have gained an important role in 
the classification of IIM (4). Interestingly, in our cohort, MDA- 5 
autoantibodies were detected in both juvenile DM and juvenile 
OM patients, but ISG15 gene expression was higher in MDA- 5– 
positive juvenile DM patients than MDA- 5– positive juvenile OM 
patients. These results demonstrate that juvenile IIMs grouped 
by presence of the same autoantibody may nevertheless have 
pathophysiologic differences. It is therefore important to take into 
account all clinical, biologic, and histopathologic features in order 
to classify patients with juvenile IIM as accurately as possible. 
From this perspective, quantification of ISG15 expression could 
be helpful. However, prospective studies are still needed to deter-
mine cutoff values that will reliably guide the substratification of 
juvenile IIM subtypes.

The exact role of type I IFN in the pathophysiology of juve-
nile IIM is still not fully understood. Aouizerate et al suggested 
that more severe muscle involvement, as typically observed in 
NXP- 2– positive DM/juvenile DM, is associated with higher type I 
IFN up- regulation (6). Recent data from muscle gene expression 
profiling studies demonstrated a prominent type I IFN signature 
in adult DM but failed to demonstrate associations of quantitative 
type I IFN dysregulation with different DM- specific autoanti bodies 
or with markers of clinical or histologic disease activity/severity 
(13,17). We recently showed that among juvenile IIM patients, 
those with MDA- 5 autoantibodies more frequently presented with 
higher systemic levels of IFNα (22). As expected, the highest blood 
ISG15 titers were observed in MDA- 5– positive patients compared 
to the other subgroups, a finding that reinforces our present results.

Type I IFN signaling is controlled at multiple levels by reg-
ulators. For example, IFIH1 and DDX58 code for nucleic acid 
receptor involved in the promotion of type I IFN signaling, while 
ISG15 and USP18 inhibit IFNAR signaling. Our data showed that 
up- regulation of positive regulators of type I IFN (IFIH1, DDX58) 
was remarkably similar among juvenile DM patients regardless of 
MSA status, in accordance with previous results (29,30). In con-
trast, levels of negative regulators differed strikingly according to 
subgroup, and were highest among MDA- 5– positive patients. As 
MDA- 5– positive patients with juvenile DM have more circulating 
type I IFN (22), up- regulation of positive regulators of type I IFN 
could simply reflect more IFN- stimulated genes in general. How-
ever, the specific up- regulation of a negative regulator of type I IFN 
indicates that among juvenile DM subsets, muscle ISG15 overex-
pression is specific to patients with juvenile DM who are positive 
for MDA- 5.

Our MDA- 5– positive juvenile DM patients had milder muscle 
involvement compared to others, a well- known feature of this juve-
nile DM subtype (22). Consistent with these observations, muscle 
ISG15 expression levels in juvenile DM were negatively correlated 
with all scores used for quantifying the severity of muscle injury. 
Most importantly, in juvenile DM, muscle ISG15 expression levels 
were positively correlated with motor performance, as assessed 
by functional scales and muscle testing (CMAS, MMT). Muscle 
and blood ISG15 transcription was inversely correlated with the 
severity of muscle involvement, a finding that could be useful in 
the assessment and management of juvenile IIM.

In conclusion, our results confirm the significance of ISG15 
for stratifying juvenile IIM. In the context of diagnostic evalua-
tion, it could increase the diagnostic performance of muscle 
biopsy. Since histologic findings sometimes remain incon-
clusive, we believe adding RT- qPCR quantification of muscle 
ISG15 expression to the pathologic panel, in combination with 
MSA assessment, could be of great help in routine stratifi-
cation. Besides its contribution to juvenile IIM diagnosis, our 
study provides new findings on juvenile DM pathophysiology. 
Indeed, our results suggest that the effect of type I IFN pathway 
activation depends on the positive/negative regulation balance. 
Finally, our demonstration that prominent negative regulation 
of type I IFN correlates with milder tissue injury suggests that 
downstream regulation of type I IFN signaling pathways may 
have potential therapeutic value.
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Early Treatment and IL1RN Single- Nucleotide 
Polymorphisms Affect Response to Anakinra in 
Systemic Juvenile Idiopathic Arthritis
Manuela Pardeo , Marianna Nicoletta Rossi , Denise Pires Marafon, Emanuela Sacco, 
Claudia Bracaglia, Chiara Passarelli, Ivan Caiello, Giulia Marucci, Antonella Insalaco, Chiara Perrone, 
Anna Tulone, Giusi Prencipe, and Fabrizio De Benedetti

Objective. To evaluate the impact of early treatment and IL1RN genetic variants on the response to anakinra in 
systemic juvenile idiopathic arthritis (JIA).

Methods. Response to anakinra was defined as achievement of clinically inactive disease (CID) at 6 months 
without glucocorticoid treatment. Demographic, clinical, and laboratory characteristics of 56 patients were evaluated 
in univariate and multivariate analyses as predictors of response to treatment. Six single- nucleotide polymorphisms 
(SNPs) in the IL1RN gene, previously demonstrated to be associated with a poor response to anakinra, were genotyped 
by quantitative polymerase chain reaction (qPCR) or Sanger sequencing. Haplotype mapping was performed with 
Haploview software. IL1RN messenger RNA (mRNA) expression in whole blood from patients, prior to anakinra 
treatment initiation, was assessed by qPCR.

Results. After 6 months of anakinra treatment, 73.2% of patients met the criteria for CID without receiving 
glucocorticoids. In the univariate analysis, the variable most strongly related to the response was disease duration 
from onset to initiation of anakinra treatment, with an optimal cutoff at 3 months (area under the curve 84.1%). 
Patients who started anakinra treatment ≥3 months after disease onset had an 8- fold higher risk of nonresponse at 
6 months of treatment. We confirmed that the 6 IL1RN SNPs were inherited as a common haplotype. We found that 
homozygosity for ≥1 high- expression SNP correlated with higher IL1RN mRNA levels and was associated with a 6- 
fold higher risk of nonresponse, independent of disease duration.

Conclusion. Our findings on patients with systemic JIA confirm the important role of early interleukin- 1 inhibition 
and suggest that genetic IL1RN variants predict nonresponse to therapy with anakinra.

INTRODUCTION

Systemic juvenile idiopathic arthritis (JIA) represents 10– 20% 
of JIA and affects both sexes in equal frequency, with a peak onset 
between 1 and 5 years of age (1,2). The disease is characterized 
by high spiking fever, skin rash, and pericarditis/pleuritis associ-
ated with prominent increases in levels of inflammatory markers. 
Arthritis may not be present at onset and may vary markedly in 
severity and extent among different patients. Approximately half 
of the patients with systemic JIA have a course that is monocyclic 

(a single phase lasting up to 24 months) or, more rarely, polycyclic 
(flares separated by long periods of remission); the other half have 
an unremitting course with chronic persistent systemic disease 
and/or arthritis that may lead to significant disease burden as well 
as joint destruction (2).

Systemic JIA is believed to be caused by abnormalities in 
the innate immune response, with an important pathogenic role of 
overproduction of interleukin- 1 (IL- 1), IL- 6, and IL- 18 (3– 6). In the 
last decade, clinical trials and real- world evidence have prompted 
a change in the management of systemic JIA, with IL- 1 and IL- 6 
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inhibitors becoming standard therapy (7– 10). Mounting evidence 
from clinical experience has led to the hypothesis that use of IL- 1 
blockade as first- line therapy early in the disease may result in a 
very satisfactory response benefitting from the so- called “window 
of opportunity,” by which the natural evolution of systemic JIA can 
be modified, preventing the onset of a chronic persistent course 
(11). Some available data also suggest that early initiation of IL- 6 
inhibitor treatment may lead to better response (12,13).

In 2008, Vastert and colleagues began a prospective 
single-center open-label trial with anakinra as first- line monother-
apy in patients with new- onset systemic JIA (14). In their series, 17 
of 20 patients (85%) achieved inactive disease within 1 year, and 8 
of 11 (73%) had inactive disease without medication at 3 years. In 
a subsequent study, 24 of 25 patients (96%) had inactive disease, 
and 18 of 24 (75%) were not receiving medication, after 5 years of 
follow-up (15). In our previous published study of 25 patients with 
systemic JIA treated with anakinra, 56% of patients attained clini-
cally inactive disease (CID) after 6 months of therapy, and the only 
baseline variable significantly associated with response was the 
earlier treatment (16). A similar association with early treatment has 
been reported in German and American registries  (17,18). Despite 
good response to anakinra in a high percentage of patients, there 
is a subset of nonresponders. The early identification of nonre-
sponders is of primary importance to avoid progression toward a 
chronic persistent course with joint damage accrual, as well as side 
effects from long- term glucocorticoid treatment. Recently, Arthur et 
al reported a correlation between high- expression alleles in a clus-
ter of 7 single- nucleotide polymorphisms (SNPs) in the IL1RN gene 
and a poor response to anakinra treatment (19). Findings from a 
subsequent study analyzing 6 of the 7 previous reported SNPs did 
not confirm this association (20).

The aim of the present study was to assess the association 
of therapeutic response to anakinra with baseline variables in 
patients with systemic JIA. and to reevaluate the association with 
the above- mentioned SNPs in the IL1RN gene.

PATIENTS AND METHODS

Patients. We retrospectively analyzed the data on patients 
with a diagnosis of systemic JIA who were seen in our center 
between 2006 and 2019 and received anakinra. We searched as 
a data source an internal institutional database in which patients 
are identified according to the diagnosis and treatment. Sixty- 
seven patients were identified; we excluded 3 patients with a 
polycyclic course and 8 patients for whom a DNA sample was 
not available. Seventeen of the 56 remaining patients had been 
included in a previous study conducted by our group (16). The 
diagnosis of systemic JIA was established by the treating phy-
sician, considering 4 sets of criteria: the International League of 
Associations for Rheumatology (ILAR) criteria (21), the Childhood 
Arthritis and Rheumatology Research Alliance (CARRA) criteria 
(22), the Paediatric Rheumatology International Trials Organisation 

(PRINTO) proposed criteria (23), and the Yamaguchi criteria for 
adult- onset Still’s disease (24). Details on fulfillment of these cri-
teria are described below and in Supplementary Table 1 (availa-
ble on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41612/ abstract). We decided to also 
include 4 patients who did not have active joint involvement at 
baseline and 1 patient who had only fever and arthritis; although 
these patients did not meet the ILAR criteria, they had a clinical 
phenotype compatible with systemic JIA.

We analyzed the effect of anakinra on fever, rash, number 
of active joints, erythrocyte sedimentation rate (ESR), C- reactive 
protein (CRP) level, white blood cell count, neutrophil cell count, 
platelet count, and hemoglobin and ferritin levels. The efficacy out-
come was the number of patients who achieved CID at 6 months, 
according to the criteria for inactive disease and clinical remission 
of JIA (25), without glucocorticoid treatment.

Demographic, clinical, and laboratory data were collected 
from the Division of Rheumatology clinical database at baseline 
(before starting anakinra) and after 6 months of treatment with 
anakinra. The following ranges of laboratory data were considered 
normal: CRP <0.5 mg/dl, ESR <15 mm/hour, ferritin <450 ng/
ml, white blood cell count 5,500– 15,000 × 103/µl, neutrophil cell 
count 1,650– 8,250 × 103/µl, hemoglobin 10.5– 15.5 gm/dl, and 
platelet count 150– 450 × 103/µl.

This study was approved by the ethics committee of the 
Ospedale Pediatrico Bambino Gesù (approval no. 2143/2020).

SNP genotyping. Six SNPs in the IL1RN gene  were 
as  sessed: rs7580634 (Chr.2:113109277), rs55709272 
(Chr.2:113109711), rs62158853 (Chr.2:113111989), rs62158854 
(Chr.2:113113148), rs55663133 (Chr.2:113113582- 113113596), 
and rs4251961 (Chr.2:113116890). The SNP rs55942804/rs555447483 
(19) could not be genotyped due to a technical issue. DNA was 
extracted from systemic JIA blood with DNeasy Blood & Tissue 
Kits (Qiagen) and quantified by NanoDrop spectrophotometer. Four 
SNPs (rs62158854, rs4251961, rs55709272, and rs62158853) were 
analyzed by TaqMan SNP genotyping assays in 10- μl volume with 
TaqPath ProAmp Master Mix using a 7900 HT Sequence Detection 
System (all from Applied Biosystems). To determine the genotypes, 
end- point fluorescence was read on a 7900 HT Sequence Detection 
System. Two SNPs (rs55663133 and rs7580634) were analyzed by 
Sanger sequencing using specific primer pairs to amplify the sur-
rounding region of interest. Sequences were analyzed with Mutation 
Surveyor software. Primer sequences are available upon request 
from the corresponding author. A plot of linkage disequilibrium for 
the 6 SNPs was prepared using the Haploview software package 
(Broad Institute of MIT and Harvard).

RNA isolation and real- time quantitative polymerase 
chain reaction (qPCR). Since 2013 (when the biobanking proto-
col began), all consecutive samples of RNA, available from patients 
prior to initiation of anakinra treatment, were used. Blood samples 
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were collected in Tempus Blood RNA Tubes (ThermoFisher) or 
PAXgene Blood RNA Tubes (BD Biosciences). RNA was extracted 
according to the manufacturer’s procedures. Complementary DNA 
was obtained using a Superscript Vilo kit (Invitrogen). Real- time 
PCR was performed using TaqMan Universal PCR Master Mix 
and TaqMan gene expression assays (Applied Biosystems). Gene 
expression was normalized using human hypoxanthine guanine 
phosphoribosyltransferase 1 (HPRT1) as endogenous control. Data 
were analyzed with the 2−ΔCt method and are expressed as arbi-
trary units.

Statistical analysis. Qualitative variables are expressed as 
absolute frequencies and percentages. Proportions were compared 
using chi- square test or Fisher’s exact test, as appropriate. Quanti-
tative variables, reported as medians and interquartile ranges (IQRs), 
were analyzed using the Mann- Whitney U test for unmatched groups. 
The variables associated with achievement of CID after 6 months of 
therapy with anakinra in univariate analysis (P < 0.20) were entered 
into a multivariate logistic regression analysis. Odds ratios (ORs) and 
95% confidence intervals (95% CIs) were calculated.

All statistical tests were 2- sided; P values less than 0.05 
were considered significant. The analyses were performed and 
graphs generated with Stata 15.1 software and GraphPad 
Prism 5.0.

RESULTS

Patients and treatment. The characteristics of the 56 
patients treated with anakinra are shown in Table 1. At baseline, 
fever and rash were present in the majority of patients. Fifty- two 
of 56 patients (92.9%) had evidence of active arthritis at baseline. 
As many patients had early disease, we evaluated whether the 
patients met the ILAR criteria, the CARRA operational definition of 
a new case, Yamaguchi’s criteria proposed for adult- onset Still’s 
disease, and/or the newly proposed PRINTO criteria. All patients 
fulfilled ≥1 set of criteria. Fifty- one of 56 patients (91.1%) met the 
ILAR and CARRA criteria, 54 (96.4%) met Yamaguchi’s criteria, 
and 55 (98.2%) met the PRINTO criteria (for detailed information 
see Supplementary Table 1, http://onlin elibr ary.wiley.com/doi/ 10. 
1002/art.41612/ abstract).

Table 1. Demographic, clinical, and laboratory characteristics of the 56 patients, and univariate analysis of predictors of response after 6 
months of anakinra therapy*

Total 
(n = 56)

Responders 
(n = 41)

Nonresponders 
(n = 15) P

Demographic characteristics
Female sex, no. (%) 26 (46.4) 18 (43.9) 8 (53.3) 0.53†
Age at disease onset, years 5.8 (2.7– 10.7) 6.4 (3.7– 10.7) 5.5 (1.8– 10.8) 0.43
Age at treatment start, years 6.3 (3.8– 11.0) 6.4 (3.7– 10.8) 6.1 (3.9– 12.7) 0.80
Disease duration from onset to anakinra initiation, months 1.3 (0.7– 4.3) 0.9 (0.7– 1.9) 5.3 (3.0– 24.5) 0.0001
MAS at disease onset, no. (%) 23 (41.1) 16 (39.0) 7 (46.7) 0.61‡
Previous treatment, no. (%)

GCs 43 (76.8) 30 (73.2) 13 (86.7) 0.48‡
DMARDs§ 14 (25.0) 6 (14.6) 8 (53.3) 0.006‡
Biologic DMARDs¶ 7 (12.5) 1 (2.4) 6 (40.0) 0.001‡

Baseline features/laboratory data
Concomitant GCs, no. (%) 42 (75.0) 30 (73.2) 12 (80.0) 0.74‡

GC dose, mg/kg/day 1.8 (0.8– 2.0) 2.0 (1.2– 2.0) 1.3 (0.6– 2.0) 0.31
Concomitant DMARDs, no. (%)# 19 (33.9) 9 (22.0) 10 (66.7) 0.002†
Fever, no. (%) 52 (92.9) 40 (97.6) 12 (80.0) 0.06‡
Rash, no. (%) 45 (80.4) 36 (87.8) 9 (60.0) 0.05‡
No. of active joints 2 (1– 4) 2 (1– 4) 3 (1– 12) 0.11
CRP, mg/dl 9.3 (4.7– 17.7) 10.6 (5.0– 18.8) 7.1 (4.3– 15.4) 0.33
ESR, mm/hour 63 (48– 76) 65 (50– 75) 58 (41– 82) 0.53
Ferritin, ng/ml 657 (329– 3,285) 703 (339– 3,739) 657 (292– 2,577) 0.68
White blood cell count, /mm3 14.3 (8.4– 20.3) 14.3 (8.5– 20.4) 13.4 (8.4– 18.5) 0.61
Neutrophil count, /mm3 10.2 (5.9– 16.4) 9.9 (6.8– 16.9) 10.5 (5.5– 14.7) 0.38
Hemoglobin, gm/dl 10.8 (9.8– 11.3) 10.8 (9.8– 11.2) 11.0 (9.8– 11.7) 0.29
Platelet count, /mm3 409 (308– 547) 394 (289– 611) 427 (337– 544) 0.77
Anakinra dose, mg/kg/day 2.5 (1.9– 3.3) 2.6 (1.9– 3.4) 2.1 (1.7– 2.7) 0.20

* Except where indicated otherwise, values are the median (interquartile range), and P values were determined by Mann- Whitney U test. MAS =  
macrophage activation syndrome; GCs = glucocorticoids; DMARDs = disease- modifying antirheumatic drugs; CRP = C- reactive protein; ESR = 
erythrocyte sedimentation rate. 
† By chi- square test. 
‡ By Fisher’s exact test. 
§ Six patients received methotrexate (MTX), 7 received cyclosporin A (CSA), and 1 received both MTX and CSA. 
¶ Four patients received etanercept, 1 received infliximab, 1 received etanercept followed by abatacept, and 1 received etanercept followed by 
infliximab. 
# Eight patients received MTX and 11 received CSA. 
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Nineteen of 56 patients (33.9%) were receiving concomitant 
disease- modifying antirheumatic drugs (DMARDs) at baseline 
(Table 1). Forty- two of 56 patients (75.0%) received concomitant 
glucocorticoids at baseline with a median dose (prednisone or 
equivalent) of 1.8 mg/kg/day (IQR 0.8– 2.0). All patients enrolled 
in the study received anakinra at a median initial dose of 2.5 mg/
kg/day (IQR 1.9– 3.3). In 7 patients, all of whom were in the non-
responder group, the anakinra dose was escalated in the first 
6 months of treatment, without change in outcome.

