
ACR 2021 State-of-the-Art Clinical Symposium
Join your rheumatology colleagues in this year’s State-of-the-

Art Clinical Symposium (SOTA) being held virtually on April 9–11. 

During SOTA weekend, the SOTA speakers and moderators will de-

liver exceptional scientifi c content in areas ranging from therapeutic 

developments, recent research fi ndings, and scientifi c advances, in 

an environment conducive to dialogue and networking. Register for 

early-bird rates by March 31; register for standard rates after March 

31. Visit www.rheumatology.org/Learning-Center/Educational-Activi-

ties to learn more and register.

ACR 2021 Pediatric Rheumatology Symposium
Join your pediatric colleagues from across the country in 

this year’s Pediatric Rheumatology Symposium (PRSYM) being held 

virtually May 19–22. This unique symposium will provide you with 

the most up-to-date, practical clinical information and basic science 

knowledge on the diagnosis and management of pediatric patients with 

rheumatic diseases and immune disorders. Visit www.rheumatology.

org/Learning-Center/Educational-Activities to learn more and register.

Nominations for ACR Awards of Distinction and 
Masters Due May 17

The ACR has many Awards of Distinction, including the Pres-

idential Gold Medal. Members who wish to nominate a colleague or 

mentor for an Award of Distinction must complete the online form at 

www.rheumatology.org by May 17, 2021. The nomination process 

includes a letter of nomination, 2 additional letters of recommenda-

tion, and a copy of the nominee’s curriculum vitae. Recognition as a 

Master of the American College of Rheumatology is one of the highest 

honors the ACR bestows. The designation of Master is conferred on 

ACR members age 65 or older who have made outstanding contri-

butions to the fi eld of rheumatology through scholarly achievements 

and/or service to their patients, students, and the profession. To nom-

inate someone for a Master designation, members must complete the 

online nomination form at www.rheumatology.org and include a letter 

of nomination, 2 supporting letters from voting members of the ACR, 

and the nominee’s curriculum vitae. Nominees for ACR Master must 

have reached the age of 65 before October 1, 2021.

ACR Invites Nominations for Volunteer Positions

The ACR encourages all members to participate in forming 

policy and conducting activities by assuming positions of leadership 

in the organization. Positions are available in all areas of the work of 

the American College of Rheumatology and the Rheumatology Re-

search Foundation. Please visit www.rheumatology.org for informa-

tion about nominating yourself or a colleague for a volunteer position 

with the College. The deadline for volunteer nominations is May 17, 

2021. Letters of recommendation are not required but are preferred.
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 In this Issue
Highlights from this issue of A&R | By Lara C. Pullen, PhD

Multimorbidity in Antineutrophil Cytoplasmic Antibody–
Associated Vasculitis
Rheumatologists consider antineutrophil 
cytoplasmic antibody–associated vasculitis 
(AAV) to be a chronic, relapsing condition. 
For many chronic diseases such as cardiovas-

cular disease or chronic 
kidney disease, multi-
morbidity is the rule rather 

than the exception. In this issue, Sarica et al 
(p. 651) report the results of the fi rst study to 
describe longitudinal trends in the incidence 
of multimorbidity in AAV patients and calcu-
late the health care expenditure attributable 
to multimorbidity. The researchers observed 
that the highest proportional risk in AAV 
patients was for osteoporosis. Their anal-
ysis of a large national cohort from Scotland 
reinforces the importance of holistic care in 
patients with AAV.

The study included 543 patients with 
AAV and 2,672 matched general population 
controls, whom the investigators followed 
for a median of 5.1 years. Eligible patients 
with AAV were diagnosed between 1997 and 
2017, and the researchers retrieved linked 
morbidity and health care expenditure data 
from a UK national hospitalization repository 
and from published national cost data. They 
defi ned multimorbidity as the development of 
≥2 disorders. The team analyzed prespecifi ed 
morbidities, individually and together, for 
risks and associations over time using modi-
fi ed Poisson regression, discrete interval anal-
ysis, and chi-square test for trend.

After 1 year, 23.0% of AAV patients and 
9.3% of controls had developed multimorbidity, 
and after 10 years, 37.0% of AAV patients and 

p. 651

Dual-Energy Computed Tomography Ineffective at 
Identifying Early Calcium Crystal Deposition
Although rheumatologists are now beginning to 
use dual-energy computed tomography (DECT) 
to detect calcium pyrophosphate deposition 
(CPPD), a question remains as to whether early 

calcium crystal deposition 
alters DECT attenuation 
characteristics in menisci 

and articular cartilage prior to the appearance 
of detectable chondrocalcinosis by conventional 
CT.  In this issue, Budzik et al (p. 687) describe 
their efforts to assess the ability of DECT to 
identify this early calcium crystal deposition. 
They report that, while DECT has the poten-
tial to characterize knee intraarticular mineral-
ization, it cannot yet accurately identify early 
calcium crystal deposition that is not visible as 
chondrocalcinosis on conventional CT. 

The investigators found that in both 
menisci and articular cartilage, and for all 

5 DECT attenuation parameters, calcifi ed 
regions of interest (ROIs) in CPPD patients 
showed signifi cantly higher values than 
those in controls. Conversely, noncalcifi ed 
ROIs in CPPD patients were comparable to 
those in controls. Ultimately, while specifi c 
DECT parameters yielded good accuracy 
in differentiating calcifi ed ROIs in CPPD 
patients from those in controls, DECT failed 
to distinguish between noncalcifi ed ROIs 
in CPPD patients and controls. The authors 
concluded that the main potential clinical 
utility of DECT in calcium crystal–associ-
ated rheumatic and musculoskeletal diseases 
is in characterizing larger/higher-concen-
tration crystal aggregates, rather than in 
lowering the detection limit for early/lower-
concentration calcium crystal deposition not 
visible with conventional CT.

p. 687

17.3% of controls had developed multimor-
bidity. The researchers thus found that while 
AAV patients were more likely to develop 
individual morbidities at all time points, multi-
morbidity was most often diagnosed <2 years 
after diagnosis of AAV. They concluded from 
this that these initial 2 years might represent 
a critical opportunity for early screening of 
patients with AAV. Multimorbidity in AAV 
patients was associated with disproportionate 
increases in health care expenditures, with 
those expenditures highest for AAV patients 
with ≥3 morbidities. In comparison to AAV 
patients with no morbidities, the development 
of multimorbidity in AAV patients was asso-
ciated with a 2–4-fold increase in total health 
care expenditure, with a 3–5-fold increase in 
inpatient health care expenditure.

Figure 1. Receiver operating characteristic curves 
showing the diagnostic accuracy of dual-energy 
index (DEI), effective atomic number (Zeff), and 
electron density (rho) in differentiating calcifi ed 
meniscal ROIs in patients with CPPD from ROIs 
in controls. DEI and Zeff both outperformed rho and 
exhibited comparable diagnostic performances.



In utero and early life adversity—including famine, natural 
disasters, and war—have previously been associated with 
increased risk of chronic diseases that involve systemic inflam-
mation, such as cardiovascular disease and type 2 diabetes 
mellitus. However, little is known about the long-term impact 
of these stressors on autoimmunity, or specifically on rheu-
matoid arthritis (RA) risk.  As climate change, war, and global 
pandemics continue to cause food insecurity and early life 
malnutrition, it is important to understand the long-term 
effects of early life famine and adversity exposure. 

VanEvery and colleagues used a cohort of ~100,000 partic-
ipants from the ongoing Kailuan Study, including those born 
before, during, and after the Great Chinese Famine of 1959–
1961, to examine whether in utero or early childhood expo-
sure to famine was associated with an increased risk of RA in 
adulthood. This analysis consisted of logistic regression with 
adjustment for confounders (sex, C-reactive protein, metabolic 
characteristics, alcohol consumption, smoking behavior, hyper-
tension, and diabetes), which was used to calculate the odds 
ratio and 95% confidence interval of RA, according to famine 
exposure status (exposed in utero, exposed between ages 0 

and 3 years, exposed between ages 3 and 6 years, or exposed 
at age 6 years or older), compared to participants born after 
1961 (i.e., not exposed to famine). 

Questions

1. Why	is	it	difficult	(ethically,	logistically,	statistically)	to	study
the	impact	of	early	life/in	utero	adverse	events	on	later	life
health	outcomes	in	humans?

2. The	current	study	used	a	natural	experiment	design.	Could	an
experimental	design,	e.g.,	a	randomized	clinical	trial,	be	used
to	investigate	the	impact	of	early	life	adversity?

3. What	is	currently	known	about	early	life	exposures	and
RA	risk?

4. Do	you	think	other	adverse	events	in	early	life	(neglect	or
abuse)	would	have	a	similar,	smaller,	or	larger	impact	on	RA
risk	in	adulthood?

5. Why	do	you	think	the	impact	of	famine	exposure	on	RA	risk
is	larger	in	the	first	3	years	of	life	than	it	is	in	older	age?

In Utero and Early Life Exposure to the Great Chinese Famine 
and Risk of Rheumatoid Arthritis in Adulthood

Sustained Remission of Granulomatosis with Polyangiitis
Rheumatologists seek sustained remission 
off-therapy (SROT) for their patients with 
granulomatosis with polyangiitis (GPA), 
and many see it as an indicator of a potential 

“cure” or its first surro-
gate marker. In this issue, 
Puéchal et al (p. 641) 

report that after conventional therapies, only 
7% of GPA patients had reached SROT at 10 
years postdiagnosis. While the investigators 
were unable to find any baseline vasculitis 
characteristics that distinguished patients 
who achieved/maintained SROT from those 
who experienced disease relapse and/or 
continued to receive glucocorticoids (GCs) 

or immunosuppressant therapy, they did find 
that patients with SROT had received more 
intensive induction therapy and rituximab 
maintenance therapy more frequently than 
those who did not achieve SROT.

The researchers evaluated 795 patients 
with GPA. At 3 years postdiagnosis, they 
compared 92 GPA patients with SROT to 
342 control subjects who had experienced 
disease relapse and/or were still receiving 
GCs or immunosuppressants. Although they 
found no baseline differences between the 2 
populations, patients with SROT had more 
frequently received intravenous cyclophos-
phamide as induction therapy compared to 

controls and had a higher median number of 
infusions. When the researchers examined 
the patients at 5 years postdiagnosis, they 
again saw no baseline differences between 
groups but found that patients with SROT 
at 5 years postdiagnosis had received more 
cyclophosphamide infusions compared to 
controls. In addition, more patients with 
SROT had received rituximab mainte-
nance therapy than controls at 3 years and 5 
years postdiagnosis. While 20% of patients 
had reached SROT at 3 years, this number 
decreased to 7% (of the 74 patients with 
10-year follow-up data) at 10 years post-
diagnosis.

p. 641

Journal	Club

VanEvery et al. Arthritis Rheumatol. 2021;87:596–603

A monthly feature designed to facilitate discussion on research methods in rheumatology.



Clinical Connections
Interleukin-7/Interferon Axis Drives  
T Cell and Salivary Gland Epithelial Cell 
Interactions in Sjögren’s Syndrome 
Rivière et al, Arthritis Rheumatol 2021;87:631–641

CORRESPONDENCE
Gaetane Nocturne, MD, PhD: gaetane.nocturne@aphp.fr

KEY POINTS 
•  SGECs stimulated by IFN are

able to produce IL-7 that in
turn activate T cell lymphocytes.

•  SGECs promote a pathogenic
IFN/IL-7 amplification loop in
primary SS.

•  Targeting the IL-7 pathway
with a monoclonal anti–IL-
7R reduces IFN signatures
and may be a promising
therapeutic approach in
primary SS.

SUMMARY 
Primary Sjögren’s syndrome (SS) is a systemic autoimmune disease characterized 
by an infiltration of exocrine glands, notably salivary and lachrymal glands leading 
to dryness. In addition, patients suffer from fatigue and pain in one-third of the 
cases of systemic involvement. An interferon (IFN) signature involving type I 
and type II IFNs is detected in the majority of patients. Several lines of evidence 
support the pathogenic role of salivary gland epithelial cells (SGECs) in primary 
SS; these cells are the target of the disease but also participate in its amplification. 
In their study, Rivière et al demonstrate that SGECs stimulated by IFNs are able 
to produce interleukin-7 (IL-7), a key cytokine for the activation of  T cells. In turn, 
T cells produce IFNγ, which leads to a vicious circle of amplification. Interestingly, 
using a monoclonal antibody that targets IL-7 receptor (IL-7R) allows the IFN 
signature to be decreased, highlighting the potential therapeutic interest in this 
new pathway in primary SS. 
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Large-Scale Characterization of Systemic 
Sclerosis Serum Protein Profile: Comparison 
to Peripheral Blood Cell Transcriptome and 
Correlations With Skin/Lung Fibrosis 
Bellocchi et al, Arthritis Rheumatol 2021;87:660–670

CORRESPONDENCE
Shervin Assassi, MD, MS: shervin.assassi@uth.tmc.edu

KEY POINTS 
•  The serum protein profile in

SSc is distinct and enriched for
fibrotic as well as immune cell
homing pathways. 

•  Rather than being a mere
reflection of peripheral
blood cell gene expression
dysregulations, serum protein
profile can serve as a window
to disease severity and
molecular dysregulations in
the diseased tissue in
systemic sclerosis. 

SUMMARY  
Proteins are in closer proximity to disease pathogenesis than findings at the DNA or RNA level, and serum samples 
are more readily accessible than diseased tissue such as the skin or lungs. Bellocchi et al investigated the correlation 
of serum proteins with systemic sclerosis (SSc) fibrotic features.

To characterize the molecular profile of SSc, a large panel of proteins was examined in the serum of individuals 
with diffuse cutaneous SSc who were not receiving immunosuppressive agents. Furthermore, the serum proteins 
were compared to gene expression profiles of concurrently collected peripheral blood. 

Compared to matched controls, individuals with SSc had a distinct serum protein profile that correlated with the 
extent of skin involvement and showed an enrichment for fibrotic and immune cell homing pathways.

Only a small portion (15.5%) of differentially expressed serum proteins was also differentially expressed in the 
concurrently collected peripheral blood gene expression profile, supporting the notion that differential expression 
for most serum proteins in SSc is likely to originate outside the peripheral blood cells.
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I N  M E M O R I A M

Raphael J. DeHoratius, MD, 1942–2020

Raphael J. DeHoratius, MD passed away on November 
26, 2020, at the age of 78, at home with his long-time compan-
ion, Elizabeth Grace. He is also survived by 3 daughters Nicole 
 DeHoratius (Dieter Cohrs), Danielle DeHoratius, and Gabriel 
Koons, and 6 grandchildren. Ralph grew up in Philadelphia as the 
oldest child of Pasquale and Edith DeHoratius. He attended St. 
Joseph’s University and then obtained his medical degree from 
Jefferson Medical College of Thomas Jefferson University. He 
completed his internal medicine training at the University of New 
Mexico in Albuquerque and continued in rheumatology under 
the tutelage of Dr. Ralph Williams. He remained at the University 
of New Mexico as a faculty member before serving 2 years in 
the Air Force in Wichita, Kansas. In 1976 he returned to Thomas 
 Jefferson University Hospital, joining the Division of Rheumatology.

In his early career, Ralph was involved in scientific investiga-
tions of rheumatoid arthritis and systemic lupus erythematosus; 
along the way, he published more than 60 manuscripts. Over time 
he focused on patient care and teaching. In the 1970s there were 
not many rheumatologists involved in taking care of patients with 
lupus. Ralph’s strong interest in lupus attracted a large practice of 
patients with the disease, and he established the Lupus Center at 
Thomas Jefferson University Hospital. He worked closely with the 
local chapter of the Arthritis Foundation. As well, he established a 
local chapter of the Lupus Foundation of America, working with 
Goldie and Eddie Simon, whose daughter had succumbed to 
lupus. This chapter became one of the most successful chapters 
in the country. By the late 1970s and early 1980s Ralph had estab-
lished himself as one of the leading experts in the field of lupus. He 
was also a gifted teacher and over the years trained many rheuma-
tology fellows, internal medicine residents, and medical students.

Ralph remained at Thomas Jefferson University Hospital until 
1982, at which time he had become a Professor of Medicine. In 
1982 he moved across town in Philadelphia to Hahnemann Uni-
versity to become Director of the Division of Clinical Immunology 
and Rheumatology. He remained at Hahnemann University for 10 
years before returning to Thomas Jefferson. The last part of his 
career was spent in industry, working for Johnson & Johnson.

Over his career, Ralph was very active in the American 
College of Rheumatology, serving on several committees and 
subcommittees including the Undergraduate Education Subcom-
mittee, Graduate Education Subcommittee, Annual Meeting Pro-
gram Committee, and Annual Meeting Planning Committee. He 

was also a great supporter of the ACR Research and Education  
Foundation (now the Rheumatology Research Foundation). His 
involvement with the ACR culminated in his being named the  
66th President of the College in 2002.

I met Ralph in 1981 at Thomas Jefferson University, when 
I was second-year internal medicine resident doing an elective 
rotation in rheumatology. Ralph was one of the mentors who 
cemented my decision to pursue a rheumatology career. Our 
paths separated, but we kept in touch. Ralph went to Hahne-
mann University, and I continued with my rheumatology fellow-
ship at Thomas Jefferson. I ran into Ralph at the ACR Annual 
Meeting in New Orleans in 1986, while I was looking for my first 
job. As luck would have it, he was looking for a new faculty mem-
ber. He became my first boss and also my mentor for the early 
part of my career at Hahnemann. Our paths separated again in 
1992 when Ralph returned to Thomas Jefferson and I moved on 
to Einstein Medical Center in Philadelphia. Even when we were 
at different institutions, Ralph continued to advise me about clin-
ical as well as administrative issues, as I was now the head of a 
division. I last saw Ralph at the ACR Annual Meeting in Atlanta 
in 2019. He had retired, and he told me that this would be his 
last meeting.

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.41636&domain=pdf&date_stamp=2021-02-22
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Ralph DeHoratius was an outstanding clinician and physician 
with incredible clinical instincts. His patients followed him around 
the city from institution to institution for their care, many coming 
from great distances to see him. It was during my time working 
with him at Hahnemann University, seeing many lupus patients 
and receiving his counsel on their care, that I became an expert in 
lupus. His patients were devoted to him. After he left clinical prac-
tice a number of them came to me for follow-up, and we always 
shared a good Ralph story.

I want to relay a story about one of Ralph’s patients, which 
I think shows the kind of physician he was. On a Friday at about 
noon, one of Ralph’s patients was added to my schedule, as he 
was out of town. After reviewing her (paper) chart, I entered the 
room and introduced myself. This was a young woman with lupus 
who was being treated with moderate doses of prednisone and 
an immunosuppressive agent. She had a fever of 104°F, short-
ness of breath, and chest pain. I was concerned about pleuritis 
or pericarditis and of course, infection. After I introduced myself 
she told me that she would rather wait to see Dr. DeHoratius.  

I told her that he would be back on Monday. She actually 
thought about coming back on Monday, but I believe she was 
feeling so poorly that she knew this could not wait. After my 
evaluation, I knew she had peri carditis and called the cardiology 
service. When I explained to her that they were going to take 
her for pericardiocentesis, she asked that I stay with her dur-
ing the procedure; she was frightened without Dr. DeHoratius.  
I watched the cardiothoracic surgeons drain about 1,000 ml 
of pericardial fluid.

To me, the devotion of this patient to Ralph was amazing. 
He had many patients in his practice who felt this way. They really 
loved him. Over time as my practice grew, I had many patients 
with similar devotion to me, which is very rewarding. Over the 
years, I realized that Ralph DeHoratius had taught me how to be 
a doctor.

Lawrence H. Brent, MD
Temple University
Philadelphia, PA

mailto:￼
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Expert Perspective: Immune Checkpoint Inhibitors and 
Rheumatologic Complications
Laura C. Cappelli and Clifton O. Bingham III

Rheumatologists increasingly receive consults for patients treated with immune checkpoint inhibitors (ICIs) for 
cancer. ICIs can cause inflammatory syndromes known as immune-related adverse events (IRAEs). Several rheumatic 
IRAEs have been reported, including inflammatory arthritis, polymyalgia rheumatica, and myositis. For patients who 
present with musculoskeletal symptoms while receiving ICI therapy, it is important to have an algorithm for evaluation. 
The differential diagnosis includes a range of musculoskeletal syndromes, such as crystalline arthritis, mechanical 
issues, and osteoarthritis, in addition to IRAEs. After diagnosing a rheumatic IRAE, rheumatologists must work with 
the patient and the oncologist to form a treatment plan. Treatment of IRAEs is guided by severity. Evidence for 
management is limited to observational studies. Inflammatory arthritis and polymyalgia rheumatica are treated with 
nonsteroidal antiinflammatory drugs in mild cases, glucocorticoids for moderate-to-severe cases, and sometimes 
require other disease-modifying antirheumatic drugs. Myositis due to ICIs can be accompanied by myocarditis or 
myasthenia gravis. Glucocorticoids and withholding the ICI are usually required to treat myositis; some patients 
with severe myositis require intravenous immunoglobulin or plasmapheresis. Further research is needed to optimize 
treatment of IRAEs that does not compromise the antitumor effect of ICIs.

Clinical challenge

You receive a consult from a local oncologist. A 65-year-
old man with a history of knee osteoarthritis (OA) who had pre-
viously undergone total joint arthroplasty of the left knee and is 
being treated with nivolumab (anti–programmed death 1 [anti–
PD-1] monoclonal antibody) for non–small cell lung cancer has 
new symptoms of severe aching in his arms and legs, with lim-
ited mobility. The oncologist does not localize symptoms to the 
joints and/or muscles but notes that the patient is having trouble 
doing chores around the house such as cleaning and cooking.

Background

Cancer immunotherapy has been a substantial breakthrough 
for treating patients with a variety of malignancies. The most 
commonly used class of cancer immunotherapy, immune check-
point inhibitors (ICIs), block immune regulatory interactions and 
allow for increased T cell activation and an antitumor immune 

response (1–3). Currently approved ICIs block CTLA-4, PD-1, or 
programmed death ligand 1 (PD-L1), but investigations focusing 
on a variety of other positive and negative regulatory targets are 
underway (4). ICIs are used for an ever-expanding list of tumor 
types. Initially, they were used only in advanced-stage cancer, but 
now adjuvant therapy in melanoma (5) is approved, and neoad-
juvant therapy has shown efficacy for non–small cell lung cancer 
(6). ICIs first came to the attention of rheumatologists in the mid-
2010s due to their side effect profile. ICIs can cause inflammatory 
adverse events, termed immune-related adverse events (IRAEs), 
likely due to non–tumor-specific immunologic activation. IRAEs 
can affect nearly any tissue type including the skin, gastrointestinal 
tract, nervous system, lungs, endocrine organs, and musculoskel-
etal structures (7). Some IRAEs, such as dermatitis and thyroid 
disease, are common and not life-threatening, while others, such 
as myocarditis, are uncommon but often fatal (8). Many IRAEs 
share similarities with classic autoimmune diseases, but there are 
key differences in clinical presentations, treatment, and long-term 
outcomes (9).
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Rheumatic IRAEs were not acknowledged as early in the 
history of ICIs as some other IRAEs, but are increasingly noted. 
IRAEs with phenotypes similar to rheumatoid arthritis (RA), spon-
dyloarthritis, polymyalgia rheumatica (PMR), giant cell arteritis 
(GCA), myositis, antineutrophil cytoplasmic antibody–associated 
vasculitis, scleroderma, and other rheumatic diseases have been 
described (10). Epidemiologic data remain limited, particularly for 
rare IRAEs like vasculitis and scleroderma. Inflammatory arthritis, 
however, may occur in 3–7% of patients treated with ICIs (11,12). 
More than 40% of oncology patients are eligible for treatment 
with ICIs; thus, the number of patients who may experience rheu-
matic IRAEs from ICI treatment is substantial (13). Studies have 
yet to define risk factors for development of specific rheumatic 
IRAEs. IRAEs are generally more common in patients treated with 
combination anti–PD-1/anti–CTLA-4 blockade than those treated 
with monotherapies (14). Certain IRAEs, such as rash, colitis, and 
hypophysitis, are more common with CTLA-4 blockade, while 
pneumonitis and hypothyroidism are more common with PD-1 
blockade (15). Rheumatic IRAEs may persist after cessation of 
ICI therapy, as seen in inflammatory arthritis (16). Persistence of 
inflammatory arthritis has been associated with combination ICI 
therapy regimens, longer duration of ICI therapy, and having mul-
tiple IRAEs (16).

Treatment of IRAEs is complicated by the coexistence of can-
cer and the goal of immunologic activation against the tumor. Phy-
sicians must balance relieving inflammation in the organ affected 
by the IRAE with not impairing the antitumor response to ICI. 
Treatment of IRAEs usually starts with glucocorticoids and may 
require withholding ICI therapy. On a positive note, IRAEs seem 
to be a positive prognostic factor for tumor response in different 
types of tumor (17).

The clinical scenario above highlights several issues that 
arise in referrals for suspected rheumatic IRAEs. Non-rheuma-
tology providers may not be familiar with musculoskeletal and 
neurologic examinations or with associated symptoms that can 
accompany inflammatory arthritis, PMR/GCA, myositis, or other 
rheumatic syndromes. This issue is further complicated in the era 
of coronavirus disease 2019, when telemedicine makes physical 
examinations more difficult or impossible for certain maneuvers. 
Also, patients with cancer are often older adults and may have 
comorbidities, such as OA, that complicate the picture. As a 
result, rheumatologists must consider a broad differential diagno-
sis for patients receiving ICIs, as we will detail in the next section.

Approach

History. An important first step is to determine whether the 
patient’s symptoms are related to ICI therapy. This is a key branch 
point in our evaluation algorithm (Figure 1). Establishing a temporal 
relationship can usually be accomplished by history and careful 
review of the medical record, including primary care and oncology 
notes. If symptoms were present before ICI therapy, the patient 

should be assessed for an underlying autoimmune or mechanical 
issue based on history and physical examination.

It is important to remember, however, that patients can have 
injuries and other mechanical issues unrelated to ICI therapy dur-
ing their treatment. Even if the symptoms clearly started while 
receiving ICI therapy, physicians should consider a full differential 
diagnosis. There are reports of patients experiencing “activated 
OA,” with more pain and swelling at joints previously affected by 
OA (11,18). Crystalline arthritis, particularly calcium pyrophosphate 
disease (19,20), was also reported in patients being treated with 
ICIs. We ask patients about all past musculoskeletal, inflamma-
tory, and autoimmune diagnoses, with particular attention to prior 
injuries and surgeries, OA, and crystalline arthritis. Information on 
any trauma or change in physical activity preceding the symptoms 
should be elicited. Family history may be helpful. If there is a sig-
nificant history of autoimmunity in the family, the patient may have 
an underlying autoimmune disease that is unmasked, or they may 
be more likely to develop IRAEs. The stage of the patient’s cancer 
and how well they are responding to treatment may also suggest 
whether metastatic disease could be causing symptoms (21).

For patients in whom an IRAE is suspected and no alternate 
cause of symptoms is found, determining the type of IRAE is the 
next step. Pain may be present in the joints in inflammatory arthri-
tis or PMR or in the muscles/fascia in myositis or eosinophilic fas-
ciitis due to ICIs. Fatigue may be present in rheumatic IRAEs, but 
has also been seen in endocrine IRAEs and in ICI-treated patients 
without a defined IRAE (22). Weakness could reflect myositis but 
also myasthenia gravis, neuropathy, or untreated thyroid disease, 
all of which can occur as IRAEs.

Taking note of the ICI regimen and whether the patient has 
experienced nonrheumatic IRAEs can be clarifying. As mentioned 
above, combination CTLA-4/PD-1 blockade typically has the high-
est rate of IRAEs, so a high level of suspicion should be main-
tained in patients receiving these treatment regimens. In studies of 
inflammatory arthritis as an IRAE, ≥50% of patients experienced 
additional IRAEs (18). For patients with suspected myositis, his-
tory should also be evaluated to identify symptoms of myasthe-
nia or myocarditis, as these IRAEs can accompany each other 
(23,24).

Finally, IRAEs may present after ICI therapy cessation (25). 
For patients who have received ICIs in the last 1–2 years, IRAEs 
remain part of the differential diagnosis.

Physical examination. When possible, patients should be 
evaluated in person so a full physical examination can be per-
formed. Musculoskeletal and neurologic examinations are critical. 
If the patient has significant peripheral synovitis and/or enthesi-
tis, dactylitis, or bursitis, then inflammatory arthritis is the most 
likely diagnosis. In PMR, many patients lack peripheral inflamma-
tory arthritis, though there are more reports of peripheral arthritis 
in PMR associated with ICIs than in the traditional disease (18). 
Patients with PMR may have limited range of motion in the hips 



IMMUNE CHECKPOINT INHIBITOR COMPLICATIONS |      555

and shoulders, or tenderness to palpation. A strength exami-
nation of the proximal and distal muscles can help determine 
whether myositis is present. A neurologic examination should also 
evaluate for possible signs of myasthenia gravis, such as ptosis, 
and signs of bulbar weakness. The physician should assess for 
signs of myocarditis, such as tachycardia, arrhythmia, or volume 
overload. Noting other IRAEs, such as rashes, dry mouth, or dry 
eyes, can also be helpful.

Diagnostic testing. Laboratory testing may reveal an ele-
vated erythrocyte sedimentation rate (ESR) and/or C-reactive protein 
(CRP) level in inflammatory arthritis, PMR, or myositis. If inflamma-
tory markers are elevated, they can be followed up for improvement 
with treatment of the IRAE. In the context of myositis as an IRAE, 
creatine kinase levels were shown to be elevated (1,000 to >15,000 
units/liter [26]). Troponin should also be checked given the overlap 
of myocarditis with myositis. Autoantibodies are sometimes pres-
ent in rheumatic IRAEs but at much lower rates than in traditional 
rheumatic diseases. In a systematic review, <10% of patients with 
inflammatory arthritis due to ICIs were rheumatoid factor positive 
or anti–cyclic citrullinated peptide (anti-CCP) positive (18). Simi-
larly, the majority of patients with myositis caused by ICIs did not 
have myositis-specific autoantibodies (26). There have been reports, 

however, of anti–striated muscle antibodies and anti–acetylcholine 
receptor (anti-AChR) antibodies in patients with ICI-induced myositis 
(27,28). If myositis or myasthenia gravis is suspected, testing for anti-
AChR antibodies is reasonable.

Joint fluid aspiration in inflammatory arthritis has shown white 
blood cell counts >1,000 cells/ml, with a neutrophil predominance 
(29,30). Synovial fluid analysis can be helpful in confirming inflam-
matory arthritis or assessing for crystalline disease, and should be 
performed when possible.

Ultrasound can demonstrate objective evidence of inflamma-
tory arthritis, including synovitis detected by Doppler signal, te no-
synovitis, and enthesophytes (30). Magnetic resonance imaging 
(MRI) may show synovitis, tenosynovitis, bone marrow edema, 
and erosions (31). In PMR, ultrasound may show subdeltoid and 
subacromial bursitis, trochanteric bursitis, or biceps tenosynovitis 
(32,33). Ultrasound and MRI may also suggest other diagnoses, 
such as crystalline arthritis, OA, and noninflammatory musculo-
skeletal conditions.

If myositis is suspected, electromyography (EMG), MRI, and  
muscle biopsy may be used to support the diagnosis. As in 
traditional forms of myositis, EMGs show a myopathic pat-
tern, which may demonstrate abnormal spontaneous activity 
(irritable myopathy) (26). MRI can show muscle and/or fascial 

Figure 1. Approach to differential diagnosis for musculoskeletal symptoms in patients receiving immune checkpoint inhibitor (ICI) therapy 
for cancer. Key branch points indicate whether symptoms are temporally related to ICI therapy and whether there is a persistent inflammatory 
syndrome present. If a patient has a new inflammatory syndrome that has only started since beginning ICI therapy, this is an immune-related 
adverse event (IRAE). An in-depth history and physical examination can localize the problem to muscles and joints. From there, a diagnosis of 
inflammatory arthritis, polymyalgia rheumatica, or myositis can be made. Alternatively, patients may experience weakness and/or muscle pain 
in endocrine IRAEs, such as thyroiditis, or neurologic IRAEs, such as myasthenia gravis. Patients who do not have a new inflammatory process 
may have a preexisting autoimmune disease or a noninflammatory musculoskeletal condition. In patients with noninflammatory musculoskeletal 
conditions, imaging is important to evaluate for metastasis. Finally, there are relatively common conditions, including crystalline arthritis and 
osteoarthritis (OA), that may be related to ICI therapy but are not as clearly IRAEs. TSH = thyroid-stimulating hormone; CK = creatine kinase.
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Table 1. Studies on epidemiology, evaluation, and management of rheumatic IRAEs*

Author, year 
(ref.) Study population n Results Comments

IA
Braaten et al, 

2020 (16)
Patients with ICI-

induced IA with ≥1 
follow-up visit after ICI 
cessation

60 Risk factors for persistent IA after ICI 
cessation: longer-duration ICI, 
combination ICI therapy; persistent IA 
may be associated with better tumor 
response; no worse tumor prognosis 
in patients treated with DMARDs/
biologics (MTX, LEF, SSA, HCQ, TNFi)

Biased toward patients surviving 
long enough to have follow-up 
after ICI cessation and patients 
engaged in rheumatology care 
(likely more severe IA)

Kim et al, 2017 
(47)

Patients with ICI-
induced IA treated 
with TCZ

3 All patients had symptomatic 
improvement of IA; 1 patient had 
durable antitumor response while 
receiving TCZ for 18 months

All 3 patients had melanoma; 
difficult to draw conclusions 
regarding any effect on tumor 
response from only 3 patients

Subedi et al, 
2020 (31)

ICI-treated patients 
referred for 
rheumatology consult 
for IA

8 Tenosynovitis and synovitis of wrists 
and hands most common; also saw 
bone marrow edema and erosions in 
3 patients

Retrospective review; MRI may 
identify those with high-risk IA, 
larger prospective study 
needed

Roberts et al, 
2019 (45)

Patients with ICI-
induced IA treated 
with HCQ first-line

11 Only 1 patient needed MTX, none 
required biologics; 5 patients 
received GCs for IA or other IRAEs in 
addition; 7 patients had resolution of 
joint pain

Small sample size, but HCQ was 
safe and effective in this 
population; deserves additional 
study given favorable safety 
profile of HCQ

Buder-Bakhaya 
et al, 2018 (11)

Patients treated with 
pembrolizumab or 
nivolumab (with our 
without ipilimumab) 
for metastatic 
cutaneous 
malignancy

26
(arthralgia)

Arthralgia was common (13%); arthritis 
was present in 5–7.6%, depending on 
whether activated OA was counted 
as IA; 40% with arthritis needed GCs 
and 20% needed other 
immunosuppression

Arthralgia can be managed with 
NSAIDs, while those with 
objective evidence of IA more 
often needed GCs; raises 
question about how to classify 
those with known OA and 
synovitis using imaging, in the 
setting of ICI

Cappelli et al, 
2018 (44)

Patients with ICI-
induced IA treated 
with anti–PD-1/PD-L1 
monotherapy or 
anti–PD-1/anti-
CTLA-4 combination 
therapy

30 Combination therapy: more likely to 
present with knee arthritis, to have 
higher CRP, and to have other IRAEs; 
TNFi- and MTX-treated patients with 
prior tumor response had no tumor 
progression

Because this was an earlier study 
(less recognition of IA as an IRAE) 
and because all patients were 
referred to a rheumatologist, 
likely represents more severe IA 
(80% needed GCs); follow-up 
time only up to 16 months for 
evaluating tumor response

IA and PMR
Ghosh et al, 

2020 (18)
Patients with IA or PMR 

due to ICI therapy
294 (IA),
78 (PMR)

Median time to onset of arthritis 4 
months; polyarthritis most common 
joint involvement pattern; <10% 
positive for RF or anti-CCP; 45% 
needed additional 
immunomodulatory therapy beyond 
steroids

SLR of observational studies, 
including case reports; 
incomplete data for arthritis 
joint patterns, serologies, and 
arthritis outcomes based on 
what was included in the 
primary studies; most recent 
SLR focused on arthritis

Belkhir et al, 
2017 (75)

Patients with 
seropositive (RF or 
anti-CCP) IA or PMR 
after ICI therapy

4 (PMR),
6 (RA)

In patients with RA, 5 of 6 needed 
steroids, 3 needed DMARDs; PMR 
steroid dosing: prednisone 20–60 
mg/day

Small case series; seropositive 
patients are minority in ICI-  
induced IA; 2 of 3 patients with 
pre-ICI serum already had 
anti-CCP

PMR
Calabrese et al, 

2019 (32)
Patients with PMR due 

to ICI therapy
20 (case
series),
29 (SLR)

Case series and SLR; 94% received GCs 
(prednisone 7.5–60 mg/day); in case 
series, 30% of patients had normal 
inflammatory markers

Attempted to evaluate for EULAR/
ACR classification criteria but 
incomplete data for many cases 
in the SLR; whether traditional 
classification criteria should be 
used for ICI-induced disease 
remains a question

Van der Geest et 
al, 2020 (33)

Patients with PMR due 
to ICI therapy

6 Imaging study, 6 with US and 5 with 
PET; uptake on PET in shoulders, hip 
joints, greater trochanters, 
sternoclavicular joints, and 
interspinous bursae

Small number of patients, but 
useful concept given that many 
oncology patients regularly 
have PET scans for tumor 
evaluation

 (Continued)
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inflammation (34). Myofascial inflammation was actually more 
common than synovitis according to one MRI study of patients 
receiving ICIs who had musculoskeletal symptoms, so it should 
be considered when there is pain around the joint rather than 
centered on the joint (34). Muscle biopsies have shown 2 major 
patterns: endomysial lymphocytic inflammation and perivascu-
lar macrophagic infiltration, both of which can be accompanied by 
necrosis (23,26,35,36).

Managing rheumatic IRAEs. When the diagnosis of a 
rheumatic IRAE is confirmed, there are several questions that 
rheumatologists should consider. First, the plan for future oncol-
ogy treatment should be determined. This may greatly influence 
how non–life-threatening IRAEs are managed. If ICI treatment is 

going to be stopped, there may be more flexibility in terms of 
immunosuppression. If chemotherapy or targeted agents are 
to be started, this needs to be considered in treatment deci-
sion-making. If the ICI will be continued or restarted, the accept-
able dose of concurrent glucocorticoids should be discussed 
with the treating oncologist. Next, having a conversation with 
the patient about his or her goals with IRAE treatment is crucial. 
Patients have different perspectives based on personal values 
and cancer prognosis that may affect how aggressive they wish 
to be in treating IRAEs (37).

The approaches to managing inflammatory arthritis and 
PMR are similar. Glucocorticoids are first-line therapy for those 
who do not improve with nonsteroidal antiinflammatory drugs 
(NSAIDs) and/or intraarticular steroid injections. For those in 

Author, year 
(ref.) Study population n Results Comments

Myositis
Touat et al, 2018 

(26)
Patients with metastatic 

cancer and myositis 
due to ICIs

10 Heterogeneity in muscle involvement: 
proximal pattern most common but 
some with ocular/bulbar/neck 
primarily; GCs: IV 
methylprednisolone 1–1,000 mg/kg 
used for treatment; 3 patients 
needed IVIG or PE

Small number of patients, but 
many had EMG and muscle 
biopsy data, which are useful in 
describing ICI-induced myositis

Matas-Garcia et 
al, 2020 (23)

Patients receiving ICI 
with biopsy-proven 
inflammatory 
myopathy

9 Some muscle necrosis in all 9 patients, 
perimysial/perivascular inflammatory 
infiltrate more common than 
endomysial inflammatory infiltrate;  
IV prednisone 0.5–2,000 mg/kg/day, 
with 5 needing IVIG

Small number of patients, but 
helpful data on biopsy 
characteristics, treatments, and 
outcomes in biopsy-proven 
myositis

>1 IRAE 
(epidemiology, 
cancer 
outcomes)

Richter et al, 
2019 (76)

Retrospective single-
center study of 
ICI-treated patients

43
(rheumatic

IRAE)

2% of ICI-treated patients developed 
IA; 71% of those with rheumatic IRAE 
needed immunosuppression; only 
12% required ICI discontinuation; 2 
patients died of myositis

Likely underestimates prevalence 
of rheumatic IRAE, particularly 
mild; IA most common 
rheumatic IRAE

Allenbach et al, 
2020 (8)

Rheumatic IRAE 
reported to WHO 
pharmacovigilance 
database

465
(myositis),
606 (IA),
76 (PMR)

Fatality rate for myositis 24%; arthritis 
and myositis more common in those 
treated with ICI combination therapy

WHO database requires active 
reporting, so likely biased 
toward more severe events; no 
available laboratory or imaging 
data to confirm diagnoses

Kostine et al, 
2018 (12)

Patients who received 
ICIs at a single center

524 (total),
9 (IA), 

11 (PMR)

19 patients required GCs, 2 required 
MTX; patients with rheumatic IRAEs 
had higher tumor response than 
those without

Only those referred to 
rheumatology were diagnosed 
as having rheumatic IRAE, likely 
biased toward more severe 
disease; collected in 2015–2017, 
when less awareness of 
rheumatic IRAEs

Angelopoulou et 
al, 2020 (53)

Literature review of 
musculoskeletal 
IRAEs

209 (IA),
51 (myositis),

44 (PMR)

Prevalence rate of musculoskeletal 
IRAEs of 6% in prospective studies; 
70% of patients needed GCs, and 
18% were treated with DMARDs

Question about search 
technique, given fewer cases 
found than in prior SLRs

* IRAEs = immune-related adverse events; IA = inflammatory arthritis; ICI = immune checkpoint inhibitor; DMARDs = disease-modifying 
antirheumatic drugs; MTX = methotrexate; LEF = leflunomide; SSA = sulfasalazine; HCQ = hydroxychloroquine; TNFi = tumor necrosis factor 
inhibitor; TCZ = tocilizumab; MRI = magnetic resonance imaging; GCs = glucocorticoids; OA = osteoarthritis; NSAIDs = nonsteroidal antiinflammatory 
drugs; anti–PD-1 = anti–programmed death 1; = anti–PD-L1 = anti–programmed death ligand 1; CRP = C-reactive protein; PMR = polymyalgia 
rheumatica; RF = rheumatoid factor; anti-CCP = anti–cyclic citrullinated peptide; SLR = systematic literature review; RA = rheumatoid arthritis; 
EULAR = European League Against Rheumatism; ACR = American College of Rheumatology; US = ultrasound; PET = positron emission tomography; 
IVIG = intravenous immunoglobulin; PE = plasma exchange; EMG = electromyogram; WHO = World Health Organization. 

Table 1. (Cont’d)
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whom steroids cannot be tapered or in whom ste roid-sparing 
agents are required, ICIs are often withheld or stopped. For 
those in whom steroids can be tapered or who have sympto-
matic control with prednisone 10 mg/day or equivalent, ICIs may 
be administered concurrently at the discretion of the oncolo-
gist. Steroid-sparing agents have included hydroxychloroquine 
(HCQ), sulfasalazine, methotrexate (MTX), tumor necrosis factor 
inhibitors (TNFi), and interleukin-6 receptor (IL-6R) inhibitors.

Myositis can be life-threatening and therefore requires a dif-
ferent approach. The ICI is almost always withheld if not discon-
tinued when myositis is diagnosed. Hospitalized patients may 
receive a higher dose of intravenous (IV) steroids, while outpa-
tients may start prednisone 1 mg/kg or equivalent. Treatment 
options are discussed in more detail below.

Evidence for treatment

The evidence for evaluation and treatment of rheumatic 
IRAEs is primarily derived from prospective and retrospective 
cohort studies, case series, and case reports (Table 1). There are 
a few systematic reviews that have combined the observational 
data, but the limited quality of some primary data should be con-
sidered when interpreting these studies.

General principles of treating IRAEs and of oncology 
guidelines. It is important to understand how referring oncol-
ogists conceptualize IRAE management and treatment. The 

Common Terminology Criteria for Adverse Events (CTCAE) is used 
to assess the severity of AEs in oncology clinical trials and serves 
as the measure of severity in management and treatment guide-
lines (38). For rheumatic/musculoskeletal IRAEs, the CTCAE has 
several limitations. For example, to have arthritis of grade 3 sever-
ity, patients must be hindered in performing their self-care activities 
of daily living or have irreversible joint damage. Having a CTCAE 
grade 3 or higher is often classified as a “severe” IRAE, so mus-
culoskeletal IRAEs do not often meet this criterion. Several orga-
nizations publish guidelines for the evaluation and management 
of IRAEs, including the American Society of Clinical Oncologists 
(39), the European Society for Medical Oncology (40), the National 
Comprehensive Cancer Network (NCCN; 41), and the Society 
for Immunotherapy of Cancer (42). Most of these guidelines are 
developed according to expert consensus. The NCCN guidelines 
are updated, based on literature review, every 6 months. We have 
collated recommendations from all 4 major oncology guidelines 
into a general algorithm, so rheumatologists can understand what 
oncologists are referencing when managing inflammatory arthritis, 
PMR, and myositis (Figures 2–4). The European League Against 
Rheumatism has also published a document of overarching princi-
ples to guide diagnosis and management of rheumatic IRAEs (43). 
Similar to oncology guidelines, this is based on expert consensus.

Inflammatory arthritis. Some patients with mild symp-
toms will need only NSAIDs or an intraarticular steroid injection 
for treatment. Generally, patients presenting to rheumatologists 

Figure 2. Composite oncology evaluation/treatment algorithm for musculoskeletal immune-related adverse events (IRAEs), based on the 
American Society of Clinical Oncology/National Comprehensive Cancer Network/European Society for Medical Oncology/Society for the 
Immunotherapy of Cancer guidelines for inflammatory arthritis. Severity (grade) of the IRAE is determined by the severity of symptoms and 
effect on daily function. Different evaluation and management strategies are recommended based on grade. ADLs = activities of daily living;  
ICI = immune checkpoint inhibitor; NSAIDs = nonsteroidal antiinflammatory drugs; ESR = erythrocyte sedimentation rate; CRP = C-reactive 
protein; ANA = antinuclear antibody; RF = rheumatoid factor; CCP = cyclic citrullinated peptide; US = ultrasound; MRI = magnetic resonance 
imaging; csDMARD = conventional synthetic disease-modifying antirheumatic drug; MTX = methotrexate; TNFi = tumor necrosis factor inhibitor; 
IL-6R = interleukin-6 receptor; SSA = sulfasalazine; AZA = azathioprine; LEF = leflunomide; IVIG = intravenous immunoglobulin.
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for inflammatory arthritis will require systemic glucocorticoids for 
grade 2 symptoms (Figure 2). In one systematic review, 74% of 
patients with inflammatory arthritis were treated with systemic glu-
cocorticoids (18) (Table 1). The reported dosing of glucocorticoids 
ranged from 5–20 mg/day of prednisone, or equivalent, to >1 mg/
kg of prednisone (11,44). The length of a steroid taper is variable, 
due to heterogeneity in the severity of ICI-induced inflammatory 
arthritis. Some patients continued to receive ICIs while others 
stopped. Even among those who discontinue ICIs, >40% may still 
have symptoms 6 months after cessation (16) (Table 1).

MTX has commonly been used as a conventional syn-
thetic disease-modifying antirheumatic drug (csDMARD) to 
treat ICI-induced inflammatory arthritis, particularly in patients 
with grade 2 symptoms in whom steroids cannot be tapered, 
or those with grade 3 symptoms (18) (Figure 2). Some oncol-
ogists have cited the approved lung cancer treatment regi-
men of pemetrexed (a chemotherapy agent similar to MTX) 
combined with pembrolizumab and carboplatin as a reason 
they are comfortable with MTX not impairing tumor response 
to ICI.

Figure 3. Composite oncology evaluation/treatment algorithm for musculoskeletal IRAEs, based on the American Society of Clinical Oncology/
National Comprehensive Cancer Network guidelines for polymyalgia rheumatica. Severity (grade) of the IRAE is determined by the severity of 
symptoms and effect on daily function. GCA = giant cell arteritis; CK = creatine kinase (see Figure 2 for other definitions).

Figure 4. Composite oncology evaluation/treatment algorithm for musculoskeletal IRAEs, based on the American Society of Clinical Oncology/
National Comprehensive Cancer Network guidelines for myositis. Severity (grade) of the IRAE is determined by the severity of symptoms and 
effect on daily function. CK = creatine kinase; LDH = lactate dehydrogenase; EMG = electromyogram; ULN = upper limit of normal (see Figure 
2 for other definitions).
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HCQ has also been used as a steroid-sparing agent. In 
one Canadian study of patients with ICI-induced inflammatory 
arthritis (n = 11); HCQ was used early in the disease course, 
with good symptomatic control in the majority of patients (45). 
For patients with mild but persistent symptoms, HCQ could be 
a potential treatment. Sulfasalazine and leflunomide have also 
been used, but less commonly.

TNFi are the most commonly used class of biologic DMARDs. 
Infliximab was used early in ICI therapy to treat ipilimumab- 
induced colitis. Short-term use of infliximab (1–3 doses) has been  
shown not to affect tumor response in melanoma (46). Adali-
mumab, etanercept, and infliximab have been used to treat 
ICI-induced inflammatory arthritis (16,18) (Figure 2).

A small case series of 3 patients with inflammatory arthritis 
treated with tocilizumab (TCZ) was published in 2017 (47). One 
patient in this series continued to receive TCZ along with ICI ther-
apy. Administering biologic DMARDs concurrently with ICIs was 
initially avoided but has become a more common practice. Recent 
data show successful colitis treatment with infliximab without dis-
continuing the ICI (48).

Due to limited numbers, data on tumor progression and 
csDMARD/biologic DMARD use are primarily analyzed by group-
ing drugs of different mechanisms together. In one study of 60 
patients, there was no difference in tumor outcomes in those 
who required csDMARDs/biologic DMARDs and those who did 
not (16).

The data are even more limited regarding biologics beyond 
TNFi and IL-6R inhibitors. There is a case report of tumor pro-
gression with secukinumab when used for psoriasis (49), while 
another case of pembrolizumab-induced psoriasis was treated 
successfully in this way without progression (50). Apremilast has 
been successfully used in a patient with psoriatic arthritis (51) and 
in patients with psoriasis (52).

PMR. There are limited data on the management of PMR  
as an IRAE. In a systematic literature review of musculo-
skeletal IRAEs that included “polymyalgia rheumatica” in the 
search terms, only 78 patients were found in the published lit-
erature (18); another literature review showed 44 cases (53) 
(Table 1). The mainstay of treatment is glucocorticoids (required 
in 94% of patients in one study [32]). Dosing of steroids has 
differed somewhat from that in traditional PMR (Figure 3). Of 
46 patients who needed steroids in one study, 17 of them 
(37%) required  >20 mg/day of prednisone for symptomatic 
control. Dosing of glucocorticoids up to 60 mg/day has been 
report  ed (32).

Experience with steroid-sparing agents in ICI-induced PMR 
is even more limited. In one study, 5 of 49 patients needed addi-
tional immunosuppression (32). Two were treated with TCZ, and 
the 3 others were treated with MTX or HCQ. A patient with ICI-   
induced PMR being treated with infliximab has also been 
reported (54).

Myositis. Glucocorticoids are the first-line therapy for ICI- 
induced myositis. Initial dosing can range from 0.5 mg/kg/day of 
prednisone to 2,000 mg of IV methylprednisolone (23,26). Myosi-
tis is a clinical scenario in which initial aggressive therapy with 
high-dose immunosuppression is often indicated. With inflam-
matory arthritis and PMR, there is not the same risk of death or 
rapid morbidity, so a step-up approach is more commonly used 
in myositis (Figure 4).

IV immunoglobulin (IVIG) has been used in ICI-induced myosi-
tis (23,26) (Table 1). IVIG has also been used successfully for other 
IRAEs, such as myasthenia gravis (55), limbic encephalitis (56), pure 
red cell aplasia (57), and immune-mediated thrombocytopenia (58).

Case reports and series have described plasmapheresis 
(plasma exchange [PE]) for severe myositis and for patients 
with myasthenia and/or myocarditis overlap (23,26,59). Outcomes 
have been variable with the use of PE, with some patients making 
a recovery and others dying of respiratory failure despite PE. IVIG 
or PE is also used when there is myasthenia overlap.

When patients have myocarditis in addition to myositis, addi-
tional therapies have been attempted. TCZ was used successfully 
in 1 case of myositis/myocarditis overlap refractory to glucocor-
ticoids (60). Abatacept has also been used in this scenario (61).

Managing preexisting autoimmune disease during 
ICI therapy. Patients with preexisting autoimmune diseases 
were excluded from the original clinical trials evaluating ICIs. How-
ever, with many regimens now approved as standard of care, 
patients with both autoimmune disease and cancer are increas-
ingly receiving ICIs in clinical practice. Several retrospective stud-
ies and systematic literature reviews of observational studies have 
evaluated flares and de novo IRAEs in patients with preexisting 
autoimmune disease (Table 2). Overall, patients with preexisting 
autoimmune disease can generally be treated with ICIs and do 
not have AEs severe enough to require ICI treatment cessation. 
Approximately 40–50% of patients with autoimmune disease 
will experience a flare (62–64). It is important to note that these 
data are based primarily on patients with psoriasis, rheumatoid 
arthritis, and psoriatic arthritis and not vasculitis, scleroderma, 
or systemic lupus erythematosus. For more severe multisystem 
autoimmune diseases, the safety profile is less clear. The rate of 
flare may be higher with anti–PD-1/PD-L1 agents, while de novo 
IRAEs may be higher with anti–CTLA-4 agents (63). Most studies 
combine autoimmune diseases of all types, including those lim-
ited to 1 organ, such as psoriasis and autoimmune thyroid dis-
ease. One study of RA patients (n = 22) demonstrated that flares 
commonly occurred (in 55% of patients), but only 1 patient had 
to discontinue ICIs due to a flare or AE (65).

The question of how to manage preexisting autoimmune 
disease with steroids or other forms of immunosuppression is 
still under debate. There are data that suggest that immuno-
suppression with steroids or steroid-sparing immunosuppres-
sion at the start of ICI treatment is associated with worsened 
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tumor response (64,66). Given the concern over affecting 
tumor response and the lack of data on the effects of spe-
cific agents, minimizing the amount of immunosuppression at 
the time of start of ICI treatment, and treating flares with short 
courses of steroids as needed, is a reasonable approach.

Discussion

Returning to our initial case, the 65-year-old man who devel-
oped new musculoskeletal symptoms during ICI treatment pres-
ents to your clinic for an appointment. On further history, he tells 
you that he started having symptoms ~6 months after ICI ther-
apy started. First, his right knee was sore, and it was difficult to 
kneel due to stiffness and pain in the knee. He initially ignored this 
symptom, since he had experienced pain in his left knee before his 
joint replacement. Next, his ankles became painful and swollen. 
Finally, he developed stiffness and pain in his metacarpophalan-
geal and proximal interphalangeal joints, which impaired his grip 
and fine motor tasks. The hand symptoms, which have limited his 
ability to use buttons and dress himself, prompted him to reach 
out to his oncologist. It has been ~11 months since he received his 
first dose of ICI therapy. On examination, he shows synovitis of the 
small joints of the hands and ankles and bilateral knee effusions, 
with some warmth, along with right knee crepitus. He exhibits no 
decrease in strength. Laboratory reports show elevated ESR and 
CRP level, and he is negative for rheumatoid factor and anti-CCP 
antibodies. He is diagnosed as having inflammatory arthritis caused 
by ICI therapy. You have a discussion with his oncologist, who 
plans to withhold the next dose of ICI, and a tapering prednisone 
regimen is started at 40 mg/day. When the prednisone is tapered 
to 15 mg/day, however, symptoms return. Methotrexate is started 
as a steroid-sparing agent, with plans by his oncologist to restart 
ICI therapy when the inflammatory arthritis is stable.

IRAEs represent a new group of multisystem inflammatory 
disorders that rheumatologists will encounter for the foreseeable 
future. The patient described here could have had inflammatory 
arthritis, PMR, or myositis/fasciitis caused by the ICI treatment, 
depending on further history and physical examination. Currently, 
however, there are limited prospective data and no data from ran-
domized clinical trials to guide management of all of these rheu-
matic IRAEs.

Before trials for management of rheumatic IRAEs can com-
mence, there must be an agreed-upon taxonomy for types of 
IRAEs and an understanding of different phenotypes within cat-
egories. Additionally, the CTCAE used by oncologists to classify 
and grade IRAEs could be improved to better reflect rheumatic 
IRAEs and their impact on patients. As new types of immuno-
therapy and combination regimens are tested and approved, new 
IRAEs may be discovered, and improving the ability for signal 
detection by oncologists is important.

A first priority is high-quality prospective observational 
studies. These studies can provide insight into how to define 

rheumatic IRAEs for trial inclusion and what indices can be 
used to monitor disease activity and response to therapeu-
tics. It may be that existing outcome measures from traditional 
rheumatic diseases are useful in IRAEs, but this has not been 
systematically studied.

Once case definitions and outcome measures are defined, 
clinical trials can begin to address several questions that arise in 
the treatment of IRAEs. The first question deals with the dosing of 
initial steroids and whether we should aim to increase the dose in 
the event of a lack of response, or decrease the dose as induc-
tion. Right now, it is unclear which will lead to lower cumulative 
steroid dosing and whether short-term higher-dose steroids have 
a different immunologic effect on tumor response than longer-
term low-dose steroids. Types of immunosuppression beyond 
glucocorticoids have been adopted from treatments for traditional 
rheumatic disease, such as RA and dermatomyositis, and applied  
to similar IRAEs. Additional clinical research priorities for ICI- 
induced inflammatory arthritis, PMR, and myositis are outlined in 
Table 3.

One trial, NIVO-AID, conducted by the Cancer Therapeu-
tics Evaluation Program, a part of the National Cancer Institute, 
is evaluating the use of nivolumab for patients with solid tumors 
and underlying autoimmune diseases (ClinicalTrials.gov identifier: 
NCT03656627). To our knowledge, there are no active trials spe-
cifically evaluating treatments for rheumatic IRAEs.

Table 3. Key clinical research questions for rheumatic IRAEs*

Research area and key clinical research questions
Rheumatic IRAEs (general)

Should GCs be started at a high dose with a taper, or started at a 
low dose with step-up therapy?

How early should csDMARDs and biologic DMARDs be utilized in 
treatment?

Do all rheumatic IRAEs have the possibility of becoming chronic 
processes or is this unique to IA?

IA
What are the phenotypes of IA, and do they correlate with 

response to particular treatments and cancer prognosis?
What is the role of OA in IA due to ICIs? Can an increase in OA 

pain be caused by ICIs, and does this represent a new process?
What imaging modality is most sensitive and specific for IA due 

to ICIs?
PMR

What is the optimal starting GC dose, and does it differ from 
traditional PMR?

Should patients with PMR-like symptoms and peripheral synovitis 
be classified as having PMR or IA?

What is the prevalence of GCA in those who develop PMR from ICIs?
Myositis

What is the optimal evaluation for patients with suspected 
myositis (e.g., EMG, MRI, muscle biopsy)?

What is the best starting dose for GCs?
What is the optimal steroid-sparing agent?
In which cases is it safe to rechallenge patients with ICIs?
Are there risk factors present in myositis before ICI therapy is 

started? If so, should patients with these risk factors have 
enhanced monitoring?

* csDMARDs = conventional synthetic disease-modifying antirheumatic 
drugs; GCA = giant cell arteritis (see Table 1 for other definitions). 



IMMUNE CHECKPOINT INHIBITOR COMPLICATIONS |      563

It is critical to define the biology of IRAEs, which may allow 
for risk stratification at ICI treatment initiation and inform ther-
apeutic choices guided by mechanism. Given the diversity of 
IRAEs in terms of presentation, severity, and response to treat-
ments, the pathogenesis of IRAEs is likely heterogeneous. Lim-
ited data have been published on particular IRAEs that may be 
relevant to pathogenesis. For example, genetic studies in insulin-
depen dent diabetes mellitus associated with ICIs, and in inflam-
matory arthritis, suggest there may be similar HLA associations 
(67,68). Interestingly, particular HLA haplotypes have also been 
associated with better or worse tumor response to ICIs (69). Per-
turbations in the microbiome have been linked to development 
of colitis as an IRAE (70). Elevated baseline levels of IL-17 have 
also been associated with development of severe colitis (71). An 
intriguing question relevant to pathogenesis is why there have 
been minimal cases of lupus-like syndromes with IRAEs. Drug- 
induced lupus is a well-described entity and can be associated 
with many medications. Thus far, cutaneous forms of lupus, most 
commonly subacute cutaneous lupus, are described in associa-
tion with ICIs, but systemic lupus is less frequently described as 
such (72–74).

Ultimately, high-quality clinical data collection coupled with 
translational science will allow patients with rheumatic IRAEs to 
be treated effectively. Until more data are available, discussing 
the limitations of our knowledge with referring oncologists and 
patients will allow for shared decision-making in managing IRAEs.
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E D I T O R I A L

Consequences of a Great Crisis on Chronic Diseases: How 
Childhood Exposures May Shape Future Health
Jason J. Lee1  and Zumin Shi2

History, as the saying goes, repeats itself. And, during these 
historical coronavirus disease 2019 (COVID-19) pandemic times, 
a rheumatologist may wonder—what does the COVID-19 pan-
demic mean for rheumatology patients (1)? No one knows for sure, 
of course. But, if history really does repeat itself, infants and toddlers 
worldwide may be at risk. In this issue of Arthritis & Rheumatology, 
VanEvery et al examine the association between early life exposure 
to a prolonged crisis and future risk of rheumatoid arthritis (RA) (2). 
Specifically, the authors analyze data collected from adult partic-
ipants enrolled in the Kailuan Study in China who were exposed 
to the Great Chinese Famine (1959−1961) during early life.

Major historical crises, notwithstanding their obvious trage-
dies, provide the medical community opportunities to study the 
relationships between environmental stressors and disease. In 
fact, previous studies of natural disasters, including other famines 
around the world, have established a link between exposures to 
crises and chronic diseases such as diabetes, obesity, metabolic 
syndrome, and even osteoarthritis (3−5). These studies are often 
able to examine a large population over time, as is the case for the 
Kailuan Study cohort of over 101,510 participants. Interestingly, 
the authors were able to show that early life exposure to the Great 
Chinese Famine from 1959 to 1961, including in utero exposures, 
independently increased the risk of RA development later in life, 
especially in those who were exposed between ages 0 and 3 
years (multivariate adjusted odds ratio 4.53). The increased risk of 
RA was the same among seropositive patients and seronegative 
patients, and there were no interactions observed between famine 
exposure and smoking or obesity on the risk of developing RA.

The impact of nutrition on health and chronic disease has 
been examined for many years across all major fields of research. 
Indeed, various metabolic pathways have linked nutritional precur-
sors like NAD to sirtuins and aging that may have major impli-
cations for age-related phenotypes like osteoarthritis (6,7). Some 
have even linked early life exposure to famines with epigenetic 
changes that manifest as chronic disease later in life (8), while 
others have investigated the link between nutrition and chronic 

disease from the microbiome perspective (9). Therefore, any alter-
ations in diet, including a lack of proper nutrition, are worth inves-
tigating, and future research endeavors that study the interactions 
between metabolism and immune homeostasis appear promising.

Now, while the observed association between early life nutri-
tion and chronic diseases like RA are indeed intriguing, if not 
frightening for young parents, these studies require careful inter-
pretation. For instance, it has been noted that studies involving 
the Kailuan Study database may require additional attention to 
appropriate controls when analyzing the link between famine 
exposure and chronic disease (10). In the study by VanEvery and 
colleagues, the authors control for age-related discrepancies by 
adjusting for age under 40 years and still discovered significant 
findings. Also, despite the large cohort of registered participants, 
the actual number of participants from a severe famine region was 
small, thereby limiting the statistical power of the study.

Furthermore, despite the historical context of a 3-year famine, 
famine exposure and nutritional exposure must not be confused. 
In the study by VanEvery and colleagues, and others like it, early 
life data such as birth weight and diet, which affirms the early life 
nutritional status of affected individuals, are not readily available. 
Therefore, any nutritional inferences are circumstantial at best. In 
fact, bearing in mind that the study population mostly consisted of 
participants from less-severe famine regions, one must remember 
that the Great Chinese Famine was not only a problem of food 
supply, but also one of “entitlement” and food distribution among 
various socioeconomic groups (11). Therefore, socioeconomic 
confounders also need to be considered.

Other significant confounders of famine-era studies include 
further environmental exposures that may have caused great 
impact on health outcomes of disease. For example, the time 
period of The Great Famine was also a time when the People’s 
Republic of China heavily endorsed and enforced The Great Leap 
policies, which emphasized not only grain farming, but also indus-
trial steel production in the general population (12). Heavy metal 
exposure during this time was the greatest from 1959 to 1960. 
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Environmental exposures, such as heavy metals, are a known risk 
factor for developing RA (13), which further limits any nutritional 
inferences with regard to famine-era exposure and RA risk. Indeed, 
it has been shown that nutritional deprivation is not the only way that 
the immune system is altered during a famine or crisis, but expo-
sure to stress in general may be a contributing factor. For example, 
stress in expectant mothers increases the risk of asthma in affected 
children, possibly related to altered  glucocorticoid responses (14).

Based on these findings, several questions need to be 
answered. First, it is important to know whether famine modi-
fies the association between RA and other health outcomes. It 
has been shown that Chinese famine exposure exacerbated the 
association between hypertension and cardiovascular disease 
(15). It is equally important to identify factors modifying the rela-
tionship between famine exposure and RA. Second, if the under-
lying mechanisms of RA are different for those exposed to famine 
than for those who were not exposed to famine, should the treat-
ment and management also be different?

This historical examination of exposure to crisis in early life 
and future health risk is particularly relevant today. No matter what 
the single most important risk factor was at the time of crisis expo-
sure, whether it be nutrition or otherwise, numerous studies of this 
kind have shown that early life exposure to historically stressful 
events increases the risk of chronic diseases like RA. Therefore, 
it is even more imperative for future prospective studies to iden-
tify modifiable risk factors and intervene before it is too late for 
future generations. Otherwise, history will indeed repeat itself.
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Associations of Antibodies Targeting Periodontal Pathogens 
With Subclinical Coronary, Carotid, and Peripheral Arterial 
Atherosclerosis in Rheumatoid Arthritis
Jon T. Giles,1  Jesper Reinholdt,2 Felipe Andrade,3  and Maximilian F. Konig3

Objective. Both periodontal disease and cardiovascular disease (CVD) are overrepresented in rheumatoid arthritis 
(RA). This study was undertaken to investigate the contribution of periodontal pathogens to CVD in RA.

Methods. RA patients underwent assessments of coronary artery calcification (CAC), carotid intima-media thickness 
and plaque, and ankle–brachial index via computed tomography, ultrasound, and Doppler ultrasound, respectively. 
Sera were assayed for antibodies targeting Porphyromonas gingivalis (Pg), Aggregatibacter actinomycetemcomitans 
serotype B (Aa), and Aa-derived leukotoxin A (LtxA). Associations of antibodies against these periodontal pathogens 
with measures of atherosclerosis were explored using generalized linear models.

Results. Among 197 RA patients, anti-Pg was detected in 72 patients (37%), anti-Aa in 41 patients (21%), and 
anti-LtxA in 84 patients (43%). Adjusting for relevant confounders and reported tooth loss, the mean CAC score was 
90% higher in those with anti-Aa and/or anti-LtxA compared with those without either antibody (19 units versus 10 
units; P = 0.033). The adjusted odds of CAC ≥100 units were 2.23-fold higher in those with anti-Aa and/or anti-LtxA 
compared with those without either antibody (P = 0.040). Anti-Aa and/or anti-LtxA seropositivity was significantly 
associated with all other assessed measures of atherosclerosis except carotid plaque. Anti-Pg was not associated 
with any measure of atherosclerosis. Higher swollen joint count was associated with CAC exclusively in the group 
with anti-Aa and/or anti-LtxA.

Conclusion. Immunoreactivity against Aa and/or its major virulence factor LtxA was associated with atherosclerosis 
in multiple vascular beds of RA patients and amplified the effect of swollen joints on coronary atherosclerosis, 
suggesting a role for treatment/prevention of periodontal disease in the prevention of CVD in RA.

INTRODUCTION

The burden of atherosclerotic cardiovascular disease (CVD) is 
greater in individuals with rheumatoid arthritis (RA) compared with 
those without RA (1). In addition to traditional CVD risk factors, 
a number of RA-associated factors, including seropositivity, RA 
duration, and measures of articular and systemic inflammation, 
have been associated with atherosclerotic burden (2–4). However, 
these factors do not account for all of the excess risk, suggesting 
that other mechanisms may contribute.

Periodontal disease and the bacterial pathogens that cause 
periodontitis are potential contributors to atherosclerotic CVD in 

RA. Periodontal disease is associated with both RA (5) and ath-
erosclerosis (6), and links between the two have been proposed. 
In particular, pathogenic microbiota in the subgingival biofilm in 
periodontitis have been associated with systemic inflamma-
tion and immunoactivation (7). One such bacterial pathogen, 
Porphyromonas gingivalis (Pg), expresses numerous virulence 
factors that modulate host immune defenses, leading to over-
growth of oral commensal bacteria, which subsequently leads 
to inflammatory destruction of periodontal tissue (8). Gingival 
ulceration  enables translocation of Pg into systemic circulation, 
which invades endothelial cells and leads to dysfunction. More-
over, locally  produced proinflammatory cytokines and bacterial 
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products (e.g., Pg lipopolysaccharide) can circulate and induce 
an acute-phase response (8,9). A second periodontitis-associ-
ated pathogen, Aggregatibacter actinomycetemcomitans (Aa), 
produces a highly virulent exotoxin with leukotoxic potential (leu-
kotoxin A [LtxA]). The binding of LtxA to lymphocytes, neutrophils, 
and macrophages causes pyroptosis and activation of the inflam-
masome, releasing inflammatory cytokines and inducing sec-
ondary immunoactivation (10). Aa-derived LtxA is also a potent 
inducer of leukotoxic hypercitrullination (LTH) in neutrophils that is 
not caused by other periodontal pathogens (11,12). Moreover, RA 
sera contain autoantibodies directed against citrullinated autoanti-
gens generated during LtxA-induced LTH (11).

Both pathogens have been implicated in atherogenesis. 
Microbial nucleic acids from both have been isolated from ather-
oma samples (13). Aa-associated LtxA induces the up-regulation 
of vascular adhesion molecules on endothelial cells (14), and 
atherosclerosis-prone mice infected with Aa have demonstrated 
up-regulation of vascular adhesion molecules, higher expres-
sion of inflammatory cytokines and chemokines in the wall of the 
aorta, and higher atherosclerotic plaque burden compared with 
uninfected mice (15). Multiple observational studies have linked 
periodontal disease and its associated pathogens, independently, 
with measures of subclinical atherosclerosis and CVD events (16), 
although causality remains questioned.

Considering these potential associations, we assessed 
immunoreactivity against Pg, Aa serotype B, and Aa-associated 
LtxA, and explored their associations with measures of atheroscle-
rosis in the coronary, carotid, and peripheral arterial circulation, in 
RA patients. We hypothesized that RA patients with immunoreac-
tivity against periodontal pathogens would demonstrate a greater 
burden of atherosclerosis in multiple vascular beds compared with 
those without such immunoreactivity.

PATIENTS AND METHODS

Patients. Participants were enrolled in the Evaluation of 
Subclinical Cardiovascular disease and Predictors of Events in RA 
(ESCAPE RA), a prospective cohort study investigating subclinical 
CVD in RA, previously described in detail (17,18). Patients met the 
1987 American College of Rheumatology RA classification criteria 
(19) and were 45–84 years of age without known prior CVD events. 
Enrollment occurred between 2004 and 2006. All patients provid-
 ed written informed consent prior to participation. The study was 
approved by the institutional review boards of the Johns Hopkins 
Medical Center and Columbia University Medical Center. Patient 
input was not directly involved in the design or conduct of the study.

Imaging of subclinical atherosclerosis. Coronary artery 
calcification (CAC) was measured with multidetector-row com-
puted tomography as previously described (17), using the method 
described by Agatston et al (20). Scoring was conducted in 
a blinded manner with regard to group allocation and clinical 

characteristics. Carotid imaging was performed as previously 
described (18) and involved measures in the common carotid 
artery (CCA), internal carotid artery (ICA), and the carotid bulb. 
Carotid plaques were localized to the ICA and bulb and were 
defined as maximal focal protrusion into the lumen with reduc-
tion in the lumen diameter of >25%. Baseline and follow-up scans 
were reanalyzed concurrently by a single reader who was aware 
of the temporal ordering but unaware of clinical characteristics. 
The ankle–brachial index (ABI) was calculated as the ratio of the 
highest Doppler ultrasound–detected blood pressure of either the 
dorsalis pedis artery or posterior tibial artery, divided by the high-
est arm blood pressure, as previously described (21).

Sociodemographic characteristics and CVD risk 
 factors. Demographic data and smoking history were obtained 
by self-reporting. Current use and dosage of medications were 
ascertained from prescription bottles. Body mass index (BMI) was 
calculated. Patients self-reported the current number of missing 
teeth.

Insulin resistance was evaluated using the homeostatic  
model assessment (HOMA) for insulin resistance index from the 
HOMA2 model (22). Hypertension was defined as systolic blood 
pressure ≥140 mm Hg, diastolic blood pressure ≥90 mm Hg, or 
antihypertensive medication use. Diabetes mellitus was defined 
as a fasting serum glucose level ≥126 mg/dl or antidiabetic med-
ication use.

RA disease characteristics. Forty-four joints were exam-
ined by a trained assessor. RA disease duration was assessed 
from the self-reported date of diagnosis. RA disease activity was 
calculated with the Disease Activity Score in 28 joints using the 
C-reactive protein level (DAS28-CRP) (23). Current and past use 
of glucocorticoids and disease-modifying antirheumatic drugs 
was queried by detailed examiner-administered questionnaires. 
The Stanford Health Assessment Questionnaire (24) was used to 
assess disability related to common activities. Single-view anter-
oposterior radiographs of the hands and feet were scored, using 
the Sharp/van der Heijde method (25), by a trained radiologist.

Laboratory assessments. IgG antibodies against Aa 
strain HK1651 (serotype B), Pg strain W83, and purified LtxA 
were previously assessed in serum by enzyme-linked immuno-
sorbent assay (ELISA). Anti-LtxA positivity was also confirmed by 
immunoprecipitation (11). High-sensitivity CRP and interleukin-6 
were measured as previously described (26). Plasma lipids and 
glucose were measured by standard assays; low-density lipo-
protein (LDL) cholesterol was estimated using the Friedewald 
equation. Rheumatoid factor (RF) and anti–cyclic citrullinated 
peptide antibodies were assessed by ELISA (seropositivity ≥40 
units and ≥60 units, respectively). HLA alleles bearing the “shared 
epitope” were investigated by DRB1 sequencing as previously 
described (18).
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Statistical analysis. Exposure to leukotoxic Aa strains 
was defined as having either anti-Aa or anti-LtxA. Exposure 
to leukotoxic Aa strains other than serotype B strains was 
captured in those who were seropositive for anti-LtxA but 

seronegative for anti-Aa HK1651 (ATCC 700685). Variables 
were examined according to the presence or absence of immu-
noreactivity against Aa and/or LtxA and Pg using t-tests for 
normally distributed continuous variables, the Kruskal-Wallis 

Table 1. Patient characteristics according to the presence or absence of anti-Aa and/or anti-LtxA antibodies*

Total
(n = 197)

Negative for anti-Aa 
and anti-LtxA

(n = 105)

Positive for anti-Aa  
and/or anti-LtxA

(n = 92)
Age, mean ± SD years 59 ± 9 58 ± 8 61 ± 9
Male 79 (42) 40 (38) 39 (42)
White† 168 (85) 96 (91) 82 (78)
Any college 148 (76) 78 (74) 70 (77)
BMI, mean ± SD kg/m2 28.5 ± 5.3 28.6 ± 5.0 28.3 ± 5.7
Ever smoking 116 (59) 64 (61) 52 (57)
Current smoking 23 (12) 9 (9) 14 (15)
Diabetes mellitus 12 (6) 6 (6) 6 (6)
Hypertension 105 (54) 55 (53) 50 (54)
Total cholesterol, mean ± SD mg/dl 194 ± 37 196 ± 34 192 ± 40

LDL cholesterol, mean ± SD mg/dl 116 ± 30 115 ± 29 116 ± 32
HDL cholesterol, mean ± SD mg/dl 54 ± 18 56 ± 20 52 ± 17

Triglycerides, mean (range) mg/dl 104 (68–149) 98 (74–151) 109 (66–144)
Current lipid-lowering medication 35 (15) 21 (20) 14 (15)
HOMA-IR, mean (range) 0.8 (0.5–1.4) 0.7 (0.5–1.35) 0.95 (0.55–1.4)
GFR, mean ± SD ml/minute 88 ± 22 89 ± 22 87 ± 23
Homocysteine, mean (range) μmoles/liter 9.0 (7.5–10.6) 8.9 (7.5–10.4) 9.2 (7.5–11.1)
RA duration, mean (range) years 9 (5–17) 10 (4–17) 8 (5–18)
RF ≥40 units‡ 130 (66) 60 (57) 70 (76)
Anti-CCP ≥60 units 140 (71) 72 (69) 68 (74)
Any shared epitope alleles 136 (70) 74 (70) 62 (69)
DAS28-CRP, mean (range) 3.6 (2.9–4.3) 3.6 (2.9–4.4) 3.7 (2.9–4.3)

SJC (of 42 joints), mean (range) 7 (3–10) 7 (3–11) 6 (3–10)
TJC (of 44 joints), mean (range) 6 (2–13) 6 (2–13) 6 (2–12)
CRP, mean (range) mg/dl 2.6 (1.1–7.6) 2.8 (1.1–7.0) 2.4 (1.2–7.9)

IL-6, mean (range) pg/ml 3.9 (1.8–8.2) 3.7 (1.6–8.1) 4.3 (1.8–8.4)
HAQ, mean (range) 0.62 (0.12–1.25) 0.62 (0.12–1.25) 0.75 (0.12–1.50)
Total mSvdH score, mean (range) 8 (0–42) 7 (0–36) 11 (1–52)
Current prednisone 76 (39) 44 (42) 32 (35)
Cumulative prednisone dose, mean  

(range) gm
3.1 (0–9.5) 3.2 (0–10.1) 2.9 (0–8.7)

Nonbiologic DMARDs 165 (84) 90 (86) 75 (82)
MTX 125 (63) 64 (61) 61 (66)
HCQ 47 (24) 29 (28) 18 (20)

Biologic DMARDs 90 (46) 54 (51) 36 (40)
TNFi 86 (44) 52 (50) 34 (37)

Anti-Pg–positive§ 72 (37) 31 (30) 41 (45)
No. of missing teeth¶

None 34 (18) 24 (24) 10 (12)
1–9 119 (65) 62 (61) 57 (70)
10–31 17 (9) 6 (6) 11 (13)
32 14 (8) 9 (9) 4 (5)

* Except where indicated otherwise, values are the number (%) of patients. BMI = body mass index; LDL = low-density 
lipoprotein; HDL = high-density lipoprotein; HOMA-IR = homeostatic model assessment for insulin resistance; GFR = 
glomerular filtration rate; RA = rheumatoid arthritis; RF = rheumatoid factor; anti-CCP = anti–cyclic citrullinated peptide; 
DAS28-CRP = Disease Activity Score in 28 joints using the C-reactive protein level; SJC = swollen joint count; TJC = tender joint 
count; IL-6 = interleukin-6; HAQ = Health Assessment Questionnaire; mSvdH = modified Sharp/van der Heijde; DMARDs =  
disease-modifying antirheumatic drugs; MTX = methotrexate; HCQ = hydroxychloroquine; TNFi = tumor necrosis factor 
inhibitor; anti-Pg = anti–Porphyromonas gingivalis. 
† P = 0.009 for patients positive for anti–Aggregatibacter actinomycetemcomitans (anti-Aa) and/or anti–leukotoxin A (anti-LtxA) 
versus patients negative for anti-Aa and anti-LtxA. 
‡ P = 0.005 for patients positive for anti-Aa and/or anti-LtxA versus patients negative for anti-Aa and anti-LtxA. 
§ P = 0.029 for patients positive for anti-Aa and/or anti-LtxA versus patients negative for anti-Aa and anti-LtxA. 
¶ P = 0.042 for patients positive for anti-Aa and/or anti-LtxA versus patients negative for anti-Aa and anti-LtxA (data available 
for 184 patients). 
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test for non-normally distributed variables, and the chi-square 
goodness-of-fit test or Fisher’s exact test, as appropriate, for 
categorical variables. The association of anti-Aa and/or anti-
LtxA seropositivity with CAC, normally transformed as natural 
log (CAC + 1), was explored using multivariable linear regres-
sion, first in a crude model with anti-Aa and/or anti-LtxA pos-
itivity as the only covariate. Next, variables associated with 
CAC at the P < 0.20 level from univariate models were mod-
eled. A reduced model was derived by excluding noncon-
tributory covariates using Akaike’s information criterion for 
nested models.

An additional sensitivity analysis included the number of 
reported missing teeth in order to ensure that observed asso-
ciations of anti-Aa and/or anti-LtxA and CAC from prior mod-
els were not confounded by the presence of oral diseases, 
including periodontal disease and other causes of tooth loss. 
The normality assumption required for linear regression was 
tested using the Shapiro-Wilk test on the studentized resid-
uals. Similar modeling was used for the other atherosclero-
sis outcomes, except for logistic regression for CAC >0 units, 
CAC ≥100 units, and carotid plaque presence. The intima- 
medial thickness (IMT) of the CCA (CCA-IMT) and the ICA 
(ICA-IMT) also required log transformation. The same models 
were repeated with anti-Pg as the covariate of interest. For 
all models, adjusted means and frequencies and their asso-
ciated 95% confidence intervals were derived and graphed 
according to immunoreactivity against periodontal pathogens, 
with back transformation as appropriate. Next, we explored 
whether anti-Aa and/or anti-LtxA status modified the associ-
ations of other covariates with atherosclerosis outcomes by 
introducing anti-Aa and/or anti-LtxA × covariate interaction 
terms into the models, with P values for interaction terms 
derived using analysis of covariance. Stata SE 16 was used. A 
significance level of α ≤ 0.05 (2-tailed) was used throughout.

