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Deceleration of Radiographic Sacroiliitis Progression in 

Patients with Axial SpA Treated with TNFi

In patients with axial spondyloarthritis (SpA), 

the inflammation process in the spine is 

followed by repair that transforms inflamed 

tissue in the subchondral bone marrow into 

fibrous repair tissue. 

The process also 

activates new bone 

formation. Previous studies have demon-

strated that tumor necrosis factor inhibitor 

(TNFi) therapy can inhibit radiographic 

spinal progression in patients with SpA, but 

the effect is only apparent after 4 years of 

therapy. In this issue, Torgutalp et al (p. 1515) 

confirm that treatment with TNFi was associ-

ated with a reduction in radiographic sacroi-

liitis progression in patients with axial SpA. 

They also found that the reduction in radio-

graphic progression was evident 2–4 years 

after TNFi therapy was initiated.

The investigators used long-term follow-

up data from an inception cohort of 301 

individuals with axial SpA who had ≥2 sets of 

radiographs. They analyzed data from 10 years 

of follow-up on 737 radiographic intervals and 

found that patients who received ≥12 months  

of treatment with TNFi in the previous 2-year 

radiographic interval were more likely to 

experience a significant decrease in the sacro-

iliitis sum score. In contrast, they found no 

significant change in the sacroiliitis sum 

score among patients receiving TNFi in the 

current radiographic interval. Moreover, the 

One-Third of Patients with Th/To Antibody–Positive 

Scleroderma Develop Pulmonary Hypertension

Recent studies have described anti-Th/

To antibody frequency in various popula-

tions of patients with systemic sclerosis 

(SSc). Studies have also revealed a higher 

frequency of inter-

stitial lung disease in 

anti-Th/To antibody–

positive patients as compared to antibody-

negative patients. In this issue, Suresh et al 

(p. 1580) report their analysis of data from the 

largest cohort of anti-Th/To antibody–posi-

tive SSc patients with long-term follow-up 

data. They found a very high rate (38%) of 

anti-Th/To antibody–positive patients devel-

oping pulmonary hypertension (PH) in the 

follow-up period. In particular, patients with 

World Health Organization Group 1 pulmo-

nary arterial hypertension (PAH) were most at 

risk for PH (with 23% developing PH).

The investigators used the gold stan-

dard method of RNA immunoprecipitation 

to detect anti-Th/To antibodies. They then 

described the clinical characteristics of 204 

SSc patients with anti-Th/To antibody posi-

tivity and compared them to the characteris-

tics of 408 temporally matched SSc patients 

who were negative for this antibody. They 

found an approximate 5-fold increased risk 

of Th/To-positive patients developing PAH 

within 10 years of their first SSc symptom 

relative to antibody-negative patients. The 

researchers also found lower rates of skel-

etal muscle and joint/tendon involvement 

in anti-Th/To antibody–positive patients 

compared to other SSc patients. Finally, they 

found a lower 5-year cumulative survival 

from the first SSc visit in anti-Th/To anti-

body–positive patients compared to controls.

The authors note that only 5 anti-Th/To–

positive patients (2.5%) developed diffuse 

skin involvement, and most had a nucleolar 

antinuclear antibody (ANA) pattern. Anti-Th/ 

To positivity is uncommon, and the investi-

gators note that testing for it has now become 

possible on some commercial platforms.  

They conclude that patients presenting with 

limited skin involvement should be tested for 

Th/To antibodies and, if they are found to be 

positive, carefully monitored for PH.

effect of having received ≥12 months of treat-

ment with TNFi in the previous 2-year radio-

graphic interval was stronger in patients with 

non-radiographic axial SpA when compared 

to patients with radiographic axial SpA.

The authors emphasize that not only is 

their study limited to TNFi, but their conclu-

sions are further limited by the fact that they 

did not include magnetic resonance imaging 

(MRI) data in their analysis. They explain 

that such data may have been better able to 

address the link between inflammation and 

new bone formation in the sacroiliac joints. 

Likewise, they observe that, had they had 

MRI data, they may have been able to detect 

earlier changes in structural damage. 

Figure 1. Development of PH over a 10-year 

follow-up period from the first SSc center visit. 

The number of patients at risk of developing PH 

is indicated at the bottom.

p. 1515

p. 1580
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The development of osteoarthritis (OA) is influenced by conven-
tional risk factors, such as age and body mass index, but also by 
genetic factors.  Although some risk factors can be modified, many 
patients do not receive appropriate risk management therapies.  
A limited number of primary OA prevention programs are avail-
able, and many trials have failed to identify structural treatment 
options because of the heterogeneity of OA patients in the late 
stage of testing. Therefore, one of the prime opportunities for the 
prediction of OA exists in the genetic risk factors before conven-
tional risk factors have a chance to occur. Approximately 40–65% 
of the risk for OA is explained by genetic factors, depending on 
the affected joint. Existing clinical genetic applications focus on 
finding carriers of rare Mendelian variants, which are the leading 
genetic causes of early-onset familial forms of OA. However, 
genetic risk estimation in the form of polygenic risk scores can 
identify another significant fraction of the population at suffi-
ciently increased risk for OA to be clinically relevant.