After 6 months of treatment, 41 of 56 patients (73.2%) met the 
criteria for CID without glucocorticoids. At 6 months, 13 of the 15 
nonresponders (86.7%) had an increased CRP level or ESR (asso-
ciated with arthritis in 5 patients; associated with rash, arthritis, and 
fever in 1 patient; associated with rash and arthritis in 1 patient; and 
associated with fever in 1 patient). Two of the 15 nonresponders 
(13.3%) had isolated active arthritis. Of the nonresponders, 7 were 
still receiving glucocorticoids after 6 months. Among the 41 respond-
ers, 34 reached a follow- up of ≥12 months, and all of them main-
tained CID without glucocorticoids at 12 months. Two patients had 
anakinra withdrawn before 12 months due to remission, 1 patient 
had anakinra withdrawn due to an adverse event (suspected allergic 
reaction with shortness of breath) after 9 months of treatment, and 
4 patients had not yet reached a follow- up of 12 months. Three 
patients reported moderate injection site reactions that did not lead 
to discontinuation of anakinra. Twenty- three of 56 patients (41.1%) 
had ≥1 episode of macrophage activation syndrome (MAS) before 
treatment with anakinra. Two of these 23 patients had 1 episode of 
MAS during the first 6 months of anakinra treatment.

Variables associated with therapeutic response 
to anakinra treatment. For the univariate analysis, to eval-
uate whether the response to anakinra was related to baseline 
features, we divided the patients into groups of responders and 

nonresponders. As shown in Table 1, there were significant differ-
ences between the 2 groups for the following variables: disease 
duration from onset to initiation of anakinra treatment (P = 0.0001), 
previous treatment with DMARDs (P = 0.006) or with biologic 
DMARDs (bDMARDs; P = 0.001), and concomitant treatment 
with DMARDs (P = 0.002). For the multivariable analysis, com-
plete data were available for all 56 patients. All variables identified 
in the univariate analysis with a P value less than 0.20 (disease 
duration from onset to initiation of anakinra treatment, previous 
treatment with DMARDs or bDMARDs, concomitant treatment 
with DMARDs, fever, rash, and number of active joints at baseline) 
were included in the logistic regression procedure, in which non-
response at 6 months was the dependent variable.

The best- fitting model included the following variables: dis-
ease duration from onset to initiation of anakinra treatment, 
previous treatment with DMARDs, concomitant DMARDs, pres-
ence of fever, and number of active joints at baseline (pseudo 
R2 = 0.51) (Supplementary Table 2, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41612/ abstract). This model showed that for 
every 1- month increase in disease duration, patients had a 66% 
higher chance of nonresponse at 6 months (OR 1.66 [95% CI 
1.14– 2.42]; P = 0.009), and this was independent of presence of 
fever, number of active joints at baseline, previous treatment with 
DMARDs, and concomitant DMARDs.

The relationship between disease duration from onset to ini-
tiation of anakinra treatment and the probability of response after 
6 months of therapy is shown in Figure 1A. The optimal cutoff 
value of disease duration for the receiver operating characteristic 
curve was based on the Youden index, and 3 months was the 
value with the best performance in terms of sensitivity (80.0%) 
and specificity (82.9%) for nonresponse. The risk of nonresponse 
among the 19 patients who started anakinra treatment with a dis-
ease duration of ≥3 months was 7.8 times as high as that among 

Figure 1. Relationship between disease duration from onset to anakinra treatment initiation and response after 6 months of therapy. A, The 
logistic function describes the s- shaped relationship between the predictor variable (disease duration from onset to start of anakinra treatment) 
and the probability of response after 6 months of therapy. B, Patients who started anakinra treatment <3 months after disease onset had 
a significantly better response compared to those who started after ≥3 months. The risk ratio for nonresponse at 6 months of therapy with 
anakinra, based on a time from disease onset to anakinra treatment initiation of ≥3 months, was 7.8 (95% confidence interval 2.5– 24.3).
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the 37 patients with a disease duration of <3 months (relative risk 
7.8 [95% CI 2.5– 24.3]; P < 0.0001) (Figure 1B). As this was a 
retrospective observational study, patients had begun treatment 
with anakinra during a wide time interval (almost 15 years). Aside 
from progressive use of biologics, the only relevant change in 
practice patterns was a progressive decrease in the use and dose 
of glucocorticoids. It is worth noting that neither the presence of 
background glucocorticoids at anakinra treatment initiation nor 
the dose was associated with response (Table 1).

IL1RN SNPs and IL1RN gene expression in systemic 
JIA. It was recently reported that SNPs rs7580634, rs55709272, 
rs555447483, rs62158853, rs62158854, rs55663133, and 
rs4251961 in the noncoding region of the IL1RN gene were inherited 
as part of a common haplotype. Homozygosity for the major allele 
(the most common allele of a given SNP) was associated with higher 
levels of IL1RN messenger RNA (mRNA) and protein in the blood of 
healthy controls. Notably, in patients with systemic JIA, the homozy-
gosity for the high- expression major alleles was reported to be cor-
related with a higher risk of nonresponse to anakinra treatment (19).

We confirmed, by performing linkage disequilibrium map-
ping, that the 6 SNPs were inherited as a common haplotype in 
our cohort of patients (Figure 2A). The analysis of the genotype 
frequencies showed that 14 patients (25.0%) were homozygous 
for the major allele in ≥5 SNPs, 22 (39.3%) were heterozygous, 
and 12 (21.4%) were homozygous for the minor allele in ≥5 SNPs. 
We also observed that 4 patients (7.1%) were homozygous for 
the major allele in 1 SNP, and 2 patients (3.6%) were homozygous 
for the major allele in 4 SNPs. Finally, 2 patients were homozy-
gous for the minor allele in 1 and 2 SNPs (1.8% each). Overall, 20 

patients (35.7%) were homozygous for the major allele in ≥1 of the 
analyzed SNPs (Supplementary Table 3, http://onlin elibr ary.wiley.
com/doi/10.1002/art.41612/ abstract).

In order to verify whether the major alleles (i.e., the high- 
expression alleles) also correlated with increased IL1RN expres-
sion in the context of systemic JIA, we measured IL1RN mRNA 
in whole blood from 25 of our patients for whom RNA samples 
obtained prior to anakinra treatment initiation were available. As 
shown in Figure 2B, homozygosity for the high- expression allele 
in ≥1 SNP was associated with increased expression levels of 
IL1RN,  compared to homozygosity for the other allele (i.e., the 
 “low- expression” allele). Concomitant treatment with glucocorti-
coids did not influence IL1RN expression (data not shown). This 
finding suggests that the analyzed SNPs affect IL1RN expression 
levels in the context of systemic JIA.

Figure 2. IL1RN single- nucleotide polymorphisms (SNPs) regulate IL1RN mRNA expression in patients with systemic juvenile idiopathic 
arthritis (JIA). A, Linkage disequilibrium plot representing haplotype block structure of the analyzed IL1RN SNPs. The relative physical position 
of each SNP is shown in the upper diagram, and the pairwise linkage disequilibrium between all SNPs is shown in the boxes below each SNP 
combination. Numbers represent D’ values multiplied by 100; the black squares (with no number) indicate a D’ value of 1.0. B, IL1RN expression 
in patients with systemic JIA before treatment initiation. IL1RN mRNA levels were evaluated by quantitative polymerase chain reaction in blood 
samples from patients, normalized to HPRT1 mRNA levels, and expressed as arbitrary units. Major = patients homozygous for the major allele 
in ≥1 of the analyzed SNPs; hetero = patients heterozygous for the analyzed SNPs; minor = patients homozygous for the minor allele in ≥1 of 
the analyzed SNPs. Significance of the difference between major and minor groups was determined by Mann- Whitney U test.

Table 2. Frequencies of IL1RN high- expression SNP genotypes in 
patients with systemic juvenile idiopathic arthritis and their association 
with nonresponse after 6 months of therapy with anakinra*

Total 
(n = 56)

Responders 
(n = 41)

Nonresponders 
(n = 15)

rs7580634 (GG) 13 (23.6) 8 (20.0) 5 (33.3)
rs55709272 (TT) 15 (26.8) 10 (24.4) 5 (33.3)
rs62158853 (CC) 15 (26.8) 9 (22.0) 6 (40.0)
rs62158854 (TT) 16 (28.6) 10 (24.4) 6 (40.0)
rs55663133 (- - )† 16 (28.6) 10 (24.4) 6 (40.0)
rs4251961 (TT) 18 (32.1) 10 (24.4) 8 (53.3)
≥1 SNP 20 (35.7) 11 (26.8)‡ 9 (60.0)

* Values are the number (%) of patients. SNP = single- nucleotide 
polymorphism. 
† Deletion of the triplet AAT.
‡ P = 0.022 versus nonresponders, by chi- square test. 
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IL1RN SNPs and therapeutic response to anakinra. 
Based on the initial observation by Arthur and colleagues (19) 
that carrying the high- expression genotypes of these SNPs 
was associated with nonresponse to anakinra, we analyzed 
the association between high- expression alleles and failure to 
achieve CID without glucocorticoids at 6 months. A significant 
difference, between responders and nonresponders in the fre-
quency of each single allele was not achieved. However, we 
observed that 9 of 15 nonresponders (60.0%) were homozy-
gous for the high- expression allele in ≥1 of the SNPs, compared 
to 11 of 41 responders (26.8%) (P = 0.022) (Table 2). When we 
took into account disease duration from onset to initiation of 
anakinra treatment, we observed that among the patients who 
first received anakinra ≥3 months after disease onset, 66.7% of 
the nonresponders compared to 14.3% of the responders were 
homozygous for the high- expression allele in ≥1 of the SNPs 
(P = 0.057) (Figure 3 and Supplementary Figure 1, http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41612/ abstract).

As disease duration from onset to initiation of anakinra treat-
ment was the variable most significantly associated with response 
in the logistic model (Table 1 and Supplementary Table 2, http://
onlin elibr ary.wiley.com/doi/10.1002/art.41612/ abstract), a logis-
tic regression was performed considering the genetic variable 
(homozygosity for the high- expression allele in ≥1 of the SNPs) 

and disease duration. When these 2 variables were included in 
a model (outcome of nonresponse at 6 months of therapy), we 
found that the presence of homozygosity for the high- expression 
allele in ≥1 of the SNPs was associated with a 6- fold higher risk 
of nonresponse (OR 6.26 [95% CI 1.22– 32.23]; P = 0.028), inde-
pendent of disease duration. Disease duration from onset to ini-
tiation of anakinra treatment remained a significant variable in 
this model (OR 1.40 [95% CI 1.05– 1.86]; P = 0.020).

DISCUSSION

Several observations suggest that initiation of anakinra treat-
ment early in the disease course of systemic JIA improves out-
comes by taking advantage of a window of opportunity (11). Our 
data confirm that when anakinra therapy is initiated early, the major-
ity of patients achieve CID without glucocorticoids. Our findings 
add to a number of uncontrolled observations (13,14,16,26,27) 
that showed that use of anakinra earlier in the disease course, 
albeit with different definitions of response (CID or a Juvenile 
Arthritis Disease Activity Score of ≤1) and at somewhat different 
time points (from 3 months to 1 year of treatment), is associated 
with a high rate of response. Indeed, in univariate analyses, we 
observed that the variable most strongly related to response was 
time from disease onset to initiation of anakinra treatment. Previ-
ous and concomitant treatment with DMARDs and/or bDMARDs 
were significantly associated with nonresponse, likely because 
these patients had a longer disease duration. Additionally, the 
presence of rash and fever at baseline showed a trend toward 
association with response.

In the subsequent multivariate approach, in addition to dis-
ease duration from onset to initiation of anakinra treatment, the 
presence of fever and a lower number of active joints at baseline 
were also significantly associated with response. In the multivar-
iate approach in the study by Saccomanno et al, it was reported 
that shorter disease duration, lower number of active joints, and 
higher systemic activity were associated with better response 
(27). Our findings are consistent with their results. However, they 
found that higher baseline ferritin levels were also associated with 
response, in contrast to what we observed. It should be noted 
that the median disease duration from onset to initiation of anak-
inra treatment was much shorter in our series: 1.3 months, com-
pared to 1.4 years (17 months) in their series. Consequently, and 
unsurprisingly, ferritin levels were ~2- fold higher in our series, 
which might explain this minor discrepancy. In a study by ter Haar 
et al of 42 patients treated with anakinra as first- line monother-
apy, multivariate analysis showed that high neutrophil count was 
the best predictor of CID at 1 year (15). This association was not 
present in our series. The apparent discrepancy may be explained 
by the absence of background glucocorticoids in their treatment 
protocol. In our series, baseline neutrophil counts may have been 
increased by concomitant glucocorticoids in a significant percent-
age of patients, both responders and nonresponders.

Figure 3. IL1RN single- nucleotide polymorphism (SNP) distribution 
among responder and nonresponder groups of patients with systemic 
juvenile idiopathic arthritis who were treated with anakinra ≥3 months 
after disease onset. Significance of the difference between groups 
was determined by Fisher’s exact test.
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We found that for every 1- month increase in disease duration, 
patients had a 66% higher chance of nonresponse at 6 months, 
independent of the other variables in the model. The optimal cutoff 
for disease duration was 3 months. Notably, patients who started 
anakinra ≥3 months after disease onset had an 8- fold higher risk 
of nonresponse at 6 months compared to those with a disease 
duration of <3 months. Taken together, our observations and the 
available data indicate that there is a clinically relevant need for 
earlier diagnosis and earlier targeted treatment in order to achieve 
optimal outcome in patients with systemic JIA.

Despite good response to treatment with anakinra, and par-
ticularly to early treatment, a subset of nonresponders, ranging 
from 15% to 60%, has been reported (13,14,16,26,27). In our 
study, 26.8% of patients had not achieved CID at 6 months. 
Recently, high- expression SNPs in the noncoding region of IL1RN 
were reported to be associated with a lower rate of response to 
anakinra in a small cohort of North American patients with sys-
temic JIA (19). We confirmed that these IL1RN SNPs are in strong 
linkage disequilibrium, as observed in an American cohort and a 
German cohort of patients with systemic JIA (19,20).

Some of these SNPs (rs55663133 and rs4251961) have been 
shown to be associated with IL1RN expression, indicating that 
they are functionally relevant as they impact mRNA expression in 
healthy donors (19,28). We found that patients with systemic JIA 
who were homozygous for ≥1 high- expression SNP allele had 
higher levels of IL1RN mRNA compared to those homozygous for 
the low- expression alleles. This analysis was performed in samples 
obtained during active disease, prior to anakinra treatment initia-
tion. This was done in order to avoid the confounding effect of in 
vivo IL- 1 inhibition. The results, demonstrating an association in an 
inflammatory disease, further support the functional relevance of 
these IL1RN SNPs. Given the relatively small sample size of our sys-
temic JIA population, it is difficult to interpret the expression levels in 
patients heterozygous for all of the SNPs. We chose to use mRNA 
levels as they are directly related to regulation of gene expression, 
as opposed to serum protein levels, which change significantly in 
patients with systemic JIA, depending on the fever peak (29,30).

SNPs in noncoding regions could impact mRNA expres-
sion levels through the modification of a transcription binding 
site, the alteration of regulative regions (such as promoters and 
enhancers), and the regulation of 3- dimensional long- range 
chromatin interactions. Indeed, the SNPs analyzed in this 
study are particularly interesting because, based on Encyclo-
pedia of DNA Elements data (UCSC Genome Browser), they 
lay in potential regulatory regions. The allelic variant CC in SNP 
rs4251961 facilitates the binding of the transcription factor 
GATA- 1 (31), and SNPs rs7580634, rs55709272, rs62158854, 
and rs55663133 are in putative long interspersed nuclear ele-
ments, known to regulate gene transcription (32,33). Moreover, 
polymorphisms in IL1RN, as well as in the other genes of the 
locus (IL1A and IL1B), have been found to be associated not 
only with systemic JIA (34) but with other diseases including 

cancer and diabetes (35– 38), which suggests the potential 
importance of a deepened understanding of the impact of var-
iants in this locus.