RESULTS

Patient characteristics. Among the 197 RA patients 
evaluated, anti-Aa serotype B was detected in 41 patients 
(21%), while anti-LtxA was detected in 84 patients (43%). Only 
8 patients with anti-Aa were seronegative for anti-LtxA. Anti-Pg 
was detected in 72 patients (37%). Baseline characteristics 
according to anti-Aa and/or anti-LtxA status are summarized 
in Table 1. Those with anti-Aa and/or anti-LtxA were a mean 
3 years older than those without anti-Aa and/or anti-LtxA and 
were significantly less likely to be white. Those with anti-Aa 
and/or anti-LtxA did not differ significantly on other lifestyle 
characteristics, CVD risk factors, or RA disease features, with 
the exception of a significantly higher prevalence of RF sero-
positivity in patients with anti-Aa and/or anti-LtxA compared to 
those without. Those with anti-Aa and/or anti-LtxA were sig-
nificantly more likely to be anti-Pg seropositive and have more 
reported tooth loss.

Association of atherosclerosis with anti-Aa and 
anti-LtxA in RA but not with anti-Pg. The univariate asso-
ciations of Aa-directed, LtxA-directed, and Pg-directed sero-
logic status with measures of coronary, carotid, and peripheral 
arterial atherosclerosis are summarized in Table 2. The median 
CAC score was 30 units higher among those with anti-Aa and/
or anti-LtxA compared with those without (P = 0.046). Like-
wise, the prevalence of any CAC or having a CAC of ≥100 
units was higher among those with anti-Aa and/or anti-LtxA. 
Similarly, both the median CCA-IMT and ICA-IMT, but not the 
frequency of carotid plaque, were significantly higher for those 
with anti-Aa and/or anti-LtxA. For peripheral arteries, median 
ABI was significantly lower among RA patients with anti-Aa 
and/or anti-LtxA. In contrast, anti-Pg was not significantly 
associated with any measure of atherosclerosis.

Table 2. Crude associations of antibodies against periodontal pathogens with measures of coronary, carotid, and peripheral atherosclerosis*

Negative for anti-Aa  
and anti-LtxA

(n = 105)

Positive for anti-Aa 
and/or anti-LtxA

(n = 92) P

Negative for 
anti-Pg

(n = 125)

Positive for  
anti-Pg
(n = 71) P

CAC
CAC score, median  

(IQR) units
0 (0–134) 30 (0–215) 0.046 3 (0–161) 5 (0–202) 0.71

CAC score >0 units,  
no. (%)

50 (48) 56 (62) 0.041 66 (53) 40 (57) 0.56

CAC score ≥100 units, 
no. (%)

31 (30) 38 (42) 0.064 43 (34) 26 (37) 0.70

Carotid ultrasound
CCA-IMT, median  

(IQR) mm
0.80 (0.74–0.88) 0.85 (0.76–0.94) 0.020 0.81 

(0.73–0.90)
0.85 (0.76–0.94) 0.11

ICA-IMT, median  
(IQR) mm

1.02 (0.81–1.41) 1.22 (0.86–1.61) 0.042 1.13 
(0.84–1.51)

1.07 (0.84–1.65) 0.74

Plaque, no. (%) 19 (18) 23 (26) 0.21 26 (21) 16 (23) 0.74
ABI, median (IQR) 1.18 (1.10–1.26) 1.13 (1.05–1.21) 0.035 114 (1.07–1.24) 1.16 (1.06–1.22) 0.93

* CAC = coronary artery calcification; IQR = interquartile range; CCA = common carotid artery; IMT = intima-medial thickness; ICA = internal carotid 
artery; ABI = ankle–brachial index (see Table 1 for other definitions). 
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Association of atherosclerosis with anti-Aa and anti- 
LtxA after adjustment for potential confounders. Seropos-
itivity for anti-Aa and/or anti-LtxA remained significantly associated 
with CAC in models adjusted for all of the characteristics asso-
ciated with CAC in univariate models (Table 3; model 2) and in 
a reduced model (Table 3; model 3). Here, the magnitude of the 
independent association of anti-Aa and/or anti-LtxA seropositivity 

with CAC was equivalent to ~5 years increment in age or ever hav-
ing smoked. In model 3, longer RA duration and higher swollen 
joint counts were both significantly associated with CAC. After 
adjustment for age, sex, ever smoking, BMI, triglyceride level, sta-
tin use, RA duration, and swollen joint count, the adjusted mean 
CAC score was 90% higher in the group with anti-Aa and/or anti-
LtxA compared to the group without (19 units versus 10 units; 
P = 0.033) (Figure 1A). With adjustment for these same covariates, 
anti-Aa and/or anti-LtxA seropositivity was significantly associ-
ated with CAC >0 units (Figure 1B), CAC ≥100 units (Figure 1C), 
and CCA-IMT (Figure 2A), and was inversely associated with ABI 
(Figure 2C). The association of anti-Aa and/or anti-LtxA seroposi-
tivity with ICA-IMT was higher, but not quite statistically significant, 
after adjustment (Figure 2B). Reported tooth loss was not associ-
ated with CAC and did not modify the association of anti-Aa and/or 
anti-LtxA with CAC when comodeled (Table 3; model 4).

Association of swollen joints with coronary ather-
osclerosis only in RA patients positive for anti-Aa and/
or anti-LtxA. Next, we studied whether seropositivity for anti- 
 Aa and/or anti-LtxA modified the associations of any other 
characteristics associated with atherosclerosis (Supplementary 
Table 1, on the Arthritis & Rheumatology website at http://online  
 libr ary.wiley.com/doi/10.1002/art.41572/ abstract). Among the char  -
acteristics associated with measures of atherosclerosis, only the 

Table 3. Multivariable indicators of log (CAC + 1)*

Model 1 Model 2 Model 3 Model 4

β P β P β P β P
Positive for anti-Aa and/or anti-LtxA 0.76 0.049 0.68 0.036 0.64 0.033 0.72 0.023
Age, per year – – 0.12 <0.001 0.12 <0.001 0.11 <0.001
Male sex – – 1.76 <0.001 1.86 <0.001 1.85 <0.001
White ethnicity – – 0.17 0.72 – – – –
Ever smoking – – 0.68 0.044 0.68 0.035 0.83 0.019
Current smoking – – −0.33 0.52 – – – –
BMI, per kg/m2 – – 0.058 0.11 0.049 0.092 0.038 0.23
Diabetes mellitus – – 0.57 0.44 – – – –
SBP, per mm Hg – – −0.0075 0.44 – – – –
Antihypertensive medication use – – 0.49 0.16 – – – –
HDL cholesterol, per mg/dl – – −0.0020 0.87 – – – –
Log triglycerides – – 0.62 0.057 0.53 0.056 0.69 0.020
Statin use – – 1.11 0.011 1.14 0.005 1.21 0.004
GFR, per ml/minute – – 0.0062 0.56 – –
Log homocysteine – – 0.46 0.50 – –
RA duration, per year – – 0.042 0.009 0.037 0.011 0.041 0.010
RF >40 units – – 0.19 0.61 – –
SJC, per joint – – 0.052 0.11 0.068 0.024 0.074 0.021
Log CRP level – – 0.039 0.76 – – – –
HCQ use – – −0.16 0.68 – – – –
Biologic medication use – – 0.20 0.53 – – – –
No. of missing teeth

None – – – – – – Referent –
1–9 – – – – – – 0.12 0.78
10–31 – – – – – – 0.085 0.90
32 – – – – – – – –

* CAC = coronary artery calcification; SBP = systolic blood pressure (see Table 1 for other definitions).

Figure 1. Associations between anti–Aggregatibacter actinomy-
cetemcomitans (anti-Aa) and/or anti–leukotoxin A (anti-LtxA) antibodies 
and measures of coronary atherosclerosis, including adjusted coronary 
artery calcification (CAC) score (A), frequency of any CAC (B), and 
frequency of a CAC score >100 units (C). Data were adjusted for 
age, sex, smoking history, body mass index, triglycerides, statin use, 
rheumatoid arthritis duration, and swollen joint count. Bars show the 
mean and 95% confidence interval. ORadj = adjusted odds ratio.

http://onlinelibrary.wiley.com/doi/10.1002/art.41572/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41572/abstract


PERIODONTAL PATHOGENS AND CVD IN RA |      573

association of swollen joint count with CAC differed according 
to anti-Aa and/or anti-LtxA status, such that higher swollen joint 
count was strongly associated with higher CAC score (Figure 3A) 
and with higher frequency of CAC ≥100 units (Figure 3B) among 
those seropositive for anti-Aa and/or anti-LtxA. The association 
was not linear, as the inflection of the association of swollen joints 
with CAC occurred at ~7 or 8 swollen joints (Figure 3). In contrast, 
a higher number of swollen joints was not associated with CAC 
among those without anti-Aa and anti-LtxA.

A significant interaction was also observed when the DAS28 
was modeled instead of swollen joint count; however, substitu-
tion of tender joint count or CRP did not show an interaction with 
anti-Aa and/or anti-LtxA status (data not shown), suggesting that 
the association of the DAS28 with measures of CAC among those 
with anti-Aa and/or anti-LtxA was due to swollen joint count and 
not the other components of the DAS28 score. This modification 

was observed only for CAC and not for measures of carotid or 
peripheral arterial atherosclerosis (data not shown). The asso-
ciations of anti-Aa and/or anti-LtxA with the atherosclerosis 
outcomes did not differ according to anti–citrullinated protein anti-
body (ACPA) or shared epitope status (data not shown).

DISCUSSION

To our knowledge, this is the first study linking atherosclerosis 
burden in RA with immunoreactivity against common periodontal 
pathogens. RA patients with serologic evidence of Aa exposure 
by either anti-Aa or its leukotoxin (LtxA) had significantly higher 
levels of CAC (a surrogate for coronary atherosclerosis), thicker 
carotid IMT (a surrogate for carotid atherosclerosis), and lower 
ABI (a surrogate for peripheral arterial atherosclerosis), even after 
adjustment for relevant confounders. Importantly, seropositivity for 
anti-Pg was not associated with any measure of atherosclerosis. 
Interestingly, an association of higher swollen joint count with CAC 
was observed only in the subgroup who were seropositive for 
anti-Aa and/or anti-LtxA.

Multiple studies have established a link between periodontal 
disease and RA. In a recent meta-analysis (5), the frequency of 
periodontitis was 13% higher in RA patients than in non-RA con-
trols. Both anti-Aa and anti-Pg were more prevalent in RA patients 
compared with controls in certain studies (11,27,28), with some 
(but not all) demonstrating correlations with ACPA and disease 
activity (27). Anti-Pg levels were higher among patients at risk 
of developing RA compared with those not at risk (29), and lev-
els correlated with RA-associated antibodies. In a smaller study 
that included periodontal sampling, the abundance of Pg at both 
healthy and inflamed periodontal sites was significantly higher 
among ACPA-positive individuals at risk of developing RA, com-
pared with healthy controls (30). However, Aa abundance was not 
significantly higher, although differences may have been affected 
by the small sample size of the study (n = 48 at-risk subjects and 
n = 32 controls), ethnicity (31), and restriction of Aa to nonperi-
odontal oral reservoirs (31). Taken together, findings from these 
studies provide some argument for an increased prevalence of 
periodontitis and periodontitis-associated pathogens in RA and 
circumstantial links to disease risk and severity.

Periodontitis has been linked to atherosclerosis in the 
general population (16). CVD events were higher among those 
with periodontitis (32), and carotid atherosclerosis was linked 
to severe periodontitis (33). DNA from periodontal pathogens, 
including Aa and Pg, was isolated from atheroma in several (13) 
(but not all [34]) studies, particularly among those with chronic 
advanced periodontitis. Across several studies of atheroscle-
rosis-prone mice (15), intravenous inoculation with Aa was 
associated with endothelial invasion and activation, LDL oxida-
tion, Toll-like receptor activation, up-regulation of inflammatory 
cytokines and chemokines, and promotion of macrophage foam 
cell formation. In one study, Pg was associated with promotion of 

Figure 2. Associations between anti-Aa and/or anti-LtxA anti-
bodies and measures of carotid and peripheral arterial athero-
sclerosis, including common carotid artery intima-media thickness 
(CCA-IMT) (A), internal carotid artery IMT (B), and ankle–brachial 
index (C). Data were adjusted for age, sex, smoking history, body 
mass index, triglycerides, statin use, rheumatoid arthritis duration, 
and swollen joint count. Bars show the mean and 95% confidence 
interval. See Figure 1 for other definitions.

Figure 3. Differential association between swollen joint count and 
measures of coronary atherosclerosis, including adjusted CAC score 
(A) and frequency of a CAC score >100 units (B), according to the anti-
Aa and/or anti-LtxA antibody status. Data were adjusted for age, sex, 
smoking history, body mass index, triglycerides, statin use, rheumatoid 
arthritis duration, and swollen joint count. Quadratic fit lines and 95% 
confidence intervals are shown. See Figure 1 for definitions.
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plaque rupture through up-regulation of metalloproteinases (35). 
Colhoun et al reported that high levels of circulating anti-Aa and 
anti-Pg were associated with higher CAC scores (36), an asso-
ciation primarily observed among the subgroup with diabetes, 
suggesting interaction with other CVD risk factors. RA has been 
described as a diabetes equivalent for risk of CVD and may rep-
resent a population in which the effect of periodontal pathogens 
on atherogenesis is heightened.

In the present study, we did not observe an association of 
anti-Pg with any measure of atherosclerosis, which could indicate 
specificity in the effect related to only Aa in RA. This finding could 
also be unique to the cohort studied and thus requires confirmation 
in other cohorts. However, anti-Pg was as prevalent as anti-Aa in 
our sample and did not confound any of the associations of anti-Aa 
and/or anti-LtxA with measures of atherosclerosis when comodeled.

We also observed that higher swollen joint counts were asso-
ciated with CAC only among RA patients with reactivity against Aa 
or LtxA. This interaction suggests that Aa infection may create a 
permissive environment for the inflammatory features of RA to con-
tribute to atherogenesis, and it raises the possibility that anti-Aa sta-
tus could be used to identify a subgroup of RA patients for whom 
aggressive control of synovitis may lead to a lower rate of ather-
osclerosis progression. Importantly, the interaction was specific to 
swollen joints and did not extend to tender joint count or circulating 
CRP. The mechanism underlying this interaction is unclear and war-
rants additional study. However, other types of effect modification in 
which anti-Aa status appeared to create a permissive environment 
for RA features have been noted in prior studies, where HLA–DRB1 
shared epitope alleles were associated with higher levels of ACPA 
only among RA patients with anti-Aa (11,37), although such condi-
tional associations have not been observed in all studies (28).

Our study has several notable strengths and weaknesses. 
Among the strengths, it is the first study of the association of peri-
odontal pathogens with CVD in RA. Additionally, we measured 
atherosclerosis in multiple vascular beds, with confirmation of 
associations across vascular territories. Among the weaknesses, 
the cross-sectional design does not allow for firm conclusions 
regarding causality to be made. Since the point of seroconver-
sion to reactivity against the periodontal pathogens was unknown, 
cumulative exposure could not be assessed. Because other peri-
odontal pathogens may also contribute to atherogenesis, it is not 
clear whether any of the observed associations were specific to Aa 
or to the confounding effects of an unmeasured correlated causal 
factor. However, the finding that anti-Pg was not associated with 
atherosclerosis suggests that the associations of Aa with meas-
ures of atherosclerosis were not strongly confounded by other 
periodontal pathogens, though the possibility of confounding by 
other periodontal pathogens is not fully excluded. Finally, since we 
did not compare these associations in a group without RA, we 
cannot assert that our findings are specific to RA.

In summary, RA patients with evidence of exposure to Aa 
but not Pg had higher levels of atherosclerosis across multiple 

vascular beds independent of other CVD risk factors. The 
association of  swollen joints with coronary atherosclerosis was 
restricted to RA patients with seroreactivity to anti-Aa and/or 
anti-LtxA. Although speculative, these findings suggest that 
assessing immunity against Aa may predict CVD in RA patients 
and that Aa-exposed patients may be appropriate for heightened 
CVD screening and primary prevention. However, confirma-
tion in additional cohorts and studies demonstrating predic-
tion and clinical utility are required before Aa immunoreactivity 
can be considered appropriate for clinical practice. At minimum, 
our study provides evidence that mechanistic studies assessing 
the links between periodontitis and CVD in RA are warranted.
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Distinct Expression of Coinhibitory Molecules on Alveolar T 
Cells in Patients With Rheumatoid Arthritis–Associated and 
Idiopathic Inflammatory Myopathy–Associated Interstitial 
Lung Disease
Maho Nakazawa,1  Katsuya Suzuki,1 Masaru Takeshita,1 Jun Inamo,1  Hirofumi Kamata,1 Makoto Ishii,1 
Yoshitaka Oyamada,2 Hisaji Oshima,2 and Tsutomu Takeuchi1

Objective. To identify immunologic factors in the lungs of patients with rheumatoid arthritis–associated interstitial 
lung disease (RA-ILD) and patients with idiopathic inflammatory myopathy–associated ILD (IIM-ILD) and to examine 
their pathologic mechanisms.

Methods. Eleven patients with RA-ILD, 16 with IIM-ILD, 6 with drug-induced ILD (DI-ILD), and 8 healthy controls 
were enrolled. Peripheral blood (PB) and bronchoalveolar lavage (BAL) fluid were immunophenotyped by flow 
cytometry. Alveolar macrophages (AMs) were analyzed by coculture assay with PB naive CD4+ T cells from healthy 
individuals and RNA sequencing.

Results. Several coinhibitory molecules were coexpressed on BAL fluid T cells (CTLA-4, programmed death 1 
[PD-1], T cell immunoglobulin and mucin domain–containing protein 3 [TIM-3], and lymphocyte activation gene 3 
protein, from most to least), whereas only PD-1 was expressed on PB T cells. CTLA-4+PD-1+CD4+ T cells were 
characteristic of RA-ILD, whereas CTLA-4+PD-1+TIM-3+CD8+ T cells were characteristic of IIM-ILD. BAL fluid  
PD-1+CD4+ T cells rarely expressed CXCR5, but their levels correlated with levels of plasmablasts and plasma cells  
(ρ = 0.57, P = 0.006), indicating that most of them would be considered peripheral helper T cells. In coculture experiments, 
AMs from patients with RA-ILD and IIM-ILD induced more PD-1 and TIM-3 on T cells (P < 0.05), suggesting that 
coinhibitory molecule expression on BAL fluid T cells was partly due to AMs. RNA sequencing showed significant 
down-regulation of PD ligand 1/2 genes in AMs from patients with RA-ILD compared to those with DI-ILD.

Conclusion. We have identified differences in coinhibitory molecule expression between patients with RA-ILD 
and those with IIM-ILD. PD-1 on T cells in RA-ILD and TIM-3 on CD8+ T cells in IIM-ILD might be key factors in the 
disease process. Evaluation of coinhibitory molecules on BAL fluid T cells could be clinically useful.

INTRODUCTION

Interstitial lung disease (ILD) is a common extraarticular man
ifestation of rheumatoid arthritis (RA), occurring in ~10–30% of 
patients (1). It is also the most common nonmusculoskeletal man
ifestation of idiopathic inflammatory myopathy (IIM), including  

polymyositis, dermatomyositis, and clinically amyopathic dermato
myositis, in which it has been demonstrated in 25–75% of patients 
(2). Since RAassociated ILD (RAILD) and IIMassociated ILD 
(IIMILD) have high mortality rates, elucidating their etiology and 
identifying treatment strategies is important (2–4). Although serum 
biomarkers associated with RAILD and IIMILD have been 
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identified, available evidence from bronchoalveolar lavage (BAL) 
fluid cellular analysis is limited (4–8). The BAL fluid CD4:CD8 ratio 
and cell profiles have been helpful in diagnosis of some ILDs 
(9–11). However, for RAILD and IIMILD, no specific BAL fluid 
findings have been established, and diagnostic effectiveness of 
BAL fluid is low. Although alveolar macrophages (AMs) and T cells 
are considered to be key factors in ILD (12), no comprehensive 
understanding of the roles of these cells has yet been obtained.

T cell activation is regulated by a T cell receptor (TCR) and 
cosignaling receptors, costimulatory molecules, and coinhibi
tory molecules (13). Costimulatory molecules are expressed on 
naive T cells, and after TCR stimulation, coinhibitory molecules are 
expressed to prevent excessive T cell activation.

Programmed death 1 (PD1) has been identified as a receptor 
inducing cell death; its ligands are PD ligand 1 (PDL1) and PDL2 
(14,15). Previous studies have demonstrated increased PD1 
expression at the site of inflammatory diseases, such as salivary 

gland tissues in primary Sjögren’s syndrome, the lamina propria in 
ulcerative colitis, and synovial fluid in RA (16–18). Recently, it was 
demonstrated that PD1highCXCR5− peripheral helper T (Tph) cells 
in RA synovium have a B cell helper function (19). T cell immuno
globulin and mucin domain–containing protein 3 (TIM3), another 
coinhibitory molecule, was identified as a negative regulator of 
Th1 immunity (20). The binding of galectin9, one of its ligands, to 
TIM3 negatively regulates T cells, similar to the effects observed 
with binding of PDL1 to PD1 (20–22). Treatment with TIM3 block
ing antibody causes experimental autoimmune encephalomyelitis 
(EAE), and galectin9 injection ameliorates EAE (20–22). Another 
coinhibitory molecule, lymphocyte activation gene 3 protein (LAG3),  
was identified as a surface marker on interleukin10–secreting 
CD4+ type 1 Treg cells; its ligand is major histocompatibility complex 
class II (23). During chronic viral infection in mice, LAG3 blockade 
controls the infection, suggesting that LAG3 contributes to CD8+ 
T cell exhaustion (24). Therefore, LAG3 is considered an immune 

Figure 1. Cellular analysis of bronchoalveolar lavage fluid (BALF) from patients with rheumatoid arthritis–associated interstitial lung 
disease  (RAILD) (n = 8), idiopathic inflammatory myopathy–associated ILD (IIMILD) (n = 8), and druginduced ILD (DIILD) (n = 6). A, Total 
BAL fluid cell counts. B, Mean percentages of the different cell types assessed in BAL fluid. C, Percentages of neutrophils, lymphocytes, 
monocytes, and alveolar macrophages among total BAL fluid cells. D, Percentages of CD4+ T cells, CD8+ T cells, and CD19+ B cells, and 
CD4:CD8 cell ratios. In A, C, and D, data are presented as box plots, where the boxes represent the interquartile range, the lines within the 
boxes represent the median, and the lines outside the boxes represent the minimum and maximum values excluding outliers. Each circle 
represents an individual subject. * = P < 0.05; ** = P < 0.01, by KruskalWallis test.
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regulator. CTLA4 is also an essential negative regulator of T cells, 
and shares the ligands CD80 and CD86 with CD28, one of the most 
important costimulatory molecules on T cells (25). CTLA4 is overex
pressed on RA synovial T cells (26).

Although several coinhibitory molecules have been described 
as noted above, there have been few studies on BAL fluid T cells. 
We speculated that these coinhibitory molecules are expressed 
on T cells in the lungs of patients with ILD since they receive fre
quent antigen stimulation in this disease, and that they may be 
involved in pathologic mechanisms of RAILD and IIMILD. In the 
present study we performed detailed immunophenotyping of BAL 
fluid T cells, particularly with regard to coinhibitory molecules, and 
identified distinct differences between diseases.

PATIENTS AND METHODS

Detailed methods are described in the supplementary text 
(on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41554/ abstract). Patients with RAILD, 
IIMILD, or druginduced ILD (DIILD) who attended Keio Univer
sity Hospital or National Tokyo Medical Center were included. 
Characteristics of the patients and healthy control subjects in 
each analysis are shown in Supplementary Tables 1–5 (http://
onlin elibr ary.wiley.com/doi/10.1002/art.41554/ abstract). Some  
sample donors overlapped between cohorts used for different 
experiments. Fresh cells from BAL fluid and peripheral blood (PB) 
were thoroughly immunophenotyped. (Supplementary Table 6, 
(http://onlinelibrary.wiley.com/doi/10.1002/art.41554/abstract). 
AMs were sorted from BAL fluid with an Aria III flow cytometer (BD 
Biosciences). AMs from patients with RAILD, IIMILD, and DIILD 
were analyzed by coculture assay with PB CD4+ naive T cells 
and RNA sequencing. The transcriptome data are available at the 
GEO database. The accession code is GSE142540. All custom 
computer codes in the generation or processing of the described 
data are available upon reasonable request.

RESULTS

Immunophenotyping of BAL fluid and PB. We immu
nophenotyped BAL fluid cells from patients with RAILD (n = 8), 
IIMILD (n = 8), and DIILD (n = 6). Baseline patient charac
teristics are shown in Supplementary Table 1 (http://online 
libr ary.wiley.com/doi/10.1002/art.41554/ abstract). Total BAL fluid  
cell numbers did not differ significantly among the 3 groups 
(Figure 1A). Neutrophil and lymphocyte numbers were increased 
in patients with RAILD, and lymphocyte numbers were increased 
in patients with IIMILD and DIILD (Figure 1B), whereas >85% 
of BAL fluid cells from healthy individuals have been reported 
to be AMs (7). The CD4:CD8 ratio was significantly reduced in 
IIMILD patients (median 0.6 [interquartile range 0.2–0.8]), com
pared to 0.9 (interquartile range 0.7–3.5) in those with RAILD 
(Figure 1D).

We analyzed subpopulations of T cells and B cells from the 
BAL fluid of patients with RAILD, IIMILD, and DIILD and com
pared them to those in the PB of patients with RAILD (n = 8) and 
IIMILD (n = 13) and healthy controls (n = 8) (Figure 2). The majority 
of BAL fluid CD4+ and CD8+ T cells were effector memory T (Tem) 
cells, and naive T cells were almost absent (Figure 2A). Although 
there was no difference between groups in the Th1, Th17, Th1/17, 
and follicular helper T (Tfh) cell populations in either BAL fluid or 
PB (Figure 2A), the proportion of BAL fluid Treg cells was higher in 
IIMILD patients than in those with RAILD and DIILD. We further 
examined Treg cell subpopulations (Supplementary Figures 1 and 
2, http://onlin elibr ary.wiley.com/doi/10.1002/art.41554/ abstract) 
and found that the subpopulation that was higher in patients with 
IIMILD than those with DIILD was Fr III, which does not have 
suppressive functions (27). We also examined CD28, CD69, 
and CXCR6 expression on T cells to investigate their activation 
status (Supplementary Figure 3, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41554/ abstract). BAL fluid T cells expressed all 
3 molecules, whereas PB T cells expressed only CD28. In BAL 
fluid CD8+ T cells from patients with IIMILD, CD28 levels were 
low and CD69 levels were high, indicating that CD8+ T cells were 
highly activated in the lungs of these patients.

The subpopulations of B cells in the BAL fluid were also dif
ferent from those in PB, with lower levels of naive cells and higher 
levels of preswitch memory cells, plasmablasts, and plasma cells 
in BAL fluid. Levels of plasma cells in BAL fluid and levels of plas
mablasts and plasma cells in PB were significantly increased 
in patients with RAILD compared to patients with DIILD and 
heathy controls (Figure 2B). The proportion of BAL fluid mono
cytes was higher in RAILD than in DIILD (Figure 1C). The major 
subpopulation of monocytes in both BAL fluid and PB was clas
sic monocytes, and nonclassic monocytes were almost absent in 
BAL fluid (Supplementary Figure 4, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41554/ abstract).

Next, we examined the surface expression of coinhibi
tory  molecules PD1, TIM3, LAG3, and CTLA4 on T cells 
(Figure 2C). Regardless of the disease, coinhibitory molecule 
expression was high in BAL fluid, with CTLA4 showing the 
highest expression, followed in order by PD1, TIM3, and LAG
3. While coinhibitory molecules other than PD1 were rarely 
expressed on PB T cells, they were highly expressed on BAL fluid 
T cells. We compared coinhibitory molecule expression between 
BAL fluid and PB in 5 RAILD and 5 IIMILD patients (Supple
mentary Figure 5, http://onlin elibr ary.wiley.com/doi/10.1002/
art.41554/ abstract). CTLA4, PD1, and TIM3 were more highly 
expressed on BAL fluid T cells than on PB T cells, and there was 
no correlation between the rate of coinhibitory molecule positivity 
in BAL fluid T cells and the rate in PB T cells, which suggested 
that coinhibitory molecules must be evaluated on BAL fluid T cells.

We found that expression of PD1, TIM3, and LAG3 on 
CD4+ T cells and of PD1 and TIM3 on CD8+ T cells was higher 
in BAL fluid from patients with RAILD than in that from patients 
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with DIILD. Additionally, expression of PD1 and TIM3 on CD4+ 
T cells and of CTLA4, PD1, and TIM3 on CD8+ T cells was 
higher in BAL fluid from patients with IIMILD than in that from 
patients with DIILD. Therefore, we calculated the cutoff values 
for coinhibitory molecules that were more highly expressed in the 
RAILD and IIMILD groups than in the other 2 groups, by receiver 

operating characteristic analysis (Figure 2D). The cutoff values for 
PD1, TIM3, and LAG3 positivity in CD4+ T cells associated 
with RAILD were 69.8%, 35.3%, and 19.0%, respectively, and 
the cutoff values for PD1, TIM3, and LAG3 positivity in CD8+ 
T cells associated with IIMILD were 60.4%, 57.8%, and 9.1%, 
respectively.

Figure 2. A–C, Immunophenotyping of T cell and B cell subpopulations in bronchoalveolar lavage fluid (BALF) cells from patients with 
rheumatoid arthritis–associated interstitial lung disease (RAILD) (red; n = 8), idiopathic inflammatory myopathy–associated ILD (IIMILD) (blue; 
n = 8), and druginduced ILD (DIILD) (green; n = 6) (left) and in peripheral blood cells from patients with RAILD (red; n = 8) and IIMILD 
(blue; n = 13) and from healthy controls (black; n = 8) (right). A, Percentages of naive (Tn), central memory (Tcm), and effector memory (Tem) 
CD4+ T cells among CD4+ T cells, percentages of naive, Tcm, Tem, and CD45RA+ memory (Temra) CD8+ T cells among CD8+ T cells, and 
percentages of Th1, Th17, Th1/17, Treg, and follicular helper (Tfh) CD4+ T cells among CD4+ T cells. B, Percentages of B cell subsets. C, 
Percentages of CD4+ and CD8+ T cells positive for the coinhibitory molecules CTLA1, programmed death 1 (PD1), T cell immunoglobulin 
and mucin domain–containing protein 3 (TIM3), and lymphocyte activation gene 3 protein (LAG3). Data are presented as box plots, where 
the boxes represent the interquartile range, the lines within the boxes represent the median, and the lines outside the boxes represent the 
minimum and maximum values excluding outliers. Each circle represents an individual subject. * = P < 0.05; ** = P < 0.01, by KruskalWallis 
test. D, Cutoff levels for the rate of PD1, TIM3, and LAG3 positivity in CD4+ T cells associated with RAILD and for the rate of PD1, TIM3, 
and LAG3 positivity in CD8+ T cells associated with IIMILD, by receiver operating characteristic area under the curve (AUC) analysis.
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Expression of coinhibitory molecules other than PD1 on 
PB T cells was low, but somewhat increased in RAILD and IIM
ILD. Therefore, we examined their changes in response to treat
ment (Supplementary Figure 6, http://onlin elibr ary.wiley.com/   
doi/10.1002/art.41554/ abstract). The frequency of PD1+ and 

TIM3+ CD4+ T cells was significantly decreased after gluco
corticoid treatment for ILD. We next investigated correlations 
between expression of these markers on BAL fluid T cells and 
clinical data (Supplementary Figure 7, http://onlin elibr ary.wiley.
com/doi/10.1002/art.41554/ abstract). In RAILD, the proportion 

Figure 3. Coexpression of coinhibitory molecules on BAL fluid T cells. A and C, Twodimensional plots of the coexpression of coinhibitory 
molecules on BAL fluid CD4+ T cells (A) and CD8+ T cells (C) from the RAILD group (n = 8), the IIMILD group (n = 8), and the DIILD group 
(n = 6). B and D, Venn diagrams showing the mean percentages of coinhibitory molecule–coexpressing CD4+ T cells (B) and CD8+ T cells (D). 
See Figure 2 for definitions.
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of BAL fluid TIM3+CD4+ T cells correlated positively with the 
28joint Disease Activity Score using the Creactive protein level 
(28) and the Clinical Disease Activity Index (29) and negatively with 
diffusing capacity for carbon monoxide.

Next, we examined coinhibitory molecule expression on 
T cell subsets relative to differentiation stage (Supplementary  
Figure 8, http://onlin elibr ary.wiley.com/doi/10.1002/art.41554/ 
abstract). These markers were expressed on central memory T 
(Tcm) and Tem cells to the same extent, and rarely expressed on 
naive T cells. In each disease, the expression pattern of these mol
ecules on Tcm and Tem cells was similar to that in CD4+ and 
CD8+ T cells overall. We further examined, in the RAILD group, 
whether there were differences in coinhibitory molecule expres
sion according to computed tomography pattern or  treatment 
and found no significant differences between nonspecific inter
stitial pneumonia and organizing pneumonia patterns or between 
treated and treatmentnaive patients (Supplementary Figure 9, 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41554/ abstract).

Coexpression of coinhibitory molecules on BAL fluid  
T cells. We next investigated the coexpression of coinhibi
tory molecules on BAL fluid T cells. Representative plots and 
the mean percentages of coinhibitory molecule coexpression are 
shown in Figure 3. Some CTLA4+ T cells expressed PD1, TIM3,  
and LAG3; some PD1+ T cells expressed TIM3 and LAG3; 
and some TIM3+ T cells expressed LAG3. There were few 
other combinations. These findings further suggested that the fre
quency of expression of these coinhibitory molecules, from most 
to least, is CTLA4 followed by PD1, then TIM3, then LAG3. 
In RAILD, most BAL fluid CD4+ and CD8+ T cells were CTLA
4+PD1+ (Figures 3B and D), whereas in IIMILD, most CD4+ T 
cells were CTLA4+PD1+ and most CD8+ T cells were CTLA
4+PD1+TIM3+. We further compared the coinhibitory mole
cule positivity rate between CD4+ and CD8+ T cells in individual 
patients (Supplementary Figure 10, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41554/ abstract). PD1 and CTLA4 were simi
larly expressed on CD4+ and CD8+ T cells from patients with 

Figure 4. Correlation of T cell subsets with plasmablasts and plasma cells in BAL fluid. A, Representative plots of PD1 and CXCR5 expression 
on BAL fluid CD4+ T cells from patients with RAILD and IIMILD. B, Correlation of total plasmablast and plasma cell levels with levels of Tfh 
cells and of coinhibitory molecule–positive CD4+ T cells from patients with RAILD (circles; n = 8), IIMILD (triangles; n = 8), and DIILD (times 
signs; n = 6), by Spearman’s correlation test. See Figure 2 for definitions.
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RAILD, whereas only TIM3 was similarly expressed on CD4+ 
and CD8+ T cells from patients with IIMILD, and only CTLA4 
was similarly expressed on CD4+ and CD8+ T cells from those 
with DIILD.

Tph cells in the BAL fluid. Proportions of plasma cells and 
PD1+CD4+ T cells were increased in the BAL fluid of patients 
with RAILD, whereas the proportion of Tfh cells did not differ by 
disease. Since we considered that PD1+CD4+ T cells might be 
Tph cells, we additionally examined coexpression of PD1 and 
CXCR5 on BAL fluid CD4+ T cells. Although the sample num
ber was small, we observed that PD1+CD4+ T cells rarely 
expressed CXCR5 (Figure 4A). We next examined correlation of 
coinhibitory molecule–positive CD4+ T cells with plasmablast and 
plasma cell populations (Figure 4B). In multiple coinhibitory mol
ecule–coexpressing CD4+ T cells there was a correlation with 
these populations, whereas in multiple coinhibitory molecule–
coexpressing  CD8+ T cells there was not (Supplementary 

Figure 11A, http://onlin elibr ary.wiley.com/doi/10.1002/art.41554/ 
abstract). Analysis by disease type showed that the presence of 
CTLA4+ and PD1+ CD4+ T cells in RAILD and of TIM3+ CD4+ 
T cells in IIMILD correlated with plasmablast and plasma cell pop
ulations, whereas there was no correlation in DIILD (Supplemen
tary Figure 11B). In addition, the presence of PD1+ and TIM3+ 
CD4+ T cells correlated with rheumatoid factor (RF) titer in RAILD 
(Supplementary Figure 11C).

AM–T cell cocultures. Next, to evaluate the effect of 
AMs, the major antigenpresenting cells in the lung, on coin
hibitory molecule expression on T cells, we cocultured AMs 
with PB CD4+ naive T cells (Figure 5A). AMs were isolated 
from BAL fluid from patients with RAILD (n = 3), IIMILD 
(n = 4), and DIILD (n = 3). To clarify whether AM has effects 
other than TCR stimulation, and to compensate for interexper
imental variations, we used antiCD3/CD28 beads as controls 
for TCR stimulation in each experiment. Representative results 

Figure 5. Coinhibitory molecule expression on peripheral blood CD4+ naive T cells cocultured with alveolar macrophages (AMs) isolated 
from the BAL fluid of patients with RAILD (n = 3), IIMILD (n = 4), and DIILD (n = 3). A, Schematic description of the coculture experiment.  
B, Representative expression of CTLA4, PD1, TIM3, and LAG3 on CD4+ T cells cultured with AMs from the 3 groups (red), cultured 
with antiCD3/CD28 beads (blue), or not stimulated (No stim.) (yellow). C, Δ% of coinhibitory molecule expression in the 3 groups. Data are 
presented as box plots, where the boxes represent the interquartile range, the lines within the boxes represent the median, and the lines outside 
the boxes represent the minimum and maximum values excluding outliers. Each circle represents an individual subject. * = P < 0.05 by Kruskal
Wallis test. SEB = staphylococcal enterotoxin B (see Figure 2 for other definitions).
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are shown in Figure 5B. In addition to TCR stimulation, AMs 
induced higher expression of coinhibitory molecules on T cells. 
Therefore, we examined the difference between the expres
sion of coinhibitory molecules after coculture with AMs and the 
expression after stimulation with antiCD3/CD28 beads; Δ% 
was calculated as (% of markerpositive cells cocultured with 
AMs) – (% of markerpositive cells stimulated with antiCD3/28 
beads). PD1 and TIM3 expression induced by AMs from  
patients with RAILD and PD1 expression induced by AMs from 
patients with IIMILD were greater than the expression observed  
in patients with DIILD (Figure 5C), suggesting that PD1 and 
TIM3 expression on CD4+ T cells is partly due to AMs.

Transcriptional comparison of AMs. To examine the 
differences in AMs by disease, we performed transcriptome anal
ysis of AMs from patients with RAILD (n = 5), IIMILD (n = 6), 
and DIILD (n = 5). By principal components analysis, the sam
ples were not distinguished by disease (Figure 6A). This might be 
because AMs from patients with RAILD, IIMILD, or DIILD were 
activated to some extent. Next, we examined differential expres
sion of genes between diseases. Compared to DIILD, 386 genes 
were differentially expressed in RAILD (151 upregulated and 235 
downregulated) and 358 were differentially expressed in IIMILD 
(190 upregulated and 268 downregulated) (Supplementary data 
1 and 2; see Supplementary text on the Arthritis & Rheumatology 

Figure 6. Transcriptome analysis of alveolar macrophages from patients with RAILD (red in A and C; n = 5), IIMILD (blue in A and C; n = 
6), and DIILD (green in A and C; n = 5). A, Principal components (PC) analysis. B, Enriched pathways, determined according to differential 
gene expression between RAILD and DIILD, between IIMILD and DIILD, or between RAILD and IIMILD. Red bars indicate upregulated 
genes and blue bars indicate downregulated genes. Pathways are shown with the logarithm of the P value (Bonferroni corrected) based on 
hypergeometric distribution. * = corrected P < 0.05. C, Hierarchical clustering analysis. Rows correspond to genes (red indicates upregulated 
and blue indicates downregulated) and columns correspond to samples. * = P < 0.05 and an absolute log fold change of >1.2. MHC = major 
histocompatibility complex (see Figure 2 for other definitions).
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website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41554/ 
abstract). There were 366 genes that were differentially expressed 
in RAILD compared to IIMILD (229 upregulated and 137 
downregulated [Supplementary data 3; see Supplementary 
text]). Figure 6B shows the top 5 pathways as determined by 
Gene Ontology enrichment analysis (Supplementary data 4–6; 
see Supplementary text). Macrophage chemotaxis–related path
ways were upregulated in RAILD and IIMILD compared to 
DIILD. In RAILD, the Tolllike receptor 4 signaling pathway was 
upregulated, and regulation of activated T cell proliferation and 
positive regulation of adaptive immune response were down 
regulated,  compared to DIILD, which is suggestive of a proin
flammatory status of AMs in RAILD.

To examine the interaction between AMs and T cells, we 
focused on the ligands of these coinhibitory molecules. As shown 
in Figure 6C, some ligands of the coinhibitory molecules were 
downregulated in RAILD and IIMILD compared to DIILD. In 
particular, CD274 and PDCD1LG2, genes for PDL1/2, were sig
nificantly downregulated in RAILD compared to DIILD, suggest
ing that inflammation may not be controlled even if PD1 is highly 
expressed on T cells in RAILD. Neutrophilrelated pathways were 
enriched in RAILD compared to IIMILD (Figure 6B), implying 
that AMs in RAILD cause neutrophilic inflammation as shown in 
Figure 1B.

DISCUSSION

In the present study we performed detailed immunophenotyp
ing of BAL fluid T cells from patients with RAILD and IIMILD. Based 
on the expression rates and coexpression patterns, we demon
strated that coinhibitory molecules are expressed on BAL fluid T 
cells, in the order of CTLA4, PD1, TIM3, and LAG3 from most to 
least. In RAILD, PD1+ and TIM3+ CD4+ T cells in BAL fluid were 
increased. PD1+CD4+ T cell populations correlated with differen
tiated B cells, and TIM3+CD4+ T cell populations correlated with 
ILD severity and RF titer. In contrast, in IIMILD, activated CD8+ T 
cells were increased, and they coexpressed CTLA4, PD1, and 
TIM3. Moreover, we showed that BAL fluid PD1+CD4+ T cells 
can be considered Tph cells. Our coculture results demonstrated 
that expression of PD1 and TIM3 is partly due to AMs. Transcrip
tome analysis of AMs showed that CD274 and PDCD1LG2 were 
significantly downregulated in AMs from patients with RAILD 
compared to those with DIILD. To our knowledge, this is the first 
detailed evaluation of coinhibitory molecule expression on lung T 
cells from patients with RAILD and IIMILD.

Surface coinhibitory molecule expression was higher on BAL 
fluid T cells than on PB T cells in RAILD and IIMILD. Naive T 
cells circulate in the blood until they encounter an antigen and 
differentiate into Tem cells; peripheral Tem cells then migrate to 
sites of inflammation. Indeed, Tem cells have been observed 
at other RA lesions, such as synovial membrane, and coinhib
itory molecules are highly expressed on them (18,30–33). In 

RAILD, bronchusassociated lymphoid tissue helps immediate 
immune responses (34), and strong TCR stimulation has been 
reported to upregulate CTLA4, TIM3, and PD1 expression 
(35,36). Our results suggest that T cells are frequently stimulated 
by antigens in the lungs and express coinhibitory molecules.

Although expression of coinhibitory molecules on BAL fluid 
T cells is high, there are some differences. First, CTLA4 was 
expressed on most BAL fluid T cells regardless of disease type, 
whereas the expression of PD1, TIM3, and LAG3 on BAL fluid 
T cells was increased in RAILD and IIMILD. CTLA4 is expressed 
on T cells at the priming phase, whereas PD1 is expressed on 
antigenspecific effector T cells at the effector phase (36,37). PD1 
expression is considered to be induced by a specific immune 
response.

Second, PD1 was highly expressed on BAL fluid T cells and 
also expressed on PB T cells in both RAILD and IIMILD. Our 
results suggest that BAL fluid PD1+CD4+ T cells might be Tph 
cells, because they rarely express CXCR5, and they positively 
correlate with plasmablasts and plasma cell levels and RF titer in 
RAILD. This population may promote autoantibody production in 
the lungs and be pathogenetic in RAILD. Moreover, PD1 ligands 
were found to be downregulated in AMs from RAILD patients 
by transcriptome analysis, indicating that inflammation may not 
be regulated through the PD1 and PDL pathway in RAILD. 
Previous studies have revealed that blocking antibodies against 
PD1 cause autoimmune disease and increased PDL expression 
ameliorates autoimmune disease (37). Therefore, increased PDL 
expression might be a treatment target in RAILD.

Third, TIM3 expression on CD8+ T cells is characteristic of IIM
ILD. In IIMILD, expression of PD1, TIM3, and LAG3 was more 
frequently observed on CD8+ T cells than on CD4+ T cells, whereas 
expression levels of other coinhibitory molecules were almost the 
same in CD4+ and CD8+ T cells from the same individual. Moreover, 
total CD8+ T cell and CD69+CD8+ T cell populations in the BAL 
fluid were increased, and CD28+CD8 T cells were decreased, in 
IIMILD, indicating that CD8+ T cells might be a key factor in the dis
ease process. The effect of TIM3 on macrophages is controversial 
(20,38), and further study is needed to clarify this.

Fourth, LAG3 expression was significantly increased on 
CD4+ T cells from patients with RAILD, but was observed the 
least frequently among the 4 coinhibitory molecules. This may be 
because LAG3 is associated with T cell exhaustion, which occurs 
less frequently in immunologically active lung lesions.

This detailed immunophenotyping analysis of BAL fluid is  
potentially useful for the diagnosis and assessment of disease  
activity in ILD associated with connective tissue diseases, although 
this has not yet been definitively established. In particular, our find
ing of higher expression of PD1 and TIM3 on T cells in RAILD 
and IIMILD than DIILD suggests differences in immunopatho
genesis, and thus would be helpful for identification of the impor
tant cell populations in each disease. All samples in the present 
study were from patients with a definite clinical diagnosis, and 

http://onlinelibrary.wiley.com/doi/10.1002/art.41554/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41554/abstract


BAL FLUID IMMUNOPHENOTYPING IN RA-ILD AND IIM-ILD |      585

further study of other ILDs is needed to establish whether BAL 
fluid analysis is useful for differential diagnosis among patients with 
ILD of undiagnosed origin. Moreover, in RAILD, TIM3 expression 
was associated with ILD severity. Evaluating coinhibitory molecule 
expression on T cells may thus help predict the severity of RAILD.

The study has some limitations. First, because of difficulty 
in collecting patients with these rare diseases, the sample size 
was small and treatment history varied. Since we could not collect 
BAL fluid from healthy subjects, we enrolled patients with DIILD 
as a disease control. As shown by CTLA4 expression and AM 
transcriptome analysis, BAL fluid cells from patients with DIILD 
seemed to be activated to some extent. Second, we did not exam
ine the antigen specificity of T and B cells; however, singlecell 
analysis of BAL fluid T and B cells is planned. When the antigens 
at the lungs are determined in the future, antigen specificity will 
be clarified. Additionally, to identify differences among diseases 
at the molecular level, genetic analysis including singlenucleotide 
polymorphism studies and surface antigen assessment by mass 
cytometry might be useful.

In conclusion, we report the first detailed immunophenotyp
ing of BAL fluid cells from patients with a definite clinical diagnosis 
of RAILD or IIMILD. We identified subsets that could be related 
to RAILD and IIMILD pathogenesis. Analysis of coinhibitory mol
ecules may facilitate the formulation of treatment strategies to 
specifically control T cell activation in these diseases.
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Efficacy and Safety of E6011, an Anti-Fractalkine 
Monoclonal Antibody, in Patients With Active Rheumatoid 
Arthritis With Inadequate Response to Methotrexate: 
Results of a Randomized, Double-Blind, Placebo-Controlled 
Phase II Study
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Objective. To evaluate the efficacy and safety of E6011, a humanized IgG2 monoclonal antibody against human 
fractalkine (FKN), in a phase II, double-blind, placebo-controlled study in rheumatoid arthritis (RA) patients.

Methods. Patients with moderate-to-severe RA who had an inadequate response to methotrexate were randomly 
assigned to a placebo group or to E6011 100-mg, 200-mg, or 400/200-mg groups at a 2:1:2:2 ratio. During the 24-week 
period, patients received the study drug subcutaneously at weeks 0, 1, and 2 and then once every 2 weeks. The primary 
end point was the American College of Rheumatology 20% improvement criteria (ACR20) response rate at week 12.

Results. Study drugs were administered to 190 patients (placebo, n = 54; E6011 100 mg, n = 28; E6011 200 mg, n =  
54; E6011 400/200 mg, n = 54), and 169 patients completed treatment. A significant difference from placebo was not 
found in ACR20 response rates at week 12 (37.0% [placebo], 39.3% [100 mg], 48.1% [200 mg], and 46.3% [400/200 mg],  
using nonresponder imputation). As a secondary end point, ACR20 response rate in the 200-mg and 400/200-mg 
groups attained statistical significance at week 24 (35.2% [placebo], 39.3% [100 mg], 53.7% [200 mg], and 57.4% 
[400/200 mg]). Subsequent exploratory subgroup analysis revealed greater efficacy of E6011, particularly in patients 
with a higher baseline proportion of CD16+ monocytes; ACR20 response rates in this patient subgroup at week 24 
were 30.0% (placebo), 46.7% (100 mg), 57.7% (200 mg), and 69.6% (400/200 mg). E6011 administered for 24 weeks 
was well tolerated.

Conclusion. This is the first evidence that E6011, a novel cell trafficking inhibitor targeting the FKN–CX3CR1 
interaction, is modestly effective with 24 weeks of treatment in RA patients, although the primary end point was not met.
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INTRODUCTION

Rheumatoid arthritis (RA) is an autoimmune disease char-
acterized by persistent synovitis and systemic inflammation, 
ultimately resulting in joint damage, disability, decreased quality 
of life, and other comorbidities, when insufficiently treated. Dis-
ease-modifying antirheumatic drugs (DMARDs) are key thera-
peutic agents. They include conventional synthetic DMARDs, of 
which methotrexate (MTX) is the anchor drug, as well as biologic 
and targeted synthetic DMARDs targeting tumor necrosis factor 
(TNF), interleukin-6 (IL-6) receptor, T cell costimulation, B cells 
(CD20), and JAKs. Recent guidelines for the management of RA 
recommend rapid attainment of sustained remission or low dis-
ease activity in each patient (1–4). However, ~50–70% of patients 
fail to achieve remission or maintain low disease activity, even 
when they initially respond well to current therapies (5,6).

Fractalkine (FKN) is a membrane-bound CX3C chemokine 
that possesses a chemokine/mucin hybrid structure and trans-
membrane domain (7,8). FKN is expressed on vascular endothe-
lial cells (ECs), and its unique structure gives it 2 functional forms: 
an adhesion molecule when present in its membrane-bound form 
and a chemoattractant in its soluble form after shedding by met-
alloproteases (9). Expression of FKN is up-regulated on vascu-
lar ECs at inflamed lesions, such as RA synovia (10,11). Notably, 
both forms of FKN are recognized by its receptor, CX3CR1, which 
is expressed on monocyte/macrophages and cytotoxic effec-
tor lymphocytes, including natural killer cells and cytotoxic T 
cells (7,12,13). Among monocytes, CX3CR1 is highly expressed 
on CD16+ monocytes, which are known to be increased in RA 
(14,15). CD16+ monocytes adhere to vascular endothelium via 
FKN–CX3CR1 interactions, where they produce large amounts 
of proinflammatory cytokines (e.g., TNF and IL-6) and chemok-
ines that recruit other types of immune cells to areas where 
CD16+ monocytes are located (16,17). This results in augmented 
inflammatory reactions in affected synovia (18). CX3CR1 is also 
expressed on terminally differentiated CD4+ and CD8+ T cells, 
which are increased in the peripheral blood of RA patients. These 
cells preferentially produce interferon-γ, TNF, granzyme A, and per-
forin (11), ultimately contributing to tissue damage, which is indica-
tive of the role the FKN–CX3CR1 axis plays in RA pathophysiology.

Previously, we investigated the safety and efficacy of E6011, 
a humanized IgG2 monoclonal antibody against human FKN, in a 
phase I/II, open-label, multiple-ascending-dose study in patients with 
active RA. E6011 was found to be safe and showed efficacy sig-
nals in these patients (19). We further evaluated E6011 in a phase 
II,  double-blind, placebo-controlled study to confirm its efficacy, 
safety, and dose-response relationship in patients with moderately to 
severely active RA who had an inadequate response to MTX. Herein, 
we present the results of the 24-week treatment phase (double-blind 
portion) of this clinical trial. This is the first study to reveal the clinical 
benefit of blocking the FKN–CX3CR1 axis for treatment of RA.

PATIENTS AND METHODS

Study design. This multicenter, randomized, double-blind, 
 placebo-controlled, parallel-group comparison study was performed 
to evaluate the efficacy and safety of 3 dosages of E6011, compared 
with placebo, in RA patients in Japan (ClinicalTrials.gov identifier: 
NCT02960438). The following 4 treatment groups were selected 
for the study: E6011 100-mg group, E6011 200-mg group, E6011 
400/200-mg group, and placebo group. The study consisted of 
screening, observation, treatment (double-blind), extension (open- 
label), and follow-up phases. Screening assessments were per-
formed within 42 days prior to treatment initiation. The protocol was 
approved by the institutional review board of each study institution. 
This study was conducted in accordance with the standard operating 
procedures of the sponsor, which were designed to ensure adher-
ence with the Declaration of Helsinki and Good Clinical Practice.

Patients. Japanese patients with active RA (ages 18–74 
years) who were diagnosed according to the 1987 American 
College of Rheumatology (ACR) classification criteria (20) or 
the 2010 ACR/European League Against Rheumatism criteria 
(21) were screened for eligibility. Inclusion criteria included the 
following: tender joint count of ≥6 (of 68 joints), swollen joint 
count of ≥6 (of 66 joints), and C-reactive protein (CRP) level 
of ≥0.6 mg/dl, or erythrocyte sedimentation rate of ≥28 mm/
hour after receiving MTX (6–16 mg/week) for ≥12 weeks before 
trial entry. Patients were excluded if they had previously been 
treated with biologics and discontinued treatment due to inad-
equate response or had a history of biologic treatment for RA 
within 12 weeks prior to the study. All participants provided 
written informed consent before participation.

Randomization and blinding. Patients who met the 
eligibility criteria during the screening and observation phase 
were randomly allocated to the placebo, 100-mg, 200-mg, and 
400/200-mg groups at a 2:1:2:2 ratio. This dynamic allocation 
(minimization method) was performed using the following factors: 
CRP level at the screening phase, disease duration, and history 
of biologic treatment. Randomization was performed centrally 
using an interactive web response system (IWRS). The individ-
ual responsible for randomization generated the list of rand-
omized drug numbers. At screening, the investigator or designee 
accessed the IWRS to register patient information. The inde-
pendent enrollment center confirmed the eligibility of the patient, 
assigned each patient to a treatment group using a dynamic allo-
cation algorithm, and provided the drug number to the investiga-
tor via email. Upon completing all planned assessments at the 
observation phase, the investigator prescribed the study drug for 
the eligible patient based on the drug number specified by the 
independent enrollment center. Therefore, in a double-blind man-
ner, patients received either E6011 or placebo at weeks 0, 1, and 
2, and then once every 2 weeks until week 22.
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Procedures. During the treatment phase (24 weeks), 
patients were subcutaneously injected with either E6011 or pla-
cebo at weeks 0, 1, and 2, and then once every 2 weeks until 
week 22 in a double-blind manner. In the E6011 100-mg, E6011 
200-mg, and placebo groups, patients received the study drug 
(100 mg, 200 mg, or placebo, respectively) at weeks 0, 1, and 
2, and then once every 2 weeks. In the E6011 400/200-mg 
group, patients received 400 mg at weeks 0, 1, 2, 4, 6, 8, and 10 
and then 200 mg once every 2 weeks. In our previous phase I/II 
study (19), 400 mg of E6011 sufficiently improved clinical symp-
toms. However, in the present study, administration of the  400-mg 
dose required subcutaneous injection at 4 sites with 100 mg/ml 
of study drug. Therefore, 400-mg administrations were limited to 
10 weeks (for the primary end point) to reduce the burden on 
patients, and from week 12, patients received 200-mg subcuta-
neous administrations (injection at 2 sites).

Patients who completed evaluations at week 24 of the treat-
ment phase entered the extension phase. The extension phase 
lasted until 104 weeks after the start of study treatment, and patients 
received open-label E6011 200 mg every 2 weeks until week 102. If 
patients completed or discontinued the study, a follow-up visit was 
conducted 28 days after completion or discontinuation of the study, 
and a follow-up visit or telephone interview was conducted 70 days 
after the last dosing. Here, we present the results of the 24-week 
treatment phase (double-blind portion) of this clinical trial.

Assessments. Efficacy. The primary end point was ACR 
20% improvement criteria (ACR20) response rate at week 12. 
Major secondary end points were rates of ACR20 response 
at week 24, rates of ACR50 and ACR70 responses at weeks 
12 and 24, and improvements in individual ACR compo-
nents (number of tender joints, number of swollen joints, 
patient’s and physician’s global assessments, Health Assess-
ment Questionnaire (22), and CRP level) over 24 weeks. Other 
secondary end points included change in Disease Activity 
Score in 28 joints using the CRP level (DAS28-CRP) (23) and 
the Clinical Disease Activity Index (CDAI) (24) over 24 weeks.

Biomarker. Peripheral blood samples were used to measure 
CD16+ monocytes at baseline and at weeks 2, 4, 8, 12, and 24. 
Whole blood was lysed with BD Pharm Lyse (BD Biosciences) 
and then incubated with Fc Receptor Blocking Reagent (Miltenyi 
Biotec). Blocked samples were incubated with Alexa Fluor 647–
conjugated anti-human CD14 (BioLegend) and fluorescein isothio-
cyanate–conjugated anti-human CD16 (Abcam) for 30 minutes on 
ice and analyzed using a FACSCanto II apparatus (BD Biosciences). 
The percentage of CD16+ cells in total monocytes was calculated 
with a sequential gating strategy using FlowJo (BD Biosciences).

Safety. Safety was evaluated based on adverse events 
(AEs), clinical laboratory parameters, vital signs, standard 12-lead 
electrocardiogram (ECG) results, chest radiographs, neurologic 
findings, and CD4+ blood cell counts. AEs were coded using 
the Medical Dictionary for Regulatory Activities, version 20.1. 

Severity of AEs was graded on a 5-point scale according to 
the Common Terminology Criteria for Adverse Events (CTCAE; 
 version 4.0).

Statistical analysis. The primary end point was ana-
lyzed using a logistic regression model with CRP level at base-
line, RA disease duration, and history of treatment with biologics 
as covariates for comparison between the placebo group and 
either the E6011 200-mg or E6011 400/200-mg group. The 
overall  significance level was defined as α = 0.025 (1-sided). The 
 Benjamini-Hochberg method was used to control the overall Type 
I error rate.

Sample size was conservatively calculated at a 1-sided sig-
nificance level of α = 0.0125 (α = 0.025/2) considering multiplic-
ity. The ACR20 response rate at week 12 was expected to be 
30% in the placebo group and ≥60% in both the E6011 200-mg 
and 400/200-mg groups. Sample sizes of 50 for the 200-mg, 
400/200-mg, and placebo groups had 91% power to detect a 
difference in response rate of 35% between the placebo group 
and each E6011 group and 79% power to detect a difference in 
response rate of 30% based on a chi-square test.

Multiplicity adjustment was not considered for secondary 
efficacy analyses. For ACR20 (excluding week 12), ACR50, and 
ACR70 response rates, analyses similar to those for the primary 
end point were conducted. Each component of the ACR response 
criteria, DAS28-CRP, and CDAI, and any changes from baseline, 
were summarized at each visit, according to treatment group. 
Changes from baseline were also analyzed using analysis of 
covariance with baseline value, CRP level at baseline, RA disease 
duration, and prior biologic treatment as covariates. The signifi-
cance level for comparisons between the placebo group and each 
E6011 treatment group (100-mg, 200-mg, or 400/200-mg) was 
defined as α = 0.05 (2-sided). The ACR20 and ACR50 response 
rates at week 24 were also analyzed in subgroups according to 
the baseline proportion of CD16+ monocytes.

The efficacy analysis set was the group of randomized 
patients who received the study drug and had ≥1 evaluable post-
dose primary efficacy data set available. The safety analysis set 
was the group of patients who received ≥1 dose of the study 
drug and had ≥1 evaluable postdose safety data set available. 
For efficacy analyses, the approach used to handle missing data 
for the ACR response criteria was the nonresponder imputation 
(NRI) method, and for continuous variables, the last observation 
carried forward method was used. For safety analysis, AEs that 
emerged during the 24-week treatment phase were evaluated.

RESULTS

Patient disposition and baseline characteristics. 
Between November 10, 2016 and September 7, 2017, 194 
patients were randomly allocated to each treatment group. After 
randomization, 4 of 194 patients discontinued the study before 
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starting treatment with the study drug, because they failed to meet 
entry criteria. All treated patients (n = 190) were included in the 
efficacy and safety analyses. Of the 190 patients who received 
≥1 dose of the study drug (placebo, n = 54; E6011 100 mg, 
n = 28; E6011 200 mg, n = 54; 400/200 mg, n = 54), 169 com-
pleted the planned treatment regimen, while 21 prematurely dis-
continued treatment within the 24-week double-blind period. All 
patients were included in each analysis. The number of patients 
who  discontinued treatment was similar between the placebo and 
E6011 treatment groups (Figure 1).

Baseline demographic characteristics were similar among 
the 4 treatment groups (Table 1). Most patients (78.9%) were 
female, and the median age was 56.0 years. The mean ± disease 
duration was 7.1 ± 6.85 years. Approximately 23% of patients (43 
of 190) had previously received biologic. The mean ± SD dose 
of MTX was 9.9 ± 2.84 mg/week, the mean ± SD baseline CRP 
level was 1.30 ± 1.49 mg/dl, and the mean ± SD baseline tender 
joint count (of 68 joints) and swollen joint count (of 66 joints) were 
15.3 ± 7.90 and 12.6 ± 5.98, respectively. The proportion of oral 
glucocorticoid use in the E6011 400/200-mg treatment group 
was  numerically higher, although the difference was not signifi-
cant, compared with the other groups. Mean baseline scores for 
clinical measures were comparable across treatment groups.

ACR20 response rates at week 12 (using NRI) were 37.0% 
(placebo), 39.3% (100 mg), 48.1% (200 mg), and 46.3% 
(400/200 mg). Although the rates were higher in the 200-mg and 

400/200-mg groups compared with the placebo group, statisti-
cal significance was not reached (P = 0.188 for the 200-mg and 
400/200-mg groups, using the logistic regression model with the 
Benjamini-Hochberg method) (Figure 2A). Therefore, although 
this study did not meet the primary end point, it met multiple 
secondary end points. At week 24, ACR20 response rates were 
35.2% (placebo), 39.3% (100 mg), 53.7% (200 mg), and 57.4% 
(400/200 mg), and the response rates in the E6011 200-mg and 
400/200-mg groups were significantly higher than in the placebo 
group (P = 0.023 for the 200-mg group and P = 0.010 for the 
400/200-mg group, using the logistic regression model with the 
Benjamini-Hochberg method) (Figure 2B). ACR50 response rates 
at weeks 12 and 24 (using NRI) were 14.8% and 16.7% (placebo), 
10.7% and 17.9% (100 mg), 25.9% and 25.9% (200 mg), and 
18.5% and 27.8% (400/200 mg), respectively. ACR70 response 
rates at weeks 12 and 24 (using NRI) were 3.7% and 5.6% (pla-
cebo), 3.6% and 14.3% (100 mg), 9.3% and 11.1% (200 mg), and 
7.4% and 13.0% (400/200 mg), respectively (Figures 2A and B).

The DAS28-CRP and CDAI decreased sequentially from 
baseline after treatment with E6011. Decreases in the DAS28-
CRP and CDAI were statistically significant between the placebo 
group and the 200-mg or 400/200-mg group as early as week 8 
(for DAS28-CRP; Figure 2C) or week 4 (for CDAI; Figure 2D). In 
contrast, any apparent reduction in CRP level was not observed 
to be associated with E6011 treatment within the double-blind 
period (Figure 2E).

Figure 1. Patient disposition during the 24-week double-blind period.
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Levels of CD16+ monocytes, which highly express CX3CR1, 
in whole monocytes were sequentially measured. Baseline lev-
els ranged broadly from 1.60% to 42.1%, and the median value 
derived from all patients was 10.35% (data not shown). Median 
values in each group at baseline were comparable (9.43% 

[placebo], 12.80% [100 mg], 11.15% [200 mg], and 10.80% 
[400/200 mg]). For further exploratory analyses, patients were 
divided into 2 groups by taking the baseline median yielded from 
all patients (10.35%) and applying it to CD16+ monocyte–low 
and CD16+ monocyte–high populations. In the population with 

Table 1. Patient baseline demographics and laboratory data*

Placebo group
(n = 54)

E6011
100-mg group

(n = 28)

E6011
200-mg group

(n = 54)

E6011
400/200-mg group

(n = 54)
Age, years 57.6 ± 9.86 56.5 ± 10.4 56.5 ± 10.4 55.2 ± 9.13
Sex, no. (%)

Male 9 (16.7) 6 (21.4) 10 (18.5) 15 (27.8)
Female 45 (83.3) 22 (78.6) 44 (81.5) 39 (72.2)

Weight, kg 54.7 ± 11.3 55.4 ± 11.0 57.9 ± 14.4 55.7 ± 11.2
RA duration, years 6.9 ± 7.35 6.4 ± 5.46 7.1 ± 6.58 7.6 ± 7.38
Prior biologic use, no. (%) 12 (22.2) 7 (25.0) 12 (22.2) 12 (22.2)
MTX dose, mg/week 9.6 ± 2.20 9.9 ± 3.22 10.1 ± 2.97 10.1 ± 3.10
Oral glucocorticoids

Yes, no. (%) 23 (42.6) 11 (39.3) 24 (44.4) 31 (57.4)
Dose, mg/day† 3.65 ± 2.17 4.82 ± 2.33 4.15 ± 2.34 3.54 ± 2.13

RF-positive, no. (%)‡ 45 (83.3) 23 (82.1) 46 (85.2) 44 (81.5)
Anti-CCP–positive, no. (%)§ 51 (94.4) 26 (92.9) 46 (85.2) 45 (83.3)
TJC (of 68 joints) 13.7 ± 6.81 14.1 ± 7.24 16.3 ± 7.15 16.6 ± 9.61
SJC (of 66 joints) 12.7 ± 6.81 11.3 ± 5.27 12.4 ± 4.89 13.5 ± 6.41
CRP at screening, mg/dl 1.25 ± 1.04 1.38 ± 1.60 1.60 ± 3.33 1.34 ± 1.53
CRP at baseline, mg/dl 1.50 ± 1.63 1.44 ± 1.87 1.08 ± 0.84 1.24 ± 1.63
DAS28-CRP 5.04 ± 0.88 4.99 ± 1.01 5.08 ± 0.73 5.20 ± 0.93

* Except where indicated otherwise, values are the mean ± SD. RA = rheumatoid arthritis; MTX = methotrexate; RF = rheumatoid factor; anti-
CCP = anti–cyclic citrullinated peptide; TJC = tender joint count; SJC = swollen joint count; DAS28-CRP = Disease Activity Score in 28 joints using 
C-reactive protein. 
† Concomitant dose at baseline is shown in prednisolone equivalent. 
‡ Positivity defined as >15 IU/ml. 
§ Positivity defined as ≥4.5 units/ml. 

Figure 2. A and B, American College of Rheumatology 20% improvement criteria (ACR20), ACR50, and ACR70 response rate at weeks 
12 (A) and 24 (B) (using nonresponder imputation [NRI]). C–E, Mean change from baseline in the Disease Activity Score in 28 joints using the 
C-reactive protein level (DAS28-CRP) (C), the Clinical Disease Activity Index (CDAI) (D), and the CRP level (E), according to E6011 dose (using 
the last observation carried forward [LOCF] approach). * = P < 0.05, versus placebo, in C and D.



TANAKA ET AL. 592       |

low CD16+ monocytes, there was no trend in terms of ACR20 
response at week 24 (43.3% [placebo], 20.0% [100 mg], 54.5% 
[200 mg], and 45.5% [400/200 mg]) (Figure 3). The response in 
the CD16+ monocyte–high population showed a marked dose- 
dependent increase in ACR20 response rate (30.0% [placebo], 
46.7% [100 mg], 57.7% [200 mg], and 69.6% [400/200 mg]). 
These results were also confirmed in the ACR50 responses at 
week 24 (20.0% [placebo], 10.0% [100 mg], 13.6% [200 mg], and 
13.6% [400/200 mg] in the CD16 monocyte–low population, and 
15.0% [placebo], 26.7% [100 mg], 34.6% [200 mg], and 39.1% 
[400/200 mg] in the CD16+ monocyte–high population) (Figure 3).

After initiation of treatment, CD16+ monocyte levels in 
total monocytes decreased significantly at week 2 in all E6011 
groups, and reductions were sustained throughout the treat-
ment period without dose dependency (Figure 4). AEs and 
treatment-related AEs occurred more frequently in the E6011 
treatment groups than in the placebo group (AEs, 63.0% in 
the placebo group and 73.5% in the E6011 groups; treatment- 
related AEs, 22.2% in the placebo group and 39.7% in the E6011 

groups) (Table 2). A dose response was found in the incidence 
of AEs (63.0% [placebo], 67.9% [100 mg], 70.4% [200 mg], and 
79.6% [400/200 mg]), but not in the incidence of treatment- 
related AEs (22.2% [placebo], 46.4% [100 mg], 33.3% [200 mg], 
and 42.6% [400/200 mg]).

The incidence of grade 3 CTCAEs and grade 4 AEs and 
serious AEs that led to treatment discontinuation or dose inter-
ruptions was similar between the placebo group and E6011 
 treatment groups, and no apparent dose response was obser-
ved. AEs  that occurred in ≥5% of patients in any E6011 treat-
ment group included nasopharyngitis, upper respiratory tract 
infection, stomatitis, bronchitis, back pain, pharyngitis, and den-
tal caries. Among the AEs that occurred in ≥5% of patients in 
any E6011 group, the following AEs occurred at a rate of ≥2-fold 
that observed in patients in the placebo group: stomatitis (1.9% 
in the placebo group versus 5.1% in E6011 groups), bronchitis 
(1.9% versus 4.4%), back pain (1.9% versus 4.4%), and dental 
caries (0% versus 2.2%). No clinically meaningful changes were 
observed in laboratory data or other safety assessments, such 
as standard 12-lead ECG results, chest radiographs, neurologic 
findings, or CD4+ blood cell counts.

DISCUSSION

E6011 is a novel investigational drug used to neutralize FKN, 
which is highly expressed in inflamed lesions and suppresses 
immune cell accumulation at affected lesions. This is the first mul-
ticenter, randomized, double-blind, placebo-controlled study to 
evaluate the efficacy and safety of E6011 for up to 24 weeks in 
patients with active RA who had an inadequate response to MTX.

With E6011, there was a trend toward increasing ACR20 
response rate at week 12, the primary end point, although this 

Figure 3. Subgroup analysis by baseline proportion of CD16+ monocytes. ACR20 response rates (A) and ACR50 response rates (B) at week 
24 in populations with a low or high proportion of CD16+ monocytes are shown. See Figure 2 for definitions.

Figure 4. Changes in the proportion of CD16+ monocytes after 
E6011 treatment. Symbols and lines show the mean ± SD. * = P < 
0.001 versus placebo.
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was not statistically significant (Figure 2A). Statistical significance 
was attained at week 24, which was the secondary end point, 
even though the response rate was lower than we expected and 
lower than that of existing marketed biologics for RA (Figure 2B). 
Regarding other secondary end points, ACR50 response rates 
were numerically higher in the E6011 groups than in the placebo 
group at week 24 (Figure 2B), although this was not statistically 
significant. CRP level was not reduced in correlation with symp-
tomatic improvement during the 24 weeks (Figure 2E). The CDAI, 
which does not include CRP level, reached statistical significance 
earlier, at week 4, in the 400/200-mg group (Figure 2D). Such dis-
crepancy in the clinical measures used may support the notion of 
a distinct mode of action of E6011, which suppresses cell migra-
tion from the circulation and accumulation in inflamed tissue but 
does not directly neutralize cytokines. The ACR response rate that 
is widely utilized as an end point in clinical studies may not accom-
modate evaluation of the cell trafficking inhibitor, E6011. Further 
studies are required to investigate the end point that sufficiently 
reflects the local effect of E6011.

For biomarker analysis, we focused on CD16+ monocytes 
because of their importance in RA pathophysiology and high 
expression of the FKN receptor, CX3CR1. Although there was no 
relationship between background features of the disease and the 
proportion of CD16+ monocytes (data not shown), we conducted 
a subsequent exploratory analysis as to whether baseline levels of 
these cells were related to the response to E6011. As shown in 
Figure 3, CD16+ monocyte–high populations tended to respond 
better than CD16+ monocyte–low populations, while there were 
some variations in data on ACR20 response. While a more obvi-
ous dose-response tendency for ACR50 response was observed 
in CD16+ monocyte–high populations, these results should be 
interpreted carefully, as this subgroup analysis was ad hoc and 
exploratory and was immature for providing statistically convincing 
data because of its small sample size. Although this subsequent 
exploratory analysis had limitations, it provided some indication 
that E6011 may represent a potential treatment option for RA 
patients, especially with a precision medicine approach consider-
ing the baseline proportion of CD16+ monocytes.

Table 2. AEs and laboratory data*

Placebo group
(n = 54)

E6011
100-mg group

(n = 28)

E6011
200-mg group

(n = 54)

E6011
400/200-mg group

(n = 54)
E6011 total

(n = 136)
All AEs 34 (63.0) 19 (67.9) 38 (70.4) 43 (79.6) 100 (73.5)
Treatment-related AEs 12 (22.2) 13 (46.4) 18 (33.3) 23 (42.6) 54 (39.7)
AE maximum grade

Grade 1 7 (13.0) 4 (14.3) 10 (18.5) 9 (16.7) 23 (16.9)
Grade 2 25 (46.3) 13 (46.4) 25 (46.3) 32 (59.3) 70 (51.5)
Grade 3 2 (3.7) 1 (3.6) 3 (5.6) 0 4 (2.9)
Grade 4 0 1 (3.6) 0 2 (3.7) 3 (2.2)
Grade 5 0 0 0 0 0

Serious AEs 2 (3.7) 1 (3.6) 2 (3.7) 3 (5.6) 6 (4.4)
Death 0 0 0 0 0
AEs leading to withdrawal 2 (3.7) 1 (3.6) 0 2 (3.7) 3 (2.2)
AEs that occurred in ≥5% of patients  

in any group
Nasopharyngitis 16 (29.6) 7 (25.0) 10 (18.5) 18 (33.3) 35 (25.7)
URI 2 (3.7) 2 (7.1) 4 (7.4) 2 (3.7) 8 (5.9)
Stomatitis 1 (1.9) 0 2 (3.7) 5 (9.3) 7 (5.1)
Bronchitis 1 (1.9) 2 (7.1) 1 (1.9) 3 (5.6) 6 (4.4)
Back pain 1 (1.9) 1 (3.6) 3 (5.6) 2 (3.7) 6 (4.4)
Pharyngitis 2 (3.7) 0 3 (5.6) 2 (3.7) 5 (3.7)
Dental caries 0 0 0 3 (5.6) 3 (2.2)
Headache 3 (5.6) 0 0 1 (1.9) 1 (0.7)

Laboratory data
Hemoglobin, gm/liter −2.0 ± 9.7 −1.6 ± 7.2 0.5 ± 10.3 −3.3 ± 10.4 −1.4 ± 9.9
Lymphocytes, 109/liter −0.05 ± 0.61 0.08 ± 0.38 −0.01 ± 0.34 −0.06 ± 0.57 −0.01 ± 0.45
Neutrophils, 109/liter −0.09 ± 2.02 −0.40 ± 1.42 −0.34 ± 1.49 −0.39 ± 2.22 −0.37 ± 1.79
ALT, units/liter 0.6 ± 12.0 3.9 ± 26.5 3.4 ± 12.8 0.3 ± 14.1 2.3 ± 16.9
Creatinine, μmoles/liter 0.7 ± 5.7 1.9 ± 6.1 0.7 ± 5.2 2.0 ± 21.3 1.4 ± 14.0
HDL cholesterol, mmoles/liter −0.04 ± 0.28 0.05 ± 0.28 0.02 ± 0.24 0.05 ± 0.28 0.04 ± 0.26
LDL cholesterol, mmoles/liter 0.01 ± 0.44 −0.05 ± 0.40 −0.03 ± 0.55 0.03 ± 0.44 −0.01 ± 0.48
Creatine kinase, IU/liter 5.4 ± 25.3 7.2 ± 26.4 2.1 ± 34.8 18.4 ± 74.0 9.6 ± 53.1

* Adverse event (AE) values are the number (%) of patients. Laboratory data are the mean ± SD change from baseline at week 24 (using last 
observation carried forward). AEs emerged until week 24. However, for patients who discontinued the study drug during the treatment phase, 
AEs emerged until 70 days after the last intended dose. A patient with ≥2 AEs in the same preferred term was counted only once for that 
preferred term. MedDRA version 20.1 was used. URI = upper respiratory tract infection; ALT = alanine aminotransferase; HDL = high-density 
lipoprotein; LDL = low-density lipoprotein. 
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After initiation of E6011 treatment, CD16+ monocyte levels 
were found to decrease quickly by week 2, without any dose 
response (Figure 4). No relationship was found between the mag-
nitude of CD16+ monocyte level reduction and clinical response 
(data not shown). The FKN–CX3CR1 interaction is known to elicit 
signals to promote the survival of human monocytes through 
activation of phosphoinositide 3-kinase (25). It is believed that 
E6011 may inhibit monocyte survival, although FKN–CX3CR1 may 
not be a central or unique axis for monocyte survival or main-
tenance because of the lack of dose dependency observed. 
Decreased magnitude of CD16+ monocytes cannot pharmaco-
dynamically reflect the dose of E6011 administered. Therefore, 
the importance of CD16+ monocytes in predicting response or 
as a pharmacodynamic biomarker for E6011 remains elusive and 
should be further explored.

Regarding the safety profile of E6011, the incidence of 
AEs showed modest dose dependency. Notably, nasophar-
yngitis, stomatitis, bronchitis, back pain, and dental caries 
occurred more frequently with higher doses of E6011, although 
these AEs were either mild or moderate (grade 1 or 2). Moreover, 
given that these AEs were the most common ones reported in 
other clinical trials, and that some of them represent potential 
adverse reactions to MTX, E6011 was found to generally be safe 
and well tolerated at any dose for 24 weeks. However, further 
accumulation of safety information is necessary through addi-
tional clinical studies.

Regarding laboratory data, an increased mean change in 
 creatine kinase levels was observed in the 400/200-mg group 
(18.4 IU/liter). This was due to included data on 1 patient in the 
400/200-mg group. Without this data point, the mean creatine 
kinase change from  baseline in the 400/200-mg group (9.0%) was 
consistent with that in other groups. Additionally, this patient’s high 
level of creatine kinase (240 IU/liter at 24 weeks) was subsequently 
improved to within normal range, despite continuation of the study 
drug.

Considering the mode of action of E6011, which primarily 
ameliorates local inflammation by regulating cell trafficking without 
direct suppression of the systemic inflammatory reaction (i.e., no 
change in CRP level), its safety profile may be preferable to that 
of other biologic agents. Anemic hemoglobin levels are generally 
expected to normalize with improvement in systemic inflamma-
tion, although E6011 did not confer an increase in hemoglobin 
level in this study. This may also suggest that E6011 exerts its bio-
logic effect locally rather than systemically. In contrast, hemoglobin 
level increased slightly in responders to E6011, while it decreased 
in nonresponders (data not shown). However, such differences 
were not sufficient to affect the mean value in the cohort. It is 
therefore unlikely that E6011 reduced hemoglobin level in any of 
the patients. These results indicate that safety signals were similar 
among 100-mg, 200-mg, and 400-mg doses of E6011. However, 
a longer and more detailed evaluation is required to fully establish 
the safety profile of E6011.

In conclusion, although the primary end point in this study 
was not met, our data suggest that E6011 may have modest 
efficacy for patients with active RA who had an inadequate 
response to MTX, especially if they showed a higher proportion 
of CD16+ monocytes at baseline. The effect of E6011 may pri-
marily emerge at locally inflamed lesions rather than systemically, 
which may be due to its mode of action, and conventional meas-
ures for clinical evaluation may not be appropriate for evaluating 
this treatment. The proportion of CD16+ monocytes in periph-
eral blood at baseline may indicate which patients will respond 
well to E6011. Although further evidence is necessary, this may 
help determine who should be treated with E6011. Because only 
preliminary evidence was obtained in this study, and our work 
cannot be translated to real-world clinical practice at present, 
further evaluation in future clinical trials is warranted to confirm 
the therapeutic benefit of E6011.
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In Utero and Early Life Exposure to the Great Chinese 
Famine and Risk of Rheumatoid Arthritis in Adulthood
Hannah VanEvery,1  Wen-hao Yang,2 Nancy Olsen,3 Xinyuan Zhang,1 Rong Shu,2 Bing Lu,4 Shouling Wu,2 
Liufu Cui,2 and Xiang Gao1

Objective. To investigate whether early life exposure to the Great Chinese Famine of 1959−1961 is associated 
with the risk of RA development in adulthood.