Whatever the mechanism(s) of their functional impact, we 
found that high- expression alleles of the IL1RN SNPs represent 
a risk factor for nonresponse to anakinra treatment. Our findings 
are consistent with those reported by Arthur et al (19). It should be 
noted that Arthur and colleagues divided their patients into groups 
based on “any response” to anakinra and nonresponse. In order 
to align with clinical practice and a treat- to- target approach (39), 
in which patients with systemic JIA are considered successfully 
treated if they achieve an absence of symptoms (CID), an absence 
of inflammation (normal ESR and CRP level), and an absence of 
treatment with glucocorticoids, we decided to use a more strin-
gent and clinically relevant definition of response (i.e., CID without 
glucocorticoids).

Recently, Hinze et al failed to demonstrate an association 
between these IL1RN SNPs and response of systemic JIA to 
IL- 1 blockade (20). They used a number of measures of response 
to therapies, which did not include the combination of CID and 
absence of glucocorticoid treatment. Furthermore, these meas-
ures of response were missing in a sizeable percentage of the 
patients, making the final conclusions somewhat difficult to inter-
pret. Unlike our study, in which all SNPs were successfully geno-
typed for all patients, Hinze and colleagues reported genotyping 
failures in up to 11% of their patients for some of the SNPs (20). 
This led them to pursue their analysis based on derived haplo-
types. However, the functional relevance of the haplotype has not 
been demonstrated. Moreover, the possible interactions between 
these IL1RN SNPs have not been studied. In this respect, Arthur 
and colleagues demonstrated that expression of 1 SNP alone, 
independently of the presence of the entire haplotype, was asso-
ciated with a higher expression of IL1RN mRNA in healthy controls 
(19). Consistently, and relevant to a disease context, we found 
that homozygosity for ≥1 high- expression SNP allele was asso-
ciated with higher IL1RN mRNA levels in systemic JIA. Overall, 
these findings prompted us to conduct our analysis based on the 
presence of ≥1 high- expression SNP allele.

When we investigated patients with a disease duration of 
≥3 months at the time of anakinra initiation, we found, despite the 
low sample size (n = 19), a trend toward an association between 
presence of homozygosity for ≥1 high- expression allele and non-
response to anakinra. Notably, in a multivariate logistic model, the 
IL1RN genotype was significantly associated with response. This 
finding, if confirmed in a large cohort of patients, is evidence of the 
clinical relevance of IL1RN SNP genotyping, particularly in patients 
in whom IL-1–targeted treatment is initiated later (i.e., ≥3 months). 
It is also reasonable to speculate that if a patient is treated within 
the early window of opportunity, the IL1RN SNP genotype might 
not be relevant. Unlike to a proteomic or mRNA biomarker, which is 
typically unstable and affected by disease activity and treatments, 
DNA is stable, extractable from different sources, and unaffected 
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by disease progress or ongoing treatments, representing an ideal 
biomarker for predicting response to treatment.

In conclusion, our results confirm the important role of IL- 1 
inhibition used early in the disease course of systemic JIA and 
show that starting treatment with anakinra ≥3 months after dis-
ease onset exposes patients to a clinically significant increased 
risk of nonresponse. Our data indicate that the noncoding IL1RN 
SNPs are associated with therapeutic response to anakinra. 
Future research, ideally involving a larger number of patients in 
a multicenter setting, should address how different gene variants 
impact chromosome architecture, transcriptional factor binding, 
and chromatin modifications in the context of systemic JIA and 
define the clinical value of the association reported here, in the 
setting of targeted treatment being initiated late in the course of 
the disease.
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Comparison of Lesional Juvenile Myositis and Lupus Skin 
Reveals Overlapping Yet Unique Disease Pathophysiology
Jessica L. Turnier,1  Lauren M. Pachman,2 Lori Lowe,1 Lam C. Tsoi,1 Sultan Elhaj,1 Rajasree Menon,1 
Maria C. Amoruso,2 Gabrielle A. Morgan,2 Johann E. Gudjonsson,1 Celine C. Berthier,1 and 
J. Michelle Kahlenberg1

Objective. Skin inflammation heralds systemic disease in juvenile myositis, yet we lack an understanding of 
pathogenic mechanisms driving skin inflammation in this disease. We undertook this study to define cutaneous gene 
expression signatures in juvenile myositis and identify key genes and pathways that differentiate skin disease in 
juvenile myositis from childhood- onset systemic lupus erythematosus (SLE).

Methods. We used formalin- fixed paraffin- embedded skin biopsy samples from 15 patients with juvenile myositis 
(9 lesional, 6 nonlesional), 5 patients with childhood- onset SLE, and 8 controls to perform transcriptomic analysis 
and identify significantly differentially expressed genes (DEGs; q ≤ 5%) between patient groups. We used Ingenuity 
Pathway Analysis (IPA) to highlight enriched biologic pathways and validated DEGs by immunohistochemistry and 
quantitative real- time polymerase chain reaction.

Results. Comparison of lesional juvenile myositis to control samples revealed 221 DEGs, with the majority of up- 
regulated genes representing interferon (IFN)– stimulated genes. CXCL10, CXCL9, and IFI44L represented the top 3 
DEGs (fold change 23.2, 13.3, and 13.0, respectively; q < 0.0001). IPA revealed IFN signaling as the top canonical 
pathway. When compared to childhood- onset SLE, lesional juvenile myositis skin shared a similar gene expression 
pattern, with only 28 unique DEGs, including FBLN2, CHKA, and SLURP1. Notably, patients with juvenile myositis 
who were positive for nuclear matrix protein 2 (NXP- 2) autoantibodies exhibited the strongest IFN signature and also 
demonstrated the most extensive Mx- 1 immunostaining, both in keratinocytes and perivascular regions.

Conclusion. Lesional juvenile myositis skin demonstrates a striking IFN signature similar to that previously 
reported in juvenile myositis muscle and peripheral blood. Further investigation into the association of a higher IFN 
score with NXP- 2 autoantibodies may provide insight into disease endotypes and pathogenesis.

INTRODUCTION

Juvenile myositis is a potentially life- threatening  idiopathic 
inflammatory myopathy of childhood, often presenting with skin 
inflammation and following a highly heterogeneous disease 

course. Skin inflammation frequently persists in the absence 
of active muscle  disease and prevents complete disease 
remission (1), and  there is also uncertainty as to the role of 
skin disease in directing a change in systemic therapy. Multiple 
studies have highlighted the importance of skin inflammation 
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as an indicator of ongoing disease activity, leading to disease 
chronicity and damage over time (2,3); however, skin disease in 
juvenile myositis has not been sufficiently studied.

Interferons (IFNs) are likely important in juvenile myosi-
tis pathophysiology. A striking up- regulation of IFN- stimulated 
genes (ISGs) has been noted in adult dermatomyositis (DM) skin, 
similar to that seen in systemic lupus erythematosus (SLE) (4). 
IFN signaling is also known to be up- regulated in juvenile myosi-
tis muscle and peripheral blood (5,6). However, the role of IFNs 
in disease pathogenesis is less clear. While the peripheral blood 
IFN signature in both juvenile myositis and DM has been shown 
to correlate with disease activity (7,8), it is not associated with 
disease duration in juvenile myositis (9). Higher IFN scores in  
muscle are associated with increased disease severity based 
on muscle biopsy histopathology, and type II IFN scores may 
predict a longer time to clinically inactive disease (10). In DM skin 
disease, type I IFNs have been purported to lead to recruitment 
of lymphocytes, macrophages, and plasmacytoid dendritic cells 
(pDCs). Another similarity to lupus (11,12) is that nonlesional 
juvenile myositis skin may also be abnormal, with increased 
numbers of pDCs and mast cells (13).

Here, we investigated the transcriptional changes in lesional 
and nonlesional juvenile myositis skin and compared these with 
those in childhood- onset SLE skin disease. This was examined 
in the context of patient data, including myositis- specific autoan-
tibodies (MSAs). This work thus lays the foundation for under-
standing juvenile myositis skin lesions and identifies IFN- targeting 
therapies as appropriate for trials in juvenile myositis.

PATIENTS AND METHODS

Sample acquisition and clinical data collection. 
Biopsy specimens from patients with juvenile myositis and those 
with childhood- onset SLE were identified at either the University 
of Michigan or Ann & Robert H. Lurie Children’s Hospital of Chi-
cago, with approval from the University of Michigan Institutional 
Review Board (IRBMED) and a waiver of consent. Diagnosis was 
verified by chart review of current and historical clinical findings, 
laboratory data, imaging, histopathology, and specified diagno-
sis of juvenile DM or childhood- onset SLE by a pediatric rheu-
matologist. All but 4 of the patients with juvenile DM met the 
Bohan and Peter criteria for definite or probable juvenile DM (14). 
Of the 4 patients not meeting these criteria, 2 had amyopathic 
disease and 2 lacked typical juvenile DM rash at diagnosis. We 
therefore chose to use the more general term juvenile myositis 
for our patient cohort. All patients with childhood- onset SLE met 
the 1997 American College of Rheumatology classification criteria 
for SLE (15) at time of skin biopsy, with the exception of 1 patient 
with isolated cutaneous lupus at diagnosis who later developed 
systemic disease features.

Overall, we identified a total of 25 formalin- fixed paraffin- 
embedded (FFPE) skin biopsy specimens, including 17  juvenile  

myositis samples (9 lesional, 8 nonlesional) and 8 childhood- onset 
SLE samples (all lesional, 2 patients with 2 separate biopsies from 
different sites at individual time points). Lesional juvenile myositis 
skin was obtained from varied locations, including the elbow (n = 3), 
 finger (n = 2), arm, knee, leg, and thigh (all n = 1). Lesional childhood- 
onset SLE skin was also obtained from multiple locations, includ-
ing the upper arm, toe, cheek, palm, scalp, finger, anterior lateral 
proximal thigh, and elbow. All nonlesional juvenile myositis skin was 
obtained from the thigh or lower back. We also obtained FFPE skin 
from 8 pediatric controls (uninvolved skin removed with nevi exci-
sion). Summary reports from patient biopsies performed for clinical 
care are listed in Supplementary Table 1 (on the Arthritis & Rheu-
matology website at http://onlin e libr ary.wiley.com/doi/10.1002/
art.41615/ abstract).

Clinical data were collected retrospectively by chart review 
from patients with juvenile myositis and those with childhood- onset 
SLE both at time of diagnosis and within 1 month of skin biopsy 
(Table 1). MSAs were measured using either the myositis autoan-
tibody profile from the Oklahoma Medical Research Foundation 
(OMRF) Clinical Immunology Laboratory (all of the nonlesional sam-
ples and 1 lesional sample) or the Myomarker Panel 3 at Mayo Clinic 
Laboratories (5 lesional samples). These clinically available MSA 
testing methodologies utilize differing techniques for MSA detec-
tion, with the OMRF profile determined predominantly by immuno-
precipitation and immunoblotting and the Myomarker Panel 3 by 
enzyme immunoassay (EIA). While a direct comparison of test per-
formance characteristics between these 2 methodologies has not 
been published for reference, it has been noted that EIA method-
ology has a lower sensitivity for detection of some autoantibodies, 
such as anti– transcription intermediary factor 1γ (anti- TIF1γ), while 
also potentially leading to more false- positive results (16– 19).

RNA isolation and microarray procedures. We 
obtained ten 10- μm sections per FFPE skin block and isolated 
RNA using an Omega Bio- Tek FFPE RNA kit. Library preparation 
and microarray were completed by the Advanced Genomics 
Core at the University of Michigan. Complementary DNA (cDNA) 
was prepared with the Ovation PicoSL WTA System V2 (part no. 
M01226, version 4; NuGEN) from ~30 ng of total RNA. Using 
the NuGEN Encore Biotin Module (part no. M01111, version 6),  
2.5 μg cDNA was biotinylated. A Poly- A RNA Control Kit was 
used. Affymetrix Human Gene ST 2.1 array plates were run using 
the Affymetrix GeneTitan system (version 3.2.4.1515). Quality 
control and robust multiarray average normalization of CEL files 
were  performed in R software (version 3.5.1) using custom CDF 
 (version 23) and the associated modified Affymetrix package from 
Brain Array (http://brain array.mbni.med.umich.edu/Brain array/ 
Datab ase/ Custo mCDF/CDF_downl oad.asp) (20).

All samples underwent normalized unscaled standard error, 
relative log expression, and principal components analysis (PCA) 
quality controls. Two nonlesional juvenile myositis samples and 
1 childhood- onset SLE sample were excluded from further 

http://onlinelibrary.wiley.com/doi/10.1002/art.41615/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41615/abstract
http://brainarray.mbni.med.umich.edu/Brainarray/Database/CustomCDF/CDF_download.asp
http://brainarray.mbni.med.umich.edu/Brainarray/Database/CustomCDF/CDF_download.asp
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Table 1. Characteristics of the controls, patients with juvenile myositis, and patients with childhood- onset systemic lupus erythematosus*

Controls 
(n = 8)

Nonlesional 
juvenile myositis

(n = 6)

Lesional juvenile 
myositis
(n = 9)

Lesional childhood- 
onset SLE

(n = 5)† P‡ P§
Age at diagnosis, mean ± SEM years – 7.2 ± 1.6 9.1 ± 1.7 12.8 ± 0.8 0.4560 0.1598
Age at time of biopsy, mean ± SEM years 12.3 ± 1.7 13.0 ± 2.0 10.9 ± 1.7 13.2 ± 0.5 0.4428 0.3561
Female sex 6 (75) 6 (100) 8 (88.9) 5 (83) 0.4346 0.6785
Race

White 5 (62.5) 6 (100) 7 (77.8) 3 (60) 0.2445 0.5185
African American 0 (0) 0 (0) 2 (22.2) 1 (20) 0.2445 0.9298
Other 2 (25) 0 (0) 0 (0) 1 (20) – 0.1902
Unknown 1 (12.5) 0 (0) 0 (0) 0 (0) – – 

Ethnicity
Non- Hispanic 7 (87.5) 4 (66.7) 8 (88.9) 5 (100) 0.0888 – 
Hispanic 0 (0) 2 (33.3) 0 (0) 0 (0) 0.0888 – 
Unknown 1 (12.5) 0 (0) 1 (11.1) 0 (0) 0.4346 –

Disease duration at biopsy, mean ± SEM years – 5.8 ± 1.4 1.8 ± 0.9 0.4 ± 0.2 0.0213 0.4783
Duration of untreated disease prior to 

diagnosis, mean ± SEM months
– 8.8 ± 2.9 5.9 ± 1.6 – 0.3687 – 

Dysphagia at time of biopsy – 0 (0) 3 (33.3) – 0.1309 – 
CMAS score at time of biopsy, mean ± SEM 

(range 0– 52)
– 44 ± 4.8 39 ± 11.5 – 0.6416 – 

Amyopathic disease – 0 (0) 2 (22.2) – 0.2445 – 
Lupus nephritis – – – 2 (40) – – 
Skin manifestations

CLE only – – – 1 (20) – – 
Discoid lupus – – – 1 (14.2) – – 
Heliotrope rash – 2 (33.3) 4 (44.4) – 0.6934 – 
Gottron’s sign/papules – 4 (66.7) 7 (77.8) – 0.6621 – 
Nailfold capillary changes – 2 (33.3) 7 (77.8) – 0.0970 – 
Calcinosis – 2 (33.3) 0 (0) – 0.0699 – 
Skin ulceration – 0 (0) 0 (0) – NA – 

Laboratory tests
Anti- dsDNA positive – – – 2 (40.0) – – 
C3, mean ± SEM mg/dl – – – 115.8 ± 10.9 – – 
C4, mean ± SEM mg/dl – – – 16.6 ± 2.1 – – 
MAA positive – 3 (50.0) 1 (12.5) – 0.0476 – 
MSA positive – 4 (66.7) 3 (60.0) – 0.8402 – 
NXP- 2 positive – 1 (16.7) 2 (40.0) – 0.4385 – 
TIF1γ positive – 3 (50.0) 1 (20.0) – 0.3527 – 
MSA negative – 2 (33.3) 2 (40.0) – 0.8402 – 
MSA unknown – 0 (0) 4 (44.4) – 0.0623 – 

Serum muscle enzymes at time of biopsy, 
mean ± SEM

CK, units/liter – 48.2 ± 8.5 1,474.4 ± 1,341.0 – 0.4514 – 
Aldolase, units/dl – 4.4 ± 1.0 12.8 ± 5.5 – 0.2856 – 
LDH, units/liter – 189.0 ± 13.0 386.9 ± 109.4 – 0.1885 – 
AST, units/liter – 31.6 ± 2.7 68.8 ± 32.0 – 0.4126 – 
ALT, units/liter – 35.0 ± 6.0 41.3 ± 17.7 – 0.8009 – 

Medication(s) at time of biopsy
None – 0 (0) 4 (44.4) 1 (20) 0.0623 0.3997
Oral steroids – 6 (100) 3 (33.3) 4 (80) 0.0066 0.1089
IV steroids – 4 (66.7) 2 (22.2) 1 (20) 0.0970 0.9298
MMF – 5 (83.3) 1 (11.0) 3 (60) 0.0024 0.0575
Cyclosporine – 3 (50.0) 1 (11.0) 0 (0) 0.1089 0.4783
HCQ – 5 (83.3) 0 (0) 2 (40) <0.0001 0.0426
MTX – 2 (33.3) 4 (44.4) 0 (0) 0.6934 0.0888
IVIG – 3 (50.0) 0 (0) 0 (0) 0.0152 – 

* Comparisons between patients with lesional and nonlesional skin were made using Student’s unpaired 2-tailed t- test. Nailfold capillary changes
include nailfold capillary dilatation or dropout. Myositis- specific autoantibodies (MSAs) were measured using either the myositis autoantibody 
profile at the Oklahoma Medical Research Foundation Clinical Immunology Laboratory (all of the nonlesional samples and 1 lesional sample) 
or the Myomarker Panel 3 at Mayo Clinic Laboratories (5 lesional samples). Data on the Childhood Myositis Assessment Score (CMAS) were 
missing for 6 patients with lesional skin, data on myositis- associated antibodies (MAAs) were missing for 1 patient with lesional skin, and data on 
MSAs were missing for 4 patients with lesional skin. Except where indicated otherwise, values are the number (%) of patients. CLE = cutaneous 
lupus erythematosus; NA = not applicable; anti- dsDNA = anti– double- stranded DNA; NXP- 2 = nuclear matrix protein 2; TIF1γ = transcription 
intermediary factor 1γ; CK = creatine kinase; LDH = lactate dehydrogenase; AST = aspartate aminotransferase; ALT = alanine aminotransferase; 
MMF = mycophenolate mofetil; HCQ = hydroxychloroquine; MTX = methotrexate; IVIG = intravenous immunoglobulin. 
† Two patients with childhood-onset systemic lupus erythematosus (SLE) had 2 separate biopsies from different sites at individual time points. 
‡ Lesional juvenile myositis versus nonlesional juvenile myositis. 
§ Lesional juvenile myositis versus childhood- onset SLE. 
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analysis, as 1 patient was an extreme outlier according to PCA 
and 2 had atypical histopathology. The final cohort consisted of 
15 juvenile myositis biopsy samples (9 lesional, 6 nonlesional), 
7 childhood- onset SLE biopsy samples (from 5 patients), and 8 
control biopsy samples. The baseline log2 expression value was 
defined as the minimum +1 SD of the median of all genes. A var-
iance filter of 80% was then applied. Of the 29,635 unique genes 
represented on the Human ST2.1 chip, a total of 23,698 genes met 
the defined criteria. Data from the microarrays are available through 
Gene Expression Omnibus (GEO), accession no. GSE14 8810.