Methods. This study included 101,510 participants who were enrolled in the Kailuan Study in 2006. RA cases 
were confirmed by medical record review. Logistic regression was used to calculate the odds ratio (OR) and 95% 
confidence interval (95% CI) for RA according to famine exposure status (exposed in utero or between ages 0 and 
3 years, between ages 3 and 6 years, or at age 6 years or older), in comparison to participants born after 1961 who 
were not exposed to famine.

Results. During 12 years of follow-up (2006−2018), we identified 187 RA cases. Individuals exposed to famine 
in utero or between ages 0 and 3 years had a higher prevalence of RA relative to other groups (0.2−0.35% versus 
0.08−0.20%). After adjustment for potential confounders, the OR for RA was 2.95 (95% CI 1.55−5.59) for individuals 
exposed in utero, 4.53 (95% CI 2.72−7.54) for those exposed between ages 0 and 3 years, 2.55 (95% CI 1.43−4.57) 
for those exposed between ages 3 and 6 years, and 2.72 (95% CI 1.70−4.36) for those exposed at age 6 years or 
older versus individuals born after 1961. Similar associations with the risk of RA were observed for men and women 
when subjects were stratified by sex (P for interaction = 0.89).

Conclusion. Individuals exposed to famine in utero or in early childhood (between ages 0 and 3 years) were more 
likely to develop RA in adulthood, highlighting the importance of early life as a vulnerable developmental period.

INTRODUCTION

Rheumatoid arthritis (RA) is a debilitating autoimmune dis-
ease that causes chronic synovial joint inflammation and increases 
an individual’s risk for further chronic disease, such as cardiovas-
cular disease (CVD) (1) and diabetes mellitus (2). Although several 
genetic and environmental risk factors have been identified, the 
etiology of RA remains uncertain (3−5).

In utero and early life adversity (e.g., exposure to fam-
ine, malnutrition, natural disaster, and war) have previously 
been associated with increased risk of CVD (6) and type 2 
diabetes (7), both of which involve elevated systemic inflam-
mation. These early life adversity events also have an acute 
impact on the immune system (8), but little is known about 
the long-term impact of these stressors on autoimmunity risk. 
Thus, we conducted this study to test the hypothesis that early 

life adversity events may be associated with the risk of RA in 
adulthood.

From 1959−1961, the devastating Great Chinese Famine 
resulted in millions of deaths (9). Among survivors, the famine 
caused widespread acute malnutrition and stress (10). The pres-
ent study included ~100,000 participants, including those born 
before, during, and after the famine, from the ongoing Kailuan 
Study of Northern China to examine whether in utero or early 
life exposure to the Great Chinese Famine was associated with 
increased risk of RA development in adulthood.

PARTICIPANTS AND METHODS

Study population. The Kailuan Study is an ongoing pro-
spective cohort study designed to investigate risk factors for CVD. 
After recruitment in 2006, 101,510 participants between ages 18 
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and 98 years (81,110 men and 20,400 women) were enrolled 
in the study. Each participant completed the baseline survey, 
referred to herein as the “2006 survey,” between June 2006 and 
October 2007 (11−13). At baseline and every 2 years, each partic-
ipant completed a questionnaire that included demographic infor-
mation, lifestyle factors, medical conditions, and medication use. 
Participants also underwent laboratory tests and physical exami-
nations biennially. Adverse events were documented annually. All 
101,510 participants (mean age 51.9 years) enrolled in 2006 were 
included in the current analysis.

Standard protocol approvals and patient consents. 
This study protocol was approved by the Ethics Committee of the 
Kailuan Company, Kailuan General Hospital, and all participants 
provided their written informed consent.

Famine exposure and severity. Birth year was used to 
identify participants who were exposed to famine, as reported in 
previous studies of The Great Chinese Famine (7,9). Participants 
classified as in utero exposed were born between 1959 and 1961 
(14). These participants were between ages 45 and 47 years at 
baseline in 2006. Participants born between 1956 and 1958 were 
classified as “exposed between ages 0 and 3 years,” those born 
between 1953 and 1955 were classified as “exposed between 
ages 3 and 6 years,” and those born before 1953 were classified as 
“exposed after age 6 years.” Participants born after 1961 were not 
exposed to the famine and were thus classified as “not exposed”; 
this group was used as the reference group in our analyses.

While the Great Chinese Famine impacted the entire coun-
try of China, certain provinces were more severely affected (15). 
Provinces that had at least 50% excess mortality, which was cal-
culated based on the highest mortality rate recorded during the 
famine for that province and the average mortality rate before the 
famine, were classified as “severely affected” by the famine, while 
the provinces with <50% excess mortality were classified as “less 
severely affected” (7,15). This method is consistent with previous 
studies of the Great Chinese Famine (7,13).

Assessment of RA diagnoses. The outcome of the present 
study was the diagnosis of RA. Possible RA cases were found by 
searching the Municipal Social Insurance Institution, which included 
all participants of the Kailuan Study. Upon identification, 3 rheuma-
tologists (WY, RS, and LC) reviewed the medical records of potential 
cases to confirm the RA diagnosis, ensuring that each confirmed 
case met the American College of Rheumatology/European League 
Against Rheumatism RA classification criteria (16). Only rheumatol-
ogist-confirmed cases of RA were included in our analyses.

Assessment of covariates. At baseline, participants 
re ceived a questionnaire that collected self-reported data on 
baseline age, sex, birthplace, smoking history, alcohol intake, 
and medical history (e.g., CVDs and current medications such 

as hypoglycemic, antihypertensive, and lipid-lowering agents). 
Trained nurses assessed each participant’s blood pressure, 
height, and weight, as previously described (17). From the height 
and weight measurements, body mass index (BMI) was calculated 
by dividing weight (in kilograms) by height (in meters squared).

The same morning as the questionnaire was completed and 
after a fast of at least 12 hours, blood was collected in vacuum 
tubes containing EDTA. Using an autoanalyzer (Hitachi 747), 
plasma high-sensitivity C-reactive protein (hsCRP) levels, total 
cholesterol, triglycerides, high-density lipoprotein cholesterol (HDL 
cholesterol), low-density lipoprotein cholesterol (LDL cholesterol), 
and glucose were quantified in the central laboratory of Kailuan 
General Hospital.

Statistical analysis. We used logistic regression to investi-
gate the association between in utero or early childhood exposure 
to famine and RA risk, after adjusting for potential cofounders, 
including sex, CRP level (<1 mg/liter,1−3 mg/liter, or >3 mg/liter), 
BMI (<23 kg/m2, 23−27.5 kg/m2, or >27.5 kg/m2), HDL cho-
lesterol (divided into quartiles), LDL cholesterol (divided into ter-
tiles), and triglycerides (divided into tertiles), alcohol consumption 
(never or past, light to moderate [for women, 0–1.0 servings/day; 
for men, 0–2.0 servings/day], or heavy [for women, >1.0 serving/
day; for men, >2 servings/day]), smoking history (never/past or 
occasional/daily), diabetes status (diabetic, prediabetic, or nondi-
abetic), and hypertension status (hypertension, prehypertension, 
or no hypertension). While we were aware that metabolic or cardi-
ovascular disorders could be intermediate factors in the pathway 
of famine-related RA association (7), we decided to report results 
from the sex-adjusted model and multivariate-adjusted model, 
which could provide clues to whether the observed famine- 
associated RA risk could be beyond the pathways of these meta-
bolic and CVD factors in middle life.

In all analyses using categorical variables, a missing indicator 
was used for missing data. Except for data on alcohol consump-
tion, the percentage of missing data varied within a small range for 
all variables, from no missing data for sex to 3.17% of participants 
with missing data on smoking history. For alcohol consumption, 
data were missing for 14.1% of participants. Thus, we conducted 
an analysis using only participants with no missing data to deter-
mine its impact. The participants born after 1961 were used as 
the “not exposed” reference group in our analyses. In a second-
ary analysis, we further examined the potential impact of famine 
exposure on different subtypes of RA (seropositive RA versus 
seronegative RA).

RA presents most often in older adults (3), and because the 
reference group in our analysis included those born most recently 
(after the famine), the reference group contained the youngest 
participants. To explore whether the association between fam-
ine exposure and RA risk could be explained by the fact that the 
famine-exposed groups were older than the reference group, we 
performed 3 sensitivity analyses. We calculated the predicted 
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prevalence of RA for each birth year based on age, sex, and other 
variables, which were included in the famine analysis as covari-
ates (13). We then compared the predicted prevalence of RA to 
the actual prevalence of RA for each year from 1951 to 1967. We 
also repeated our analyses by excluding those age ≤40 years. To 
create a reference group with a similar mean age to the “exposed 
in utero” and “exposed between ages 0 and 3 years” famine 
groups, we repeated our analyses using both the old and young 
participants as the reference group (those born from 1953 to 
1955 and those born after 1961). Participants born before 1953 
were not included in the reference group because they greatly 
increased the age of the reference group above the mean age 
of the “exposed in utero” and “exposed between ages 0 and 3 
years” famine groups.

In a secondary analysis, we assigned participants to the 
combined categories of in utero or early life exposure to famine 
and the severity of famine exposure (less severely affected ver-
sus severely affected). This allowed for further investigation of the 
age-independent effects of famine on the risk of RA. Each famine 
exposure group determined by birth year contained participants of 
roughly the same age. Thus, within a birth year group, the risk of 
future RA development in those exposed to severe famine versus 
less-severe famine cannot be due to differences in age between 
these severity groups.

To investigate whether sex, rheumatoid factor (RF) positiv-
ity, smoking status (never, past or current), or BMI (<18.5 kg/m2, 
18.5−23 kg/m2, 23−27.5 kg/m2, or >27.5 kg/m2) impacted the 
association between in utero or early life exposure to famine and 
RA risk, we tested the multiplicative interaction between famine 

exposure and these variables using a likelihood ratio test, adjust-
ing for the aforementioned covariates.

In these analyses, P values less than 0.05 (2-sided) were 
considered significant. All analyses were performed using SAS 
version 9.3.

RESULTS

Of the 101,510 participants, 6.2% (n = 6,245) were exposed 
to the Great Chinese Famine in utero, and 10.8% (n = 10,928) 
were exposed between ages 0 and 3 years. In comparison to the 
reference participants born after 1961, those exposed to famine 
in utero or before age 3 years were more likely to have a higher 
BMI, total cholesterol, systolic and diastolic blood pressure, fast-
ing blood glucose level, and hsCRP levels, and were more likely to 
be smokers and not drink alcohol (Table 1).

We identified 187 RA cases. Interestingly, the group of par-
ticipants born before 1953 (i.e., the oldest group) did not have the 
highest prevalence of RA (Figure 1). Participants born between 
1956 and 1958 (age 0−3 years during famine) had the highest 
prevalence of RA, followed by the participants exposed in utero 
who were born between 1959 and 1960 (Figure 1). Upon adjust-
ment for confounding factors, the odds ratio (OR) for RA was 4.53 
(95% confidence interval [95% CI] 2.72−7.54) for participants 
exposed to the famine between ages 0 and 3 years and 2.95 (95% 
CI  1.55−5.59) for participants exposed to the famine in utero 
 versus the reference nonexposed group (Table 2).

Sensitivity analysis yielded similar results. When participants 
age ≤40 years at baseline were excluded, the OR for RA was 

Figure 1. Actual and predicted prevalence of rheumatoid arthritis by birth year. Predicted prevalence was calculated based on birth year, sex, 
white blood cell counts (normal, <10 x 109/liter; elevated >10 x 109/liter), waist circumference (normal, <80 cm for women and <90 cm for men; 
elevated >80 cm for women and >90 cm for men), high-density lipoprotein cholesterol (divided into quartiles), low-density lipoprotein cholesterol 
(divided into tertiles), and triglycerides (divided into tertiles), alcohol consumption (never or past, light to moderate [for women, 0–1.0 servings/
day; for men, 0–2.0 servings/day], or heavy [for women, >1.0 serving/day; for men, >2 servings/day]), smoking status (never/past or occasional/
daily), and diabetes status (diabetic, prediabetic, or nondiabetic).
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3.31 (95% CI 1.81−6.05) for participants exposed to the famine 
between ages 0 and 3 years and the OR for RA was 2.16 (95% 
CI 1.05−4.43) for participants exposed to the famine in utero ver-
sus the reference nonexposed group (Table 2). Using both older 
and younger participants as the reference group (those born from 
1953 to 1955 and those born after 1961), the OR for RA was 
2.39 (95% CI 1.51−3.76) for participants exposed to the famine 
between ages 0 and 3 years and the OR for RA was 1.56 (95% 
CI 0.86−2.86) for participants exposed to the famine in utero ver-
sus the reference group (Supplementary Table 1, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41601/ abstract). When only participants with 

no missing data were included, the OR for RA was 3.97 (95% CI 
2.34−6.73) for participants exposed to the famine between ages 
0 and 3 years, and the OR for RA was 2.72 (95% CI 1.41−5.27) 
for participants exposed to the famine in utero versus the refer-
ence group (Table 2).

The interaction between famine severity and famine exposure 
status (P = 0.10) is shown in Table 3. In the combined analysis, 
the OR for RA was 7.32 (95% CI 2.53−21.22) for participants 
exposed to severe famine between ages 0 and 3 years, and the 
OR for RA was 4.40 (95% CI 2.58−7.50) for participants exposed 
to less-severe famine between ages 0 and 3 years, in compari-
son to those born after 1961 (Table 3). Of note, due to the small 

Table 2. Adjusted ORs for rheumatoid arthritis stratified by exposure to the Great Chinese Famine of 1959−1961*

Nonexposed 
(born after 

1961)

In utero 
exposed (born 
between 1959 

and 1961)

Exposed between 
ages 0 and 3 years 

(born between 
1956 and 1958)

Exposed between ages 
3 and 6 years (born 

between 1953 and 1955)

Exposed after 
age 6 years (born 

before 1953)
No. of cases/no. of 

participants
26/29,396 15/6,245 38/10,928 22/11,889 86/43,052

Prevalence (per 10,000 
participants)

8.8 24.0 34.8 18.5 20.0

Sex-adjusted OR (95% CI) 1.00 (referent) 2.71 (1.44−5.12) 4.28 (2.60−7.06) 2.45 (1.38−4.33) 2.67 (1.72−4.15)
Multivariate-adjusted OR 

(95% CI)†
1.00 (referent) 2.95 (1.55−5.59) 4.53 (2.72−7.54) 2.55 (1.43−4.57) 2.72 (1.70−4.36)

Excluding those age ≤40 
years, OR (95% CI)†

1.00 (referent) 2.16 (1.05−4.43) 3.31 (1.81−6.05) 1.88 (0.97−3.64) 1.98 (1.12−3.50)

Excluding those with 
missing data, OR  
(95% CI)†

1.00 (referent) 2.72 (1.41−5.27) 3.97 (2.34−6.73) 2.07 (1.12−3.85) 2.19 (1.34−3.57)

* ORs = odds ratios; 95% CI = 95% confidence interval. 
† Adjusted for sex, C-reactive protein level (<1 mg/liter,1−3 mg/liter, or >3 mg/liter), body mass index (<18.5 kg/m2, 18.5−23 kg/m2, 23−27.5 kg/m2, 
or >27.5 kg/m2), high-density lipoprotein cholesterol (divided into quartiles), low-density lipoprotein cholesterol (divided into tertiles), triglycerides 
(divided into tertiles), alcohol consumption (never or past, light to moderate [for women, 0–1.0 servings/day; for men, 0–2.0 servings/day], or 
heavy [for women, >1.0 serving/day; for men, >2 servings/day]), smoking status (never, past, or current), diabetes status (nondiabetic, prediabetic, 
or diabetic), and hypertension status (no hypertension, prehypertension, or hypertension). 

Table 3. Combined analysis of the impact of famine exposure and famine severity on the risk of rheumatoid arthritis*

Exposure status and severity of famine
No. of cases/no. 
of participants

Prevalence
(per 10, 000 participants)

Odds ratio
(95% confidence interval)†

Nonexposed (born after 1961) 26/29,396 8.8 1.00 (referent)
In utero exposed (born between 1959 and 1961)

Less severe 15/5,339 28.1 3.47 (1.83−6.59)
Severe 0/454 − −

Exposed between ages 0 and 3 years (born between 1956 
and 1958)

Less severe 31/9,312 33.2 4.40 (2.58−7.50)
Severe 4/655 61.1 7.32 (2.53−21.22)

Exposed between ages 3 and 6 years (born between 1953 
and 1955)

Less severe 21/9,931 21.1 2.90 (1.61−5.24)
Severe 0/705 − −

Exposed after age 6 years (born before 1953)
Less severe 67/31,668 21.2 2.76 (1.70−4.49)
Severe 3/2,009 14.9 1.82 (0.54−6.09)

* Participants without data on severity of famine (n = 12,041) were excluded. P for interaction of exposure status to famine and severity of famine 
with the risk of rheumatoid arthritis was 0.178. 
† Adjusted for sex, C-reactive protein level (<1 mg/liter,1−3 mg/liter, or >3 mg/liter), body mass index (<18.5 kg/m2, 18.5−23 kg/m2, 23−27.5 kg/m2, 
or >27.5 kg/m2), high-density lipoprotein cholesterol (divided into quartiles), low-density lipoprotein cholesterol (divided into tertiles), triglycerides 
(divided into tertiles), alcohol consumption (never or past, light to moderate [for women, 0–1.0 servings/day; for men, 0–2.0 servings/day), or heavy 
[for women, >1.0 serving/day; for men, >2 servings/day]), smoking history (never, past, or current), diabetes status (nondiabetic, prediabetic, or 
diabetic), and hypertension status (no hypertension, prehypertension, or hypertension). 
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number of participants with RA, 2 combined categories had no 
RA cases, making it difficult to identify an overall pattern in the 
impact of famine severity on the risk of RA.

We did not observe a significant interaction between famine 
exposure and sex, smoking history, or BMI (Pinteraction > 0.2 for all). 
The impact of famine exposure on the risk of future RA devel-
opment was similar whether the RA diagnosis was seropositive 
or seronegative (Supplementary Table 2, available on the Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/doi/ 
10.1002/art.41601/ abstract).

DISCUSSION

In this large-scale retrospective cohort study, in utero and 
early life exposure to the Great Chinese Famine was associated 
with a high risk of RA in adulthood irrespective of sex, smoking 
status, and other potential RA risk factors. The impact of fam-
ine on RA risk was the most prominent in participants who were 
exposed between ages 0 and 3 years.

These results are consistent with the developmental origins 
of disease hypothesis, and contribute to our understanding of 
the impact of early life adversity on RA risk (18). Globally, famine 
remains a consistent and serious public health problem. It is esti-
mated that at least 1 billion people suffer from malnutrition, which 
continues to be an underlying cause of more than one-third of 
childhood deaths (19). As populations continue to grow and polit-
ical instability continues to threaten societies across the globe, 
famine will remain a critical public health issue for the foreseeable 
future (20,21). Additionally, unexpected disasters and pandemics 
(e.g., coronavirus disease 2019) could accelerate preexisting food 
shortages and exacerbate food insecurity (22). Our results sug-
gest that early life exposure to famine may increase the risk of 
RA in adulthood, possibly adding to the burden of countries and 
individuals already experiencing adversity. These results highlight 
early life as a critical period, during which adequate nutrition may 
have a long-term impact on health. This study also contributes to 
our understanding of the early life risk factors and etiology of RA.

We are not aware of any previously published studies that 
have explicitly explored the relationship between in utero or early 
life adversity and risk of RA in adulthood. However, 2 studies 
showed how exposure to the Great Chinese Famine in early child-
hood was associated with increased risk of arthritis, including all 
types (23,24). The findings of those 2 studies are consistent with 
our current analyses, yet depending on covariates included in 
the models, both studies identified an increased risk of RA (23-
66%) when children were exposed to famine in early life (23,24). 
This increase in risk is considerably smaller than the increase in 
risk found in our analyses. This discrepancy may exist because 
the previous studies did not differentiate between types of arthritis 
(i.e., RA, osteoarthritis [OA], and spondyloarthritis) and collected 
the arthritis data via a self-report questionnaire, which could intro-
duce misclassification and underestimate the potential association 

between famine and arthritis risk. It is likely that most of the cases 
of arthritis included in those studies were OA, as this is by far 
the most common type (25). While RA can be similar to other 
kinds of arthritis in symptomology, it is fundamentally different 
from OA, as RA involves an inflammatory autoimmune response 
directed at the synovium (3,25) while OA is not an autoimmune 
condition. The differing etiologies between RA and other types of 
arthritis may explain the difference in the magnitude of the effect 
of famine exposure.

There is evidence that other early life factors could affect RA 
risk in adulthood via multiple pathways. Sharing a bedroom in 
early childhood (a marker of hygiene) was associated with a signif-
icantly lower risk of RF positivity, an autoantibody that is strongly 
associated with RA (26), while hospitalization for infection before 
their first birthday tended to be associated with a higher risk of 
RA (OR 1.4 [95% CI 0.8−2.5]) (27). The in utero environment may 
also affect adult-onset RA risk. Higher birth weight has been asso-
ciated with increased risk of RA (28,29), as has maternal smok-
ing during pregnancy (30). These early life and in utero factors 
shed light on possible early metabolic and immunologic factors 
that may contribute to the pathogenesis of RA.

The precise mechanism by which early life famine exposure 
was associated with a high risk of RA in adulthood is unknown, 
but it is likely that several physiologic pathways are involved. Child-
hood undernutrition could have direct impacts on the immune 
system, via decreased leptin levels (31) or via thymic atrophy and 
loss of immature CD4+ and CD8+ lymphocytes (32) possibly dis-
rupting T cell development, which plays a key role in the patho-
genesis of RA (4). Undernutrition is also associated with increased 
susceptibility to infectious disease (33), which may be related 
to RA risk (27). Additionally, famine may affect the developing 
gut microbiome during breastfeeding (34). Early life dysbiosis has 
been associated with other inflammatory autoimmune conditions 
(i.e., inflammatory bowel disease) (35), and adults with RA dis-
play dysbiosis compared to healthy controls (36). Our data sug-
gest that the age 0−3 years group is particularly vulnerable to the 
effects of famine, and that exposure during this time (as opposed 
to in utero or after age 3 years) was associated with a high risk of 
RA. This could be attributable to many factors, including the rapid 
expansion of T and B cells that occurs during the first 3 years (32) 
or the establishment of the microbiome (35). Future studies should 
be performed to investigate this possibility.

In addition to the nutritional components of famine exposure, 
the risk of RA in this population may also have been impacted 
by stress and environmental pollution due to the rapid industrial-
ization that was occurring in China concomitantly with the Great 
Chinese Famine. Early life adversity is associated with persistent 
suppression of the hypothalamic–pituitary–adrenal (HPA) axis (37), 
and polymorphisms in the receptor for glucocorticoids, a key 
regulator of the HPA axis, have been associated with the risk of 
RA (38). Pollutant exposures of several types, including agricul-
tural, occupational, and smoking-related, have been associated 

http://onlinelibrary.wiley.com/doi/10.1002/art.41601/abstract
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with RA and may increase the risk of RA via changes in post-
translational modification of proteins (e.g., acetylation and citrul-
lination) (39). It is possible that the association observed in this 
study between early life exposure to famine and RA risk in adult-
hood is due to both nutritional and non-nutritional factors, which 
impact  the modulation of several interrelated physiologic path-
ways (i.e., immunologic, metabolic, and neuroendocrine).

Our study has several strengths, including the large sam-
ple size of the Kailuan Study and rheumatologist-confirmed RA 
cases. Our study also had several limitations. Since this pro-
spective cohort study began in 2006, it is possible that RA cases 
that occurred before 2006 were not recorded or captured in our 
search of the Municipal Social Insurance Institution, resulting in an 
underestimation of the prevalence of RA. However, the prevalence 
found in our study (0.18%) is consistent with current estimates 
of the prevalence of RA in China (0.18−0.20%) (40), indicating 
that missing RA cases are not likely a large source of error in our 
analyses. For those who were diagnosed as having RA prior to 
2006, treatment for RA, or the disease itself, may have impacted 
the status of covariates (e.g., lipids, CRP level, blood glucose) 
that were evaluated by the study team in 2006. While the prev-
alence of seronegative RA cases was low (15.5%), inclusion of 
both  seronegative RA and seropositive RA cases may be another 
source of error, as there is some etiologic difference between 
seropositive RA and seronegative RA. Selection bias may also 
have impacted our analyses, as the famine from 1959 to 1961 
could have caused early mortality, and only individuals who were 
living in 2006 were included in this study. It is possible that med-
ical conditions or treatments administered to participants before 
2006 impacted their risk of RA in the present study. Covariates 
(e.g., anthropometric variables, blood lipid levels) were evaluated 
in 2006 and may have been influenced by famine exposure in 
early life. These variables could be considered mediators due to 
their collection timing, but in these analyses, they were treated as 
covariates, as anthropometric and metabolic data from birth were 
not available.

The results of this study may not be generalizable, because 
all participants were recruited from the Kailuan community 
and may not be representative of all races and ethnicities. As 
early life data (e.g., birth weight and diet) were not available, we 
cannot confirm the nutritional status of each participant at the 
time of birth. Thus, each participant’s exposure to famine was 
inferred from the date of birth. Further, there were no exact begin-
ning and end dates of the Great Chinese Famine. It is therefore 
possible that participants born at the beginning of 1959 may 
not have been exposed to famine in utero, and it is possible that 
those born just before 1959 were exposed to famine in utero. 
Also, a subset of in utero–exposed participants also experienced 
famine between ages 0 and 3 years. It is possible that this pro-
duced an additive effect on RA risk. Additionally, the impact of 
the Great Chinese Famine varied by socioeconomic status (10). 
It has been suggested that those with higher socioeconomic 

status experienced less starvation during the Great Chinese 
Famine due to their greater access to food compared to those 
with lower socioeconomic status (10). Because socioeconomic 
data from the time of birth were not available, we were not able 
to account for the variation in famine exposure due to socioec-
onomic variation. The analysis of the potential impact of famine 
severity on RA risk was also limited by the relatively small num-
ber of participants who experienced severe famine and the low 
prevalence of RA in this population.

Finally, the high RA risk observed among participants born 
from 1956 to 1960 could be due to cohort effect. For example, 
during the Great Chinese Famine, industrialization was rapidly 
spreading in China, and it is possible that the population in this 
study was exposed to pollution, including heavy metals, that 
could affect their future risk of RA independent of famine exposure 
(39). It is also possible that those born in the years just before and 
during the Great Chinese Famine experienced an increased risk of 
RA due to other, currently unknown factors.

In conclusion, the present study demonstrates that in utero 
and early life exposure to famine was associated with the high 
risk of RA in adulthood. The mechanisms underlying this asso-
ciation could be explored using animal models of RA and early 
life energy restriction. Future studies with large, diverse samples 
and detailed famine (or early life adversity events) data will help 
confirm the association identified in this study and improve our 
understanding of the impact of early life adversity on chronic 
 disease risk.
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Efficacy and Safety of Guselkumab, an Interleukin-23p 
19–Specific Monoclonal Antibody, Through One Year in 
Biologic-Naive Patients With Psoriatic Arthritis
Iain B. McInnes,1  Proton Rahman,2 Alice B. Gottlieb,3  Elizabeth C. Hsia,4 Alexa P. Kollmeier,5  
Soumya D. Chakravarty,6  Xie L. Xu,5 Ramanand A. Subramanian,7 Prasheen Agarwal,7 Shihong Sheng,7 
Yusang Jiang,8 Bei Zhou,7 Yanli Zhuang,7 Désirée van der Heijde,9 and Philip J. Mease10

Objective. Guselkumab, a human monoclonal antibody specific to interleukin-23p19, demonstrated efficacy and 
safety versus placebo through week 24 of the phase III DISCOVER-2 trial in biologic-naive patients with psoriatic 
arthritis (PsA). Here we report 1-year DISCOVER-2 findings.

Methods. Adults with active PsA (≥5 swollen and ≥5 tender joints; C-reactive protein level ≥0.6 mg/dl) despite 
standard nonbiologic treatment were randomized to receive subcutaneous injections of guselkumab 100 mg every  
4 weeks, guselkumab 100 mg at week 0, week 4 and every 8 weeks thereafter, or placebo with crossover to guselkumab  
100 mg every 4 weeks at week 24. We primarily evaluated clinical efficacy through week 52 by imputing missing data 
(nonresponse for categorical end points; no change/using multiple imputation for continuous end points). Observed 
radiographic scores and adverse events (AEs) were summarized.

Results. Of 739 randomized, treated patients, 93% completed week 52. The proportions of patients in whom 
a ≥20% improvement from baseline in American College of Rheumatology criteria (ACR20) was achieved were 
maintained after week 24, reaching 71% (173 of 245) and 75% (185 of 248) for patients randomized to receive treatment 
every 4 weeks or every 8 weeks, respectively, by week 52. The proportions of patients in whom ACR50/ACR70 and 
skin responses, minimal or very low disease activity, and dactylitis or enthesitis resolution were achieved at week 
24 were also maintained through week 52. Further, low levels of radiographic progression, along with improvements 
in physical function and health-related quality of life, were sustained through week 52 with continued guselkumab 
treatment. Few patients experienced serious infections through week 52, with no evidence of a dosing regimen 
response or increase from weeks 0–24 (4 of 493 [0.8%]) to weeks 24–52 (3 of 493 [0.6%]) among guselkumab-
randomized patients. No patient developed an opportunistic infection or died.

Conclusion. In biologic-naive PsA patients, guselkumab provided sustained improvements across diverse 
manifestations and maintained a favorable risk–benefit profile through week 52.

A video abstract of this article can be found at https://players.brightcove.
net/656326989001/default_default/index.html?videoId=6207835525001.
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INTRODUCTION

Psoriatic arthritis (PsA), a heterogenous chronic inflammatory 
disorder, can encompass peripheral arthritis, psoriasis, enthesi-
tis, dactylitis, and axial involvement. Current therapies vary in 
their ability to address the protean manifestations of PsA. Not all 
patients respond to each treatment, and some who experience 
an initial response lose the effect over time (1–3). In the Corrona 
registry, ~30% of tumor necrosis factor inhibitors (TNFi) started 
by PsA patients were discontinued within 1 year, and biologic- 
exposed patients demonstrated lower TNFi drug persistence than 
biologic-naive patients (4). The high proportion (80%) of these 
patients discontinuing the index TNFi because of inadequate effi-
cacy (5) highlights the need to consider other modes of action 
to treat these PsA patients. Guselkumab (Janssen Biotech), a 
fully human monoclonal antibody specific to the p19 subunit of  
interleukin-23 (IL-23), was approved to treat adults with moderate- 
to-severe plaque psoriasis in 2017. More recently, guselkumab 
was the first selective IL-23 inhibitor approved in the US,  
as well as in Canada, Ecuador, and Brazil, to treat active PsA (6).

IL-23, comprising a p19 subunit and a p40 subunit shared 
with IL-12, is an upstream regulatory cytokine that modulates the 
expansion and survival of human CD4+ IL-17–producing Th17 
cells, CD8+ IL-17–producing Tc17 cells, and innate immune cell 
subsets, all of which represent sources of downstream effector 
cytokines (e.g., IL-17A, IL-17F, TNF, and IL-22) known to drive 
inflammatory disease (7–10). Preclinical data suggested that the 
IL-23/Th17 pathway, and overexpression of IL-23 in particular, is a 
key driver of arthritis, psoriasiform lesions, enthesitis, and sacroili-
itis, all features of PsA (11,12).

Guselkumab demonstrated robust benefit in patients 
with moderate-to-severe psoriasis (13–15). The high specificity 
and affinity of guselkumab for the IL-23p19 subunit (16) augured 
the ability of guselkumab to also treat PsA, and clinical data have  
borne that out (17–19). In recent reports of the 24-week placebo- 
controlled portions of 2 pivotal trials of guselkumab in PsA  
(DISCOVER-1 [ClinicalTrials.gov identifier: NCT03162796] and 
DISCOVER-2 [ClinicalTrials.gov identifier: NCT03158285]), gusel-
kumab 100 mg every 4 weeks or every 8 weeks significantly 
improved signs and symptoms of joint and skin disease (18,19), 
and guselkumab 100 mg every 4 weeks significantly inhibited the 
progression of structural damage (19).

Herein we report the results of DISCOVER-2, the larger of 
these pivotal trials, through 52 weeks. Results include 1-year clin-
ical and radiographic data for biologic-naive patients randomized 
to receive guselkumab, and the effects of guselkumab in patients 
randomized to receive placebo followed by guselkumab begin-
ning at week 24.

PATIENTS AND METHODS

Patients. As previously reported, 739 adults with PsA 
were enrolled and treated in DISCOVER-2 (19). Participants had 
active PsA (≥5 tender and ≥5 swollen joints; C-reactive protein  
[CRP] ≥0.6 mg/dl) despite standard nonbiologic treatment  
(disease-modifying antirheumatic drugs [DMARDs], apremilast, or  
nonsteroidal antiinflammatory drugs [NSAIDs]) and were naive 
for biologic agents and JAK inhibitors. Patients provided written 
informed consent.

Study design. This phase III, randomized, double-blind, 
placebo-controlled, 3-arm study was conducted at 118 sites (in 
Bulgaria, the Czech Republic, Estonia, Latvia, Lithuania, Malaysia, 
Poland, Russia, Spain, Taiwan, Turkey, Ukraine, and the US). The 
trial design includes a 6-week screening period (beginning July 
13, 2017), a 100-week treatment phase (placebo-controlled from 
week 0 to week 24 and active treatment from week 24 to week 
100), and 12 weeks of safety follow-up. Data collected through 
week 52 (last visit September 10, 2019) are reported herein.

Participants were randomized 1:1:1 to receive subcuta-
neous injections of guselkumab 100 mg every 4 weeks; gusel-
kumab 100 mg at week 0, week 4, and then every 8 weeks; or 
placebo every 4 weeks until starting guselkumab 100 mg every 
4 weeks at week 24. Central randomization and blinding details 
were previously reported (19). Patients could continue baseline 
use of stable doses of selected nonbiologic DMARDs (limited 
to either methotrexate ≤25 mg/week, sulfasalazine ≤3 gm/day,  
hydroxychloroquine ≤400 mg/day, or leflunomide ≤20 mg/day), 
oral glucocorticoids ≤10 mg/day of prednisone or equivalent dose, 
and NSAIDs or other analgesics up to regionally approved doses.

DISCOVER-2 (ClinicalTrials.gov identifier: NCT03158285) is 
being conducted according to Declaration of Helsinki and Good 
Clinical Practice guidelines. The protocol was approved by gov-
erning ethics bodies.
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Procedures. Study visits were scheduled for screening, 
baseline (week 0), week 2, and week 4, and then every 4 weeks. 
Independent assessors evaluated joints for tenderness (n = 68) 
and swelling (n = 66, excluding hips), enthesitis (Leeds Enthesitis 
Index [LEI]; total score 0–6 as summed for 6 nontender [score 0] 
or tender [score 1] anatomic sites) (20), and dactylitis (Dactylitis 
Severity Score; total score 0–60 as summed for each finger and 
toe, scored on a scale of 0–3, where 0 = no dactylitis, 1 = mild 
dactylitis, 2 = moderate dactylitis, and 3 = severe dactylitis) (21,22). 
Patients reported their pain level (on a 0–10-cm visual analog 
scale [VAS]), global impression of disease activity (0–10-cm VAS), 
and physical function (Health Assessment Questionnaire [HAQ] 
disability index [DI] [0–3 scale]) (23). Investigators completed the 
global assessment of disease activity (0–10-cm VAS), and serum 
CRP level (mg/dl) was determined.

Single radiographs of the hands (posteroanterior) and feet 
(anteroposterior), obtained at week 0 and week 24 (or at discon-
tinuation if before week 24) for the first reading session and at 
week 0, week 24, and week 52 (or at discontinuation if between 
weeks 24 and 52) for the second reading session, were inde-
pendently evaluated by 2 central primary readers, with a third 
reader for adjudication (assignment of readers to primary reader/
adjudicator roles differed between reading sessions; see Sup-
plementary Methods, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41553/ 
abstract). Readers were blinded with regard to clinical data and 
radiograph ordering when scoring films using the modified Sharp/
van der Heijde score (SHS) for PsA (24).

Investigators assessed the severity of skin disease using the 
Investigator’s Global Assessment of psoriasis (IGA; total score 0–4 
as averaged across induration, erythema, and scaling, graded on 
a scale of 0–4, where 0 = cleared, 1 = minimal, 2 = mild, 3 = moder-
ate, and 4 = severe) (25). The Psoriasis Area and Severity Index 
(PASI; total score 0–72) (26) assessed the extent (percentage 
of body surface area [BSA] affected) and degree of associated 
redness, thickness, and scaling (each graded on a scale of 0–4, 
where 0 = none and 4 = maximum).

The Short Form 36 (SF-36) health survey (27) physical com-
ponent summary (PCS) and mental component summary (MCS) 
scores were used to assess health-related quality of life (HRQoL).  
The presence of suicidal ideation/behavior or nonsuicidal self- 
injurious behavior was surveyed using electronic Columbia-Suicide  
Severity Rating Scale [eC-SSRS] questionnaires (28). Adverse 
events (AEs) and routine hematology and chemistry parameters 
were monitored. Details of guselkumab pharmacokinetic and 
immunogenicity assessments have been reported previously (19).

Outcome measures. Outcome measures assessed 
through week 52 included American College of Rheumatology 
criteria for 20% improvement (ACR20), ACR50, and ACR70 
responses; change from baseline in the Disease Activity Score 
in 28 joints using the CRP; IGA skin response (score 0/1 and 

≥2 grade improvement) and skin response assessed as ≥75%, 
≥90%, or 100% improvement in the PASI (PASI75, PASI90, and 
PASI100, respectively), all among patients with ≥3% BSA with 
psoriasis and IGA ≥2 at baseline; changes from week 0 to week 
2, week 24 to week 52, and week 0 to week 52 in total PsA- 
modified  SHS score and component erosion and joint space 
narrowing subscores, derived from week 0, week 24, and week 
52 images read in the second session; change from baseline in 
HAQ DI score and proportions of patients with a HAQ DI response 
(reduction ≥0.35 among patients with a baseline score ≥0.35) or 
HAQ DI score normalized to ≤0.5; resolution of enthesitis and 
changes from baseline in LEI scores in patients with enthesitis at 
baseline and resolution of dactylitis and changes from baseline in 
Dactylitis Severity Score in patients with dactylitis at baseline, both 
pooled across DISCOVER-1 and DISCOVER-2 (see Statistical 
analysis); changes from baseline in SF-36 PCS and MCS scores; 
and achievement of minimal disease activity (29) and very low dis-
ease activity (30).

Safety outcomes included AEs, serious AEs (SAEs), AEs 
resulting in discontinuation of study drug, infections, serious infec-
tions, injection-site reactions, malignancies, major adverse car-
diovascular events (MACE; predefined as cardiovascular death, 
nonfatal myocardial infarction, or nonfatal stroke), suicidal ideation 
or behavior (based on eC-SSRS questionnaire or reported AEs), 
and clinical laboratory abnormalities classified by National Can-
cer Institute (NCI) Common Terminology Criteria for AEs (CTCAE) 
grade.

Statistical analysis. DISCOVER-2 sample size estimates 
were previously reported (19). All patients who continued treat-
ment at week 24 received guselkumab; no formal hypothesis test-
ing was planned.

As previously reported (19), treatment failure rules were 
applied to all clinical efficacy analyses through week 24, i.e., 
patients who discontinued study treatment, terminated study 
participation, initiated or increased doses of DMARDs or oral 
glucocorticoids, or initiated protocol-prohibited PsA treatment 
were considered nonresponders for binary end points, or as hav-
ing no change from baseline for continuous end points. Missing 
data were imputed as nonresponders for binary end points, and 
using multiple imputation (MI; assumed to be missing-at-random) 
for continuous end points. Radiographic data through week 24 
were imputed using MI with no treatment failure rules. The week 
24 data have been reported previously (19) and are provided 
herein as context for evaluating week 52 data.

The statistical analysis plan prespecified summarizing 
observed efficacy data from week 24 to week 52 for patients con-
tinuing study treatment after week 24 (n = 712) (Figure 1). We also 
evaluated clinical (but not radiographic) efficacy data in all treated 
patients by randomized group (n = 739) with post hoc applica-
tion of missing data imputation rules. Data missing due to treat-
ment discontinuation were considered nonresponders for binary 

http://onlinelibrary.wiley.com/doi/10.1002/art.41553/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41553/abstract
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end points, or as having no change from baseline for continu-
ous end points. Data missing for other reasons were imputed as 
nonresponders for binary end points, and using MI (assumed to 
be missing-at-random) for continuous end points. In this analysis, 

data provided for the 246 patients randomized to receive placebo 
followed by guselkumab every 4 weeks included 238 patients 
who crossed over to guselkumab treatment every 4 weeks and 
8 patients who received only placebo prior to discontinuing 

Figure 1. Disposition of the patients with psoriatic arthritis (PsA) through week 52 of the DISCOVER-2 trial. CRP = C-reactive protein;  
TB = tuberculosis; Q4W = every 4 weeks.

Patients screened
n = 1153

Randomized
n = 741

Treated
n = 739

Continuing at Week 24
236 (96%)

Screen failure: 412
Most common reasons:
• CRP: 272/412 (66%)
• Exclusionary lab: 53/412 (13%)
• Informed consent: 39/412 (9%)
• TB criteria not met: 32/412 (8%)

Discontinued study
treatment through 
Week 24: 9 (4%)

• Adverse events: 6
Worsening of PsA: 0

 Other: 6
• Inadequate efficacy: 3

Discontinued study
treatment through 
Week 24: 8 (3%)

• Adverse events: 2
Worsening of PsA: 0
Other: 2

• Inadequate efficacy: 3
• Withdrawal of consent: 1
• Lost to follow-up: 1
• Other: 1

Discontinued study
treatment through 
Week 24: 6 (2%)

• Adverse events: 4
Worsening of PsA: 0
Other: 4

• Withdrawal of consent: 1
• Other: 1

Continuing at Week 24
240 (97%)

Continuing at Week 24
240 (98%)

Continuing guselkumab
Q4W at Week 52

227 (93%)

Discontinued guselkumab
after Week 24 and prior to
Week 52: 7 (3%)

• Adverse events: 1
Worsening of PsA: 0

 Other: 1
• Inadequate efficacy: 4
• Withdrawal of consent: 1
• Pregnancy: 1

Discontinued guselkumab
after Week 24 and prior to
Week 52: 6 (2%)

• Inadequate efficacy: 3
• Withdrawal of consent: 2
• Other: 1

Discontinued guselkumab
after Week 24 and prior to
Week 52: 10 (4%)

• Adverse events: 3
Worsening of PsA: 1
Other: 2

• Inadequate efficacy: 5
• Withdrawal of consent: 1
• Other: 1

Discontinued before 
receiving guselkumab at
or after Week 24: 2

• Adverse events: 1
• Other: 1

Discontinued before 
receiving guselkumab at
or after Week 24: 2

• Other: 2

Continuing guselkumab
Q8W at Week 52

234 (94%)

Continuing guselkumab
Q4W at Week 52

228 (93%)

Guselkumab 100 mg Q4W
n = 245

• Early escape at Week 16: 12 (5%)

Guselkumab 100 mg Q8W
n = 248

• Early escape at Week 16: 13 (5%)

Placebo
n = 246

• Early escape at Week 16: 38 (15%)
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treatment. Results based on these imputed data are the focus 
of this article; observed ACR responses are shown for reference.

Observed changes in SHS scores derived from the study’s 
second reading session were summarized via descriptive statis-
tics for patients who continued treatment at week 24 (see Sup-
plementary Figure 1, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41553/ 
abstract). Cumulative probability plots show the observed cumu-
lative distribution of these scores, ranked from the lowest to high-
est (31), by study period (i.e., week 0 to week 24 and week 24 
to week 52). Among patients with observed scores at baseline 
and ≥1 in-window postbaseline visit, a post hoc analysis was 
conducted to estimate annual radiographic progression by ran-
domized treatment group. Further details of the analysis, which 
used linear extrapolation and MI of radiographic scores derived 
from both the first and second reading sessions, are provided in 
the Supplementary Methods.

To increase sample size and reliability, dactylitis and enthesitis 
data among patients with these conditions at baseline were pre-
specified to be summarized by pooling data across DISCOVER-1  
(18) and DISCOVER-2 (19) at week 24. Pooled results are 
also reported at week 52 (reported in the main text); individual  
DISCOVER-1 and DISCOVER-2 data are summarized in the 
 Supplementary Results, available on the Arthritis & Rheumatology 
website at http://onlinelibrary.wiley.com/doi/10.1002/art.41553/
abstract.

AEs were summarized for treated patients who experienced 
at least 1 event. To account for the shorter period of placebo (24 
weeks) compared to active treatment (52 weeks), incidences of AEs, 
SAEs, AEs leading to discontinuation of study agent, infections, and 
serious infections were also summarized as the number of patients 
or the number of events (Supplementary Methods) per 100 patient-
years of follow-up, along with corresponding exact 95% confidence 
intervals (95% CIs). Deriving from the incidences of patients with 
these AEs in the combined guselkumab and placebo groups, the 
number needed to harm (NNH), i.e., patients needing to be treated 
for an additional AE, was calculated as: R0 = 1−e(−Placebo patients with events/

Placebo patient-years); R1 = 1−e(−Guselkumab patients with events/Guselkumab patient-years); and 
NNH = 1/(R1 − R0). Only positive NNH values are reported.

RESULTS

Patient disposition and baseline characteristics. 
The vast majority of randomized and treated patients (689 of 
739 [93%]) completed the study through week 52; 7% of the 
patients discontinued study agent early, most commonly due to 
AEs or inadequate efficacy. The frequency of discontinuation was 
comparable across treatment groups (Figure 1). Of the patients 
who were randomized to receive placebo, 238 crossed over to 
guselkumab 100 mg every 4 weeks, and a total of 731 patients 
received guselkumab 100 mg for 608 patient-years (average 
 follow-up 43.4 weeks, or 0.8 years).

Baseline characteristics of the 739 patients in the 
 DISCOVER-2 study have been reported previously (19). 
Briefly, female (48%) and male (52%) participants had PsA for, 
on average, >5 years with no biologic treatment. At baseline, 
participants averaged 12–13 swollen and 20–22 tender joints, 
with median serum CRP levels of 1.2–1.3 mg/dl, across rand-
omized groups. Nearly three-fourths (73%) of the patients had 
≥3% BSA psoriasis involvement and an IGA score of ≥2 at week 
0, while only 2% of the patients had clear skin (IGA 0) at enroll-
ment. Approximately one-half had a psoriasis IGA score of 3–4 
(46%) or dactylitis (45%), and two-thirds had enthesitis (68%). 
Patients started the study with impaired physical function and 
HRQoL, as evidenced by their mean HAQ DI scores (1.2–1.3; 
range 0–3), mean SF-36 PCS scores (32.4–33.3), and mean 
SF-36 MCS scores (47.2–48.4) (US general population norms 
50.0). Baseline radiographic data showed an imbalance in total 
PsA-modified SHS scores between the guselkumab every 4 
weeks group and the other 2 treatment groups (Table 1).

Pharmacokinetics and immunogenicity. See Supple-
mentary Results for details on the pharmacokinetics and immu-
nogenicity of guselkumab.

Efficacy. As previously reported, the DISCOVER-2 primary 
end point was met, i.e., an ACR20 response was achieved at 
week 24 in significantly greater proportions of patients treated with 
guselkumab every 4 weeks (64%) and patients treated with gusel-
kumab every 8 weeks (64%) than patients treated with placebo 
(33%) (both P < 0.0001) (19). Numerical increases in the propor-
tions of patients in whom an ACR20 response was achieved were  
observed after week 24. By week 52, 71% of the patients ran-
domized to receive guselkumab every 4 weeks (173 of 245) and 
75% of the patients randomized to receive guselkumab every 8 
weeks (185 of 248) had ≥20% improvement from baseline in ACR 
components (Figure 2A). An ACR50 response was achieved at 
week 52 in nearly one-half, and an ACR70 response was achieved 
at week 52 in more than one-quarter of the patients randomized 
to receive guselkumab every 4 weeks or every 8 weeks (Figures 
2C and E). Consistent patterns were evident for observed ACR 
responses (Figures 2B, D, and F).

For radiographs obtained at week 0, week 24, and week 
52, intraclass correlation coefficients (ICCs) indicated good 
reader reliability for absolute scores (ICC 0.92–0.93) and moder-
ate reader reliability for change scores (ICC 0.58–0.76) (Table 1). 
The smallest detectable changes in PsA-modified SHS total 
scores were 1.85 during weeks 0–24, 1.91 during weeks 24–52, 
and 2.39 during weeks 0–52 (Supplementary Figure 1). In the 
guselkumab every 4 weeks group, observed mean changes 
in total PsA-modified SHS scores were 0.46 and 0.62 during 
weeks 0–24 and weeks 24–52, respectively. Respective mean 
changes in the guselkumab every 8 weeks group were 0.73 and 
0.23 (Table 1 and Supplementary Figure 1).

http://onlinelibrary.wiley.com/doi/10.1002/art.41553/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41553/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41553/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41553/abstract
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Among patients with observed PsA-modified SHS scores at 
baseline and ≥1 in-window postbaseline visit, the least squares  
mean (LSM) change from baseline at week 52, based on a post hoc 
analysis employing linear extrapolation and MI of scores from both 

reading sessions (see Supplementary Methods), was estimated 
to be 2.16 for placebo (95% CI 1.56, 2.75). The estimated annual 
LSM changes for guselkumab every 4 weeks (1.10 [95% CI 0.48, 
1.71]) and guselkumab every 8 weeks (1.13 [95% CI 0.52, 1.73]) 

Figure 2. Proportions of patients with psoriatic arthritis who met the American College of Rheumatology criteria for 20% improvement 
(ACR20), ACR50, or ACR70 from week 24 through week 52. A, C, and E, Proportions of patients treated with guselkumab every 4 weeks 
(GUS Q4W), guselkumab every 8 weeks, or placebo (PBO) followed by guselkumab every 4 weeks who met the ACR20 (A), ACR50 (C), and 
ACR70 (E) criteria, with application of data handling rules using nonresponder imputation (NRI; see Patients and Methods). Week 24 data 
were reported previously (19) and are shown here for reference. Among 246 patients randomized to receive placebo, 238 crossed over to 
guselkumab treatment every 4 weeks (after week 24 response assessments), and 8 received placebo only before discontinuing treatment. B, 
D, and F, Observed data for the proportion of patients in each treatment group who met the ACR20 (B), ACR50 (D), and ACR70 (F) criteria. 
Observed data are shown for patients continuing study treatment at week 24, as prespecified in the statistical analysis plan.
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yielded LSM differences from placebo of −1.06 (95% CI −1.89, 
−0.23) and −1.03 (95% CI −1.85, −0.20), respectively.

When pooling DISCOVER-1 and DISCOVER-2 patients 
with dactylitis or enthesitis at baseline, rates of resolution and 
improvements in dactylitis severity or LEI scores seen at week 24 
were maintained at week 52, at which time 75% of the patients 
who were randomized to receive guselkumab every 4 weeks or 
every 8 weeks had resolution of dactylitis and 58% had resolu-
tion of enthesitis (Table 2). Response patterns within each trial 
were consistent (Supplementary Tables 1 and 2, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41553/ abstract).

In patients with ≥3% of BSA with psoriasis involvement and 
an IGA score of ≥2 at baseline, the robust skin response rates 
at week 24 afforded by guselkumab every 4 weeks and every 8 
weeks were maintained at week 52, at which time 79% and 74% 
of patients, respectively, had an IGA score of 0/1 and a ≥2-grade 
decrease from baseline, and 62% and 58%, respectively, 
achieved clear skin (IGA 0). Also at week 52, a PASI75 response 
was achieved in 86% of patients treated with guselkumab every 4 
weeks and 86% of those treated with guselkumab every 8 weeks, 
a PASI90 response was achieved in 77% of patients treated with 
guselkumab every 4 weeks and 74% of patients treated with gusel-
kumab every 8 weeks, and a PASI100 response was achieved in 
58% of patients treated with guselkumab every 4 weeks and 53% 
of patients treated with guselkumab every 8 weeks (Table 3).

Improvements in physical function seen in the guselkumab 
every 4 weeks and every 8 weeks groups at week 24 were sus-
tained through week 52 (LSM change in HAQ DI −0.49 and −0.45, 
respectively). Among patients with a baseline HAQ DI score ≥0.35 
in the guselkumab every 4 weeks and every 8 weeks groups, 
nearly 60% had improvements in HAQ DI ≥0.35 at week 52. Also 
by week 52, 33% and 25% of the patients in the guselkumab 

every 4 weeks and every 8 weeks groups, respectively, with a 
HAQ DI ≥0.5 at baseline saw normalized physical function, i.e., 
HAQ DI <0.5. Consistently, guselkumab every 4 weeks or every 
8 weeks continued to numerically improve physical aspects of 
HRQoL through week 52, at which time LSM changes in SF-36 
PCS score were 8.6 and 9.0, respectively. The LSM improve-
ments in mental components of HRQoL were maintained through 
week 52 (SF-36 MCS score 4.4 and 4.3, respectively) (Table 3).

Utilizing validated PsA composite indices, minimal disease 
activity was achieved in >30% of the patients in the guselkumab 
every 4 weeks and guselkumab every 8 weeks groups, and very 
low disease activity was achieved in 11% and 16% of the patients 
in the guselkumab every 4 weeks and every 8 weeks groups, 
respectively, at week 52 (Table 3).

In patients who received guselkumab every 4 weeks from 
week 24 to week 52 following treatment with placebo, clinical 
response rates at week 52 (e.g., ACR20 in 64%, IGA score of 0/1 
in 79%, HAQ DI response in 48%, and minimal disease activity  
in 30%) were consistent with those observed in patients ran-
domized to receive guselkumab (Tables 2 and 3 and Figure 2). Also  
in patients who crossed over from placebo to guselkumab every 
4 weeks, mean changes in total PsA-modified SHS scores were 
1.00 from week 0 to week 24 and 0.25 from week 24 to week 52 
(Table 1 and Supplementary Figure 1).

Safety. Consistent with findings through week 24 of 
DISCOVER-2 (19), the most commonly reported AEs (>5% of 
patients in any guselkumab treatment group) through week 52 
included upper respiratory tract infection (7% of patients ran domized 
to treatment every 4 weeks, 7% of patients randomized to treatment  
every 8 weeks, and 10 per 100 patient-years for all guselkumab-  
treated patients), nasopharyngitis (7%, 8%, and 9 per 100 
patient-years, respectively), bronchitis (6%, 2%, and 4 per 100 

Table 2. Pooled DISCOVER-1 and DISCOVER-2 dactylitis and enthesitis data through week 52*

Guselkumab every 4 weeks  
(n = 373)†

Guselkumab every 8 weeks  
(n = 375)†

Placebo (weeks 0–24) → 
guselkumab every 4 weeks  

(weeks 24–52)  
(n = 372)†§

Week 24‡ Week 52 Week 24‡ Week 52 Week 24‡ Week 52
No. with dactylitis at week 0 159 159 160 160 154¶ 154

% with resolution 63.5 74.8 59.4 75.6 42.2 70.1
LSM change (95% CI) −6.0 (−6.8, −5.1) −6.5 (−7.1, −5.8) −6.1 (−6.9, −5.3) −7.1 (−7.8, −6.5) −4.2 (−5.0, −3.4) −6.6 (−7.3, −5.9)

No. with enthesitis at week 0 243 243 230 230 255# 255
% with resolution 44.9 57.6 49.6 57.8 29.4 61.6
LSM change (95% CI) −1.6 (−1.8, −1.4) −1.8 (−2.0, −1.6) −1.5 (−1.7, −1.3) −1.8 (−2.0, −1.6) −1.0 (−1.2, −0.8) −1.8 (−2.0, −1.7)

* Data are summarized by treatment group with application of missing data handling rules (see Patients and Methods). LSM = least squares 
mean; 95% CI = 95% confidence interval. 
† Numbers of pooled randomized patients. 
‡ Week 24 data were previously reported (19) and are shown here for reference. 
§ Of these 372 patients, 352 crossed over to guselkumab treatment every 4 weeks (post–week 24 response assessments); 20 received placebo 
only before discontinuing treatment. 
¶ Of these 154 patients, 142 crossed over to guselkumab treatment every 4 weeks (post–week 24 response assessments); 12 received placebo 
only before discontinuing treatment. 
# Of these 255 patients, 243 crossed over to guselkumab treatment every 4 weeks (post–week 24 response assessments); 12 received placebo 
only before discontinuing treatment. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41553/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41553/abstract
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patient-years, respectively), and investigator-reported laboratory 
investigations, including increased alanine aminotransferase (ALT) 
level (12%, 9%, and 13 per 100 patient-years, respectively) and 
increased aspartate aminotransferase (AST) level (7%, 7%, and 
5 per 100 patient-years, respectively). When evaluating AEs with 
>5 events per 100 patient-years in any group, common AEs also 
included neutropenia and leukopenia (Supplementary Table 3, 
available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41553/ abstract). Across all AEs, 
time-adjusted incidences were 109 and 110 per 100 patient-
years during weeks 0–52 for patients receiving guselkumab every 
4 weeks or every 8 weeks, respectively (Table 4).

No deaths occurred through week 52. Overall, 4% of 
 guselkumab-treated patients (31 of 731) had SAEs, with similar 
proportions observed in the guselkumab every 4 weeks and every 
8 weeks groups (Table 4). Eighteen (58%) of 31 guselkumab- 
treated patients with SAEs were receiving methotrexate, 1 (3%) re-
ceived leflunomide, and 12 (39%) did not receive any non biologic 
DMARDs. Lower limb fracture, goiter, pneumonia (1 identified  

as influenzal in origin), and pulmonary embolism each occurred in 
2 guselkumab-treated patients. Other SAEs were singular events. 
One patient each with serious influenza/pneumonia, ischemic 
stroke, and acute hepatitis B in the guselkumab every 4 weeks 
group discontinued treatment. Most SAEs in guselkumab-treated 
patients resolved by week 52. Exceptions were extrapyramidal 
disorder, endometrial hyperplasia, and acute hepatitis B, each in 
1 patient who received guselkumab every 4 weeks during weeks 
0–52.

Guselkumab and placebo were each discontinued due to 
AEs by ~2% of patients. Nine guselkumab-treated patients (NNH 
164) and 1 placebo-treated patient had serious infections through 
week 52. Serious infections were reported by similar proportions 
of patients receiving guselkumab every 4 weeks (1%) and those 
receiving guselkumab every 8 weeks (1%) during weeks 0–52, 
and by similar proportions of the 493 guselkumab-randomized 
patients during weeks 0–24 (4 patients [0.8%]) (19) and weeks 
24–52 (3 patients [0.6%]) (Table 4). No patient had active tubercu-
losis (TB) or an opportunistic infection through week 52. Among 

Table 3. Summary of skin, patient-reported, and composite end point outcomes through week 52 of the DISCOVER-2 trial*

Guselkumab every 4 weeks Guselkumab every 8 weeks

Placebo (weeks 0–24) → 
guselkumab every 4 weeks 

(weeks 24–52)

Week 24† Week 52 Week 24† Week 52 Week 24† Week 52
No. with ≥3% BSA psoriasis and IGA 

≥2 at week 0
184 184 176 176 183‡ 183‡

IGA score of 0/1 and ≥2-grade 
decrease

68.5 79.3 70.5 74.4 19.1 79.2

IGA score of 0 50.5 62.5 50.0 58.0 7.7 62.8
PASI75 78.3 86.4 79.0 85.8 23.0 83.1
PASI90 60.9 76.6 68.8 74.4 9.8 72.1
PASI100 44.6 57.6 45.5 52.8 2.7 51.9

No. with HAQ DI available 245 245 248 248 246§ 246§
LSM change (95% CI) −0.40  

(−0.46, −0.34)
−0.49  

(−0.56, −0.42)
−0.37  

(−0.43, −0.31)
−0.45  

(−0.52, −0.38)
−0.13  

(−0.19, −0.07)
−0.35  

(−0.42, −0.29)
No. with HAQ DI ≥0.5 at week 0 225 225 221 221 227 227

HAQ DI <0.5 25.8 32.9 20.8 25.3 12.3 24.7
No. with HAQ DI ≥0.35 at week 0 228 228 228 228 236¶ 236¶

≥0.35 improvement 56.1 58.8 50.0 57.5 31.4 47.5
No. with SF-36 scores available 245 245 248 248 246§ 246§

PCS, LSM change (95% CI) 7.04  
(6.14, 7.94)

8.64  
(7.60, 9.68)

7.39  
(6.50, 8.29)

8.97  
(7.94, 10.00)

3.42  
(2.53, 4.32)

7.53  
(6.49, 8.56)

MCS, LSM change (95% CI) 4.22  
(3.14, 5.29)

4.43  
(3.37, 5.49)

4.17  
(3.10, 5.23)

4.31  
(3.26, 5.36)

2.14  
(1.07, 3.22)

4.04  
(2.99, 5.10)

No. with data on composite indices 
available

245 245 248 248 246§ 246§

Minimal disease activity 18.8 34.3 25.0 31.0 6.1 29.7
Very low disease activity 4.9 11.4 4.4 16.1 1.2 6.5

* Data are summarized by treatment group with application of missing data handling rules (see Patients and Methods). Except where indicated 
otherwise, values are the percent of patients. BSA = body surface area; IGA = Investigator’s Global Assessment of psoriasis; PASI75 = ≥75% 
improvement in the Psoriasis Area and Severity Index; HAQ DI = Health Assessment Questionnaire disability index; LSM = least squares mean; 
95% CI = 95% confidence interval; SF-36 = Short Form 36; PCS = physical component summary; MCS = mental component summary. 
† Week 24 data were previously reported (19) and are shown here for reference. 
‡ Of these 183 patients, 176 crossed over to guselkumab treatment every 4 weeks (post–week 24 response assessments); 7 received placebo 
only before discontinuing treatment. 
§ Of these 246 patients, 238 crossed over to guselkumab treatment every 4 weeks (post–week 24 response assessments); 8 received placebo 
only before discontinuing treatment. 
¶ Of these 236 patients, 229 crossed over to guselkumab treatment every 4 weeks (post–week 24 response assessments); 7 received placebo 
only before discontinuing treatment. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41553/abstract
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75 patients (10%) who were required to start treatment for latent 
TB prior to the first study agent administration, 2 (1 receiving pla-
cebo and 1 receiving guselkumab every 4 weeks [see below]) 
were reported to have isoniazid-induced liver injury. No AEs of 
inflammatory bowel disease were reported in guselkumab-treated 
patients.

No malignancies were reported during weeks 24–52, while 2 
were reported during weeks 0–24 (melanoma in situ in the gusel-
kumab every 8 weeks group and renal clear cell cancer in the 
placebo group) (19). No MACE occurred during weeks 24–52; 1 
event (ischemic stroke in the guselkumab every 4 weeks group) 
was reported prior to week 24 (19).

One patient, who received guselkumab every 8 weeks, 
reported suicidal ideation during weeks 24–52; 2 patients (1 each 
in the placebo and guselkumab every 4 weeks groups) did so 
during weeks 0–24 (19). No events of self-injurious or suicidal 
behavior were reported through week 52. Injection-site reactions 
related to guselkumab injections occurred in 1.4% of guselkum-
ab-treated patients (10 of 731) through week 52 (see Supplemen-
tary Results).

Through week 52, decreased neutrophil counts of NCI 
CTCAE grade 2 or higher (<1.5 × 109/liter) were infrequent, occur-
ring in 3.7% of patients (9 of 243) who received guselkumab 
every 4 weeks from week 0 and 3.6% of patients (9 of 247) who 

Table 4. Patients with AE categories of interest through week 52 of the DISCOVER-2 trial*

Placebo → guselkumab 100 mg 
every 4 weeks

Guselkumab 100 mg 
(weeks 0–52)

Placebo 
(weeks 0–24)

Every 4 weeks 
(weeks 24–52)

Every 
4 weeks

Every 
8 weeks

All 
guselkumab

No. of treated patients 246 238† 245 248 731
Years of follow-up, mean 0.5 0.5 1.0 1.0 0.8
Overall patient-years, no. 115 127 239 243 608
All AEs

Patient-years, no. 86 102 140 140 383
Number (%) of patients 100 (40.7) 87 (36.6) 152 (62.0)‡ 155 (62.5)‡ 394 (53.9)
Incidence per 100 patient-years (95% CI) 116.95 

(95.16, 142.25)
84.94 

(68.03, 104.77)
108.66 

(92.07, 127.37)
110.40 

(93.70, 129.21)
102.95 

(93.03, 113.63)
SAEs

Patient-years, no. 113 124 233 238 595
Number (%) of patients 7 (2.8) 10 (4.2) 11 (4.5)§ 10 (4.0)§ 31 (4.2)
Incidence per 100 patient-years (95% CI) 6.19 

(2.49, 12.76)
8.04 

(3.86, 14.79)
4.72 

(2.36, 8.45)
4.20 

(2.02, 7.73)
5.21 

(3.54, 7.39)
AEs causing study agent discontinuation

Patient-years, no. 114 127 236 242 605
Number (%) of patients 4 (1.6) 4 (1.7) 9 (3.7)¶ 3 (1.2)¶ 16 (2.2)
Incidence per 100 patient-years (95% CI) 3.51 

(0.96, 8.99)
3.16 

(0.86, 8.08)
3.81 

(1.74, 7.23)
1.24 

(0.26, 3.63)
2.65 

(1.51, 4.30)
Infections

Patient-years, no. 104 116 197 204 516
Number (%) of patients 45 (18.3) 41 (17.2) 67 (27.3)# 71 (28.6)# 179 (24.5)
Incidence per 100 patient-years (95% CI) 43.25 

(31.55, 57.88)
35.47 

(25.45, 48.11)
34.09 

(26.42, 43.29)
34.89 

(27.25, 44.01)
34.71 

(29.81, 40.19)
Serious infections

Patient-years, no. 115 126 237 241 605
Number (%) of patients 1 (0.4)** 3 (1.3)†† 3 (1.2)‡‡ 3 (1.2)§§ 9 (1.2)
Incidence per 100 patient-years (95% CI) 0.87 

(0.02, 4.85)
2.37 

(0.49, 6.94)
1.26 

(0.26, 3.69)
1.24 

(0.26, 3.63)
1.49 

(0.68, 2.82)
* 95% CI = 95% confidence interval; SAEs = serious adverse events.
† These 238 patients received placebo during weeks 0–24; only adverse events reported during weeks 24–52, after starting guselkumab, 
are summarized. 
‡ One hundred thirteen (46.1%) of the patients receiving guselkumab 100 mg every 4 weeks and 114 (46.0%) of the patients receiving 
guselkumab 100 mg every 8 weeks reported AEs during weeks 0–24 (19). 
§ Eight (3.3%) of the patients receiving guselkumab 100 mg every 4 weeks and 3 (1.2%) of the patients receiving guselkumab 100 mg every 
8 weeks reported SAEs during weeks 0–24 (19). 
¶ Seven (2.9%) of the patients receiving guselkumab 100 mg every 4 weeks and 2 (0.8%) of the patients receiving guselkumab 100 mg 
every 8 weeks discontinued study agent due to AEs during weeks 0–24 (19). 
# Forty-nine (20.0%) of the patients receiving guselkumab 100 mg every 4 weeks and 40 (16.1%) of the patients receiving guselkumab  
100 mg every 8 weeks reported infections during weeks 0–24 (19). 
** Post-procedural fistula while receiving placebo prior to week 24 (19). 
†† One patient each with influenza/tracheitis, pericarditis, and pneumonia while receiving guselkumab 100 mg every 4 weeks during 
weeks 24–52. 
‡‡ One patient each with acute hepatitis B, oophoritis, and influenzal pneumonia prior to week 24 (19). 
§§ One patient had pyrexia prior to week 24 (19) and urinary tract infection during weeks 24–52, and 1 patient each had cystitis and 
diverticulitis during weeks 24–52. 
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received guselkumab every 8 weeks from week 0. Fewer than 1% 
of guselkumab-treated patients (5 of 731) had decreased neutro-
phil counts of grade 3 or higher, including 4 with grade 3 values 
(<1.0–0.5 × 109/liter) and 1 with grade 4 values (<0.5 × 109/liter). 
These findings were generally transient and reversible, resolved 
spontaneously without treatment, and did not require discontinu-
ation of study agent. No associated infections were seen, except 
a case of mild nasopharyngitis temporally associated with grade 
2 neutropenia. Decreased white blood cell counts of NCI CTCAE 
grade 2 (<3.0–2.0 × 109/liter) occurred in 2.1% of patients (5 of 
243) who received guselkumab every 4 weeks from week 0 and 
2.4% of patients (6 of 247) who received guselkumab every 8 
weeks from week 0; no guselkumab-treated patient exhibited leu-
kopenia of grade 3 or 4 (>2.0 × 109/liter) (Supplementary Table 4, 
available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41553/ abstract).

Through week 52, elevated ALT and/or AST concentrations 
of NCI CTCAE grade 2 or higher (>3 times the upper limit of normal 
[ULN]) occurred in 7.4% and 6.6%, respectively, of 243 patients 
receiving guselkumab every 4 weeks from week 0 and 2.0% and 
3.2%, respectively, of 247 patients receiving guselkumab every 
8 weeks from week 0. No additional grade 3 ALT or AST values  
(>5–20 times the ULN), which were uncommon during weeks 0–24 
(1.4% and 1.2%, respectively, of 493 guselkumab-randomized 
patients) (19), occurred after week 24. No grade 4 ALT or AST val-
ues (>20 times the ULN) occurred through week 52 (Supplemen-
tary Table 4). No instance of elevated liver function test findings 
satisfied the criteria for Hy’s Law (total bilirubin >2 times the ULN 
and ALT or AST ≥3 times the ULN) among guselkumab-treated 
patients. Most abnormal findings were transient, resolved, and 
did not require discontinuation of study agent. As exceptions and 
as reported previously, 2 patients randomized to receive gusel-
kumab every 4 weeks discontinued guselkumab prior to week 24 
(1 each with acute hepatitis B and isoniazid-induced liver injury) 
(19). Another patient, in the guselkumab every 4 weeks group, 
had an extended interruption of treatment before week 24 (owing 
to physician concerns surrounding alcohol use, hepatic steatosis, 
and chronic cholecystitis with persistently elevated transaminase 
levels [AST dominant]). One patient who switched from placebo to 
guselkumab every 4 weeks, with nonalcoholic fatty liver disease, 
had a grade 1 ALT elevation (>1–3 times the ULN) at week 52 and 
discontinued guselkumab after week 52. Increased ALT and AST 
concentrations occurred in 26% and 25%, respectively, of 436 
guselkumab-treated patients receiving methotrexate, and in 24% 
and 20%, respectively, of 292 such patients not receiving metho-
trexate, at baseline.

Total bilirubin elevations in guselkumab-treated patients were 
either grade 1 (>1–1.5 times the ULN; 5% of all guselkumab- 
treated patients) or grade 2 (>1.5–3 times the ULN; 1% of all 
guselkumab-treated patients) (Supplementary Table 4). All such 
elevations were <2 times the ULN and not associated with direct 
bilirubin elevation.

DISCUSSION

Through week 52 of DISCOVER-2, a pivotal phase III gusel-
kumab trial that enrolled biologic-naive PsA patients with extensive 
disease activity despite standard treatments, guselkumab 100 mg 
every 4 weeks and every 8 weeks provided clinically meaningful 
and sustained benefits to participants. The significant improve-
ments in arthritis symptoms, psoriatic lesions, dactylitis and 
enthesitis, physical function, and physical components of HRQoL 
achieved at week 24 of DISCOVER-2 (19) were maintained at 
week 52. Further, numerical improvements seen through week 52 
suggested that a further 6 months of guselkumab 100 mg every 
4 weeks or every 8 weeks may provide added benefit across 
response measures. In placebo-treated patients who initiated 
guselkumab every 4 weeks at week 24, the onset and magnitude 
of the guselkumab effect confirmed initial observations in patients 
receiving guselkumab every 4 weeks from week 0 to week 24.

Structural joint damage, exhibited by nearly half of PsA 
patients within 2 years of symptom onset, often progresses to 
irreversible damage and disability (32). Understandably, inhibiting 
structural damage progression is a key PsA treatment goal (2,3). 
The guselkumab every 4 weeks regimen significantly inhibited 
structural damage progression, as measured by mean changes 
in total PsA-modified SHS scores, during weeks 0–24 (19). At the 
group level, limited radiographic progression was also observed 
during weeks 24–52 in patients who continued guselkumab every  
4 weeks or every 8 weeks and in patients who initiated gusel-
kumab every 4 weeks at week 24. Mean changes in PsA- 
modified SHS scores during weeks 0–52 were numerically similar 
for the guselkumab every 4 weeks and every 8 weeks regimens. 
It should be noted, however, that the average PsA-modified SHS 
score at baseline was numerically higher in the guselkumab every 
4 weeks group, and a higher baseline radiographic score is a 
known risk factor for further radiographic progression (33). Over-
all, minimal radiographic progression was seen in the vast major-
ity of patients, while only a few patients in each treatment group 
exhibited clinically meaningful progression of structural damage, 
through 1 year.

PsA is a complex, clinically diverse, chronic inflammatory 
disorder driven by excess IL-23/Th-17–mediated cytokines. The 
ability of selective IL-23 inhibition with guselkumab to sustain 
improvements in disparate areas of disease through up to 1 year is 
encouraging in a disorder that can recur after loss of initial response 
and that can be recalcitrant to biologics (1,34). Further, given the 
growing consensus surrounding the ultimate goal of PsA therapy 
and treatment-to-target, i.e., absence of symptoms for those with 
early disease or limited joint damage or low levels of disease activity 
for patients presenting with established disease and/or irreversible 
damage (35), minimal disease activity responses at week 52 sug-
gest that treatment target was achieved in nearly one-third of these 
guselkumab-treated patients, who were biologic-naive and on 
average had PsA for >5 years at study outset. Thus, guselkumab 
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was shown to offer a novel mechanism, i.e., binding to the p19 
subunit of IL-23 but not the p40 subunit it shares with IL-12, to tar-
get the key upstream regulatory cytokine implicated in PsA patho-
genesis and elicit sustained clinical response.

Importantly, the favorable risk–benefit profile observed 
through week 24 (19) was supported by findings through week 
52, representing a total of 608 patient-years of follow-up. Rela-
tive to previously reported data through week 24 of DISCOVER-2 
(19), no increase in the incidence of serious infections occurred 
with continued guselkumab every 4 weeks or every 8 weeks. No 
patient had active TB or an opportunistic infection, and no deaths 
occurred, through week 52. No additional malignancies or MACE 
occurred after week 24, and inflammatory bowel disease was not 
reported in any patient while receiving guselkumab.

Interpretation of findings through 1 year of DISCOVER-2 is 
hampered by a shorter duration of placebo than active treat-
ment. To address this, we estimated numbers of patients with 
AEs per 100 patient-years assuming a constant incidence over 
time, a customary approach to standardize AE data for com-
parative purposes. Further, because interpretation of observed 
efficacy data from clinical trial extensions can also be con-
founded by enriching the long-term data set with responders, 
we conservatively summarized clinical efficacy responses by 
imputing data missing due to discontinued treatment as non-
response or no change from baseline. Joint counts were not 
adjusted for the presence of dactylitis in the same digit, as these 
disease domains were independently assessed. However, as 
ACR response rates were consistent in patients with or without 
dactylitis at baseline (data not shown), we do not anticipate any 
impact on study conclusions. One year is a limited period for 
assessing patient retention and safety, as well as the structural 
damage and disability that trail extended periods of untreated 
systemic inflammation in this chronic condition. Data obtained 
during the second year of DISCOVER-2 will augment current 
knowledge of the guselkumab risk–benefit profile and further our 
understanding of longer-term radiographic outcomes with both 
guselkumab dosing regimens.

In conclusion, guselkumab 100 mg every 4 weeks or every 8 
weeks effectively treated the diverse manifestations of active PsA 
in biologic-naive patients. The overall treatment effect observed 
during the 24-week placebo-controlled period was well main-
tained, and the risk–benefit profile remained favorable for both 
guselkumab regimens, through week 52 of DISCOVER-2.
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Hospitalized Infections in Lupus: A Nationwide Study of 
Types of Infections, Time Trends, Health Care Utilization, 
and In-Hospital Mortality
Jasvinder A. Singh1  and John D. Cleveland2

Objective. To examine the time trends in hospitalized infections in patients with systemic lupus erythematosus 
(SLE), and the factors associated with health care utilization and in-hospital mortality.

Methods. US National Inpatient Sample data from 1998–2016 were used to examine the epidemiology, time trends, 
and outcomes of 5 common hospitalized infections in patients with SLE, namely, pneumonia, sepsis/bacteremia, 
urinary tract infection (UTI), skin and soft tissue infections (SSTIs), and opportunistic infections (OIs). Time trends 
were compared using the Cochran-Armitage test. Multivariable-adjusted logistic regression models were used to 
examine the factors associated with health care utilization (hospital stay >3 days, hospital charges above the median, 
or discharge to a nonhome setting) and in-hospital mortality.

Results. Hospitalization rates per 100,000 claims among SLE patients in 1998–2000 versus in 2015–2016 were 
as follows: for OIs, 1.13 versus 1.61 (1.2-fold increase); for SSTIs, 4.78 versus 12.2 (2.5-fold increase); for UTI, 1.94 
versus 6.12 (3.2-fold increase); for pneumonia, 15.09 versus 17.05 (1.1-fold increase); and for sepsis, 6.31 versus 
39.64 (6.3-fold increase). In 2011–2012, sepsis surpassed pneumonia as the most common hospitalized infection 
in patients with SLE. In multivariable-adjusted models, a diagnosis of sepsis, older age, a Deyo-Charlson common 
comorbidities score of ≥2, having Medicare or Medicaid insurance, and urban hospital location were significantly 
associated with increased odds of in-hospital mortality and with all health care utilization outcomes. African American 
race was significantly associated with increased odds of health care utilization.

Conclusion. The results of this study indicate that the rates of hospitalized infections increased over time in 
patients with SLE, and that pneumonia was surpassed by sepsis as the most common hospitalized infection. In 
addition, associations of risk factors with poorer outcomes were identified. These findings may help inform patients, 
providers, and policy makers with regard to the burden of infection in SLE, and could lead to interventions/pathways 
to improve outcomes.

INTRODUCTION

Infections, in particular serious infections, are recognized as 
a major cause of morbidity and premature mortality in patients 
with systemic lupus erythematosus (SLE; hereafter referred to 
as lupus), contributing to up to one-third of all deaths and two-
thirds of avoidable hospitalizations (1–7). Lupus disease activity 
and the use of immunosuppressive agents and glucocorticoids 

for treatment can increase the risk of infection, while hydrox-
ychloroquine treatment lowers the infection risk in patients with 
lupus (3,4,8–11). Belimumab, a biologic drug, was approved 
for the treatment of lupus in 2011 in the US; this treatment has 
been shown to be associated with serious infections as a poten-
tial adverse event (12). The most common infection occurring in 
patients with lupus is pneumonia, accounting for 25–50% of all 
infections, followed by sepsis, skin infection, and pyelonephritis 

The views presented in this article are solely the responsibility of the 
authors and do not necessarily represent the views of the Department of 
Veterans Affairs.

Supported by research funds from the Division of Rheumatology at the 
University of Alabama at Birmingham, and by the resources and facilities 
provided by the Birmingham VA Medical Center.

1Jasvinder A. Singh, MD, MBBS, MPH: University of Alabama at 
Birmingham and Birmingham VA Medical Center; 2John D. Cleveland, MS: 
University of Alabama at Birmingham.

Dr. Singh has received consulting fees, speaking fees, and/or honoraria 
from Medisys, Fidia, UBM, Trio Health, Medscape, WebMD, Clinical Care 

Options, ClearView Healthcare Partners, Putnam Associates, Focus Forward, 
Navigant Consulting, Spherix, and Practice Point Communications (less than 
$10,000 each) and from Crealta/Horizon and Simply Speaking (more than 
$10,000 each) and owns stock or stock options in Vaxart and Charlotte’s 
Web Holdings. No other disclosures relevant to this article were reported.

Address correspondence to Jasvinder A. Singh, MD, MBBS, MPH, 
University of Alabama at Birmingham, Faculty Office Tower 805B, 510 
20th Street South, Birmingham, AL 35294. Email: Jasvinder.md@gmail.
com.

Submitted for publication November 27, 2019; accepted in revised form 
October 29, 2020.

mailto:
https://orcid.org/0000-0003-3485-0006
mailto:Jasvinder.md@gmail.com
mailto:Jasvinder.md@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.41577&domain=pdf&date_stamp=2021-03-05


SINGH AND CLEVELAND 618       |

(2–5,7). The incidence of infections in lupus ranges from 4.4 per 
100 person-years in a single-center study (13) to 10 per 100 
 person-years in a US Medicaid population (14).