Canonical pathways and literature- based network 
analyses, hierarchical clustering, and heatmap genera-
tion. Canonical pathways (well- established signaling and meta-
bolic pathways) were identified using Ingenuity Pathway Analysis 
software (www.ingen uity.com). Biologic literature– based networks 
were built using Genomatix Pathway System software (www.
genom atix.de), with the function- word level as the minimum evi-
dence level parameter. Heatmaps were generated using the gene 
expression values as input for the HeatmapViewer module in 
GenePattern (https://cloud.genep attern.org).

Cell- type enrichment analysis. Cell- type enrichment 
analysis was performed on the normalized data set of 23,698 
genes using the xCell webtool (http://xcell.ucsf.edu/) (21).

Calculation of IFN-  and juvenile myositis– specific 
disease signature scores. IFN scores were calculated using 
6 IFN- stimulated genes (IFIT1, IRF7, MX1, EIF2AK2, OASL, IFI44) 
with the algorithm described by Feng et al (22), and as previously 
published (23). With the exception of EIF2AK2, these genes were 
used by Feng et al and include 2 of the 5 recommended ISGs 
(OASL and MX1). EIF2AK2 has been shown to be an ISG in lupus 
(24) and is also specifically up- regulated in keratinocytes upon 
IFNα stimulation (25). Our 6- gene IFN score strongly correlated 
with the IFN score calculated using the 5 ISGs from Feng et al 
(LY6E, OAS1, OASL, MX1, ISG15) (r = 0.9828, P < 0.0001). A 
skin- directed IFN score was also calculated based on this algo-
rithm, with 18 genes specifically up- regulated in keratinocytes 
upon IFNα stimulation: EIF2AK2, IFI16, IFI27, IFI44, IFIH1, IFIT5, 
IRF9, ISG15, NMI, OAS3, PARP12, PARP14, PARP9, PLSCR1, 
SP100, STAT1, TNFSF10, and ZNFX1 (25). Finally, the same 
algorithm was applied to a juvenile myositis– specific signature 
consisting of 23 genes (28 genes minus 2 microRNAs, 2 LOCs, 
and 1 C- orf gene) derived from comparison of childhood- onset 
SLE and lesional juvenile myositis. The 3- gene juvenile myositis– 
specific score was calculated using the 3 most regulated genes 
(smallest q value) with a fold change of ≥2 (FBNL2 [fold change 
2.15; q = 0.0137], CHKA [fold change 2.14; q = 0.0137], SLURP1 
[fold change 2.13; q = 0.0239]) in our study samples, as well 
as skin disease array data sets available from GEO (25). Asso-
ciation between the juvenile myositis– specific signature and the 

skin- directed IFN score was assessed using Pearson’s correlation 
coefficient with GraphPad Prism, version 8.0.0.

Immunohistochemistry. Four-micron sections were cut 
from FFPE skin blocks. Skin tissue was deparaffinized in Histo- Clear 
and rehydrated in graded ethanol. Heat- mediated antigen retrieval 
was performed in sodium citrate buffer, followed by incubation 
steps with Bloxall and 1.5% goat serum (Vector). Slides were incu-
bated overnight at 4°C with anti– Mx- 1 (1:500 dilution, ab97921; 
Abcam), rabbit IgG isotype control, or phosphate buffered saline. 
Slides were developed with biotinylated secondary antibody and 
HRP/Vectastain Elite ABC Reagent, followed by ImmPACT DAB 
Peroxidase (HRP) Substrate (all from Vector) for 90 seconds before 
quenching in water and counterstaining with hematoxylin.

Real- time quantitative polymerase chain reaction 
(qPCR). Complementary DNA was prepared from FFPE- isolated 
RNA. Expression of MX1, IFI44, CXCL10, and SLURP1 was meas-
ured by real- time PCR on an ABI Prism 7900HT (Applied Bio-
systems) using SYBR Green (Life Technologies). Fold change 
expression was calculated relative to GAPDH using 2−ΔΔCt. Primers 
were as follows (5′ to 3′): for MX1, TACCAGGACTACGAGATTG 
(forward), TGCCAGGAAGGTCTATTAG (reverse); for IFI44, GGT-
GGGCACTAATACAACTGG (forward), CACACAGAATAAACGG-
CAGGTA (reverse); for CXCL10, GTGGCATTCAAGGAGTACCTC 
(forward), TGATGGCCTTCGATTCTGGATT (reverse); for SLURP1, 
CTGCAAGCCAGAGGACACA (forward), CACACAGGAGCTG-
GAGCAG (reverse); and for GAPDH, CTGGGCTACACTGAGCACC 
(forward), AAGTGGTCGTTGAGGGCAATG (reverse).

Statistical analysis. Differentially expressed genes (DEGs) 
were compared between lesional juvenile myositis, nonlesional 
juvenile myositis, childhood- onset SLE, and control biopsy speci-
mens with the Significance Analysis of Microarrays method imple-
mented in the Institute for Genomic Research MultiExperiment 
Viewer application, version 4.9.0 (unpaired analysis) (26). Genes 
regulated with a false discovery rate q value of less than 0.05 were 
considered significant and used for further transcriptional and path-
way analyses. Statistical analysis of clinical data and gene scores 
was performed using an unpaired parametric t- test with GraphPad 
Prism, version 8.0.0. P values less than 0.05 were considered sig-
nificant. Comparisons across all groups were performed, and, for 
clarity, only the most relevant were reported if significant.

RESULTS

Clinical cohort characteristics. In the juvenile myositis 
cohort, patients with lesional juvenile myositis had shorter disease 
duration at the time of skin biopsy compared to those with non-
lesional juvenile myositis (Table 1). Overall skin manifestations and 
serum muscle enzyme levels were similar in lesional and nonle-
sional juvenile myositis. Two patients with lesional juvenile myositis 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE148810
http://www.ingenuity.com
http://www.genomatix.de
http://www.genomatix.de
https://cloud.genepattern.org
http://xcell.ucsf.edu/
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had amyopathic disease. Among patients with lesional and non-
lesional juvenile myositis who were tested for the presence of 
MSAs, the majority were MSA- positive. In our cohort, patients 
with juvenile myositis exclusively demonstrated nuclear matrix 
protein 2 (NXP- 2) and TIF1γ MSAs. Only 4 patients with lesional 
juvenile myositis were treatment- naive at the time of skin biopsy. 
Patients with nonlesional juvenile myositis were more likely to be 
receiving oral steroids, mycophenolate mofetil, hydroxychloroquine 
(HCQ), and intravenous immunoglobulin. In the childhood- onset 
SLE cohort, only 1 patient had isolated cutaneous lupus at the time 
of skin biopsy. The majority of biopsy samples showed subacute 
cutaneous lupus, with only 1 showing discoid lupus (Table 1 and 
Supplementary Table 1, on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art. 41615/ abstract). 
Overall treatment was similar among patients with lesional juve-
nile myositis and those with childhood- onset SLE, with the only 
difference being that more patients with childhood- onset SLE were 
receiving HCQ at the time of skin biopsy.

Comparison of lesional juvenile myositis skin to 
control skin. A total of 221 genes were differentially regulated 
in lesional juvenile myositis compared to controls, with all but 1 
up- regulated in lesional juvenile myositis (q < 0.05) (Supplemen-
tary Table 2, http://onlin elibr ary.wiley.com/doi/10.1002/art.41615/ 
abstract). The majority of up- regulated genes in lesional juve-
nile myositis were IFN- sensitive, with CXCL10, CXCL9, and IFI44L 
representing the top 3 up- regulated genes (fold change 23.2, 13.3, 
and 13.0, respectively; q < 0.0001). Figure 1 highlights the most 
up- regulated canonical pathways of the DEGs in lesional juve-
nile myositis relative to controls (Supplementary Table 3, http://
onlin elibr ary.wiley.com/doi/10.1002/art.41615/ abstract) and pro-
vides a heatmap of the genes regulated in each pathway. Canoni-
cal pathway analysis revealed IFN signaling as the top up- regulated 
pathway and showed activation of pathways involving antigen 
presentation, pattern recognition receptors, communication 
between innate and adaptive immune cells, T cell signaling, com-
plement system, and DC maturation (Figure 1 and Supplementary 
Table 3). Literature- based network analysis of all 221 DEGs identi-
fied up- regulation of STAT1 as a central node linking dysregulated 
genes (fold change 5.16; q < 0.0001). The top predicted upstream 
regulator was IFNα (P = 7.91 × 10−88)  (Supplementary Table 4, 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41615/ abstract).

Comparison of lesional juvenile myositis skin to non-
lesional juvenile myositis skin. Nonlesional juvenile myositis 
skin had a strikingly different gene expression signature compared 
to lesional juvenile myositis biopsy specimens, most notably the 
lack of a prominent IFN signature (Figure 1). Multiple genes and 
pathways were down- regulated in nonlesional juvenile myositis 
compared to lesional juvenile myositis, including pathways in pro-
tein ubiquitination, glucocorticoid receptor signaling, IFN signal-
ing, and oxidative phosphorylation (Supplementary Tables 5 and 

6, http://onlin elibr ary.wiley.com/doi/10.1002/art.41615/ abstract). 
We applied a cell- type enrichment webtool to the gene expres-
sion data (xCell) in order to characterize potential immune cell 
types in lesional and nonlesional juvenile myositis skin, identify-
ing increased macrophages and CD4+ memory T cells in lesional 
juvenile myositis skin (Supplementary Figure 1, http://onlin elibr ary.
wiley.com/doi/10.1002/art.41615/ abstract).

Comparison of lesional juvenile myositis skin to 
lesional childhood- onset SLE skin. Lesional juvenile myosi-
tis skin shared a highly similar gene expression pattern with 
childhood- onset SLE (Figures 1 and 2). Notably, lesional skin 
both from patients with juvenile myositis and from patients with 
childhood- onset SLE demonstrated a prominent type I IFN signa-
ture. There were only 28 unique DEGs in lesional juvenile myositis 
skin compared to childhood- onset SLE skin (Figure 2). The most 
significant unique DEGs in lesional juvenile myositis included 
FBLN2, CHKA, and SLURP1 genes, with diverse roles in extra-
cellular matrix structure, keratinocyte proliferation and differentia-
tion, calcium signaling, and phospholipid metabolism. In contrast, 

Figure 1. Genome- wide expression analysis of skin biopsy samples 
from controls, patients with juvenile myositis, and patients with 
childhood- onset systemic lupus erythematosus (cSLE). Left panel, 
Selected top canonical pathways (P < 0.05) from the 221 genes that 
were up- or down-regulated in lesional juvenile myositis (JM_L) skin 
biopsy samples compared to controls (q < 0.05). Right panel, Heatmap 
of selected genes from those top pathways in skin biopsy samples from 
controls, patients with nonlesional juvenile myositis (JM_NL), patients 
with lesional juvenile myositis, and patients with childhood- onset SLE. 
Each column represents an individual patient sample, while each row 
represents a differentially expressed gene in lesional juvenile myositis 
relative to controls. Gene expression values are depicted using the color 
scale shown, with purple to yellow indicating increasing expression. 
Genes overlapping between pathways are represented only once. 
IFN = interferon.

http://onlinelibrary.wiley.com/doi/10.1002/art.41615/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41615/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41615/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41615/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41615/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41615/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41615/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41615/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41615/abstract
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childhood- onset SLE skin had 722 unique DEGs compared to 
lesional juvenile myositis skin (Supplementary Table 7, http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41615/ abstract).

Figure 2 shows that childhood- onset SLE skin uniquely exhib-
its increased expression of IFNγ relative to control skin, illustrating 
a more pronounced type II IFN signature in addition to the type 
I IFN signature it has in common with lesional juvenile myositis. 

We confirmed a predominant type I IFN signature in lesional juve-
nile myositis skin by using RNA sequencing data from control 
keratinocytes treated with either IFNα or IFNγ (Supplementary 
Figure 2, http://onlin elibr ary.wiley.com/doi/10.1002/art.41615/ 
abstract). While both childhood- onset SLE skin and lesional 
juvenile myositis skin showed up- regulation of genes stimulated 
by IFNα, childhood- onset SLE demonstrated a more robust 

Figure 2. Transcriptomic comparison of childhood- onset SLE skin to lesional juvenile myositis skin (q < 0.05). Literature- based networks 
(Genomatix Pathway System) were obtained from the genes that were up- or down-regulated in childhood- onset SLE and juvenile myositis 
versus control biopsy samples. In these networks, the 100 best connected genes co- cited in PubMed abstracts in the same sentence linked 
to a function word (most relevant genes/interactions) are shown. Red type indicates the top 3 differentially expressed genes unique to juvenile 
myositis compared to childhood-onset lupus. In lesional skin compared to control skin, up- regulated genes are shown in orange, and down- 
regulated genes are shown in green. See Figure 1 for definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.41615/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41615/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41615/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41615/abstract
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up- regulation of genes regulated by IFNγ stimulation. According 
to the xCell cell- type enrichment analysis, childhood- onset SLE 
skin exhibited an overall higher inflammatory cell signature com-
pared to lesional juvenile myositis skin, with increased T cells, B 
cells, macrophages, and pDCs (Supplementary Figure 1, http://
onlin elibr ary.wiley.com/doi/10.1002/art.41615/ abstract).

Similar skin- directed IFN scores in juvenile myositis 
and childhood- onset SLE. Patients with lesional juvenile myosi-
tis had higher skin- directed IFN scores than those with nonlesional 
juvenile myositis (P = 0.0001) (Supplementary Figure 3, http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41615). Patients with lesional 
juvenile myositis and those with childhood- onset SLE had similar 
skin- directed IFN scores. The findings from our skin- directed IFN 
scoring of patient samples were validated with a more standard 
6- gene IFN score (Supplementary Figure 3). We also evaluated 
expression levels of 3 candidate ISGs (MX1, IFI44, and CXCL10) 
using real- time PCR, confirming higher expression levels of MX1, 
IFI44, and CXCL10 in lesional juvenile myositis compared to controls 
(Supplementary Figure 4, http://onlin elibr ary.wiley.com/doi/10.1002/
art.41615/ abstract). MX1 and CXCL10 expression levels were simi-
lar in lesional juvenile myositis and childhood- onset SLE, while IFI44 
expression was slightly higher in childhood- onset SLE.

Derivation and evaluation of juvenile myositis 
disease signature. Using the top 3 unique DEGs in lesional 
juvenile myositis skin relative to childhood- onset SLE (FBLN2, 
CHKA, and SLURP1), a juvenile myositis– specific skin score 

was developed (see Patients and Methods) and evaluated rela-
tive to expression data from independent adult skin microarray 
data sets, which included patients with DM, cutaneous lupus, 
psoriasis, lichen planus, or graft- versus- host disease. Figure 3 
illustrates that the juvenile myositis disease signature was much 
higher in DM (both pediatric and adult) compared to other skin 
diseases, including pediatric and adult lupus. We confirmed that   
SLURP1 expression was higher in lesional juvenile myositis com-
pared to childhood- onset SLE in our study samples (Supplemen-
tary Figure 5, http://onlin e libr ary.wiley.com/doi/10.1002/art.41615/ 
abstract). We also evaluated a 23- gene juvenile myositis– specific   
skin score, obtaining similar results (Supplementary Figure 6, http://  
onlin elibr ary.wiley.com/doi/10.1002/art.41615/ abstract). This score  
was strongly associated with the skin- directed IFN score in 
lesional juvenile myositis samples (r = 0.8713, P = 0.0022) (Sup-
plementary Figure 6).

Higher IFN scores and increased Mx- 1 immuno-
staining in skin from patients with juvenile myositis who 
were positive for NXP- 2. Upon evaluation of skin- directed IFN 
scores in patients with juvenile myositis based on clinical features, 
we found that skin- directed IFN scores did not differ according to 
individual skin disease manifestations (Figure 4A and  Supplementry 
Figure 7A, http://onlin elibr ary.wiley.com/doi/10.1002/art.41615/ 
abstract). Specifically, skin- directed IFN scores did not differenti-
ate between patients with amyopathic disease, nailfold capillary 
changes, or calcinosis. There was also no difference in skin- 
directed IFN scores based on treatment status (Figure 4B and 

Figure 3. Juvenile myositis disease signature score comparison using transcriptomic data sets of skin lesions from patients with adult 
dermatomyositis (DM) and other inflammatory skin diseases. The 3- gene juvenile myositis transcriptomic signature identified was the highest 
in juvenile and adult DM compared to other skin disease lesions (Gene Expression Omnibus [GEO] accession nos. GSE14 2807, GSE46239, 
GSE81071, GSE13 0403, and unpublished microarray data sets, courtesy of Dr. Johann Gudjonsson, Department of Dermatology, University of 
Michigan) (23,25,41). DM lesional samples are shown in red. Vertical dashed lines separate the studied data sets. Each data set had a control 
sample set. Patients with childhood- onset SLE who had 2 biopsies are shown in blue and yellow. Each symbol represents an individual sample; 
bars show the median ± SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.0001. DLE = discoid lupus erythematosus; SCLE = subacute cutaneous 
lupus erythematosus; HLP = hypertrophic lichen planus; GVHD = graft- versus- host disease (see Figure 1 for other definitions).
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Supplementary Figure 7B). While the skin- directed IFN scores did 
not differ between patients positive for MSAs versus those negative 
for MSAs, the scores did differ by MSA subtype when lesional 
skin and nonlesional skin were analyzed together (Figure 4C 
and Supplementary Figure 7C). Of note, we only had 3 NXP- 
2– positive patients for this comparison. Anti– NXP- 2– positive 
patients demonstrated higher skin- directed IFN scores than NXP- 
2– negative patients (fold change 8; P = 0.034). Juvenile myositis 
patients with elevated levels of multiple serum muscle enzymes 
(e.g., creatine kinase, aldolase, aspartate aminotransferase, ala-
nine aminotransferase, lactate dehydrogenase) also had higher 
skin- directed IFN scores when lesional and nonlesional skin were 
analyzed together (Figure 4D and Supplementary Figure 7D).

Additionally, we evaluated expression of individual ISGs in 
patients with juvenile myositis. NXP- 2– positive juvenile myosi-
tis patients, compared to those who were NXP- 2 negative, had 
higher cutaneous expression levels of MX1, IFI44, and USP18 

when lesional and nonlesional skin were analyzed together 
(Supplementary Figure 8, http://onlin elibr ary.wiley.com/doi/10.  
1002/art.41615/ abstract). In lesional juvenile myositis skin biopsy 
samples, Mx- 1 immunostaining localized to keratinocytes, inflam-
matory cells, and the perivascular region (Figure 5). Mx- 1 staining 
was more pronounced in NXP- 2– positive patients compared to 
TIF1γ- positive and MSA- negative patients (Figure 5), in accor-
dance with gene expression data (Supplementary Figure 9, http://
onlin elibr ary.wiley.com/doi/10.1002/art.41615/ abstract).

DISCUSSION

In this report, we provide the first characterization of cutane-
ous gene expression signatures in a juvenile myositis cohort. Sim-
ilar to previous gene expression studies in juvenile myositis muscle 
and peripheral blood (5,6,9,27), we identified a striking type I IFN 
signature in lesional juvenile myositis skin. Interestingly, lesional juve-
nile myositis skin was found to have a predominant type I IFN signa-
ture, whereas childhood- onset SLE exhibited up- regulation of both 
type I and type II IFNs. A candidate juvenile myositis– specific skin sig-
nature was derived using FBLN2, CHKA, and SLURP1, which are all 
genes not typically considered to have immunomodulatory roles but 
instead function in cellular structure and metabolism. While a skin- 
directed IFN score did not distinguish patients with juvenile myositis 
by cutaneous features or treatment status, the 3 patients with juve-
nile myositis who were positive for NXP- 2 had higher IFN scores and 
stronger Mx- 1 immunostaining in lesional skin.

Our findings suggest that IFNs play a role in juvenile myositis 
skin disease pathogenesis, consistent with what has previously 
been described through gene expression and immunohisto-
chemistry studies of adult and juvenile DM skin (4,13,28). The 
specific mechanisms by which IFNs contribute to juvenile myosi-
tis skin disease pathophysiology are not well understood. In DM 
skin lesions, the number of CXCR3+ lymphocytes correlates 
with strength of Mx- 1 immunostaining (28,29), suggesting a role 
for IFN- inducible chemokines that are also CXCR3 ligands in 
recruitment of inflammatory cells. Indeed, we identified CXCL9 
and CXCL10 within the top 3 DEGs in lesional juvenile myositis 
skin, suggesting that these chemokines may play a role in cuta-
neous disease pathogenesis. CXCL10 has also been evaluated 
as a serum biomarker in juvenile myositis and was demonstrated 
to outperform creatine kinase as a disease activity marker (30).  
Using cell- type enrichment analysis, we determined that CD4+  
memory T cells and macrophages were increased in lesional 
 juvenile myositis skin compared to skin from patients with non-
lesional juvenile myositis and controls, consistent with findings 
from prior immunohistochemistry studies of DM skin (29,31).

In this study, we also demonstrated that NXP- 2– positive 
patients exhibit a stronger IFN signature in skin, suggesting a 
potential role for NXP- 2 in contributing to the IFN signature. Given 
that we identified an elevated IFN signature even in a nonlesional 
skin sample from an NXP- 2– positive patient, it is possible that the 

Figure 4. Juvenile myositis skin– directed IFN score in relation to 
clinical variables. A, The skin- directed IFN score was not significantly 
modified by the presence of systemic disease, nailfold capillary 
changes, or calcinosis. B, The skin- directed IFN score was not 
significantly changed by treatment status. C, The presence alone of 
any myositis- specific autoantibody (MSA) did not significantly alter 
the skin- directed IFN score. However, patients with juvenile myositis 
who were positive for nuclear matrix protein 2 (NXP- 2) showed a 
significantly higher skin- directed IFN score when lesional skin and 
nonlesional skin were analyzed together. D, An increased overall 
number of serum muscle enzymes was associated with a higher 
skin- directed IFN score when lesional skin and nonlesional skin were 
analyzed together. There was a trend toward higher skin- directed 
IFN scores in the presence of dysphagia. Each symbol represents 
an individual sample; bars show the median ± SEM. See Figure 1 
for other definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.41615/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41615/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41615/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41615/abstract
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IFN signature is reflective of overall higher levels of systemic inflam-
mation versus skin- specific inflammation. NXP- 2, also known as 
MORC3, has not been widely studied but has been reported to be 
a protein with RNA- binding activity that functions as an epigenetic 
regulator (32) and has also been described as both an antiviral 
factor (33) and a positive regulator of influenza virus transcription 
(34). Further studies are needed to understand the relationship 
between IFNs, the autoantigen NXP- 2, and how NXP- 2 autoanti-
bodies influence disease phenotype.

When comparing lesional juvenile myositis and childhood- 
onset SLE skin, we noted an overwhelming similarity between gene 
expression profiles. In particular, juvenile myositis and childhood- 
onset SLE shared a common type I IFN signature, with a major dif-
ference being that childhood- onset SLE lesions had a central IFNγ 
node on network analysis. While this finding might be reflective of 
the specific childhood- onset SLE samples in our study, influenced 
in part by presence of a discoid lesion (23), it is also possible that 
lack of a strong type II IFN signature distinguishes juvenile myosi-
tis from childhood- onset SLE skin, with implications for disease 
pathogenesis and treatment. We found that a molecular score 
incorporating expression of the top 3 DEGs, FBLN2, CHKA, and 
SLURP1, was higher in both juvenile myositis and DM, even when 
considering other autoimmune skin diseases. Secreted Ly- 6/
uPAR- related protein 1 is expressed in differentiated keratinocytes 
(35), whereas fibulin 2 is an extracellular matrix protein involved 
in basement membrane stability (36), and choline kinase alpha 
serves as a catalyst in phospholipid biosynthesis. Future validation 
of this juvenile myositis– specific skin score and how these genes 
contribute to pathogenesis will be needed.

A major limitation of our study was its small sample size, 
including only 3 patients with juvenile myositis who were posi-
tive for NXP- 2, as well as its retrospective nature. Patients with 

juvenile myositis who were included in our study had variable dis-
ease duration at the time of biopsy, which may have limited our 
ability to detect evolving clinical features, such as calcinosis in the 
lesional juvenile myositis cohort, as well as influenced gene expres-
sion profiles, with nonlesional juvenile myositis samples more 
skewed toward chronic versus acute inflammatory changes. 
Given that we had no treatment- naive patients with nonlesional 
samples and that more patients with nonlesional juvenile myositis 
were receiving immunosuppressive treatment, inflammatory path-
way signatures that might otherwise have been represented in our 
gene expression data may have been dampened. Lesional juve-
nile myositis skin samples were also all predominantly from sun- 
exposed areas, whereas nonlesional juvenile myositis samples 
were from non– sun- exposed skin, which may have contributed 
to the difference in gene expression signatures between these 2 
types of skin.

Typically, the difference in gene expression identified with 
FFPE tissue tends to be the more pronounced changes, as sen-
sitivity of detection is diminished. This likely explains why we may 
not have seen as many DEGs as might be anticipated. However, 
it has been shown that gene expression from fresh versus frozen 
versus FFPE tissue can yield comparable findings (37– 39), and 
the genes that we did identify are more likely to be DEGs since dif-
ferences were likely underdetected. Juvenile myositis clinical phe-
notypes were also quite heterogeneous, as we did have 2 patients 
with clinically amyopathic juvenile myositis enrolled in our study. 
Not all described MSAs were represented in our cohort and MSA 
data on 4 patients were unavailable; therefore, we could only com-
pare TIF1γ- positive and MSA- negative patients to NXP- 2– positive 
patients. Notably, the study cohort included no patients who were 
positive for melanoma differentiation– associated gene–like protein 
(MDA), and higher type I IFN signatures have been reported in the 

Figure 5. Mx- 1 immunostaining in representative study samples, including skin biopsy samples from juvenile myositis patients with nuclear 
matrix protein 2 positivity (A), transcription intermediary factor 1γ positivity (B), Ku positivity (C), or myositis- specific antibody negativity (D), a 
subject with childhood- onset systemic lupus erythematosus (E), and an unaffected pediatric control subject (F).
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skin and peripheral blood of MDA-5–positive adult patients with 
DM (40). MSAs were also tested using 2 methodologies based 
on the center of enrollment, which may have influenced testing 
results and patient categorization. It is also not clear which cell 
types contributed to the IFN signature and how large a role skin- 
resident immune cells versus infiltrating immune cells might play in 
disease pathogenesis, given the analysis of bulk tissue. While we 
did attempt to characterize potential immune cell types present 
in juvenile myositis skin using xCell, we did not directly quantify 
cell types and lacked histopathology reports for nonlesional skin 
biopsy samples. Further work is ongoing to characterize the cellu-
lar origin of the type I IFN signature in juvenile myositis skin and to 
demonstrate how this relates to MSA subtype.

In conclusion, the present study is the largest genome- wide 
expression analysis of juvenile myositis and childhood- onset 
SLE skin disease to date, serving to begin characterization of 
dysregulated genes and pathways specific to skin inflammation 
in these multisystem disorders. We have identified a link between 
NXP- 2 autoantibodies and strength of the IFN signature in juve-
nile myositis skin, which may lead to a better understanding of 
disease heterogeneity and pave the way for individualized treat-
ment in juvenile myositis.
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Methods. Unsupervised clustering of integrated whole blood transcriptome and methylome cross- sectional data 
on 955 patients with 7 systemic autoimmune diseases and 267 healthy controls was undertaken. In addition, an 
inception cohort was prospectively followed up for 6 or 14 months to validate the results and analyze whether or not 
cluster assignment changed over time.

Results. Four clusters were identified and validated. Three were pathologic, representing “inflammatory,” 
“lymphoid,” and “interferon” patterns. Each included all diagnoses and was defined by genetic, clinical, serologic, 
and cellular features. A fourth cluster with no specific molecular pattern was associated with low disease activity 
and included healthy controls. A longitudinal and independent inception cohort showed a relapse– remission pattern, 
where patients remained in their pathologic cluster, moving only to the healthy one, thus showing that the molecular 
clusters remained stable over time and that single pathogenic molecular signatures characterized each individual 
patient.

Conclusion. Patients with systemic autoimmune diseases can be jointly stratified into 3 stable disease clusters 
with specific molecular patterns differentiating different molecular disease mechanisms. These results have important 
implications for future clinical trials and the study of nonresponse to therapy, marking a paradigm shift in our view of 
systemic autoimmune diseases.

INTRODUCTION

The systemic autoimmune diseases are entities diagnosed 
based on different clinical and laboratory criteria. The diseases are 
highly heterogeneous with varied progression of disease severity. 
In general, the time from disease onset to diagnosis can be many 
years, leading to damage accrual and poor prognosis. Moreover, 
some individuals never fulfill the clinical criteria for a specific sys-
temic autoimmune disease and remain undiagnosed for years or 
a lifetime (undifferentiated connective tissue disease [UCTD]).

Patients with different systemic autoimmune diseases share 
some clinical features. A number of patients with systemic lupus 
erythematosus (SLE) may develop joint deformities in the hands 
and feet, similar to those found in rheumatoid arthritis (RA), albeit 
without erosions, and all may share autoantibody specificities (1). 
Patients with mixed connective tissue disease (MCTD) may have 
clinical manifestations observed in SLE, RA, or systemic sclerosis 
(SSc) (2,3). While patients with SLE and RA may present with sec-
ondary Sjögren’s syndrome (SS), many patients have the primary 
entity (primary SS) without evidence of RA or SLE (4). Similarly, 
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SLE patients may have secondary antiphospholipid syndrome 
(APS), but other patients have primary APS and do not develop 
SLE, even after many years (5). This overlapping clinical landscape 
hinders diagnosis, prognosis estimations, and adequate early 
treatment.

Genetic studies have shown that systemic autoimmune 
diseases share susceptibility genes (6) and molecular features, 
such as increased expression of interferon- inducible genes (inter-
feron signature) (7,8), mainly observed in SLE patients. But not all 
patients with SLE have the interferon signature. Some patients 
with SSc have disease limited to the skin (9), and not all patients 
who fulfill the diagnostic criteria for RA have anti– citrullinated pep-
tide antibodies (~70%) (10). A number of patients with SLE and 
primary SS have anti- SSA and anti- SSB antibodies, and these 
associate with alleles of the HLA class II gene DRB1*0301 (11). 
This heterogeneity impedes identification of new therapies, the 
selection of response end points, and the overall results of clinical 
trials, hindering treatment advances (12,13). Therefore, develop-
ment of new therapies, prescription of existing ones, and even the 
early diagnosis of systemic autoimmune diseases might benefit 
from a uniform molecular classification that allows their stratifica-
tion and considers their commonalities.

Some efforts have been made to stratify individual systemic 
autoimmune diseases into homogeneous molecular groups of 
patients (12– 14), and very recently, to reclassify 3 different auto-
immune clinical outcomes into a molecular classification based 
solely on mass spectrometry (15). The findings of all of those 
studies support the hypothesis that molecular reclassification 
is of utmost importance, but they lacked sufficient numbers 
of patients and multiple layers of information needed for this 
purpose— not least, the proper validation. Thus, in this unprece-
dented study in systemic autoimmunity, high- dimensional molec-
ular data from whole blood shows how 7 autoimmune diseases 
(SLE, RA, SSc, primary SS, MCTD, primary APS, and UCTD) 
stratify into groups based on molecular patterns that are stable 
over time, each having defined serologic, cellular, genetic, and 
clinical characteristics.

PATIENTS AND METHODS

Samples and data types. Two cohorts of individuals with 7 
different systemic autoimmune diseases were recruited: a cross- 
sectional cohort composed of 955 patients and 267 healthy con-
trols, and an inception cohort of 113 patients followed up and 
sampled at the time of recruitment and at 6 and/or 14 months 
(Supplementary Table 1,  available on the Arthritis & Rheumatology 
website at http://onlinelibrary.wiley.com/doi/10.1002/art.41610/
abstract). Inclusion and exclusion criteria are detailed in Supple-
mentary Table 2, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41610/ abstract. 
Quality control information, diagnosis distributions, demographic 
information, and prescriptions are listed in Supplementary 

Tables 3–6, available on the Arthritis & Rheumatology website at   
http://onlin elibr ary.wiley.com/doi/10.1002/art.41610/ abstract.

Blood and serum samples were obtained from all patients. 
High- dimensional genome- wide genotype, transcriptome, and 
DNA methylome data, and proportions of relevant cell types 
were analyzed in whole blood. Low- dimensional information 
including selected serologic findings, such as the presence of 
autoantibodies, cytokines, chemokines, and inflammatory medi-
ators, was obtained (Supplementary Tables 7–9, available on the 
Arthritis & Rheumatology website at http://onlinelibrary.wiley.com/
doi/10.1002/art.41610/abstract). A detailed description of all pro-
tocols and methods can be found in the Supplementary Methods, 
available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41610/ abstract.

All ethics committees from the participating institutions 
approved the protocols of both studies (see Supplementary Meth-
ods). All patients signed the informed consent prior to recruitment.

Statistical analysis. Integrative unsupervised clustering 
was performed, with a discovery cohort, using a similarity network 
fusion (SNF) algorithm (16) optimized with a nested cross- validation 
and validated in an independent set of patients (Supplementary 
Figure 1, available on the Arthritis & Rheumatology website at 
http://onlinelibrary.wiley.com/doi/10.1002/art. 41610/abstract). 
The functional modules were defined by means of weighted gene 
coexpression network analysis (WGCNA) (17) and characterized 
using immunologic terms defined by Chaussabel et al (18) and Li 
et al (19). Enrichments, linear regressions, and genome- wide asso-
ciation (GWA) analysis were used to characterize the clusters in 
functional, serologic, clinical, and genetic terms. Each P value was 
properly corrected for multiple testing if necessary. Each time point 
in the inception cohort was assigned to the clusters by means of 
the SNF model trained with the cross- sectional cohort, and the 
results were summarized by patients. Details on the statistical 
analy sis can be found in the Supplementary Methods.

Data and code availability. Data are hosted by ELIXIR 
Luxembourg (20). Data are available upon request, and the 
access procedure is described on the data landing page (doi.
org/10.17881/th9v-xt85). Gene expression and DNA meth-
ylation data can be found online at http://bioin fo.genyo.es/ 
preci sesad sdata/. The R code used for clustering is available 
online at https://github.com/bartg 01/Neste dFCV.SNF.