A few studies have examined the incidence of infections in 
patients with lupus and have compared the rates to those in non- 
lupus cohorts (14–16). In an analysis of the US National Inpatient 
Sample (NIS) data from 1996–2011, compared to individuals with-
out lupus, patients with lupus had 6 times higher rates of pneumonia 
and 10 times higher rates of urinary tract infection (UTI) in 1996, and 
by 2011 all relative risks of these infections were further increased 
(12 times) in patients with lupus (15). To our knowledge, repre-
sentative national epidemiologic studies of hospitalized infections 
in lupus that examine associated health care utilization outcomes 
are needed. Since many hospitalized infections are avoidable (16), 
contemporary data on hospitalized infections in lupus are needed, 
since they can inform health care delivery and policy.

Therefore, our objective was to 1) examine the differences 
in rates of hospitalized infections by the presence of lupus ver-
sus absence of lupus (i.e., non-lupus), 2) assess the incidence 
and time trends of 5 common hospitalized infections and asso-
ciated health care utilization outcomes during hospitalizations of 
lupus patients from 1998 to 2016, and 3) analyze the predictors 
of health care utilization and in-hospital mortality in patients with 
lupus hospitalized with infections. We hypothesized that health 
care utilization among subjects with hospitalized infections would 
be higher in lupus patients than in non-lupus patients, that all 
types of infections would increase in frequency over time, and that 
older age, male sex, higher numbers of comorbidities, and non-
white race would be associated with poorer outcomes in lupus 
patients hospitalized with infections.

PATIENTS AND METHODS

Ethics/Institutional Review Board (IRB) approval and 
consent to participate. The IRB of the University of Alabama 
at Birmingham (UAB) approved the study, and all investigations 
were conducted in conformity with the UAB ethics principles of 
research (approval no. X120207004). The IRB waived the need for 
an informed consent for this database study.

Data source. Our study used the NIS data from 1998–
2016. The US NIS is a de-identified, national all-payer inpatient 
health care database that represents a 20% stratified sample of 
all discharge records from all participating community hospitals 
from all participating states in the US (17). It is a component of the 
Agency for Healthcare Research and Quality Healthcare Cost and 
Utilization Project (www.ahrq.gov).

Cohort selection. We identified 5 types of hospitalized infec-
tions, as previously described (15,18), using the following Interna-
tional Classification of Diseases, Ninth Revision, Clinical Modification 
(ICD-9-CM) codes in the primary diagnosis position: 1) pneumonia 

(ICD-9-CM codes 003.22, 481.0, 513.0, 480.xx, 482.xx, 483.xx, 
485.xx, and 486.xx); 2) sepsis/bacteremia (hereafter referred to as 
sepsis) (ICD-9-CM codes 038.xx and 790.7); 3) UTI (ICD-9-CM code 
590.xx); 4) skin and soft tissue infections (SSTIs) (ICD-9-CM codes 
040.0, 569.61, 681.xx, 682.xx, 785.4, 728.86, and 035.xx); and 
5) opportunistic infections (OIs) (ICD-9-CM codes 010.xx –018.xx, 
031.xx, 078.5, 075.xx, 053.xx, 112.4, 112.5, 112.81, 112.83, 130.
xx, 136.3, 117.5, 027.0, 039.xx, 117.3, 114.xx, 115.xx, and 116.0). 
These diagnostic codes have been shown to be valid in administra-
tive data sets, with positive predictive values of 70–100% in patients 
with rheumatoid arthritis (19–21). For the 2015–2016 data, we 
used the ICD-10-CM codes for infections, since the coding system 
changed from the ICD-9-CM to ICD-10-CM in 2015 in the US (see 
Supplementary Table 1, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41577/ 
abstract). Composite infection was defined as any of the infection 
categories occurring as a primary diagnosis for hospitalization; this 
equates to the sum of all 5 infections for frequencies.

We identified patients with lupus by the presence of an ICD-
9-CM code of 710.0 or ICD-10-CM code of M32.9 in the second-
ary (nonprimary) position for hospitalization, i.e., any position other 
than the primary. Our approach using an ICD-9-CM code for iden-
tifying patients with lupus using administrative data is a valid and 
reliable method (22) that has been used in previous epidemiologic 
and outcomes studies (15,16).

Statistical analysis. Descriptive statistics for demographic 
and clinical characteristics were compared between patients 
with lupus hospitalized with infections and subjects without lupus 
(non-lupus controls) hospitalized with infections. Characteristics 
were also compared according to each hospitalized infection in 
patients with lupus. We decided a priori to not calculate P val-
ues in unadjusted analyses of characteristics and outcomes, to 
avoid multiple comparisons.

Frequencies and rates of the 5 infections analyzed (per 
100,000 claims) were each analyzed for trends over time using 
a Cochran-Armitage test, weighted by the number of hospital-
izations in that year category. We compared health care utiliza-
tion and in-hospital mortality for each of the 5 infection categories 
between 1998–2000 and 2015–2016.

Adjusted logistic regression models were used to examine 
the factors associated with a median hospital stay of >3 days, 
inflation-adjusted total hospital charges above the median (based 
on the median value for each year, with adjustment of the hospital 
charges to inflation-adjusted 2016 US dollars, using the Bureau of 
Labor Statistics Consumer Price Index All Urban Consumers US 
city average), discharge to nonhome setting (i.e., rehabilitation, 
nursing, or inpatient facility), and in-hospital mortality for compos-
ite infection. In sensitivity analyses, we adjusted the main mod-
els for each outcome for the year being examined, to assess 
whether a specific year was statistically significantly associated 
with these outcomes. Covariates were selected based on clinical 

http://www.ahrq.gov
http://onlinelibrary.wiley.com/doi/10.1002/art.41577/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41577/abstract
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importance according to potential/known association with the 
risk of outcomes of serious/hospitalized infections. These covar-
iates included demographics (age, sex, race/ethnicity, annual 
household income by quartile [23]), Deyo-Charlson index (a valid 
health measure consisting of 17 common medical comorbidities; 
score range 0–25, with higher scores  indicating more  comorbidity 

load [24]), insurance type (US Medicaid, US Medicare, private 
insurance, or self/other [25]), and hospital characteristics (bed 
size, location, and teaching status [rural, urban, or urban, teach-
ing hospital]).

We calculated adjusted odds ratios (ORs) and 95% confi-
dence intervals (95% CIs) for each correlation. A 95% CI excluding 

Table 1. Demographic and clinical characteristics of the lupus patients with any hospitalization or infection hospitalization 
versus non-lupus control subjects with infection hospitalization*

Any hospitalization
in lupus patients
(n = 2,685,623)

Infection hospitalization

Non-lupus controls
(n = 49,637,826)

Lupus patients
(n = 328,744)

Age, mean ± SEM; median years 51.7 ± 0.06; 51.2 59.9 ± 0.08; 65.1 52.5 ± 0.09; 51.9
Age category

<50 years 1,221,769 (45.5) 13,940,265 (28.3) 142,406 (43.4)
50–64 years 806,720 (30.0) 9,896,435 (20.1) 99,576 (30.4)
65–79 years 509,107 (19.0) 13,222,914 (26.8) 65,071 (19.8)
≥80 years 147,661 (5.5) 12,204,911 (24.8) 20,724 (6.3)

Sex
Male 294,157 (11.0) 23,419,036 (47.6) 40,155 (12.2)
Female 2,390,778 (89.0) 25,819,094 (52.4) 287,594 (87.7)

Race/ethnicity
White 1,279,668 (47.6) 29,602,666 (60.1) 156,206 (47.7)
African American 639,196 (23.8) 5,267,591 (10.7) 75,487 (23.0)
Hispanic 258,933 (9.6) 4,185,067 (8.5) 36,809 (11.2)
Other/missing 507,619 (18.9) 10,226,912 (20.7) 59,282 (18.1)

Deyo-Charlson comorbidity score
0 16 (0) 15,683,828 (31.8) 0 (0)
1 903,434 (33.6) 12,822,962 (26.0) 114,414 (34.9)
≥2 1,782,172 (66.4) 20,780,211 (42.2) 213,389 (65.1)

Income category
0–25th percentile 744,212 (28.3) 12,883,940 (26.8) 95,737 (29.8)
25–50th percentile 670,221 (25.5) 13,221,834 (27.5) 83,474 (26.0)
50–75th percentile 618,437 (23.5) 11,543,240 (24.0) 74,328 (23.2)
75–100th percentile 593,719 (22.6) 10,467,811 (21.7) 67,294 (21.0)

Insurance
Private 811,521 (30.3) 10,869,696 (22.1) 87,194 (26.6)
Medicare 1,260,555 (47.0) 27,313,205 (55.5) 162,373 (49.6)
Medicaid 448,849 (16.7) 7,029,793 (14.3) 57,650 (17.6)
Other 75,012 (2.8) 1,494,023 (3.0) 8,488 (2.6)
Self 85,087 (3.2) 2,474,225 (5.0) 11,591 (3.5)

Hospital location, type
Rural 246,012 (9.2) 7,000,495 (15.0) 32,201 (10.1)
Urban 985,319 (36.8) 19,133,806 (40.9) 122,203 (38.4)
Urban, teaching 1,445,881 (54.0) 20,658,027 (44.1) 163,779 (51.5)

Length of hospital stay
Days, mean ± SEM; median 5.5 ± 0.01; 3.2 5.9 ± 0.001; 3.7 6.7 ± 0.03; 4.1
>3 days 1,400,893 (52.2) 29,281,170 (59.4) 211,906 (64.6)

Total hospital charges
≤ median† 795,508 (29.6) 21,043,862 (42.7) 111,460 (34.0)
> median† 1,890,115 (70.4) 28,243,139 (57.3) 216,343 (66.0)
US $, mean ± SEM; median 54,678 ± 566; 31,000 47,665 ± 338; 25,464 60,352 ± 889; 32,120

1998–2000 49,537 ± 927; 27,052 39,448 ± 524; 21,728 55,308 ± 1,470; 28,120
2015–2016 58,748 ± 709; 34,402 54,790 ± 436; 29,424 63,167 ± 1,118; 34,576

Discharge status
Rehabilitation or nursing facility 389,886 (15.1) 11,613,783 (25.5) 53,774 (17.6)
Home 2,199,836 (84.9) 33,992,408 (74.5) 252,509 (82.4)

Died during hospitalization 57,191 (2.1) 3,062,394 (6.2) 16,675 (5.1)
* Except where indicated otherwise, values are the number (%) of subjects. 
† Inflation-adjusted median total hospital charges by year for the US National Inpatient Sample: 1998, $16,650; 1999, 
$16,840; 2000, $17,711; 2001, $18,590; 2002, $19,647; 2003, $20,822; 2004, $20,067; 2005, $20,696; 2006, $21,617; 2007, 
$21,883; 2008, $21,965; 2009, $21,810; 2010, $21,051; 2011, $22,569; 2012, $23,676; 2013, $24,424; 2014, $24,385; 2015, 
$24,894; 2016, $25,261. 
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unity represented a statistically significant result, corresponding to 
a P value of less than 0.05.

We also examined the ranking of the frequencies of Clinical 
Classifications Software (CCS) categories in any position (primary 
or nonprimary) for all lupus hospitalizations (lupus as the secondary 
diagnosis) between 1998–1999 and 2013–2014, to understand 
the relative importance of infections versus other diseases as the 
admitting diagnosis in those with lupus. We chose these time peri-
ods because CCS data were not available for 2015–2016 and a 
change from ICD-9-CM to ICD-10-CM code occurred in 2015.

RESULTS

Demographic and clinical characteristics of lupus 
patients versus non-lupus controls hospitalized with 
infection. There were 49,637,826 hospitalizations with infec-
tions in non-lupus subjects and 328,744 in lupus patients. 
The mean age of patients with lupus with a primary diagnosis of 
1 of the infections was 52.5 years, with a median age of 51.9 
years (Table 1). Almost one-half of the patients with lupus who 
were admitted to the hospital with infection were age <50 years 
and were of nonwhite race/ethnicity. With regard to comorbidities, 
65% of the patients with lupus hospitalized with infection had a 
Deyo-Charlson common comorbidity score of >2. Approximately 
30% of patients with lupus and primary infection hospitalizations 
as well as ~30% of those with any hospitalization were in the low-
est income quartile (Table 1).

Compared to non-lupus controls who were admitted with an 
infection, patients with lupus who were admitted with an infection 
diagnosis were younger (median age 65 years versus 52 years) and 
were more likely to be female (52% versus 88%), to be nonwhite 
(40% versus 52%), to be in the lowest income quartile (27% versus 
30%), to have a Deyo-Charlson comorbidity score of at least 2 (42% 
versus 65%), and to have been admitted to an urban, teaching hos-
pital (44% versus 52%). The frequencies of insurance payer types 
were similar between the non-lupus and lupus groups (Table 1).

Unadjusted health care utilization in lupus patients 
versus non-lupus controls hospitalized with infection. 
Compared to non-lupus controls hospitalized with infection, 
patients with lupus hospitalized with an infection diagnosis had 
higher inflation-adjusted hospital charges (median $47,665 ver-
sus $60,352), were more likely to have a hospital stay of >3 days 
(59% versus 64%), were more likely to have hospital charges 
above the median (57.3% versus 66%), and were more likely to 
be discharged home (74.5% versus 82.4%). Non-lupus controls 
hospitalized with an infection and patients with lupus hospitalized 
with an infection had similar rates of mortality (6.2% versus 5.1%) 
(Table 1). The median length of hospital stay was 3.7 days for 
non-lupus controls and 4.1 days for lupus patients (Table 1), which 
is higher than the overall NIS median hospital stay of 3 days. A 
longer hospital stay for patients with lupus compared to those 

without lupus was evident across each type of serious infection 
that resulted in hospitalization (see Supplementary Table 2, avail-
able on the Arthritis & Rheumatology website at http://onlin elibr ary. 
wiley.com/doi/10.1002/art.41577/ abstract).

Comparing the overall hospital charges for infection hos-
pitalizations in patients with lupus between 2015–2016 and 
1998–2000, we found an increase of 14% in the mean hospital 
charges and an increase of 23% in the median hospital charges 
(Table 1). Comparatively, when we examined the charges for 
infection hospitalizations in subjects without a lupus diagnosis, 
we noted an increase of 39% in the mean hospital charges and 
an increase of 35% in the median hospital charges over the 
same period.

Characteristics and outcomes for each hospitalized 
infection in patients with lupus. Over the study period, 
the most common hospitalized infections in lupus were sepsis 
(34%) and pneumonia (37%), followed by SSTIs (19%), UTI (6%), 
and OIs (3%) (Table 2). Lupus patients with pneumonia who were 
admitted for hospitalization were a decade older than those admit-
ted with a UTI or OI, and were 5 years older than those admitted 
with an SSTI (Table 2).

The median length of hospital stay over the study period 
was the highest for those lupus patients with OI hospitalizations, 
whose median hospital stay was 5.6 days, and the lowest for 
those with UTI hospitalizations, at a median of 2.7 days (Table 2). 
OI, pneumonia, and sepsis infections led to above-median lengths 
of hospital stay in 64–77% of patients. Median hospital charges 
were highest for hospitalizations for sepsis in lupus patients, fol-
lowed by OIs and pneumonia (Table 2).

Rates of infections and time trends in patients with 
lupus hospitalized with infections. We noted a significant 
increase in the frequency of all 5 hospitalized infection  categories 
in people with lupus during the study period. In 2011–2012,  sepsis 
surpassed pneumonia as the most common infection, and by 
2015–2016, sepsis accounted for twice as many hospitalized infec-
tions as pneumonia in patients with lupus (Figures 1A and B) (see 
also Supplementary Table 3, available on the  Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41577/ abstract).

Over the study period, the hospitalization rate per 100,000 
NIS claims increased significantly from 1998 to 2016 in patients 
with lupus for each infection and for composite infection (each 
P < 0.001). The hospitalization rates and increases in hospitaliza-
tion rates were as follows: for OIs, 1.17 versus 1.71 (1.5-fold); for 
SSTIs, 4.66 versus 12.45 (2.7-fold); for UTI, 1.77 versus 7.99 (4.5-
fold); for pneumonia, 13.65 versus 16.76 (1.2-fold); for sepsis, 
6.56 versus 39.55 (6.0-fold); and for composite infection, 27.82 
versus 78.46 (2.8-fold). When considering a different denomina-
tor, the hospitalization rate per 100,000 lupus claims, as com-
pared to 1998–2000, the increases in rates in 2015–2016 were 

http://onlinelibrary.wiley.com/doi/10.1002/art.41577/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41577/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41577/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41577/abstract
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as follows: for OIs, 0.8-fold; for SSTIs, 1.5-fold; for UTI, 2.5-fold; 
for pneumonia, 0.7-fold; for sepsis, 3.4-fold; and for composite 
infection, 1.6-fold (Table 3).

Hospitalization for any of these 5 infections (composite) 
increased from 10.7% of all lupus hospitalizations in 1998–2000 
to 15.6% in 2015–2016 (10,748 versus 15,645 per 100,000 lupus 
hospitalization claims) (see Supplementary Table 4, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41577/ abstract). The corresponding rate 
of composite infection in the general NIS population increased 
from 5.8% in 1998–2000 to 10.2% in 2015–2016 (5,836 versus 
10,171 per 100,000 NIS hospitalization claims) (see Supplemen-
tary Table 5, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41577/ abstract). 
Similarly, the lupus/non-lupus diagnosis rate increased in each of 
the 5 hospitalized infection claims; a positive slope indicated that 

lupus claims were increasing faster than non-lupus claims among 
those with primary hospitalized infection (see Supplementary 
Tables 6 and 7, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41577/ abstract).

Time trends in health care utilization and  mortality, 
overall and for each hospitalized infection, among pa-
tients with lupus hospitalized with infection. We found 
that, in lupus patients, the median hospital stay for composite 
infection decreased from 4.5 days in 1998–2000 to 3.9 days in 
2015–2016, and also decreased for each infection (Table 4). The 
reduction in median hospital stay was greatest for OIs, decreasing 
from 6.9 to 4.9 days, and for sepsis, decreasing from 6 to 4.8 days.

The frequency of in-hospital mortality for compos ite 
infection also  decreased in lupus patients, from 6.4% in 
1998–2000 to 4.8% in 2015–2016. The largest reductions 

Figure 1. Time trends in the rates of various infections in patients with systemic lupus erythematosus. Infection rates are expressed per 
100,000 National Inpatient Sample (NIS) claims (A) and per 100,000 lupus claims (B). The y-axis scales are different for the 2 panels. The x-axis 
shows study time periods from 1998 to 2016. OI = opportunistic infection; SSTI = skin and soft tissue infection; UTI = urinary tract infection.

http://onlinelibrary.wiley.com/doi/10.1002/art.41577/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41577/abstract
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in in-hospital mortality rates between these time periods 
occurred in patients with sepsis, decreasing from 14.4% 
to 8.1%, in those with OIs, decreasing from 9.6% to 3.5%, 
and in those with pneumonia, decreasing from 5.2% to 1.9% 
(Table 4).

There was a small increase in the overall inflation- 
adjusted median hospital charges for composite infection and for 

each hospitalized infection in lupus patients from 1998–2000 to 
2015–2016 (Table 4).

Predictors of health care utilization and  mortality 
in patients with lupus hospitalized with infection. 
 Multivariable-adjusted analyses showed that compared to sep-
sis, other infections were associated with lower health care 

Table 3. Rates of hospitalized infections in patients with lupus over time, using 2 different denominators*

OI SSTI UTI Pneumonia Sepsis Composite infection† Total claims
Rate per 

100,000 NIS 
claims

1998 1.17 4.66 1.77 13.65 6.56 27.82 33,923,632
1999 1.29 4.41 1.87 16.27 6.72 30.55 34,440,994
2000 1.53 5.26 2.17 15.31 5.66 29.93 35,300,425
2001 1.19 6.08 2.20 15.42 6.02 30.91 36,093,550
2002 1.26 6.20 2.38 16.48 5.91 32.23 36,523,831
2003 1.55 7.17 2.51 16.92 7.21 35.36 37,074,605
2004 1.40 7.62 2.74 17.08 8.53 37.37 37,496,978
2005 1.71 8.76 2.80 18.11 9.71 41.10 37,843,039
2006 1.59 9.11 2.83 17.25 11.72 42.49 38,076,556
2007 1.59 9.02 2.84 17.98 12.41 43.85 38,155,908
2008 1.70 9.01 2.37 16.43 10.46 39.97 38,210,889
2009 1.50 9.78 2.71 18.01 13.62 45.62 37,734,584
2010 1.75 11.72 2.92 18.14 16.89 51.42 37,352,013
2011 1.69 11.68 3.10 19.50 22.40 58.36 36,962,415
2012 1.82 10.95 3.08 20.05 23.89 59.79 36,484,846
2013 1.73 12.16 3.33 19.58 28.75 65.55 35,597,792
2014 1.57 12.90 3.45 19.88 34.63 72.43 35,358,818
2015‡ 1.51 11.95 4.26 17.35 39.73 74.80 35,769,942
2016‡ 1.71 12.45 7.9 16.76 39.55 78.46 35,675,421
P§ <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 –

Rate per 
100,000 
lupus claims

1998 445.57 1,769.59 673.93 5,187.82 2,491.99 10,569.41 89,286
1999 466.16 1,597.83 676.75 5,896.59 2,437.79 11,075.32 95,004
2000 541.30 1,863.59 766.65 5,420.26 2,004.01 10,595.79 99,700
2001 402.91 2,056.78 744.34 5,211.25 2,034.30 10,449.66 106,769
2002 394.21 1,938.96 744.04 5,150.30 1,845.69 10,072.13 116,867
2003 462.37 2,141.47 749.20 5,052.87 2,152.75 10,559.17 124,167
2004 406.03 2,212.61 795.58 4,956.12 2,474.19 10,844.03 129,214
2005 478.04 2,442.04 781.10 5,051.36 2,707.32 11,460.80 135,706
2006 427.82 2,444.37 759.33 4,630.70 3,145.18 11,406.84 141,836
2007 418.62 2,370.18 746.45 4,724.52 3,260.55 11,520.37 145,221
2008 450.07 2,377.89 624.68 4,339.08 2,762.81 10,554.36 144,708
2009 372.81 2,436.61 674.01 4,487.03 3,393.16 11,363.80 151,481
2010 407.81 2,737.09 681.46 4,235.67 3,944.33 12,006.80 159,951
2011 359.03 2,480.99 657.61 4,142.26 4,760.21 12,400.34 173,963
2012 389.06 2,337.28 658.18 4,279.65 5,098.73 12,762.91 170,925
2013 358.35 2,523.02 690.48 4,061.30 5,963.76 13,596.90 171,620
2014 309.58 2,543.58 680.52 3,921.35 6,830.29 14,285.32 179,275
2015‡ 295.94 2,342.85 835.75 3,400.56 7,787.58 14,662.68 182,470
2016‡ 364.27 2,651.38 1,701.90 3,571.00 8,425.89 16,714.44 167,460
P§ <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 –

* The first time period assessed is 3 years in duration and the subsequent time periods assessed are 2 years in duration. OI = opportunistic 
infection; SSTI = skin and soft tissue infection; UTI = urinary tract infection; NIS = National Inpatient Sample. 
† Composite infection indicates any of the 5 infections as the primary diagnosis. 
‡ Estimates in this period reflect the only study period in which International Classification of Diseases, Clinical Modification (ICD-CM) codes 
transitioned from the Ninth Revision (ICD-9-CM) to the Tenth Revision (ICD-10-CM), and therefore the estimates may be a little unstable. 
§ P value is from Cochran-Armitage 2-sided test for trend. 
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utilization and mortality (Table 5). Compared to rural hospitals, 
urban hospitals had 2.2–2.6 times higher odds of having hos-
pital charges above the median. In addition, hospitals in the 
Northeast had significantly higher odds of having above-median 
hospital charges compared to hospitals in the Midwest and the 
South (Table 5).

We found that compared to other infections, sepsis was 
associated with 2–4-fold higher odds of discharge to an inpa-
tient facility (Table 5). Compared to patients with lupus who 
were younger than age 50 years, those in the age groups 50–64 
years, 65–79 years, and >80 years had 2-fold, 3-fold, and 6-fold 
increased odds of discharge to an inpatient facility, respectively.

Length of hospital stay showed the same pattern as the 
other models in lupus patients. Compared to sepsis, hospitaliza-
tions for all other types of infections, except OIs, were associated 
with significantly lower odds of a length of hospital stay above the 
NIS median of 3 days (Table 5). Sepsis was associated with worse 
health care utilization and mortality outcomes compared to other 
infections, and older age was a risk factor (Table 5).

African American race was significantly associated with 
increased odds of poorer health care utilization outcomes, higher 
odds of hospital charges above the median, higher odds of dis-
charge to an inpatient facility, and higher odds of a length of hos-
pital stay above the median (Table 5).

Compared to sepsis, pneumonia and OIs were asso-
ciated with a reduced risk of in-hospital mortality (74% and 
50% lower risk, respectively). SSTIs and UTI were associ-
ated with even lower in-hospital mortality risk (Table 5). Older 
age was associated with a 3-fold increase in the odds of in- 
hospital mortality, and having a Deyo-Charlson comorbidity 

score of >2 was associated with 1.4-fold increased odds of 
in- hospital mortality (Table 5). Other factors associated with 
 various outcomes are shown in Table 5.

In sensitivity analyses, calendar year was statistically sig-
nificantly associated with each outcome: OR 0.97 for hospital 
charges above the median, OR 1.02 for discharge to an inpa-
tient facility, OR 0.98 for hospital stay of >3 days, and OR 0.97 
for in-hospital mortality. All ORs were close to 1.0 (see Sup-
plementary Table 8, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41577/ 
abstract).

Time trends in infection diagnoses in the top 25 CCS 
categories in lupus patients. Pneumonia was one of the top 
10 CCS categories (ranked 9th) and infection/parasitic diseases 
and bacterial infections were in the top 25 (ranked 18th and 24th, 
respectively) in 1998–1999 among patients hospitalized with lupus 
as the nonprimary diagnosis (see Supplementary Table 9, availa-
ble on the Arthritis & Rheumatology website at http://onlin e libr ary.
wiley.com/doi/10.1002/art.41577/ abstract). In total, there were 5 
infection CCS categories that accounted for a total of 23.9% of 
lupus hospitalizations in 1998–1999. In 2013–2014, there was an 
increase in CCS categories that included infections: septicemia, 
bacterial infections, and infection/parasitic diseases were in the 
top 10 CCS categories (ranked 9th, 6th, and 8th, respectively) 
(Supplementary Table 9). Pneumonia fell out of the top 10 by 
this time period, but it was still present in the list of the top 25 
(ranked 18th and 22nd for the respective separate CCS catego-
ries of Pneumonia, except that caused by tuberculosis or sexually 
transmitted disease, and Pneumonia, organism unspecified). In 

Table 4. Time trends in health care utilization for each infection hospitalization in lupus patients*

OI SSTI UTI Pneumonia Sepsis Composite infection
Length of stay >3 days

1998–2000 1,130 (81.8) 2,875 (58.0) 910 (45.3) 10,828 (69.2) 5,227 (79.9) 20,970 (68.7)
2015–2016 745 (64.8) 4,620 (53.0) 1,845 (42.2) 6,895 (56.6) 19,965 (70.5) 34,070 (62.2)

Length of stay, mean ± 
SEM; median days

1998–2000 11.3 ± 0.80; 6.9 5.6 ± 0.18; 3.6 4.1 ± 0.18; 2.8 7.0 ± 0.1; 4.5 9.3 ± 0.28; 6.0 7.2 ± 0.11; 4.5
2015–2016 9.4 ± 1.23; 4.9 4.7 ± 0.10; 3.2 3.9 ± 0.11; 2.6 5.3 ± 0.10; 3.4 7.9 ± 0.12; 4.8 6.5 ± 0.08; 3.9

Total hospital charges 
> median

1998–2000 1,132 (82.0) 2,869 (57.9) 989 (49.2) 10,955 (70.1) 5,261 (80.5) 21,206 (69.5)
2015–2016 725 (63.0) 4,115 (47.2) 1,920 (43.9) 6,805 (55.8) 20,775 (73.4) 34,340 (62.7)

Total hospital charges, 
mean ± SEM; 
median US $

1998–2000 94,472 ± 8,751; 
46,091

33,741 ± 1,590; 
20,519

24,995 ± 1,471; 
18,007

51,279 ± 1,718; 
27,511

82,285 ± 4,240; 
41,825

55,308 ± 1,470; 
28,120

2015–2016 78,193 ± 7,317; 
36,338

34,682 ± 964; 
24,115

30,406 ± 1,238; 
22,102

44,741 ± 1,280; 
28,954

84,519 ± 1,875; 
45,074

63,167 ± 1,117; 
34,576

Died during 
hospitalization

1998–2000 133 (9.6) 73 (1.5) 4 (0.2) 810 (5.2) 942 (14.4) 1,962 (6.4)
2015–2016 40 (3.5) 40 (0.5) 10 (0.2) 235 (1.9) 2,285 (8.1) 2,610 (4.8)

* Time trends are based on comparing the first and the last study periods, 1998–2000 versus 2015–2016. Except where indicated otherwise, 
values are the number (%) of patients. OI = opportunistic infection; SSTI = skin and soft tissue infection; UTI = urinary tract infection. 
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Table 5. Multivariable-adjusted correlates of healthcare utilization and mortality in lupus patients with hospitalized infections*

Total hospital
charges > median

Discharge to rehabilitation or
nursing facility

Length of
hospital stay

> median In-hospital mortality
Age category

<50 years Referent Referent Referent Referent
50–64 years 1.09 (1.05–1.14)† 1.77 (1.67–1.88)† 1.27 (1.22–1.32)† 1.47 (1.33–1.61)†
65–79 years 0.98 (0.92–1.03) 2.88 (2.68–3.09)† 1.35 (1.28–1.42)† 2.13 (1.91–2.39)†
≥80 years 0.92 (0.85–1.00) 6.21 (5.67–6.81)† 1.60 (1.47–1.73)† 2.90 (2.51–3.34)†

Sex
Male Referent Referent Referent Referent
Female 1.00 (0.95–1.06) 1.06 (0.99–1.14) 1.04 (0.99–1.10) 0.79 (0.72–0.88)†

Race/ethnicity
White Referent Referent Referent Referent
African American 1.16 (1.10–1.21)† 1.17 (1.10–1.24)† 1.12 (1.07–1.17)† 1.06 (0.96–1.17)
Hispanic 1.30 (1.22–1.38)† 0.76 (0.69–0.83)† 1.03 (0.97–1.09) 0.95 (0.84–1.08)
Other/missing 1.13 (1.08–1.19)† 1.00 (0.94–1.07) 1.09 (1.04–1.14)† 1.26 (1.14–1.40)†

Deyo-Charlson 
comorbidity score

0 Not estimable‡ Not estimable‡ Not estimable‡ Not estimable‡
1 Referent Referent Referent Referent
≥2 1.34 (1.29–1.39)† 1.47 (1.39–1.55)† 1.38 (1.33–1.43)† 1.40 (1.28–1.53)†

Income category
0–25th percentile 0.96 (0.91–1.02) 0.96 (0.89–1.03) 0.97 (0.92–1.02) 0.94 (0.85–1.05)
25–50th percentile 1.00 (0.95–1.06) 0.95 (0.89–1.02) 1.05 (1.00–1.11) 1.01 (0.91–1.12)
50–75th percentile 0.96 (0.91–1.01) 1.01 (0.94–1.08) 0.98 (0.93–1.03) 0.95 (0.85–1.06)
75–100th percentile Referent Referent Referent Referent

Primary infection 
diagnosis

Sepsis Referent Referent Referent Referent
OI 0.75 (0.68–0.83)† 0.52 (0.45–0.59)† 1.08 (0.97–1.20) 0.50 (0.41–0.61)†
SSTI 0.35 (0.33–0.37)† 0.34 (0.32–0.36)† 0.51 (0.48–0.53)† 0.05 (0.04–0.07)†
UTI 0.30 (0.28–0.33)† 0.27 (0.24–0.30)† 0.30 (0.28–0.32)† 0.03 (0.02–0.05)†
Pneumonia 0.57 (0.54–0.59) 0.35 (0.33–0.37)† 0.59 (0.57–0.62)† 0.26 (0.24–0.28)†

Insurance payer
Medicare 1.19 (1.14–1.25)† 1.67 (1.56–1.78)† 1.14 (1.09–1.19)† 1.13 (1.01–1.25)†
Medicaid 1.11 (1.05–1.17)† 1.41 (1.30–1.53)† 1.09 (1.03–1.15)† 1.14 (1.00–1.29)†
Other 1.08 (0.97–1.21) 1.08 (0.90–1.29) 1.01 (0.91–1.12) 1.24 (0.97–1.60)
Private Referent Referent Referent Referent
Self 1.04 (0.94–1.14) 0.68 (0.56–0.83)† 0.96 (0.87–1.05) 1.12 (0.88–1.42)

Hospital region
Northeast Referent Referent Referent Referent
Midwest 0.69 (0.65–0.73)† 1.02 (0.95–1.10) 0.80 (0.76–0.85)† 0.73 (0.64–0.83)†
South 0.85 (0.80–0.89)† 0.83 (0.78–0.89)† 0.98 (0.93–1.03) 1.00 (0.90–1.12)
West 1.11 (1.04–1.18)† 0.83 (0.77–0.90)† 0.72 (0.68–0.77) 0.91 (0.80–1.03)

Hospital location, type
Rural Referent Referent Referent Referent
Urban 2.63 (2.47–2.80)† 0.86 (0.79–0.93)† 1.42 (1.34–1.51)† 1.29 (1.11–1.49)†
Urban, teaching 2.25 (2.12–2.39)† 0.73 (0.67–0.79)† 1.36 (1.28–1.44)† 1.43 (1.24–1.65)†

Hospital bed size
Small Referent Referent Referent Referent
Medium 1.26 (1.19–1.34)† 0.89 (0.83–0.96)† 1.14 (1.07–1.20)† 1.41 (1.23–1.62)†
Large 1.72 (1.64–1.82)† 0.83 (0.77–0.89)† 1.30 (1.23–1.37)† 1.56 (1.37–1.77)†

* Values are the adjusted odds ratio (95% confidence interval). OI = opportunistic infection; SSTI = skin and soft tissue infection; UTI = 
urinary tract infection. 
† P < 0.05. 
‡ Not estimable because there were no patients in this category. When the model is built based on the entire sample, the beta and 
design matrix are set. In a domain analysis, it does not throw away columns (like a BY statement would), it only modifies the weights. This 
means that the parameters are still in the model because there are columns for them in the design matrix. Since estimates in a logistic 
model are based on a nonlinear operation of the design matrix, it is still possible to get parameters where they did not appear in the 
domain. Therefore, depending on the parameterization coding, it is possible for the parameter estimates to come back for a particular 
level as non-zero, even if there is no observation falling into that level in a particular domain. This is different from linear regression, in 
which a zero weight for a particular domain always results in a complete zero estimate for that level in that domain. 
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2013–2014, there were 7 infection CCS categories in the top 25 
that accounted for 37.4% of lupus hospitalizations.

DISCUSSION

In this study, we found that compared to non-lupus patients, 
patients with lupus who were hospitalized with 1 of the 5 infections 
were younger in age (median age lower by 13 years) and were more 
likely to be female, to be nonwhite, to have a Deyo-Charlson index 
score of ≥2, and to be in the lowest income quartile. In unad-
justed comparisons, patients with lupus were more likely to be 
discharged home and had a slightly lower in-hospital mortality 
(5% versus 6% of non-lupus controls), as would be expected for 
a younger cohort of female subjects (26). However, patients with 
lupus had a slightly longer hospital stay.

Among patients with lupus, sepsis surpassed pneumonia 
as the most common hospitalized infection in 2011–2012, as 
hinted in a previous study of the US national data from 2011 
(15). Sepsis hospitalizations in patients with lupus were 2.3-
fold more common than the pneumonia hospitalizations in 
2015–2016, which is the reverse of the finding that there were 
2.3-fold more pneumonia hospitalizations than sepsis hospital-
izations in 1998–2000. We noted significant increases in the 
rates of sepsis hospitalizations (as well as UTI and SSTI hospi-
talizations) in patients with lupus over time, and stable/declin-
ing rates of pneumonia and OI hospitalizations (depending on 
the denominator used). This may be attributable to increasing 
rates of immunization for pneumonia in patients with lupus over 
time (27,28) or to a lower threshold for outpatient treatment of 
pneumonia that avoids pneumonia hospitalizations. Systematic 
up-coding of pneumonia to sepsis and some misclassification 
error with sepsis diagnostic codes has been noted (29,30), 
which may explain the increased rate of sepsis diagnosis over 
time versus pneumonia, at least partially. We also noted a con-
tinuing decline in the rates of pneumonia among all lupus claims 
(Figure 1B), but not as much decline in the total claims of pneu-
monia (Figure 1A). This could be attributable to an increasing 
recognition of lupus pneumonitis over time.

We also noted that infection diagnoses in CCS categories 
increased more rapidly over time than did noninfection diagnoses 
for hospitalizations in patients with lupus (primary or secondary 
diagnosis). This is an interesting novel finding that might signal the 
evolving epidemiology of hospitalizations in lupus. Patients with 
lupus being treated with existing immunosuppressive drugs and 
new biologic drugs need to be aware of early signs of serious 
infections and seek help immediately to avoid infection hospitali-
zations and their consequences.

The crude rate of composite infection hospitalizations per 
100,000 NIS claims in patients with lupus increased 2.8-fold over 
2 decades (Table 3), compared to the corresponding 1.6-fold 
increase in the general population without lupus (Supplementary 
Table 4 [http://onlin elibr ary.wiley.com/doi/10.1002/art.41577/ 

abstract]). A positive slope for lupus/non-lupus diagnosis among 
primary hospitalized infections indicated that lupus claims were 
increasing faster than non-lupus claims (Supplementary Tables 
6 and 7] http://onlin elibr ary.wiley.com/doi/10.1002/art.41577/ 
abstract]). Potential interventions to reduce serious infection risk 
in patients with lupus include increasing the uptake of factors 
protective against infection, i.e., hydroxychloroquine use, adult 
vaccinations) and decreasing the dose and duration of gluco-
corticoid use, a strong risk factor for infection (31–34), as well as 
screening for tuberculosis and viral hepatitis at the first clinical 
encounter (35).

In this study of primary infection hospitalizations in lupus 
patients, we found a reduction in the mean hospital stay from 4.5 
days to 3.9 days, respectively. The in-hospital mortality for hos-
pitalized infections in patients with lupus decreased from 6.4% 
in 1998–2000 to 4.8% in 2015–2016, extending the observation 
of reduced mortality following hospitalized infection in patients 
with lupus from 2002–2010 (15). This 25% reduction in in-hos-
pital mortality is clinically meaningful. It might be related to any 
of the following reasons: an earlier diagnosis and treatment of 
infections, since early infection diagnosis prevents complications 
and renal failure (36); the availability of more effective antibiot-
ics and antifungal medications over time (37–39); and/or higher 
rates of the use of hydroxychloroquine treatment in patients with 
lupus over time, which reduces the risk of serious infections 
and  mortality (40,41).

Overall, in patients with lupus, OI hospitalizations had the 
highest median hospital stay, at 5.6 days, and UTI hospitalizations 
had the lowest median hospital stay, at 2.7 days. SSTI, pneumonia, 
and sepsis had median hospital stays of 3.5 days, 3.9 days, and 
5.3 days, respectively. OIs have been commonly reported in lupus 
and are associated with significant morbidity and mortality (42,43). 
Glucocorticoid exposure and dose are associated with increased 
risk of OIs in lupus (44). The use of immunosuppressive drugs and 
glucocorticoids for the treatment of lupus increases the risk of seri-
ous infections (45). Studies found that higher prednisone dose, 
treatment with pulse methylprednisolone, higher lupus disease 
activity, or more severe lupus damage were each independently 
associated with a higher risk of serious infection, and the use of 
hydroxychloroquine was associated with a lower risk (3,4,9–11). 
While use of immunosuppressive drugs increases the risk of seri-
ous infections in patients with lupus, a study of a US Medicaid 
population found no differences in the risk of serious infections 
between those receiving mycophenolate mofetil, azathioprine, or 
cyclophosphamide (8). The NIS data do not include medication 
use or disease severity measures, and therefore we are unable 
to evaluate these important factors as contributors to infection 
hospitalizations in lupus, or to assess time trends. Future studies 
should evaluate the contribution of lupus disease activity versus 
the contribution of medications (glucocorticoids, immunosup-
pressive drugs, biologics) to serious infection risk, to help develop 
interventions/programs to reduce morbidity and mortality risk.

http://onlinelibrary.wiley.com/doi/10.1002/art.41577/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41577/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41577/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41577/abstract
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We found several factors associated with in-hospital mor-
tality in patients with lupus hospitalized with infections. In mul-
tivariable-adjusted analyses, compared to sepsis, the odds of 
in-hospital mortality were lower for each of the other hospitalized 
infections, at 0.03 to 0.50, which extends the previous finding of 
higher in-hospital mortality with sepsis or OIs (15).

Older age was associated with a 190% increase in the 
odds of in-hospital mortality, and a Deyo-Charlson score of >2 
was associated with 40% increased odds of in-hospital mortal-
ity. In multivariable-adjusted analyses, older age, a higher Deyo- 
Charlson score, African American race, or having a Medicare or 
Medicaid insurance payer were associated with higher health care 
utilization in patients with lupus with hospitalized infections. Our 
findings identify these characteristics as risk factors for higher 
in-hospital mortality and higher health care utilization associated 
with hospitalized infections in lupus, and thus add to the current 
knowledge.

The association of African American race with poorer health 
care utilization outcomes adds to the growing evidence of racial 
and ethnic disparities in lupus, in which those of nonwhite race/
ethnicity tend to experience a higher incidence of lupus and 
have more severe disease and worse outcomes (46–48). Our 
noted association of having Medicaid as an insurance payer with 
higher mortality and greater health care utilization in lupus patients 
with hospitalized infections extends prior observations of an asso-
ciation of poor socioeconomic status and having a Medicaid 
payer with worse lupus outcomes (49,50).

Our study findings must be interpreted cautiously, consid-
ering the limitations and strengths of the study. Our study is at 
risk of misclassification bias, since we used the ICD-9-CM codes 
to identify patients with lupus, some of which may have been 
erroneous. While no validation of these codes can be done in 
the NIS, the infection (15,18–21) and lupus (22) diagnostic codes 
were valid in administrative data sets, with high positive predic-
tive values. The NIS counts hospitalizations, not people, and 
therefore the unit of analysis is hospitalizations. The NIS does 
not provide longitudinal data after hospital discharge, which lim-
its the ability to examine the postdischarge outcomes, and/or 
readmission risk.

The NIS also does not have data on disease severity mea-
sures, laboratory test findings, and medications, and therefore 
these important disease variables cannot be examined with 
regard to their impact on the outcomes. Our study objective 
was not to examine people admitted with lupus as the primary 
diagnosis who developed infection during the index hospitali-
zation, i.e., a secondary infection, and therefore this would be 
an important question for a future study. A large sample size, 
as in our study, can make small differences appear statistically 
significant; the interpretation of our study findings must take into 
account whether these differences are also clinically relevant/
meaningful.

Our study strengths include the use of US national inpatient 
data, inclusion of several potential confounders, and the identifi-
cation of sufficient numbers of hospitalized infections in patients 
with lupus.

In conclusion, we found an increasing rate of hospitalized 
infections in patients with lupus, outpacing the increase in rate in 
the general US population. We also found that sepsis surpassed 
pneumonia as the most common hospitalized infection in patients 
with lupus in 2011–2012. By 2015–2016, sepsis accounted for 
twice as many hospitalized infections as pneumonia in patients 
with lupus. In adjusted analyses, sepsis was associated with 
the highest health care utilization, worse outcomes, and highest 
in-hospital mortality rates. We identified novel factors associated 
with higher health care utilization and higher risk of mortality for 
serious infection hospitalizations. Findings from our study can 
be used to design hospital- and systems-level interventions to 
improve outcomes in patients with lupus who have been admitted 
with infections, and may potentially reduce the associated high 
rates of health care utilization and mortality.
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Clinical Images: Wong-type dermatomyositis in an African American patient

The patient, a 57-year-old African American woman, presented to the dermatology department with a 2-year history of a pruritic rash 
initially involving the face, which had progressed to her forearms, back, ears, dorsal hands, and abdomen. Physical examination revealed 
erythematous papules overlying the metacarpal and interphalangeal joints, periungual telangiectasias, periorbital edema, and violaceous 
erythema of the upper eyelids, as well as areas of dyspigmentation (left). There were 1–2-mm skin-colored hyperkeratotic follicular papules 
on the extensor arms, upper back, and abdomen, and hyperpigmented follicular plugging on the chest (right). Biopsy of a papule on the 
forearm demonstrated superficial lymphocytic perivascular and interface dermatitis with basal vacuolar change and dyskeratosis, as well 
as increased mucin deposition. A myositis panel was positive for anti–transcription intermediary factor 1γ antibodies and antinuclear anti-
bodies (1:640; speckled pattern), with normal aldolase, creatinine kinase, and complement C3 and C4 levels. Findings of a comprehensive 
evaluation for malignancy were negative. A review of systems did not reveal muscle/joint symptoms or other pertinent findings. The patient 
was diagnosed as having Wong-type dermatomyositis (DM), a rare variant of DM characterized by hyperkeratotic follicular papules (1). The 
atypical presence of follicular papules, combined with the rarity of this disease variant, with only 29 cases having been reported to date, 
often delays diagnosis (2). Patients are frequently misdiagnosed as having pityriasis rubra pilaris or lupus erythematosus. While Wong-type 
DM has been reported in Asian patients (3), to our knowledge, no cases in patients of African American descent have been reported. In 
particular, subtle, active erythema interspersed with dyspigmentation due to resolved erythema is a notable clinical feature that should 
not be overlooked in this population. It is therefore particularly important for clinicians to be aware of this rare entity and its presentation in 
skin of color to avoid further delays in diagnosis, given that evaluation for malignancy and interstitial lung disease is recommended after 
diagnosis of DM.
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Interleukin-7/Interferon Axis Drives T Cell and Salivary 
Gland Epithelial Cell Interactions in Sjögren’s Syndrome
Elodie Rivière,1  Juliette Pascaud,2 Alexandre Virone,2 Anastasia Dupré,2 Bineta Ly,2 Audrey Paoletti,2  
Raphaèle Seror,2  Nicolas Tchitchek,2 Michael Mingueneau,3 Nikaïa Smith,4 Darragh Duffy,4 Lydie Cassard,5 
Nathalie Chaput,5 Sabrina Pengam,6 Vanessa Gauttier,6 Nicolas Poirier,6 Xavier Mariette,2 and 
Gaetane Nocturne2

Objective. Primary Sjögren’s syndrome (SS) is characterized by a lymphocytic infiltration of salivary glands (SGs) 
and the presence of an interferon (IFN) signature. SG epithelial cells (SGECs) play an active role in primary SS 
pathophysiology. We undertook this study to examine the interactions between SGECs and T cells in primary SS and 
the role of the interleukin-7 (IL-7)/IFN axis.

Methods. Primary cultured SGECs from control subjects and patients with primary SS were stimulated with 
poly(I-C), IFNα, or IFNγ. T cells were sorted from blood and stimulated with IL-7. CD25 expression was assessed by 
flow cytometry. SG explants were cultured for 4 days with anti–IL-7 receptor (IL-7R) antagonist antibody (OSE-127), 
and transcriptomic analysis was performed using the NanoString platform.

Results. Serum IL-7 level was increased in patients with primary SS compared to controls and was associated 
with B cell biomarkers. IL7R expression was decreased in T cells from patients with primary SS compared to controls. 
SGECs stimulated with poly(I-C), IFNα, or IFNγ secreted IL-7. IL-7 stimulation increased the activation of T cells, as 
well as IFNγ secretion. Transcriptomic analysis of SG explants showed a correlation between IL7 and IFN expression. 
Finally, explants cultured with anti–IL-7R antibody showed decreased IFN-stimulated gene expression.

Conclusion. These results suggest the presence of an IL-7/IFNγ amplification loop involving SGECs and T cells 
in primary SS. IL-7 was secreted by SGECs stimulated with type I or type II IFN and, in turn, activated T cells that 
secrete type II IFN. An anti–IL-7R antibody decreased the IFN signature in T cells in primary SS and could be of 
therapeutic interest.

INTRODUCTION

Primary Sjögren’s syndrome (SS) is a chronic autoimmune 
disease characterized by a lymphocytic infiltration of salivary 

glands (SGs). The major components of the SG infiltrate are T 
and B lymphocytes. SG epithelial cells (SGECs) can be a driver 
and also a passive target of disease pathophysiology. Autoreac-
tive effector T cells could play a pathogenic role in primary SS in 
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different ways, including providing help for promoting B cell hyper-
activity (1). One characteristic of primary SS is the presence of an 
interferon (IFN) gene signature in circulating leukocytes and in the 
SGs of patients with primary SS (2–5). However, the initial trigger 
responsible for this IFN signature still has not been identified, nor 
has the predominant involvement of type I or type II IFNs.

Interleukin-7 (IL-7) is a pleiotropic cytokine produced by 
nonhematopoietic cells, such as stromal and epithelial cells, that 
plays a central role in T lymphocyte homeostasis. Several obser-
vations have highlighted the potential role of the IL-7/IL-7 receptor 
α (IL-7Rα) axis in primary SS pathophysiology. Levels of IL-7 and 
IL-7Rα, also known as CD127, were found to be elevated in the 
SGs of patients with primary SS (6). Using immunohistochemistry, 
Bikker et al demonstrated an association between the presence 
of IL-7Rα–positive T cells in the SGs of patients with primary SS 
and the severity of sialadenitis and IL-7 expression (7). IL-7 activ-
ity might be modulated by the soluble form of its receptor (sIL-7R). 
Of note, Lundström et al showed a diminished consumption of IL-7 
in the presence of sIL-7Rα (8). Interestingly, Hillen et al showed an 
increased serum sIL-7R level and SG supernatant in patients with 
primary SS who had increased inflammation and decreased salivary 
output (9). Moreover, the IL-7/IL-7Rα axis has been found to be 
involved in the formation of ectopic lymphoid structures in SGs (10). 
Interestingly, Jin et al showed that exogenous IL-7 administration 
accelerated primary SS onset in a mouse model, whereas block-
ade of endogenous IL-7Rα signals prevented its development (11). 
Finally, IL-7 stimulation of T cells in vitro enhanced IL-2, IL-10, and 
IFNγ production, which may also play a role in primary SS (12,13).

Considering these findings, we aimed to study the interac-
tions between SGECs and T cells in primary SS and the impact of 
IL-7 in this process, using a fully antagonist anti–IL-7R monoclonal 
antibody (14).

PATIENTS AND METHODS

Patients. Serum levels of cytokines and chemokines were 
assessed in patients from the French multicenter 5-year pro-
spective Assessment of Systemic Signs and Evolution of SS 
(ASSESS) cohort. In total, 395 patients were included in this 
cohort. All patients fulfilled the American–European Consensus 
Group criteria for primary SS (15). Baseline characteristics of the 
patients have previously been described (16). Chemokine levels 
were also measured in 73 age- and sex-matched control sub-
jects who had symptoms of dry eyes and mouth and in whom no 
autoantibodies or lymphocytic infiltrates were detected on minor 
SG (MSG) biopsy.

MSG biopsy specimens were obtained from consecutive 
patients referred for suspected primary SS to the rheumatol-
ogy department of Bicêtre Hospital, a tertiary reference center 
for systemic autoimmune diseases. Primary SS was defined 
according to the 2016 American College of Rheumatology/Euro-
pean League Against Rheumatism (EULAR) criteria (17) or the 

American– European Consensus Group criteria for primary SS 
(15). The EULAR SS Disease Activity Index (ESSDAI) was used to 
assess primary SS activity. Controls presented sicca symptoms 
without anti-Ro/SSA and anti-La/SSB antibodies detected and 
with normal or subnormal MSG findings (i.e., focus score <1).

T lymphocytes used for in vitro experiments were sorted 
from the blood of patients with primary SS and controls. The 
experimental design of the study can be found in Supplemen-
tary Figure 1 (available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41558/ abstract).

Biologic sample assessment. Serum samples were 
obtained at enrollment. All biologic samples were immediately fro-
zen, stored (−80°C), and shipped to the Centre de Ressources 
Biologiques of Bichat Hospital, Paris, which has obtained the 
certification of the French Association for Quality Assurance 
(certification no. 2009/34457) according to the norm 96900. 
Serum markers were assessed centrally and with blinding with 
regard to any clinical or other biologic data. Rheumatoid factor 
(RF) was assessed by enzyme-linked immunosorbent assay, and 
C3 and C4 levels were assessed by nephelometry (decreased C3 
and C4 levels were defined as <0.8 gm/liter and 0.15 gm/liter, 
respectively). Beta2-microglobulin, total Ig levels, and κ and λ free 
light chains of Ig were assessed by nephelometry using a Freelite 
kit (Binding Site). Anti-Ro/SSA and anti-La/SSB antibodies were 
detected by addressable laser bead immunoassay flow cytom-
etry with a Bioplex 2200 (Bio-Rad). Detection was confirmed by 
immunodot assay Ana 3b from Euroimmun. CD4 and CD8 T cell 
counts were determined by flow cytometry. CD4+ T lymphocy-
topenia was defined by an absolute CD4 count of <300 cells/ml.

Assessment of IL-7, CXCL13, CCL19, CXCL10, and IFN 
levels. Methods used to assess levels of IL-7, CXCL13, CCL19, 
CXCL10, and IFN are described in Supplementary Methods 
(http://onlin elibr ary.wiley.com/doi/10.1002/art.41558/ abstract).

RNA sequencing (RNA-Seq) of CD4 and CD8 T cells 
sorted from SG biopsy specimens and blood, and polymer-
ase chain reaction (PCR) validation of genes that were dif-
ferentially expressed by RNA-Seq. IFNα, IFNγ, and IFNλ gene 
expression was evaluated by RNA-Seq in CD4 and CD8 T cells 
sorted form SG biopsy samples and peripheral blood mononu-
clear cells. Methods used for sample collection, cell isolation, RNA-
Seq, and PCR validation are described in Supplementary Methods 
(http://onlin elibr ary.wiley.com/doi/10.1002/art.41558/ abstract).

Assessment of CD127, inducible costimulator (ICOS), 
and programmed death 1 (PD-1) in CD4 and CD8 T cells. 
Fresh whole blood (100 µl) was incubated with fluorochrome- 
conjugated antibodies for 15 minutes at room temperature in the  
dark, followed by 20 minutes of lysis (VersaLyse; Beckman 
Coulter) and washed twice with phosphate buffered saline for 
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surface staining. For Ki-67 and FoxP3 staining, cells were fixed 
and permeabilized after cell surface staining using a PerFix-nc 
kit, according to the instructions of the manufacturer (Beckman 
Coulter). Stained cells were acquired using a Gallios flow cytom-
eter (Beckman Coulter). Data were analyzed with Kaluza software 
(Beckman Coulter). The antibodies used in the experiments are 
described in Supplementary Table 1 (http://onlin elibr ary.wiley.
com/doi/10.1002/art.41558/ abstract). The gating strategy is 
described in Supplementary Figure 2 (http://onlinelibrary.wiley.
com/doi/10.1002/art.41558/ abstract).

Isolation of T lymphocytes and IL-7 stimulation. 
Peripheral blood mononuclear cells were isolated from residual 
apheresis blood from patients with primary SS and healthy controls 
(French blood donors) by Ficoll gradient separation. T lymphocytes 
were isolated by magnetic bead negative selection according to 
the manufacturer’s instructions (Pan T cells negative isolation kit; 
Miltenyi Biotec) in order to achieve a purity of >70% as assessed by 
fluorescence-activated cell sorting (FACS) analysis (percentage of 
CD3+ cells in live cells). T cells were seeded at 1 million/ml in RPMI 
1640 supplemented with 10% heat-inactivated fetal bovine serum 
(FBS) and penicillin/streptomycin (1×) and stimulated with IL-7 0.1 
ng/ml or 2 ng/ml (PeproTech). T cells were harvested on day 1 or 
3 for flow cytometry. Stimulated T lymphocytes were stained with 
CD3, CD4, CD8, CD127, CD25, or Fixable Viability Dye eFluor 780. 
The antibodies used in these experiments are listed in Supplemen-
tary Table 1 (http://onlin elibr ary.wiley.com/doi/10.1002/art.41558/ 
abstract). Samples were analyzed using a BD FACS Canto Flow 
Cytometer and BD FACS Diva Software (BD Biosciences). Results 
were analyzed with FlowJo software, version 10.

Primary cultures of SGECs and stimulation. Primary 
cultures of SGECs were established from MSGs as previously 
described (18). After 2–3 weeks of culture, cells at 70–80% con-
fluence were dissociated with 0.125% trypsin–EDTA. Cell sus-
pension was suspended in basal epithelial medium and added 
at 80,000 cells/cm2 to a 6-well type I collagen plate (Institut de 
Biotechnologies) coated and incubated at 37°C and with 5% 
CO2 in a humidified atmosphere. The basal epithelial medium 
was changed on day 1 to remove nonadherent epithelial cells. 
The epithelial origin of cultured cells was confirmed by staining 
with monoclonal antibodies against CD326 (Miltenyi Biotec), an 
epithelium-specific marker. The following stimuli were added 
to the medium: poly (I-C) 30 µg/ml (Invivogen), IFNα 600 IU/ml 
(Roferon-A; Roche), IFNγ 5 ng/ml (Sigma-Aldrich), or IFNλ (IL-28) 
25 ng/ml (PeproTech). Supernatants and SGECs were harvested 
after 72 hours and frozen (−80°C).

Quantitative PCR. Total RNA from SGECs that had been 
left unstimulated or stimulated for 24 hours was extracted using 
an RNeasy Mini kit, according to the specifications of the manu-
facturer (Qiagen). Contaminating DNA was removed using an 

RNase-free DNase set, according to instructions of the manufac-
turer (Qiagen). One microgram of RNA was used to produce com-
plementary DNA with a First-Strand Synthesis Kit (Sigma-Aldrich). 
The quantification of messenger RNA (mRNA) expression was 
determined by real-time PCR according to the instructions of 
the manufacturer (TaqMan; Life Technologies) using a TaqMan 
Gene Expression Master Mix (Life Technologies) and CFX96 (Bio-
Rad). The level of IL7 was normalized to that of the endogenous 
GAPDH. Calculation of mRNA expression levels was performed 
using the comparative Ct (ΔΔCt) method. Data analyses were per-
formed using CFX Manager software (Bio-Rad).

Culture of SG explants. Each MSG was cut into 2 parts 
and cultured for 4 days in 200 µl RPMI 1640 supplemented with 
10% heat-inactivated FBS and penicillin/streptomycin (1×), with 
OSE-127 humanized anti-human CD127 monoclonal antibody 
(anti–IL-7R) (OSE Immunotherapeutics) (14) or control isotype 
(Ultra-LEAF Purified Human IgG4 Isotype Control Recombi-
nant; BioLegend). After 4 days, supernatant was separated 
from the explants. Supernatant was centrifugated in order to 
isolate cells that escaped from the explant (pellet cells) and 
the explant itself (explant cells). Pellet cells and explant cells 
were collected in the RLT buffer from an RNeasy Mini kit sup-
plemented with β-mercaptoethanol at 1% and frozen (−80°C) 
before RNA extraction.

NanoString gene expression. RNA from SG biopsy sam-
ples (cells or explants) was extracted using the FastPrep system. 
Gene expression was quantified using the NanoString nCounter 
platform with 15–50 ng total RNA, according to the type of sam-
ple, in the nCounter Human Immunology Panel_V2 (NanoString 
Technologies). The code set was hybridized with RNA overnight 
at 65°C. RNA transcripts were immobilized and counted using the 
NanoString nCounter Sprint. Normalized expression data were 
analyzed with nSolver software. The statistical analysis of data did 
not involve multiple hypothesis testing.

Statistical analysis of serum IL-7 level and correla-
tions. Categorical variables are reported as the number (per-
centage) and were compared using the chi-square test or, when 
appropriate, Fisher’s exact test. Quantitative variables are reported 
as the median (interquartile range [IQR]) or the mean ± SD and 
were compared using the Mann-Whitney test. For correlation 
analyses between 2 quantitative variables, Spearman’s correlation 
coefficients were calculated. In univariate analyses, the correla-
tion/association between disease activity, serum chemokine lev-
els, serum B cell biomarkers, and serum IL-7 level was assessed 
using Spearman’s correlation coefficient (for continuous data) and 
Mann-Whitney U test (for categorical data). Variables with P values 
<0.05 in univariate analysis or with R values ≥0.20 were entered 
into a multivariate model to identify the factors independently 
associated with serum IL-7 level. Variables were selected using 

http://onlinelibrary.wiley.com/doi/10.1002/art.41558/abstract
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backward selection. Statistical analyses were performed using 
SAS 9.3 statistical software.

Statistical analysis of RNA-Seq profiles of sorted 
cells. Reads were first quality control–filtered and trimmed by 
Trimmomatic (19). Paired reads were aligned to the Ensembl 
human reference genome (version 38.79) (20) using STAR soft-
ware (version 2.5.0c) (21). Statistical analyses involved the 
DESeq2 package (22). A cutoff P value of less than 0.05 was 
used to define differentially expressed genes. The Interferome 
version 2.01 database (23) was used to identify and character-
ize IFN-induced genes. Functional enrichment analysis of differ-
entially expressed genes was performed for genes with absolute 

fold change value of ≥1.5 using ingenuity pathway analysis soft-
ware (Qiagen). Statistical analyses of data did not use multiple 
hypothesis testing.

Study approval. This study was approved by the local 
ethics committee, and informed consent was obtained from all 
patients and controls.

RESULTS

Patient characteristics. The characteristics of patients 
included in the ASSESS cohort for serum cytokine evaluation have 
previously been described (16). The characteristics of patients 

Figure 1. Serum interluekin-7 (IL-7) levels in patients with primary Sjögren’s syndrome (pSS) and controls. A, Assessment of serum IL-7 level 
in 372 patients with primary SS (Assessment of Systemic Signs and Evolution of SS cohort) and 73 controls, by enzyme-linked immunosorbent 
assay. Each symbol represents an individual subject; bars show the median and interquartile range. **** = P < 0.0001 by Mann-Whitney test. 
B, Correlation between serum IL-7 level and B cell activation markers, interferon (IFN)–induced chemokines, and disease activity markers in 
patients with primary SS. C, Association between clinicobiologic parameters and serum IL-7 level, by univariate and multivariate analysis, in 
patients with primary SS. MIP-3β = macrophage inflammatory protein 3β; IP-10 = IFNγ-inducible 10-kd protein; RF = rheumatoid factor.

A B C 

Table 1. Characteristics of the patients with primary Sjögren’s syndrome*

Experimental condition

CD127 and PD-1 
assessment of 

T cells  
(n = 15)

RNA-Seq 
of biopsy 

specimen–
sorted cells 

(n = 9)

RNA-Seq of 
blood-sorted 

cells 
(n = 16)

T cells 
stimulated with 

IL-7 
(n = 12)

Primary 
cultured SGECs 
for IL-7 dosage  

(n = 5)

SG explants for 
NanoString 

(n = 9)
Age, median 

(range) years
59 (40–59) 51 (47–71) 55 (47–68) 65 (38–88) 50 (40–64) 41 (38–52)

Female sex 13 (86) 8 (89) 15 (94) 12 (100) 4 (80) 9 (100)
Focus score ≥1 4 (100)† 4 (44) 3 (50)‡ NA 4 (80) 5 (55)
SSA antibodies 10 (71) 7 (78) 13 (81) 9 (75) 4 (80) 8 (88)
ESSDAI, median 

(range)
5 (2–8) 2 (0–4.5) 1 (0–2.75) 3 (0–15) 3 (2–12) 2 (1–4)

* Except where indicated otherwise, values are the number (%) of patients. PD-1 = programmed death 1; IL-7 = interleukin-7; SGECs = salivary 
gland epithelial cells; NA = not applicable; ESSDAI = European League Against Rheumatism Sjögren’s Syndrome Disease Activity Index. 
† Data were available for 4 patients. 
‡ Data were available for 6 patients. 
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and controls included in the present study are described in 
Table 1, and the experimental design is described in Supplementary 
Figure 1 (http://onlin elibr ary.wiley.com/doi/10.1002/art.41558/  
 abstract).

Increased serum IL-7 level and decreased IL-7R 
expression on CD4 and CD8 T cells in primary SS. 
Patients with primary SS showed higher serum IL-7 levels than 
controls (median 5.47 ng/ml [IQR 3.33–9.08] versus median 
3.03 ng/ml [IQR 1.90–5.76]; P < 0.0001) (Figure 1A). Serum 
IL-7 levels were positively correlated with B cell activa-
tion markers, IFN-induced chemokines, and disease activ-
ity markers (Figure 1B). A univariate analysis of clinicobiologic 
parameters associated with serum IL-7 levels identified an 
association with anti-SSA and anti-SSB antibodies, RF pos-
itivity, lymphopenia, low C4 levels, and past or current lym-
phoma (Figure 1C). In the multivariate analysis, serum IL-7 
level was found to be associated with anti-SSA antibody pos-
itivity, serum level of CXCL13, RF positivity, high κ light chain, 
and low C4 level (Figure 1C).

Consistent with this increase in serum IL-7 level, we 
observed a decrease in IL-7R (CD127) expression on CD4 
and CD8 T cells from patients with primary SS compared to 
controls (P < 0.05 and P < 0.01, respectively) (Figure 2A), a 
finding that potentially demonstrates IL-7R internalization after 
IL-7 binding (24). Of note, IL-7R expression was decreased 
on CD4 and CD8 T cells from patients with primary SS and 
controls that were cultured after IL-7 stimulation (Supple-
mentary Figure 3, http://onlin elibr ary.wiley.com/doi/10.1002/
art.41558/ abstract). IL-7R mean fluorescence intensity on 
CD4 and CD8 T cells did not differ between patients with pri-
mary SS and controls (data not shown), nor did IL7R gene 
expression differ between the 2 groups at the transcriptomic 
level (Supplementary Figure 4, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41558/ abstract).

The comparison of PD-1 expression on CD8 and CD4 
T cells between CD127+ and CD127− T cells showed 
increased expression of PD-1 on CD127− CD8 and CD127− 
CD4 T cells from patients with primary SS (P < 0.05 and 
P < 0.0001, respectively) (Figure 2B). Additionally, ICOS 
expression was increased on CD127− CD4 T cells com-
pared to CD127+ CD4 T cells from patients with primary SS 
(P < 0.001) (Figure 2C).

SGECs as a source of IL-7. We previously showed that 
SGECs sorted from primary SS and control SGs expressed 
IL7 RNA and that this expression was higher in SGECs from 
patients with primary SS than from controls (25). Given this 
finding, we hypothesized that SGECs could be a source of 
IL-7 in primary SS. Primary cultured SGECs from patients with 
primary SS and controls stimulated with poly(I-C), IFNα, IFNγ, 
and IFNλ secreted IL-7 (Figure 3A). IL7 mRNA expression 

was confirmed by quantitative reverse transcriptase–PCR 
(Figure 3C). The protein levels of IL-7 after stimulation with 
IFNα, IFNλ, and poly(I-C) were higher in SGECs from patients 
with primary SS compared to controls (Figures 3B). 

Relationship between IL-7 and type I and type II IFNs 
in blood and SGs. Stimulation with IL-7 (2 ng/ml) of blood T 
cells increased CD25 expression in CD4 and CD8 T lymphocytes, 
compared to the unstimulated condition in both CD4 and CD8 
T cells from patients with primary SS and controls (Supplemen-
tary Figures 5A and B, http://onlin elibr ary.wiley.com/doi/10.1002/
art.41558/ abstract). Moreover, CD25 expression was higher in 
CD4 T cells from patients with primary SS on day 1 and higher 
in CD8 T cells on day 3 after stimulation with IL-7 (0.1 ng/ml), 
compared to controls (P = 0.03; Supplementary Figures 5C and 

Figure 2. Percentage of CD127+ CD4 and CD8 T cells is 
decreased in patients with primary SS compared to controls, and 
levels of programmed death 1 (PD-1) and inducible costimulator 
(ICOS) are higher in CD127− CD4 T cells than in CD127+ CD4 T 
cells. Expression of CD127 (IL-7 receptor) in CD4 and CD8 T cells 
sorted from blood from patients with primary SS (n = 15) and controls 
(n = 12) (A), expression of PD-1 in CD127+ and CD127− CD4 and 
CD8 T cells in patients with primary SS (n = 15) (B), and expression 
of ICOS in CD127+ and CD127− CD4 and CD8 T cells in patients 
with primary SS (n = 15) (C) are shown. Each symbol represents 
an individual subject; bars show the mean ± SD. * = P < 0.05; ** 
= P < 0.01; *** = P < 0.001; **** = P < 0.0001, by Mann-Whitney 
test for unpaired data and Wilcoxon’s test for paired data. NS = not 
significant (see Figure 1 for other definitions).

http://onlinelibrary.wiley.com/doi/10.1002/art.41558/abstract
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D, http://onlin elibr ary.wiley.com/doi/10.1002/art.41558/ abstract). 
IFNγ was detected in supernatants from T cells stimulated with 
IL-7 (2 ng/ml). There was a significant increase in IFNγ secretion 
by IL-7–stimulated T cells from patients with primary SS, but 
not from controls (Figure 4A). As expected, IL-7 did not stimu-
late IFNα production in T cells (Figure 4B). Of note, in the whole 
SG tissue, IL-7 expression was correlated with IFN expression; 
NanoString transcriptomic analysis of SG explants from patients 
with primary SS showed a positive correlation between IL7 mRNA 
expression and IFNα1, FNα2, IFNβ, and IFNγ gene expression 
(R2 = 0.4, 0.5, 0.6, and 0.5, respectively) (Figure 4C).

Up-regulation of IFN signaling pathway and IFNG 
expression in primary SS T cells. The comparison of gene 
expression in sorted CD4 T cells from the blood of patients with 
primary SS and controls showed 474 differentially expressed 
genes: 312 up-regulated and 162 down-regulated. Functional 
enrichment pathway analysis highlighted an overrepresentation 
of the eukaryotic initiation factor 2 (eIF2) and the IFN signaling 
pathways, as well as Th1 and Th2 pathways (Supplementary  
Table 2, http://onlin elibr ary.wiley.com/doi/10.1002/art.41558/ abstract).  
IFN-induced genes such as IFI27, IFIT1, and IFI44L were among 
the most significantly up-regulated genes in patients with primary 
SS compared to controls (log2 fold change = 3.295, 3.029, and 
2.552, respectively). Among the 312 up-regulated genes in blood  

CD4 T cells from patients with primary SS, 198 were IFN- 
regulated genes (type I = 25, type II = 46, types I and II = 105, and 
types I, II, and III = 22). Of note, an up-regulation of PDCD1 gene 
expression (log2 fold change = 2.667) was observed in patients 
with primary SS versus controls.

When comparing gene expression in sorted CD8 T cells 
from the blood of patients with primary SS and controls, 532 
differentially expressed genes were detected: 325 up-regulated 
and 207 down-regulated. As in CD4 T cells, functional enrich-
ment pathway analysis highlighted an overrepresentation of eIF2  
signaling and IFN signaling pathways in CD8 T cells (Supple-
mentary Table 2, http://onlin elibr ary.wiley.com/doi/10.1002/art. 
41558/ abstract). IFN-induced genes such as IFI44L, IFI44, 
OAS1, IFIT3, and MX1 were up-regulated in patients with pri-
mary SS compared to controls (log2 fold change = 4.073, 1.944, 
1.735, 1.7, and 1.542, respectively). Among the 325 up-regulated  
genes in blood CD8 T cells from patients with primary SS, 42 
were IFN-regulated genes (type I = 1, types I and II = 20, and 
types I, II, and III = 21).

CD8 T cells sorted from SGs and blood expressed IFNG 
and IFNL (Supplementary Figure 6, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41558/ abstract). Interestingly, IFNG expression 
was up-regulated in blood CD8 T cells from patients with primary 
SS compared to controls (log2 fold change = 1.809) (Supplemen-
tary Figure 6). IFNG expression was also detected in CD4 T cells 

Figure 3. Secretion of IL-7 by salivary gland epithelial cells (SGECs) and IL7 expression. A and B, Assessment, by enzyme-linked immunosorbent 
assay (ELISA), of IL-7 secretion by SGECs, under different stimulation conditions (no stimulation [no stim], poly[I-C] 30 μg/ml, IFNα 5 ng/ml, 
IFNγ 600 IU/ml, or IFNλ 25 ng/ml) after 3 days, in patients with primary SS and controls combined (A) and separately (B). C and D, Quantitative 
polymerase chain reaction analysis of mRNA levels of IL7 in SGECs under different conditions of stimulation relative to unstimulated conditions, 
in patients with primary SS and controls combined (C) and separately (D). In C, the broken line shows the lower detection threshold of the 
IL-7 ELISA kit. Each symbol represents an individual subject; bars show the mean ± SD. * = P < 0.05; ** = P < 0.01; **** = P < 0.0001,  
by Mann-Whitney test for unpaired data and Wilcoxon’s test for paired data. NS = not significant (see Figure 1 for other definitions).
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from biopsy samples and blood. As expected, type I IFN expres-
sion (IFNA1, IFNA2, IFNA17, and IFNB) was not detected in CD4 
and CD8 T cells from biopsy samples and blood (data not shown).

In sorted CD4 T cells from biopsy specimens from patients 
with primary SS and controls, 539 differentially expressed genes 
were detected: 305 up-regulated and 234 down-regulated. 
Enrichment analysis identified only 3 overrepresented pathways: 
14-3-3–mediated signaling, insulin-like growth factor 1 signaling, 
and natural killer cell signaling (Supplementary Table 2, http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41558/ abstract).

In sorted CD8 T cells from biopsy specimens from patients with 
primary SS and controls, 373 differentially expressed genes were 
detected: 207 up-regulated and 166 down-regulated. Enrichment 
analysis did not identify significant pathways (Supplementary Table 2, 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41558/ abstract).

Four patients with primary SS had data available at the same time 
for T cells sorted from biopsy samples and blood. IFNG expression 
was up-regulated in CD4 and CD8 T cells (log2 fold change = 3.36 
[P = 0.02] and log2 fold change = 3.64 [P = 0.02], respectively). 
IFNL1 was up-regulated in CD4 T cells sorted from biopsy samples 
versus from blood (log2 fold change = 6.51 [P = 0.011]).

Decreased IFN signature in SGs due to IL-7R inhi-
bition. We analyzed the transcriptomic modifications induced 
by adding an anti–IL-7R antibody (OSE-127) to the culture of 
MSG explants from patients with primary SS. The pellet cells 
corresponded to the cells that escaped from the explant during 
the culture, and explant cells corresponded to the explant itself 
(Figure 5A). Analysis of the mRNA signature revealed that inhibi-
tion of IL-7 signaling by OSE-127 decreased the IFN gene signa-
ture as assessed by decreased expression of IFITM1 and MX1, 
both in explant and pellet cells (Figure 5B). Looking at the different 
IFN subtypes, we observed that OSE-127 decreased the expres-
sion of IFNG specifically in pellet cells (Figure 5C).

DISCUSSION

In this study, we found that IL-7 levels were increased in 
patients with primary SS, compared to controls, with higher IL-7 
levels in serum from patients and decreased IL-7R expression 
level in circulating T cells. Also, serum IL-7 level was associated 
with B cell biomarkers and IFN-related biomarkers in primary SS, 
such as anti-SSA antibody and CXCL13. In addition, SGECs were 
producers of IL-7 upon type I and type II IFN activation, and T 
cells stimulated with IL-7 secreted IFNγ. T cells from patients with 
primary SS were more prone to secrete IFNγ after IL-7 stimula-
tion than T cells from controls. Finally, blocking the IL-7 pathway 
with an anti–IL-7R monoclonal antibody was associated with a 
decrease in IFN-related gene expression in SG explants. Given 
these findings, we hypothesized that there exists an IFN/IL-7 axis 
in primary SS. SGECs stimulated with both types of IFN might 
produce IL-7, which activates T lymphocytes able to secrete IFNγ 
(Figure 5D). This vicious circle could be potentially inhibited by an 
anti–IL-7R antibody.

IL-7 is a key cytokine involved in T lymphocyte homeostasis. 
The presence of lymphopenia, affecting mainly T cells, is one of 
the hallmarks of some systemic autoimmune diseases, such as 
systemic lupus and primary SS. In primary SS, lymphopenia is 
included in the biologic criteria used to assess activity in the ESS-
DAI score, and the presence of lymphopenia is associated with 
risk of lymphoma (26). Circulating levels of IL-7 are increased in 
response to lymphopenia. An interesting question in primary SS 
is whether the increased IL-7 level is a reaction to lymphopenia or 
whether lymphopoiesis is nonresponsive to IL-7 stimulation.

IL-7 is produced by stromal cells but also by epithelial cells, 
such as small intestinal epithelial cells (27) or enterocytes (28). We 
demonstrated that SGECs could produce IL-7 after stimulation 
with all types of IFNs or a Toll-like receptor 3 agonist. The IFN/IL-7 
pathway that we describe could be involved in the organization 

Figure 4. Association between IL-7 and IFN in blood and salivary glands (SGs). A and B, Detection of IFNγ protein (A) and IFNα protein (B) in 
supernatants from T cells stimulated with IL-7 (0.1 ng/ml and 2 ng/ml) for 3 days or left unstimulated (no stim), sorted from blood from patients 
with primary SS and controls. Each symbol represents an individual subject; bars show the mean ± SD. ** = P < 0.01 by Wilcoxon’s test. C, 
Correlation between IL7 gene expression and IFNA1, IFNA2, IFNB, and IFNG expression in SG explant cells from patients with primary SS (n = 9).  
Spearman’s correlation coefficient was used. See Figure 1 for other definitions.
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of ectopic lymphoid structures found in primary SS SGs. Seo et 
al demonstrated that IL-7 plays a pivotal role in follicular helper 
T (Tfh) cell generation and germinal center formation in vivo, 
because treatment with an anti–IL-7 neutralizing antibody mark-
edly impaired the development of Tfh cells and IgG responses 
(29). Interestingly, we found more CD127− T cells in patients with 
primary SS than in controls, probably because of the internali-
zation of CD127, or IL-7R, after IL-7 binding (24). Moreover, we 
showed that CD127− CD4 and CD8 T cells from patients with 
primary SS showed increased expression of PD-1, and expres-
sion of ICOS was higher in CD127− CD4 T cells from patients 
with primary SS than in CD127+ T cells. These findings suggest 
that IL-7 could be involved in CD4 T cell differentiation to Tfh cells, 
which are positive for PD-1 and ICOS.

Tfh cells are specialized providers of T cell help to B cells and 
are essential for germinal center formation, affinity maturation, and 
the development of high-affinity antibodies and memory B cells. 
The link between high IL-7 level and increased B cell biomarkers 
is intriguing. Since we did not find any expression of IL-7R mRNA 
on RNA-Seq of blood or SG B cells (Supplementary Figure 4A,  
http://onlin elibr ary.wiley.com/doi/10.1002/art.41558/ abstract), 
this interaction is indirect. IL-7 plays a pivotal role in Tfh cell gen-
eration and germinal center formation in vivo (29), which might 
explain the correlation between serum IL-7 level and B cell bio-
markers. Alternatively, since IL-7 levels are increased in patients 

with active primary SS, and type I IFN and BAFF levels are also 
increased in the same subgroup of patients, the correlation 
between IL-7 and B cell biomarkers may reflect a parallel aug-
mentation in patients with the most active disease. Conversely, 
the impact of IL-7 stimulation on CD8 T cells might drive IFNγ 
production. The differences between CD4 and CD8 T cell involve-
ment require better characterization. Of note, RNA-Seq analysis 
showed higher IFNG expression in CD8 but not in CD4 T cells 
from patients with primary SS versus controls. Moreover, in 4 
patients with both blood and biopsy samples available, the mRNA 
expression of IFNG and IFNL1 was up-regulated in T cells sorted 
from biopsy specimens but not blood. These findings support the 
role of the SG tissue microenvironment, especially the interactions 
between T cells and SGECs.

One limitation of this study is that we hypothesized that the 
action of IL-7 was mainly due to its effect on T cells resulting in IFNγ 
secretion. However, IL-7 contributes to arthritis in recombination-ac-
tivating gene–deficient mice, which lack T cells and B cells. Thus, 
cells other than T and B cells might express IL-7R and be sensitive 
to IL-7 signaling. For example, the presence of IL-7R+ macrophages 
was associated with joint inflammation and IL-7 enhanced inflam-
mation and osteoclastogenesis, independently of T cells and B cells 
in that mouse model (30). Moreover, innate lymphoid cells (ILCs) 
express IL-7R and are also involved in IL-7–mediated inflammation 
(31). Notably, group 3 ILCs play a role in IL-7–mediated lymphoid 

Figure 5. A, Schematic representation of the protocol used for NanoString experiments. B, Volcano plot representation of differentially 
expressed genes after treatment with anti–IL-7 receptor (anti–IL-7R) monoclonal antibody (OSE-127) compared to control isotype in explant 
and pellet cells. C, Effect of anti–IL-7R monoclonal antibody (OSE-127) on IFN mRNA expression in pellet cells and in explant cells compared 
to control (ctrl) isotype. * = P < 0.05. D, Simplified schematic representation of the relationship between salivary gland epithelial cells (SGECs) 
and T cells via the IL-7/IFN axis. No stim = not stimulated; NS = not significant (see Figure 1 for other definitions).
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structure formation. In addition to ILCs, some tissue-resident cells 
with innate-like properties, such as IL-7R+ mucosal–associated 
invariant T cells and IL-7R+CCR9+ T cells could contribute to IFNγ 
secretion. Interestingly, these cells have been found to be increased 
in target tissues in several autoimmune diseases, notably in the SGs 
of patients with primary SS (32).