RESULTS

Reclassification of systemic autoimmune diseases 
into functional clusters independent of diagnosis, as 
determined by integrative molecular analysis. Genome- 
wide transcriptome and methylome information from a discovery set 
of 759 patients with systemic autoimmune diseases was used in an 
unsupervised protocol to perform an integrative molecular analysis. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41610/abstract
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http://onlinelibrary.wiley.com/doi/10.1002/art.41610/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41610/abstract
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After selection of features, that is, genes and CpGs with significantly 
increased variability in cases compared to controls, 4 clusters of 
patients were identified (see Patients and Methods). WGCNA (17) 
grouped the selected features into 5 gene and 3 CpG modules 

(Supplementary Figure 2, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/ 10.1002/art.41610/ 
abstract). These modules differentiated the clusters obtained in the 
discovery set (Figure 1 and  Supplementary Figure 3, available on 

Figure 1. The molecular pattern of distribution of the systemic autoimmune diseases is limited to 4 validated clusters. A heatmap of the 
distribution of gene and CpG functional modules across the 4 autoimmune disease clusters is shown. Columns show patient groups by cluster 
assignment, and rows show the functional modules of the features with their scaled median values. The two subsets of patients comprising 
the discovery and validation sets are shown. For the transcriptome, red represents overexpression and blue represents underexpression. For 
the methylome, purple represents hypomethylation and orange represents hypermethylation. At the top of the figure the annotation shows 2 
configurations of clusters for 4-cluster and 2-cluster groups, each of the treatment groups for each individual (systemic antibiotics [SABIO], 
steroids [STED], biologic agents [BIO], immunosuppressants [IMS], and antimalarials [AM]), recruitment center distribution, age at onset, 
disease activity as determined by physician global assessment, disease duration since diagnosis, sex, age, and diagnosis. ES (SAS.Ma) = 
Spain (Servicio Andaluz de Salud, Hospital Regional Universitario de Málaga); ES (SAS.GrE) = Spain (Servicio Andaluz de Salud, Complejo 
hospitalario Universitario de Granada [Hospital Universitario San Cecilio]); ES (SAS.GrN) = Spain (Servicio Andaluz de Salud, Complejo 
hospitalario Universitario de Granada [Hospital Virgen de las Nieves]); ES (SAS.Co) = Spain (Servicio Andaluz de Salud, Hospital Universitario 
Reina Sofía); FR (UBO) = France (Centre Hospitalier Universitaire de Brest, Hospital de la Cavale Blanche); IT (IRCCS) = Italy (Referral Center 
for Systemic Autoimmune Diseases, Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico di Milano); DE (DRFZ) = Germany (Charité); 
CHE (UNIGE) = Switzerland (UNIGE); PT (CHP) = Portugal (Centro Hospitalar do Porto); DE (MHH) = Germany (Medizinische Hochschule 
Hannover); BE (KU.LEUVEN) = Belgium (Katholieke Universiteit Leuven); BE (UCL) = Belgium (Pôle de pathologies rhumatismales systémiques 
et inflammatoires, Institut de Recherche Expérimentale et Clinique, Université catholique de Louvain); IT (UNIMI) = Italy (Università degli studi 
di Milano); DE (UKK) = Germany (Klinikum der Universitaet zu Koeln, Cologne); AT (MUW) = Austria (Medical University Vienna); HU (USZ) = 
Hungary (University of Szeged); ES (SCS) = Spain (Servicio Cantabro de Salud, Hospital Universitario Marqués de Valdecilla); SLE = systemic 
lupus erythematosus; SSc = systemic sclerosis; RA = rheumatoid arthritis; pSjS = primary Sjögren’s syndrome; PAPS = primary antiphospholipid 
syndrome; MCTD = mixed connective tissue disease; UCTD = undifferentiated connective tissue disease.

http://onlinelibrary.wiley.com/doi/10.1002/art.41610/abstract
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the Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.41610/abstract). The same signatures were 
observed in an independent validation set of 196 patients using the 
discovery model (Figure 1).

Importantly, gene and CpG modules showed high func-
tional concordance according to the definitions of Chaussabel 
et al (18) and Li et al (19). Overexpressed gene and hypo-
methylated CpG modules in the same clusters were enriched 
with the same functionalities (Figure 2A). An inflammatory 
cluster was defined by overexpression of genes and hypo-
methylation of CpGs from modules driven by monocytes and 

neutrophils (gene module 3 and CpG module 1). A lymphoid 
cluster was composed of T and natural killer (NK) cell functions 
(gene module 1 and CpG module 2), while an interferon clus-
ter was defined by interferon, viral, and dendritic cell functions 
(gene module 2 and CpG module 3). One cluster had no clearly 
defined functional modules (undefined cluster). Other function-
alities complemented the information. Cell cycle and transcrip-
tional up- regulation (gene module 4) was associated with the 
interferon cluster, and B lymphocyte functions (gene module 
5) were observed in both the lymphoid and interferon clusters 
(Figure 2A).

Figure 2. High- level - omic layers of information functionally characterize each of the molecular clusters of systemic autoimmune diseases, 
do not correspond to clinical diagnoses, and are not conditioned by confounders. A, Annotation of selected features according to the 
hypergeometric enrichment of their modular functional assignment. The module annotations were obtained using blood immunologic signature 
databases defined by Chaussabel et al (Ch) and Li et al (Li). Significant results are shown (q < 0.01). Columns show significant modules, and 
rows show their annotation. B, Mosaic plot showing the distribution of diseases in each cluster. Values inside each block are the number of 
patients. Diseases are represented by a color in columns. Horizontal sizes represent the frequency of each disease per cluster, and vertical 
sizes represent the proportion of samples per cluster. There are 3 pathologic clusters, the inflammatory, lymphoid, and interferon clusters, and 
1 undefined cluster. C, Association of covariates with clinical diagnoses, molecular clusters, and the associations between them. The direction 
of the association is shown as the z- scored beta coefficient. Orange indicates enrichment; purple indicates depletion. The significance of 
confounder effects across groups was determined by analysis of variance (ANOVA) false discovery rates (FDRs), which are shown for each 
analysis. Pairwise comparisons of means were performed by Tukey’s range test (see Supplementary Figures 4–6, available on the Arthritis & 
Rheumatology website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41610/ abstract). TBA = unannotated module; NK = natural killer; 
Ags = antigens; DCs = dendritic cells; PLK1 = polo-like kinase 1 (see Figure 1 for other definitions).

http://onlinelibrary.wiley.com/doi/10.1002/art.41610/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41610/abstract
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To define the extent to which the clusters depended on the 
proportions of blood cell types, features were analyzed in linear 
regression models with and models without flow cytometry infor-
mation for major blood cell types obtained at the time of sampling 
(B lymphocytes, T lymphocytes, monocytes, and neutrophils). 
Up to 98% of genes and 75% of CpGs were significantly differ-
ent (false discovery rate [FDR] < 0.01) between clusters when 
flow cytometry information was not included in the model; 95% 
(n = 1,693) and 63% (n = 1,933), respectively, remained significant 
when flow cytometry data were included in the model. This means 
that the majority of selected features did not depend exclusively 
on cell proportions but also depended on specific changes within 
the cells. Additionally, the classification can be recovered with 
significant accuracy by machine learning methods (Supplemen-
tary Table 10, available on the Arthritis & Rheumatology website 
at http://onlinelibrary.wiley.com/doi/10.1002/art.41610/abstract) 
and with a single layer of information (Supplementary Tables 11 
and 12, available on the Arthritis & Rheumatology website at 
http://onlinelibrary.wiley.com/doi/10.1002/art.41610/abstract).

Patients with each clinical diagnosis were found in all 4 
clusters (Figure 2B). Not unexpectedly, the interferon cluster 
was enriched for SLE and primary SS (Figure 2C and Supple-
mentary Figure 4, available on the Arthritis & Rheumatology web-
site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41610/ 
abstract), and was the only cluster enriched for any disease. 
The undefined cluster had a nonsignificant increase in RA, SSc, 
and primary APS and included ~40% of all patients. The inflam-
matory and lymphoid clusters had no enrichment. Interestingly, 
no cluster had an enrichment or depletion of UCTD patients 
(Figure 2C and Supplementary Figure 4). Most patients with 
MCTD, whose existence as a disease entity has been a subject 
of controversy (3,21,22), fell into the interferon cluster.

Covariates associated with the transcriptome and the methy-
lome principal components (PCs; Supplementary Figure 7, Arthri-
tis & Rheumatology website at http://onlin elibr ary. wiley.com/doi/  
10.1002/art.41610/ abstract) were unevenly distributed across 
clinical diagnoses (Figure 2C), and did not condition the molecular 
clusters (Figure 2C). The significant associations that remained 
after clustering were related to treatment (antimalarials, biologic 
agents, and steroids), but the associations were due to enrich-
ment for the clinical diagnoses (Figure 2C) and not the treatments 
themselves. For example, the interferon cluster was enriched for 
hydroxychloroquine- treated patients, which was driven by enrich-
ment for SLE, primary SS, and MCTD (Supplementary Table 4). 
No cluster was enriched for time since diagnosis (duration in 
Figure 2C).

Associations between CpGs and genes in the functional mod-
ules revealed various regulatory relationships. Cis associations 
linked CpG modules with their counterpart gene modules, while 
trans associations did not show major relationships between 
homologous functional modules (Supplementary Figure 8A, 
available on the Arthritis & Rheumatology website at http://onlin e 

libr ary.wiley.com/doi/10.1002/art.41610/ abstract). A major dif-
ference between clusters was that >80% of CpGs in the inter-
feron modules had cis associations with genes in the interferon 
gene modules, whereas most features in the rest of the modules 
had few cis associations (11– 17%) (Supplementary Figure 8B). 
Thus, these complex relationships between methylation and 
gene expression modules revealed a deeper view of the molec-
ular state than what a single layer may provide. Analysis of the 
regulation of CpG methylation, cell type– specific histone marks, 
and transcription factor binding site enrichment confirmed the 
functionalities of the CpG modules (Supplementary Figures 8C 
and 8D).

The undefined cluster shows a molecular pattern 
similar to that in healthy controls and is associated with 
low disease activity. To gain insight into the type of patients 
grouped into the undefined cluster, several analyses were per-
formed. Healthy individuals were assigned to the molecular 
clusters by means of the discovery model. Of these, 74% were 
grouped into the undefined cluster, compared to 12%, 11%, and 
3% assigned to the lymphoid, inflammatory, and interferon clus-
ters, respectively (Figure 3A). Differential expression and methyla-
tion analyses were performed between each patient cluster and 
healthy controls (Figures 3B and C). The inflammatory cluster 
had the highest number of differentially expressed genes (DEGs; 
n = 2,898) and differentially methylated CpGs (DMCs; n = 8,502). 
The lowest numbers were found in the interferon cluster (n = 820 
DEGs and 104 DMCs) and the lymphoid cluster (n = 294 DEGs 
and 1,297 DMCs). In contrast, only 9 DEGs and no CpGs were 
observed in the undefined cluster when patients were compared 
with controls.

This observation could be due to 2 non– mutually exclusive 
 reasons. The diseases most represented in this cluster, RA and 
SSc, could have undergoing processes in target tissues (syn-
ovia and skin, respectively), with limited detection of the patho-
logic molecular patterns in blood. Also, the undefined cluster might 
be grouping patients whose disease is in remission or who have 
low disease activity. To test this possibility, disease activity was 
compared between clusters. Disease activity indexes are designed 
for each clinical diagnosis through scores measuring specific clini-
cal manifestations (23) and not across all diseases. For this analy-
sis, 138 patients with SLE with SLE Disease Activity Index (SLEDAI) 
scores available and 79 patients with SS with European League 
Against Rheumatism Sjögren’s Syndrome Disease Activity Index 
(ESSDAI) scores available were included. For both diagnoses, 
higher disease activity scores were shown in all clusters compared 
to the undefined cluster (Figures 3D and E). Significant differences 
in the SLEDAI were found between the inflammatory cluster and 
the undefined cluster and between the interferon cluster and the 
undefined cluster (P = 0.04 and P = 0.02, respectively, by Wilcox-
on’s rank sum test), and the ESSDAI showed a similar tendency. 
These results suggest that low disease activity could lie behind the 

http://onlinelibrary.wiley.com/doi/10.1002/art.41610/abstract
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undifferentiated patterns of this cluster. Given these results, the 
undefined cluster might be considered to include patients with a 
healthy- like molecular pattern, while the pathologic clusters visual-
ize the molecular patterns occurring during disease activity.

To further investigate the relationship of the undefined cluster 
with low disease activity, molecular signatures previously corre-
lated with disease activity in SLE in blood (13) and RA in synovial 
tissue (14) were scored for each individual in the cross- sectional 

Figure 3. Healthy individuals are assigned primarily to the undefined cluster, which also includes patients with systemic autoimmune disease 
with low disease activity and few differentially expressed genes as compared to healthy controls. A, Distribution of healthy individual assignments 
to the molecular classification of systemic autoimmune diseases. The pie chart shows that nearly 74% of controls are similar to patients in the 
undefined molecular cluster. B, Differentially expressed genes (DEGs) between clusters and healthy controls. Top, Number of shared DEGs 
across clusters. Bottom left, Intersections across clusters. Bottom right, Number of DEGs by cluster. C, Differentially methylated CpGs (DMCs) 
between clusters and healthy controls. Top, Number of shared DMCs across clusters. Bottom left, Intersections across clusters. Bottom right, 
Number of DMCs by cluster. D, Systemic Lupus Erythematosus Disease Activity Index (SLEDAI) scores by molecular cluster. P values are 
shown at the top. E, European League Against Rheumatism Sjögren’s Syndrome Disease Activity Index (ESSDAI) scores by molecular cluster. In 
D and E, data are shown as box plots. Each box represents the first and third quartiles. Lines inside the boxes represent the median. Whiskers 
represent 1.5 times the upper and lower interquartile ranges. Symbols represent individual patients.
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cohort (Supplementary Figure 9, Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41610/ abstract). 
The undefined cluster did not show any of these molecular sig-
natures, showing on average null scores for all of them. The 3 
pathologic clusters showed increased scores for specific signa-
tures. For both disease signatures, the inflammatory and lymphoid 
clusters showed increased myeloid and lymphoid lineage scores, 
respectively. The interferon cluster was related to the SLE inter-
feron response score, and the SLE plasmablast score was slightly 
increased in the lymphoid and interferon clusters (Supplementary 
Figures 9A and B). The scores that differed between clusters were 
split by clinical diagnosis (Supplementary Figure 9C). This analysis 
showed that the molecular signatures were present in all diagno-
ses grouped in each cluster, namely, that the molecular signature 
did not come from the individual clinical diagnoses, and confirm 
that the pathologic molecular clusters are mainly detected dur-
ing relapses or disease activity. These results were confirmed in 
the inception cohort (Supplementary Figure 10, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41610/ abstract).

Characterization of clusters by additional molecular 
information. Data on autoantibodies, cytokines, small lipid moi-
ety (natural) autoantibodies, and cell surface antigens (24) were 
used to characterize the clusters. The lymphoid cluster was slightly 
enriched for anti– citrullinated peptide, anticentromere B, and 
IgM anti-phosphorylcholine natural autoantibodies, while strong 
depletion was observed in the interferon cluster. The interferon 
cluster was enriched for anti– double- stranded DNA, anti- Sm, 
anti- SSA, anti- SSB, anti- U1 RNP, and protein- free light chains, 
and had increased interferon- γ– inducible 10- kd protein (IP- 10), 
BAFF, monocyte chemotactic protein 2 and tumor necrosis factor 
(TNF). The inflammatory cluster had increased matrix metallopro-
teinase 8 (MMP- 8) and C- reactive protein, and high levels of inter-
leukin- 1 receptor A and CXCL13 were shared by the inflammatory 
and interferon clusters (Figure 4A). In general, the association of 
serologic markers followed the molecular functions that defined 
the clusters. For example, the interferon cluster was associated 
with cytokines regulated by type I interferons, such as IP- 10 and 
BAFF, but also with TNF, which may induce type I interferon in 
some situations (25), and protein- free light chains, a novel finding, 
as well as several other new and previously known associations 
(26). On the other hand, C- reactive protein and MMP- 8 are mark-
ers of acute inflammatory processes (27,28).

The cell population composition of the clusters revealed a 
high proportion of neutrophils in the inflammatory cluster, and a 
slightly elevated proportion of NK cells in the undefined cluster. 
T cells, B cells, NK cells, and NK T cells were increased in the 
lymphoid cluster. With the exception of a slight increase in B cells, 
the interferon cluster was not enriched for any particular cell type 
(Figure 4A). Consistent with other data, these results reflect the 
expression of an interferon signature by all cells (29).

Clinical information was summarized into PCs (Supplemen-
tary Figure 11, available on the Arthritis & Rheumatology website 
at http://onlinelibrary.wiley.com/doi/10.1002/art.41610/abstract) 
and associations were observed for each cluster (Figure 4B). 
The interferon cluster was associated with some of the most 
extreme phenotypes, such as kidney function abnormalities 
(including nephritis), thrombosis, nervous system involvement, 
and leukopenia, in addition to minor comorbidities. The inflam-
matory cluster was enriched for fibrosis complications in both 
the skin and the musculoskeletal system, in addition to kidney- 
related clinical features. The lymphoid cluster was enriched for 
less aggressive phenotypes, including dyslipidemias and gas-
trointestinal manifestations, such as abdominal pain, diarrhea, 
and constipation. An association with sicca syndrome was also 
found in this cluster. Some clinical complications were found in 
the healthy- like cluster, mainly related to fibrosis, skin manifesta-
tions, and arthritis, consistent with the predominance of RA and 
SSc in this cluster.