Finally, inhibiting this IL-7 stimulation showed interesting 
results in terms of IFN expression. Confirmation of the transcrip-
tomic results at the protein level would have been interesting, but 
IFN dosages in supernatants of explants containing a few cells 
were not contributive, even when using sensitive techniques such 
as Simoa. It was recently demonstrated that the administration of 
a blocking antibody against the IL-7Rα chain to female NOD mice 
ameliorated primary SS characteristics, including hyposalivation 
and leukocyte infiltration of submandibular glands. Moreover, the 
authors observed a decrease in IFNγ-producing CD4 and CD8 
T cells in the submandibular glands (33). The use of OSE-127, 
an anti–IL-7Rα monoclonal antibody, showed interesting results 
in nonhuman primates for controlling skin inflammation despite 
repeated antigen challenges (34). Additionally, IFNγ level was sig-
nificantly decreased in humanized mouse models of colitis and 
ex vivo colon explant cultures from ulcerative colitis (35). Of note, 
no modification in T cell numbers, phenotype, function, or metab-
olism was observed in peripheral blood in that study.

In conclusion, IL-7 secreted by SGECs under the influence of 
both types of IFN may activate T cells, which in turn secrete IFNγ, 
thus amplifying this vicious circle. Based on these findings and 
those already described in the “Sjögren-like” NOD mouse model, 
targeting the IL-7 pathway in primary SS could represent an inter-
esting therapeutic option.
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Sustained Remission of Granulomatosis With 
Polyangiitis After Discontinuation of Glucocorticoids and 
Immunosuppressant Therapy: Data From the French 
Vasculitis Study Group Registry
Xavier Puéchal,1  Michele Iudici,1  Christian Pagnoux,1 Alexandre Karras,2 Pascal Cohen,1 François Maurier,3

Thomas Quéméneur,4 François Lifermann,5 Mohamed Hamidou,6 Luc Mouthon,1 Benjamin Terrier,1  and 
Loïc Guillevin,1 for the French Vasculitis Study Group

Objective. Data on sustained remission of granulomatosis with polyangiitis (GPA) after discontinuation of therapy 
(referred to as GPA with sustained remission off-therapy [SROT]) are scarce.  In the present study, SROT among 
GPA patients from the French Vasculitis Study Group Registry was evaluated to identify factors associated with its 
occurrence and durability.

Methods. For inclusion of patients in the study, the diagnosis of GPA had to meet the GPA classification criteria 
defined by the American College of Rheumatology and/or the revised Chapel Hill Consensus Conference nomenclature 
for vasculitis. SROT was defined as achievement of remission (a Birmingham Vasculitis Activity Score of 0) that 
was sustained for ≥6 consecutive months after having discontinued glucocorticoid (GC) and immunosuppressant 
treatments. The characteristics of the patients at baseline and treatments received were compared at 3, 5, and 10 
years postdiagnosis according to whether or not SROT had been reached and maintained.

Results. Among 795 patients with GPA, 92 GPA patients with SROT at 3 years postdiagnosis were compared to 
342 control subjects who had experienced disease relapse and/or were still receiving GCs or immunosuppressants. 
No baseline differences were found, but patients with SROT at 3 years postdiagnosis had more frequently received 
intravenous cyclophosphamide as induction therapy compared to control subjects (P = 0.01), with a higher median 
number of infusions (P = 0.05). At 5 years postdiagnosis, no baseline differences were observed between groups, but 
patients with SROT at 5 years postdiagnosis had received more cyclophosphamide infusions compared to control 
subjects (P = 0.03). More patients with SROT had received rituximab as maintenance therapy than control subjects 
at 3 years and 5 years postdiagnosis (P = 0.09 and P < 0.001, respectively). Of the 74 patients enrolled in the GPA 
Registry with 10-year follow-up data after having received conventional maintenance therapy, 15 (20%) had reached 
SROT at 3 years, and 5 (7%) maintained SROT at 10 years postdiagnosis.

Conclusion. After conventional therapies, 7% of GPA patients had reached SROT at 10 years postdiagnosis. No 
baseline vasculitis characteristics distinguished patients who achieved/maintained SROT from those who experienced 
disease relapse and/or those who continued to receive GCs or immunosuppressant therapy, but patients with SROT 
had received more intensive induction therapy and rituximab as maintenance therapy more frequently.

INTRODUCTION

Granulomatosis with polyangiitis (GPA) is characterized by 
necrotizing granulomatous inflammation commonly involving the 

upper and lower respiratory tract, necrotizing vasculitis predom-
inantly affecting small-to-medium–sized vessels, and frequent 
anti–proteinase 3 (anti-PR3) antineutrophil cytoplasmic antibodies 
(ANCAs) (1). The current standard of care is based on a 2-staged 
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therapeutic approach, with the use of glucocorticoids (GCs) com-
bined with cyclophosphamide (CYC) or rituximab (RTX) to induce 
remission, followed by a remission-maintenance therapy to pre-
vent relapses of disease (2). However, despite these regimens, the 
risk for GPA relapse has remained substantial, leading to cumula-
tive organ damage (3–6).

One-quarter of GPA patients experience relapse of disease 
within 2 years of diagnosis, and over half of these patients experi-
ence a relapse of GPA within 5 years (3). Because most relapses 
occur after stopping treatment (6–8), prolonged treatment with 
immunosuppressants and GCs is typically administered to patients. 
Therefore, clinical outcomes are assessed in trials and most obser-
vational cohorts while maintenance therapy is ongoing.

Long-term prognosis in GPA is now a central issue to con-
sider when discussing treatment strategies with patients (9). 
Patients continue to be burdened with complications from uncon-
trolled disease and collateral GC- and immunosuppressant-  
associated adverse events. Moreover, in clinical practice, after 
stopping prolonged treatment, patients with GPA often wonder 
whether or not they are “cured”. No simple answer exists, as 
late relapses have been described (7), and data on discontinua-
tion of therapy after achievement of sustained remission of GPA 
(referred to as GPA with sustained remission off-therapy [SROT]) 
are limited. SROT is a new concept, mainly emerging as RTX use 
became widespread, and is only reported in a few GPA studies 
(8,10). GPA and microscopic polyangiitis (MPA) have often been 
studied together (4,6,11–13), with less frequent relapses of MPA 
reported (8), but specific GPA outcomes have not been reported 
(4,11–13). Furthermore, it remains unknown whether achievement 
of SROT in patients with GPA might be affected by specific char-
acteristics of the vasculitic disease and/or the patient’s treatment 
regimen. This study aimed to analyze SROT in GPA patients and 
identify factors associated with its achievement and durability dur-
ing follow-up.

PATIENTS AND METHODS

Study participants. This retrospective, multicenter anal-
ysis included patients with newly diagnosed GPA enrolled in the 
French Vasculitis Study Group (FVSG) Registry from 1983 to 
2018 (see Appendix A for a list of the FVSG investigators). This 

database includes information from vasculitis patients referred to 
FVSG members, specifically patients who were participants in tri-
als conducted within our French network and for whom follow-up 
data were available. For study inclusion, diagnoses of GPA had 
to meet the 1990 American College of Rheumatology classifica-
tion criteria and/or revised Chapel Hill Consensus Nomenclature 
(1,14). This study was conducted in accordance with the Decla-
ration of Helsinki and approved by the Cochin University Hospital 
Ethics Committee (no. AAA-2019-08018).

Definition of remission. In accordance with the European 
League Against Rheumatism recommendations for conducting 
clinical studies and/or clinical trials in systemic vasculitis (15), the 
following definitions were applied in the present study: for remis-
sion, the absence of signs of “new/worsening” disease activity, 
which was defined as having a score of 0 on version 3 of the Bir-
mingham Vasculitis Activity Score (BVAS) (16), and for relapse, the 
recurrence or new appearance of disease activity attributable to 
active vasculitis.

SROT was defined as achievement of sustained remission 
(BVAS of 0) for ≥6 months (i.e., 2 consecutive visits) after having 
stopped treatment with GCs and immunosuppressants. Only the 
first SROT recorded postdiagnosis was considered, with the off- 
therapy time period ending at the time of reinitiation of GC or immu-
nosuppressant treatment. SROT and its duration were extracted 
from the database. SROT at 3 years postdiagnosis was defined as 
achievement of SROT after 3 years of follow-up since the diagnosis 
of GPA (mean ± SD 36 ± 6 months postdiagnosis, according to the 
available visit date closest to 3 years). SROT at 5 years postdiagno-
sis was defined as achievement of SROT at 3 years along with an 
additional 2 years of follow-up without relapse of disease. Control 
subjects were GPA patients enrolled in the FVSG Registry with avail-
able data at 3 or 5 years postdiagnosis who had not reached SROT 
(i.e., a relapse of disease and/or GC and/or immunosuppressant use 
had been recorded at 3 or 5 years postdiagnosis).

Demographic, clinical, and biologic information was col-
lected on electronic case report forms at diagnosis (baseline) and 
at each follow-up visit. Organ involvement was assessed sepa-
rately for granulomatous components (sinusitis, orbital masses, 
subglottic or bronchus stenosis, pulmonary masses, and pachy-
meningitis) (17) or vasculitic components (alveolar hemorrhage, 
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glomerulonephritis, and peripheral neuropathy). Patients were 
then categorized as having pure granulomatous disease charac-
teristics, pure vasculitic disease characteristics, or mixed disease 
characteristics.

Assessment of baseline characteristics and thera-
peutic regimens in the study population. Baseline char-
acteristics of the patients were analyzed to evaluate possible 
associations with the occurrence and sustainability of SROT, with 
particular attention to granulomatosis or vasculitic manifesta-
tions, renal involvement, ANCA type, and therapeutic regimens. 
We first identified and described all of the first SROT episodes 
in GPA patients from the FVSG Registry. We then evaluated only 
GPA patients enrolled in the FVSG Registry who had follow-up 
data of ≥3 years and compared the baseline characteristics and 
therapeutic regimens of patients with SROT versus control sub-
jects at 3 years and 5 years postdiagnosis, as well as the baseline 
characteristics and therapeutic regimens of patients with SROT 
at 5 years postdiagnosis versus patients with SROT at 3 years 

postdiagnosis who experienced a relapse of disease between 
3 and 5 years postdiagnosis. Finally, we analyzed relapse-free– 
survival rate in patients with SROT at 3 years who had ≥7 years of 
additional follow-up and the factors associated with it.

Statistical analysis. Quantitative variables are reported as 
the median (interquartile range [IQR]) and qualitative variables as 
the number (percentage). For patients with GPA who had reached 
SROT, Kaplan-Meier curves illustrated the estimated probability 
of not experiencing a relapse of disease. Statistical analyses were 
computed with SAS version 9.4 (SAS Institute Inc) and R software 
version 3.2.2 (R Core Team). P values less than 0.05 were con-
sidered significant.

RESULTS

Overall description of patients from the FVSG Regis-
try with GPA in SROT. The FVSG Registry database included 
795 patients who were diagnosed as having new-onset GPA 

Table 1. Clinical and biologic characteristics at baseline of patients who reached SROT at 3 years 
postdiagnosis compared to control subjects who did not reach SROT*

Characteristic

Patients with 
SROT at 3 years

(n = 92)

Control subjects 
without SROT

(n = 342)
Female sex 43 (47) 139 (41)
Age, median (IQR) years 55 (41–65) 53 (43–62)
BVAS, median (IQR) 16.5 (12–24) 15 (10.5–22)
Organ involvement

General† 72 (78) 265 (77)
Skin 37 (40) 105 (31)
Eyes 30 (33) 92 (27)
ENT 74 (80) 278 (81)
Lung 56 (61) 230 (67)
Cardiovascular 11 (21) 49 (14)
Abdominal 10 (11) 25 (7)
Nervous system 25 (27) 105 (31)
Kidney 52 (57) 170 (50)

Laboratory
Serum creatinine, median (IQR) μmoles/liter 100 (77–231) 90 (70–140)
Pure granulomatous 18 (20) 78 (23)
Pure vasculitic 30 (32)¶ 77 (22)
Mixed (granulomatous and vasculitic) 44 (48) 187 (55)
cANCA positivity‡ 61 (67) 221 (65)
pANCA positivity‡ 15 (16) 37 (11)
Anti-PR3 ANCA positivity§ 67 (74) 260 (79)
Anti-MPO ANCA positivity§ 17 (19) 43 (13)

* Except where indicated otherwise, values are the number (%) of patients. Except where indicated,
P values for all other comparisons were not significant. IQR = interquartile range; ENT = ear, nose 
and throat; cANCA = antineutrophil cytoplasmic antibodies with cytoplasmic immunofluorescence 
labeling pattern; pANCA = ANCAs with perinuclear immunofluorescence labeling pattern; PR3 = 
proteinase 3; MPO = myeloperoxidase. 
† Includes myalgias, arthralgias/arthritis, fever of ≥38°C, and weight loss of ≥2 kg attributable to 
active vasculitis according to the Birmingham Vasculitis Activity Score (BVAS). 
‡ Data available for 91 patients (99%) with sustained remission of granulomatosis with polyangiitis 
(GPA) after discontinuation of therapy (referred to as GPA with sustained remission off-therapy 
[SROT]) at 3 years postdiagnosis and all patients who did not reach SROT. 
§ Data available for 90 patients (98%) who reached SROT at 3 years postdiagnosis and 328 patients
(96%) who did not reach SROT. 
¶ P = 0.05 versus controls. 
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from May 1983 to April 2018. Clinical characteristics of these 
patients have been described previously (18) (Table 1). Of these 
patients, 80% received conventional induction therapy (GCs and 
CYC), and 71% received azathioprine (AZA) or methotrexate 
(MTX) maintenance therapy (Table 2). Only 3.5% and 19.1% of 
the patients received RTX induction therapy and maintenance 
therapy, respectively. Median follow-up was 3.5 years (range 
1.7–6.5 years).

SROT was reached at least 1 time at some point during the 
disease course in 259 patients (33%), after a median of 36 months 
(range 28–63 months) of follow-up postdiagnosis. For the 202 
patients with a follow-up visit after achieving SROT (Figure 1), 
the median SROT duration was 14 months (range 18–32 months). 
Among these 202 patients, 129 (64%) experienced a disease flare 
during a median of 11 months (range 7–18 months) of follow-up, 
whereas SROT was maintained by 73 patients (36%) during 
a median of 34 months (range 13–45 months) of follow-up.

Comparison of patients who reached SROT at 3 
years postdiagnosis versus controls who did not reach 
SROT at 3 years. Of the patients with GPA in the FVSG Registry, 
434 were followed up for ≥3 years postdiagnosis, with the last 
diagnosis recorded in January 2015 (Figure 2). Overall, 92 patients 
(21%) reached SROT at 3 years postdiagnosis, with a stable rate 
over time (4 [17%] of 23, 37 [23%] of 160, and 51 [20%] of 251 
patients diagnosed between 1983 and 1995, 1996 and 2005, 
and 2006 and 2015, respectively; P = 0.71). At 3 years postdi-
agnosis, 92 patients who had reached SROT were compared to 
342 control subjects who had experienced a disease relapse and/
or were still receiving GCs and/or immunosuppressants at that 
time point (Table 1). At baseline, clinical characteristics (ear, nose, 
and throat [ENT], pulmonary, cardiovascular, and renal involve-
ment) for those groups were comparable, as were ANCA posi-
tivity and labeling patterns. A higher percentage of patients with 
pure vasculitic manifestations tended to achieve SROT at 3 years 
postdiagnosis.

Among patients who reached SROT compared to control 
subjects, induction therapy was significantly more intensive, with 
a higher percentage having received intravenous (IV) CYC and a 
higher median number of infusions, leading to a higher cumulative 
CYC dose (Table 2). Results from sensitivity analyses performed 
after the exclusion of 40 patients (5 who reached SROT at 3 years 
postdiagnosis and 35 in the control group) who did not receive 
any non-GC immunosuppressants as induction therapy were in 
line with results from analyses performed on the whole sample of 
patients and also a higher percentage of individuals who received 

Table 2. Induction and maintenance treatments received by 
patients who achieved SROT 3 years postdiagnosis versus control 
subjects who did not reach SROT*

Treatment

Patients with
SROT at 3 years

(n = 92)

Control subjects
without SROT

(n = 342)
Induction

Cyclophosphamide†
Oral 4 (4) 16 (5)
IV 82 (89)‡ 264 (77)

Number of infusions, 
median (IQR)

7.5 (6–10)§¶ 6 (6–9.75)#

Rituximab 4 (4)†† 11 (3)
Methotrexate 2 (2) 23 (7)
Glucocorticoids 88 (96) 332 (97)

Dose, median (IQR), mg/day 60 (50–70)‡‡ 60 (50–70)§§
Methylprednisolone 

bolus
24 (26) 88 (26)

Plasma exchanges 8 (9) 20 (6)
Maintenance

GC cumulative dose, 
median (IQR) mg

10,872 
(7,256–14,250)

10,121 
(6,901–15,310)

GC duration, median (IQR) 
months

29 (23–34) 30 (24–35)

Azathioprine 46 (50) 180 (53)
Methotrexate 14 (15) 68 (20)
Rituximab 25 (27) 58 (17)

* Except where indicated otherwise, values are the number (%) of 
patients. Except where indicated, P values for all other comparisons 
were not significant. IQR = interquartile range; GC = glucocorticoid. 
† Three of the patients with sustained remission of granulomatosis 
with polyangiitis (GPA) after discontinuation of therapy (referred 
to as GPA with sustained remission off-therapy [SROT]) at 3 years 
postdiagnosis and 7 of the controls subjects without SROT received 
mixed oral/intravenous (IV) cyclophosphamide therapy. 
‡ P = 0.01 versus controls. 
§ Data available for 66 patients (72%). 
¶ P = 0.05 versus controls. 
# Data available for 207 patients (61%). 
†† Two patients received a combination of cyclophosphamide and 
rituximab as induction therapy. 
‡‡ Data available for 64 patients (70%). 
§§ Data available for 228 patients (67%). 

Figure 1. Survival rates of 202 patients from the French 
Vasculitis Study Group (FVSG) Registry with sustained remission 
of granulomatosis with polyangiitis (GPA) after discontinuation of 
therapy (referred to as GPA with sustained remission off-therapy 
[SROT]). Time 0 is the date SROT was achieved, i.e., a median of 
3 years postdiagnosis. Of the 202 patients, 129 (64%) experienced 
a disease flare after a median follow-up of 11 months (range 7–18 
months), and 73 (36%) maintained SROT for a median follow-up of 
34 months (range 13–45 months).
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IV CYC therapy in the SROT group (P = 0.03). Only 82 (23.7%) 
of 346 patients who were treated with IV CYC therapy versus 4 
(26.7%) of 15 patients who received RTX for induction reached 
SROT at 3 years postdiagnosis (P = 0.76). No between-group 
differences in the frequency of SROT at 3 years were found for the 
patients who had received RTX (3.5%) or MTX (5.3%) as induc-
tion therapy or as a function of their GC intake during induction 
or maintenance. The median duration of RTX versus conventional 
MTX or AZA maintenance therapy was comparable (21 months 
[range 17–26 months] versus 22 months [range 15–29 months]). 
In comparing the frequency of SROT according to maintenance 
therapy, there was a trend toward a higher number of patients 
achieving SROT after RTX therapy (30.1%) than after treatment 
with conventional immunosuppressants (19.5%) (P = 0.05). 
However, none of the differences between maintenance therapy 
groups were significant (frequency of SROT at 3 years, 30.1% in 
the RTX group versus 20.3% in the AZA group and 17.0% in the 
MTX group; P = 0.09 for RTX versus AZA, P = 0.07 for RTX versus 
MTX, and P = 0.63 for AZA versus MTX).

Analyses of patients who reached SROT at 3 years 
postdiagnosis for whom follow-up data were available. 
Of the 89 patients who had reached SROT at 3 years postdi-
agnosis and who had at least 1 follow-up visit, 46 (52%) expe-
rienced a disease flare after a median of 18.5 months (range 
7.8–36.2 months) after achieving SROT at 3 years postdiagnosis, 
and 43 (48%) maintained SROT for a median of 40 months (range 
21–57 months). Among the 74 patients who reached SROT at 3 
years who were monitored for at least 2 additional years, 46 (62%) 
reached SROT at 5 years postdiagnosis (2 [50%] of 4, 17 [63%] 
of 27, and 27 [63%] of 43 patients diagnosed between 1983 
and 1995, 1996 and 2005, and 2006 and 2012, respectively; 

P = 0.26). The remaining 28 patients (38%) experienced a disease 
flare. Relapse-free survival rates in patients who reached SROT at 
3 years are shown in Figure 3.

Comparison of patients who reached SROT versus 
control subjects who did not achieve SROT at 5 years 
postdiagnosis. Among the 297 FVSG Registry patients mon-
itored for at least 5 years, 46 (15%) attained SROT at 5 years 
postdiagnosis (Figure 2). Their clinical and biologic characteris-
tics were also similar to those of control subjects who did not 
achieve SROT at 5 years postdiagnosis (Supplementary Table 1, 
avail able on the Arthritis & Rheumatology website at http://online 
libr ary.wiley.com/doi/10.1002/art.41551/ abstract). However, these  
46 patients had received a significantly higher median number of 
CYC infusions, leading to a higher cumulative CYC dose (Table 3). 
Significantly more patients who reached SROT at 5 years postdi-
agnosis had also received RTX maintenance therapy compared 
to control subjects.

Comparison of patients who maintained SROT at 
3 years and 5 years postdiagnosis versus patients who 
reached SROT at 3 years postdiagnosis and experienced 
a relapse of disease between 3 and 5 years postdiagnosis. 
The baseline clinical characteristics (ENT, pulmonary, cardiovas-
cular or renal involvement, and biologic characteristics) of patients 
who reached SROT at 3 years postdiagnosis who also maintained 
SROT at 5 years postdiagnosis were comparable to those who 
experienced a relapse of disease between year 3 and year 5 
(Supplementary Table 2, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41551/ 
abstract). There was a trend toward a greater number of those 
who experienced relapse being PR3-ANCA positive at baseline 

Figure 2. Flow chart of the 795 GPA patients from the FVSG Registry according to follow-up duration. GC = glucocorticoids; IS = immuno-
suppressants; RTX = rituximab (see Figure 1 for other definitions).

http://onlinelibrary.wiley.com/doi/10.1002/art.41551/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41551/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41551/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41551/abstract
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and at 3 years compared to those who maintained SROT for 5 
years (P = 0.08 for each). Both groups had received compara-
ble induction and maintenance therapies (Supplementary Table 3, 
available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41551/ abstract).

Analysis of patients who reached SROT at 3 years 
postdiagnosis who had ≥7 years of follow-up data avail-
able. Sixteen GPA patients who reached SROT at 3 years postdi-
agnosis had a follow-up visit ≥7 years later, with 10 (62.5%) of 16 
experiencing a flare before 7 years postdiagnosis and 6 (38%) of 
16 reaching SROT at 10 years postdiagnosis (Figure 2). Among the 
74 FVSG Registry patients with GPA who had 10-year  follow-up 
data available after receiving conventional maintenance therapy, 
15 reached SROT at 3 years postdiagnosis, which was main-
tained by 5 patients (7%) at 10 years postdiagnosis.

DISCUSSION

The results of the present study elucidate the long-term prog-
nosis of GPA, notably that only 7% of GPA patients reached SROT 
at 10 years postdiagnosis after receiving conventional mainte-
nance therapies. No vasculitis characteristics at baseline helped 
distinguish patients who achieved/maintained SROT and those 
who experienced a relapse of disease. However, patients reach-
ing SROT at 3 or 5 years postdiagnosis had received more inten-
sive induction and RTX maintenance therapy more frequently 
than those who experienced a disease relapse or who were still 

receiving GCs or immunosuppressants. SROT is an ultimate goal 
for GPA patients and might be a new indicator of a potential “cure” 
or its first surrogate marker. We think SROT should be added to 
clinical outcome measures in future studies evaluating and com-
paring new strategies, given the recent major breakthroughs in 
GPA management (e.g., RTX maintenance therapy).

Extended follow-up of GPA populations is very important, and 
data on long-term prognosis of GPA are scarce. Our study is rare 
among similar investigations in that it includes detailed monitoring 
for over more than 10 years, which enabled the analyses of SROT. 
Late-onset relapses have been described in GPA patients who 
were included in observational cohorts and long-term  follow-up 

Table 3. Primary characteristics and treatments received by 
patients at baseline who reached SROT at 5 years postdiagnosis 
versus control subjects who did not reach SROT*

Patients with
SROT at 5 years

(n = 46)

Control subjects
without SROT

(n = 251)
Characteristic

Pure granulomatous 9 (20) 57 (23)
Pure vasculitic 13 (28) 55 (22)
Mixed (granulomatous and 

vasculitic)
24 (52) 139 (55)

cANCA positivity† 29 (63) 168 (67)
pANCA positivity† 7 (15) 25 (10)
Anti-PR3 ANCA positivity‡ 32 (80) 198 (82)
Anti-MPO ANCA positivity‡ 7 (18) 32 (13)

Induction treatment
Cyclophosphamide

Oral 1 (2) 15 (6)
IV 42 (91) 202 (80)

Number of infusions, 
median (IQR)

9 (6–12)§ 6 (6–9)

Rituximab 1 (2) 4 (2)
Methotrexate 1 (2) 13 (5)
Glucocorticoids 45 (98) 241 (96)
Dose, median (IQR) mg/day 60 (60–80)¶ 60 (60–70)#
Methylprednisolone bolus 15 (33) 64 (25)
Plasma exchanges 5 (11) 13 (5)

Maintenance treatment
Azathioprine 20 (43) 140 (56)
Methotrexate 9 (20) 43 (17)
Mycophenolate mofetil 0 (0) 11 (4.3)
Rituximab 16 (35)** 35 (14)

* Except where indicated otherwise, values are the number (%) of 
patients. Except where indicated, P values for all other comparisons 
were not significant. cANCA = antineutrophil cytoplasmic antibodies 
with cytoplasmic immunofluorescence labeling pattern; pANCA = 
ANCAs with perinuclear immunofluorescence labeling pattern; PR3 =  
proteinase 3; MPO = myeloperoxidase; IV = intravenous; IQR = 
interquartile range. 
† Data available for all patients with sustained remission of 
granulomatosis with polyangiitis (GPA) after discontinuation of 
therapy (referred to as GPA with sustained remission off-therapy 
[SROT]) at 5 years postdiagnosis and 249 control subjects (99%) 
without SROT. 
‡ Data available for 40 patients (87%) with SROT at 5 years 
postdiagnosis and 240 control subjects (96%) without SROT. 
§ P < 0.05 versus controls. 
¶ Data available for 30 patients (65%). 
# Data available for 175 patients (70%). 
** P = 0.001 versus controls. 

Figure 3. Survival rates of 74 GPA patients from the FVSG 
Registry who had reached SROT at 3 years postdiagnosis and had 
≥2 years of follow-up data available. Time 0 is the date SROT at 
3 years postdiagnosis was reached, i.e., a median of 32 months 
postdiagnosis. Of the 74 GPA patients, 28 (38%) who reached 
SROT at 3 years postdiagnosis experienced a disease flare between 
3 years and 5 years postdiagnosis, and 46 (62%) reached SROT at 
5 years postdiagnosis. See Figure 1 for definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.41551/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41551/abstract
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of clinical trials. Hoffman et al reported that relapses occurred 
3 months to 16 years after achieving remission (7). Ten (18.5%) 
of 54 GPA patients with over 10 years of follow-up data available 
had periods of remission lasting at least 10 consecutive years, 
though 2 (20%) subsequently experienced a relapse of disease. 
Similarly, long-term outcomes in 97 GPA patients in the Wegener’s 
Granulomatosis-Entretien (WEGENT) trial showed 5- and 10-year 
relapse-free survival rates of only 37.6% and 23.3%, respectively 
(6).

In the Rituximab for ANCA-Associated Vasculitis (RAVE) 
trial, which included GPA and MPA patients, most patients who 
were monitored for sufficiently long periods of time eventually 
experienced a relapse of disease (12,13,19). Durable complete 
remissions at 12 and 18 months without any maintenance treat-
ment or GC use were obtained by 48% and 39% of the patients 
in the RTX groups who fulfilled our criteria for SROT (13). The Glo-
merular Disease Collaborative Network (GDCN) inception cohort 
enrolled patients with all forms of ANCA-associated vasculitis 
(AAV), including 123 individuals with GPA, for more than 35 years 
(20). Among their 63 patients with AAV who maintained SROT 
for a minimum of 5 years, only 35 (56%) remained in remission 
at the median follow-up of 94 months. The possibility of late-
term relapses of GPA after stopping therapy illustrates that pro-
longed remission that continues long after any treatment is not 
synonymous with “cure” and that further research is needed to 
define characteristics associated with SROT occurrence and 
continuation.

We found that 21% and 15% of patients with GPA reached 
SROT at 3 years and 5 years, respectively, in line with findings 
from the GDCN cohort. It was noted in the GDCN that 23% of 
AAV patients had stopped treatment for periods of ≥5 years 
(20), fulfilling our definition of SROT. However, only 59% of GPA 
patients in that cohort discontinued treatment. Intriguingly, women 
as well as patients who received pulse methylprednisolone in the 
GDCN cohort were more likely to stop treatment, though we 
cannot confirm that observation in the present study. Our results 
were consistent with patients first stopping therapy at a median of 
20 months as well as patients not receiving treatment for a median 
of 36 months in the GDCN cohort.

In our study, no vasculitis characteristic at baseline was 
associated with obtaining SROT or its persistence, including ENT 
and cardio vascular involvements that have been associated with 
increased risk of GPA relapses (21,22). Conversely, renal involve-
ment, which is associated with a lower GPA relapse rate (23), 
does not seem to impact reaching or maintaining SROT. In line 
with data from the GDCN cohort (20), our analyses did not reveal 
any demographic characteristics or current clinical phenotypes 
that were helpful in determining which patients can stop therapy.

Patients in the RAVE trial who had a diagnosis of GPA, were 
positive for PR3-ANCA at baseline, and had relapsing disease 
had the highest risk of experiencing a relapse (13). Seventy-five 
percent of our study population consisted of GPA patients with 

PR3-ANCA positivity, all of whom at baseline had the highest 
risk for relapse of disease. However, even though we analyzed 
60 GPA patients in the FVSG Registry with antimyeloperoxidase 
(anti-MPO) antibodies and 3 years of available follow-up data, we 
could not confirm that patients with PR3-ANCA positivity were 
less prone to reaching SROT. These results might be explained by 
PR3-ANCA positivity having been associated with an increased 
risk of relapse in most but not all studies (24) that included a lim-
ited number of GPA patients with MPO-ANCA positivity (24–26) 
or both GPA patients and MPA patients (13,27,28). In addition, it 
is likely that treating physicians may have decided to treat PR3-
ANCA positive patients for longer periods, minimizing the impact 
of PR3-ANCA positivity on SROT.

Although our study design cannot definitely demonstrate a 
causal link between any therapy and SROT achievement/per-
sistence, our results strengthen the already observed benefit of 
CYC-based induction therapy (4,29–32) and the impact of its 
intensity. Although it has long been thought that high cumulative 
CYC doses could be associated with better quality remissions 
than lower doses (21,30), analyses highlighted the associated 
toxicity, with no short-term benefit of its initial intensification by 
oral intake (31,33). Nevertheless, long-term trial data suggested 
that oral CYC induction obtained a lower rate of disease relapse 
(20.8%) than IV CYC (39.5%) (28). Furthermore, it has already 
been shown that patients receiving MTX therapy had higher rates 
of relapse at 18 months, most of which occurred after therapy 
was tapered off (29). Our results indicated that a higher cumulative 
CYC dose, according to definitive guidelines (34,35), was asso-
ciated with better long-term disease control. Enough long-term 
data on RTX induction has not yet been accumulated in our FVSG 
Registry for analysis in order to determine its effect on GPA SROT 
occurrence and maintenance.

In the present study, RTX maintenance therapy was more 
effective in maintaining remission compared to other maintenance 
therapies, demonstrating a significantly higher percentage of 
patients who attained SROT at 5 years postdiagnosis as well as a 
trend toward attaining SROT at 3 years postdiagnosis. It was also 
found in the GDCN cohort that RTX had been administered more 
frequently to patients who stopped therapy (24%) than those 
who did not stop therapy (14%) (20). Those observations are in 
line with results from the Maintenance of Remission Using Ritux-
imab in Systemic ANCA-Associated Vasculitis (MAINRITSAN) 
trial demonstrating that more patients who received  low-dose, 
preemptive, RTX maintenance treatment reached sustained 
remission compared to patients who received AZA therapy (36).

Early therapy discontinuation is known to be associated with a 
higher risk of disease relapse (8,29), but no consensus exists with 
regard to the optimal duration of maintenance therapy for GPA 
(35). The design of our observational study prevents the ability to 
evaluate the ideal duration of such therapy, which could potentially 
be flawed by time-dependent biases (37). Results from 2 trials on 
conventional immunosuppressant maintenance therapy showed 



PUÉCHAL ET AL 648       |

that extended AZA use led to lower rates of disease (38,39). In 
the trial that compared the effects of standard AZA therapy and 
extended AZA therapy in AAV patients who persistently exhibited 
positivity for PR3–classic ANCA at remission onset, 11 patients 
(46%) experienced a relapse of disease after receiving standard 
AZA therapy compared to 5 patients (24%) who experienced a 
relapse after receiving extended AZA therapy, though statistical 
significance was not reached due to slow recruitment and early 
termination (38). The other trial confirmed that prolonging AZA and 
GC remission maintenance therapy beyond 24 months postdiag-
nosis was associated with a significant 3-fold lower relapse rate 
until 48 months postdiagnosis (39). However, RTX maintenance is 
now replacing conventional maintenance therapies as second-line 
treatment, and extended low-dose RTX maintenance therapy has 
also been shown to lower relapse rates (40).

Our study has several strengths. Certainly, the importance 
of the FVSG Registry database with its detailed and thorough 
information from diagnosis onward cannot be underestimated. It 
provided data on 795 patients with GPA exclusively, with long-
term follow-up available for most participants, thereby enabling 
the analysis of what remission after treatment has been stopped 
looks like in GPA. Patients were recruited from 35 French vasculitis 
centers, across several specialties (e.g., rheumatology, respiratory 
diseases, nephrology, dermatology). Thus, we believe that our 
data are likely to be representative of the entire GPA spectrum and 
that our findings should be applicable to other GPA populations. 
Moreover, our work and that of the GDCN might provide funda-
mental clues to achieving favorable long-term GPA outcomes and 
contribute to defining new outcome measures that are now mak-
ing more sense with more effective treatments (e.g., RTX, espe-
cially as maintenance therapy), allowing SROT to become a more 
frequent reality.

Some study limitations must also be acknowledged. 
The design of the present study is retrospective. There were 
some missing data, and information on some relapses and/
or treatments may have been missed. No predefined guide-
lines specified when to stop GC or immunosuppressant use. 
Cumulative drug doses were not always available. The AAV 
therapeutic strategy has evolved markedly over the 35 years of 
patient enrollment in the FVSG registry. Furthermore, the 7% of 
patients achieving SROT at 10 years postdiagnosis after con-
ventional maintenance therapy must be interpreted with caution, 
given that there could possibly be overrepresentation of FVSG 
Registry patients with favorable outcomes. Only 74 GPA patients 
had 10-year follow-up visits at 3 years postdiagnosis after con-
ventional maintenance regimens. Nevertheless, 795 GPA patients 
were included, with median  follow-up exceeding 3 years, making 
the present study one of the largest studies to date on this rare 
disease and documenting that SROT at 10 years postdiagnosis is 
attainable in a small percentage of patients.

In conclusion, SROT in GPA has rarely been achieved 
with conventional therapies. SROT was found to be associated 

with induction therapy intensity and low-dose, preemptive, 
RTX maintenance therapy, but not vasculitis characteristics at 
baseline. Henceforth, SROT should be systematically documented  
and analyzed in future studies.
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APPENDIX A: THE FVSG INVESTIGATORS

The FVSG investigators and their affiliated institutions (all in France) 

are as follows: B. Ayach (Néphrologie, Centre Hospitalier [CH] Charleville-  

Mézières), B. Imbert (Médecine Interne, CH Universitaire [CHU] Greno-

ble), B. Graffin (Médecine Interne, Polyclinique Mutualiste, Ollioules), B. 

Legallicier (Néphrologie, CHU Rouen), C. Achard-Hottelart (Néphrolo-

gie, CHU Limoges), C. Hanrotel-Saliou (Néphrologie, CHU Brest), C. 

Khouatra (Pneumologie, CHU Lyon), C. Leské (Rhumatologie, CH Cho-

let), C. Charasse (Néphrologie, CH Saint-Brieuc), C. Le Hello (Médecine 

Vasculaire, CHU Caen), D. Merrien (Médecine Interne, CH Compiègne), 

E. Pasqualoni (Médecine Interne, CH Saint-Denis), E. Diot (Médecine 

Interne, CHU Tours), F. Grassin (Pneumologie, Hôpital d’Instruction des 

Armées, Brest), G. Jebrak (Pneumologie, CHU Bichat, Paris), G. Gondran 

(Médecine Interne, CHU Limoges), H. Desmurs-Clavel (Médecine Interne, 

CHU Lyon), H. Bezanahary (Médecine Interne, CHU Limoges), I. de 

 Lacroix-Szmania (CH Intercommunal, Créteil), J.-J. Dion (Néphrologie, CH 

Charleville-Mézières), N. Limal (Médecine Interne, CHU Créteil), P. Godmer  

(Médecine Interne, CH Vannes), S. Vinzio (Médecine Interne, Groupe Hos-

pitalier Mutualiste, Grenoble), S. Lanot (Rhumatologie, CH Alençon), T. 

Colin (Rhumatologie, CH Cherbourg), X. Delbrel (Médecine Polyvalente, 

CH Pau), Y. Ollivier (Médecine Interne, CHU Caen), Y. Crabol (Médecine 

Interne, Hôpital Cochin, Paris), J.-J. Boffa (Néphrologie, Hôpital Tenon, 

Paris), A. Lequellec (Médecine Interne, CHU Montpellier), A. Mahr (Méde-

cine Interne, CHU Saint-Louis, Paris), B. Godeau (Médecine Interne, CHU 

Henri-Mondor, Créteil), B. Bienvenu (Médecine Interne, CHU Caen), C. Le 

Jeunne (Médecine Interne, Hôpital Cochin, Paris), É. Thervet (Néphrologie, 

HEGP, Paris), I. Marie (Médecine Interne, CHU Lyon), J. Rossert (Néph-

rologie, Hôpital Tenon, Paris), M. Michel (Médecine Interne, CHU Henri-  

Mondor, Créteil), and V. Loustaud-Ratti (Médecine Interne, CHU Limoges).
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Multimorbidity in Antineutrophil Cytoplasmic   
Antibody–Associated Vasculitis: Results From a 
Longitudinal, Multicenter Data Linkage Study
Shifa H. Sarica,1  Peter J. Gallacher,2  Neeraj Dhaun,2  Jan Sznajd,3 John Harvie,3 John McLaren,4 
Lucy McGeoch,5 Vinod Kumar,6 Nicole Amft,7 Lars Erwig,8 Angharad Marks,9 Laura Bruno,10 York Zöllner,10 
Corri Black,1 and Neil Basu11

Objective. Antineutrophil cytoplasmic antibody–associated vasculitis (AAV) is considered a chronic, relapsing 
condition. To date, no studies have investigated multimorbidity in AAV nationally. This study was undertaken to 
characterize temporal trends in multimorbidity and report excess health care expenditures associated with 
multimorbidities in a national AAV cohort from Scotland.

Methods. Eligible patients with AAV were diagnosed between 1997 and 2017. Each patient was matched 
with up to 5 general population controls. Linked morbidity and health care expenditure data were retrieved from a 
Scottish national hospitalization repository and from published national cost data. Multimorbidity was defined as 
the development of ≥2 disorders. Prespecified morbidities, individually and together, were analyzed for risks and 
associations over time using modified Poisson regression, discrete interval analysis, and chi-square test for trend. 
The relationship between multimorbidities and health care expenditure was investigated using multivariate linear 
regression.

Results. In total, 543 patients with AAV (median age 58.7 years [range 48.9–68.0 years]; 53.6% male) and 2,672 
general population controls (median age 58.7 years [range 48.9–68.0 years]; 53.7% male) were matched and followed 
up for a median of 5.1 years. AAV patients were more likely to develop individual morbidities at all time points, but 
especially <2 years after diagnosis. The highest proportional risk observed was for osteoporosis (adjusted incidence 
rate ratio 8.0, 95% confidence interval [95% CI] 4.5–14.2). After 1 year, 23.0% of AAV patients and 9.3% of controls 
had developed multimorbidity (P < 0.0001). After 10 years, 37.0% of AAV patients and 17.3% of controls were 
reported to have multimorbidity (P < 0.0001). Multimorbidity was associated with disproportionate increases in 
health care expenditures in AAV patients. Health care expenditure was highest for AAV patients with ≥3 morbidities  
(3.89-fold increase in costs, 95% CI 2.83–5.31; P < 0.001 versus no morbidities).

Conclusion. These findings emphasize the importance of holistic care in patients with AAV, and may identify a 
potentially critical opportunity to consider early screening.
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INTRODUCTION

The antineutrophil cytoplasmic antibody (ANCA)–associated 
vasculitides (AAVs) are a set of systemic autoimmune diseases 
comprising granulomatosis with polyangiitis (GPA), microscopic 
polyangiitis (MPA), and eosinophilic granulomatosis with poly-
angiitis (EGPA) (1). With modern immunosuppressive therapy, 
these previously fatal diseases have become chronic, relapsing 
conditions in which the mean 5-year survival rate is ~70% (2).

With improved survival, AAV patients are now at an increased 
risk of multimorbidity, defined as the presence of ≥2 concurrent 
long-term disorders (3). Multimorbidity is increasingly common in the 
general population (4) and has also been described in other chronic 
inflammatory conditions, including rheumatoid arthritis (5,6). It compli-
cates chronic disease management and is associated with reduced 
functional status, decreased quality of life, and increased mortality 
(7,8). Multimorbidity also has important implications for the organi-
zation and delivery of health care, which is traditionally structured to 
optimize the management of individual diseases (9).

Previous studies have demonstrated an increased risk of several 
individual morbidities in AAV, including cardiovascular disease, dia-
betes mellitus, and venous thromboembolic disease (10–13). These 
associations are thought to be a consequence of chronic inflamma-
tion or the increasingly potent and toxic medications used to treat 
AAV (14). However, to our knowledge, no studies have yet investi-
gated the frequency or burden of multimorbidity in AAV patients. In 
this Scottish national, multicenter data linkage study, we compare 
temporal trends in the incidence of a wide range of individual mor-
bidities and multimorbidity between AAV patients and matched 
general population controls, and report the cost of excess resource 
consumption attributable to multimorbidity in AAV patients.

PATIENTS AND METHODS

Ethical considerations. This study was conducted 
in compliance with the Declaration of Helsinki. Approval was 
received from the Scotland Research Ethics Committee A (ref-
erence no. 15-SS-0152). Individual patient consent was not 
required as the research was approved by the Public Bene-
fit and Privacy Panel for Health and Social Care, which over-
sees studies accessing anonymized health care data held by 
the NHS Scotland. Information governance, confidentiality, 
and data protection were undertaken according to the Data 
Protection Act of 1998. All study data were analyzed and held 
within a unique, secure national safe-haven environment (15) 
administered by the Electronic Data and Innovation Service, 
NHS Scotland.

Study design and data linkage. We performed a retro-
spective, matched-cohort, population-based data linkage study 
using routine health care data from multiple national registries 
in Scotland (see the flow diagram in Supplementary Figure 1, 

available on the Arthritis & Rheumatology website at http://online 
libr ary.wiley.com/doi/10.1002/art.41557/ abstract). Record  linkage 
was conducted by investigators at NHS Scotland, using a 
robust methodology that has previously been shown to produce 
highly accurate and complete data (16,17).

Study population. AAV patients were identified by clini-
cians using the European Medicines Agency criteria (18) in 7 sec-
ondary and tertiary care hospitals across Scotland. Patients were 
eligible for inclusion if they were diagnosed as having AAV after 
January 1, 1995 and were age ≥16 years at the time of data link-
age. The date of AAV diagnosis was assigned as the index date. 
Each patient was matched with at least 1, but up to 5, general 
population controls based on age (±2 years), sex, and postal code 
of residence. General population controls were assigned the same 
index date as their matched AAV patient.

Study follow-up. Patients were followed up from the index 
date until their date of death or February 28, 2017, whichever 
came first. Information regarding cause of death was obtained via 
data linkage from the National Records of Scotland death registry, 
which records all deaths in Scotland (19).

Definition and identification of individual morbidi-
ties and multimorbidity. Morbidities were defined as clinically 
distinct diseases co-occurring with AAV, but which were not a 
direct complication of AAV itself (e.g., chronic kidney disease, neu-
ropathy, arthritis, and sino-nasal disease). Our analysis focused a 
priori on a set of 12 individual morbidities of public health concern 
in elderly populations (as shown in Supplementary Figure 1 [http://
onlin elibr ary.wiley.com/doi/10.1002/art.41557/ abstract]), which 
were identified following discussions between senior coauthors 
and an extensive review of the relevant literature describing mul-
timorbidity in AAV (20,21). The majority of these morbidities have 
previously been shown to be identifiable from administrative data 
sets with moderate-to-high validity (21). Multimorbidity was defined 
as the presence of ≥2 disorders and was determined by summing 
each patient’s individual morbidities at specific time points (years 
1, 2, 5, and 10). Information regarding each patient’s morbidities  
was obtained via data linkage with a Scottish national, population- 
based hospitalization repository. This registry holds information on 
the discharge codes of all hospitalizations in Scotland since the 
1980s and details up to 6 diagnoses per admission (22). The first 
diagnosis corresponds to the primary reason for hospitalization, 
while the remaining diagnoses capture information regarding the 
patient’s morbidities. All diagnostic codes recorded for each hos-
pitalization were included in this analysis.

Morbidities were identified using previously validated Inter-
national Classification of Diseases, Ninth Revision (ICD-9) codes 
(ICD-9 pre-1996; ICD-10 post-1996) (as listed in Supplemen-
tary Table 1, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41557/ abstract) 
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(21,23,24). The first date that a relevant diagnostic code appeared 
in a patient’s record was assigned as the incident date for that 
specific morbidity. Individual morbidities identified during the 5 
years prior to the patient’s enrollment in the study (i.e., prior to the 
index date) were classified as preexisting morbidities and were 
thus excluded from the analysis. This duration of “look-back” 
period has previously been shown to allow incident morbidities 
to be distinguished from prevalent morbidities with accuracy and 
reliability (25).

Determination of health care expenditure. Count 
data regarding the number of outpatient encounters, number 
of inpatient hospitalizations, and overall length of inpatient stay 
(on both general medical wards and intensive care units) were 
obtained via data linkage with the Scottish outpatients and hos-
pitalizations registries for each study year (see Supplementary  
Figure 1 [http://onlin elibr ary.wiley.com/doi/10.1002/art.41557/ 
abstract]). The NHS Scottish Health Service Costs Book was used 
to obtain annual tariffs for resource consumption (26). Tariffs were 
inflated to 2016 values using the Hospital and Community Health 
Service Index. Inaccessible data regarding tariffs from pre-2002 
were estimated using the 2002 tariff as the reference for deflation.

Statistical analysis. Baseline characteristics of the AAV 
patients and matched general population controls were summa-
rized. Incident morbidities were summed for each participant and 
used to derive an ordinal variable representing patients with 0, 1, 
2, or ≥3 morbidities. Differences in the proportions of AAV patients 
and general population controls in each of these categories were 
compared using a chi-square test for trend.

The overall risk of individual morbidities in AAV patients 
and matched controls was compared using modified Poisson 
regression models, adjusted for age, sex, and local health board 
(27,28). Discrete-time analysis was conducted with follow-up at 1, 
2, 5, and 10 years using Lexis expansions (29). These time points 
were selected a priori based on current treatment guidelines on the 
duration of induction and remission therapy in AAV (30), in order to 
provide sufficient granularity to observe potential temporal changes 
in the occurrence of morbidities. The incidence rates for individ-
ual morbidities at each interval were calculated by dividing the 
number of morbidities observed in each interval by person-years 
of follow-up included in each interval. Data are expressed as the 
adjusted incidence rate ratio (IRR) with 95% confidence interval 
(95% CI), computed using the Poisson assumption (31).

A multivariate linear regression model, adjusted for age, 
sex, and socioeconomic deprivation status (for further clarifi-
cation, see Supplementary Methods, available on the Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41557/ abstract), was created to determine 
the relationship between number of individual morbidities and 
health care expenditure. As the residuals were not normally 
distributed, the continuous dependent variable “health care 

expenditure” was log-transformed using the natural logarithm. 
Homoscedasticity was evaluated using the Breusch-Pagan 
test. All analyses were performed in Stata (version 14) (32) and 
R (version 3.6.1) (33).

RESULTS

Patient characteristics. In total, 543 patients with AAV 
(median age at index date 58.7 years [range 48.9–68.0 years]; 
53.6% male) were matched with 2,672 general population con-
trols (median age at index date 58.7 years [range 48.9–68.0 
years]; 53.7% male) and followed up for a median of 5.1 years 
(range 2.5–9.4 years) (Table 1). Of the patients with AAV, 316 
(58.2%) had GPA, 157 (28.9%) had MPA, and 68 (12.5%) had 
EGPA. ANCAs with the proteinase 3 specificity were present in 
52.7% of patients (286 of 543) and ANCAs with the myeloperoxi-
dase specificity were present in 34.6% of patients (188 of 543). A 
total of 12.0% of patients with AAV (65 of 543) were classified as 
ANCA negative.

Risk of developing individual morbidities in AAV. 
The risk of developing most individual morbidities was higher 
in AAV patients than in general population controls (Figure 1). 
The morbidity most frequently observed in AAV patients during 
study follow-up was hypertension (19.7% of AAV patients [92 of 
466] versus 9.4% of general population controls [234 of 2,482]; 
P < 0.0001) (Table 2). However, the highest proportional risk differ-
ence between AAV patients and general population controls was 
observed for osteoporosis (adjusted IRR 8.0, 95% CI 4.5–14.2) 
(Figure 1).

Table 1. Baseline characteristics of the AAV patients and general 
population controls*

AAV
patients

General population 
controls

No. of participants 543 2,672
Male sex, no. (%) 291 (53.6) 1,434 (53.7)
Age at index, median 

(IQR) years
58.7 (48.9–68.0) 58.7 (48.9–68.0)

Follow-up, median 
(IQR) years

5.1 (2.5–9.4) 5.2 (2.5–9.5)

AAV type, no. (%) NA
GPA 316 (58.2)
MPA 157 (28.9)
EGPA 68 (12.5)
Missing 2 (0.4)

ANCA seropositivity, 
no. (%)

NA

PR3-ANCA 286 (52.7)
MPO-ANCA 188 (34.6)
ANCA negative 65 (12.0)
Missing 4 (0.7)

* AAV = antineutrophil cytoplasmic antibody (ANCA)–associated 
vasculitis; GPA = granulomatosis with polyangiitis; MPA = microscopic 
polyangiitis; EGPA = eosinophilic granulomatosis with polyangiitis; 
PR3 = proteinase 3; MPO = myeloperoxidase; NA = not applicable. 
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A sensitivity analysis exploring the proportional risk of hos-
pital admissions due to hip fractures was performed to validate 
this finding. The risk of hip fractures in AAV patients was found 
to be twice that in general population controls (adjusted IRR 2.0, 
95% CI 1.1–3.7).

To explore the influence of surveillance bias, a further 
sensitivity analysis was performed to evaluate the propor-
tional risk of hypothyroidism and stroke in only those patients 
and controls with a record of at least 1 hospitalization during 
study follow-up (see Supplementary Results, available on the 

Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41557/ abstract).

Temporal trends in individual morbidities and mul-
timorbidity in AAV. Figure 2 illustrates trends in the incidence of 
individual morbidities over time following the diagnosis of AAV. In 
general, the highest incidence for most morbidities was observed 
during the first 2 years of follow-up. This was especially marked 
for hypertension and hypothyroidism. However, a further increase 
in the incidence of several morbidities, including cardiovascular 
disease, diabetes mellitus, and chronic pulmonary disease, was 
also noted at 5–10 years after AAV diagnosis.

The proportion of study participants developing at least 1 
incident morbidity increased over time in both AAV patients and 
general population controls (Figure 3). However, at every time 
point, AAV patients developed a significantly higher number of 
individual morbidities compared to general population controls 
(P < 0.0001 for all time points) (Figure 3).

Multimorbidity (defined as the presence of ≥2 disorders) 
was also more common in AAV patients than in general pop-
ulation controls at all time points. For example, after 1 year of 
follow-up, 23.0% of AAV patients (125 of 543) could be con-
sidered to have developed multimorbidity versus 9.3% of gen-
eral population controls (248 of 2,672) (P < 0.0001). Ten years 
after diagnosis, a further 37.0% of AAV patients (101 of 273) 
had developed multimorbidity, compared with 17.3% of general 
population controls (235 of 1,362) (P < 0.0001).

Health care expenditure attributable to multi-
morbidity in AAV patients. Figure 4 illustrates the rela-
tionship between the number of individual incident morbidities 
and the total cost (in British pound sterling) of excess resource 

Figure 1. Comparison of the incidence of individual morbidities between patients with antineutrophil cytoplasmic antibody–associated 
vasculitis (AAV) and general population controls. Results are incidence rate ratios with 95% confidence intervals (95% CIs), adjusted for age, 
sex, and local health board. The rate of incident morbidity in the general population controls was set as the referent.

Table 2. Comparison of incident morbidities between AAV patients 
and general population controls during follow-up*

AAV
patients

General 
population 

controls P
Cardiac 

arrhythmias
49 (9.6) 119 (5.0) <0.0001

Cardiovascular 
disease

61 (12.6) 236 (9.5) 0.042

Chronic pulmonary 
disease

46 (9.7) 120 (4.7) <0.0001

Depression <5 (<0.9) 21 (0.8) 0.749
Diabetes mellitus 37 (7.2) 94 (3.6) <0.0001
Dementia 6 (1.1) 32 (1.2) 0.846
Hypertension 92 (19.7) 234 (9.4) <0.0001
Hypothyroidism 21 (4.0) 34 (1.3) <0.0001
Osteoporosis 29 (5.4) 22 (0.8) <0.0001
Peptic ulcer disease <5 (<0.9) 21 (0.8) 0.918
Pulmonary 

circulation 
disorders†

31 (5.8) 30 (1.1) <0.0001

Valvular disease 46 (8.7) 80 (3.0) <0.0001
* Values are the number (%) of subjects. AAV = antineutrophil 
cytoplasmic antibody–associated vasculitis. 
† A full list of conditions encompassed by this term is provided in the 
Supplementary materials. 
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consumption due to outpatient encounters and inpatient hos-
pitalizations (on both general medical wards and intensive care 
units) in 502 AAV patients during study follow-up. Multivariate lin-
ear regression modeling confirmed that the development of mul-
timorbidity was associated with a proportionally higher cost of 
excess resource consumption in AAV patients (results shown in 
Supplementary Table 2, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41557/ 
abstract). Compared to the development of no morbidities during 
study follow-up, the development of 2 morbidities was associ-
ated with a 2.78-fold increase (95% CI 2.09–3.71) (P < 0.0001) 
in health care expenditure in AAV patients, while the develop-
ment of ≥3 morbidities was associated with a 3.89-fold increase 
(95% CI 2.83–5.31; P < 0.001) in health care expenditure in AAV 
patients. The increases in total health care expenditure observed 
with the development of multimorbidity were predominantly 
related to increases in inpatient, rather than outpatient, health 
care expenditure (see Supplementary Results and Supplemen-
tary Tables 3 and 4, available on the Arthritis & Rheumatology 

website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41557/ 
abstract).

DISCUSSION

This is the first study to describe longitudinal trends in the 
incidence of multimorbidity and report the health care expendi-
ture attributable to multimorbidity in a large national cohort of 
AAV patients from Scotland. We report a number of important 
observations.

First, AAV patients are at a significant risk of developing 
 individual morbidities throughout their disease course, but espe-
cially in the first 2 years following diagnosis. Second, multimorbid-
ity (the presence of ≥2 disorders) is common in AAV patients and 
significantly increases in frequency over time. Indeed, it affected 
almost one-quarter of the AAV patients in their first year after diag-
nosis, and affected more than one-third of patients by year 10 
of follow-up. Third, multimorbidity is associated with an ~3-fold 
increase in excess health care expenditure in AAV patients.

Figure 2. Temporal trends in the incidence of individual morbidities in patients with antineutrophil cytoplasmic antibody–associated vasculitis 
(AAV) and general population controls. Scale of the y-axis is different for hypertension. Numbers of subjects at each time point are shown below 
the graphs.

http://onlinelibrary.wiley.com/doi/10.1002/art.41557/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41557/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41557/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41557/abstract


SARICA ET AL 656       |

Uniquely, our study demonstrates that AAV patients are at an 
increased risk of developing multimorbidity compared to  general 
population controls. While the impact of multimorbidity has not 
been studied previously in AAV, we also found that multimor-
bidity is associated with a disproportionate increase in the cost 
of overall excess resource consumption. In comparison to AAV 
patients with no morbidities, the development of multimorbidity in 
AAV patients is associated with a 2–4-fold increase in total health 
care expenditure, but a 3–5-fold increase in inpatient health care 
expenditure. Relevant studies in other chronic disease popula-
tions, for example in patients with cardiovascular disease (34) or 
chronic kidney disease (35), have also demonstrated that multi-
morbidity is becoming the rule rather than the exception (9,36). 
The implications of this are significant, given the striking associ-
ation of multimorbidity with polypharmacy, greater resource con-
sumption, reduced quality of life, and poorer outcomes (7–9,37).

Our findings are also consistent with previous assessments 
of individual morbidities in AAV. In relation to the risk of cardio-
vascular disease, we demonstrate an increased risk in both early 
and late stages of AAV (10,11,38). Uniquely, our study extends 
these findings to other cardiovascular disorders, including valvu-
lar disease and arrhythmias, both of which demonstrate a similar 
bimodal risk pattern over time. Although primary cardiovascular 
disease is relatively uncommon in AAV, the observed risk may 
be due to a combination of chronic inflammation and glucocor-
ticoid toxicity (39,40). It is possible that these findings are partly 
explained by surveillance bias. For example, valvular heart dis-
ease may have been diagnosed during routine echocardiography, 
an investigation that AAV patients are more likely to undergo than 
general population controls.

As general population controls were not selected from the 
time point of a new diagnosis, the increased risk observed for 
several morbidities early in the AAV disease course may also be 
explained by surveillance bias, due to the additional investigations 
performed in AAV patients following their index diagnosis. For 
example, AAV patients are commonly tested for hypothyroidism 
as part of their diagnostic evaluation. Nevertheless, an increased 
risk of hypothyroidism has previously been demonstrated in AAV 
patients prior to diagnosis, which aligns with accumulating evi-
dence supporting shared mechanisms across the autoimmune 
disease spectrum (41). Similarly, the increased risk of osteo-
porosis in AAV patients observed in the present study may be 
related to current guideline recommendations for dual energy 
x-ray absorptiometry scans when patients commence treatment 
with glucocorticoids (30). Hip fractures are a reliable surrogate end 
point unlikely to be affected by surveillance bias and, as a result, 
we performed a sensitivity analysis to evaluate the risk of hip frac-
tures during follow-up. Interestingly, we observed that the risk of 
hip fractures in AAV patients was twice that of general popula-
tion controls—verifying our finding that osteoporosis risk is indeed 
increased in AAV patients.

Our findings have important implications for clinical prac-
tice. Specifically, the results of our temporal analysis highlight the 
importance of early screening for many common conditions in 
AAV patients, while also highlighting the significance of late- onset 
cardiovascular disease and diabetes mellitus. Our observation 
that peptic ulcer disease is no more likely in AAV patients than in 
general population controls, despite the frequent administration 
of high-dose glucocorticoids to patients with AAV, also appears 
to reflect the relative success of prophylactic therapies aimed at 

Figure 3. Prevalence of morbidities at baseline and cumulative incidence of morbidities and multimorbidity at 1, 2, 5, and 10 years in patients 
with antineutrophil cytoplasmic antibody–associated vasculitis (AAV) and general population controls. P < 0.0001 by chi-square test for trend 
for all time points. Numbers of subjects at risk at each time point are shown below the graph.



AAV MULTIMORBIDITY |      657

suppressing gastric acid secretion. Therefore, our data encourage 
similar preventative strategies for other morbidities.

Further research is required to understand what exact mecha-
nisms underlie the increased risk of multimorbidity observed in AAV 
patients in the present study. Given the relationship between mul-
timorbidity and adverse pharmacologic effects, such work could 
ultimately incentivize a shift toward a reduction in the use of phar-
macologic therapies associated with numerous adverse effects, 
such as glucocorticoids. Indeed, with the transformation of AAV 
into a chronic disease, it is timely to prioritize a more holistic 
approach toward the management of AAV. This is analogous to 
the concept of “cancer survivorship,” which has been established 
in oncology in response to improvements in cancer-related mor-
tality. The overarching aim of cancer survivorship is to address the 
physical, psychological, and social health  burden that arises as a 
consequence of cancer patients living longer (42). Clinicians must 
therefore consider how best to organize and deliver health care to 
AAV patients, in order to fully address both their multimorbidity and 

their primary disease. Greater collaboration with primary care pro-
viders is likely be critical to the potential success of any such move 
toward a more holistic approach to patient care in AAV.

Our study has several important strengths. Utilizing one of 
the largest cohorts of AAV patients, we adopted a comprehensive 
approach for improving our understanding of the burden associ-
ated with multimorbidity in AAV patients. Indeed, our method for 
identifying AAV patients suitable for inclusion in our cohort was 
also robust. In addition, we assessed prevalent morbidity burden 
using a validated length of “look-back” period (25) and previously 
verified ICD9/ICD-10 discharge coding (21,23,24), which has a 
reported accuracy of ~96% for common diagnoses recorded in 
the SMR01 data set (43).

However, a number of limitations must be considered. First, 
our study identified morbidities from secondary care records, 
which mostly capture major disorders. Despite including all avail-
able diagnostic codes, relatively minor disorders may have been 
overlooked by secondary care coders, and therefore our incidence 
estimates are likely to be conservative. However, this will have 
affected AAV patients and general population controls equally.

Second, given the higher hospitalization rate observed 
among AAV patients (98% versus 79% of general population con-
trols), the IRRs for conditions managed in primary care are likely 
to be overestimates. To address this limitation, we performed a 
sensitivity analysis including only those patients and controls with 
a hospitalization record, and found that the degree of overestima-
tion was small for hypothyroidism, stroke, and myocardial infarc-
tion (see Supplementary Results [http://onlin elibr ary.wiley.com/
doi/10.1002/art.41557/ abstract]).

Third, patients not hospitalized in the 5 years prior to their 
index date were classified as having no preexisting morbidities. 
It is therefore difficult to be certain exactly when these patients 
developed “incident” morbidities. To limit the impact of this, we  
utilized a validated, fixed 5-year look-back period (25) to stan-
dardize the identification of baseline morbidities across all patients.

Fourth, study follow-up was limited to a median period of 5 
years, which may partly explain why we failed to demonstrate an 
increased risk of depression or dementia in AAV patients. Although 
sufficient for identifying relatively acute-onset conditions, longer 
follow-up is required to reliably establish the occurrence of more 
gradual-onset disorders, such as depression and dementia.

Fifth, despite being one of the largest studies of its kind, we 
were unable to undertake stratified analysis by AAV type, due to a 
lack of statistical power.

In conclusion, this novel study is the most comprehensive 
and detailed analysis of multimorbidity in AAV patients to date. 
AAV patients are at a high risk of developing individual morbidi-
ties, especially early in their disease course. Multimorbidity is also 
common in AAV patients and is associated with disproportion-
ate increases in health care expenditure. Our findings emphasize 
the importance of holistic care in AAV patients and the need to 
 consider early screening for other conditions.

Figure 4. Alluvial plot illustrating the relationship between number 
of incident morbidities and total excess health care expenditure 
during the study follow-up in patients with antineutrophil cytoplasmic 
antibody–associated vasculitis (n = 502). Color figure can be viewed 
in the online issue, which is available at http://onlinelibrary.wiley.
com/ doi/10.1002/art.41557/abstract.
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Large-Scale Characterization of Systemic Sclerosis Serum 
Protein Profile: Comparison to Peripheral Blood Cell 
Transcriptome and Correlations With Skin/Lung Fibrosis
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Objective. To provide a large-scale assessment of serum protein dysregulation in diffuse cutaneous systemic 
sclerosis (dcSSc) and to investigate serum protein correlates of SSc fibrotic features.

Methods. We investigated serum protein profiles of 66 participants with dcSSc at baseline who were enrolled in 
the Scleroderma: Cyclophosphamide or Transplant Trial and 66 age- and sex-matched healthy control subjects. A 
panel of 230 proteins, including several cytokines and chemokines, was investigated. Whole blood gene expression 
profiling in concomitantly collected samples was performed.

Results. Among the participants with dcSSc, the mean disease duration was 2.3 years. All had interstitial lung disease 
(ILD), and none were being treated with immunosuppressive agents at baseline. Ninety proteins were differentially 
expressed in participants with dcSSc compared to healthy control subjects. Similar to previous global skin transcript 
results, hepatic fibrosis, granulocyte and agranulocyte adhesion, and diapedesis were the top overrepresented 
pathways. Eighteen proteins correlated with the modified Rodnan skin thickness score (MRSS). Soluble epidermal 
growth factor receptor was significantly down-regulated in dcSSc and showed the strongest negative correlation 
with the MRSS, being predictive of the score’s course over time, whereas α1-antichymotrypsin was significantly up-
regulated in dcSSc and showed the strongest positive correlation with the MRSS. Furthermore, higher levels of cancer 
antigen 15-3 correlated with more severe ILD, based on findings of reduced forced vital capacity and higher scores of 
disease activity on high-resolution computed tomography. Only 14 genes showed significant differential expression in 
the same direction in serum protein and whole blood RNA gene expression analyses.

Conclusion. Diffuse cutaneous SSc has a distinct serum protein profile with prominent dysregulation of proteins 
related to fibrosis and immune cell adhesion/diapedesis. The differential expression for most serum proteins in SSc 
is likely to originate outside the peripheral blood cells.

INTRODUCTION

Systemic sclerosis (SSc; scleroderma) is a complex auto-
immune disorder in which vascular involvement, immune 

dysregulation with autoantibody production, and fibrosis are 
the main pathologic processes (1). As is evident from a stand-
ardized mortality ratio of 3.5 (2), SSc is associated with a sub-
stantial mortality and disease burden. Development of effective 
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treatment strategies for SSc has been hampered by an incom-
plete understanding of disease pathogenesis and the underly-
ing molecular heterogeneity. Genome-wide association studies 
(3,4) and whole genome microarray studies (5,6) have provided 
new insights into disease pathogenesis at the DNA and RNA 
levels. An interferon (IFN) signature is the most prominent gene 
expression signature in SSc peripheral blood cells (5), and IFN- 
inducible chemokines correlate with disease severity (7).

Although changes in serum protein profiles, as opposed to 
findings at the DNA or RNA level, may be more closely associ-
ated with disease pathogenesis, data on large-scale examination 
of serum proteins in SSc are still scarce. Investigations performed 
on small panels of proteins showed that chemokines, vascular 
growth factors, and adhesion molecules such as interleukin-8 
 (IL-8), vascular endothelial growth factor (VEGF), angiopoietin 2 
(Ang-1), platelet endothelial cellular adhesion molecule 1 (PECAM-
1) are markers of early disease and reflect endothelial dysregu-
lation in SSc (8–10). IL-6 is related to lung fibrosis and might be 
predictive of disease progression in early SSc interstitial lung dis-
ease (ILD) (11). Moreover, levels of adipokines, such as leptin and 
adiponectin, have a negative correlation with changes in SSc skin 
fibrosis (12–14).

Recently, a study performed with the use of SOMAscan 
aptamer technology in 34 patients with diffuse cutaneous SSc 
(dcSSc) and 15 control subjects identified tumor necrosis factor 
(TNF), IFNγ, transforming growth factor β (TGFβ), and IL-13 as 
potential upstream regulators in SSc (15). Few other studies have 
recently explored larger panels of serum proteins in SSc (16,17).

In the present study, we investigated an extended panel of 
230 serum proteins in serum samples obtained at baseline from 
individuals with dcSSc (18) who were enrolled in the Scleroderma: 
Cyclophosphamide or Transplantation (SCOT) Trial and compared 
these findings at a 1:1 ratio to serum proteins from matched 
healthy control subjects in order to provide a hypothesis- generating 
assessment of serum protein dysregulation and its clinical corre-
lates in SSc (19). Moreover, availability of concomitantly collected 
whole blood RNA samples enabled direct comparison between 
SSc serum protein and whole blood gene expression profiles, 
showing that the differential expression for most serum proteins in 
SSc is likely to originate outside the peripheral blood cells.

PATIENTS AND METHODS

Selection of study population. Of the 75 participants 
with dsSSc who were included in the SCOT trial, 66 had a serum 
sample obtained at baseline available for analysis. Samples 
obtained at baseline were examined in the present study. None 
of the participants were receiving immunosuppressive agents 
except for ≤10 mg per day of prednisone or its equivalent dur-
ing blood sample collection at baseline. However, 27 participants 
had received immunosuppressive agents in the 2 months prior to 
baseline sample collection.

Briefly, the inclusion criteria included diffuse cutaneous 
involvement, lung or kidney involvement, and a disease duration 
of <5 years (calculated from the onset of the first non–Raynaud’s 
symptom). Exclusion criteria included significant prior treatment 
with cyclophosphamide (CYC; either oral or intravenous), pres-
ence of clinically significant rheumatic diseases other than SSc, 
any active uncontrolled infection, or HIV, hepatitis C virus, and hep-
atitis B virus infections. All SCOT participants provided informed 
consent, and the SCOT protocol was approved by the Institutional 
Review Board of all participating institutions. Detailed information 
on the selection of participants and study design have been pub-
lished previously (19). Additionally, serum from healthy controls 
that were matched at a 1:1 ratio based on age (±10 years) and 
sex was also investigated in the present study.

Severity of lung involvement was evaluated by forced vital 
capacity percent predicted (FVC%) (19). As another surrogate for 
ILD severity, standardized volumetric high-resolution computed 
tomography (HRCT) scanning was performed, and quantitative 
interstitial lung disease (QILD) score was measured using an 
established algorithm. The QILD score (expressed as a percent-
age) represents the sum of quantitative lung fibrosis, quantitative 
ground glass, and quantitative honeycombing for all lung lobes 
(20,21). The MRSS was used to assess severity of skin involve-
ment (22). Antibody profiles were determined using commercial 
laboratories at each site.

Serum protein determination. Serum protein assays 
were performed by Myriad Rules-Based Medicine using Human 
Discovery Multi-Analyte Profiling (MAP) (https://myria drbm.com/
scien tific -media/ multi plex-assay -devel opmen t-white -paper/) mul-
tiplexed immune assay version 2, which was the most compre-
hensive panel of proteins available with this technology at the 
time of study. This panel includes an extensive list of cytokines, 
chemokines, metabolic markers, hormones, growth factors, tis-
sue remodeling proteins, angiogenesis markers, acute-phase 
reactants, and cancer markers that can reliably and reproducibly 
be measured with this technology. Levels of 228 serum proteins 
were determined with this assay.

All samples were stored at a temperature lower than −70°C 
and had not been previously thawed. An aliquot of each sample 
was added to individual microsphere multiplexes of the selected 
MAP and blocker. After incubation, multiplexed cocktails of bioti-
nylated reporter antibodies were added. Multiplexes were labeled 
using an excess of streptavidin–phycoerythrin solution. The result-
ing data were interpreted using proprietary software developed 
by Myriad Rules-Based Medicine. In addition, 2 cytokines consid-
ered to be pertinent to SSc pathogenesis, IL-10 and IL-6, were 
determined by ultrasensitive Simoa Assays (Quanterix) (23).

For each assay, the lower limit of quantification (LLOQ) and 
upper limit of quantification (ULOQ) were determined by Myriad 
Rules-Based Medicine, representing the concentration at the 
lower and upper limit of the linear range of the standard curve, 

https://myriadrbm.com/scientific-media/multiplex-assay-development-white-paper/
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respectively (i.e., the lowest and highest amount of protein that 
can be detected accurately).

Analysis of gene expression and its relationship to 
serum proteins. Global gene expression studies on whole 
blood RNA samples obtained at baseline (stored in Tempus 
tubes) from SCOT participants and from matched controls were 
examined using Illumina Human HT-12 bead arrays. All microar-
ray experiments were performed in a single batch (24). Data were 
normalized according to the quantile method. A corresponding 
transcript was present on the microarray platform for the major-
ity of investigated proteins. We focused on the transcripts that 
corresponded to the investigated proteins. Specifically, 282 tran-
scripts corresponding to 172 examined proteins were identified. 
Only 10 (5.5%) of 182 serum proteins did not have a matching 
probe on the microarray platform. For the transcript analysis, the 
data set was filtered by the list of corresponding 282 transcripts. 
Differentially expressed transcripts identified at a false discovery 
rate (FDR) of <0.1 in SSc participants compared to controls were 
analyzed by 2-sample t-test. We used a less stringent FDR cutoff 
for the analysis of differentially expressed transcripts than was 
used for the protein analysis (FDR of <0.1 versus FDR of <0.05) 
as the effect size (i.e., fold change) tends to be lower at the RNA 
level than at the protein level. For example, fold changes in tran-
script levels in SSc participants compared to controls among the 
282 transcripts investigated ranged from 0.61 to 1.41 whereas 
the fold change in the corresponding proteins ranged from 0.4 to 
3.68. Subsequently, the list of differentially expressed transcripts 
was intersected with the list of differentially expressed proteins. 
Microarray analysis was performed with BRB ArrayTools (National 
Cancer  Institute, National Institutes of Health) (25).

Interferome database search. We examined whether 
the differentially expressed serum proteins in SSc participants 
versus control subjects were IFN-inducible using the Interferome 
version 2.01 database (http://inter ferome.its.monash.edu.au/inter 
ferom e/) (26). For the Interferome database, Homo sapiens was 
chosen as species and lung, skin, and blood were selected as 
organs. A list of type I IFN–inducible proteins was generated.

Statistical analysis. Proteins with levels below the LLOQ in 
>50% of SSc samples collected at baseline were excluded from 
the analysis. A total of 182 proteins (79.1%) had a detectable level 
in >50% of SSc samples. Of these 182 proteins, 128 proteins 
(70.2%) had measurements above the LLOQ in all samples. For 
the remainder of proteins, levels below the LLOQ were replaced 
by the LLOQ. Moreover, protein measurements above the 
ULOQ were replaced by the ULOQ. As shown in Supplementary 
Figure 1 (http://onlin elibr ary.wiley.com/doi/10.1002/art.41570/ 
abstract), raw values of the majority of the serum proteins showed 
a right-skewed distribution, and protein expression data were 
natural log–transformed to approximately conform to normality. 

Principal components analysis (PCA) was performed to identify 
outliers. T-tests were used to estimate differential expression for 
each protein between SSc participants and control subjects. 
P values were adjusted for multiple testing using the Benjamini- 
Hochberg method (27).

Proteins with an FDR of <0.05 were considered to be dif-
ferentially expressed in the comparison of SSc participants to 
control subjects. Subsequently, differentially expressed proteins 
were modeled using Ingenuity Pathway Analysis software (Qiagen 
[https://digit alins ights.qiagen.com/produ cts-overv iew/disco very-in-
sig hts-portf olio/analy sis-and-visua lizat ion/qiage n-ipa/]) to identify 
the overrepresented canonical pathways and to predict activated 
upstream cytokines/growth factors. The goal of Upstream Reg-
ulator Analysis is to identify upstream regulators of a molecular 
profile and predict whether they are activated or inhibited. This 
analysis is based on expected causal effects between upstream 
cytokines/growth factors and targets; the expected causal effects 
are derived from the literature compiled in Ingenuity Knowledge 
Base (28). A Z score algorithm is used to make predictions. The 

Table 1. Demographic and clinical characteristics of the SCOT par-
ticipants and control subjects*

Features

Participants 
with dcSSc

(n = 66)

Control 
subjects
(n = 66)

Age, mean ± SD years 45.3 ± 10.3 46.3 ± 9.5
Female sex 40 (60.6) 40 (60.6)
Race

African American 6 (9.1) 9 (13.6)
Asian 3 (4.5) 0 (0)
Other 6 (9.1) 0 (0)
White 51 (77.3) 57 (86.4)

Disease duration, mean ± SD years 2.31 ± 1.25 NA
MRSS score, mean ± SD 29.22 ± 9.35 NA
FVC%, mean ± SD 74.62 ± 15.61 NA
QILD score, mean ± SD 22.92 ± 11.63 NA
QILD score of >0 66 (100) NA
Autoantibodies

Positive
ANAs 57 (86.4) NA
ACAs 4 (6.1) NA
ATAs 26 (39.4) NA
RNPs 10 (15.2) NA

Negative
ANAs 7 (10.6) NA
ACAs 56 (84.8) NA
ATAs 39 (59.1) NA
RNPs 55 (83.3) NA

Testing not performed
ANAs 2 (3) NA
ACAs 6 (9.1) NA
ATAs 1 (1.5) NA
RNPs 1 (1.5) NA

* Except where indicated, values are the number (%). SCOT = 
Scleroderma: Cyclophosphamide or Transplantation; dcSSc = diffuse 
cutaneous systemic sclerosis; ANAs = antinuclear antibodies; ACAs = 
anticentromere antibodies; ATAs = anti–topoisomerase I antibodies; 
MRSS = modified Rodnan skin thickness score; FVC% = forced vital 
capacity percent predicted; QILD = quantitative interstitial lung 
disease score; NA = not applicable. 

http://interferome.its.monash.edu.au/interferome/
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primary purpose of the activation Z score is to infer the activation 
states of predicted expression regulators. Given the observed 
differential regulation of a molecule (“up” or “down”) in the data 
set, the activation state of an upstream regulator is determined 
by the regulation direction associated with the relationship from 
the regulator to the molecule. In practice, Z scores >2 or <−2 can 
be considered significant.

For correlation with clinical variables (i.e., the MRSS, FVC%, 
HRCT–QILD score), Pearson’s correlation was calculated, and 
proteins that reached the nominal significance level (P < 0.05) 
in the univariable analysis and a Pearson’s correlation coefficient 
of ≥0.3 or ≤−0.3 were considered as significantly correlated. For 
this, we did not account for multiple comparisons as this was 
a hypothesis-generating analysis. Multivariable analyses with 
adjustment for age and sex were also performed. Partial corre-
lation coefficients after adjustment for these demographic factors 
were also provided.

In an exploratory analysis, the predictive significance of 
serum proteins found to correlate with MRSS scores and FVC% 
was examined for the serial measurement of MRSS scores and 
FVC% obtained 3–14 months after randomization in the CYC 
arm (representing the active treatment period) and transplanta-
tion arm, separately. For this analysis, mixed-effects linear regres-
sion modeling was used after controlling for disease severity at 
baseline (i.e., the MRSS or FVC% at baseline) and time variable. 

Fixed effects were serum protein levels and the MRSS or FVC% 
at baseline as well as time point (all as continuous), and ran-
dom effects were the intercept and time point. An unstructured 
correlation matrix was used. Analyses were performed using R 
Studio version 0.99.489  (RStudio Consortium) and SAS version 
9.4 (SAS Institute Inc.).

RESULTS

Demographic and clinical characteristics. Demo-
graphic and clinical characteristics of study patients at baseline 
are presented in Table 1. As expected in diffuse disease, anti–
topoisomerase I (Scl-70) was the most common disease-specific 
autoantibody observed (39.4%), followed by anti-RNP antibodies 
(15.2%). All SCOT participants had signs of alveolitis on HRCT 
as evidenced by visual confirmation of ground glass opacity, 
and mean disease duration was 2.3 years.