The association analysis was also performed for each of 
the main clinical diagnoses (SLE, RA, SS, and SSc), each divided 
into the molecular clusters. Despite the reduced number of sam-
ples for some subgroups, such as the number of RA patients in 
the interferon cluster (Figure 2B), most of the associations previ-
ously shown were observed for ≥1 clinical diagnosis, and some 
were observed for multiple clinical diagnoses. For example, dif-
ferential cell type proportions in the inflammatory and lymphoid 
clusters were shared across all diseases. Enrichment for BAFF 
and IP- 10 cytokines in the interferon cluster was shared by SLE, 
RA, and SS, and enrichment for MMP- 8 in the inflammatory clus-
ter was observed across all diagnoses. This result supports the 
notion that differences found between clusters are shared across 
individual clinical diagnoses (Supplementary Tables 13– 17, availa-
ble on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41610/ abstract).

A GWA analysis was performed for each cluster. The only 
signal with a genome- wide significance level (P < 5 × 10−8) came 
from alleles located in HLA class II genes, covering HLA– DRA, 
DRB5, DRB1, DQA1, DQB1, DQA2, DQB2, and DOB genes 
in the interferon cluster (Supplementary Figure 12, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41610/ abstract). This specific and class 
II– limited association contrasted with the wider HLA associ-
ation usually observed in Europeans when the analyses were 
performed by disease (Supplementary Figure 13, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41610/ abstract). The weak HLA asso-
ciation found in the other clusters was located toward the HLA 
class I gene region. This result implies that the genetic associ-
ations observed for some systemic autoimmune diseases (i.e., 
SLE) actually reflect the molecular mechanisms occurring only in 
those individuals whose molecular disease pathway is the type I 
interferon pathway. A GWA analysis between clusters, corrected 
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for clinical diagnosis, showed that the significant genetic associ-
ations remained. Thus, the genetic associations do not depend 
on the underlying clinical diagnosis (data not shown) but on the 
cluster the patients belong to.

To expand our knowledge about the relationship between 
genetics and the differential features driving the clusters, expres-
sion quantitative trait locus (eQTL) and methylation QTL (mQTL) 
analyses were performed on defined DEGs and DMCs. Overall, 

Figure 4. Association of each systemic autoimmune disease cluster with specific serologic, cellular, and clinical information. A, Heatmap 
showing hierarchical clustering of serologic and flow cytometry data in the 4 clusters. The serologic information included data on autoantibodies, 
cytokines, and antibodies against small lipid moieties or natural autoantibodies. B, Principal components (PC) analysis of clinical data. The PCs 
most significantly associated with each cluster are shown. Clinical items that had a significant contribution to each significant PC (where the 
observed contribution was higher than the expected contribution) are depicted. The PCs and clinical features were sorted by hierarchical clustering. 
Values are Z- scored beta coefficients determined by analysis of variance (ANOVA) (false discovery rate [FDR] < 0.01). Pairwise comparisons 
of means were performed by Tukey’s range test (see Supplementary Figures 14 and 15, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41610/ abstract). CCP2 = anti– cyclic citrullinated peptide antibody; CENT B = anticentromere 
protein B; DNA = anti– double- stranded DNA; SM = anti- Sm; SSB = anti- SSB/anti- La; U1 RNP = anti- U1 RNP; PFLC = protein- free light chain; 
SSA = anti- SSA/Ro; TNF = tumor necrosis factor; MCP- 2 = monocyte chemotactic protein 2; IP- 10 = interferon- γ– inducible 10- kd protein; 
 IL- 1RA = interleukin- 1 receptor A; CRP = C- reactive protein; MMP- 8 = matrix metalloproteinase 8; PC.IGM = IgM anti-phosphorylcholine; 
NK = natural killer; Lab = laboratory finding; Gastro = gastrointestinal; CNS = central nervous system; BMI = body mass index.

http://onlinelibrary.wiley.com/doi/10.1002/art.41610/abstract
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97,854 single- nucleotide polymorphisms (SNPs) were associated 
(FDR < 1 × 10−5) with 1,208 DEGs, while 107,059 SNPs were 
associated with 1,289 DMCs. In summary, 35% of the DEGs 
were associated with ≥1 SNP, including cis and trans associations 
(36%, 30%, and 30% for the inflammatory, lymphoid, and inter-
feron clusters, respectively). Regarding DMCs, 21% were asso-
ciated with ≥1 SNP (20%, 13%, and 64% for the inflammatory, 
lymphoid, and interferon clusters, respectively). At an r2 > 0.80, 
associated SNPs were grouped into 12,916 independent eQTL 
and 17,608 mQTL linkage disequilibrium blocks. Most genes 
and CpGs associated with ≥1 SNP were also associated with 
>1 linkage disequilibrium block (Supplementary Figure 16A, the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41610/ abstract). On average, 16% of eQTL and 
17% of mQTL linkage disequilibrium blocks were tagged with 

≥1 SNP recorded in the GWA study catalog. While some SNPs 
were shared across clusters, many were uniquely linked to indi-
vidual molecular clusters (Supplementary Figures 16B and C). 
Most SNPs within the linkage disequilibrium blocks had previously 
been associated with autoimmune diseases and shared across 
clusters, especially for mQTLs where significant enrichment was 
found as compared with the entire GWA study catalog (Supple-
mentary Table 18, Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41610/ abstract).

Stability of pathologic molecular patterns over time. 
It is possible that the aberrant clusters represent a disease state 
of the individual patients at a given point in time and that patients 
could “move” to different clusters as disease progresses. Further-
more, the long disease duration combined with years of treatment 

Figure 5. The pathologic molecular patterns of systemic autoimmune diseases are stable in time and related to relapsing disease. A and B, 
Jaccard stability index between molecular cluster assignments at baseline and at 6 months (A) and between molecular cluster assignments 
at baseline and at 14 months (B). Color intensity and size of the circles represent the Jaccard index for each pair of time points and cluster 
assignment. C, Classification of patients according to cluster assignments at the 3 different time points. Stable patients were those assigned to 
the same cluster at all 3 time points; relapse– remission patients were those who were assigned to only 1 pathologic cluster but were assigned to 
the undefined cluster at any given time point; and unstable patients were those who were assigned to more than 1 pathologic cluster throughout 
the 3 time points. D, Alluvial plot of molecular cluster assignments over the 3 time points for the relapse– remission patients.
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(12 years on average since diagnosis for the cross- sectional 
cohort) could lie behind the configuration of the clusters that we 
observed. In order to determine whether the clusters could be 
observed in patients with recently diagnosed disease and if these 
were stable over time, patients from an independent and newly 
recruited inception cohort were assigned to clusters using the dis-
covery model.

Stability values for patients with information at recruitment 
and at 6 months (n = 103) or 14 months (n = 78) showed sim-
ilar results (Figures 5A and B). In both comparisons, most of the 
patients remained in the same cluster after follow- up (62– 63%), 
and 33% moved from a pathologic cluster to the undefined clus-
ter, or vice versa. Only 4% of the patients moved between different 
pathologic clusters. Analysis of patients who had data available for 
all 3 time points (n = 68) confirmed this. Only 4 patients (6%) moved 
between pathologic clusters, while 33 patients (48%) remained in 
the same cluster throughout 14 months (Figure 5C). The remain-
ing patients (46%) showed a relapse– remission dynamic typical of 
the diseases: their pathologic clusters were stable (i.e., they were 
never assigned to a different pathologic cluster), but they were 
assigned at a given point in time to the undefined (healthy- like) 
cluster (Figures 5C and D).

DISCUSSION

Using an unsupervised model integrating transcriptome 
and methylome data, we observed 3 pathologic clusters of sys-
temic autoimmune diseases that we describe as inflammatory, 
lymphoid, and interferon clusters. Additionally, an undefined clus-
ter was observed, where most healthy controls were assigned, 
with very few DEGs and no DMCs as compared to controls, and 
where patients with low disease activity were grouped. Further-
more, gene signatures previously shown to correlate with disease 
activity in SLE and RA associated exclusively with the 3 pathologic 
clusters, supporting the notion that patients were classified into 
the pathologic clusters during active disease periods or states.

Other layers of molecular information followed the molecu-
lar functions associated with the pathways that differentiated the 
clusters. For instance, differences in cell type proportions and 
specific types of cytokines, as well as clinical characteristics, 
differentiated the clusters. Importantly, we showed that the pro-
portions of cell types did not exclusively determine the clusters 
themselves, but made an important contribution. In addition, the 
GWA analysis suggested that clustering leads to homogenization 
of the individuals; and particularly only for those belonging to the 
interferon cluster, the HLA class II locus is relevant genetically. 
Therefore, the association reflects the reliability of the classifica-
tion method, grouping together patients with different systemic 
autoimmune diseases who share common pathologic molec-
ular patterns that might be driven by a common genetic back-
ground, which is not shared with the other clusters. The small 
cohort of patients available, by GWA study standards, suggests 

that additional genetic analysis using our clustering approach in 
larger groups of patients might lead to the discovery of additional 
genes that are relevant during active disease states. Instead, we 
performed eQTL and mQTL analyses and observed that the most 
significant loci corresponded to genes and polymorphisms previ-
ously associated with different autoimmune diseases according to 
the GWA study catalog.

The results from the independent inception cohort suggest 
that cluster assignment does not depend on time since diagnosis 
or on treatment and is stable over time. This implies that each 
patient has a single pathologic molecular pathway out of 3 pos-
sible pathways. The predominance of patients assigned to the 
healthy- like cluster in the inception cohort reflects a decision made 
during the design of the study, namely, that patients would not 
be heavily treated at baseline in order to analyze if posterior ther-
apy would interfere with the results. This criterion resulted in a 
large number of patients with low disease activity remaining in the 
healthy- like cluster. Patients were treated as needed during the 
follow- up period, supporting the notion that therapy did not con-
dition the structure of the clusters. The large number of patients 
assigned to the healthy- like cluster in the cross- sectional cohort is 
also partly explained by the inclusion criteria that required patients 
to be receiving low doses of treatments, particularly steroids, in 
order to avoid biases in gene expression, which are usually found 
in patients undergoing relapse control.

The molecular analyses in this study were performed on whole 
blood, which is not the final target tissue of some diseases. How-
ever, most cell types implicated in autoimmune pathologies infil-
trate tissues from blood, and therefore some molecular signatures 
from tissues can also be detected in blood (30,31), although not all 
(32). Previous analyses in SLE (13) have shown that blood molec-
ular signatures correlate with disease activity, and those same sig-
natures were associated to a different extent with the 3 pathologic 
clusters. Additionally, 2 disease activity– correlated gene expres-
sion signatures in RA synovial tissue (14) were associated with the 
inflammatory and lymphoid clusters, supporting the notion that 
tissue signatures might be visible in whole blood. However, addi-
tional tissue– blood paired sample analyses are needed to confirm 
this finding. Furthermore, since patients with active disease were 
found in all 3 clusters, it is clear that disease activity does not 
define each of the pathologic clusters. The healthy- like cluster can 
be viewed as a remission cluster, supporting the reasoning that 
during active disease patients may have 1 of 3 possible pathologic 
patterns, and possibly 1 of 3 potential therapeutic approaches.

Interventional clinical trials can use the modeling method 
presented here with much fewer patients (even just 1 patient) to 
assign each patient to a cluster and follow up on disease pro-
gression in relation to drugs to be tested. For SLE it has been 
shown that patients with a positive interferon score respond better 
to an anti– interferon- α monoclonal antibody than patients without 
a positive interferon score (33). Accordingly, patients in the inter-
feron cluster, regardless of their clinical diagnosis, might respond 
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to an anti- interferon drug better than patients in the other clus-
ters. In addition, since not all patients with an interferon signature 
respond to such treatment (33), it is feasible that many of these 
patients belong to the inflammatory cluster, which also has a small 
increase in interferon signature genes (gene module 2 in Figure 1), 
and would require additional treatment to limit the inflammatory 
process.

The door is open to have a closer look and identify endo-
phenotypes or pathotypes that relate to these blood clusters. 
Future single- cell tissue studies may distinguish cell- specific 
and tissue- specific mechanisms that substratify patients within 
a particular cluster. For example, we observed that the inflam-
matory and interferon clusters are enriched for kidney disease, 
leading to the question of whether the kidney disease of the 
patients in each cluster may show different pathotypes. Inter-
estingly, some patients with erosive arthritis were grouped into 
the lymphoid cluster (PC3 and PC4) (Figure 4B). Accordingly, this 
cluster was associated with the lymphoid synovial molecular sig-
nature described in RA, a molecular signature associated with 
joint damage progression (14). Therefore, in our model, blood is 
indeed recognizing molecular signatures of clinical relevance, and 
with the proper model can be used to follow a patient’s disease 
progression.

This study shows for the first time, and in an unprecedented 
number of individuals, that systemic autoimmune disease patients 
with 7 different clinical diagnoses share molecular clusters defined 
by specific molecular patterns that are stable over time. The 
clusters have specific clinical and serologic characteristics, but 
also have quite different regulatory and genetic landscapes. Our 
findings suggest that each patient’s illness might be defined by 
1 of 3 different molecular pathways. The results obtained in this 
study are a first step toward laying the foundations for personal-
ized medicine in systemic autoimmune diseases.
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Validation of a bioassay for predicting response 
to  tumor necrosis factor inhibitors in rheumatoid 
arthritis

While the 5 current US Food and Drug Administration– 
approved classes of targeted disease- modifying antirheumatic 
drugs (DMARDs) demonstrate comparable efficacy in rheuma-
toid arthritis (RA), the response of an individual patient to each 
targeted DMARD can vary widely, even among drugs within the 
same class. To date, there is no biomarker or assay for use in rou-
tine clinical practice for predicting a patient’s response in a drug- 
specific or even class- specific manner (1).

We previously identified a gene signature characterized by 
impaired anti- CD3– induced expression of PTPN22 in peripheral 
blood mononuclear cells (PBMCs) obtained from patients with 
active RA (2). This impaired expression of PTPN22 is normalized 
after effective treatment and can also be normalized in vitro with 
2 tumor necrosis factor inhibitors (TNFi), namely adalimumab 

and etanercept, and the interleukin- 6 receptor antagonist, tocili-
zumab. More importantly, the in vitro normalization of PTPN22 
expression by these 3 drugs closely correlated with the clinical 
response to the corresponding drugs in a small longitudinal cohort 
of RA patients, Central Pain in Rheumatoid Arthritis (CPIRA) (3). 
Here we report the use of this assay, tentatively named Reversal 
of PTPN22 gene Signature (REPS) (Figure 1A), to predict clinical 
response to adalimumab and etanercept in a larger RA cohort 
with longitudinal data.

We studied 39 patients enrolled in the ongoing Treatments 
Against RA and Effects on 18F- fluorodeoxyglucose– positron 
emission tomography/computed tomography Trial (TARGET) 
 (ClinicalTrials.gov identifier: NCT02374021). Methods of the 
 TARGET study are in press (Giles JT, et al: submitted for publica-
tion) (the principal investigators of the trial, DHS and JMB, were 
blinded with regard to individual data, and results from the pres-
ent study do not contain primary trial outcome data). All patients 
had RA and had an inadequate response to methotrexate (MTX) 

Figure 1. Predicting response to etanercept (Eta) and adalimumab (Ada) in patients with rheumatoid arthritis. A, Schematic diagram of the 
Reversal of PTPN22 gene Signature (REPS) assay. Pretreatment peripheral blood mononuclear cells (PBMCs) from Treatments Against RA and 
Effects on 18F- fluorodeoxyglucose– positron emission tomography/computed tomography Trial (TARGET) subjects were subjected to the REPS 
assay. The cells were harvested 24 hours later. Some samples were analyzed with fluorescence- activated cell sorting. B, Left, Representative 
forward scatter (FSC)/side scatter (SSC) plot of samples from the Central Pain in Rheumatoid Arthritis (CPIRA) study and the TARGET study. 
Right, Percentage of cells in the live cell gate for each sample. The transcript level of PTPN22 in all samples was analyzed with quantitative 
polymerase chain reaction. C, Fold change in PTPN22 expression in patients treated with etanercept and patients treated with adalimumab, 
grouped together. D, Analysis of the results shown in C using an area under the receiver operating characteristic curve. E and F, Fold change 
in PTPN22 expression in patients treated with etanercept (E) and patients treated with adalimumab (F). In B, C, E, and F, horizontal lines and 
error bars show the mean ± SEM; symbols represent individual patients. P values were determined by Mann- Whitney 1- tailed test. TNFi = tumor 
necrosis factor inhibitors; AUC = area under the curve; 95% CI = 95% confidence interval; R = responders; NR = nonresponders.
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(Clinical Disease Activity Index [CDAI] score ≥10) and were ran-
domized to receive a TNFi. We included a subgroup of the TNFi 
treatment arm who received adalimumab (40 mg every 2 weeks; 
n = 18) or etanercept (50 mg weekly; n = 21) in addition to baseline 
MTX. Treatment response was determined based on the change in 
CDAI score between baseline and visit 2 at 12 weeks and defined 
according to published criteria (4). Specifically, responders were 
defined as those with a decrease in CDAI score of ≥12 units among 
those with a baseline score of >22 units, or those with a decrease 
in CDAI score of ≥6 units among those with a baseline score of 
10– 22 units. There were 17 responders and 4 nonresponders in 
the etanercept group and 11 responders and 7 nonresponders 
in the adalimumab group. There was no difference in the mean 
age or initial CDAI score between responders and nonrespond-
ers in either the etanercept or adalimumab groups (Supplementary 
Table 1 available on the Arthritis & Rheumatology website at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41645/ abstract).