Serum protein levels. Ninety of 182 proteins were dif-
ferentially expressed in SSc participants compared to control 
subjects, with an FDR of <0.05. A heatmap shows 90 differ-
entially expressed proteins in samples from SCOT participants at 
baseline compared to healthy controls (Supplementary Figure 2, 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41570/ abstract). 
The 10 most up-regulated and down-regulated proteins based 

Table 2. Top up-regulated and down-regulated serum proteins in the SCOT participants compared to 
control subjects*

Protein name Gene name Fold change Praw PFDR

Direction of 
difference

Growth hormone GH1† 3.69 <0.001 <0.001 Up-regulated
Ferritin FTH1 3.04 <0.001 <0.001 Up-regulated
C-reactive protein CRP 2.98 <0.001 <0.001 Up-regulated
Chromogranin A CHGA 2.77 <0.001 <0.001 Up-regulated
MIP-3β CCL19† 2.48 <0.001 <0.001 Up-regulated
MCP-1 CCL2† 2.48 <0.001 <0.001 Up-regulated
Myoglobin MB 2.38 <0.001 <0.001 Up-regulated
MIG CXCL9† 2.30 <0.001 <0.001 Up-regulated
BLC CXCL13† 2.19 <0.001 <0.001 Up-regulated
Prolactin PRL 2.08 <0.001 <0.001 Up-regulated
Lactoylglutathione lyase GLO1† 0.49 <0.001 <0.001 Down-regulated
Neuron-specific enolase ENO2† 0.56 0.002 0.007 Down-regulated
Vitamin K–dependent protein S PROS1† 0.56 0.005 0.013 Down-regulated
SOD1 SOD1 0.65 <0.001 <0.001 Down-regulated
Protein S100A6 S100A6† 0.69 0.002 0.006 Down-regulated
MIF MIF 0.71 0.023 0.046 Down-regulated
Adiponectin ADIPOQ 0.72 <0.001 <0.001 Down-regulated
Kallikrein 7 KLK7† 0.73 <0.001 <0.001 Down-regulated
IGFBP6 IGFBP6 0.73 <0.001 <0.001 Down-regulated
Tetranectin CLEC3B† 0.75 <0.001 <0.001 Down-regulated

* Values of >1 refer to up-regulated expression of proteins, and values of <1 refer to down-regulated expression 
of proteins in Scleroderma: Cyclophosphamide or Transplantation (SCOT) study participants compared to values 
measured in control subjects. For example, a fold change of 2.30 is equivalent to an increase of 130% from the 
reference value, and a fold change of 0.65 is equivalent to a decrease of 35% from the reference value. FDR = 
false discovery rate; MIP-3β = macrophage inflammatory protein 3β; MCP-1 = monocyte chemotactic protein 1; 
MIG = monokine induced by interferon-γ; BLC = B lymphocyte chemoattractant; SOD1 = superoxide dismutase 
1; MIF = macrophage migration inhibitory factor; IGFBP6 = insulin-like growth factor binding protein 6. 
† Interferon-inducible proteins. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41570/abstract
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on the fold change are presented in Table 2. The complete list 
of 90 differentially expressed proteins in SSc is available in Sup-
plementary Table 1 (http://onlin elibr ary.wiley.com/doi/10.1002/

art.41570/ abstract). Complete analysis results for all examined 
182 serum proteins are available in an additional data file on the 
Scleroderma Program at McGovern Medical School website 

Figure 1. Top predicted upstream cytokine and growth factor regulators based on the Ingenuity Knowledge Base. Y axis shows the activation 
Z score calculated based on the Ingenuity Pathway Analysis for identifying upstream regulators (see Patients and Methods for further details). 
Proteins that were differentially expressed in participants with diffuse cutaneous systemic sclerosis compared to control subjects are shown 
(asterisks). Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41570/abstract.

Table 3. Significant correlations between serum protein expression and the modified Rodnan skin 
thickness score at baseline*

Protein name Gene name

Correlation

Univariable† Multivariable‡

r P Partial correlation P
α1-antichymotrypsin§ SERPINA3 0.42 0.001 0.42 0.001
NT-proBNP§ NPPB 0.38 0.002 0.38 0.002
Endostatin§ COL18A1 0.37 0.002 0.38 0.002
Osteopontin§ SPP1 0.34 0.006 0.38 0.002
Ang-2§ ANGPT2 0.33 0.005 0.33 0.007
SAP component APCS 0.32 0.008 0.32 0.010
Tenascin-C§ TNC 0.31 0.011 0.32 0.010
α1-microglobulin AMBP 0.31 0.011 0.32 0.012
IGFBP4§ IGFBP4 0.30 0.018 0.34 0.009
IL-22 IL22 −0.30 0.016 −0.29 0.020
HGF receptor MET −0.30 0.016 −0.31 0.012
Tetranectin¶ CLEC3B −0.31 0.011 −0.34 0.007
Kallikrein 5¶ KLK5 −0.33 0.007 −0.33 0.007
uPA PLAU −0.34 0.005 −0.35 0.005
TARC CCL17 −0.35 0.003 −0.36 0.003
Tamm-Horsfall urinary glycoprotein UMOD −0.40 0.001 −0.42 0.001
MDC¶ CCL22 −0.43 <0.001 −0.44 <0.001
EGFR¶ EGFR −0.43 <0.001 −0.43 0.001

* Correlations were determined using Pearson’s correlation coefficients. NT-proBNP = N-terminal pro–brain 
natriuretic peptide; Ang-2 = angiopoietin 2; SAP = serum amyloid P; IGFBP4 = insulin-like growth factor 
binding protein 4; IL-22 = interleukin-22; HGF = hepatocyte growth factor; uPA = urokinase plasminogen 
activator; TARC = thymus and activation–regulated chemokine; MDC = macrophage-derived chemokine; 
EGFR = epidermal growth factor receptor. 
† Calculated using a univariable model. 
‡ Calculated using a multivariable model after adjustment for age and sex. 
§ Proteins differentially expressed and up-regulated in participants with diffuse cutaneous systemic sclerosis 
(dcSSc) compared to control subjects. 
¶ Proteins differentially expressed and down-regulated in participants with dcSSc compared to control subjects. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41570/abstract
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(https://www.uth.tmc.edu/scler oderm a/), and individual level 
protein data are available at ImmPort (https://www.immpo rt.org).

As shown in the Supplementary Figure 3 (http://onlin e libr ary. 
wiley.com/doi/10.1002/art.41570/ abstract), PCA identified only  
1 outlier. PCA showed that the majority of SCOT participants had 
a different serum protein profile compared to control subjects. 
Furthermore, the 27 individuals who received immunosuppres-
sive therapy 2 months prior to sample collection did not group 
separately from other SCOT participants. Supplementary Tables 
2 and 3 (http://onlin elibr ary.wiley.com/doi/10.1002/art.41570/ 
abstract) show the demographic/clinical characteristics, as well 
as the list and duration of prior immunosuppressive treatment in 
SCOT participants dichotomized based on whether they were 
treated with immunosuppressive agents 2 months prior to sam-
ple collection.

Prominent role of profibrotic and granulocyte/
agranulocyte extravasation pathways in SSc serum pro-
file. An Ingenuity Canonical Pathway Analysis of differentially 
expressed serum proteins in SSc participants compared to con-
trol subjects revealed hepatic fibrosis, granulocyte adhesion and 
diapedesis, and agranulocyte adhesion and diapedesis as the 
top 3 overrepresented pathways. Of note, the same 3 pathways 
were found to be the top dysregulated pathways in our previ-
ously published global gene expression study on SSc skin (29). 
Interestingly, the top overrepresented canonical pathways in the 
concomitantly collected whole blood RNA samples were antigen 
presentation, IFN, and natural killer cell pathways. The complete 
list of overrepresented canonical pathways in both data sets is 
shown in the additional data file on the Scleroderma Program at 
McGovern Medical School website (https://www.uth.tmc.edu/
scler oderm a/).

As shown in Figure 1, the top predicted activated upstream 
cytokines/growth factors (based on an activation Z score of >2) 
for the observed SSc serum protein profile included prominent 
profibrotic proteins such as oncostatin M (OSM), IL-6, IL-18, IL-4, 
IL-33, B–cell activating factor (TNFSF13B), and monocyte che-
motactic protein 1 (MCP-1; CCL2).

Correlation of serum protein expression with MRSS 
scores. In SSc participants compared to controls, levels of 
α1-antichymotrypsin, N-terminal pro–brain natriuretic peptide 
(NT-proBNP), endostatin, osteopontin, tenascin, and insulin-like 
growth factor binding protein 4 (IGFBP-4) were up-regulated 
(P < 0.05) (Supplementary Table 1, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41570/ abstract) and showed a positive corre-
lation with the MRSS (Table 3). Epidermal growth factor recep-
tor (EGFR), macrophage-derived chemokine, kallikrein 5, and 
tetranectin were down-regulated in SSc participants compared 
to control subjects (P < 0.05) (Supplementary Table 1) and were 
negatively correlated with the MRSS. All serum proteins that cor-
related with MRSS scores are shown in Table 3. Furthermore, 

complete analysis results for all proteins can be found at https://
www.uth.tmc.edu/scler oderm a/.

In an exploratory analysis, the predictive significance of 
serum proteins listed in Table 3 for the course of MRSS scores 
from 3–14 months after randomization in the CYC arm (repre-
senting active treatment period; n = 32) and transplantation arm 
(n = 30) was investigated. As shown in Supplementary Table 4 
(http://onlin elibr ary.wiley.com/doi/10.1002/art.41570/ abstract), 
NT-proBNP and Ang-2 serum levels at baseline predicted higher 
subsequent MRSS  scores (P = 0.013 and P = 0.038, respec-
tively), whereas EGFR and kallikrein 5 serum levels at baseline pre-
dicted lower subsequent MRSS scores (P = 0.034 and P = 0.003, 
respectively) in the CYC arm after adjustment for MRSS scores 
at baseline. Similarly, EGFR and kallikrein 5 predicted lower sub-
sequent MRSS scores in the transplantation arm (P = 0.019 and 
P = 0.004, respectively).

Correlation of serum protein levels with ILD  severity. 
Serum protein correlates of FVC and HRCT–QILD score are 
shown in Supplementary Tables 5 and 6 (http://onlin elibr ary.wiley.
com/doi/10.1002/art.41570/ abstract). Notably, cancer antigen 
15-3 (CA 15-3) and growth-regulated α protein were associated 
with more severe involvement (i.e., lower FVC and higher HRCT–
QILD scores) in both analyses (Figure 2). As shown in Supple-
mentary Table 7 (http://onlinelibrary.wiley.com/doi/10.1002/art. 
41570/abstract), no proteins that correlated with FVC at the 

Figure 2. Venn diagram showing serum proteins that correlate with 
forced vital capacity (FVC) and high-resolution computed tomography 
quantitative interstitial lung disease (HRCT–QILD) score in participants 
with diffuse cutaneous systemic sclerosis (dcSSc). Associations with 
a better FVC and HRCT–QILD score (blue font) and associations with 
a worse FVC and HRCT–QILD score (red font) are shown. Asterisks 
indicate proteins that were differentially expressed and up-regulated 
(up arrows) or down-regulated (down arrows) in participants with 
dcSSc compared to control subjects. I-TAC = interferon-inducible 
T cell α chemoattractant; CA 15.3 = cancer antigen 15-3; RAGE =  
receptor for advanced glycosylation end products; ENA-78 = epithelial-
derived neutrophil activating protein 78; GRO-α = growth-regulated α 
protein; MDC = macrophage-derived chemokine; NCAM = neuronal 
cell adhesion molecule.
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baseline visit predicted the course of FVC 3–14 months after ran-
domization in both treatment arms (n = 32 each for CYC and 
transplantation arms).

Whole blood gene expression versus serum pro-
teins. After filtering the whole blood gene expression data set 
by 282 transcripts corresponding to 172 examined proteins, 
we compared transcript profiles between SSc participants 
and control subjects. A total of 52 transcripts were differen-
tially expressed (FDR of <0.1) in dcSSc participants versus 
controls. Among this list, 24 transcripts had a corresponding 
differentially expressed protein, of which only 17 transcripts 
(belonging to 14 genes) showed a differential expression 
in the concordant direction in its corresponding protein 
(Table 4). Of note, 7 transcripts were differentially expressed 
in the opposite direction, indicating that the observed dif-
ferential expression in the serum proteins does not stem 
from peripheral blood cells. Among concordantly expressed 
transcript–serum protein pairs, IL-1β was the only one with 
a decreased number at both whole blood gene expres-
sion and serum protein levels whereas the remainder were 
up-regulated in SSc at both levels. Moreover, endostatin was 
up-regulated both at RNA transcript and protein levels and 
positively correlated with the MRSS (Table 3). CA 15-3 was 
up-regulated both at transcript and serum protein levels and 
was positively correlated with the presence of lung fibrosis 
(Supplementary Tables 5 and 6, http://onlin elibr ary.wiley.com/ 
doi/10.1002/art.41570/ abstract).

Type I IFN–inducible proteins. Among the 90 differen-
tially expressed proteins in SSc participants, 40 up-regulated mol-
ecules are known to be type I IFN–inducible (44.4%) whereas 
10 down- regulated proteins were type I IFN–inducible (11.1%), 
according to the Interferome database search (Supplementary  
Table 1, http://onlinelibrary.wiley.com/doi/10.1002/art.41570/abstract). 
MCP-1, monokine induced by IFNγ (MIG), IFNγ-induced protein 
10 (IP-10), IFN-inducible T cell α chemoattractant (I-TAC), as well 
as CA 15-3 are among these up-regulated type I IFN–inducible 
proteins (Supplementary Table 8, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41570/ abstract).

DISCUSSION

The present study represents a large-scale analysis of serum 
proteins in participants with dcSSc compared at a 1:1 ratio 
to matched healthy control subjects. Ninety differentially expressed 
proteins were identified among the 230 assayed by the utilized 
platform (Supplementary Table 1, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41570/ abstract). Candidate proteins emerged 
from correlation analysis with the MRSS, FVC, and QILD score. 
Ingenuity Pathway Analysis revealed fibrosis and extravasation-re-
lated pathways as the top overrepresented biologic processes. 
Lastly, transcripts and proteins showing differential expression at 
whole blood RNA and serum protein levels were identified, show-
ing that only a small portion of differentially expressed serum pro-
teins were also differentially expressed in a concordant direction in 
the whole blood RNA samples.

Table 4. Whole blood gene expression versus serum protein expression at baseline*

Analyte name Gene name Direction†

Whole blood gene expression Serum proteins

Fold change Praw PFDR Fold change Praw PFDR

IL-1β IL1B Down-regulated 0.71 <0.001 <0.001 0.89 0.015 0.032
α1-antitrypsin SERPINA1 Up-regulated 1.04 0.018 0.092 1.22 <0.001 0.001
MIG CXCL9 Up-regulated 1.05 0.001 0.010 2.30 <0.001 <0.001
IL-2Rα IL2RA Up-regulated 1.05 0.017 0.091 1.97 <0.001 <0.001
Cancer antigen 15-3 MUC1‡ Up-regulated 1.06 <0.001 0.006 1.67 0.001 0.004
Cancer antigen 15-3 MUC1‡ Up-regulated 1.11 <0.001 <0.001 1.67 0.001 0.004
TNF ligand superfamily 

member 13
TNFSF13‡ Up-regulated 1.08 0.001 0.008 1.23 0.017 0.037

TNF ligand superfamily 
member 13

TNFSF13‡ Up-regulated 1.1 <0.001 0.005 1.23 0.017 0.037

MCP-1 CCL2 Up-regulated 1.12 <0.001 0.001 2.48 <0.001 <0.001
IL-16 IL16 Up-regulated 1.15 <0.001 0.005 1.08 0.019 0.040
LOX-1 OLR1 Up-regulated 1.15 0.006 0.040 1.38 <0.001 <0.001
Endostatin COL18A1 Up-regulated 1.16 <0.001 0.001 1.28 <0.001 <0.001
BAFF TNFSF13B‡ Up-regulated 1.17 0.015 0.081 1.83 <0.001 <0.001
BAFF TNFSF13B‡ Up-regulated 1.23 0.001 0.009 1.83 <0.001 <0.001
IP-10 CXCL10 Up-regulated 1.26 <0.001 0.001 2.03 <0.001 <0.001
Haptoglobin HP Up-regulated 1.29 0.001 0.008 1.71 <0.001 <0.001
MPO MPO Up-regulated 1.41 <0.001 0.006 1.84 <0.001 <0.001

* FDR = false discovery rate; IL-1β = interleukin-1β; MIG = monokine induced by interferon-γ; IL-2Rα = IL-2 receptor α; TNF = tumor necrosis 
factor; MCP-1 = monocyte chemotactic protein 1; LOX-1 = lectin-like oxidized low-density lipoprotein receptor 1; IP-10 = interferon-γ–
inducible 10-kd protein; MPO = myeloperoxidase. 
† Concordant direction of whole blood RNA expression versus serum protein expression. 
‡ Two transcript variants of this gene were differentially expressed. 
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In the present proteomics analysis, the majority of samples 
obtained from participants with early-stage dcSSc had a distinct 
serum protein profile compared to samples obtained from control 
subjects, confirming the presence of a prominent IFN signature 
in SSc (5,7,30). Among the 65 serum proteins that were up- 
regulated, 40 were type I IFN–inducible proteins, with 10 of those 
being chemokines (MCP-1, macrophage inflammatory protein 1β 
[MIP-1β], MCP-2, MCP-4, MIP-3β, myeloid progenitor inhibitory 
factor 1, MIG, IP-10, I-TAC, and B lymphocyte chemoattractant) 
as well as 30 other proteins, including osteopontin (SPP-1) and 
β2-microglobulin. Additionally, several type I IFN–inducible mol-
ecules were commonly dysregulated at both the RNA and pro-
tein level (CXCL9/MIG, CCL2/MCP-1, MUC1/CA 15-3, IL16/
IL-16, CXCL10/IP-10, SERPINA1/α1-antitrypsin, TNFSF13/TNF 
ligand superfamily, OLR1/lectin-like oxidized low-density lipopro-
tein receptor 1, and TNFSF13B/B cell–activating factor). Of note, 
plasma IP-10 and I-TAC were previously found to be up-regulated 
in 266 individuals with early-stage SSc enrolled in the GENISOS 
cohort, and these levels correlated with a peripheral blood cell 
IFN gene expression score (7). Moreover, in a phase I open-label 
clinical trial of anifrolumab (an anti–IFNα receptor 1 monoclonal 
antibody) conducted in 34 patients with SSc, levels of SPP-1 cor-
related with IFN activity (whole blood type I IFN gene signature 
score) whereas β2-microglobulin, IP-10, and MCP-4 were sup-
pressed after treatment with anifrolumab, supporting the notion 
that these proteins are regulated by type I IFN (16).

In our correlation analysis, serum soluble EGFR showed 
the strongest negative correlation with the MRSS and was sig-
nificantly down-regulated in participants with SSc compared to 
controls. Soluble EGFR can inhibit the activation of its trans-
membrane receptor by binding EGF or by directly binding the 
transmembrane receptor itself, which can disrupt EGF/EGFR cell 
signaling (31). Decreased soluble EGFR in SSc might lead to an 
activation of EGF pathways, as already described for some sub-
types of lung cancers (32). Indeed, a recent multicohort analysis 
of SSc skin transcriptome data across 7 data sets from 6 centers 
comprising 515 samples identified 6 signaling proteins which 
positively correlated with the SSc signature, 4 of which were 
EGFR ligands (33). Our data provide further support for EGFR 
signaling as a potential driver of fibrosis in SSc skin. Of note, a 
correlation between serum soluble EGFR and lung FVC or QILD 
score was not observed.

In our study, α1-antichymotrypsin showed the strongest pos-
itive correlation with the MRSS. This protein is an acute-phase 
reactant produced by the liver (34). Its biologic function is to inhibit 
several serine proteases, mainly cathepsin G, which is contained 
in the neutrophil granules and released at the site of inflamma-
tion. Notably, an excess of cathepsin G function is linked to tissue 
damage (35). Moreover, 2 proteins mainly associated with SSc 
vascular manifestation, endostatin and NT-proBNP, also showed 
a moderately positive correlation with the MRSS. Endostatin 
is a peptide derived from the C-terminus of type XVIII collagen 

produced by fibroblasts with antiangiogenic properties. Previous 
studies have shown that endostatin is up-regulated in SSc serum 
(36,37). Its antiangiogenic role suggests a feedback loop between 
endostatin and features of vascular impairment such as digital 
ulcers, pulmonary arterial hypertension (PAH), and scleroderma 
renal crisis (38–40). Vascular involvement and extensive skin 
involvement are not mutually exclusive. In fact, 2 previous studies 
have shown an association between serum levels of endostatin 
and more extensive skin involvement (39,41). Of note, endosta-
tin-derived peptides have exhibited antifibrotic properties and 
were able to prevent and reverse dermal TGFβ–induced fibrosis in 
both ex vivo human skin and in vivo mouse models (42). Similarly, 
NT-proBNP has a more established link with vascular abnormali-
ties in SSc, particularly with PAH, cardiac damage, and mortality 
(43), but previous studies have also shown a positive correlation 
of NT-proBNP with MRSS scores (44–46).

In our correlative analyses with SSc–ILD features, the avail-
ability of both FVC and QILD scores at the baseline visit in all SCOT 
participants enabled us to identify serum proteins that correlate  
with functional lung volume, as well as scleroderma-related radio-
graphic findings. Significant correlations were observed in CA 
15-3 and growth-regulated α protein (GROα) with both FVC and 
QILD scores in a clinically concordant direction, but only CA 15-3 
also showed significant up-regulation in SSc participants com-
pared to controls. CA 15-3 significantly correlated with lower FVC 
and higher QILD scores on HRCT. CA 15-3 is a mucin encoded 
by the gene MUC1, which also encodes Krebs von den Lungen 
6 protein. CA 15-3 is produced by epithelial cells, including type 
2 pneumocytes, and is commonly used as a tumor marker in 
clinical practice for breast and ovarian cancer (47,48). In a pre-
vious retrospective study of 221 individuals with SSc, CA 15-3 
was a useful marker in identifying individuals with significant ILD 
and also correlated with decreased FVC and higher lung fibro-
sis scores (49). Of note, CA 15-3 did not show a significant 
positive correlation with the MRSS, underscoring its value as a 
lung- specific marker. GROα is a neutrophil chemoattractant, 
and consistent with our results, a previous study indicated that 
this protein was up-regulated in SSc sera and was associated 
with lung impairment in SSc, correlating with decreased diffusing 
capacity for carbon monoxide and FVC (50).

Building on the availability of concomitantly collected serum 
and whole blood RNA samples, we performed a direct compar-
ison between these 2 sample types, showing that the differen-
tial expression for most proteins in SSc serum is most likely to 
originate outside peripheral blood cells. Our studies focused on 
serum and peripheral blood RNA, which can be readily obtained 
and are practical sources of biomarker development during rou-
tine clinical care. The 3 overrepresented pathways in SSc serum 
were exactly the same 3 overrepresented pathways previously 
identified in our global SSc skin gene expression study (hepatic 
fibrosis, granulocyte adhesion and diapedesis, and agranulo-
cyte adhesion and diapedesis) (29). To further investigate this 
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finding, we compared the list of 90 differentially expressed serum 
proteins with the differentially expressed transcripts in concomi-
tantly collected peripheral blood cell RNA samples. This analysis 
yielded only 14 molecules that were differentially expressed in 
both sample types in the concordant direction. There were even 
7 molecules that were differentially expressed in the opposite 
direction. These results support the notion that the source for 
the majority of differentially expressed serum proteins is likely to 
be outside of peripheral blood cells.

In line with our findings, a recently published SOMAscan 
proteome analysis in 2 cohorts of 14 and 20 patients with SSc 
showed that most of the differentially expressed serum proteins 
overlapped with serum proteins from 2 previously published SSc 
skin messenger RNA expression data sets (15). Prominently 
affected end organs in SSc such as the skin and lungs are poten-
tial sources for the SSc serum protein signature, although it is 
 possible that other organs such as the liver are also contributing 
to the SSc protein profile.

The present study has some weaknesses. It is mainly 
 hypothesis-generating and does not include mechanistic experi-
ments. Moreover, although we used the most comprehensive pro-
teomics MAP panel provided by the Myriad Rules-Based Medicine 
at the time of study, we cannot provide a comprehensive view of 
protein dysregulation, in contrast to the findings in genome-wide 
association and genome-wide gene expression studies, due to 
the technical limitations of the available proteomics assays. It is 
likely that a more comprehensive proteomics platform will lead 
to identification of additional candidate biomarkers. Furthermore, 
though we had access to concomitantly collected whole blood 
RNA samples, samples from affected end organs (skin or lung) 
were not available in the SCOT trial. Moreover, an independent 
validation cohort was not included in the present study. Future 
studies are needed to confirm the association of identified serum 
proteins with SSc fibrotic features.

The present study also has several strengths. To our knowl-
edge, this investigation represents the largest serum protein study 
in SSc with validated and robust multiplex protein assays. We ana-
lyzed a well-characterized subset of dcSSc participants with early 
progressive fibrotic disease. SCOT participants were matched at 
a 1:1 ratio for age and sex with control subjects in order to avoid 
the potential confounding effect of differences in demographic 
characteristics and to generate sufficient power for identifica-
tion of differentially expressed proteins. Moreover, the availability 
of FVC as well as QILD scores on HRCT enabled us to identify 
serum proteins that correlate with lung function as well as the 
extent of radiographic involvement. Lastly, to our knowledge, the 
present study is the first to directly compare a large-scale SSc 
serum protein profile to the concurrently obtained whole blood 
transcriptome.

In conclusion, 4 important observations emerged from the 
present study. Namely, SSc serum samples from SSc participants 
showed a distinct proteomics profile compared to samples from 

control subjects, which includes an activation of prominent profi-
brotic cytokines. Moreover, up-regulation of several type I IFN–
inducible proteins was also observed, confirming previous genetic 
and gene expression studies and demonstrating a prominent IFN 
signature in SSc. Furthermore, a direct comparison between 
the serum protein expression profile and peripheral blood gene 
expression profile indicated that the primary source for the SSc 
serum proteomics profile lies outside peripheral blood cells. 
Lastly, we were able to identify serum protein correlates of the 
MRSS and ILD severity, suggesting that EGFR, α1-antichymot-
rypsin, and CA 15-3 are candidate proteins for future mechanistic 
studies in SSc.
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Effect of Nintedanib on Lung Function in Patients With 
Systemic Sclerosis−Associated Interstitial Lung Disease: 
Further Analyses of a Randomized, Double-Blind,   
Placebo-Controlled Trial
Toby M. Maher,1  Maureen D. Mayes,2 Michael Kreuter,3 Elizabeth R. Volkmann,4  Martin Aringer,5  
Ivan Castellvi,6  Maurizio Cutolo,7  Christian Stock,8 Nils Schoof,9 Margarida Alves,9  and Ganesh Raghu,10  
on behalf of the SENSCIS Trial Investigators

Objective. In the SENSCIS trial in subjects with systemic sclerosis–associated interstitial lung disease (SSc-ILD), 
nintedanib reduced the rate of decline in forced vital capacity (FVC) over 52 weeks by 44% versus placebo. This study was 
undertaken to investigate the effects of nintedanib on categorical changes in FVC and other measures of ILD progression.

Methods. In post hoc analyses, we assessed the proportions of subjects with categorical changes in FVC % 
predicted at week 52 and the time to absolute decline in FVC of ≥5% predicted or death and absolute decline in FVC 
of ≥10% predicted or death.

Results. A total of 288 subjects received nintedanib and 288 subjects received placebo. At week 52, in subjects 
treated with nintedanib and placebo, respectively, 55.7% and 66.3% had any decline in FVC % predicted, 13.6% 
and 20.1% had a decline in FVC of >5% to ≤10% predicted, and 3.5% and 5.2% had a decline in FVC of >10% to 
≤15% predicted; 34.5% and 43.8% had a decrease in FVC of ≥3.3% predicted (proposed minimal clinically important 
difference [MCID] for worsening of FVC), while 23.0% and 14.9% had an increase in FVC of ≥3.0% predicted (proposed 
MCID for improvement in FVC). Over 52 weeks, the hazard ratio (HR) for an absolute decline in FVC of ≥5% predicted 
or death with nintedanib versus placebo was 0.83 (95% confidence interval [95% CI] 0.66−1.06) (P = 0.14), and the 
HR for an absolute decline in FVC of ≥10% predicted was 0.64 (95% CI 0.43−0.95) (P = 0.029).

Conclusion. These results suggest that nintedanib has a clinically relevant benefit on the progression of SSc-ILD.

INTRODUCTION

Systemic sclerosis (SSc) is a rare and heterogeneous auto-
immune disease characterized by microvascular damage and 

progressive fibrosis of the skin and internal organs (1). Interstitial 
lung disease (ILD) is a common manifestation of SSc and the lead-
ing cause of death in subjects with SSc (2). The course of SSc- 
associated ILD (SSc-ILD) is unpredictable, but a decline in forced 
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vital capacity (FVC) in subjects with SSc-ILD is an indicator of ILD 
progression and is associated with mortality (3−7). While there is 
no established definition for progression of ILD, in 2015, the Out-
come Measures in Rheumatology (OMERACT) connective tissue 
disease−associated ILD (CTD-ILD) Working Group agreed that a 
relative decline in FVC % predicted of ≥10%, or a relative decline 
in FVC % predicted of ≥5% to <10% with a relative decline in dif-
fusing capacity for carbon monoxide (DLco) % predicted ≥15%, 
represents clinically meaningful progression of SSc-ILD (8).

Nintedanib, an intracellular inhibitor of tyrosine kinases (9), has 
been approved in many countries for the treatment of idiopathic 
pulmonary fibrosis (IPF) and SSc-ILD. Clinical trials in subjects with 
IPF (INPULSIS) (10), with SSc-ILD (SENSCIS) (11), and with vari-
ous forms of progressive fibrosing ILDs (INBUILD) (12), including 
progressive autoimmune disease-related ILDs (13), have shown 
that nintedanib reduces the rate of decline in FVC (milliliters/year). 
The objective of the current analyses was to investigate the effects 
of nintedanib on categorical changes in FVC and other measures 
of ILD progression in subjects with SSc-ILD in the SENSCIS trial.

PATIENTS AND METHODS

Trial design. The design of the SENSCIS trial (ClinicalTrials. 
gov identifier: NCT02597933) has been published previously, 
together with the trial protocol (11). Briefly, eligible subjects had 
SSc with onset of first non−Raynaud’s phenomenon symptom <7 
years before screening, extent of fibrotic ILD ≥10% on a high- 
resolution computed tomography (HRCT) scan (based on assess-
ment of the whole lung), FVC ≥40% predicted, and DLco of the lung 
(corrected for hemoglobin) 30–89% predicted. Subjects receiv-
ing prednisone ≤10 mg/day or equivalent and/or stable therapy  
with mycophenolate or methotrexate for ≥6 months prior to ran-
domization were allowed to participate. Spirometers were provided 
to the sites and the results were confirmed centrally. Spirometry 
was performed in accordance with guidelines issued by the Amer-
ican Thoracic Society and European Respiratory Society (14), 
including daily calibration of the spirometer. Percent predicted 
values for FVC were calculated using the Global Lung Initiative 
equations based on the subject’s age, sex, race, and height (15). 
The method used to measure DLco and the equation used to cal-
culate percent predicted values for DLco were chosen by the site.

Subjects were randomized 1:1 to receive nintedanib 
150 mg twice a day or placebo, stratified by the presence of anti−
topoisomerase I (anti–topo I) antibodies. Subjects could con-
tinue to receive treatment in a blinded manner until the last subject 
had reached week 52, but for ≤100 weeks. Subjects who dis-
continued treatment prematurely were asked to remain in the trial 
and attend visits as originally planned. The trial was conducted in 
accordance with the trial protocol, the principles of the Declara-
tion of Helsinki, and the International Council for Harmonisation 
Guidelines for Good Clinical Practice, and was approved by local 
authorities. All subjects provided written informed consent.

End points. The following were assessed in the nintedanib 
and placebo groups based on data at week 52: the proportion of 
subjects with categorical absolute declines or increases in FVC 
% predicted or categorical relative declines or increases in FVC 
(milliliters) (as listed in the Results section); the proportion of sub-
jects who met proposed thresholds for minimal clinically important 
differences (MCID) for improvement in FVC (absolute increase of 
≥3.0% predicted), stable FVC (absolute increase of <3.0% pre-
dicted or decrease of <3.3% predicted), and worsening of FVC 
(absolute decrease of ≥3.3% predicted) based on data from 
Sclero derma Lung Studies I and II, anchored to the health tran-
sition question from the Medical Outcomes Study Short Form-36 
(16); and time to 1) an absolute decline in FVC of ≥5% predicted or 
death; 2) an absolute decline in FVC of ≥10% predicted or death; 
and 3) an absolute decline in FVC of ≥10% predicted or absolute 
decline in FVC of ≥5% to <10% predicted with an absolute decline 
in DLco of ≥15% predicted, or death. The proportions of subjects 
who met proposed thresholds for improvement in FVC, stable 
FVC, and worsening of FVC at week 52 were also assessed in 
subgroups defined by the following baseline characteristics: FVC 
of <80% versus ≥80% predicted, extent of fibrotic ILD on HRCT of 
<20% versus ≥20%, time since onset of first non−Raynaud’s phe-
nomenon symptom ≤3 versus >3 years, and glucocorticoid use.

Statistical analysis. Analyses were conducted post hoc in 
subjects who received ≥1 dose of trial medication (intention-to-treat). 
The proportions of subjects with categorical declines or increases 
in FVC % predicted and FVC measured in milliliters at week 52, 
and the proportions of subjects who met proposed thresholds for 
improvement in FVC, stable FVC, and worsening of FVC at week 
52 were compared between treatment groups using a Cochran-
Mantel-Haenszel test, stratified by anti–topo I antibody status. 
In the subgroup analyses, the proportions of subjects who met 
proposed thresholds for improvement in FVC, stable FVC, and 
worsening of FVC at week 52 were compared between treatment 
groups using a logistic regression model, including trial medication 
(nintedanib/placebo), anti–topo I antibody status, subgroup, and 
treatment-by-subgroup interaction as terms. Missing values were 
imputed using a worst value carried forward approach. Exploratory 
interaction P values were calculated to assess potential heteroge-
neity in the treatment effect of nintedanib versus placebo across the 
subgroups. Time-to-event end points were analyzed based on data 
from 52 weeks (± 7 days) using a Cox regression model with a term 
for treatment and stratified by anti–topo I antibody status. Analyses 
were not adjusted for multiplicity. Hazard ratios (HRs) or odds ratios 
and 95% confidence intervals (95% CIs) were calculated.

RESULTS

Characteristics of the study subjects. A total of  
576 subjects received ≥1 dose of trial medication (288 
received nintedanib and 288 received placebo). The baseline 
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characteristics of subjects in the SENSCIS trial have been 
described previously (11). The mean ± SD age was 54.0 ± 12.2 
years, 75.2% of subjects were female, and 67.2% were White. 
The mean ± SD FVC was 2,500 ± 777 milliliters and 72.5 ± 16.7 
% predicted, and the mean ± SD DLco was 53.0 ± 15.1 % pre-
dicted. Baseline characteristics were similar between the treat-
ment groups (11).

Categorical changes in FVC % predicted. In total, 46 
subjects (16.0%) in the nintedanib group and 31 subjects (10.8%) 
in the placebo group had missing FVC data at week 52. At week 
52, 55.7% of subjects in the nintedanib group and 66.3% of sub-
jects in the placebo group had a decline in FVC % predicted. At 
week 52 the proportions of subjects in the nintedanib group with 
an absolute decline in FVC of >5% to ≤10% predicted and an 
absolute decline in FVC of >10% to ≤15% predicted were 13.6% 
and 3.5%, respectively, while the proportions of subjects in the 

placebo group with an absolute decline in FVC of >5% to ≤10% 
predicted and an absolute decline in FVC of >10% to ≤15% 
predicted were 20.1% and 5.2%, respectively (Figure 1). The 
proportions of subjects who met thresholds for relative declines 
or increases in FVC (in milliliters) are shown in Supplementary 
Figure 1 (available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41576/ abstract). 
In the nintedanib and placebo groups, respectively, 34.5% 
versus 43.8% of subjects had an absolute decrease in FVC of 
≥3.3% predicted at week 52 (the proposed MCID for worsening 
of FVC), while 23.0% versus 14.9% had an absolute increase 
in FVC of ≥3.0% predicted at week 52 (the proposed MCID for 
improvement in FVC) (Figure 2). Exploratory interaction P values 
did not indicate heterogeneity in the effect of nintedanib versus 
placebo between subgroups classified by FVC % predicted, 
extent of fibrotic ILD on HRCT, time since onset of first non− 
Raynaud’s phenomenon symptom at baseline, or glucocorticoid 

Figure 1. Proportions of subjects with systemic sclerosis–associated interstitial lung disease (SSc-ILD) treated with nintedanib or placebo in 
the SENSCIS trial who had the indicated absolute increases and declines in forced vital capacity (FVC) % predicted at week 52. A post-baseline 
FVC measurement was not available for 1 patient.

Figure 2. Proportions of subjects with SSc-ILD treated with nintedanib or placebo in the SENSCIS trial who met the proposed threshold for 
worsening of FVC (decrease of ≥3.3% predicted), stable FVC (increase of <3.0% predicted or decrease of <3.3% predicted), or improvement in 
FVC (increase of ≥3.0% predicted) at week 52. A post-baseline FVC measurement was not available for 1 patient. OR = odds ratio; 95% CI =  
95% confidence interval (see Figure 1 for other definitions).

http://onlinelibrary.wiley.com/doi/10.1002/art.41576/abstract
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use (P > 0.05 for treatment-by-subgroup interactions) (Sup-
plementary Figure 2, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41576/ 
abstract).

Time to lung function decline or death. Over 52 weeks, 
an absolute decline in FVC of ≥5% predicted or death occurred 
in 43.1% of the subjects in the nintedanib group and 50.3% of 
the subjects in the placebo group (HR 0.83 [95% CI 0.66−1.06]; 
P = 0.14), and an absolute decline in FVC of ≥10% predicted or 
death occurred in 13.9% of the subjects in the nintedanib group 
and 21.5% of the subjects in the placebo group (HR 0.64 [95% 
CI 0.43−0.95]; P = 0.029) (Table 1 and Figure 3). Over 52 weeks, 
an absolute decline in FVC of ≥10% predicted, absolute decline in 
FVC of ≥5% to <10% predicted with an absolute decline in DLco 
of ≥15% predicted, or death occurred in 13.5% and 22.9% of 
subjects in the nintedanib and placebo groups, respectively (HR 
0.58 [95% CI 0.39−0.87]; P = 0.008) (Table 1).

DISCUSSION

These findings from the SENSCIS trial provide further evi-
dence that nintedanib has a clinically relevant effect on the 

progression of SSc-ILD. Although there is no established defi-
nition for the progression of ILD, declines in FVC of >10% pre-
dicted have been used to assess the proportion of subjects with 
clinically relevant ILD progression in previous studies of SSc-ILD 
(6,7) and other ILDs (17−20), based on the association between 
decline in FVC and mortality. In addition, thresholds for improve-
ment and worsening of FVC, derived based on anchoring to the 
health transition question from the Medical Outcomes Study 
Short Form-36 in the Scleroderma Lung Studies I and II, have 
been proposed as MCIDs at a population level (16). In a recent 
European Delphi consensus study, physicians experienced in 
the management of SSc-ILD agreed that the progression of SSc-
ILD can be assessed using changes in % predicted values for 
FVC and DLco and that measurement of lung function is an effec-
tive tool in long-term follow-up of ILD progression in patients with 
SSc-ILD (21).

Several studies have shown that a decline in FVC is associ-
ated with mortality in patients with SSc-ILD. A study of 171 patients 
at a single center showed that patients who died within 4 years of 
SSc-ILD diagnosis had a higher annual rate of decline in FVC than 
those who died between 4 and 8 years after their SSc-ILD diagno-
sis or who survived for >8 years (22). Data from Sclero derma Lung 
Study I (n = 158) showed that absolute declines in FVC of ≥10% 

Table 1. Proportions of subjects with absolute declines in FVC % predicted or death over 52 weeks in the SENSCIS trial*

Nintedanib (n = 288) Placebo (n = 288)
Absolute decline in FVC ≥5% predicted or death

Subjects with event, no. (%) 124 (43.1) 145 (50.3)
Hazard ratio (95% confidence interval) 0.83 (0.66−1.06)
P 0.14

Absolute decline in FVC ≥10% predicted or death
Subjects with event, no. (%) 40 (13.9) 62 (21.5)
Hazard ratio (95% confidence interval) 0.64 (0.43−0.95)
P 0.03

Absolute decline in FVC ≥10% predicted or absolute decline in 
FVC ≥5% to <10% predicted with absolute decline in DLco 
≥15% predicted, or death
Subjects with event, no. (%) 39 (13.5) 69 (22.9)
Hazard ratio (95% confidence interval) 0.58 (0.39−0.87)
P 0.008

* FVC = forced vital capacity; DLco = diffusing capacity for carbon monoxide.

Figure 3. Time to A, absolute decline in FVC of ≥5% predicted or death and B, absolute decline in FVC of ≥10% predicted or death, over 52 
weeks in patients with SSc-ILD treated with nintedanib or placebo in the SENSCIS trial. See Figure 1 for definitions.
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predicted or DLco of ≥15% predicted over 2 years were asso-
ciated with mortality over a median follow-up period of 8 years, 
while data from Scleroderma Lung Study II (n = 142) showed that 
an absolute decline in FVC of ≥10% predicted at 1 year was asso-
ciated with mortality over a median follow-up period of 4 years 
(7). In a large cohort of subjects in the European Scleroderma 
Trials and Research (EUSTAR) database (n = 857), an absolute 
decline in FVC of ≥10% predicted, or an absolute decline in FVC 
of ≥5% predicted with a decline in DLco of ≥15% predicted, over 
12 months was predictive of mortality over a maximum follow-up 
period of 5 years (5). Recent data from a well-characterized Nor-
wegian cohort (n = 391) showed that ILD progression defined 
as severe (absolute decline in FVC of >10% predicted or decline 
in FVC of 5−10% predicted with decline in DLco of ≥15% pre-
dicted) or moderate (absolute decline in FVC of 5−10% predicted 
with decline in DLco of <15% predicted) over a mean follow-up 
period of almost 4 years was associated with lower survival com-
pared with stable FVC (change <5% predicted), with 10-year 
survival rates of 59% versus 78% (6). In a long-term UK study of 
162 patients, a relative decline in FVC (in milliliters) of ≥10%, or a 
relative decline in FVC (in milliliters) of 5–9% with a relative decline 
in DLco of >15% at 1 year was strongly associated with mortality 
over 15 years (4).

Subgroup analyses of the data from the SENSCIS trial 
suggest that the proportions of subjects who met proposed 
thresholds for worsening and improvement in FVC were con-
sistent across subgroups based on FVC % predicted, time 
since onset of first non−Raynaud’s phenomenon symptom, 
extent of fibrotic ILD on HRCT, and glucocorticoid use at base-
line. Previous analyses have shown that the proportions of sub-
jects who met these thresholds were similar across subgroups 
by anti–topo I antibody status (23), SSc subtype (limited ver-
sus diffuse cutaneous SSc) (24), and mycophenolate use at 
baseline (25). Taken together, these data support a benefit of 
nintedanib in reducing the proportion of patients with clinically 
relevant progression of ILD, and increasing the proportion of 
patients with stable or increased FVC, across a broad pop-
ulation of subjects with SSc-ILD, consistent with the effects 
of nintedanib previously demonstrated in patients with IPF 
(26−28).

Strengths of our study include the participation of a large 
number of well-characterized subjects with SSc-ILD and the 
highly standardized procedure used for measurement of FVC. 
Limitations of our analyses include that they were conducted 
post hoc and, as such, should be considered exploratory. The 
present study did not assess whether the categorical changes 
in FVC translated into meaningful improvements/declines in 
patient- reported outcomes. Our analyses were not adjusted 
for multiple testing or for confounding factors such as use 
of mycophenolate. The number of deaths was too small to 
enable associations between FVC decline and mortality to be 
studied.

In conclusion, these further analyses of FVC decline in the  
SENSCIS trial support a clinically meaningful effect of nintedanib 
on slowing the progression of SSc-ILD.
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Risk Prediction Modeling Based on a Combination of 
Initial Serum Biomarker Levels in Polymyositis/
Dermatomyositis–Associated Interstitial Lung Disease
Takahisa Gono,1  Kenichi Masui,2 Naoshi Nishina,3 Yasushi Kawaguchi,4 Atsushi Kawakami,5 Kei Ikeda,6  
Yohei Kirino,7  Yumiko Sugiyama,8 Yoshinori Tanino,9 Takahiro Nunokawa,10 Yuko Kaneko,3 Shinji Sato,11 
Katsuaki Asakawa,12 Taro Ukichi,13 Shinjiro Kaieda,14 Taio Naniwa,15 Yutaka Okano,16 Masataka Kuwana,1 and 
the Multicenter Retrospective Cohort of Japanese Patients with Myositis-Associated ILD (JAMI) Investigators

Objective. To establish predictive models for mortality in patients with polymyositis/dermatomyositis–associated 
interstitial lung disease (PM/DM-ILD) using a combination of initial serum biomarker levels.

Methods. The Multicenter Retrospective Cohort of Japanese Patients with Myositis-Associated ILD (JAMI) 
database of 497 incident cases of PM/DM-ILD was used as a derivation cohort, and 111 cases were additionally 
collected as a validation cohort. Risk factors predictive of all-cause mortality were identified by univariate and 
multivariable Cox regression analyses using candidate serum biomarkers as explanatory variables. The predictive 
models for mortality were generated in patients with and those without anti–melanoma differentiation–associated 
gene 5 (MDA-5) antibody, using a combination of risk factors. Cumulative survival rates were assessed using Kaplan-
Meier analysis, and were compared between subgroups using the Breslow test.

Results. In the derivation cohort, C-reactive protein (CRP) and Krebs von den Lungen 6 (KL-6) levels were identified 
as independent risk factors for mortality in both anti–MDA-5–positive and anti–MDA-5–negative patients. We then 
developed a prediction model based on anti–MDA-5 antibody status, CRP level, and KL-6 level, termed the “MCK 
model,” to identify patients at low (<15%), moderate (15–50%), or high (≥50%) risk of mortality, based on the number 
of risk factors. The MCK model successfully differentiated cumulative survival rates in anti–MDA-5–positive patients 
(P < 0.01 for low versus moderate risk and P = 0.03 for moderate versus high risk) and in anti–MDA-5–negative 
patients (P < 0.001 for low versus moderate risk). The utility of the MCK model was replicated in the validation cohort.

Conclusion. Our findings indicate that an evidence-based risk prediction model using CRP and KL-6 levels 
combined with anti–MDA-5 antibody status might be useful for predicting prognosis in patients with PM/DM-ILD.
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INTRODUCTION

Polymyositis/dermatomyositis (PM/DM) is characterized by  
the inflammation of skeletal muscles and skin. Patients with 
PM/DM often develop extramuscular manifestations, such as 
arthritis, cardiomyopathy, and interstitial lung disease (ILD) (1). 
Of these, ILD is one of the leading causes of mortality (2). The 
clinical course, response to treatment, and prognosis of PM/
DM-ILD are highly variable among patients. For example, rap-
idly progressive ILD can occur over the course of days or weeks 
and is often refractory to immunosuppressive treatment, leading 
to death early in the disease course, while subacute ILD pro-
gresses over the course of weeks or months and often responds 
favorably to immunosuppressive treatment (3,4). Therefore, in the 
clinical setting, it is critical to predict the ILD course to pursue 
proper management.

A number of potential risk factors associated with poor 
ILD outcomes have been reported in PM/DM patients, and 
include demographic characteristics, physical findings, imag-
ing features, and biomarkers (5–15). Of these, measurement 
of circulating biomarkers has the advantages of convenience 
and minimal invasiveness. Furthermore, biomarkers are not only 
correlated with clinical features, such as disease activity and 
severity, but are also closely involved in the pathophysiology of 
the disease (16). 

In PM/DM patients, myositis-specific autoantibodies are  
the most reliable biomarker, i.e., patients with anti– melanoma 
differentiation–associated gene 5 (anti–MDA-5) antibody are  
more likely to develop rapidly progressive ILD with high  
mortality (4,6,8,13,17–19), while anti–aminoacyl  transfer RNA 
 synthetase (anti-ARS) antibodies are associated with  subacute 
ILD, which frequently recurs after a reduction in treatment 
intensity (4). However, more than half of anti– MDA-5– positive 
patients with ILD survive (20,21), and rapidly progressive ILD 
can occur in patients with anti-ARS antibody (22). These find-
ings clearly indicate that the presence or absence of myosi-
tis-specific autoantibodies alone is not sufficient to predict 
treatment response and mortality accurately. Nevertheless, 
higher anti–MDA-5 antibody levels measured by enzyme-linked 
immunosorbent assay (ELISA) were shown to correlate with 
poor outcomes (23). 

Other circulating biomarkers reported to be associated 
with poor survival include C-reactive protein (CRP), ferritin, 
Krebs von den Lungen 6 (KL-6), surfactant protein D (SP-D), 
interferon-α (IFNα), tumor necrosis factor, interleukin-6 (IL-6), 
IL-8, IL-18, CXCL9, and CXCL10 levels (5,7,9–11,14,15,24–
28). In this study, we aimed to establish a convenient risk 
stratification model based on a combination of initial serum 
biomarker levels using the large-scale Multicenter Retrospec-
tive Cohort of Japanese Patients with Myositis-Associated ILD 
(JAMI) (21).

PATIENTS AND METHODS

JAMI database. This study used clinical information on 497 
adult patients with PM, classic DM, or clinically amyopathic DM 
(CADM) who were enrolled in the JAMI database as a derivation 
cohort. Patients with ILD alone without any muscle involvement or 
hallmark cutaneous manifestation of DM were not included. JAMI 
is a multicenter, retrospective cohort of incident cases with PM/
DM-ILD who visited participating centers between October 2011 
and October 2015 (21). See Appendix A for a list of the JAMI 
investigators. The study protocol has been described in detail 
elsewhere (21). Briefly, all patients fulfilled the Bohan and Peter cri-
teria for definite or probable PM/DM (29) or the Sontheimer criteria 
for CADM (30), except that patients were not required to meet the 
condition of no clinical evidence of myositis for at least 6 months. 
Demographic characteristics and clinical, laboratory, and imag-
ing data at diagnosis prior to the initiation of immunosuppressive 
treatment as well as information on initial treatment regimens were 
collected anonymously in a dedicated electronic database. Infor-
mation on survival and causes of death, if death occurred, was 
collected retrospectively and prospectively.

As a validation cohort, we additionally collected 111 adult 
incident cases with PM/DM-ILD who visited JAMI participating 
centers after enrollment into the original JAMI cohort had closed,  
using the same Bohan and Peter criteria (29) or Sontheimer  
criteria (30) for enrollment. The study protocol was approved by the  
Ethics Committee of the coordinating center (Nippon Medical 
School; 26-03-434) and by individual participating centers. The 
JAMI cohort was registered in the University Hospitals Medical 
Information Network Clinical Trial Registry (UMIN000018663).

Serum biomarkers. Anti–MDA-5 antibody, anti-ARS anti-
body, and CRP, ferritin, KL-6, and SP-D levels were chosen as 
candidate serum biomarkers for the prediction model for mortal-
ity, for the following reasons: 1) utility in predicting outcomes in 
PM/DM-ILD has been reported in the literature (9–12,15,20), and 
2) assay systems have been established and validated for clini-
cal use. Anti–MDA-5 antibody was measured using an in-house 
ELISA (17). Results are shown in units, and a cutoff level for pos-
itivity was set at 8 units. Anti-ARS antibody was identified using 
RNA immunoprecipitation assay (31). CRP, ferritin, KL-6, and 
SP-D levels were measured in the clinical laboratories of individual 
participating centers at the time of diagnosis.

Statistical analysis. All statistical analyses were per-
formed by an independent medical statistician (KM) using SPSS 
Statistics version 23 (IBM), Prism 8.4.2 (GraphPad Software), 
JMP Pro 14.0.0 (SAS Institute), and R 3.4.3 (The R Founda-
tion for Statistical Computing). Continuous values are shown as 
the median (2.5–97.5 percentile). Two patients who had both 
anti–MDA-5 and anti-ARS antibodies were included in both the 
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anti–MDA-5–positive and anti-ARS–positive groups. Multivariable 
analysis was conducted separately for the anti–MDA-5–positive 
and anti–MDA-5–negative groups. The cutoff values for the can-
didate biomarkers for all-cause mortality were determined using 
receiver operating characteristic (ROC) analysis with multivariable 
analysis. After assessing multicollinearity, dichotomous variables 
of biomarkers were applied to the Cox proportional hazards model 
to identify optimal models for predicting all-cause mortality. No 
continuous variable was applied to the multivariate analyses. The 
biomarkers selected by the Breslow test were used to determine 
the final Cox proportional hazards model. Stepwise backward 
deletion (P ≥ 0.10) was performed using the Wald test to select the 
predictor variables in the model. To examine the impact of treat-
ment on the prediction model, initial treatment agents, including 
high-dose glucocorticoids (prednisolone equivalent ≥50 mg daily), 
calcineurin inhibitors (cyclosporine or tacrolimus), cyclophospha-
mide, and intravenous immunoglobulin, were forcibly included in 
the final multivariable model as potential confounders.

To verify the original Cox proportional hazards models, 
a  multiple imputation method was applied using 1,000 imputed  

data sets for all of the missing values of dichotomous variables. 
For multiple imputation, we used all dichotomous or categorical 
 variables that were significant in a previous study (21). The results 
are presented as the hazard ratio (HR) and 95% confidence inter-
val (95% CI). We then developed a prediction model for mortality 
using  significant variables derived from the Cox proportional haz-
ards model. Additionally, mortality rates were determined for each 
score from the original data set, and 95% CIs were calculated 
using bootstrap analysis with 1,000 resampling data sets. P val-
ues for multiple comparisons were adjusted using the Benjamini- 
Hochberg method. Cumulative survival rates were assessed using 
Kaplan-Meier analysis and were compared between subgroups by 
the Breslow test. P values less than 0.05 were  considered significant.

RESULTS

Baseline patient characteristics and outcomes. 
Selected baseline characteristics and initial treatment of patients 
in the derivation and validation cohorts are shown in Table 1. 
The median disease duration at diagnosis was 3 months in 

Table 1. Baseline characteristics and initial treatment of patients with PM/DM-ILD in the derivation and validation cohorts*

Derivation cohort
(n = 497)

Validation cohort
(n = 111) P

Demographic characteristics
Age at onset, years 57 (29–80) 55 (25–85) 0.86
Male sex, no. (%) 167 (34) 31 (28) 0.25
Disease duration at diagnosis, 

months
3 (1–62)† 3 (1–51) 0.006

Diagnosis, no. (%) 0.04
PM 76 (15) 10 (9)
Classic DM 158 (32) 48 (43)
CADM 263 (53) 53 (48)

Laboratory parameters
CK, IU/liter 202 (32–4,267)‡ 191 (26–8,212) 0.96
CRP, mg/dl 0.7 (0.02–13.4)‡ 0.81 (0.03–16.3) 0.26
Ferritin, ng/ml 357 (22–3,846)§ 386 (12–2,011) 0.84
KL-6, units/ml 801 (208–4,431)¶ 609 (183–2,828) 0.0003
SP-D, ng/ml 91 (16–615)# NA –

Myositis-specific autoantibodies
Anti–MDA-5 antibody, no. (%) 209 (42)** 60 (54) 0.03
Anti–MDA-5 antibody level, units 106 (11–1,075) NA –
Anti-ARS antibody, no. (%) 165 (33)†† 46 (41) 0.08

Drugs used for initial treatment, no. 
(%)

High-dose glucocorticoids 289 (58) 85 (77) 0.0003
Calcineurin inhibitors 238 (48) 98 (89) <0.0001
Cyclophosphamide 223 (45) 51 (46) 0.84
IVIG 86 (17) 19 (17) 0.96

* Except where indicated otherwise, values are the median (2.5–97.5 percentile). PM/DM-ILD = polymyositis/dermatomyositis–
associated interstitial lung disease; CADM = clinically amyopathic dermatomyositis; CK = creatine kinase; CRP = C-reactive 
protein; KL-6 = Krebs von den Lungen 6; SP-D = surfactant protein D; NA = not available; anti–MDA-5 = anti–melanoma 
differentiation–associated gene 5; anti-ARS = anti–aminoacyl transfer RNA synthetase; IVIG = intravenous immunoglobulin. 
† Data were available for 495 patients (99.6%). 
‡ Data were available for 486 patients (98%). 
§ Data were available for 361 patients (73%). 
¶ Data were available for 476 patients (96%). 
# Data were available for 380 patients (76%). 
** Data were available for 493 patients (99%). 
†† Data were available for 489 patients (98%). 
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both cohorts, indicating that most patients were diagnosed 
and treated at an early stage. Our cohort consisted mainly of 
patients with classic DM or CADM. In the derivation cohort, 
91% of the patients fulfilled the 2017 European League against 
Rheumatism/American College of Rheumatology classification 
criteria for adult and juvenile idiopathic inflammatory myopa-
thies (32). Anti–MDA-5 and anti-ARS antibodies were detected 
in 42% and 33%, respectively, of the patients in the derivation 
cohort.

Ninety-three patients (19%) died during a median observa-
tion period of 20 months (range 1–50 months). The causes of 
death included respiratory insufficiency directly related to ILD in 
76 patients (82%), infection in 5 patients (5%), malignancy in 5 
patients (5%), and other causes, such as renal insufficiency, car-
diomyopathy, and suicide, in 7 patients (8%), indicating that most 
of the patients in the JAMI cohort died directly of ILD. Of the 93 
patients who died, 73 (78%) were positive for anti–MDA-5 anti-
body, clearly indicating that anti–MDA-5 antibody was the stron-
gest predictor of mortality in the JAMI cohort. The major cause 
of mortality in anti–MDA-5–positive patients was respiratory insuf-
ficiency directly related to ILD (92%; n = 67).

Identification of initial serum biomarkers useful 
for predicting mortality. In the JAMI cohort, most of the 
patients who died were anti–MDA-5–positive (21). In fact, patients 
with anti–MDA-5 antibody had worse survival rates, and those 
with anti-ARS antibody had better survival rates, than patients 
without the antibodies (P < 0.001 for both comparisons) (Sup-
plementary Figure 1, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41566/ 
abstract). In particular, the survival rate decreased dramatically to 
70% within 3 months after diagnosis for patients with anti–MDA-5 
antibody. Therefore, we decided to develop prediction models 

for all-cause mortality in anti–MDA-5–positive and anti–MDA-5– 
negative patients independently.

As candidate serum biomarkers for predictors, CRP, ferritin, 
KL-6, SP-D, and anti–MDA-5 antibody levels were chosen for anti–
MDA-5–positive patients, while CRP, ferritin, KL-6, SP-D  levels, 
and anti-ARS antibody were chosen for anti–MDA-5– negative 
patients. The maximum variance inflation factors for serum bio-
markers were 1.20 and 1.39 in anti–MDA-5–positive patients 
and anti–MDA-5–negative patients, respectively, indicating a lack 
of multicollinearity. We then conducted multivariable ROC analysis 
to determine optimal cutoff values for continuous variables, such 
as CRP, ferritin, KL-6, SP-D, and anti–MDA-5 antibody levels, for 
predicting all-cause mortality. The individual cutoff values were 
selected based on the highest area under the curve (AUC) and 
were rounded off (Table 2). Interestingly, optimal cutoff levels for 
serum biomarkers, except KL-6, differed between anti–MDA-5–
positive and anti–MDA-5–negative patients, justifying the devel-
opment of independent prediction models in patient subgroups 
stratified by the presence or absence of anti–MDA-5 antibody.

Kaplan-Meier curves were determined for patients with PM/
DM-ILD stratified by the cutoff values for CRP, ferritin, KL-6, SP-D, 
and anti–MDA-5 antibody level (for anti–MDA-5–positive patients 
only), or the presence or absence of anti-ARS antibody (for anti–
MDA-5–negative patients only) (Supplementary Figure 2, available 
on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41566/ abstract). The cumulative sur-
vival rates were significantly different between the groups divided 
according to cutoff levels for CRP and KL-6 for both the anti–
MDA-5–positive and anti–MDA-5–negative groups, while ferritin 
and anti–MDA-5 antibody levels were useful for the prediction of 
survival only in patients with anti–MDA-5 antibody.

To select serum biomarkers for the prediction models, all 
candidate biomarkers, i.e., CRP, ferritin, KL-6, and anti–MDA-5 

Table 2. Cutoff values for initial serum biomarkers for predicting all-cause mortality in patients with PM/DM-ILD, 
stratified by the presence or absence of anti–MDA-5 antibody*

Biomarker Cutoff value† Sensitivity/specificity,% AUC P‡
No. of patients with 

data available
Anti–MDA-5–positive 

patients
CRP, mg/dl 0.8 75/59 0.734 <0.001 206
Ferritin, ng/ml 1,000 43/79 0.681 0.001 168
KL-6, units/ml 1,000 78/44 0.717 0.009 204
SP-D, ng/ml 40 68/42 0.544 0.306 167
Anti–MDA-5 antibody 

level, units
180 45/70 0.624 0.027 209

Anti–MDA-5–negative 
patients
CRP, mg/dl 1.1 68/65 0.682 0.002 276
Ferritin, ng/ml 300 44/67 0.694 0.274 191
KL-6, units/ml 1,000 79/62 0.689 0.003 268
SP-D, ng/ml 130 81/44 0.696 0.060 209

* AUC = area under the curve (see Table 1 for other definitions). 
† Cutoff values were determined by the multivariable receiver operating characteristic curve. 
‡ By Kaplan-Meier analysis with the Breslow test (for details, see Supplementary Figure 1, available on the Arthritis & 
Rheumatology website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41566/ abstract). 

http://onlinelibrary.wiley.com/doi/10.1002/art.41566/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41566/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41566/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41566/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41566/abstract
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antibody levels for anti–MDA-5–positive patients, and CRP and 
KL-6 levels for anti–MDA-5–negative patients, were subjected to 
Cox regression analysis as potential explanatory variables. Through 
stepwise backward deletion, we finally selected CRP and KL-6 
levels as significant independent risk factors for all-cause mortality 
in both anti–MDA-5–positive and anti–MDA-5–negative patients.  
Sensitivity analysis showed that statistical significance was  
consistent among different models adjusted for initial treatment 
regimens and/or complementation of the missing data by multiple 
imputation (Table 3).

Predictive modeling for mortality based on a 
combination of serum biomarkers. We then generated a 
predictive model for all-cause mortality based on the levels at 
diagnosis of a combination of independent serum biomarkers, 
in anti–MDA-5–positive and anti–MDA-5–negative patients 
separately (CRP ≥0.8 mg/dl and KL-6 ≥1,000 units/ml for 

anti–MDA-5–positive patients, and CRP ≥1.1 mg/dl and KL-6 
≥1,000 units/ml for anti–MDA-5–negative patients) (Table 4).  
When the risk score was defined as the number of risk  
factors, the mortality rates for patients with risk scores of 0, 1, 
and 2 were 13.6%, 39.2%, and 57.5%, respectively, in anti–
MDA-5–positive patients. In this 3-group model, the 95% CIs 
of the mortality rates estimated by the bootstrap method were 
separated with minimum overlap among the subgroups. How-
ever, in anti–MDA-5–negative patients, observed mortality rates 
for patients with risk scores of 0, 1, and 2 were 2.0%, 4.7%, 
and 27.5%, respectively. The 95% CIs of the mortality rates 
estimated by the bootstrap method had an apparent overlap 
between patients with a score of 0 and those with a score of 1. 
Therefore, we combined the patients with a risk score of 0 and 
those with a risk score of 1 to create a 2-group model, result-
ing in good separation of the 95% CIs between the 2 groups. 
Given these results, we built a prognostic matrix model, based 

Table 3. Initial serum biomarkers for predicting all-cause mortality in patients with PM/DM-ILD, stratified by the presence or absence of 
anti–MDA-5 antibody*

Serum biomarker

Crude
Adjusted for 
treatment Multiple imputation

Multiple imputation 
and adjusted for 

treatment

HR (95% CI) P HR (95% CI) P HR (95% CI) P HR (95% CI) P
Anti–MDA-5–positive 

patients†
CRP ≥0.8 mg/dl 3.1 (1.8–5.3) <0.001 2.5 (1.4–4.3) 0.001 3.2 (1.9–5.5) <0.001 2.6 (1.5–4.6) 0.001
KL-6 ≥1,000 units/ml 1.7 (1.0–2.7) 0.033 1.8 (1.1–2.9) 0.012 1.7 (1.0–2.7) 0.031 1.8 (1.1–2.9) 0.011

Anti–MDA-5–negative 
patients‡

CRP ≥1.1 mg/dl 3.7 (1.3–10.1) 0.011 4.9 (1.8–13.5) 0.002 3.8 (1.4–10.0) 0.007 4.9 (1.8–13.5) 0.002
KL-6 ≥1,000 units/ml 3.6 (1.2–11.3) 0.017 6.1 (1.9–19.8) 0.003 5.7 (1.9–17.2) 0.002 6.0 (1.8–19.8) 0.003

* Hazard ratios (HRs), 95% confidence intervals (95% CIs), and P values were obtained by Cox proportional hazards model using CRP level 
and KL-6 as explanatory variables. See Table 1 for other definitions. 
† n = 203; n = 209 for multiple imputation. 
‡ n = 267; n = 284 for multiple imputation. 

Table 4. All-cause mortality rates by the risk score observed in the cohort and estimated by the bootstrap 
method, stratified by the presence or absence of anti–MDA-5 antibody*

Risk score†
Observed 

mortality rate, %
Mortality rate estimated by the 

bootstrap method, median % (95% CI)
Anti–MDA-5–positive patients (3-group 

model)
0 (n = 66) 13.6 13.4 (6.0–22.2)
1 (n = 97) 39.2 39.9 (30.0–50.0)
2 (n = 40) 57.5 57.5 (43.1–73.0)

Anti–MDA-5–negative patients (3-group 
model)

0 (n = 100) 2.0 1.9 (0.0–5.3)
1 (n = 127) 4.7 4.5 (1.5–8.5)
2 (n = 40) 27.5 27.1 (13.9–41.7)

Anti–MDA-5–negative patients (2-group 
model)

0 or 1 (n = 227) 3.5 3.1 (0.0–7.8)
2 (n = 40) 27.5 27.1 (13.9–41.7)

* 95% CI = 95% confidence interval (see Table 1 for other definitions). 
† Number of individual risk factors (CRP level ≥0.8 mg/dl and KL-6 ≥1,000 units/ml for anti–MDA-5–positive patients, 
and CRP level ≥1.1 mg/dl and KL-6 ≥1,000 units/ml for anti–MDA-5–negative patients). 



GONO ET AL 682       |

on anti–MDA-5 antibody, CRP level, and KL-6 level, termed 
“MCK model,” identifying patients with PM/DM-ILD at low 
(<15%), moderate (15–50%), or high (≥50%) risk of mortality 
during the follow-up period (Figure 1A).

Kaplan-Meier analysis with the Breslow test revealed that 
the survival curves were significantly differentiated between 
anti–MDA-5–positive patients stratified by risk score, confirming 
the validity of this 3-group model (Figure 1C). In anti–MDA-5– 
negative patients, there was no difference in the cumulative sur-
vival rates between patients with a score of 0 and those with a 
score of 1 in the 3-group model, but differentiation of survival 
curves in the 2-group model was excellent (Figure 1E). When 

we divided anti–MDA-5–positive patients into 2 groups based 
on antibody level (≥180 units and <180 units), survival curves 
differed according to the MCK model score in both groups, but 
the MCK model  performed better in patients with anti–MDA-5 
antibody level <180 units (Supplementary Figure 3, available 
on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41566/ abstract). Concordant results 
were obtained when these models were tested for mortality due 
to respiratory insufficiency directly related to ILD instead of all-
cause mortality (Supplementary Figure 4, available on the Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41566/ abstract).

Figure 1. A model of mortality risk in patients with polymyositis/dermatomyositis–associated interstitial lung disease (PM/DM-ILD) based on 
anti–melanoma differentiation–associated gene 5 (anti–MDA-5) antibody status, C-reactive protein (CRP) level, and Krebs von den Lungen 6 
(KL-6) (the MCK matrix model), and cumulative survival rates in patients with PM/DM-ILD classified by risk score. The risk score was defined 
as the number of risk factors (CRP ≥0.8 mg/dl and KL-6 ≥1,000 units/ml for anti–MDA-5–positive patients, and CRP ≥1.1 mg/dl and KL-6 ≥  
1,000 units/ml for anti–MDA-5–negative patients). A and B, The MCK matrix model of mortality risk (low, moderate, or high) based on the risk 
score and anti–MDA-5 antibody status in the derivation cohort (A) and validation cohort (B). Values in the matrices are the rates of all-cause 
mortality. C and D, Survival curves using the 3-group model for anti–MDA-5–positive patients in the derivation cohort (C) and validation cohort 
(D). E and F, Survival curves using the 2-group model for anti–MDA-5–negative patients in the derivation cohort (E) and validation cohort (F). 
Survival curves were determined by Kaplan-Meier analysis with the Breslow test.

http://onlinelibrary.wiley.com/doi/10.1002/art.41566/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41566/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41566/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41566/abstract


RISK PREDICTION MODEL FOR MORTALITY IN PM/DM-ILD |      683

The performance of the MCK model for predicting mortality 
in patients with PM/DM-ILD was compared with anti–MDA-5 anti-
body testing alone (Table 5). Anti–MDA-5 antibody testing was a 
binary variable and had a sensitivity of 79%, specificity of 65%, 
positive predictive value (PPV) of 35%, negative predictive value of 
93%, and accuracy of 68% for all-cause mortality. In contrast, the 
MCK model enabled us to divide the patients into 3 risk groups: 
high risk, moderate risk, and low risk. Identification of patients 
with low risk resulted in increased sensitivity and specificity (81% 
and 73%, respectively) without decreases in other indices. When 
patients with high risk were selected, specificity was increased to 
96% with a PPV of 58% and accuracy of 82%. Almost concor-
dant findings were observed when we evaluated the risk of mor-
tality due to ILD. These findings suggest improvement of risk 
stratification in patients with PM/DM-ILD using the MCK model.

Validation of the MCK model in a validation cohort. 
An independent validation cohort consisting of 111 adult incident 
cases of PM/DM-ILD was used to assess the reproducibility of 
the MCK model for the prediction of mortality risk. In the validation 
cohort, 19 patients (17%) died during a median of 21 months. 
The baseline characteristics were similar between the cohorts, 
while anti–MDA-5 antibody was more prevalent and the patients 
were treated more intensively in the validation cohort than in the 
derivation cohort (Table 1). The prognostic MCK matrix model 
developed in the derivation cohort was principally replicated in the 
validation cohort (Figure 1B). In addition, cumulative survival rates 
stratified by the MCK model were principally similar to those in the 
derivation cohort (Figures 1D and F).

Simplified MCK model. In the MCK model, different 
cutoff levels for CRP were applied for anti–MDA-5–positive and 
anti–MDA-5–negative patients (0.8 and 1.1 mg/dl, respectively). 
To make the modeling more convenient, the optimal cutoff level 
for CRP for the entire cohort was investigated using ROC analysis, 
and found to be 1.0 mg/dl (AUC 0.704). The simplified MCK model 

using CRP ≥1.0 mg/dl and KL-6 ≥1,000 units/ml for all patients 
with PM/DM-ILD showed acceptable performance in terms of dis-
crimination of cumulative survival rates in both anti–MDA-5–posi-
tive and anti–MDA-5–negative patients (Supplementary Figure 5, 
available on the Arthritis & Rheumatology website at http://online 
libr ary.wiley.com/doi/10.1002/art.41566/ abstract).

DISCUSSION

We successfully developed an evidence-based MCK risk 
stratification model for mortality in patients with PM/DM-ILD, 
based on a combination of serum biomarkers measured at diag-
nosis. Anti–MDA-5 antibody was the strongest predictor of poor 
survival in patients with PM/DM-ILD in the JAMI cohort (21), but 
we showed that the additional measurement of CRP and KL-6 
levels enhanced the accuracy for predicting outcomes. Interest-
ingly, the same predictors, CRP and KL-6 levels, were identified 
in both anti–MDA-5–positive and anti–MDA-5–negative patients, 
resulting in the development of the simplified, convenient model-
ing. The MCK model has several advantages over anti–MDA-5 
antibody testing alone: it provides more detailed risk stratification 
by dividing patients into 3 risk groups, and it enables us to sub-
divide mortality risk by anti–MDA-5 antibody status. A strength 
of our study is the consistency of the utility of the MCK model 
across independent derivation and validation cohorts, which were 
selected in different treatment eras. However, the MCK model 
still needs to be validated in prospective studies involving various 
patient populations.

The MCK model is potentially useful in clinical practice for pre-
dicting prognosis and deciding on treatment regimens for patients 
newly diagnosed as having PM/DM-ILD. Since the predictors used 
for the MCK model remained significant even after adjustment for 
treatment, therapeutic regimens had little impact on the prediction 
of mortality risk. Up-front aggressive immunosuppression consist-
ing of high-dose glucocorticoids and a combination of immuno-
suppressants was used for the treatment of DM-ILD based solely 

Table 5. Performance of the MCK model compared with anti–MDA-5 antibody testing 
alone in predicting mortality in patients with PM/DM-ILD*

Sensitivity Specificity PPV NPV Accuracy
All-cause mortality (n = 470)

Anti–MDA-5 antibody testing 
alone

79 65 35 93 68

MCK model
Low risk 81 73 41 94 74
High risk 26 96 58 84 82

Mortality due to ILD (n = 470)
Anti–MDA-5 antibody testing 

alone
88 66 32 97 69

MCK model
Low risk 87 72 37 97 74
High risk 29 95 55 88 85

* Risk stratification in the MDA-5, CRP, and KL-6 (MCK) model was determined based on the 
prognostic matrix model shown in Figure 1. Values are the percent. PPV = positive predictive 
value; NPV = negative predictive value (see Table 1 for other definitions). 

http://onlinelibrary.wiley.com/doi/10.1002/art.41566/abstract
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on anti–MDA-5 antibody positivity (33), but severe infection while 
receiving excessive immunosuppression is reported to be a crit-
ical prognostic factor in this patient population (34). Since the 
MCK model was able to identify patients with a low risk of mortality, 
it might provide information useful to avoid unnecessary excessive 
immunosuppression in such patients. The MCK model identified 
patients with a high mortality risk with a specificity of 96%. These 
patients should be treated with aggressive immunosuppression, 
and might be eligible for clinical trials of potential novel treatments, 
such as tofacitinib (35) and plasma exchange (36). Taken together, 
these findings indicate that the MCK model could contribute to 
personalized medicine in patients with PM/DM-ILD (37).

Our prediction model was able to identify patients with mod-
erate mortality risk in the anti–MDA-5–negative patient subset, 
although its proportion was relatively small (15% and 10% in 
the derivation and validation cohorts, respectively). In the JAMI 
cohort, anti-ARS antibody had less prognostic value in anti–MDA-
5– negative patients. Rapidly progressive ILD can occur in patients 
with antisynthetase syndrome, but there is no reliable predictor of 
poor prognosis (22,38), indicating the value of the MCK model in 
anti–MDA-5–negative patients with PM/DM-ILD.

The independent risk factors for mortality identified in this 
study are not only biomarkers, but also may reflect the ongoing 
pathogenic process of PM/DM-ILD. MDA-5 is a sensor for dou-
ble-stranded RNA viruses such as picornavirus, and is involved 
in the synthesis of type I IFN and the activation of NF-κB (39). The 
pathogenic contribution of the anti–MDA-5 antibody itself is not 
well documented, but a recent study suggested that anti–MDA-5 
antibodies induce epithelial cell injury and a resultant release of 
inflammatory cytokines by promoting the formation of neutrophil 
extracellular traps (40). A high titer of anti–MDA-5 antibody was 
shown to correlate with poor treatment outcomes in patients with 
PM/DM-ILD (22,41,42), but our study failed to show that anti–
MDA-5 antibody level was an independent predictor of mortality.

The level of CRP produced, which is under the control of 
IL-6 signaling (43), has been shown to be associated with dis-
ease activity and poor prognosis in patients with PM/DM-ILD 
(44–46). KL-6 is a mucin-like, high molecular weight glycoprotein 
expressed mainly on the surface membrane of type 2 alveolar 
pneumocytes, and an elevated level of circulating KL-6 is thought 
to result from the injury of alveolar cells and the destruction of 
vasculature in the lungs (47,48). Interestingly, CRP and KL-6 were 
identified as risk factors for mortality independent of anti–MDA-5 
antibody status. Therefore, the biomarkers identified may reflect 
ongoing pathogenic processes of PM/DM-ILD, including injury of 
alveolar epithelium and vasculature, and the activation of inflam-
matory cytokine pathways.

There were several limitations to this study. First, the partici-
pating centers of the JAMI cohort consist mainly of tertiary referral 
hospitals, which were likely to enroll patients with more severe 
disease. In fact, patients with anti–MDA-5 antibodies dominated 
the JAMI cohort, but a series of analyses indicated that CRP  

and KL-6 levels were predictors of mortality independent of  
anti–MDA-5 antibody positivity. Second, JAMI did not enroll 
patients with anti-ARS antibody without any muscle or skin symp-
toms. This is simply because JAMI protocol was established in 
2011 when measurement of anti-ARS and anti–MDA-5 antibodies 
was not routinely feasible in clinical practice and thus was not part of  
the inclusion criteria. Expansion of the disease spectrum of PM/
DM-ILD and inclusion of antisynthetase syndrome should be an 
interesting future research agenda. Third, candidate serum bio-
markers were selected based on availability in the JAMI database, 
and were not chosen from a large panel of potential biomarkers. 
Finally, measurement of KL-6 level is currently available in clini-
cal practice only in some countries. Nevertheless, there is accu-
mulating evidence showing the utility of KL-6 as a biomarker for 
diagnosis, and for the prediction of disease progression, prog-
nosis, and treatment response in patients with various types of 
ILD, especially those with a progressive phenotype and poor out-
comes, such as idiopathic pulmonary fibrosis and ILD associated 
with systemic sclerosis, rheumatoid arthritis, and PM/DM (49,50), 
supporting widespread use of KL-6 measurement in routine clin-
ical practice.

In conclusion, we successfully established the MCK risk 
stratification model using serum biomarkers in patients with PM/
DM-ILD using data from a large cohort. The MCK model might 
help physicians decide how to manage patients with newly diag-
nosed PM/DM-ILD, and could be also useful for cohort enrich-
ment in future clinical trials.
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Can Dual-Energy Computed Tomography Be Used to 
Identify Early Calcium Crystal Deposition in the Knees of 
Patients With Calcium Pyrophosphate Deposition?
Jean-François Budzik,1  Claire Marzin,2 Julie Legrand,2 Laurène Norberciak,2 Fabio Becce,3  and 
Tristan Pascart1

Objective. To assess the ability of dual-energy computed tomography (DECT) in identifying early calcium crystal 
deposition in menisci and articular cartilage of the knee, depending on the presence/absence of chondrocalcinosis 
seen on conventional CT.

Methods. One hundred thirty-two knee DECT scans from patients with suspected crystal-associated arthropathy 
were reviewed and assigned to a calcium pyrophosphate deposition (CPPD) group (n = 50) or a control group (n = 
82). Five DECT attenuation parameters were measured in preset regions of interest (ROIs) in menisci and articular 
cartilage and compared between groups using linear mixed models with adjustment for confounders. Subgroup 
analysis, excluding ROIs with chondrocalcinosis seen on conventional CT, was performed.

Results. In both menisci and articular cartilage, and for all 5 DECT attenuation parameters, calcified ROIs in CPPD 
patients showed significantly higher values than ROIs in controls (P ≤ 0.036). Conversely, noncalcified ROIs in CPPD 
patients were comparable with those in controls (P ≥ 0.09). While specific DECT parameters yielded good accuracy 
(area under the curve [AUC] 0.87–0.88) in differentiating calcified ROIs in CPPD patients from ROIs in controls, DECT 
failed to distinguish between noncalcified ROIs in CPPD patients and controls (AUC 0.58–0.59).

Conclusion. While DECT has the potential to characterize knee intraarticular mineralization, this technique cannot 
yet accurately identify early calcium crystal deposition that is not visible as chondrocalcinosis on conventional CT.

INTRODUCTION

The prevalence of calcium pyrophosphate deposition 
(CPPD)—currently underestimated at ~0.4% of the general 
population when defined by radiographic chondrocalcinosis—
is increasing with the aging population (1). While definite diag-
nosis of CPPD is currently made by polarized light microscopic 
identification of characteristic CPP crystals in synovial fluid (2), 
the accuracy and reliability of polarized light microscopy for 
identifying CPP crystals is moderate compared with its ability 
to identify monosodium urate (MSU) in gout (3). Furthermore, 
this technique does not enable quantification or mapping of 
articular crystal deposition.

Because clinical features of CPPD disease are nonspecific, 
ranging from acute (“pseudogout”) to chronic CPP crystal inflam-
matory arthritis with or without osteoarthritis (OA), the diagnosis still 
often relies on identification of chondrocalcinosis by imaging (2). 
Although both ultrasound (4) and conventional computed tomogra-
phy (CT) (5) have higher sensitivity for chondrocalcinosis than plain 
radiography, none of these techniques can yet be used to accu-
rately characterize calcium crystal deposition in and around joints.

Dual-energy CT (DECT), owing to its material decomposition 
capabilities, has the potential to noninvasively characterize tissues 
by determining their x-ray attenuation biochemical signatures (6). 
Briefly, DECT relies on the principle that x-ray tissue attenuation—
represented by CT numbers in Hounsfield units (HU)—depends 
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on 1) tissue density (in kg/m3), 2) its chemical composition, char-
acterized by its HU effective atomic number (Zeff), and 3) the 
effective energy of the polychromatic x-ray photon beam (in keV). 
Given that the x-ray beam characteristics are specific to the DECT 
system and protocol used—mainly tube potential (in kV)—and 
thus known, tissues are characterized by their density and Zeff, 
which can be summarized by their dual-energy index (DEI), i.e., 
(CT number at low kV − CT number at high kV)/(CT number at 
low kV − CT number at high kV + 2,000). At the energy levels 
used in clinical CT imaging, tissue attenuation is primarily due to 
Compton scattering and photoelectric absorption. While Comp-
ton scattering mainly depends on the electron density (rho), which 
is correlated with the volumetric mass density, it does not depend 
on the x-ray energy and is therefore the main determinant of soft 
tissue (containing low-Z elements, such as MSU) attenuation. In 
contrast, photoelectric absorption depends heavily on the Zeff and 
the x-ray energy (~Z3/E3). Calcium crystal deposits, such as CPP 
and basic calcium phosphate (BCP) (both made of intermediate-Z 
elements) are characterized by both their density and their Zeff. 
While CT numbers and DEI can be measured/calculated directly 
from the PACS workstation, obtaining rho and Zeff values requires 
a commercially available proprietary postprocessing software 
and more complex computations.