PBMCs were obtained from the patients before the ini-
tiation of adalimumab or etanercept. The cells were then 
stimulated with anti- CD3 for 24 hours in the presence of the 
corresponding TNFi: adalimumab (100 μg/ml) for adalimumab 
users and etanercept (250 μg/ml) for etanercept users. The 
percentage of live cells after stimulation ranged from 10% to 
30% (Figure 1B), which was lower than that for PBMCs from our 
prior study conducted using CPIRA samples (2). The level of 
PTPN22 in stimulated PBMCs was quantified with quantitative 
polymerase chain reaction and normalized to actin. When the 
adalimumab and etanercept groups were analyzed together, 
the average fold change induced by the corresponding drugs 
was higher among subjects classified as TNFi responders (1.36) 
compared with nonresponders (1.04; P = 0.0094 by Mann- 
Whitney test 1- tailed test) (Figure 1C). The area under the 
receiver operating characteristic curve (ROC) was 0.749 (95% 
confidence interval 0.568– 0.916) (P = 0.0201) (Figure 1D). 
Subgroup analyses showed that the difference in the fold 
change in PTPN22 between responders and nonresponders 
was driven mainly by the etanercept group (Figures 1E and F). 
The average fold change in PTPN22 level in responders in this 
study was lower compared with that in our previous study (2), 
probably due to the lower cell viability.

The data described above validate the results from the our 
previous study (2), implicating the REPS assay as a tool for pre-
dicting response to etanercept and possibly adalimumab. The 
area under the ROC is comparable to that of several published 
predictors of TNFi response (5–8). A weakness of the present 
study is the relatively small sample size, particularly the number of 
etanercept nonresponders. In addition, the suboptimal quality of 
PBMCs likely rendered the results less robust. However, the REPS 
assay is the first in vitro test that can assess dynamic interactions 
between drugs and blood cells, can be used to simultaneously 
test multiple drugs, and has the potential to predict response in a 
drug- specific manner. Additional large- scale longitudinal studies 

will be needed to examine the potential of the REPS assay to 
predict response to other targeted DMARDs.
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Panniculitis as the first clinical manifestation of 
myeloperoxidase-positive perinuclear antineutrophil 
cyto plas mic antibody– associated vasculitis: comment 
on the article by Micheletti et al

To the Editor:
We read with great interest the report by Micheletti et al 

on the cutaneous manifestations of antineutrophil cytoplasmic 
antibody (ANCA)– associated vasculitis (AAV) (1). As Micheletti 
and colleagues stated, a skin biopsy was performed in only 
22– 44% of patients but was frequently found to be an effective 
test for the diagnosis of AAV. While histopathologic examination 
of a skin biopsy may indeed reveal vasculitis, results may also 
be misleading. We recently encountered 2 cases of microscopic 
polyangiitis presenting with panniculitis, inflammation of the 
 subcutaneous fat.

Both patients, a 21- year- old woman and a 25- year- old 
woman, had an unremarkable medical history and presented 
with fever, arthralgia, and a persisting erythematous patch 
on the gluteal area (Figures 1a and b). Laboratory test results 
showed perinuclear ANCA titers of 1:2,560 and 1:1,280 
with myeloperoxidase antibody levels, determined by enzyme- 
linked immunosorbent assay, of 5.6 IU/ml and 134.0 IU/ml, 
respectively (normal <3.5). Both had a normal serum creati-
nine level, and 1 patient had massive hematuria. Subsequently, 

both patients developed alveolar hemorrhaging, confirmed on 
computed tomography of the chest by the presence of bilateral 
areas of consolidation with surrounding ground- glass pattern 
(Figure 1c). Skin biopsy revealed septal and lobular panniculitis 
in both patients (Figure 1d). Treatment with methylpredniso-
lone and rituximab was initiated, with 1 patient also receiving 
plasmapheresis.

While Micheletti et al reported skin manifestations as a pre-
senting feature in 35% of patients with AAV, panniculitis was 
not mentioned (1). Panniculitis is associated with systemic lupus 
erythematosus,  sarcoidosis, lymphoma, histiocytosis, and infec-
tious diseases, but typically not with AAV. In the literature, we found 
8 cases of an association of AAV with panniculitis between 1994 
and 2020 (2– 9). We believe that panniculitis should be included in 
the cutaneous manifestations of AAV.

D. Deleersnijder, MD
P. De Haes, MD, PhD
L. Peperstraete, MD
University Hospitals Leuven
J. Buelens, MD
Katholieke Universiteit Leuven
A. Betrains, MD
D. Blockmans, MD, PhD
University Hospitals Leuven 

and Katholieke Universiteit Leuven 
Leuven, Belgium

Figure 1. a and b, An erythematous patch was present on the gluteal area of both patients at presentation. c, Computed tomography of the 
chest of the first patient showed bilateral areas of consolidation with surrounding ground- glass pattern, consistent with alveolar hemorrhaging. 
d, Anatomicopathologic examination of the skin biopsy specimen from the first patient showed mixed, but predominantly septal, panniculitis. 
Hematoxylin and eosin stained; original magnification × 50. 
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Reply

To the Editor:
We appreciate the comments by Deleersnijder et al. Their 

observation of panniculitis as a presenting manifestation of micro-
scopic polyangiitis (MPA) helps illustrate the heterogeneity with 
which MPA and other types of AAV may present in the skin.

We also note that panniculitis (1), neutrophilic dermatosis 
(2), granulomatous dermatitis (3), and other nonspecific or atypi-
cal cutaneous manifestations have been reported in AAV. These 
“nonvasculitic” manifestations lack histologic findings of vasculitis 
but nonetheless are cutaneous complications of AAV that may 
correlate with disease onset or flare and may aid in diagnosis. 
This concept is supported by a finding from our recent study, the 
observation that nonspecific, “allergic” skin manifestations are 
commonly seen in eosinophilic granulomatosis with polyangiitis, 
including pruritus, urticaria, and maculopapular rash. While non-
specific, such findings should be recognized as potential features 
of vasculitis in the proper clinical context and should figure in the 
process of careful clinicopathologic correlation necessary for 
accurate diagnosis.

Among the cutaneous manifestations of AAV we reported are 
“tender skin nodules” and “nontender skin nodules,” observed in 
1.1– 3.1% of patients. While the histologic nature of these specific 

lesions is unclear, some likely do represent panniculitis, which 
generally presents with subcutaneous nodules.

Efforts to move beyond traditional means of disease clas-
sification and diagnosis include the Clinical Transcriptomics in 
Systemic Vasculitis (CUTIS) study, in which transcriptomic anal-
ysis is being used to gain insights into the biologic pathways of 
vasculitis (4). Cutaneous manifestations of AAV currently con-
sidered “nonspecific” or “nonvasculitic,” such as the pannicu-
litis described by Deleersnijder et al, may exhibit characteristic 
inflammatory pathways that are unique to the disease subtype 
or transcend lesion morphology. Until such molecular signa-
tures are discovered, awareness of the numerous and var-
ied clinical and histologic manifestations of AAV in the skin is 
essential for successful evaluation and disease management.
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Who has the final say on the dose of acupuncture? 
Comment on the article by Tu et al

To the Editor:
In their study, Tu et al showed that electroacupuncture 

(EA), but not manual acupuncture (MA), is superior to sham 
acupuncture (SA) (38 weeks) in reducing pain and improving 
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function for patients with knee osteoarthritis (1). The trial also 
clearly demonstrated a potential dose effect of acupuncture. 
The only problem is that the protocol found to be effective by 
Tu and colleagues is not commonly used in clinical practice in 
the West.

Specifically, EA and strong manual manipulation of the nee-
dles are not commonly used by acupuncturists. Additionally, in 
the US, patients are typically scheduled for 1– 2 treatments per 
week (2). In Western medicine, soft acupuncture is more com-
monly practiced than hard acupuncture. Soft acupuncture utilizes 
thin and small disposable needles, which are inserted gently with a 
guiding tube. The goal is not necessarily to produce a strong sen-
sation or de qi, and patients are lying down in a private room with 
soft music for ~30– 40 minutes (3). Hard acupuncture is mainly 
used in China by traditional practitioners. Longer and thicker reus-
able needles are used to produce a strong sensation or de qi at 
acupoints, and patients usually do not have a private room for full 
relaxation (3).

In this trial, EA and MA are types of hard acupuncture (i.e., 
point- through- point stimulation and de qi) and the SA (superficial 
insertion at non- acupoints) may be considered to be a type of 
soft acupuncture. The fact that no significant difference was found 
between MA and SA at the end of the intervention suggests that 
the sham was an active treatment with significant benefits (58.6% 
versus 47.3% response rate). EA was only marginally better than 
MA (60.3% versus 58.6% response rate).

This result is consistent with the findings of numerous 
previous acupuncture trials for painful and nonpainful condi-
tions (4). Randomized controlled trials have repeatedly demon-
strated that soft acupuncture is as effective as hard acupuncture 
for many medical conditions, such as low back pain, headache, 
and infertility (4,5). In the past, soft acupuncture was often mis-
takenly used as a negative control and confounded results in tri-
als. As a result, the conclusions only reflected the comparisons 
between 2 types of acupuncture treatments, as seen in the trial 
conducted by Tu et al.

The reason that soft acupuncture sometimes works well may 
be complicated. The Balloon Theory has been proposed to explain 
the multifactorial effects of acupuncture (Figure 1) (3). In addition 
to the specific acupuncture effect, nonspecific stimulation at pan- 
acupoints, mind– body therapy, placebo effect, and spontaneous 
healing may all play roles in the effectiveness of acupuncture. The 
amplified non- needling effects during therapy could reduce the 
need for strong acupuncture stimulation (hard acupuncture) and 
results in soft acupuncture producing a similar benefit to hard 
acupuncture.

From the patient’s and acupuncturist’s points of view, soft 
acupuncture is more acceptable and feasible because it is pain-
less, comfortable, and easy to perform (and has even been 
called “sweet acupuncture”). This may be the major reason why 
soft acupuncture is more popular in Western medicine and is 
also gradually gaining popularity in China. While we appreciate 
evidence- based data regarding the dose effect of acupuncture, 

Figure 1. The Balloon Theory of Acupuncture Effects. This theory 
explains the multifactorial effects of acupuncture therapy. The dif-
ference between the specific effect of acupuncture (specific acupoint) 
and the combination of spontaneous healing and placebo effect is 
easier to demonstrate than the difference between the specific effect 
of acupuncture and the combination of spontaneous healing, placebo 
effect, mind– body therapy, and nonspecific stimulation at pan- 
acupoints in clinical trials. The amplified effects of all these factors can 
reduce the specific effect of acupuncture.

it is important to remember that in real practice, it is our patients 
who have the final say.

Yong Ming Li, MD, PhD, LAc
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Bridgewater, NJ
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Reply

To the Editor:
We appreciate Dr. Li’s interest in our research. We agree 

that there are many differences between hard acupuncture, 
which is mainly used in China by traditional practitioners, and 
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COVID- 19 reinfection in a patient receiving immu-
nosuppressive treatment for antineutrophil cytoplas-
mic antibody– associated vasculitis

To the Editor:
We recently saw a patient who presented with coronavirus 

disease 2019 (COVID- 19) and, during hospitalization, was diag-
nosed as having granulomatosis with polyangiitis (GPA), an anti-
neutrophil cytoplasmic antibody (ANCA)– associated vasculitis, 
which was likely present prior to COVID- 19 infection. Immuno-
suppressive treatment for GPA may have affected her subse-
quent medical course, described below, which included another 
episode of COVID- 19.

The patient, a 61- year- old woman, presented in early April 
2020, during the first peak of the COVID- 19 pandemic, with 

soft acupuncture used in the West. However, our perspective 
is that hard acupuncture may be superior to soft acupuncture 
in the majority of diseases. It is valuable to carry out compar-
ative effectiveness research on hard acupuncture and soft 
acupuncture.

The notion of “dose,” a key issue in the field of acupunc-
ture, is examined in our study. The dose of acupuncture includes 
the frequency and total number of sessions (1), the number of 
needles, the retention time, the mode of stimulation, and de qi 
(2). The insufficient dose used in previous trials contributed to the 
controversial results of acupuncture for knee osteoarthritis (OA). It 
is undeniable that acupuncture is a complex intervention involv-
ing both specific and nonspecific factors. The nonspecific effect 
of acupuncture is large, but the overall effect of acupuncture is 
greater (3).

Additionally, there are several differences between soft 
acupuncture and the SA in our trial. The points punctured 
in soft acupuncture are acupoints, and those in SA are non- 
acupoints. Neither guiding tubes nor private rooms with 
soft music are used in SA. There are 17 sham EA controls, 
and the SA in our trial was one of the most commonly used 
sham controls (4).

In knee OA, it was reported that soft acupuncture did not 
confer benefits for pain or function compared with SA (5). Our 
findings suggested that the SA was an active treatment for knee 
OA (47.3% response rate). This is consistent with the results 
of a meta- analysis of individual patient data (42.5% response 
rate) (6). Moreover, EA, one type of hard acupuncture therapy, 
is superior to SA for knee OA both statistically and clinically 
(60.3% versus 47.3% response rate) (between- group differ-
ence 13.0%; P = 0.0234; an increase in response rate of ≥10 
compared to controls was clinically meaningful [7]). Given the 
recent evidence that strong- electricity EA is better than weak- 
electricity EA for alleviating knee pain (8), the weak electricity 
used in the EA group for blinding purposes may partly account 
for the response rate (60.3%) being less than the expected 
70%. The difference between EA and SA would be much larger 
in clinical practice.

Additionally, hard acupuncture might be more suitable for 
acute diseases and is also used outside China, i.e., motion- 
style acupuncture (1,9). Frequent treatment does add to the 
logistics burden in chronic diseases. The noninvasive acupoint 
stimulator, which can be manipulated by patients at home, may 
be an alternative option for chronic diseases. In the modern 
physiologic– psychosocial medical model, medical decisions 
should be made by patients and doctors after consultation 
based on current evidence. It is still an interesting issue to 
research which kinds of disease are suitable for treatment with 
hard acupuncture and which are suitable for treatment with soft 
acupuncture.

Jian- Feng Tu, MD, PhD
Guang- Xia Shi, MD, PhD
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and was discharged after 10 days. Results of repeat PCR and 
serologic testing for SARS– CoV- 2 antibody were both nega-
tive 1 month following the second COVID- 19 illness. Of note, 
peripheral B cell depletion persisted (CD19 <2/µl) following ritux-
imab therapy in April, although total IgG levels were  preserved 
(5.8 gm/liter).

The 6- month interval between symptomatic COVID- 19 
illnesses, with repeated negative results on PCR testing between 
episodes, suggests reinfection with SARS– CoV- 2; however, we 
cannot definitively exclude persistent viral replication in this immu-
nocompromised patient. The case highlights that patients receiv-
ing immunosuppression treatment may develop viral reinfection or 
persistence (1,2). This is important as previous reports on immu-
nocompetent individuals suggest that the disease course may 
be more severe after reinfection (3,4). Our experience also sug-
gests that immunosuppression may impact the longevity of pro-
tective immune responses to SARS– CoV- 2 infection. This may 
have important implications for vaccine efficacy in these at- risk 
patients, who are likely to be prioritized for immunization in the 
near future. We plan to delay further maintenance immunosup-
pression treatment in this patient to provide an opportunity for 
vaccination.
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acute- onset dry cough, dyspnea, fever, and myalgia. Findings 
of initial laboratory tests were suggestive of COVID- 19 (neu-
trophil:lymphocyte ratio 10.3, platelet count 517 × 109/liter, C- re-
active protein [CRP] 236 mg/liter, d- dimer 5,794 µg/liter, ferritin 
528 µg/liter, troponin 881 ng/liter), and infection was confirmed 
by severe acute respiratory syndrome coronavirus 2 (SARS– 
CoV- 2) polymerase chain reaction (PCR) testing of a nasopharyn-
geal swab. She received supportive care for  COVID- 19, and the 
fever and myalgia gradually resolved over the following 14 days.

During this period, she developed progressive kidney dys-
function with urinary abnormalities (serum creatinine level in  creasing 
to 210 µmoles/liter [2.38 mg/dl] and urinary protein:creatinine ratio 
132 mg/mmole), prompting immunologic testing. This revealed 
proteinase 3– ANCA at a titer of 141 IU/ml (normal <3). Further 
assessment revealed a history of ear, nose, and throat symptoms 
(nasal discharge, hearing loss) and weight loss over the preced-
ing 6 months. Cross- sectional imaging showed erosive sinusitis 
and bilateral pulmonary nodules. Kidney biopsy revealed severe 
pauci- immune necrotizing glomerulonephritis, compatible with a 
diagnosis of GPA that likely predated her presentation with acute 
COVID- 19.

On 3 occasions starting 23 days after the initial positive test 
result, repeat PCR testing for SARS– CoV- 2 yielded negative 
results, and seroconversion was confirmed by detection of IgM 
and IgG antibodies to the viral S- protein. Consequently treat-
ment for GPA was initiated (rituximab [total dose 2 gm over 2 
weeks], pulse intravenous cyclophosphamide [total dose 750 mg 
over 2 weeks], and oral glucocorticoids [starting at 30 mg/day]). 
She responded rapidly, with improvement in symptoms, inflam-
mation markers (CRP 5 mg/liter), renal function (creatinine 
110  µmoles/liter [1.14 mg/dl], urinary protein:creatinine ratio 
[<50 mg/mmole]) and a negative result on ANCA testing by July 
2020. Results of serial PCR tests for SARS–CoV- 2 during this 
period were negative, but antibodies to viral proteins were not 
detectable. She received maintenance therapy with prednisolone 
5 mg day, with a plan for re- treatment with rituximab at 6 months.

The patient presented again in October 2020, following 
contact with a family member who had proven COVID- 19, with 
fever, myalgia, dyspnea, and new pulmonary infiltrates. At that 
time, SARS– CoV- 2 PCR test results were positive on 2 occasions 
(3 viral targets identified), and laboratory findings were compati-
ble with acute infection (CRP 74 mg/liter, d- dimer 1,714 µg/liter, 
ferritin 864 µg/liter). Her kidney function was stable, with no uri-
nary abnormalities, and ANCA remained negative, suggesting 
that her vasculitis was in remission. She received supplemen-
tal oxygen, dexamethasone, and prophylactic anticoagulation 
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