In a recent pilot clinical study we showed that DECT was able 
to differentiate meniscal CPP deposition from calcium hydroxyapa-
tite in subchondral and trabecular bone in the knee (7). However, 
the question remains: does early deposition of ~1–20-µm CPP 
crystals alter DECT attenuation characteristics of menisci and 
articular cartilage prior to detection of larger crystal aggregates by 
conventional CT with its ~250-µm minimum spatial resolution? In 
other words, would DECT lower the detection limit for early calcium 
crystal deposition (“nonradiographic/non–computed tomographic 
chondrocalcinosis”)? Therefore, in the present study we aimed to 
assess the ability of DECT to identify early calcium crystal deposi-
tion in menisci and articular cartilage of the knee, depending on the 
presence/absence of chondrocalcinosis seen on conventional CT.

PATIENTS AND METHODS

Ethical considerations. This single-center cross-sectional 
study with phantom validation was in compliance with the Decla-
ration of Helsinki. It was approved by the institutional ethics com-
mittee of Lille Catholic University Hospitals (protocol 2016-04-16), 
and all patients provided written informed consent.

Patients. From April 2016 to November 2018, we prospec-
tively enrolled 157 patients to undergo DECT scans of both knees 
for suspected acute or chronic crystal-associated arthropathy 
(gout and/or CPPD according to the 2015 American College of 
Rheumatology/European League Against Rheumatism [EULAR] 
gout classification criteria [8] and 2011 EULAR CPPD diagnosis 
recommendations [2], respectively). Additional details on the study 

design have been published previously (7). Twenty-five patients 
with metal artifacts were excluded. The remaining 132 patients 
were retrospectively assigned to the CPPD group (n = 50) or 
control group (n = 82) by the same senior rheumatologist (TP), 
according to the aforementioned criteria.

Phantom study. As validation of clinical DECT data, CT 
calibration phantoms of synthetic CPP crystals at 3 known con-
centrations (0, 50, and 200 mg/cm3) were manufactured using a 
lipid resin with no photoelectric absorption (Computerized Imag-
ing Reference Systems).

DECT protocol. DECT scanning was performed using a 
single-source CT system (Somatom Definition Edge; Siemens 
Healthineers). Both knees were scanned simultaneously using 
a previously described clinical DECT protocol (7), whose main 
features are as follows: tube potentials 80 and 140 kV, tube cur-
rent-time products 125–216 and 30–55 mAs, respectively, beam 
collimation 128 × 0.6 mm, pitch 0.7. Images were reconstructed 
at a section thickness/overlap of 0.75/0.25 mm.

Image analysis. DECT data sets were postprocessed 
and analyzed using a commercially available proprietary software  
(syngo.CT DE Rho/Z; Siemens Healthineers). A radiologist (CM), 
who was blinded with regard to the patient’s study group assigned 
by the rheumatologist, placed regions of interest (ROIs) on the medial 
and lateral menisci and the medial and lateral tibiofemoral articular 
cartilage on preset coronal-oblique DECT images of both knees 
(each passing through the intercondylar eminence) (Supplementary 
Figure 1, on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41569/ abstract). ROIs were fur-
ther placed on 5 consecutive DECT sections in CPP crystal cali-
bration phantoms. Particular attention was given to avoiding any 
partial volume effect. When menisci and/or articular cartilage were 
not clearly identified because of advanced degeneration/OA, ROIs 
were not drawn. The same observer also noted whether at least 1 
calcification was present/absent within ROIs placed on the preset 
DECT and corresponding conventional CT images, to define ROIs 
as positive or negative for calcium crystal deposition. When visible, 
the area of the largest calcification was measured using polygonal 
ROIs. For each ROI, we recorded 5 DECT attenuation parameters: 
CT numbers (in HU) at 80 kV (low) and 140 kV (high), with the 
corresponding DEI and the derived rho and Zeff. Fifteen randomly 
selected cases were independently analyzed by a senior musculo-
skeletal radiologist (J-FB) to assess interobserver reliability.

Statistical analysis. Data were analyzed using R (R Foun-
dation for Statistical Computing). The significance of differences 
in patient characteristics between the CPPD and control groups, 
and of phantom DECT data, was assessed by Student’s t-test 
or the Wilcoxon-Mann-Whitney test, and chi-square or Fisher’s 
exact test where appropriate. Given repeated measurements on 

http://onlinelibrary.wiley.com/doi/10.1002/art.41569/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41569/abstract


ASSESSMENT OF DECT FOR IDENTIFYING EARLY CALCIUM CRYSTAL DEPOSITION IN THE KNEE |      689

each subject, the different knee structures/ROIs were compared 
using linear mixed models, considering the knee (side) as random 
effect, and age, knee OA status, and gout status as fixed effects 
when adjusting for confounders. P values were adjusted for each 
parameter within zone categories/knee structures (menisci, articu-
lar cartilage) using Holm’s technique to avoid α risk inflation due to 
repeated comparisons of the same parameters and groups within 
zones. Additional details on the statistical methods have been 
published previously (7). The correlation between the calcification 
area within ROIs and DEI, rho, and Zeff was evaluated using Spear-
man’s correlation coefficient including 95% confidence intervals 
(95% CIs). Receiver operating characteristic (ROC) curves were 
plotted to assess the diagnostic performance and determine the 
best accuracy thresholds for DEI, rho, and Zeff in menisci and 
articular cartilage in differentiating between CPPD patients with/
without chondrocalcinosis in measured ROIs and controls. Inter-
observer reliability of DECT attenuation parameter measurements 
was assessed by calculating intraclass correlation coefficients 
(ICCs) with 95% CIs on a random sample of 60 ROIs.

RESULTS

Patient characteristics. A patient flow diagram includ-
ing measured ROIs is detailed in Figure 1. The CPPD patient 
group (37 men and 13 women; mean ± SD age 73 ± 11 years) 
and control patient group (70 men and 12 women; mean ± SD 
age 60 ± 15 years) differed significantly in age (P < 0.0001), pres-
ence of knee OA (P = 0.011), and presence of coexisting gout 
(P = 0.002) (Supplementary Table 1, on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41569/ abstract). The presence of crystals in synovial fluid had 
been confirmed in 9 CPPD patients (18%), and 18 (36%) had prior 

flares of acute CPP crystal arthritis. The mean ± SD duration of 
CPPD disease (since first symptoms) was 0.8 ± 1.1 years.

In vivo DECT attenuation characteristics of menisci 
and articular cartilage in patients with CPPD and  controls.  
In both menisci and tibiofemoral articular cartilage, and for all 5 
DECT attenuation parameters, values in calcified ROIs in CPPD 
patients were significantly increased compared with ROIs in 
controls (all P ≤ 0.036) (Figure 2 and Supplementary Figure 2, 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41569/ abstract). 
Conversely, in noncalcified ROIs, values in CPPD patients were 
comparable with those in controls (all P ≥ 0.09). However, a 
statistical trend toward higher DEI in noncalcified ROIs in CPPD 
patients was noted (P = 0.09). Spearman’s correlation coeffi-
cients between DEI or Zeff and the calcification size (area) within 
ROIs were weak (0.28 [95% CI 0.12–0.43] and 0.32 [95% CI 
0.19–0.45], respectively).

Diagnostic performance of DECT attenuation param-
eters in differentiating CPPD patients with and without 
chondrocalcinosis from controls. With areas under the ROC 
curve (AUC) of 0.87 (best threshold value 0.0044, sensitivity 
70.8% [95% CI 62.2–78.3], specificity 89.8% [95% CI 86.3–93.0]) 
and 0.88 (best threshold value 7.74, sensitivity 76.4% [95% CI 
67.9, 84.0%], specificity 85.0% [95% CI 80.8–88.8%]), respec-
tively, DEI and Zeff both yielded good accuracy in differentiating 
calcified meniscal ROIs in CPPD patients from ROIs in controls 
(Figure 3). However, DEI (AUC 0.59) and Zeff (AUC 0.58) both 
failed to distinguish between noncalcified meniscal ROIs in CPPD 
patients and those in controls (Supplementary Figure 3, http://
onlin elibr ary.wiley.com/doi/10.1002/art.41569/ abstract). Similar 
results were found for ROIs in the tibiofemoral articular cartilage.

Figure 1. Patient flow diagram including the detailed count of regions of interest (ROIs) measured in menisci and tibiofemoral articular cartilage 
of patients with calcium pyrophosphate dihydrate (CPPD) deposition and controls. * Fifteen menisci and 11 articular cartilage ROIs were not 
clearly identified and were excluded. † No control patient had chondrocalcinosis within ROIs on conventional computed tomography (CT); 15 
menisci and 7 articular cartilage ROIs were not clearly identified and were excluded. DECT = dual-energy CT.

http://onlinelibrary.wiley.com/doi/10.1002/art.41569/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41569/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41569/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41569/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41569/abstract
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Phantom DECT validation. Synthetic CPP phantoms 
at 2 known concentrations differed significantly between con-
centrations for all 5 DECT attenuation parameters (all P ≤ 0.03) 
(Figure 2). However, numerical differences in DEI and Zeff were 
small (though statistically significant) (between 0 and 50 mg/
cm3 compared to 200 mg/cm3), suggesting that the signal was 
weak at low  crystal concentrations.

Reliability of DECT measurements. Overall, interob-
server reliability of DECT attenuation parameter measurements 
ranged from moderate for rho in the articular cartilage (ICC 0.58 
[95% CI 0.39–0.73]) to very good for Zeff in menisci (ICC 0.90  

[95% CI 0.84–0.94]) (Supplementary Table 2, http://onlin elibr ary.
wiley.com/doi/10.1002/art.41569/ abstract).

DISCUSSION

The present study addressed one of the issues recently 
raised by the first clinical use of DECT in CPPD (7,9–11): does 
early calcium crystal deposition alter DECT attenuation charac-
teristics in menisci and articular cartilage prior to the appearance 
of detectable chondrocalcinosis by conventional CT? In this 
study, with a large enough sample size to detect clinically relevant 
changes in DECT attenuation characteristics, we found that with 

Figure 2. Knee meniscus dual-energy computed tomography (DECT) attenuation characteristics (CT numbers at 80 kV [A] and 140 kV [B], 
with the corresponding dual-energy index [DEI] [C], electron density [rho] [D], and effective atomic number [Zeff] [E]), in patients with calcium 
pyrophosphate dihydrate (CPPD) deposition and controls, as well as synthetic CPP crystal calibration phantoms. For all 5 DECT parameters, 
calcified meniscal regions of interest (ROIs) in CPPD patients showed significantly higher values than those in controls, while values in noncalcified 
meniscal ROIs in CPPD patients were comparable with those in controls. Data are shown as box plots. Each box represents the 25th to 75th 
percentile. Lines inside the boxes represent the median. Lines outside the boxes represent the 10th and 90th percentiles. HU = Hounsfield units.

http://onlinelibrary.wiley.com/doi/10.1002/art.41569/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41569/abstract
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currently available DECT technology (7), the answer was no. While 
DECT parameters—particularly DEI and Zeff—were accurate in dif-
ferentiating calcified menisci and tibiofemoral articular cartilage of 
CPPD patients from controls, DECT failed to distinguish between 
noncalcified structures in CPPD patients and controls. Differences 
in CT numbers were expected, as they are the digital representa-
tion of grayscale variations on conventional CT images. In con-
trast, DEI, rho, and Zeff are specific DECT parameters depicting 
the genuine interaction of x-rays with chemical compounds.

In addition, our study emphasizes the main potential clini-
cal utility of DECT in calcium crystal–associated rheumatic 
and musculoskeletal diseases: characterizing larger (“macro”)/
higher- concentration crystal aggregates, rather than lowering 
the detection limit for early (“micro”)/lower-concentration calcium 
crystal deposition not visible with conventional CT (7,10,11). 
This was supported by our phantom validation study, which 
showed that for all 5 DECT attenuation parameters, in particular 
DEI, CPP detectability improved with increasing synthetic CPP 
crystal concentration. However, when translated in vivo, no sig-
nificant differences in DECT parameters were found between 
noncalcified menisci and articular cartilage of CPPD patients 
and controls, even though a statistical trend was noted for DEI. 
This suggests that a minimum crystal concentration threshold is 
needed to generate clinically detectable and relevant differences 
in DECT attenuation. Furthermore, DEI and Zeff values were both 
weakly correlated with the size of visible calcifications, implying 
that as long as calcifications are visible on conventional CT, DECT 

parameters are sufficiently altered to allow discrimination of CPPD 
patients from controls, regardless of their size. This suggests that 
DECT is neither more nor less sensitive than conventional CT in 
assessing chondrocalcinosis.

Based on its technical characteristics, the primary role of 
DECT in crystal-associated arthropathies should be to character-
ize and quantify articular and periarticular crystal deposits rather 
than to detect them (6,12), considering that DECT has a slightly 
lower spatial resolution than conventional CT performed in high- 
resolution mode. In an initial ex vivo study to investigate the sensi-
tivity of DECT for knee CPPD (9), Tanikawa et al obtained menisci 
from 26 patients undergoing knee replacement surgery and com-
pared the diagnostic performance of postoperative DECT versus 
preoperative conventional radiography for identification of menis-
cal chondrocalcinosis, using polarized light microscopy of synovial 
fluid aspirates as the reference standard. They reported that DECT 
showed higher sensitivity (77.8% versus 44.4%) but lower speci-
ficity (93.8% versus 100%) compared with radiography (9). How-
ever, they did not compare DECT with high-resolution conventional 
CT or characterize intraarticular mineralization by distinguishing 
between CPP and BCP crystal aggregates. In a subsequent study 
(7), we aimed to determine the DECT attenuation characteristics 
of meniscal calcifications in CPPD patients in vivo, thereby proving 
the concept of calcium crystal discrimination using DECT, but in 
that investigation we did not assess its diagnostic performance 
against any reference standard. Tedeschi and colleagues recently 
conducted a pilot study of 10 patients with acute CPP crystal 
arthritis, assessing DECT sensitivity compared with ultrasound, 
plain radiography, and conventional CT (10). Meniscal and articular 
cartilage CPP deposits were characterized by DECT using a cus-
tom postprocessing algorithm relying on DEI values. Diagnostic 
performance was comparable between DECT and conventional 
CT, with DECT appearing to be slightly more accurate in assess-
ment of the hands owing to color-coding of tiny structures.

Taken together, our present results and the study findings 
described above indicate that the main strength of DECT is not 
higher sensitivity (lower detection limit) but rather higher capacity for 
tissue characterization by decomposition of the x-ray photoelectric 
absorption (represented by DEI and Zeff values) and Compton scat-
tering (reflected by the rho value). These features are the basis for 
the development of DECT quantification tools used for assessment 
of MSU crystal deposition in gout for more than a decade (6,12,13).

The main limitations of this study include the retrospec-
tive analysis of knee DECT scans, originally obtained for the  
purpose of studying gout, from a prospective patient cohort with 
crystal-associated arthropathies. Gout patients from the control 
group might indeed have had small amounts of coexisting calcium 
crystals in their knees, not visible with clinical imaging techniques 
due to spatial resolution limitations. The same applies for OA, 
which was prevalent in both CPPD patients and controls and is 
associated with articular calcium crystal deposition (14–16). How-
ever, our results were adjusted for these 2 confounders, and major 

Figure 3. Receiver operating characteristic curves showing the 
diagnostic accuracy of DEI, Zeff, and rho in differentiating calcified 
meniscal ROIs in patients with CPPD from ROIs in controls. DEI and 
Zeff both outperformed rho and exhibited comparable diagnostic 
performances. See Figure 2 for definitions.
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changes due to gout were not expected because MSU shares very 
similar DECT attenuation characteristics with meniscal fibrocarti-
lage and hyaline articular cartilage (no photoelectric absorption, 
and therefore no alteration in DEI or Zeff) (6,7). Further studies are 
needed to evaluate the impact of early OA or MSU deposition on 
DECT attenuation characteristics in articular cartilage. Second, we 
only compared calcified with noncalcified knee structures, with-
out the ability to differentiate CPP from BCP crystals (no ex vivo 
validation with advanced diagnostic methods), the latter of which 
are known to coexist in osteoarthritic knee joints (7,14–16). Finally, 
although special care was taken to avoid partial volume effect, 
ROIs were small and close to subchondral bone, which may have 
impacted our results. However, we did not consider joint spaces 
with advanced OA, and our clinical DECT measurements proved 
to be reliable and supported by phantom validation with synthetic 
CPP crystals.

In conclusion, while DECT has the potential to characterize 
large/denser calcium crystal aggregates in the knee, currently 
available DECT technology does not yet allow identification of 
early calcium crystal deposition that is not visible as chondrocalci-
nosis on conventional CT. It should therefore be considered as a 
clinically available imaging technique to distinguish between vari-
ous crystal deposits, but not to lower their detection limit. Further 
advances in DECT and emerging multi-energy photon-counting 
CT techniques—with improvements in both spatial and contrast 
resolution (17,18)—are awaited to enable noninvasive identifica-
tion and characterization of early calcium crystal deposition and to 
provide new insights into the role of intraarticular mineralization in 
crystal-associated arthropathies and osteoarthritis.
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Platelet Glycoprotein Ib α-Chain as a Putative Therapeutic 
Target for Juvenile Idiopathic Arthritis: A Mendelian 
Randomization Study
Shan Luo,1  Sarah L. N. Clarke,2  Athimalaipet V. Ramanan,2  Susan D. Thompson,3   
Carl D. Langefeld,4  Miranda C. Marion,4 Alexei A. Grom,5 C. Mary Schooling,6  Tom R. Gaunt,7

Shiu Lun Au Yeung,8  and Jie Zheng9

Objective. To ascertain the role of platelet glycoprotein Ib α-chain (GPIbα) plasma protein levels in cardiovascular, 
autoimmune, and autoinflammatory diseases and whether its effects are mediated by platelet count.

Methods. We performed a two-sample Mendelian randomization (MR) study, using both a cis-acting protein 
quantitative trait locus (cis-pQTL) and trans-pQTL near the GP1BA and BRAP genes as instruments. To assess 
if platelet count mediated the effect, we then performed a two-step MR study. Putative associations (GPIbα/
platelet count/disease) detected by MR analyses were subsequently assessed using multiple-trait colocalization 
analyses.

Results. After correction for multiple testing (Bonferroni-corrected threshold P ≤ 2 × 10−3), GPIbα, instrumented 
by either cis-pQTL or trans-pQTL, was causally implicated with an increased risk of oligoarticular and rheumatoid 
factor (RF)–negative polyarticular juvenile idiopathic arthritis (JIA). These effects of GPIbα appeared to be mediated 
by platelet count and were supported by strong evidence of colocalization (probability of all 3 traits sharing a common 
causal variant ≥0.80). GPIbα instrumented by cis-pQTL did not appear to affect cardiovascular risk, although the 
GPIbα trans-pQTL was associated with an increased risk of cardiovascular diseases and autoimmune diseases but 
a decreased risk of autoinflammatory diseases, suggesting that this trans-acting instrument operates through other 
pathways.

Conclusion. The role of platelets in thrombosis is well-established; however, our findings provide some novel 
genetic evidence that platelets may be causally implicated in the development of oligoarticular and RF-negative 
polyarticular JIA, and indicate that GPIbα may serve as a putative therapeutic target for these JIA subtypes.

INTRODUCTION

Platelet glycoprotein Ib α-chain (GPIbα) is a platelet 
 surface membrane protein (1). It functions as a receptor for 

von Willebrand factor (vWF) and is implicated in atherothrom-
bosis (2). Genetic evidence supports the assertion that GPIbα 
influences atherothrombosis via increased platelet counts (3). 
Given the potential of GPIbα as an antithrombotic target, its 
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efficacy for the treatment of thrombotic thrombocytopenic pur-
pura is currently being investigated in a phase II trial (3). Recent 
studies have also indicated a role for platelets in inflammation 
and immunity (4,5), which may imply potential for repurposing 
GPIbα as a target for prevention/treatment of immune-related 
disease. However, these putative associations have not been 
systematically evaluated.

Mendelian randomization (MR) studies utilize genetic vari-
ants, randomly allocated during conception, as instruments to 
infer causality and are less prone to confounding and reverse 
causation than observational studies (6). They are increasingly 
used to ascertain the health effects of potential therapeutic tar-
gets. Colocalization can further help to distinguish causal effects 
from confounding via linkage disequilibrium (LD) (7). Collectively, 
applying MR and colocalization to -omics data can provide a dis-
tinct strand of genetic validation for putative causal gene targets 
and thus improve the success rate of drug trials (8,9).

To understand the effects of GPIbα on cardiovascular, autoim-
mune, and autoinflammatory diseases, and whether these are medi-
ated by platelet count, we conducted a two-step, two-sample  

MR study. We subsequently performed multiple-trait colocalization 
analyses (i.e., on GPIbα, platelet count, and a disease) to com-
plement the evidence for causal associations detected in our MR 
study.

MATERIALS AND METHODS

Study design. MR relies on 3 core assumptions. First, the 
genetic variant is robustly associated with the exposure. Second, 
the genetic variant is independent of confounders of the  exposure–
outcome association. Third, the genetic variant is indepen dent of 
the outcome except via the exposure (10).

In this study, we first performed a two-sample MR study to 
assess the association of GPIbα with cardiovascular, autoimmune, 
and autoinflammatory disease risk (Figure 1A). To further assess 
whether platelets mediate the effects of GPIbα on disease, we sub-
sequently performed a two-step, two-sample MR study. First, we 
assessed the association of GPIbα with platelet count. Second, 
we assessed the effect of platelet count on the disease outcome 
(Figure 1B).

Figure 1. Schematic diagram of A, standard Mendelian randomization (MR) analysis of glycoprotein Ib α-chain (GPIbα) and B, two-step MR 
analysis of mediation by platelet count. Two-step MR tests the association between a genetic variant and the exposure (GPIbα) postulated 
to influence the outcome (cardiovascular and immune-related diseases) via an altered mediator (platelet count). Broken arrows indicate the 
causal pathway to be assessed. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/
art.41561/abstract.

A

B

http://onlinelibrary.wiley.com/doi/10.1002/art.41561/abstract
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Genetic instruments of GPIbα. A proteome genome-
wide association study (GWAS) was conducted in 3,301 healthy 
blood donors of European ancestry (3) randomly selected from 
the INTERVAL study (50% male) (11). The plasma protein con-
centrations were quantified by aptamer-based multiplex protein 
assay (SOMAscan) (3). Genotyping was performed on an Affy-
metrix Axiom array and was imputed using a combined 1000 
Genomes Phase 3-UK10K reference panel (3). Genetic variants 
were excluded if they had a call rate of <99%, had a minor allele 
count of <8, deviated from Hardy-Weinberg equilibrium (P < 5 × 
10−6), or had an info score of <0.7 (3). The genetic associations 
were obtained in an additive genetic model adjusted for age, sex, 
duration between blood draw and processing, and the first 3 prin-
cipal components of ancestry (3). Conditionally uncorrelated vari-
ants (with the lowest P value having LD r2 < 0.001) associated with 
GPIbα (P < 5 × 10−8) were selected as instruments.

Genetic instruments of platelet count. At the time 
of analyses, the largest hematologic GWAS that had been con-
ducted included 173,480 participants of European ancestry (12). 
Participants were from the UK Biobank (n = 132,959; 48% male) 
and the INTERVAL studies (n = 40,521; 50% male) (11). Com-
plete blood cell count was performed using a combination of fluo-
rescence and impedance flow cytometry within 36 hours (12). 
Genotyping was undertaken using Affymetrix UK BiLEVE and 
UK Biobank Axiom arrays, and imputation was to a reference set 
combining the UK10K and Haplotype Reference Consortium ref-
erence panels (12). Genetic associations were obtained from a 
linear mixed model adjusted for the top 10 principal components 
of ancestry and recruitment center (12). Conditionally uncorrelated 
variants (with the lowest P value having LD r2 < 0.001) associated 
with platelet count (P < 8.31 × 10–9, a threshold for common, low 
frequency, and rare variants) (13) were selected as instruments. 
Since the genetic instruments for GPIbα were also strongly associ-
ated with platelet count, we undertook a sensitivity analysis which 
estimated the instrument-specific effect of platelet count on the 
diseases of interest.

Genetic associations of selected outcomes. Outcomes 
included platelet count (per nl), 10 major cardiovascular diseases 
(coronary heart disease [CHD], myocardial infarction [MI], arterial 
embolism and thrombosis, deep venous thrombosis [DVT], phle-
bitis and thrombophlebitis, any stroke, any ischemic stroke, car-
dioembolic stroke, large artery stroke, and small vessel stroke), 
and 12 immune-related diseases. Immune-related diseases were 
classified (14) as autoimmune diseases (type 1 diabetes mellitus 
[type 1 DM], juvenile idiopathic arthritis [JIA; oligoarticular and rheu-
matoid factor [RF]–negative polyarticular subtypes], rheumatoid 
arthritis [RA], systemic lupus erythematosus, psoriasis, multiple 
sclerosis, primary sclerosing cholangitis, and primary biliary cirrho-
sis), autoinflammatory diseases (inflammatory bowel disease [IBD], 
Crohn’s disease [CD], and ulcerative colitis [UC]), or atopic disease  

(eczema) (15). We obtained summary genetic associations (includ-
ing estimates of regression coefficient, the corresponding stan-
dard error and P value, effect allele, other allele, and effect allele 
frequency) for each outcome from the largest publicly available 
GWAS at the time of analyses (16–27) (Supplementary Table 1, 
available on the Arthritis & Rheumatology website at http://online 
libr ary.wiley.com/doi/10.1002/art.41561/ abstract).

MR analysis. To estimate the effect of exposure on out-
come (βXY), we used the Wald estimate, i.e., the ratio of the 
genetic association with outcome (βGY) to the genetic associa-
tion with exposure (βGX) (28) (Supplementary Figure 1, available 
on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41561/ abstract). Wald estimates for  
multiple variants for the same exposure were combined using 
inverse  variance–weighted (IVW) MR with multiplicative random 
effects (28), weighted median (29), and MR-Egger (30) because 
these methods rely on different assumptions for valid causal infer-
ence. The MR-Egger intercept with P < 0.05 indicates the pres-
ence of horizontal pleiotropy (30). Directionally consistent results 
from different methods increase confidence in the results of MR 
analyses. To orientate the direction of the effects of instruments, 
we applied Steiger filtering (31). Steiger filtering examines whether 
the variance explained between each variant–exposure (R2

Gx
) is 

larger than the variance explained between each variant– outcome 
effect (R2

GY
), and therefore whether the instrument primarily influ-

ences the outcome through the exposure (and not vice versa) 
(31). Two-sided P values are reported throughout, with a Bonfer-
roni correction for multiple testing threshold (P ≤ 2 × 10−3, given 22 
disease traits were considered). Several of the traits examined in 
this study are likely to share clinical and underlying immunopath-
ogenic features despite their distinct phenotypes; therefore, using 
this stringent correction provides a balance between reducing 
false positives and providing rigorous results.

Instrument strength. F statistics were calculated for each  
instrument of GPIbα as R

2∕K
(

1−R
2
)

(N−K− 1)
, where R2 indicates the pro-

portion of exposure variability explained by the instrument, K indi-
cates the number of instruments, and N indicates the sample size. 
R2 was calculated as 2EAF(1 – EAF)β2, where EAF is the effect 
allele frequency and β is the effect size of the effect allele. Higher 
F statistic values reflect a lower risk of weak instrument bias (32).

Multiple-trait colocalization analysis. To differentiate 
whether any putative causal association detected by two-step 
MR is driven by a common causal variant across multiple traits 
(i.e., GPIbα/platelet count/disease) or just confounded by LD, 
we subsequently performed multiple-trait colocalization analy-
ses at each locus (7). Under the assumption of a single causal 
variant within each region, the Bayesian statistical framework 
quantifies the posterior probability of association (PPA) for each 
of the possible hypotheses of colocalization (variant sharing) 

http://onlinelibrary.wiley.com/doi/10.1002/art.41561/abstract
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among the 3 traits (all hypotheses are listed in Supplementary 
Table 2, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41561/ abstract). 
A lead variant- centric approach was applied, where we ex trac-
ted effect estimates and allele information for all variants within 
1 megabase upstream and downstream of the cis-acting pro-
tein quantitative trait locus (cis-pQTL) and trans-acting pQTL 
for each trait (GPIbα/platelet count/disease), respectively. To 
provide reliable evidence of colocalization, at least 50 variants 

(with minor allele frequency >1%), including the causal variant 
of interest, within the test region for all 3 traits were assessed 
(7). We assigned prior probabilities that a variant is equally asso-
ciated with 1 trait (p1 = 1 × 10−4), 2 traits (p2 = 1 × 10−6), and 
3 traits (p3 = 1 × 10−7), as recommended (7). The PPA for all 
3 traits was ≥0.80, which was considered strong evidence of 
colocalization (7).

MR analyses were performed using the TwoSampleMR pack-
age, and multiple-trait colocalization analyses were conducted 

Figure 2. Mendelian randomization estimates for effect of glycoprotein Ib α-chain on cardiovascular and immune-related diseases. Values are 
the odds ratio (point estimate of effect) and 95% confidence interval. Red represents GPIbα instrumented by the cis-acting protein quantitative 
trait locus (cis-pQTL) within the GP1BA gene, and blue represents GPIbα instrumented by the trans-pQTL near the BRAP gene.
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using the moloc package. Results were visualized using the 
forestplot package in the R software platform (version 3.5.1;  
R Development Core Team).

RESULTS

Genetic instruments for GPIbα and instrument 
strength. Two conditionally uncorrelated (LD r2 < 0.001) 
pQTLs associated with GPIbα were used as instruments: cis-
pQTL (rs72835078 within the GP1BA gene) and trans-pQTL 
(rs11065979 near the BRAP gene). The F statistic for cis-pQTL 
was 48, with 1.4% of the variance in GPIbα explained by cis-
pQTL, and the F statistic for trans-pQTL was 50, with 1.5% of 
the variance in GPIbα explained by trans-pQTL (Supplementary 
Table 3, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41561/ abstract).

Association of GPIbα with JIA. Using a Bonferroni- 
corrected threshold of P ≤ 2 × 10−3 (equivalent to P ≤ 0.05 for a 
single test), the two-sample MR analysis (Figure 1A) suggested that 
increased GPIbα level was positively associated with an increased 
risk of JIA. Higher GPIbα level instrumented by cis-pQTL was asso-
ciated with a higher risk of JIA, with an odds ratio (OR) of 2.45 (95% 
confidence interval [95% CI] 1.40–4.29) (P = 1.71 × 10−3) (Figure 2 
and Supplementary Table 4, available on the Arthritis & Rheuma-
tology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41561/ abstract). Higher GPIbα level instrumented by trans-
pQTL was also associated with a higher risk of JIA (OR 3.01 [95% CI 
1.64–5.51], P = 3.66 × 10−4) (Figure 2 and Supplementary Table 5, 
available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41561/ abstract). When combin-
ing the estimates instrumented by both cis-pQTL and trans-pQTL, 
per unit increase in GPIbα level was associated with a 169% higher 
risk of JIA (OR 2.69 [95% CI 1.79–4.06], P = 2.33 × 10−6).

There was little evidence of an association of GPIbα level 
instrumented by cis-pQTL with cardiovascular diseases (Figure 2 
and Supplementary Table 4). However, the GPIbα trans-pQTL 
was associated with an increased risk of cardiovascular diseases 
(small vessel stroke, large artery stroke, any ischemic stroke, MI, 

CHD, any stroke, and DVT) and autoimmune diseases (type 1 
DM, JIA, primary biliary cirrhosis, psoriasis, primary sclerosing 
cholangitis, and RA) but decreased risk of autoinflammatory dis-
eases (IBD, UC, and CD) (Figure 2 and Supplementary Table 5). 
The Steiger filtering tests suggested that the instruments primarily 
influenced the outcome through the exposure (GPIbα).

The association of GPIbα with JIA is mediated by 
platelet count. Figure 1B demonstrates how two-step MR esti-
mates whether the effect of GPIbα on JIA is mediated by platelet 
count. In the first step, increased GPIbα level was associated with 
higher platelet count (β = 0.37 [95% CI 0.03–0.70]; P = 0.03), 
among which the effect instrumented by trans-pQTL (β = 0.54 
[95% CI 0.49–0.58]; P = 1.37 × 10−143) was larger than that instru-
mented by cis-pQTL (β = 0.19 [95% CI 0.15–0.23]; P = 2.54 × 
10−19) (Figure 3). In the second step, there were 135 condition-
ally uncorrelated variants (LD r2 < 0.001) associated with plate-
let count (P < 8.31 × 10−9) (Supplementary Table 6, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41561/ abstract). Using the IVW method, 
genome-wide genetically predicted platelet count was positively 
associated with the risk of JIA (OR 1.88 [95% CI 1.12–3.16], 
P = 0.02) (Figure 4). The weighted median and MR-Egger methods 
provided consistent findings, with no evidence of horizontal plei-
otropy (Supplementary Table 7, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41561/ abstract). Sensitivity analyses restricted to each specific 
instrument for GPIbα also showed that platelet count increased 
the risk of JIA (Supplementary Table 7).

Multiple-trait colocalization analysis supports the 
causal association of GPIbα mediated by platelet count 
with JIA. The two-step MR analyses suggested that GPIbα medi-
ated by platelet count has an impact on JIA (P ≤ 2 × 10−3); this 
association was assessed using multiple-trait colocalization anal-
ysis. The association (GPIbα instrumented by trans-pQTL/platelet 
count/JIA) was supported by strong evidence of colocalization 
(PPA ≥ 0.80), indicating that the same causal variant affects 3 traits. 
The association of GPIbα instrumented by cis-pQTL meditated by 

Figure 3. Mendelian randomization estimates for the effect of glycoprotein Ib α-chain (GPIbα) on platelet count. Values are the beta (point 
estimate of effect) and 95% confidence interval (95% CI). pQTL = protein quantitative trait locus.
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platelet count with JIA could not be assessed because the causal 
variant of interest was not available for the outcome (Supplemen-
tary Table 8, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41561/ abstract).

DISCUSSION

In this MR study, we observed that GPIbα instrumented by 
cis-pQTL and GPIbα instrumented by trans-pQTL both increased 
the risk of oligoarticular and RF-negative polyarticular JIA. We 
found no evidence of an association of GPIbα instrumented by cis-
pQTL with cardiovascular diseases. However, GPIbα instrumented 
by trans-pQTL increased the risk of cardiovascular and autoim-
mune diseases but decreased the risk of autoinflammatory dis-
eases, suggesting potential pleiotropic effects of this trans-pQTL 
on multiple disease outcomes. Two-step, two-sample MR analysis 
showed that the effect of GPIbα on the increased risk of oligoar-
ticular and RF-negative polyarticular JIA was mediated by platelet 
count, which was supported by strong evidence of colocalization. 
Apart from the well-established role of platelets in thrombosis (4), 
our findings provide novel evidence that platelets are causally 
implicated in oligoarticular and RF-negative  polyarticular JIA.

The GPIb–IX–V complex is a well-characterized adhesion 
receptor for vWF and collagen, of which the subunit GPIbα is 
associated with an increased risk of ischemic cerebrovascu-
lar disease in genetic studies (33,34). Murine data show that 
absence of GPIbα significantly reduces platelet count and 
down-regulates atherosclerosis and inflammation (35), consis-
tent with our findings. Our results also align with a large GWAS of 
1 million participants of European ancestry which found that the 
lead variant at the BRAP gene (rs11065979) was positively asso-
ciated with cardiometabolic and autoimmune diseases in overall 
and sex-specific analyses (36). Activated platelets secrete a wide 
range of cytokines (e.g., interleukin-6 [IL-6] and IL-1), neutrophil 
chemoattractant (e.g., IL-8), growth factors, and potent vaso-
constrictors (e.g., thromboxane) (4), which play an important role 
in amplifying inflammatory and thrombotic cascades in these 
conditions (37,38). Consistent with our findings, in vivo, platelet- 
derived cellular microparticles have been observed in synovial 
fluid from patients with inflammatory polyarthropathies (e.g., RA, 

JIA, and psoriatic arthritis) but not from patients with noninflam-
matory arthritis (osteoarthritis) (37). Furthermore, platelet indices 
were associated with increased disease activity and severity of 
JIA (oligoarticular, RF-negative polyarticular, and systemic sub-
types) and were highly labile, particularly in the acute phase (39).

Our findings are consistent with those of a growing number of 
studies that illustrate the close relationship between atherosclerotic 
and immune-mediated disorders (40), leading to the exploration 
of the role of antiatherosclerotic agents in the autoimmune arena. 
The antiplatelet agent ticagrelor is under investigation in RA (Clini-
caltrials.gov identifier: NCT02874092), and abciximab (a glycopro-
tein IIb/IIIa inhibitor) is used in children with Kawasaki disease (an 
inflammatory vasculitis that particularly affects the heart) (41). With 
regard to the role of platelets in JIA, JIA patients have been shown 
to have impaired vascular function and thus potentially increased 
cardiovascular risk (42). Existing therapies for JIA include nonselec-
tive nonsteroidal antiinflammatory drugs, which have been shown 
to antagonize platelet function, and escalation to biologic therapies 
including anti–tumor necrosis factor (e.g., infliximab, adalimumab, 
and golimumab), anti–IL-6 (tocilizumab), and anti–IL-1 (canaki-
numab and anakinra) (43). IL-1 blockade with anakinra has limited 
efficacy in RA (44), and it has been postulated that this is, in part, 
due to difficulty in antagonizing platelet microparticle–derived IL-1 
(37). Conversely, IL-1 blockade is highly effective in the treatment 
of systemic JIA (45), where very high platelet counts are common.

In our study, GPIbα was associated with an increased risk 
of both oligoarticular and RF-negative polyarticular JIA, and 
this association was shown to be mediated by platelet count. 
Our findings imply a novel role for platelets in oligoarticular and 
RF- negative polyarticular JIA, extending the pathogenic role of 
platelets in JIA to include disease causation. Therefore, GPIbα 
represents a potential new therapeutic strategy or a drug repur-
posing opportunity for these JIA subtypes, which is supported 
within the current literature. However, given multiple physiologic 
drivers and functions of platelets (46), such approaches need to 
be carefully explored to ensure therapeutic benefit. In addition, 
JIA consists of 7 subtypes (of which oligoarticular and polyar-
ticular subtypes account for up to 90%) (47), and it is increas-
ingly recognized that these comprise discrete clinical entities 
(48). Further work will be required to ascertain whether these 

Figure 4. Mendelian randomization (MR) estimates for effect of platelet count on juvenile idiopathic arthritis. Values are the odds ratio (OR; 
point estimates of effect) and 95% confidence interval (95% CI).
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findings are applicable to other JIA subtypes, in particular sys-
temic JIA.

The limitations of this study include, first, that ~8% of the par-
ticipants from the INTERVAL study (3,300 of 40,521) overlapped 
between the proteome GWAS and the hematologic GWAS. 
Nonetheless, bias due to sample overlap is likely to be negligible 
in this study due to the presence of strong instruments (49). Sec-
ond, exposures instrumented by a single variant precluded the 
use of pleiotropy-robust MR methods, such as weighted median 
and MR-Egger (29,30), which require a large number of instru-
ments. Therefore, to improve the reliability of causal inference, 
we used multiple-trait colocalization to complement the MR find-
ings, as recommended (50). Third, it is important to note that 
although multiple-trait colocalization analysis provided strong 
evidence that GPIbα impacts disease via its effects on platelet 
count, other potential interpretations such as horizontal pleiotropy 
should be considered. Fourth, BRAP also associates with 3 other 
proteins (vascular cell adhesion molecule 1, β2-microglobulin, and 
CXCL16), which may also play a role (3). Nevertheless, these pro-
teins are also on the same biologic pathway as GPIbα (9). Fifth, 
we used platelet count as the mediator; however, platelet count 
alone may not represent a major or sole determinant of throm-
bosis and inflammation, and other platelet indices may also be 
important. Sixth, genetic contributions to complex traits are par-
titioned into effects from cis-genes and trans-genes (51). How-
ever, authoritative analysis conclusively assessing gene regulatory 
networks on complex traits is beyond the scope of this study. 
Seventh, summary statistics are subject to the quality control and 
covariable adjustments conducted by the original researchers of 
the GWAS based on the specific optimization requirements of their 
data sets; the use of summary statistics precluded re-adjustment 
of data. Finally, this investigation was conducted using summary 
statistics obtained from participants of European ancestry, and 
therefore might not be generalizable to other ethnic populations 
(52). Replication of our findings in other ethnic populations will be 
helpful to improve the generalizability, and evaluate whether there 
are underlying ethnic differences in the pathogenesis of  disease 
(53), once data become available.

Using two-step MR and multiple-trait colocalization approach-
 es, we provide reliable genetic evidence that the genetic variants 
that regulate GPIbα proteomic pathways, with well- characterized 
biology function on platelet count, have a causal etiologic role in oli-
goarticular and RF-negative polyarticular JIA. Our findings highlight 
the active role of platelets in these JIA subtypes, and GPIbα as a 
putative therapeutic target for these JIA subtypes.
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Corrigendum

DOI 10.1002/art.41680

In the article by Ciccia et al in the December 2018 issue of Arthritis & Rheumatology (Proinflammatory CX3CR1+CD59+ Tumor Necrosis 
Factor– Like Molecule 1A+Interleukin- 23+ Monocytes Are Expanded in Patients With Ankylosing Spondylitis and Modulate Innate Lym-
phoid Cell 3 Immune Functions [pages 2003– 2013]), errors in the plots shown in Figure 6B were inadvertently introduced in the preparation 
of the figure. The corrected figure is shown below.

The authors regret the errors.

Figure 6. CX3CR1+ mononuclear phagocytes (MNPs) drive innate lymphoid cell 3 (ILC- 3) expansion. A and B, CX3CR1+ (A) and CX3CR1− (B) 
cells were isolated from the gut of patients with ankylosing spondylitis (AS) and cocultured with isolated peripheral Lyn−T- bet+NKp44+ ILC3. 
C, Percentages of ILC3 cells after coculture with intestinal CX3CR1+ and CX3CR1− cells. There was significant expansion of interleukin- 22 
(IL- 22)+T- bet+ ILC3 with coculture with CX3CR1+ cells compared to CX3CR1− cells and no coculture (RPMI). D and E, CX3CR1+ (D) and 
CX3CR1− (E) cells were isolated from the peripheral blood of patients with AS and cocultured with isolated peripheral Lyn−T- bet+NKp44+ ILC3. 
F, Percentages of ILC3 cells after coculture with peripheral CX3CR1+ and CX3CR1− cells. There was significant expansion of IL22+T- bet+ ILC3 
with coculture with CX3CR1+ cells, but not with CX3CR1− cells, compared to no coculture. In C and F, symbols represent individual patients; 
horizontal lines show the mean. * = P < 0.05 versus RPMI. 7- AAD = 7- aminoactinomycin D.
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Prevalence, Deaths, and Disability-Adjusted Life Years 
Due to Musculoskeletal Disorders for 195 Countries and 
Territories 1990–2017
Saeid Safiri,1  Ali-Asghar Kolahi,2 Marita Cross,3 Catherine Hill,4  Emma Smith,5 Kristin Carson-Chahhoud,6 
Mohammad Ali Mansournia,7 Amir Almasi-Hashiani,8 Ahad Ashrafi-Asgarabad,9 Jay Kaufman,10 
Mahdi Sepidarkish,11 Seyed Kazem Shakouri,12 Damian Hoy,13 Anthony D. Woolf,14 Lyn March,3 Gary Collins,15 
and Rachelle Buchbinder16

Objective. To report the levels and trends of prevalence, deaths, and disability-adjusted life years (DALYs) due 
to musculoskeletal disorders, categorized as low back pain, neck pain, osteoarthritis (OA), rheumatoid arthritis (RA), 
gout, and other musculoskeletal disorders, across 195 countries and territories from 1990 to 2017 according to age, 
sex, and Sociodemographic Index (SDI; a composite of sociodemographic factors).

Methods. Data were obtained from the Global Burden of Disease (GBD) Study 2017. The fatal and nonfatal 
burdens of musculoskeletal disorders were estimated using the Cause of Death Ensemble model and Bayesian meta-
regression tool, respectively. Estimates were provided for all musculoskeletal disorders and the corresponding 6 
categories at global, regional, and national levels from 1990 to 2017. Counts and age-standardized rates per 100,000 
population along with 95% uncertainty intervals (95% UIs) were reported for prevalence, deaths, and DALYs.

Results. Globally, there were ~1.3 billion prevalent cases (95% UI 1.2 billion, 1.4 billion), 121.3 thousand deaths (95% 
UI 105.6 thousand, 126.2 thousand), and 138.7 million DALYs (95% UI 101.9 million, 182.6 million) due to musculoskeletal 
disorders in 2017. Age-standardized prevalence, death, and DALY rates per 100,000 population were 16,276.2 (95% UI 
15,495.5, 17,145.8), 1.6 (95% UI 1.4, 1.6), and 1,720 (95% UI 1,264.4, 2,259.2), respectively. Age-standardized prevalence 
(−1.6% [95% UI −2.4, −0.8]) and DALY rates (−3.5% [95% UI −4.7, −2.3]) decreased slightly from 1990. The global point 
prevalence rate of musculoskeletal disorders in 2017 was higher in women than in men and increased with age up to the 
oldest age group. Globally, the proportion of prevalent cases according to category of musculoskeletal disorders in 2017 
was greatest for low back pain (36.8%), followed by other musculoskeletal disorders (21.5%), OA (19.3%), neck pain 
(18.4%), gout (2.6%), and RA (1.3%). These proportions did not change appreciably compared with 1990. The burden 
due to musculoskeletal conditions was higher in developed countries. The countries with the highest age-standardized 
prevalence rates of musculoskeletal disorders in 2017 were Switzerland (23,346.0 [95% UI 22,392.6, 24,329.8]), Chile 
(23,007.9 [95% UI 21,746.5, 24,165.8]), and Denmark (22,166.1 [95% UI 20,817.2, 23,542.1]). The greatest increases 
from 1990 were found in Chile (10.8% [95% UI 6.6, 15.4]), Benin (8.8% [95% UI 6.7, 11.1]), and El Salvador (8.5% [95% 
UI 5.5, 11.9]).

Conclusion. There is a large burden of musculoskeletal disorders globally, with some notable inter-country 
variation. Some countries have twice the burden of other countries. Increasing population awareness regarding risk 
factors, consequences, and evidence-informed treatment strategies for musculoskeletal disorders with a focus on 
the older female population in developed countries is needed, particularly for low back and neck pain and OA, which 
contribute a large burden among this cohort.

This study is based on publicly available data and solely reflects the 
opinions of the authors and not those of the Institute for Health Metrics 
and Evaluation.
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INTRODUCTION

As populations around the world are rapidly aging, most of 
us aspire to live a long and healthy life (1). Good musculoskel-
etal health is needed for people to have economic, social, and 
functional independence throughout their life course (2). Yet the 
importance of musculoskeletal disorders is often underappreci-
ated since they are rarely fatal and are assumed to be irreversible 
and associated with age (3). The burden from musculoskeletal 
disorders is greatest among aging populations, with resultant 
enormous costs to the economy and the health care system 
(2,4,5). In common with many other chronic diseases, modi-
fiable risk factors for some musculoskeletal disorders include 
excess body weight, poor nutrition, smoking, and a sedentary 
lifestyle (6).

Although the global burden of specific musculoskeletal 
disorders has been reported in previous studies (7–15), and 
included in multiple Lancet articles (16,17), no study to date 
has provided an overview of the burden of all musculoskel-
etal disorders combined in a single article. One 2003 review 
reported the burden of major musculoskeletal disorders (18), 
although new data are available that supersede the results of 
that study. Another more recent report described the burden 
of musculoskeletal disorders in 2015 using the World Health 
Organization Global Health Estimates Database (19). How-
ever, prevalence and deaths due to musculoskeletal disorders 
were not reported, and there was no information regarding 
age- and sex-based patterns of musculoskeletal disorders. 
Hence, the aim of the present study was to report the global, 
regional, and national burden of musculoskeletal disorders, 
including rheumatoid arthritis (RA), osteoarthritis (OA), low back 
pain, neck pain, gout, and other musculoskeletal disorders, 
in terms of counts and age-standardized rates from 1990 to  
2017 across 195 countries and territories according to age, 
sex, and Sociodemographic Index (SDI; a composite of socio-
demographic factors). Importantly, this study provides a single, 
updated report across all musculoskeletal conditions, including 
additional analyses not presented in earlier Global Burden of 
 Disease (GBD) reports.

METHODS

Overview. The GBD study, conducted by the Institute for 
Health Metrics and Evaluation (IHME) and its many global collab-
orators, is the most comprehensive study measuring the burden 
of diseases, injuries, and risk factors frequently. In the last round, 
GBD 2017, the burden of 359 diseases and injuries, 282 causes of 
death, and 84 risk factors was studied across 21 regions and 195 
countries and territories from 1990 to 2017 (16,17,20). Publicly 
available estimates can be found at https://vizhub.healt hdata.org/
gbd-compa re/ and http://ghdx.healt hdata.org/gbd-resul ts-tool 
(21,22). A detailed description of the methods for estimating the 
fatal and nonfatal burdens of diseases and injuries has been pro-
vided previously (16,17,20). An abbreviated summary of methods 
pertinent to estimating the burden of musculoskeletal disorders is 
provided below. This study was approved by the  ethics  committee 
of Shahid Beheshti University of Medical Sciences, Tehran, Iran 
(IR.SBMU.RETECH.REC.1399.311).

Case definition and data sources. In GBD 2017, muscu-
loskeletal disorders were categorized into 6 groups: RA, OA, low 
back pain, neck pain, gout, and an “other” musculoskeletal dis-
orders category that included all other musculoskeletal disorders 
(for example, systemic lupus erythematosus, axial spondyloarthri-
tides, and other inflammatory arthritis, etc) (16). The definitions of 
each category are provided in Supplementary Table 1, available 
on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41571/ abstract.

Data used to estimate the fatal and nonfatal burdens of mus-
culoskeletal disorders were obtained from vital registration systems, 
sample vital registration, verbal autopsies, record data of surveys in 
the Global Health Data Exchange, the GBD repository of popula-
tion health data, including the World Health surveys and national 
health surveys, and published population-based studies (16,17).

Disease model. Fatal burden was only considered for RA 
and other musculoskeletal disorders. Within other musculoskeletal 
disorders, conditions such as vasculitis, systemic lupus erythema-
tosus, and systemic sclerosis were considered to have increased 
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cause-specific mortality. Deaths, in addition to years of life lost 
(YLLs) due to premature death, were therefore only assigned to 
these groups. Deaths were estimated using the GBD standard 
Cause of Death Ensemble model (CODEm), which is a framework 
that models most cause-specific death rates in the GBD study (17). 
Based on all available data, various plausible models are devel-
oped to capture well-documented associations in the estimates. 
After examining the out-of-sample predictive validity for all individ-
ual models, these are then ranked for use in the ensemble mode-
ling stage, and different combinations of individual models are then 
assessed to select the ensemble model with the highest out-of-
sample predictive validity (23). Covariates used in the CODEm for 
RA and other musculoskeletal disorders are listed in Supplementary 
Table 2, available on the Arthritis & Rheumatology website at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41571/ abstract (11,17).

To estimate nonfatal burden, the prevalence, incidence, 
and mortality data were imported into the IHME Bayes-
ian meta-regression tool DisMod-MR 2.1. This tool provides 
consistent estimates by pooling and adjusting methodologi-
cally different studies. It uses meta-regression to estimate a 
weighted average, adjusting for sources of variability between 
studies (24). It is able to combine epidemiologic data from mul-
tiple sources, reconcile data that are inconsistent, and extrap-
olate data for locations with no or sparse data using data from 
like locations.

Severity and years lived with disability. The Interna-
tional Classification of Diseases versions 9 and 10 were used in the 
GBD 2017 study. Supplementary Table 3 (available on the Arthritis &  
Rheumatology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41571/ abstract) shows the different sequelae along with 
sequelae-specific disability weights that were used for each mus-
culoskeletal disorder. The disability weights were derived from the 
GBD 2013 European Disability Weights Measurement Study and 
GBD 2010 Disability Weights Measurement Study (16,25). Initially, 
sequelae-specific years lived with disability (YLDs) were calculated 
by multiplying the prevalence of each sequelae by sequelae-specific 
disability weights. Total YLDs for each disorder were then computed 
by summing the sequelae-specific YLDs for each disorder.

Estimates for burden including YLDs attributable to mus-
culoskeletal disorders, similar to all conditions included in GBD 
2017, were adjusted for comorbidity using a microsimulation 
process (16). In brief, co-occurrence of different diseases is 
estimated by simulating 40,000 individuals in each location/
age/sex/year combination as exposed to the independent 
probability of having any of the sequelae included in GBD 
2017 based on disease prevalence. Age was the main pre-
dictor of comorbidity, such that age-specific microsimulations 
accommodated most of the required comorbidity correction. 
Total YLDs attributable to musculoskeletal disorders were esti-
mated by summing the YLDs across the 6 categories of mus-
culoskeletal disorders (16).

Compilation of results. YLLs were calculated by multi-
plying the number of deaths in an age group by the remaining life 
expectancy in that age group, taken from the GBD standard life 
table. Disability-adjusted life years (DALYs) were then calculated 
by summing the YLDs and YLLs (20). Where there is no mor-
tality for a condition, YLDs are equal to DALYs. DALYs are one 
of the most important metrics allowing comparison between fatal 
and nonfatal diseases and injuries across regions and over time. 
One DALY equals 1 lost year of healthy life (20). IHME reports all 
of the estimates along with their uncertainty interval (UI). Using a 
bootstrap method, uncertainty arising from multiple sources, such 
as input data, corrections of measurement error, and estimates 
of residual non-sampling error, is incorporated by sampling 1,000 
draws with the 2.5th and 97.5th percentile of values defined as 
the lower and upper limits, respectively, of UIs.

Smoothing splines models were applied by our team to 
examine the shape of associations between the burden of mus-
culoskeletal disorders and SDI for 21 regions and 195 countries 
and territories (26). Generally, the R2 of smoothing splines is higher 
than their corresponding linear models, but our main goal was to 
focus on the shape of association, not model fit. SDI is composed 
of 3 indicators, including lag-distributed income per capita (i.e., 
gross domestic product per capita that has been smoothed over 
the preceding 10 years), mean education for those ages 15 years 
and older, and total fertility rate for those younger than 25 years. 
The SDI ranges from 0 (less developed) to 1 (most developed). R 
software version 3.5.2 was used to generate the map for preva-
lence, deaths, and DALY estimates from data available at http://
ghdx.healt hdata.org/gbd-resul ts-tool.

RESULTS

Global level. Globally, the number of prevalent cases 
of musculoskeletal disorders was 1.3 billion in 2017 (95% UI 
1.2 billion, 1.4 billion), with an age-standardized point preva-
lence of 16,276.2 per 100,000 population (95% UI 15,495.5, 
17,145.8), a 1.6% decrease between 1990 and 2017 (95% 
UI 0.8, 2.4). RA and other musculoskeletal disorders were 
responsible for 121.3 thousand deaths globally (95% UI 
105.6 thousand, 126.2 thousand), with an age-standardized 
death rate of 1.6 per 100,000 population (95% UI 1.4, 1.6), 
which declined from 1990 to 2017 (−5.7% [95% UI −13.0, 
0.1]) (Table 1). The number of DALYs due to musculoskeletal 
disorders in 2017 was 138.7 million (95% UI 101.9 million, 
182.6 million), with an age-standardized rate of 1,720 DALYs 
per 100,000 population (95% UI 1,264.4, 2,259.2), a decrease 
of 3.5% compared with 1990 (95% UI 2.3, 4.7) (Table 1).

Regional level. The age-standardized point prevalence 
of musculoskeletal disorders observed in 2017 was highest 
in high-income North America (21,155.5 [95% UI 20,480.6, 
21,821]), followed by southern Latin America (20,952.4 [95% 

http://onlinelibrary.wiley.com/doi/10.1002/art.41571/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41571/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41571/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41571/abstract
http://ghdx.healthdata.org/gbd-results-tool
http://ghdx.healthdata.org/gbd-results-tool
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UI 19,843.1, 22,168.6]) and Western Europe (20,228.5 [95% UI 
19,141.1, 21,373.9]). In contrast, eastern sub-Saharan Africa 
(12,633.8 [95% UI 11,842.5, 13,473.9]), central Latin America 
(12,890.5 [95% UI 12,191.9, 13,628]), and southern sub-Saharan 
Africa (13,332.6 [95% UI 12,621.4, 14,107.9]) showed the lowest 
age-standardized estimates (Table 1).

South Asia (3.8 [95% UI 2.9, 4.2]), eastern sub-Saharan 
Africa (2.4 [95% UI 1.9, 2.9]), and central Latin America (2.2 [95% 
UI 2.1, 2.3]) had the highest age-standardized death rates from 
RA and other musculoskeletal disorders. These rates were lowest 
for central Asia (0.6 [95% UI 0.6, 0.7]), North Africa and the Middle 
East (0.7 [95% UI 0.5, 0.7]), and central Europe (0.7 [95% UI 0.6, 
0.7]) (Table 1).

Southern Latin America (2,349 [95% UI 1,721.2, 3,126]), 
Western Europe (2,296.8 [95% UI 1,677.4, 3,073.6]), and high- 
income North America (2,283.3 [95% UI 1,679.8, 2,980.7]) had 
the highest age-standardized DALY rates in 2017. In contrast, 
central Latin America (1,345.8 [95% UI 998.5, 1,767.7]), south-
ern sub-Saharan Africa (1,362 [95% UI 1,012.4, 1,786.1]), and 
eastern sub-Saharan Africa (1,369.4 [95% UI 1,003.9, 1,826.5]) 
had the lowest age-standardized DALY rates (Table 1). The age- 
standardized point prevalence, deaths, and DALY rates of mus-
culoskeletal disorders for all GBD regions in 2017 are presented 
for men and women in Supplementary Figures 1–3, respectively 
(available on the Arthritis & Rheumatology website at http:// 
onlin elibr ary.wiley.com/doi/10.1002/art.41571/ abstract).

Percentage change in age-standardized prevalence esti-
mates between 1990 and 2017 varied between regions. Southern 
Latin America (5.8% [95% UI 3.8, 7.9]), Andean Latin Amer-
ica (5.3% [95% UI 3.8, 6.7]), and western sub-Saharan Africa 
(4.1% [95% UI 2.7, 5.6]) had the greatest increasing trend in the 
age-standardized point prevalence of musculoskeletal disorders 
between 1990 and 2017. In contrast, the greatest decreasing 
trends were observed for East Asia (−4% [95% UI −5.7, −2.1]), 
Eastern Europe (−3.1% [95% UI −4.5, −1.6]), and South Asia 
(−2.1% [95% UI −3, −1.2]) (Table 1).

The greatest increasing trends in age-standardized death 
rates for RA and other musculoskeletal disorders between 1990 
and 2017 were observed for Central Asia (13.1% [95% UI 2.8, 
26.5]), Eastern Europe (10.7% [95% UI 6.2, 16.2]), and tropical 
Latin America (7.5% [95% UI 3.1, 13]), while southern Latin Amer-
ica (−51.6% [95% UI −56.3, −46.5]), high-income Asia Pacific 
(−43.3% [95% UI −46.2, −39.9]), and Western Europe (−26.2% 
[95% UI −29.5, −23]) showed the greatest decreasing trends 
(Table 1).

The largest increases in age-standardized DALY rates during 
1990–2017 were observed in southern Latin America (5.6% [95% 
UI 2.9, 8.3]), Andean Latin America (5% [95% UI 3, 7.1]), and 
western sub-Saharan Africa (4.9% [95% UI 3, 6.8]). In contrast, 
East Asia (−6.9% [95% UI −9.5, −4.4]), Eastern Europe (−5.5% 
[95% UI −7.4, −3.5]), and southern sub-Saharan Africa (−4.8% 
[95% UI −6.4, −3.2]) showed the greatest decreasing trends 

during the measurement period (Table 1). Sex-specific percentage 
changes in age-standardized point prevalence, deaths, and DALY 
rates of musculoskeletal disorders between 1990 and 2017 are 
presented in Supplementary Figures 4–6, respectively (avail able 
on the Arthritis & Rheumatology website at http://onlin e libr ary.
wiley.com/doi/10.1002/art.41571/ abstract).

The number of prevalent cases of musculoskeletal disor-
ders increased from 770.8 million in 1990 (95% UI 728.8 million, 
816.5 million) to 1.3 billion in 2017 (95% UI 1.2 billion, 1.4 bil-
lion). East Asia (270.6 million [95% UI 254.0 million, 287.2 million]), 
South Asia (269.3 million [95% UI 253.7 million, 285.0 million]), and 
Western Europe (122.0 million [95% UI 116.1 million, 128.4 mil-
lion]) had the highest numbers of prevalent cases in 2017 (Table 1 
and Supplementary Figure 7, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41571/ abstract). Likewise, the number of deaths due to RA 
and other musculoskeletal disorders increased from 64.7 thou-
sand in 1990 (95% UI 59.9 thousand, 70.0 thousand) to 121.3 
thousand in 2017 (95% UI 105.6 thousand, 126.2 thousand), and 
South Asia (40.8 thousand [95% UI 30.5 thousand, 44.6 thou-
sand]), East Asia (18.6 thousand [95% UI 15.4 thousand, 20.3 
thousand]), and Western Europe (13.3 thousand [95% UI 12.8 
thousand, 13.8 thousand]) had the highest numbers of deaths due 
to these disorders in 2017 (Table 1 and Supplementary Figure 8, 
available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41571/ abstract).

National level. National age-standardized point preva-
lence estimates of musculoskeletal disorders in 2017 ranged from 
10,799.8 to 23,346.0 cases per 100,000 population. Switzerland 
(23,346.0 [95% UI 22,392.6, 24,329.8]), Chile (23,007.9 [95% UI 
21,746.5, 24,165.8]), and Denmark (22,166.1 [95% UI 20,817.2, 
23,542.1]) had the 3 highest age-standardized point prevalence 
estimates in 2017, while Eritrea (10,799.8 [95% UI 10,013.6, 
11,630.5]), Rwanda (11,642.4 [95% UI 10,830.6, 12,542.0]), and 
Burundi (11,796.3 [95% UI 10,933.8, 12,704.4]) showed the low-
est rates (Figure 1 and Supplementary Table 4, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41571/ abstract).

The national age-standardized death rates due to RA and 
other musculoskeletal disorders in 2017 varied from 0.23 to 4.1 
cases per 100,000 population. India (4.1 [95% UI 3.0, 4.6]), Paki-
stan (3.6 [95% UI 2.5, 5.2]), and Barbados (3.3 [95% UI 2.9, 3.6]) 
had the highest age-standardized death rates in 2017, while Azer-
baijan (0.2 [95% UI 0.2, 0.3]) and Kazakhstan (0.2 [95% UI 0.2, 
0.3]) had the lowest rates (Supplementary Figure 9 and Supple-
mentary Table 5, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41571/ abstract).

The national age-standardized DALY rate of musculoskele-
tal disorders in 2017 ranged from 1,169.3 to 2,769.8 cases per 
100,000 population. The highest rates were observed in Switzer-
land (2,769.8 [95% UI 2,001.0, 3,644.1]), Chile (2,650.1 [95% 
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UI 1,929.3, 3,501.1]), and Denmark (2,602.2 [95% UI 1,890, 
3,449.4]), with the lowest found in Eritrea (1,169.3 [95% UI 862.6, 
1,560.4]), Mexico (1,263.2 [95% UI 940.6, 1,662.8]), and Rwanda 
(1,265 [95% UI 921, 1,706.7]) (Supplementary Figure 10 and 
Supplementary Table 6, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41571/ 
abstract).

The percentage change in age-standardized point preva-
lence estimates of musculoskeletal disorders between 1990 and 
2017 differed substantially between countries. Chile (10.8% [95% 
UI 6.6, 15.4]), Benin (8.8% [95% UI 6.7, 11.1]), and El Salvador 
(8.5% [95% UI 5.5, 11.9]) showed the greatest increases dur-
ing the measurement period. In contrast, Haiti (−7.0% [95% UI 
−11.5, −3.3]), Rwanda (−6.5% [95% UI −9.5, −3.2]), and Finland 
(−5.2% [95% UI −7.5, −2.7]) showed the largest decreases in 
age- standardized point prevalence of musculoskeletal disorders 
from 1990 (Supplementary Table 4). Ukraine (173.2% [95% UI 
127.6, 233.4]), Armenia (133.6% [95% UI 73.4, 238]), and Guate-
mala (126.7% [95% UI 90.6, 177.2]) had the largest increases in 
age-standardized death rates from RA and other musculoskeletal 
disorders, while Spain (−75.4% [95% UI −77.6, −73.3]), Uruguay 

(−66.5% [95% UI −71.3, −60.9]), and Singapore (−66.2% [95% UI 
−70.5, −61.1]) had the largest decreases (Supplementary Table 5).

The percentage change in age-standardized DALY rates 
of musculoskeletal disorders also varied substantially between 
countries from 1990 to 2017. Chile (12.1% [95% UI 6.4, 18.6]), 
Paraguay (11.8% [95% UI 8.2, 15.3]), and Benin (10.5% [95% 
UI 7.5, 13.6]) showed the largest increases during the measure-
ment period. In contrast, Finland (−9.1% [95% UI −12.2, −5.9]), 
the Russian Federation (−8.4% [95% UI −10.9, −5.7]), and Thai-
land (−8.2% [95% UI −11.6, −4.9]) showed the largest decreases 
(Supplementary Table 6).

Age- and sex-based patterns. The global point prev-
alence of musculoskeletal disorders in 2017 was higher among 
women than men and increased with age up to the oldest age 
group (95 years and older). Similarly, the number of preva-
lent cases increased with age and peaked at age 50–54 years 
for both men and women, followed by decreasing trends with 
increasing age (Figure 2). In 2017, the global death rate from 
RA and other musculoskeletal disorders was also reported to 
be higher in women and increased with age, particularly after 

Figure 1. Age-standardized prevalence estimates of musculoskeletal disorders per 100,000 population in 2017, by country (generated 
from data available from http://ghdx.healt hdata.org/gbd-resul ts-tool). ATG = Antigua and Barbuda; VCT = Saint Vincent and the Grenadines;  
BRB = Barbados; COM = Comoros; DMA = Dominica; GRD = Grenada; MDV = Maldives; MUS = Mauritius; LCA = Saint Lucia; TTO = Trinidad 
and Tobago; TLS = Timor-Leste; SYC = Seychelles; E. Med = Eastern Mediterranean; MLT = Malta; SGP = Singapore; MHL = Marshall Islands; 
KIR = Kiribati; SLB = Solomon Islands; FSM = Federated States of Micronesia; VUT = Vanuatu; WSM = Samoa; FJI = Fiji; TON = Tonga.
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the age of 60 years (Supplementary Figure 11, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41571/ abstract). This corresponded to an 
increased number of deaths among women, reaching the highest 
level at 80–84 years of age and 75–79 years of age for women 
and men, respectively.

The global age-standardized DALY rate of musculoskeletal 
disorders in 2017 was also higher in women and peaked at 70–74 
years of age and 80–84 years of age for women and men, respec-
tively. In addition, the number of DALYs increased with age up to 
the 50–54 years and 45–49 years categories for women and men, 
respectively, and then decreased (Supplementary Figure 12, 
available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41571/ abstract).

Categories of musculoskeletal disorders. Globally, the 
proportion of prevalent cases due to categories of musculoskel-
etal disorders in 2017 was greatest for low back pain (36.8%), 
followed by other musculoskeletal disorders (21.5%), OA (19.3%), 
neck pain (18.4%), gout (2.6%), and RA (1.3%). These propor-
tions did not change appreciably from 1990 (Figure 3).

Contributions of musculoskeletal disorder prevalent cases by 
region changed from 1990 to 2017. In 2017 the lowest and high-
est proportions of prevalent cases were as follows: for low back 
pain, lowest in East Asia (21.6%) and highest in Central Europe 
(59.7%); for other musculoskeletal disorders, lowest in Central 

Europe (0.5%) and highest in South Asia (35.8%); for OA, low-
est in western sub-Saharan Africa (11.2%) and highest in high- 
income Asia Pacific (26.6%); for neck pain, lowest in Australasia 
(10.7%) and highest in East Asia (29.1%); for gout, lowest in tropi-
cal Latin America (1.5%) and highest in Australasia (5.8%); and for 
RA, lowest in Southeast Asia (0.5%) and highest in the Caribbean 
(2.2%) (Figure 3).

The prevalence of musculoskeletal disorders globally 
increased with age for both sexes in 2017. Specific muscu-
loskeletal conditions peaked at different age groups in 2017 
among both sexes: low back pain peaked in the age 85–89 
years group, other musculoskeletal disorders in the age 65–69 
years group, OA in the age 95 years and older group, neck 
pain in the age 70–74 years group, gout in the age 85–89 years 
group, and RA in the age 70–74 years group (Figure 4). The 
number of prevalent cases of musculoskeletal disorders in 
2017 was highest in the age 50–54 years group, and low back 
pain, neck pain, and other musculoskeletal disorders had the 3 
highest numbers of prevalent cases in that age group (Figure 4).

The death rate from RA and other musculoskeletal disor-
ders generally increased with age and peaked in the oldest age 
group for both causes in 2017. The death rate from other mus-
culoskeletal disorders was higher than that for RA in most of the 
age groups. The number of deaths was highest in the age 80–84 
years group, with other musculoskeletal disorders having a slightly 
higher contribution (Supplementary Figure 13, available on the 

Figure 2. Global number of prevalent cases and prevalence estimates of musculoskeletal disorders per 100,000 population by age and 
sex, 2017 (generated from data available from http://ghdx.healt hdata.org/gbd-resul ts-tool). Dotted and broken lines indicate the upper and 
lower 95% uncertainty intervals, respectively. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/
doi/10.1002/art.41571/abstract.
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Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41571/ abstract).

The DALY rate for different categories of musculoskeletal dis-
orders generally increased with age for both sexes but peaked 

in different age groups in 2017. The DALY rate for low back pain 
was much higher than that for other causes and peaked in the age 
80–84 years group. The DALY rate for neck pain and other mus-
culoskeletal disorders peaked at age 70–74 years and age 65–69 

Figure 3. Proportion of prevalent cases according to category of musculoskeletal disorder for both sexes in 1990 and 2017 for 21 Global 
Burden of Disease regions (generated from data available from http://ghdx.healt hdata.org/gbd-resul ts-tool). AP = Asia Pacific; NA = North 
America; LA = Latin America; MENA = Middle East and North Africa; SSA = sub-Saharan Africa. Color figure can be viewed in the online issue, 
which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41571/abstract.

Figure 4. Global number of prevalent cases and prevalence estimates of categories of musculoskeletal disorders per 100,000 population 
by age, 2017 (generated from data available from http://ghdx.healt hdata.org/gbd-resul ts-tool). Color figure can be viewed in the online issue, 
which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41571/abstract.
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years, respectively, followed by a decreasing trend. OA had an 
increasing trend, peaking in the oldest group such that it was the 
second leading cause of DALY across all 3 of the older age catego-
ries (85–89 years, 90–94 years, and 95 years and older). Although 
RA and gout did not contribute substantially compared to other 
causes, they were found to peak in the age 75–79 years and age 
80–84 years groups, respectively (Supplementary Figure 14, avail-
able on the Arthritis & Rheumatology website at http://onlin elibr 
ary.wiley.com/doi/10.1002/art.41571/ abstract).

Age-standardized DALY rates were higher in women for 
all musculoskeletal disorder categories globally except for gout. 
The few exceptions where higher rates were reported for men 
included southern Latin America (gout and other musculoskeletal 
disorders), Eastern Europe (gout and OA), western sub-Saharan  
Africa (gout and low back pain), eastern sub-Saharan Africa 
(gout, low back pain, and other musculoskeletal disorders), cen-
tral sub-Saharan Africa (gout and low back pain), and southern 
sub-Saharan Africa (gout, low back pain, and OA) (Supplementary 
Figure 15, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41571/ abstract).

Burden of musculoskeletal disorders according to  
SDI. A positive association was observed between age- 
standardized DALY rate of musculoskeletal disorders and SDI at 
the global and regional levels from 1990 and 2017, such that the 
burden of musculoskeletal disorders increased with SDI (Figure 5). 

Although the observed global burden of musculoskeletal disor-
ders is decreasing and reached a lower than expected burden 
based on SDI, some regions were found to have much higher 
than expected burdens (above the black solid line in Figure 5) 
over 28 years of observation. These regions included southern 
Latin America, North Africa and the Middle East, and tropical 
Latin America. In contrast, regions such as central Latin America, 
southern sub-Saharan Africa, and East Asia had a much lower 
than expected burden (below the solid black line in Figure 5) 
of musculoskeletal disorders between 1990 and 2017.

At the national level, a generally positive association was 
found between age-standardized DALY rates of musculoskele-
tal disorders and SDI for 195 countries in 2017 (Supplementary 
Figure 16, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41571/ abstract). 
Countries such as Switzerland, Chile, Argentina, Iran, and Nepal 
had a higher than expected burden of musculoskeletal disorders 
based on the SDI in 2017. In contrast, Singapore, Puerto Rico, 
Mexico, and Eritrea had a lower than expected burden (Supple-
mentary Figure 16).

DISCUSSION

This study provides up-to-date musculoskeletal disorder  
prevalence, death, and DALY counts between 1990 and 2017,  
in addition to age-standardized rates across regional and 

Figure 5. Age-standardized disability-adjusted life year (DALY) rates for musculoskeletal disorders for 21 Global Burden of Disease (GBD) 
regions according to Sociodemographic Index (SDI), 1990–2017 (generated from data available from http://ghdx.healt hdata.org/gbd-resul ts-
tool). Black line indicates expected values in all locations based on SDI and disease rates. Twenty-eight points are plotted for each GBD region 
and show observed age-standardized DALY rates from 1990 to 2017 for that region. Color figure can be viewed in the online issue, which is 
available at http://onlinelibrary.wiley.com/doi/10.1002/art.41571/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41571/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41571/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41571/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41571/abstract
http://ghdx.healthdata.org/gbd-results-tool
http://ghdx.healthdata.org/gbd-results-tool
http://onlinelibrary.wiley.com/doi/10.1002/art.41571/abstract


SAFIRI ET AL 712       |

national levels according to age, sex, SDI, and categories of  
musculoskeletal disorders as defined by the GBD project. These 
data were derived from publicly available GBD 2017 data (https://
vizhub.healt hdata.org/gbd-compa re/ and http://ghdx.healt hdata.
org/gbd-resul ts-tool) (21,22). In 2017, musculoskeletal disorders 
accounted for 1.3 billion prevalent cases, 121.3 thousand deaths 
(only attributable to RA and other musculoskeletal disorders), and 
138.7 million DALYs.

Comparison with the GBD 2010 study is not possible as 
that study did not provide overall global or regional estimates 
of  musculoskeletal disorders. Burden estimates in the present 
study also cannot be directly compared with other studies that 
have estimated the global burden of musculoskeletal disorders, 
due to differences in data sources and methodologies used, 
although some overall comparisons are possible. For exam-
ple, a recent study of the worldwide burden of musculoskeletal 
disorders from 2000 to 2015 based on data extracted for 183 
countries from the World Health Organization Global Health Esti-
mates Database estimated that the number of DALYs attributable 
to musculoskeletal disorders increased from 80.2 million in 2000 
to 107.9 million in 2015 (19). This rising trajectory is consistent 
with our finding of 138.7 million DALYs based on 2017 data.

Although the number of DALYs in our study was found to 
increase during the measurement period, a slightly decreasing 
trend in age-standardized DALY rate was observed during this 
period. Globally, our data indicate that the age-standardized prev-
alence and DALYs due to musculoskeletal disorders decreased 
by 1.6% and 3.5%, respectively, from 1990 to 2017. While 
this might appear to be at odds with the increase in overall DALYs, 
the number of DALYs is affected by population growth and an 
aging population and typically correlates with an increasing trend 
in disease burden; therefore, these results should be interpreted 
with caution.

Our data should also be considered in relation to the change 
in burden from other diseases. Based on the age-standardized 
DALY rate for both sexes, in 2017 musculoskeletal disorders 
ranked 5th highest compared to a ranking of 10th in 1990. This 
indicates that they continue to impose a considerable global bur-
den, after cardiovascular diseases, maternal and neonatal disor-
ders, cancer, and tuberculosis and respiratory infections and are 
now ranked higher compared to mental disorders, neurologic dis-
orders, and chronic respiratory diseases (27). Another study also 
found an increasing trend in crude DALY rates of musculoskeletal 
disorders between 1990 and 2013 for the eastern Mediterranean 
region using GBD 2013 study data (28). However, these met-
rics may be misleading, since DALY rates are affected by popu-
lation age structure, and percentage change in age-standardized 
rates were not used in that study (28).

The present study shows that the burden of musculoskele-
tal disorders in 2017 generally increased with age for both sexes 
and was more prevalent among women, which is consistent with 
previous studies (18,28). Although age- and sex-based patterns 

typically increased with age across all musculoskeletal categories, 
they peaked at different age groups. With the exception of gout, 
all remaining categories of musculoskeletal disorders were higher 
among women globally. These findings are also consistent with 
previous articles based on GBD 2010 data (7–10).

Positive associations between the burden of musculoskeletal 
disorders and development level were observed at both regional 
and national levels in our study, which is consistent with the find-
ings of a previous study (19). Using the SDI, we reported the 
expected burden of disease across regions and countries that can 
be compared with corresponding observed values. This allows 
for a better judgment of health care system performance within 
regions and countries. For example, although Austria and Algeria 
have similar observed age-standardized DALY rates, the burden 
in Austria is lower than expected values, while this rate was higher 
than expected for Algeria, consistent with likely better health care 
system performance in Austria.

While musculoskeletal disorder experts have continued to 
highlight the high burden of musculoskeletal disorders (10,29,30), 
the lack of any significant observable decline in musculoskele-
tal burden suggests that there has been little concerted effort to 
address the problem. The present study shows that musculoskel-
etal disorders continue to impose a remarkable burden of disease 
on the world’s population, with low back pain, neck pain, and OA 
contributing the largest burden. These conditions are very costly. 
For example, a recent study investigating US health care spending 
by payor and health condition found that among 154 conditions 
studied, low back pain and neck pain had the highest amount of 
health care spending (US$134.5 billion in 2016), while other mus-
culoskeletal disorders accounted for the second highest amount 
(US$129.8 billion in 2016) (31).

Increasing population awareness about risk factors, con-
sequences, and best evidence-informed care for these condi-
tions needs to be better addressed in public and health policy. 
For some conditions such as low back pain, the rising burden 
is partly iatrogenic, with non–evidence-based care wasting valu-
able health care resources and contributing to harm (32). A call 
to action published in The Lancet in 2018 highlighted the need 
to address the rising global burden of low back pain and outlined 
a series of actions that are required to meet this challenge (33). 
As there are many shared commonalities between low back pain, 
neck pain, and OA, particularly with regard to biopsychosocial risk 
factors for disability, taking these actions is likely to reduce burden 
from these conditions as well.

There is an urgent need to identify strategies that have the 
greatest potential to decrease the societal burden of musculo-
skeletal disorders, and these are likely to vary by setting. Impor-
tantly, many of the most prevalent musculoskeletal disorders, 
such as low back pain, disproportionately affect those with lower 
socioeconomic status and education, widening social inequality 
(6). This is likely to be magnified in developing countries due to lim-
itations in access to high-quality care, more informal employment, 
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nonexistent or poorly monitored occupational musculoskeletal 
health policies, and lack of social support systems.

Integrated strategies for addressing the burden of noncom-
municable diseases including musculoskeletal disorders are now 
needed. In most countries these now far outweigh the burden 
due to communicable diseases, and maternal, neonatal, and 
nutritional disorders (16,27). Unfortunately, even among Orga-
nisation for Economic Co-operation and Development member 
states only half mention musculoskeletal health when describing 
integrated strategies for the prevention and management of non-
communicable diseases (34).

Promising solutions to address the burden of musculoskel-
etal disorders include a focus on implementation of best evi-
dence-informed practice. This has been promoted by initiatives 
such as Choosing Wisely, which is clinician led and aims to reduce 
low-value practices by specialty area of practice, and Clinical Care 
Standards that outline the care that patients should expect to 
receive, but these approaches need more evaluation (35). In addi-
tion to public health and prevention strategies, other promising 
solutions that need to be properly evaluated include redesigning 
clinical pathways, integrating health and occupational care, and 
altering payment systems and legislation so that the right care is 
rewarded. Much also needs to be done to counter vested inter-
ests that are contributing to the burden by promoting the use 
of medicines and procedures such as opioids and unnecessary 
surgery that do more harm than good (36,37).

To our knowledge, this study is the most up-to-date report-
ing on the global burden of musculoskeletal disorders across dif-
ferent categories from 1990 to 2017. However, this study has 
some limitations. First, while the most prevalent musculoskeletal 
disorders are included as separate categories in GBD, some bur-
densome disorders such as shoulder pain, systemic lupus ery-
thematosus, and scleroderma are not reported separately but are 
included in the other musculoskeletal disorders group together 
with less prevalent conditions such as osteomyelitis. To date, only 
OA of the hip and knee are included in the estimates for OA and 
as such are likely to be an underestimate of the true burden of 
OA. However, other sites of OA, such as hand OA, are likely to 
be included in future GBD studies. In addition, some musculo-
skeletal conditions such as fractures are not included at all, while 
low bone mineral density, a risk factor for fractures, is also not an 
attributable risk factor within the GBD musculoskeletal disorders 
category.

It is also likely that overall deaths attributable to musculo-
skeletal disorders have been underestimated, since only deaths 
due to RA and other musculoskeletal disorders were included 
in the GBD 2017 study modeling process. For example, deaths 
are known to occur from untreated gout due to renal failure and 
from opioid use and surgical complications arising from treatment 
of chronic back pain and OA. Data sparsity, especially in devel-
oping countries, is of particular concern in the GBD study overall, 
and this was also observed as a problem in the estimation of the 

burden from musculoskeletal disorders. Estimates in these coun-
tries are mainly produced by modeled data in DISMOD-MR 2.1 and 
are reported with wide UIs. Therefore, these data need to be inter-
preted with caution.

The global burden of musculoskeletal disorders is significant, 
and there is notable inter-country variation, with some countries 
having twice the burden of other countries. Increasing population 
awareness regarding risk factors, consequences, and evidence- 
informed treatment strategies for musculoskeletal disorders, par-
ticularly for low back and neck pain and OA, is needed, with a focus 
on older, and especially female, populations. In addition, provision 
of safe workplaces would also likely contribute to a substantial 
decline in the impact of these musculoskeletal disorders. It will be 
important to monitor trends over time to more accurately inform 
required changes to policy and practice. Standardizing methods 
for collecting data on the prevalence and impact of musculoskel-
etal disorders across the world as well as collecting data where 
none currently exist will be crucial to these efforts and would en -
able better measurement and benchmarking of our progress.
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Different control populations may lead to different 
understanding of hydroxychloroquine blood levels as a 
risk factor for retinopathy: comment on the article by 
Petri et al

To the Editor:
We read with great interest the article by Petri et al on their 

study of the association between hydroxychloroquine (HCQ) 
blood levels and HCQ retinopathy in systemic lupus erythemato-
sus (SLE) (1). Retinopathy occurred in 4.3% of 537 patients with 
SLE. Both mean and maximum HCQ blood levels predicted HCQ 
retinopathy (P = 0.0124 and P = 0.034, respectively). In contrast, 
in a recent case–control study (2) that included 23 SLE patients 
with HCQ retinopathy and 547 controls, we found no association 
between HCQ blood levels and HCQ retinopathy, with a median 
HCQ blood level of 944 ng/ml in the retinopathy group versus 849 
ng/ml in the control group (P = 0.46).

Understanding the differences between these studies is impor-
tant, as the contrasting outcomes may be attributable to treatment 
adherence and the chosen control groups. By definition, patients 
with confirmed HCQ retinopathy have taken their HCQ and, in our 
experience, are usually among those with higher treatment adher-
ence. Their HCQ levels are bound to be higher than those in a 
cohort of patients with variable adherence, especially if the cohort 
includes patients with a high degree of nonadherence (3,4).

In our study, control patients were from the PLUS study, which 
excluded patients who reported having been nonadherent with 
their HCQ regimen. Their HCQ blood levels would thus inevitably be 
higher than those in unselected patients (such as those in the study 
by Petri et al), and closer than those in patients with retinopathy.

Comparing median HCQ levels between studies is difficult 
because of factors influencing HCQ blood levels, such as HCQ 
dose or kidney insufficiency. However, since the most nonadherent 
patients are at risk of flare (4)—but probably protected against long-
term side effects—it would be interesting to know if Petri and col-
leagues’ conclusions would be similar if such patients are excluded.

These differences aside, we fully agree that measurements 
of HCQ levels are an important tool in the management of SLE, 
as a marker and predictor of flares (5), and are helpful for mon-
itoring and improving medication adherence (4). Higher levels 
(e.g., >1,500 ng/ml) most likely indicate that patients are par-
ticularly adherent and at risk of retinopathy. Because lower levels  
(~1,000 ng/ml) have been proven effective (5), we also suggest 
reducing the dose of HCQ.
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Lenabasum for systemic sclerosis—are cannabinoids 
the missing link? Comment on the article by Spiera et al

To the Editor:
We read with great interest the article by Spiera et al on their 

trial of lenabasum in systemic sclerosis (SSc) (1). After many recent 
studies that failed to show promising results, we are excited to 
come across a positive drug trial in SSc.

However, the systemic manifestations in the subjects  
i.e., pulmonary manifestations such as pulmonary hypertension
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and interstitial lung disease, deserve a more detailed analysis, 
including their response to treatment. Second, efficacy in the 
group with disease duration >3 years needs to be described 
separately, because lenabasum may not be as effective once 
fibrosis has already developed. Moreover, although 2 different 
dose regimens were used in the study, comparison between the 
2 is not reported. As the gut is the most commonly involved organ 
system in SSc, clinical trials of these agents should include anal-
ysis of the effects on gastrointestinal (GI) system manifestations 
and GI toxicity. While the Combined Response Index in diffuse 
cutaneous Systemic Sclerosis (CRISS) score has demonstrated 
validity as a composite outcome measure in SSc, it may not 
adequately reflect changes in individual organ systems.

The fact that there were no major adverse events (AEs) with 
lenabasum makes this drug discovery even more exciting. How-
ever, among subjects in the lenabasum group, there were 10 
nervous system disorder AEs and 3 psychiatric disorder AEs. 
It would be important to know the details of these. Also, there 
was 1 neoplasm AE in the lenabasum group, the details of which 
were not provided. Long-term follow-up will be needed to evalu-
ate the safety of lenabasum.

Mood-altering effects of cannabinoids are well known. The 
improvements in patient-reported outcomes and Health Assess-
ment Questionnaire disability index scores may well be due to the 
effect on mood and feeling of general well-being, rather than the 
effect of the drug on disease pathology.

Most patients in the study were receiving concurrent immu-
nosuppressant treatment, with 63% of subjects in the lenabasum 
group receiving mycophenolic acid. The efficacy of lenabasum 
should be assessed independent of concomitant treatment.

Recently presented results of the open-label extension indi-
cate a remarkable improvement in CRISS scores, with mild-to- 
moderate adverse effects in 97% of lenabasum-treated subjects 
(2). We eagerly await the details of these results and the phase III 
trial. Future studies should also include patients with limited SSc. 
Investigations of lenabasum in other autoimmune and fibrosing 
diseases will also be of interest.

Sakshi Mittal, MD
Shefali Sharma, MD
Post Graduate Institute of Medical Education 

and Research
Chandigarh, India
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Reply

To the Editor:
We appreciate Drs. Mittal and Sharma’s interest in the results 

of our phase II study of lenabasum for the treatment of diffuse 
cutaneous SSc (dcSSc). The small sample size and specified set 
of efficacy analyses done in this study preclude separate subset 
analyses of the course of interstitial lung disease (ILD), pulmo-
nary hypertension (PH), GI involvement, or all efficacy analyses 
by disease duration or background immunosuppressant use, 
beyond 16 weeks.

The initial 4 weeks of dosing were used to explore dose- 
dependency of AEs (no dose-dependency was observed in the 
range tested) and measure plasma concentrations of lenaba-
sum at 5-mg and 20-mg doses (levels were as expected from 
phase II data in healthy volunteers). There was no intent to sep-
arately assess efficacy in the 3 groups of subjects (n = 9 each) 
who received lenabasum doses of 5 mg once daily, 20 mg once 
daily, or 20 mg twice daily because these groups were quite 
small and exposure to different doses of lenabasum was limited 
to the first 4 weeks of the study. Thereafter, all subjects who 
received lenabasum in the first 4 weeks received the same lena-
basum dose of 20 mg twice daily for the next 8 weeks, and effi-
cacy results in the combined group of all subjects who received 
lenabasum are compared with those in subjects who received 
placebo throughout. Use of background immunosuppressants 
(yes/no) was tested as a fixed effect in the mixed-effects model 
repeated-measures statistical analysis of the primary effi-
cacy outcome and did not make a significant contribution to 
the model.

GI disorder AEs occurred in 20% of subjects in the placebo 
arm and 22% of subjects in the lenabasum arm. Only nausea 
occurred in >2 subjects (2 placebo-treated subjects and 1 len-
abasum-treated subject). Psychiatric disorder AEs occurred in 
13% of subjects in the placebo arm and 11% of subjects (n = 3) 
in the lenabasum arm. Only insomnia occurred in >1 subject 
(1  lenabasum-treated and 1 placebo-treated subject). Of sub-
jects who received lenabasum and had psychiatric AEs, 1 with a 
history of anxiety experienced worsening anxiety and paranoia, 
1 with a history of anxiety and depression experienced dysphoria 
and insomnia, and 1 with a history of anxiety and depression felt 
“sluggish.” Nervous system disorder AEs occurred in 10 sub-
jects (37%) in the lenabasum arm and 4 subjects (27%) in the 
placebo arm. Of the 10 lenabasum-treated subjects, 6 had diz-
ziness/lightheadedness and 3 of the 6 had additional  nervous 
system AEs (difficulty focusing in 1 and headache in 2). One 
subject each had headache, tingling, numbness in the arm, and 
“mental fog,” the latter occurring in a subject with depression at 
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baseline. One subject had a benign thyroid nodule. It is important 
to note that there were no serious or severe AEs, infections, or 
laboratory test abnormalities that were attributed to lenabasum 
treatment.

No data from this study suggest that improvements in 
patient-reported outcomes reflected direct effects of lenabasum 
on mood. In lenabasum-treated subjects, there was a complete 
absence of psychiatric AEs of euphoria or similar terms and no 
significant change or differences from placebo-treated subjects 
in patient-reported outcomes on a drug effects questionnaire 
(Ad diction Research Center Inventory-Marijuana questionnaire) 
that assesses somatic experiences associated with marijuana 
use.

Testing for overall improvement in SSc, such as this  
phase II study, would become especially difficult if both subjects  
with dcSSc and subjects with limited cutaneous SSc were 
included in the same study because inclusion of both groups 
would increase subject heterogeneity. Inclusion of both 
groups may be more appropriate in studies of a specific dis-
ease manifestation, such as digital ulcers, PH, or ILD.
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Should the biopsychosocial model be considered in 
systemic autoimmune diseases? Comment on the article 
by Posada et al

To the Editor:
We read with interest the article by Posada et al (1) on their 

study evaluating the therapeutic effects of RSLV-132 (a new RNase 
compound) in patients with primary Sjögren’s syndrome (SS). At 
first glance, one may be surprised by their enthusiastic conclu-
sion despite their observing a biologic effect opposite of what 
was expected, namely, increased expression of interferon (IFN)– 
stimulated genes (ISG), while primary SS is considered an acquired 
interferonopathy. However, therapeutic trials also present a unique 
opportunity to learn about the pathogenesis of such complex con-
ditions. Indeed, this study showed a significant improvement of 
fatigue (measured by various validated scales) in treated patients, 
which, surprisingly, correlated with the increased expression of ISG.

We wish to put this puzzling observation into perspective by 
considering results from other studies assessing fatigue or related 
quality of life (QoL) parameters, IFN biology (cytokines and/or ISG 
expression), or disease activity in primary SS or systemic lupus 
erythematosus (SLE). In primary SS, previous studies have shown 
that higher levels of proinflammatory cytokines were associated 
with lower patient-reported fatigue (2). Analysis of ISG expression 
through a modular framework, as used by Posada and colleagues 
(1), did not identify any correlation between the IFN modular score 
and fatigue in a primary SS data set (3). Finally, in another study, 
patients with primary SS who exhibited an IFN signature reported 
a better QoL than those who did not (4). Importantly, in the lat-
ter study, patients treated with hydroxychloroquine displayed a 
decreased IFN signature with no benefit on fatigue (4).

The same paradoxical picture was observed in SLE patients, 
who also display a strong IFN signature. Studies have demon-
strated that type I IFN is not correlated with fatigue in SLE patients, 
at the cytokine and gene expression levels (5,6). In a recent study, 
our group observed that some components of the Short Form 36 
health survey (7) (social functioning and mental health) were even 
positively correlated with the IFN modular score (3). Recent clinical 
studies confirmed that both QoL (8) and severe fatigue (9) were 
correlated not with disease activity but rather with anxiety and 
depression (9). Finally, in a therapeutic trial, hydroxychloroquine 
blood levels were not correlated with QoL (10).

In the study by Posada et al (1), while the small number of 
treated patients and short follow-up (1) preclude any conclusions 
on the safety of RSLV-132, and while this drug would probably not 
have been proposed for primary SS if the increase in ISG expres-
sion had been anticipated, the paradoxical improvement of fatigue 
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in treated patients with increased ISG expression warrants atten-
tion. Historically, the induction of inflammation to relieve psycholog-
ical symptoms has been used before, by Julius Wagner- Jauregg 
and his “fever therapy,” which earned him the Nobel Prize (11). Col-
lectively, these data provide evidence for considering the biopsy-
chosocial model, which assumes a balance between somatic (i.e., 
immunologically driven) and psychic (i.e., psychic fatigue) symp-
toms, in patients with complex systemic autoimmune diseases. If 
confirmed, this “psychosomatic balance” should be considered in 
the design and end points of clinical trials and in the daily therapeu-
tic objectives set with patients with primary SS and SLE.
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Reply

To the Editor:
We thank Dr. Chiche et al for their interest in our article. SS 

patients consistently report profound, debilitating fatigue as the 
single symptom that most severely decreases their QoL. Although 
this information should inform drug development efforts, the voice 
of the patient has not been well represented in SS clinical trials. 
The primary end points in many of the clinical studies conducted 
over the past decade have relied on the European League Against 
Rheumatism Sjögren’s Syndrome Disease Activity Index, which 
does not measure fatigue or ocular and/or oral dryness, the chief 
symptoms of concern to these patients. How the patient is feel-
ing in response to an experimental medicine should be a central 
focus of drug development efforts in SS. At the 2016 International 
Symposium on Sjögren’s Syndrome, a senior US Food and Drug 
Administration representative discussed the agency’s commitment 
to patient-focused drug development as mandated under the Pre-
scription Drug User Fee Act, and encouraged sponsors to con-
sider patient input during the drug development process. Although 
sponsors have historically viewed the use of patient questionnaires 
in drug development with skepticism, a gradual but encourag-
ing movement toward the use of patient-reported outcome mea-
sures is underway, with several current SS clinical trials utilizing 
patient-reported outcome instruments as the primary end point. 
For example, Tarn et al recently reported using patient-reported 
outcome measures to stratify SS patients into 4 distinct patho-
biologic subtypes (1), further underscoring the value of patient- 
reported outcome instruments in the assessment of SS patients.

Our clinical trial demonstrated the ability of RSLV-132, a cata-
lytically active RNase enzyme, to induce a significant improvement 
in profound fatigue in our cohort of SS patients using 3 different, 
independent, validated patient-reported outcome instruments, 
which was further corroborated by the finding of associated 
improvement in neurocognitive performance. Interestingly, the 
impact of the drug on the IFN pathway was in stark contrast to our 
original hypothesis that digesting RNA complexed with anti-Ro 
autoantibodies would decrease Toll-like receptor 7 activation and 
the production of IFN (as measured using surrogate IFN-inducible 
genes). Instead, an increase in selected well-characterized IFN- 
inducible genes was observed to correlate with an improvement in 
fatigue, challenging the presumed role of IFN in mediating fatigue 
in SS, as Chiche and colleagues suggest. To our knowledge, 
our trial is the first interventional study in SS that demonstrates 
the ability of a therapeutic agent to induce a significant improve-
ment in fatigue coupled with an increase in selected IFN-inducible 
genes, raising the possibility that IFN activation may be beneficial 
in combating SS symptoms rather than causing them. Although 
these findings are very intriguing and may shed new light on the 
role of IFN in SS, the small size of our patient population requires 
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replication in larger clinical studies. We will examine the pharma-
codynamic mechanism of RSLV-132 as it relates to the IFN path-
way in upcoming larger SS clinical trials.
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Recognition of rare, atypical manifestations is important 
for diagnosis and management of antineutrophil 
cyto plasmic antibody– associated vasculitis: comment 
on the article by Delaval et al

To the Editor:
I read with great interest the article by Delaval et al reporting 

on their study of the largest case series of temporal arteritis (TA) 
in antineutrophil cytoplasmic antibody (ANCA)– associated vas-
culitides (AAVs), including clinical, serologic, and histologic man-
ifestations (1). Recent progress in the understanding of AAV has 
revealed that it can present rare, atypical manifestations, such as 
isolated dacryosialadenitis, isolated retroperitoneal fibrosis, and 
isolated hypertrophic pachymeningitis (2– 4). Therefore, in such 
cases, it is important to recognize AAV as one of the differential 
diagnoses and to conduct histologic examination and ANCA test-
ing for appropriate disease management. I would like to ask some 
questions for further clarification.

First, how many patients had “isolated” TA without any other 
AAV- associated organ manifestations at initial diagnosis and during 
follow- up? Among those, how many patients were diagnosed as 
having AAV on the basis of histologic findings and/or ANCA testing? 
It is important for physicians to recognize the possibility of “isolated” 
TA in patients with AAV and to know how diagnoses could be made.

Second, Delaval and colleagues noted that small branch 
vasculitis was a characteristic finding on temporal artery biopsy 
(TAB) in TA- AAV but not in giant cell arteritis (GCA). They reported 
that 23% of patients with TA- AAV were positive for small branch 
vasculitis, compared with 0% of patients with GCA. This result 
is difficult to interpret because in several previous studies, it was 
reported that small branch vasculitis and vasa vasorum vasculitis 
were histologic findings in TA- GCA (5).

Third, Delaval et al assessed only mononuclear cell infil-
trates on TAB, not polymorphonuclear cell infiltrates. However, 
neutrophils are one of the pathogenic drivers of AAV, and the 
neutrophil infiltrates are frequently observed in the affected 
lesions in AAV (6). On the other hand, neutrophils are gener-
ally rare in temporal artery lesions in GCA (7). In this regard, 
it would be helpful to know whether neutrophilic inflammation 
was observed in temporal artery lesions from patients with 
AAV.
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To the Editor:
We thank Dr. Akiyama for his interest in our study of TA reveal-

ing AAV (TA- AAV) and the importance of recognizing AAV as one 
of the differential diagnoses in certain situations. We appreciate the 
opportunity to address some questions that Dr. Akiyama raises.
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First, 17 patients had “isolated” TA without any other fea-
ture suggestive of AAV- associated organ manifestations. Among 
them, all but 1 patient were positive for ANCAs, 7 had atypical 
histologic findings for GCA on TAB, and 5 had histologic evidence 
on tissue biopsy other than TAB.

Second, Dr. Akiyama suggests that small branch vasculitis 
and vasa vasorum vasculitis are consistent with the diagnosis of 
GCA (1). However, these data remain controversial in many differ-
ent studies (2,3). In our opinion, these findings remain atypical for 
classic GCA.

Third, regarding characterization of inflammatory infiltrates in 
GCA versus TA- AAV (i.e., mononuclear cells versus neutrophils), 
unfortunately we were not able to perform a centralized review 
to address this question. However, we agree that it would be an 
interesting question for future study.
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In the article by Bernstein et al in the November 2020 issue of Arthritis & Rheumatology (Performance Characteristics 
of Pulmonary Function Tests for the Detection of Interstitial Lung Disease in Adults With Early Diffuse Cutaneous 
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American College of Rheumatology Clinical Guidance 
for Multisystem Inflammatory Syndrome in Children 
Associated With SARS–CoV-2 and Hyperinflammation in 
Pediatric COVID-19: Version 2
Lauren A. Henderson,1  Scott W. Canna,2 Kevin G. Friedman,1 Mark Gorelik,3 Sivia K. Lapidus,4  
Hamid Bassiri,5  Edward M. Behrens,5  Anne Ferris,6 Kate F. Kernan,7 Grant S. Schulert,8  Philip Seo,9  
Mary Beth F. Son,1 Adriana H. Tremoulet,10 Rae S. M. Yeung,11  Amy S. Mudano,12 Amy S. Turner,13   
David R. Karp,14  and Jay J. Mehta5

Objective. To provide guidance on the management of Multisystem Inflammatory Syndrome in Children (MIS-C), 
a condition characterized by fever, inflammation, and multiorgan dysfunction that manifests late in the course of 
severe acute respiratory syndrome coronavirus 2 (SARS–CoV-2) infection. Recommendations are also provided for 
children with hyperinflammation during coronavirus disease 2019 (COVID-19), the acute, infectious phase of SARS–
CoV-2 infection.

Methods. The Task Force was composed of 9 pediatric rheumatologists and 2 adult rheumatologists, 2 pediatric 
cardiologists, 2 pediatric infectious disease specialists, and 1 pediatric critical care physician. Preliminary statements 
addressing clinical questions related to MIS-C and hyperinflammation in COVID-19 were developed based on 
evidence reports. Consensus was built through a modified Delphi process that involved anonymous voting and 
webinar discussion. A 9-point scale was used to determine the appropriateness of each statement (median scores 
of 1–3 for inappropriate, 4–6 for uncertain, and 7–9 for appropriate). Consensus was rated as low, moderate, or high 
based on dispersion of the votes. Approved guidance statements were those that were classified as appropriate with 
moderate or high levels of consensus, which were prespecified before voting.

Results. The first version of the guidance was approved in June 2020, and consisted of 40 final guidance statements 
accompanied by a flow diagram depicting the diagnostic pathway for MIS-C. The document was revised in November 
2020, and a new flow diagram with recommendations for initial immunomodulatory treatment of MIS-C was added.

Conclusion. Our understanding of SARS–CoV-2–related syndromes in the pediatric population continues to 
evolve. This guidance document reflects currently available evidence coupled with expert opinion, and will be revised 
as further evidence becomes available.

Due to the rapidly expanding information and evolving evidence related to COVID-19, which may lead to modification 
of some guidance statements over time, it is anticipated that updated versions of this article will be published, with 
the version number included in the title. Readers should ensure that they are consulting the most current version.

Guidance developed and/or endorsed by the American College of Rheumatology (ACR) is intended to inform particular 
patterns of practice and not to dictate the care of a particular patient. The ACR considers adherence to this guidance 
to be voluntary, with the ultimate determination regarding its application to be made by the physician in light of each 
patient’s individual circumstances. Guidance statements are intended to promote beneficial or desirable outcomes but 
cannot guarantee any specific outcome. Guidance developed or endorsed by the ACR is subject to periodic revision 
as warranted by the evolution of medical knowledge, technology, and practice.

The American College of Rheumatology is an independent, professional medical and scientific society which does not 
guarantee, warrant, or endorse any commercial product or service.
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INTRODUCTION

Since its initial description in December 2019 in Wuhan China, 
coronavirus disease 2019 (COVID-19), caused by infection with 
severe acute respiratory syndrome coronavirus 2 (SARS–CoV-
2), has rapidly evolved into a worldwide pandemic affecting mil-
lions of lives (1). Unlike adults, the vast majority of children with  
COVID-19 have mild symptoms. However, there are children 
who have significant respiratory disease, and some children may 
develop a hyperinflammatory response similar to what has been 
observed in adults with COVID-19. Furthermore, in late April 
2020, reports emerged of children with a different clinical syn-
drome resembling Kawasaki Disease (KD) and toxic shock syn-
drome; these patients frequently had evidence of prior exposure 
to SARS–CoV-2 (2,3). Subsequent to these initial reports from Italy 
and the United Kingdom, multiple case series from Europe and 
the United States have surfaced describing a similar phenomenon 
(4–10). While this constellation of symptoms has been given many 
names, for the purposes of this discussion we refer to it as multi-
system inflammatory syndrome in children (MIS-C).

For a number of reasons, there is an urgent need to pro-
vide guidance to healthcare providers evaluating patients in whom 
MIS-C is a diagnostic consideration. These reasons include the 
fact that 1) there are variable case definitions for MIS-C, 2) the 
clinical description of MIS-C is limited to case series, 3) clinical 
features of MIS-C may also be seen in other types of infections 
and malignant entities and in other rheumatic diseases in child-
hood, 4) suggested treatment strategies have relied on extrapola-
tion from other inflammatory or rheumatic conditions with similar 
clinical presentations, and 5) myocardial dysfunction may pres-
ent insidiously but is a major source of morbidity and mortality in 
MIS-C. In addition, pediatric rheumatologists are often asked to 
recommend immunomodulatory therapy for patients developing 
hyperinflammation as a result of acute SARS–CoV-2 infection.

Therefore, the American College of Rheumatology (ACR) con-
vened the MIS-C and COVID-19–Related Hyperinflammation Task 

Force on May 22, 2020, which was charged by ACR leadership to 
provide guidance to clinicians in the evaluation and management 
of MIS-C and COVID-19–related hyperinflammatory syndromes in 
children. Clinical guidance generated from this effort is intended to 
aid in the care of individual patients, but it is not meant to supplant 
clinical decision-making. Modifications to treatment plans, par-
ticularly in patients with complex conditions, are highly disease-, 
patient-, geography-, and time-specific, and therefore must be 
individualized as part of a shared decision-making process.

METHODS

Task force. Panelists were selected by the Task Force lead-
ership (LAH and JJM) based on their clinical expertise in rheu-
matology, infectious diseases, cardiology, cytokine storm–related 
syndromes, and KD, as well as their experience in managing 
MIS-C and hyperinflammation in acute SARS–CoV-2 infection. 
The multidisciplinary Task Force was composed of clinicians from 
the United States and Canada and included 9 pediatric rheu-
matologists, 2 adult rheumatologists, 2 pediatric cardiologists, 2 
pediatric infectious disease specialists, and 1 pediatric critical care 
physician. All individuals who were approached to develop this 
guidance agreed to participate.

Initial guidance. Prior to the first meeting, Task Force  
members were subdivided into 4 work groups to address the 
following clinical topics related to MIS-C and hyperinflammation 
in COVID-19: 1) diagnostic evaluation of MIS-C (led by SKL); 
2) cardiac management of MIS-C (led by KGF); 3) treatment of 
MIS-C (led by MG); and 4) management of hyperinflammation 
in COVID-19 (led by SWC). During the first webinar on May 22, 
2020, participants agreed with the importance of addressing 
these 4 overarching topics and the structure of the work groups. 
The first webinar was used to confirm the target audience for the 
guidance, which focuses on clinicians in North America managing 
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inflammatory syndromes in children related to recent or concurrent 
infections with SARS–CoV-2. Notably, the Task Force deliberately 
did not attempt to create a new case definition for MIS-C, as sev-
eral already exist (8–10) (Table 1). Instead, the Task Force elected 
to leverage consensus building to identify the most appropriate 
diagnostic and therapeutic steps that providers should consider 
at the present time. All panelists agreed to develop consensus 
through a modified Delphi process, which involved 2 rounds of 
asynchronous, anonymous voting and 2 webinars to discuss vot-
ing results.

Evidence review. From May 22 to May 29, 2020, the 
work groups developed preliminary recommendation statements 
within their assigned topic, based on expert opinion and evidence 
reviewed from publications listed in PubMed, scientific briefings 
from the World Health Organization, health alerts from the Centers 
of Disease Control and Prevention, and guidance provided by the 

Royal College of Paediatrics and Child Health. Each work group 
generated an evidence report supporting the recommendations, 
which was shared with the entire Task Force.

Voting. Round 1. The Task Force voted virtually and 
anonymously using the RAND/University of California at Los 
Angeles (UCLA) Appropriateness Method (11). A 9-point scale 
was used by panelists to rate the appropriateness of each of 
the statements. A score of 9 was considered to be the highest 
level of appropriateness, while a score of 1 indicated that the 
statement was entirely inappropriate. Prior to voting, median 
scores of 1–3 were defined as inappropriate, 4–6 as uncer-
tain, and 7–9 as appropriate. Consensus was prespecified as 
high if all 16 votes coalesced within the same tertile, while low 
consensus was recognized when voting was dispersed widely 
along the 9-point scale (with ≥5 votes in the 1–3 score range 
and ≥5 votes in the 7–9 score range). Moderate consensus 

Table 1. Case definitions of MIS-C*

Criteria RCPCH† CDC WHO‡
Age All children (age not 

defined)
<21 years 0–19 years

Fever Persistent fever (≥38.5°C) Temperature ≥38.0°C for ≥24 hours or 
subjective fever for ≥24 hours

Fever for ≥3 days

Clinical symptoms Both of the following:
1. single or multiorgan 

dysfunction; and
2. additional features

Both of the following:
1. severe illness (hospitalized); and
2. ≥2 organ systems involved

At least 2 of the following:
1. rash, conjunctivitis, and

mucocutaneous 
inflammation;

2. hypotension or shock;
3. cardiac involvement;
4. coagulopathy;
5. acute GI symptoms

Inflammation All 3 of the following:
1. neutrophilia; and
2. increased CRP; and
3. lymphopenia

Laboratory evidence of inflammation 
including, but not limited to, 1 or more of 
the following:

1. ↑CRP;
2. ↑ESR;
3. ↑fibrinogen;
4. ↑procalcitonin;
5. ↑d-dimer;
6. ↑ferritin;
7. ↑LDH;
8. ↑IL-6;
9. neutrophilia;

10. lymphopenia;
11. hypoalbuminemia

Elevated inflammation markers, 
including any of 
the following:

1. ↑ESR;
2. ↑CRP;
3. ↑procalcitonin

Link to 
SARS–CoV-2

Positive or negative by 
PCR

Current or recent findings of the following:
1. positive by PCR;
2. positive by serology;
3. positive by antigen test; or
4. COVID-19 exposure within prior 4 weeks

Evidence of COVID-19 by 
the following:

1. positive by PCR;
2. positive by antigen test;
3. positive by serology; or
4. likely COVID-19 contact

Exclusion Other infections No alternative diagnosis No obvious microbial cause
* Case definitions of multisystem inflammatory syndrome in children (MIS-C) are adapted from recommendations from the World 
Health Organization (WHO) (8) and Centers for Disease Control and Prevention (CDC) (10) for MIS-C, as well as the Royal College of 
Paediatrics and Child Health (RCPCH) for pediatric inflammatory multisystem syndrome temporally associated with severe acute 
respiratory syndrome coronavirus 2 (SARS–Cov-2) (9). For laboratory parameters, ↑ indicates elevated levels. GI = gastrointestinal; CRP =  
C-reactive protein; ESR = erythrocyte sedimentation rate; LDH = lactate dehydrogenase; IL-6 = interleukin-6; PCR = polymerase chain 
reaction; COVID-19 = coronavirus disease 2019. 
† In the RCPCH case definition, additional features include abdominal pain, confusion, conjunctivitis, cough, diarrhea, headache, 
lymphadenopathy, mucous membrane changes, neck swelling, rash, respiratory symptoms, sore throat, swollen hands and feet, 
syncope, and vomiting. 
‡ In the WHO case definition, cardiac involvement is defined as the presence of myocardial dysfunction, pericarditis, valvulitis, or coronary 
abnormalities (including findings on echocardiogram or elevated levels of troponin/N-terminal pro–B-type natriuretic peptide). 
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encompassed all other scenarios. The votes of each Task 
Force member were counted equally and tallied. The results of 
the initial voting were distributed to the Task Force and reviewed 
during a 90-minute webinar on June 4, 2020. Statements that 
were rated as uncertain (median score 4–6) and/or charac-
terized by moderate or low consensus were addressed first. 
The panelists were then encouraged to discuss the remaining 
statements.

Round 2. Input from the initial voting and discussion 
was incorporated (by LAH and JJM) into the draft guidance 
statements, and the document was redistributed to the entire 
Task Force for a second round of voting. Voting in this phase 
was conducted in the same manner as described above, and 
results were reviewed at a third webinar on June 10, 2020. 
Guidance statements that earned a median score of 7–9 

with moderate or high levels of consensus were approved 
by the panel.

Guidance approval. Following the final webinar, approved 
statements were refined and, in some instances, combined to 
reduce redundancy. A preliminary guidance document was gen-
erated, and the entire Task Force was given an opportunity to 
review and edit the document. Approval was obtained from each 
panelist on June 14, 2020 and by the ACR Board of Directors 
on June 17, 2020 (12). After further review, the authors decided 
to include measurement of C-reactive protein (CRP) levels in the 
laboratory evaluation of hyperinflammation in severe COVID-19 
(Table 7) and the entire Task Force then re-voted on the guidance 
statements and approved the modifications to this recommenda-
tion statement.

Figure 1. Diagnostic pathway for multisystem inflammatory syndrome in children (MIS-C). Moderate-to-high consensus was reached by the 
Task Force in the development of this diagnostic pathway for MIS-C associated with severe acute respiratory syndrome coronavirus 2 (SARS–
CoV-2). 1An epidemiologic link to SARS–CoV-2 infection is defined as a child with any of the following criteria: positive for SARS–CoV-2 by 
polymerase chain reaction (PCR), positive for SARS–CoV-2 by serology, preceding illness resembling coronavirus disease 2019 (COVID-19), 
or close contact with an individual with confirmed or suspected COVID-19 in the past 4 weeks. 2Suggestive clinical features include rash 
(polymorphic, maculopapular, or petechial, but not vesicular), gastrointestinal symptoms (diarrhea, abdominal pain, or vomiting), oral mucosal 
changes (red and/or cracked lips, strawberry tongue, or erythema of the oropharyngeal mucosa), conjunctivitis (bilateral conjunctival infection 
without exudate), and neurologic symptoms (altered mental status, encephalopathy, focal neurologic deficits, meningismus, or papilledema). 
3The complete metabolic panel (CMP) includes measurement of sodium, potassium, carbon dioxide, chloride, blood urea nitrogen, creatinine, 
glucose, calcium, albumin, total protein, aspartate aminotransferase, alanine aminotransferase, alkaline phosphatase, and bilirubin. 4Procalcitonin, 
cytokine panel, and blood smear test results should be sent, if available. 5Serologic test results should be sent if not sent in tier 1 evaluation, 
and if possible, SARS–CoV-2 IgG, IgM, and IgA test results should be sent. CRP = C-reactive protein; ESR = erythrocyte sedimentation rate; 
ALC = absolute lymphocyte count; CBC = complete blood cell count; BNP = B-type natriuretic peptide; PT = prothrombin time; PTT = partial 
thromboplastin time; LDH = lactate dehydrogenase; u/a = urinalysis; EKG = electrocardiogram.
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Guidance revisions. For this subsequent version of the 
guidance, work group leaders were asked to identify guidance 
statements that should be modified based on clinical experi-
ence and newly available evidence in the literature. These revised 
statements along with the supporting literature were provided to 
the panelists before a webinar was held on October 13, 2020 
to discuss the proposed changes. After the webinar, anonymous 
voting was conducted in the same manner as described above. 
Revised guidance statements that were voted as being appro-
priate (median score of 7–9) with a moderate or high degree of 
consensus were approved.

RESULTS

In the first round of voting, the Task Force evaluated a total 
of 125 statements that addressed the management of MIS-C 
and hyperinflammation in pediatric patients with COVID-19. 

Of these, 112 statements met the criteria for approval with 
a median score of 7–9 and moderate or high consensus, while 
13 statements were rated as uncertain (median score of 4–6). 
After refining the statements based on the input from the initial 
phase, 128 guidance statements were approved in the sec-
ond round of voting (see Supplementary Tables 1–4, availa-
ble on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41616/ abstract). These state-    
ments were organized into 40 final guidance statements as 
well as a flow diagram depicting the diagnostic pathway for 
MIS-C (Figure 1), which were approved by the entire Task 
Force and the ACR Board of Directors (12). For the second 
version of the guidance, the Task Force approved 22 revised 
statements (see Supplementary Table 5, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41616/ abstract) as well as a second 
flow diagram (Figure 2). Topics covered in the guidance include 

Figure 2. Algorithm for initial immunomodulatory treatment of multisystem inflammatory syndrome in children (MIS-C). Moderate-to-high 
consensus was reached by the Task Force in the development of this treatment algorithm for MIS-C associated with severe acute respiratory 
syndrome coronavirus 2. 1Intravenous immunoglobulin (IVIG) dosing is 2 gm/kg based on ideal body weight. Cardiac function and fluid status 
should be assessed before IVIG is given. In some patients with cardiac dysfunction, IVIG may be given in divided doses (1 gm/kg daily 
over 2 days). 2Methylprednisolone or another steroid at equivalent dosing may be used. 3Refractory disease is defined as persistent fevers 
and/or ongoing and significant end-organ involvement. 4Low-to-moderate–dose glucocorticoids (methylprednisolone 1–2 mg/kg/day) may 
be considered for first-line therapy in some MIS-C patients with concerning features (ill appearance, highly elevated B-type natriuretic peptide 
levels, unexplained tachycardia) who have not yet developed shock or organ-threatening disease. 5If the patient was given low-to-moderate–
dose glucocorticoids as first-line therapy, methylprednisolone IV dosing should be 10–30 mg/kg/day for intensification treatment.

http://onlinelibrary.wiley.com/doi/10.1002/art.41616/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41616/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41616/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41616/abstract
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the following: 1) diagnostic evaluation of MIS-C (Table 2 and 
Figure 1); 2) comparing and contrasting features of MIS-C 
and KD (Table 3); 3) cardiac management of MIS-C (Table 4); 
4) treatment of MIS-C (Tables 5 and 6 and Figure 2); and 5) 
hyperinflammation in COVID-19 (Table 7).

Our understanding of SARS–CoV-2–related syndromes in the 
pediatric population continues to evolve. The recommendations 
provided by the Task Force reflect expert opinion and currently 
available evidence, which is of low quality and based on a limited 
number of case series and retrospective cohort studies. Thus, this 

Table 2. Diagnostic evaluation of MIS-C*

Guidance statement
Level of 

consensus
The vast majority of children with COVID-19 present with mild symptoms and have excellent outcomes. MIS-C remains 

a rare complication of SARS–CoV-2 infections.
High

MIS-C is temporally associated with SARS–CoV-2 infections. Therefore, the prevalence of the virus in a given geographic 
location, which may change over time, should inform management decisions.

Moderate

The approach to testing for SARS–CoV-2 infections will evolve over the course of the COVID-19 pandemic, and it  
is therefore important to consider up-to-date testing methods and the prevalence of viral transmission in  
the community.

Moderate

A child “under investigation” for MIS-C should also be evaluated for other possible infections and non–infection-related 
conditions (e.g., malignancy) that may explain the clinical presentation.

High

Patients “under investigation” for MIS-C may require additional diagnostic studies (not described in Figure 1), including, 
but not limited to, imaging of the chest, abdomen, and/or central nervous system and lumbar puncture.

High

Outpatient evaluation for MIS-C may be appropriate for assessing well-appearing children with stable vital signs and 
for ensuring that physical examinations provide close clinical follow-up.

Moderate

Patients “under investigation” for MIS-C should be considered for admission to the hospital for further observation 
while the diagnostic evaluation is completed, especially if the patient displays any of the following symptoms:

1. abnormal vital signs (tachycardia, tachypnea);
2. respiratory distress of any severity;
3. neurologic deficits or change in mental status (including subtle manifestations);
4. evidence of even mild renal or hepatic injury;
5. marked elevations in inflammation markers (CRP ≥10 mg/dl);
6. abnormal EKG findings or abnormal levels of BNP or troponin T.

Moderate to high

Patients presenting with shock, significant respiratory distress, neurologic changes (altered mental status, 
encephalopathy, focal neurologic deficits, meningismus, papilledema), dehydration, or features of KD should be 
admitted for further evaluation, regardless of MIS-C status, in accordance with standard of care.

High

Children admitted to the hospital with MIS-C should be managed by a multidisciplinary team that includes pediatric 
rheumatologists, cardiologists, infectious disease specialists, and hematologists. Depending on the clinical 
manifestations, other subspecialties may need to be consulted as well; these include, but are not limited to, 
pediatric neurology, nephrology, hepatology, and gastroenterology.

Moderate to high

* MIS-C = multisystem inflammatory syndrome in children; COVID-19 = coronavirus disease 2019; SARS–CoV-2 = severe acute respiratory 
syndrome coronavirus 2; CRP = C-reactive protein; EKG = electrocardiogram; BNP = B-type natriuretic peptide; KD = Kawasaki disease. 

Table 3. Comparing and contrasting features of MIS-C and KD*

Guidance statement
Level of 

consensus
Patients with KD that is unrelated to SARS–CoV-2 will continue to require evaluation, diagnosis, and treatment during 

the SARS–CoV-2 pandemic.
High

MIS-C and KD unrelated to SARS–CoV-2 infections may share overlapping clinical features, including conjunctival 
infection, oropharyngeal findings (red and/or cracked lips, strawberry tongue), rash, swollen and/or erythematous 
hands and feet, and cervical lymphadenopathy.

Moderate to high

Several epidemiologic, clinical, and laboratory features of MIS-C may differ from KD unrelated to SARS–CoV-2 in the 
following ways:

1. There is an increased incidence of MIS-C in patients of African, Afro-Caribbean, and Hispanic descent, but a lower 
incidence in those of East Asian descent.

2. Patients with MIS-C encompass a broader age range, have more prominent GI and neurologic symptoms, present 
more frequently in a state of shock, and are more likely to display cardiac dysfunction (arrhythmias and ventricular 
dysfunction) than children with KD.

3. At presentation, patients with MIS-C tend to have lower platelet counts, lower absolute lymphocyte counts, and 
higher CRP levels than patients with KD.

Moderate to high

Epidemiologic studies of MIS-C suggest that younger children are more likely to present with KD-like features, while 
older children are more likely to develop myocarditis and shock.

Moderate

It is unknown if the incidence of CAAs is different in MIS-C compared to KD; however, MIS-C patients without KD 
features can develop CAAs.

Moderate to high

* MIS-C = multisystem inflammatory syndrome in children; KD = Kawasaki disease; SARS–CoV-2 = severe acute respiratory syndrome coronavirus 
2; GI = gastrointestinal; CRP = C-reactive protein; CAAs = coronary artery aneurysms. 



ACR GUIDANCE ON MIS-C AND HYPERINFLAMMATION IN PEDIATRIC COVID-19 |      e19

guidance is meant to be a “living document” and will be modified 
as additional data become available. The recommendations pro-
vided in the guidance document do not replace the importance 
of clinical judgment tailored to the unique circumstances of an 
individual patient.

Diagnostic evaluation of MIS-C. Maintaining a broad 
differential diagnosis. Multiple case definitions for MIS-C have 
been proposed (8–10), some of which are broader than oth-
ers (Table 1). Common clinical features of MIS-C include 
fever, mucocutaneous findings (rash, conjunctivitis, edema of 

Table 4. Cardiac management of MIS-C*

Guidance statement
Level of 

consensus
Patients with MIS-C and abnormal BNP and/or troponin T levels at diagnosis should have these laboratory parameters 

trended over time until they normalize.
High

EKGs should be performed at a minimum of every 48 hours in MIS-C patients who are hospitalized and during follow-up 
visits. If conduction abnormalities are present, patients should be placed on continuous telemetry while in the 
hospital, and Holter monitors should be considered during follow-up.

Moderate to high

Echocardiograms conducted at diagnosis and during clinical follow-up should include evaluation of ventricular/valvular 
function, pericardial effusion, and coronary artery dimensions with measurements indexed to body surface area using 
z-scores.

High

Echocardiograms should be repeated at a minimum of 7–14 days and 4–6 weeks after presentation. For those patients 
with cardiac abnormalities occurring in the acute phase of their illness, an echocardiogram 1 year after MIS-C diagnosis 
could be considered. Patients with LV dysfunction and/or CAAs will require more frequent echocardiograms.

Moderate to high

Cardiac MRI may be indicated 2–6 months after MIS-C diagnosis in patients who presented with significant transient LV 
dysfunction in the acute phase of illness (LV ejection fraction <50%) or persistent LV dysfunction. Cardiac MRI should 
focus on myocardial characterization, including functional assessment, T1/T2-weighted imaging, T1 mapping and 
extracellular volume quantification, and late gadolinium enhancement.

High

Cardiac CT should be performed in patients with suspected presence of distal CAAs that are not well seen on 
echocardiogram.

Moderate

* MIS-C = multisystem inflammatory syndrome in children; BNP = B-type natriuretic peptide; EKGs = electrocardiograms; LV = left ventricular;
CAAs = coronary artery aneurysms; MRI = magnetic resonance imaging; CT = computed tomography. 

Table 5. Immunomodulatory treatment in MIS- C*

Guidance statement
Level of 

consensus
Patients under investigation for MIS- C without life- threatening manifestations should undergo diagnostic evaluation for 

MIS- C as well as other possible infections and non– infection- related conditions before immunomodulatory treatment is 
initiated.

Moderate

Patients “under investigation” for MIS- C with life- threatening manifestations may require immunomodulatory treatment for 
MIS- C before the full diagnostic evaluation can be completed.

High

After evaluation by specialists with expertise in MIS- C, some patients with mild symptoms may only require close monitoring 
without immunomodulatory treatment. The panel noted uncertainty around the empiric use of IVIG to prevent CAAs in this 
setting.

Moderate

A stepwise progression of immunomodulatory therapies should be used to treat MIS- C with IVIG considered first- tier 
therapy. Glucocorticoids should be used as adjunctive therapy in patients with severe disease or as intensification therapy 
in patients with refractory disease.

High

IVIG should be given to MIS- C patients who are hospitalized and/or fulfill KD criteria. High
High- dose IVIG (typically 2 gm/kg, based on ideal body weight) should be used for treatment of MIS- C. High
Cardiac function and fluid status should be assessed in MIS- C patients before IVIG treatment is provided. Patients with 

depressed cardiac function may require close monitoring and diuretics with IVIG administration.
High

In some patients with cardiac dysfunction, IVIG may be given in divided doses (1 gm/kg daily over 2 days). Moderate
Low- to- moderate– dose glucocorticoids (1– 2 mg/kg/day) should be given with IVIG as adjunctive therapy for treatment of 

MIS- C patients with shock and/or organ- threatening disease.
Moderate

In patients who do not respond to IVIG and low- to- moderate– dose glucocorticoids, high- dose, IV pulse glucocorticoids 
(10– 30 mg/kg/day) may be considered, especially if a patient requires high- dose or multiple inotropes and/or vasopressors.

Moderate

In patients with refractory MIS- C despite a single dose of IVIG, a second dose of IVIG is not recommended, given the risk of 
volume overload and hemolytic anemia associated with large doses of IVIG.

High

Low- to- moderate– dose steroids (1– 2 mg/kg/day) may also be considered in patients with milder forms of MIS- C who are 
persistently febrile and symptomatic despite a single dose of IVIG.

Moderate

Anakinra (>4 mg/kg/day IV or SC) may be considered for treatment of MIS- C refractory to IVIG and glucocorticoids in patients 
with MIS- C and features of macrophage activation syndrome or in patients with contraindications to long- term use of 
glucocorticoids.

Moderate

Serial laboratory testing and cardiac assessment should guide immunomodulatory treatment response and tapering. 
Patients may require a 2– 3- week, or even longer, taper of immunomodulatory medications.

High

* MIS- C = multisystem inflammatory syndrome in children; IVIG = intravenous immunoglobulin; CAAs = coronary artery aneurysms; SC = 
subcutaneous. 
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the hands/feet, red/cracked lips, and strawberry tongue), myo-
cardial dysfunction, cardiac conduction abnormalities, shock, 
gastrointestinal symptoms, and lymphadenopathy (2,4–7, 
13–22). There are also increasing reports of neurologic involve-
ment in select patients, manifesting as severe headache, 
altered mental status, cranial nerve palsies, or meningismus (5–
7,13,14,19–22). These findings are nonspecific and can occur 
in other infections, as well as in non–infection-related conditions 
such as oncologic or inflammatory conditions. In the midst of 
the COVID-19 pandemic, there is potential for cognitive bias 
with anchoring on a diagnosis of MIS-C when children pres-
ent with unexplained fevers. Therefore, it is imperative that a 

diagnostic evaluation for MIS-C include investigation for other 
possible causes, as deemed appropriate by the treating pro-
vider. MIS-C is temporally associated with SARS–CoV-2 infec-
tions, and clusters of cases have been reported in geographic 
areas with dense COVID-19 disease burden, typically being 
identified within 2–6 weeks after the peak incidence of acute, 
infectious COVID-19 (4,13,14,17,19–21). Thus, the prevalence 
and chronology of SARS–CoV-2 infection in a given location, 
which may change over time, should also inform the diagnostic 
evaluation.

The incidence of MIS-C is unknown; however, it appears 
to be a rare complication of SARS–CoV-2 infection, with some 

Table 6. Antiplatelet and anticoagulation therapy in MIS-C*

Guidance statement
Level of 

consensus
Low-dose aspirin (3–5 mg/kg/day; maximum 81 mg/day) should be used in patients with MIS-C and continued until the 

platelet count is normalized and normal coronary arteries are confirmed at ≥4 weeks after diagnosis. Treatment  
with aspirin should be avoided in patients with active bleeding, significant bleeding risk, and/or a platelet count of 
≤80,000/μl.

Moderate

MIS-C patients with CAAs and a maximal z-score of 2.5–10.0 should be treated with low-dose aspirin. Patients with a 
z-score of ≥10.0 should be treated with low-dose aspirin and therapeutic anticoagulation with enoxaparin (factor Xa 
level 0.5–1.0) or warfarin.

Moderate to high

Patients with MIS-C and documented thrombosis or an EF of <35% should receive therapeutic anticoagulation with 
enoxaparin until at least 2 weeks after discharge from the hospital.

High

Indications for longer outpatient therapeutic enoxaparin dosing include the following: CAAs with a z-score of >10.0 
(indefinite treatment), documented thrombosis (treatment for ≥3 months pending thrombus resolution), or ongoing 
moderate-to-severe LV dysfunction.

High

For MIS-C patients who do not meet the above criteria, the approach to antiplatelet and anticoagulation therapeutic 
management should be tailored to the patient’s risk for thrombosis.

High

* MIS-C = multisystem inflammatory syndrome in children; KD = Kawasaki disease; CAAs = coronary artery aneurysms; EF = ejection fraction;
LV = left ventricular. 

Table 7. Hyperinflammation in COVID- 19*

Guidance statement Level of consensus
Medically complex children and those receiving immunosuppressive medications, including moderate- to- 

high– dose glucocorticoids, may be at higher risk for severe outcomes in COVID- 19.
Moderate to high

Children and adults admitted to the hospital with COVID- 19 present with similar symptoms, including 
fever, upper respiratory tract symptoms, abdominal pain, and diarrhea.

Moderate

Children with severe respiratory symptoms due to COVID- 19 with any of the following should be 
considered for immunomodulatory therapy: ARDS, shock/cardiac dysfunction, substantial elevation in 
LDH, d- dimer, IL- 6, IL- 2R, CRP, and/or ferritin level, and depressed lymphocyte count, albumin level, and/
or platelet count.

Moderate to high

Glucocorticoids should be used as first- tier immunomodulatory treatment in patients with COVID- 19 and 
hyperinflammation.

High

Anakinra appears safe in severe infections and in children with hyperinflammatory syndromes. In children 
with COVID- 19 and hyperinflammation, anakinra (>4 mg/kg/day IV or SC) should be considered for 
immunomodulatory therapy in patients with refractory disease despite glucocorticoid treatment or in 
patients with contraindications to steroids. Initiation of anakinra before invasive mechanical ventilation 
may be beneficial.

High

Children with COVID- 19 treated with anakinra should be monitored for LFT abnormalities. Moderate
Tocilizumab is not recommended for a majority of pediatric patients with COVID- 19 and 

hyperinflammation, given the lack of benefit reported in randomized, double- blind, placebo- controlled 
trials in adults with COVID- 19 pneumonia. In addition, the effects of tocilizumab are long- lasting, which 
leaves little recourse if a patient does not respond favorably to the medication.

Moderate to high

There is insufficient evidence to support the use of other immunomodulatory agents unless 
glucocorticoids and IL- 1– blocking therapies are contraindicated or have failed.

Moderate

* COVID- 19 = coronavirus disease 2019; ARDS = acute respiratory distress syndrome; LDH = lactate dehydrogenase; IL- 6 = interleukin- 6; IL- 2R = 
interleukin- 2 receptor; CRP = C- reactive protein; IV = intravenous; SC = subcutaneous; LFT = liver function test. 



ACR GUIDANCE ON MIS-C AND HYPERINFLAMMATION IN PEDIATRIC COVID-19 |      e21

estimates indicating that MIS-C occurs in 2 of 200,000 individuals 
under the age of 21 years (20). The relative rarity of MIS-C should 
also be considered in the diagnostic approach.

Tier 1 screening. Based on our review of the literature and 
diagnostic algorithms that are publicly available, the Task Force 
chose to cast a broad net with respect to the evaluation of patients 
with possible MIS-C, while simultaneously balancing the need 
to reduce indiscriminate overtesting and to prevent unnecessary 
use of resources in the treatment of pediatric patients who have 
unrelated causes of fever (2,4,5,7,13–16,23,24). To date, there are 
no clear data indicating the pretest positive or negative predictive 
probabilities for each clinical symptom or laboratory value in diag-
nosing MIS-C. It should be noted that due to the paucity of data, 
our recommendations reflect a multidisciplinary consensus that is 
likely to be revised as these data become available.

Fever is a key manifestation of MIS-C, with affected children 
presenting with significantly higher temperatures and longer fever 
duration than children with other routine pediatric illnesses (25). 
Thus, children with unremitting fever, an epidemiologic link to 
SARS–CoV-2, and suggestive clinical symptoms should be con-
sidered “under investigation” for MIS-C, while alternative diagno-
ses that could explain the patient’s clinical presentation are also 
explored (Figure 1). A tiered diagnostic approach is recommended 
in patients without life-threatening manifestations; this includes 
performing an initial screening evaluation (tier 1), and thereaf-
ter proceeding to a complete diagnostic evaluation (tier 2) only 
in patients with laboratory results from the tier 1 screening that 
are concerning. Tier 1 consists of laboratory studies that are eas-
ily obtained at most clinical facilities (complete blood cell count 
with manual differential, complete metabolic panel, erythrocyte 
sedimentation rate [ESR], CRP measurement, and testing for 
SARS–CoV-2 by polymerase chain reaction [PCR] or serology). 
Among MIS-C cases reported in the literature, the overwhelm-
ing majority involve elevated levels of inflammation markers, par-
ticularly CRP, as values higher than 10 mg/dl or even 20 mg/dl 
are common (2,4–6,13,14,17,19–22). Thus, to enter the sec-
ond stage of testing, children should have elevated ESR and/
or CRP levels and at least 1 other suggestive laboratory feature: 
lymphopenia, neutrophilia, thrombocytopenia, hyponatremia, or 
hypoalbuminemia (2,4–6,13,14,17,19–22).

Tier 2 evaluation. Tier 2 encompasses more complex testing 
that typically requires additional time to complete. Reports in the 
literature and unpublished observations by members of the panel 
both note that some patients with MIS-C can decompensate rap-
idly; however, the risk factors that predispose patients to such severe 
and progressive illness have not been identified (7,13). Accordingly, 
children with abnormal vital signs, concerning physical examination 
findings, significantly elevated levels of inflammation markers, or 
signs of cardiac involvement will need to be admitted to the hospital 
for supportive care while tier 2 testing is completed.

The panel also noted that MIS-C appears to be a continuum 
of disease that encompasses milder phenotypes that have not 

been fully described in the published literature (26). Some patients 
present with fever, rash, and systemic inflammation and no other 
organ damage. While these children require close monitoring, 
they do not always need to be hospitalized. Thus, in some cases, 
well-appearing children with reassuring vital signs and physical 
examination findings may be considered suitable for outpatient 
diagnostic evaluations as long as close clinical follow-up can be 
ensured.

Prominent cardiac involvement has been reported in a pro-
portion of MIS-C patients in every retrospective cohort study pub-
lished to date (2,4–6,13,14,17,19–22,27,28). These include left 
ventricular (LV) dysfunction, coronary artery dilation or coronary 
artery aneurysm (CAA), and electrical conduction abnormalities. 
Valvular dysfunction and pericardial effusion are less frequently 
described. Among the initial descriptions of MIS-C, LV dysfunc-
tion was present in 20–55% of cases, and coronary artery dilation 
or CAA in ~20% (2,4,13). Although the early reports may overes-
timate the incidence of cardiac features as they likely represent 
the most severe component of the MIS-C spectrum, these num-
bers nonetheless highlight the significant risk of cardiac involve-
ment in MIS-C. While LV dysfunction and CAAs are salient and 
frequently described features of MIS-C, arrhythmias have been 
less well characterized. Recently, atrioventricular block was identi-
fied in up to 20% of children with MIS-C, including progression to 
second- and third-degree block in some (28).

For these reasons, EKG and echocardiogram are key com-
ponents of the full diagnostic evaluation. The echocardiogram 
should include quantification of LV size and systolic function 
using end-diastolic volume (and z-score) and ejection fraction 
(EF) (29,30). Detailed evaluation of all coronary artery segments 
and normalization of coronary artery measurements to body 
surface area using z-scores is necessary (30,31). Cardiac labo-
ratory values at the time of diagnosis, specifically levels of tro-
ponin T and B-type natriuretic peptide (BNP)/N-terminal proBNP 
(NT-proBNP), may help identify patients with cardiac sequelae 
from MIS-C (4–6,13,14,17). In particular, highly elevated BNP/
NT-proBNP levels may be helpful in distinguishing between MIS-C 
patients with and those without LV dysfunction; however, mild 
and transient elevations in these laboratory parameters are likely 
to be nonspecific, and do not necessarily indicate cardiac involve-
ment (14,32,33). BNP, in particular, is an acute-phase reactant, 
and therefore may be elevated in inflammatory conditions without  
cardiac involvement (32).

Tier 2 testing should also include further assessment for 
systemic inflammation. In addition to changes in the ESR and 
CRP level, MIS-C patients typically demonstrate other markers of 
inflammation, including high d-dimer levels, moderately elevated 
ferritin levels (often ranging from 500 to 2,000 ng/dl), profoundly 
increased procalcitonin levels in the absence of bacterial infection, 
and increased lactate dehydrogenase (LDH) levels (5–7,13,14,17). 
Cytokine panels, when available, can assist in the diagnostic eval-
uation, as levels of interleukin-6 (IL-6), tumor necrosis factor (TNF), 
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or IL-10 are often increased; however, cytokine levels measured 
in this manner should not dictate treatment choices and are not 
required to determine treatment plans (5,6,13,21,22,34–37). 
Along with systemic inflammation, endothelial dysfunction is a 
feature of MIS-C, and a peripheral blood smear can be used to 
identify microangiopathic changes in red blood cells, although the 
sensitivity and specificity of using a peripheral blood smear for the 
diagnosis of MIS-C is unknown (35).

Finally, a greater proportion of MIS-C patients have been 
found positive for SARS–CoV-2 by serologic testing (80–90%) 
than by PCR testing (20–40%), and both tests should be sent to 
evaluate the epidemiologic link to the infection (4–6,13,17,20,21). 
The use of serologic testing will become more complicated as the 
COVID-19 pandemic evolves, because seropositivity for SARS–
CoV-2 IgG may not be indicative of a recent infection. It is impor-
tant to interpret serologic testing in the context of the prevalence 
of viral transmission in the patient’s community.

Comparing and contrasting features of MIS-C and  
KD. In an early sentinel report from Bergamo, the Italian epicenter of 
the COVID-19 pandemic, KD and KD-like illnesses were observed 
at a rate 30 times higher than that observed in the pre-pandemic 
era (4). Since this observation, the clinical symptoms of MIS-C 
have frequently been compared to those of KD given their similar-
ity in profiles, which includes fevers, mucocutaneous features, and 
cardiac sequelae (2,4–7,13–17,21,29,34,38). However, a closer 
examination of the literature shows that only about one-quarter to 
one-half of patients with a reported diagnosis of MIS-C meet the 
full diagnostic criteria for KD (4–6,13,14,19,20,34).

Several epidemiologic, clinical, and laboratory features of 
MIS-C that differ from KD unrelated to SARS–CoV-2 are worthy 
of mention. First, while the incidence of KD is highest in Japan, 
MIS-C appears to be frequent in patients of African and Hispanic 
descent (2,5,6,14,19,20,22,39). It is unclear whether genetic 
or biologic factors could explain this racial/ethnic distribution of 
MIS-C or whether socioeconomic status, structural inequality, and 
risk of SARS–CoV-2 exposure are more causative.

Second, the age distribution of MIS-C is broad, with reports 
of MIS-C found in children ranging in age from 3 months to 20 
years (2,4–7,13,14,17,19–21,34). In contrast, the majority of 
children with KD present with symptoms before age 5 years 
(4,14,21,34,40,41).

Third, as discussed above, the clinical presentations of LV 
 dysfunction and shock that are characteristic of patients with MIS-C 
are considerably less common in patients with KD, with fewer than 
10% of KD patients presenting with KD shock syn drome (42). 
Close to one-quarter of untreated KD patients develop CAAs (43). 
Coronary artery dilations or CAAs have been documented in up 
to 20% of MIS-C patients, and at least 3 patients have developed 
giant CAAs (2,4,13,14,17,19,20,34). It is unknown if the incidence 
or progression of CAAs differ between MIS-C and KD. Importantly, 
it is clear that MIS-C patients without KD symptoms can develop 

CAAs, highlighting the need for cardiac evaluation in all patients 
with MIS-C regardless of phenotypic features, and providing sup-
port for the treatment rationale discussed below (14).

Fourth, although gastrointestinal and neurologic symptoms 
are reported in KD patients, the panel agreed that these findings 
were more frequently encountered in the MIS-C population.

Finally, the laboratory parameters that have been found to 
differ in retrospective cohorts of MIS-C patients compared to his-
torical cohorts of KD patients include a lower platelet count, lower 
absolute lymphocyte count, and higher CRP level in MIS-C patients 
(4,14,21,34). There is emerging evidence that age may impact the 
clinical phenotype of MIS-C. Epidemiologic studies suggest that 
younger children are more likely to present with KD-like features, 
while older children are more likely to develop myocarditis and 
shock (19,20).

Cardiac management of MIS-C. Children with MIS-C 
will need close clinical follow-up with cardiology. Extrapolating 
data from KD, another condition that can be complicated by 
CAA, the panel recommended that repeat echocardiograms be 
obtained from all children with MIS-C at a minimum of 7–14 days 
and then 4–6 weeks after the initial presentation (29). For those 
patients with cardiac involvement noted during the acute phase of 
illness, another echocardiogram at 1 year after MIS-C diagnosis 
could be considered. Children with LV dysfunction and CAAs will 
require more frequent echocardiograms.

Although LV function improves rapidly in most MIS-C patients, 
the long-term complications of myocardial inflammation in this 
syndrome are not known and may include myocardial fibrosis and 
scarring, representing features that have been seen in other forms 
of pediatric myocarditis (6,13,44). Cardiac magnetic resonance 
imaging at 2–6 months post–acute illness in those patients who 
had moderate-to-severe LV dysfunction will allow for evaluation 
of fibrosis and scarring. Electrical conduction abnormalities are 
increasingly noted in MIS-C patients and may develop after the 
initial presentation; therefore, EKGs should be obtained at a min-
imum of every 48 hours in patients who are hospitalized and at 
each follow-up visit (5,6,13,14,28). If conduction abnormalities are 
present, the patient should be placed on telemetry while in the 
hospital, and may need Holter monitoring at clinical follow-up.

Treatment of MIS-C. Immunomodulatory treatment in  
MIS-C. Goals of treatment in the MIS-C population are to 
stabilize patients with life-threatening manifestations such as 
shock, and to prevent long-term sequelae that may include 
CAAs, myocardial fibrosis/scarring, and fixed cardiac conduc-
tion abnormalities. There is no available literature that directly 
compares therapeutic approaches in MIS-C. Recommenda-
tions approved by the Task Force are derived from experience 
in managing MIS-C and higher quality data from other pediatric 
conditions with similar features. Initiation of treatment will often 
depend on the severity of the patient’s presentation. There was 
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consensus among the panelists that patients under investiga-
tion for MIS-C without life-threatening manifestations should 
undergo a diagnostic evaluation for MIS-C as well as other 
possible infections and non–infection-related conditions before 
immunomodulatory treatment is initiated. This is to prevent the 
use of therapies that could be potentially harmful in patients 
who do not have MIS-C.

Further, a subgroup of patients with MIS-C will develop pro-
gressive cardiac involvement rapidly; therefore, hospital admission 
and sequential monitoring of inflammation markers, including BNP/
NT-proBNP and troponin T levels, without instituting treatment can 
sometimes inform the diagnostic evaluation (7,13). Children with a 
life-threatening presentation such as shock will clearly require sup-
portive care and may benefit from early initiation of immunomodu-
latory treatment, sometimes before a full diagnostic evaluation can 
be completed. In such cases, ongoing diagnostic evaluation should 
be pursued in parallel with treatment by a multidisciplinary team.

Finally, the current recommendations address the treatment 
of MIS-C that is uncomplicated by macrophage activation syn-
drome (MAS). Importantly, there is a subgroup of patients with 
MIS-C who may also develop overt MAS. The treatment of those 
patients may need to deviate from the recommendations presented 
herein (4).

Initial immunomodulatory therapy. A stepwise approach to 
immunomodulatory treatment in MIS-C is recommended, with 
intravenous immunoglobulin (IVIG) and/or glucocorticoids con-
sidered first-tier agents (Figure 2). Both IVIG and glucocorticoids 
are the most commonly used immunomodulatory medications 
in MIS-C patients reported to date (2,4–7,13–15,17,19–21,34). 
High-quality studies that compare the efficacy of IVIG and glu-
cocorticoids in MIS-C, either alone or in combination, are not 
currently available. There is some evidence to suggest that faster 
initiation of IVIG and glucocorticoids in MIS-C is associated with 
a reduction in intensive care unit (ICU) admissions and length of 
hospital stay (45). In one retrospective and comparative cohort 
study, children with MIS-C and myocarditis who were treated 
with IVIG and methylprednisolone at 0.8 mg/kg/day had faster 
recovery of cardiac function and shorter time in the ICU than 
patients given IVIG monotherapy (46). Evidence for IVIG and glu-
cocorticoids in MIS-C is also based on their use in KD and fulmi-
nant myocarditis, representing 2 conditions that resemble MIS-C 
in some aspects. IVIG at a dose of 2 gm/kg prevents CAAs in 
KD while the benefit of IVIG in myocarditis remains unclear; how-
ever, case reports have described the successful use of IVIG in 
patients with coronavirus-associated myocarditis (29,43,47–53). 
Glucocorticoids reduce the rates of CAA development when 
used in KD patients at high risk for IVIG resistance (54,55). 
Compared to historical KD cohorts, studies by Verdoni et al and 
Pouletty et al have demonstrated a high rate of IVIG resistance 
in KD patients who presented during the COVID-19 pandemic, 
which may suggest a role for glucocorticoids in MIS-C (4,21).

The Task Force recommended that IVIG be given to all MIS-C 
patients who require hospitalization, administered at a dose of 2 
gm/kg based on ideal body weight. Low-to-moderate–dose glu-
cocorticoids (1–2 mg/kg/day) should be used as adjunctive ther-
apy with IVIG in patients with shock and/or organ-threatening 
disease. Glucocorticoids may also be added to IVIG as first-line 
therapy in patients who have not yet developed shock or severe 
end-organ involvement but present with concerning features such 
as ill appearance, highly elevated BNP levels, or unexplained 
tachycardia. Before IVIG is given, cardiac function and fluid status 
should be assessed. If abnormal, the rate of IVIG infusion may be 
slowed, the treatment may be given in divided doses over 2 days, 
and/or diuretics may be considered to avoid volume overload.

Intensification of immunomodulatory therapy. A patient with 
MIS-C is considered to have refractory disease when the child 
has persistent fevers and/or significant end-organ involvement 
despite initial immunomodulatory treatment. Compared to pre–
COVID-19 pandemic KD, MIS-C patients display more cardiac 
dysfunction and require larger doses of IVIG due to the age and 
size of these patients. Thus, patients with MIS-C are at greater 
risk for IVIG complications such as hemolytic anemia and vol-
ume overload. Furthermore, MIS-C patients are more likely to 
decompensate rapidly and may benefit from faster intensifica-
tion of therapy than children with non–SARS–CoV-2–related 
KD. Accordingly, a second dose of IVIG is not recommended 
in patients with refractory disease. Instead, glucocorticoids at 
low-to-moderate doses could be considered in children who are 
symptomatic despite a single dose of IVIG. In those patients who 
presented at disease onset with severe disease and were initially 
treated with a combination of IVIG and low-to-moderate–dose 
glucocorticoids, higher-dose steroids can be considered. Sev-
eral panelists have found that some children with shock, requir-
ing multiple inotropes and/or vasopressors, have responded 
best to high doses of intravenous glucocorticoids (10–30 mg/
kg/day). High-dose intravenous glucocorticoids have been used 
safely in patients with KD and have been used successfully in 
small numbers of patients with MIS-C and shock (7,56–58). 
Adjunctive glucocorticoids have also been shown to shorten the 
duration of shock in patients with sepsis (59).

High-dose anakinra (recombinant human IL-1 receptor 
antagonist) (>4 mg/kg/day) can also be considered for MIS-C 
patients with refractory disease despite having received IVIG and 
steroid treatment. In addition, anakinra may also be considered as 
a steroid-sparing agent in patients with contraindications to long 
courses of glucocorticoids. These recommendations are based 
on the relative safety of anakinra in pediatric patients with hyper-
inflammatory syndromes and active infection, the experience of 
panel members in using anakinra to treat MIS-C patients, and 
case descriptions of a small number of MIS-C patients reported in 
the literature (13,14,17,19,21,22,34,60–63). In addition, anakinra 
has been used successfully in a small number of patients with 
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IVIG-resistant KD (64–66). Other biologic medications, such as 
infliximab, have been described in the literature for use in MIS-
C; however, the panelists reported that such treatments were not 
used routinely in their clinical practice.

Tapering immunomodulatory therapy. Serial laboratory test-
ing and cardiac assessment should guide decisions to decrease 
immunomodulatory treatment. Children with MIS-C require a 
prolonged course of immunomodulatory treatment that may 
need to extend for 2–3 weeks, or even longer, to avoid rebound 
inflammation.

Treatment of non-hospitalized patients. Treatment with 
immunomodulatory agents may not always be required in MIS-
C. Whittaker et al reported that 22% of MIS-C patients recovered 
with supportive care (14). In close coordination with specialists 
who have expertise in MIS-C, some patients with mild symp-
toms may require only close monitoring, without the use of IVIG 
and/or glucocorticoids. The panel noted uncertainty around the 
empiric use of IVIG in this setting to prevent CAAs.

Antiplatelet and anticoagulation therapy in MIS-C. Published 
reports of patients with MIS-C describe marked abnormalities 
in the coagulation cascade, including prominent elevations in d-  
dimer and fibrinogen levels, a variable effect on the platelet count, 
and a high clot strength as determined by thromboelastography 
(2,4–6,13,14,19,20,22). An increased risk of thrombosis is a con-
cern in patients with MIS-C, based on the data outlined above 
as well as the hypercoagulability noted in adults with COVID-19 
(67–70). A recent report described a small number of MIS-C 
patients with deep vein thrombosis or pulmonary embolism, but 
the overall risk of thrombosis in this population is not known (19). 
Therefore, these recommendations are based on experience in 
analogous pediatric conditions, specifically KD and myocarditis, 
and the emerging data from adults with COVID-19.

Antiplatelet agents such as aspirin are recommended in 
patients with KD, because of the platelet activation, thrombocy-
tosis, altered flow dynamics in abnormal coronary arteries, and 
endothelial damage characteristic of this disease (29). Accord-
ingly, low-dose aspirin (3–5 mg/kg/day up to 81 mg once daily) 
is recommended in all MIS-C patients who are without active 
bleeding or significant bleeding risk. Aspirin should be continued 
until normalization of the platelet count is achieved and normal 
coronary arteries are confirmed at ≥4 weeks after diagnosis. Anti-
acid treatments should be used to prevent gastrointestinal com-
plications in MIS-C patients who are receiving steroids and aspirin. 
The risk of coronary artery thrombosis is directly related to size of 
the CAA, with an exponentially increased probability of thrombosis 
occurring in coronary arteries with dimensions above a z-score 
of 10.0 (29,71,72). Thus, anticoagulation with enoxaparin (factor 
Xa level 0.5–1.0) or warfarin in MIS-C patients with a coronary 
artery z-score greater than 10.0 is advised. Patients with more-
than-mild LV dysfunction are at risk for intracardiac thrombosis 
(73,74). Given the lack of clarity about the exact risk of hyperco-
agulability in MIS-C, the Task Force recommended considering 

anticoagulation therapy for MIS-C patients with moderate or 
severe LV dysfunction (EF <35%).

Hyperinflammation in children with COVID-19. 
Severe COVID-19 in children. The Task Force also addressed 
immunomodulatory treatment in severe COVID-19, a condition 
that panelists (given current information) deemed to be read-
ily distinguishable from MIS-C. A vast majority of children with 
COVID-19 have mild symptoms in the acute, infectious phase 
of the disease, but a small minority of patients become severely 
ill (75–80). MIS-C patients who are often previously healthy may 
present with fever, inflammation, and multiorgan dysfunction 
that manifests late in the course of SARS–CoV-2 infection (most 
are positive for SARS–CoV-2 IgG). In contrast, children who 
develop severe COVID-19 during their initial infection often have a 
complex medical history (76–79). Shekerdemian and colleagues 
reported that 40% of patients admitted to the ICU for COVID-19 
had developmental delay or a genetic anomaly, or were depend-
ent on technological support (e.g., tracheostomy) for survival 
(77). There is no definitive evidence suggesting that children with 
rheumatic diseases treated with immunosuppression are also at 
risk of developing poor outcomes from  COVID-19. Shekerdemian 
et al also observed that 23% of pediatric patients with COVID-19 
who were admitted to the ICU were either immunosuppressed 
or had cancer, but did not specify if any of these patients had a 
rheumatic condition (77). Extrapolating from adults with inflam-
matory bowel disease and rheumatic conditions, glucocorticoid 
use may be associated with worse outcomes in COVID-19 while 
treatment with TNF inhibitors may actually be protective against 
severe COVID-19 (81,82). In addition, among cohorts of pediat-
ric patients in this population receiving immunosuppressive med-
ications, an increased risk of severe COVID-19 has not been 
identified (83–85).

Immunomodulatory treatment in children with hyperinflam-
mation and COVID-19. Data to guide the treatment of pediatric 
patients with severe illness during the early phase of SARS–CoV-2 
infection are limited. In adults, certain laboratory parameters asso-
ciated with an exaggerated inflammatory response (hyperinflam-
mation) portend worse outcomes in COVID-19, including elevated 
levels of LDH, d-dimer, IL-6, IL-2 receptor, CRP, and ferritin, and 
a decreased lymphocyte count, albumin level, and platelet count 
(86–89). In at least one case series of pediatric patients with 
COVID-19, increased CRP levels, elevated procalcitonin levels, 
and decreased platelet counts were significantly more common 
in children requiring ICU admission compared to those receiving 
floor-level hospital care; however, further studies are needed to 
identify laboratory parameters that could serve as predictors of 
poor outcomes in the pediatric population (90). These results sug-
gest that patients with COVID-19 and hyperinflammation have 
poor outcomes, and that the host immune response to SARS–
CoV-2 may contribute to disease severity. The panel agreed that 
children with severe COVID-19 manifesting as acute respiratory 
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distress syndrome (ARDS), shock, or signs of hyperinflammation 
(as measured by the laboratory parameters discussed above) 
should be considered for immunomodulatory therapy in addition 
to supportive care and antiviral medications.

Glucocorticoids are a readily available and inexpensive option 
for immunomodulation. Prior experience with adjunctive glucocor-
ticoid therapy in ARDS unrelated to COVID-19 has been equivocal 
(91–93). Observational studies evaluating glucocorticoid treatment 
in other respiratory viral infections, such as influenza, suggest that 
this treatment is associated with increased mortality; however, 
these studies are difficult to interpret, due to confounding by indi-
cation (94,95). There are concerns that glucocorticoids given at 
high doses or early in the course of infection delay viral clearance 
(96,97). Glucocorticoid use in critically ill patients is also associ-
ated with increased neuropathy and myopathy (98). In SARS–
CoV-2 infections, there is conflicting evidence about the impact 
of glucocorticoids on viral clearance (99,100). A small number 
of cohort studies have suggested a benefit from glucocorticoid 
treatment in patients with severe COVID-19 pneumonia (87,101). 
Importantly, results from a large randomized controlled trial (the 
RECOVERY trial) indicate that low-to-moderate–dose dexameth-
asone significantly reduced mortality in COVID-19 patients requir-
ing mechanical ventilation (102). A meta-analysis of 7 randomized 
clinical trials that studied glucocorticoid treatment in adults with 
COVID-19 supports the results of the RECOVERY trial and also 
demonstrates a reduction in mortality in the treatment group (103). 
Based on these studies in adults, the Task Force achieved high 
consensus in recommending that glucocorticoids should be used 
as first-tier immunomodulatory treatment in pediatric patients with 
severe COVID-19 and signs of hyperinflammation.

Targeted neutralization of inflammatory cytokines is another 
approach that can be employed to reduce pathologic inflam-
mation in COVID-19. In pediatric patients with severe COVID-19  
and hyperinflammation who have refractory disease despite 
glucocorticoid administration, anakinra could be considered for 
treatment. In addition, anakinra is an option for patients with con-
traindications to steroids. Anakinra appears to be safe in severe 
infections, based on the results of a randomized controlled trial 
in patients with sepsis in whom there was no difference in the 
frequency of adverse events in the anakinra group compared to 
the placebo group (62). Furthermore, a re-analysis of data from 
this trial showed increased survival in patients with sepsis treated 
with anakinra who also had excessive inflammation manifested as 
hepatobiliary dysfunction and coagulopathy, which is commonly 
seen in COVID-19 (104). IL-1 blockade has also been used safely 
in children with inflammatory syndromes, including those with sys-
temic juvenile idiopathic arthritis and those with MAS (60,61,63). 
In COVID-19, observations from case series provide evidence 
of the safety and efficacy of anakinra in patients with elevated 
inflammation marker levels and moderate-to-severe disease; 
however, most of those studies do not have a comparison group 
(105–109). In one retrospective cohort of patients with COVID-19–  

related moderate-to-severe ARDS, treatment with anakinra in addi-
tion to usual care significantly reduced mortality when compared to 
patients treated at the same center a week prior (110). The patients 
in this cohort received high-dose anakinra (10 mg/kg/day) and were 
not yet mechanically ventilated, suggesting that treatment before 
intubation is beneficial. Similar results were reported in the Ana-
COVID study, in which a prospective cohort of patients treated with 
anakinra was compared to a historical cohort (111). Importantly, ran-
domized controlled trials confirming the efficacy of anakinra in adults 
with COVID-19 have not yet been published.

Given the association between increased IL-6 levels and 
negative outcomes in COVID-19, IL-6 neutralization with tocili-
zumab may be an appealing therapy (86,87,89). Initially, obser-
vations from some case series, reported without a comparison 
group, suggested clinical improvement with tocilizumab treatment, 
while others have not observed any clinical improvement or have 
noted a high rate of bacterial and fungal infections (112–115). 
Cohort studies with comparison groups have demonstrated con-
flicting results, with one study showing safety and efficacy with 
tocilizumab, while another showing no improvement in clinical out-
comes (116,117). In a study by Capra and colleagues, treatment 
with tocilizumab showed some benefit in COVID-19 patients who 
were not yet mechanically ventilated (116). Ultimately, randomized 
controlled trials of tocilizumab in adults with moderate and severe 
COVID-19 did not demonstrate a reduction in mortality at 28 days 
(118,119). Given these data, the Task Force did not recommend 
tocilizumab for the majority of pediatric patients with COVID-19.

DISCUSSION

There has been an evolution in our understanding of SARS–
CoV-2 infections in children. Initially, it was believed that COVID-19 
was almost entirely benign and of little consequence in the pediat-
ric population. There has been a sudden reversal from this stance 
in the context of the emergence of MIS-C cases. The goal of 
this ACR Task Force was to synthesize available data and expert 
 opinion to provide a resource for clinicians on the frontlines caring 
for children with inflammatory syndromes associated with recent 
or concurrent infections with SARS–CoV-2.

Recognizing the need to address the unique challenges 
facing children with inflammatory conditions triggered by 
SARS–CoV-2 infections, the ACR convened the Task Force 
to provide guidance in a short period of time. To accom-
plish this charge, a multidisciplinary panel was assembled 
that included clinicians from North America with expertise 
encompassing pediatric rheumatology, cardiology, infectious 
disease, and critical care. Well-established methodology in 
the form of the RAND/UCLA Appropriateness Method was 
used to achieve consensus.

There are limitations inherent in our approach. Given the need 
for expedited decision-making, we were unable to provide guid-
ance on all topics of interest. In particular, the Task Force focused 
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its efforts on providing diagnostic and treatment recommenda-
tions for MIS-C instead of developing a new case definition for this 
condition. This choice was made because several case definitions 
of MIS-C exist, and the data needed to develop a sensitive and 
specific set of criteria are not yet available. The guidance provided 
in this document is targeted to clinicians with access to complex 
diagnostic tools and biologic treatments. Thus, some of the rec-
ommendations are not practical in less resource-rich settings. In 
addition, the work product of the Task Force is considered guid-
ance, instead of formal treatment guidelines that must adhere to 
the strict methodology endorsed by the ACR.

The guidance provided in this document is supported by 
reports from the scientific literature and recommendations from 
public health institutions. Yet, the available data remain restricted 
to low-quality evidence that often must be extrapolated from the 
experience in adults. This approach is particularly problematic 
when confronting clinical questions regarding MIS-C, which, to 
date, has been reported primarily in children. This unique manifes-
tation of COVID-19 in children and adolescents highlights the need 
to prioritize and fund rigorous research in the pediatric population. 
For now, our understanding of pediatric SARS–CoV-2 infections 
is rudimentary and will continue to change as higher-quality evi-
dence becomes available. Thus, the recommendations contained 
in this document should be interpreted in the setting of this shifting 
landscape and will be modified prospectively as our understand-
ing of COVID-19 improves. For these reasons, this guidance does 
not replace the critical role of clinical judgment that is essential to 
address the unique needs of individual patients.

As the SARS–CoV-2 pandemic continues to unfold, the ACR 
will support clinicians caring for children with COVID-19 by en -
abling this Task Force to continue the work of reviewing evidence 
and providing expert opinion through revised versions of this guid-
ance document. It is the ultimate goal of both the ACR and the 
Task Force panelists to disseminate knowledge quickly in an effort 
to improve outcomes for children with SARS–CoV-2 infections.
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