In this issue, Sedaghati-Khayat et al evaluate the ability of 
polygenic risk score in risk assessment based on the most recent 
genome-wide association study in a population setting, a clinical 
setting, and high-risk clinical cohorts. The investigators' findings 
confirm the association of polygenic risk score with radio-
graphic OA, clinical OA, and total joint replacement.  Addition-
ally, their findings demonstrate that the polygenic risk score was 
most predictive of severe clinical OA, in both cross-sectional as 
well as longitudinal (incident OA) analyses. Overall, their 

research shows a discriminatory ability of the hip OA polygenic 
risk scores and the knee OA polygenic risk scores across all OA 
definitions. They also observed a consistently increased risk of 
OA in the top polygenic risk scores distribution of the study 
populations. Individuals in the top 10% polygenic risk scores dis-
tribution were twice as likely to develop OA than those in the 
middle 50% of the polygenic risk scores distribution. Therefore, 
since OA is becoming increasingly frequent in the general popu-
lation, and primary prevention is not commonly applicable, the 
researchers propose that a polygenic risk scores-based risk pre-
diction tool could constitute a valuable addition to OA preven-
tion and management in health care systems.

Questions

1.  What is currently known about the clinical application of 
polygenic risk scores in different subjects, such as breast cancer, 
age-related macular degeneration, or coronary artery disease?

2. Why was the development and assessment of polygenic risk 
scores appropriate for the study of OA?

3. Given the OA progression susceptibility, when is the best 
time to test for polygenic risk scores?

4. What are the main limitations and strengths of using 
polygenic risk scores for population screening or predictive 
testing in clinics?

5. What is the best clinical setting in which to apply the 
polygenic risk scores for OA? 

Risk Assessment for Hip and Knee Osteoarthritis Using  
Polygenic Risk Scores

Journal Club

Sedaghati-Khayat et al,  Arthritis Rheumatol. 2022;74:1488-1496

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

Figure 1. Overview of data availability and performed analysis. * = Age at 

onset was determined for incident radiographic OA and was calculated as 

the age at first diagnosis of radiographic OA. ** = Radiographic OA pro-

gression was defined as any progression in the Rotterdam Study (RS) with  

a ≥1-degree increment in K/L score (excluding progression from K/L 0 to 

K/L 1 or having a total joint replacement [TJR] of one or both joints during  

the follow-up period). CHECK = Cohort Hip and Cohort Knee; PROOF = 

Prevention of Knee Osteoarthritis in Overweight Females; BMI = body mass 

index; PRS = polygenic risk score; ROC = receiving operating characteristic 

curve; AUC = area under the ROC; OR = odds ratio.

Figure 2. Association between OA polygenic risk scores and risk of OA pro-

gression in a meta-analysis of the Rotterdam Study of 3 cohorts. Any progres-

sion was defined by a ≥1-degree increment of the K/L score (excluding pro-

gression from K/L 0 to K/L 1) or having a TJR of one or both joints during the 

follow-up period. Early incident OA was defined by a maximum K/L score of 2 

for each joint during follow-up (i.e., K/L 0 or K/L 1 to K/L 2). Incident severe 

OA was defined by a K/L score of ≥3 or TJR during follow-up (i.e., K/L 0 or 

K/L 1 to KL 3+, or TJR). Progressive severe OA was defined by progression 

from early OA (K/L 2) to severe OA (K/L 3+) or TJR during follow-up. 

OR (95% Confidence Interval)
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In this Issue
Highlights from this issue of A&R | By Lara C. Pullen, PhD

Deceleration of Radiographic Sacroiliitis Progression in 

Patients with Axial SpA Treated with TNFi

In patients with axial spondyloarthritis (SpA), 

the inflammation process in the spine is 

followed by repair that transforms inflamed 

tissue in the subchondral bone marrow into 

fibrous repair tissue. 

The process also 

activates new bone 

formation. Previous studies have demon-

strated that tumor necrosis factor inhibitor 

(TNFi) therapy can inhibit radiographic 

spinal progression in patients with SpA, but 

the effect is only apparent after 4 years of 

therapy. In this issue, Torgutalp et al (p. 1515) 

confirm that treatment with TNFi was associ-

ated with a reduction in radiographic sacroi-

liitis progression in patients with axial SpA. 

They also found that the reduction in radio-

graphic progression was evident 2–4 years 

after TNFi therapy was initiated.

The investigators used long-term follow-

up data from an inception cohort of 301 

individuals with axial SpA who had ≥2 sets of 

radiographs. They analyzed data from 10 years 

of follow-up on 737 radiographic intervals and 

found that patients who received ≥12 months  

of treatment with TNFi in the previous 2-year 

radiographic interval were more likely to 

experience a significant decrease in the sacro-

iliitis sum score. In contrast, they found no 

significant change in the sacroiliitis sum 

score among patients receiving TNFi in the 

current radiographic interval. Moreover, the 

One-Third of Patients with Th/To Antibody–Positive 

Scleroderma Develop Pulmonary Hypertension

Recent studies have described anti-Th/

To antibody frequency in various popula-

tions of patients with systemic sclerosis 

(SSc). Studies have also revealed a higher 

frequency of inter-

stitial lung disease in 

anti-Th/To antibody–

positive patients as compared to antibody-

negative patients. In this issue, Suresh et al 

(p. 1580) report their analysis of data from the 

largest cohort of anti-Th/To antibody–posi-

tive SSc patients with long-term follow-up 

data. They found a very high rate (38%) of 

anti-Th/To antibody–positive patients devel-

oping pulmonary hypertension (PH) in the 

follow-up period. In particular, patients with 

World Health Organization Group 1 pulmo-

nary arterial hypertension (PAH) were most at 

risk for PH (with 23% developing PH).

The investigators used the gold stan-

dard method of RNA immunoprecipitation 

to detect anti-Th/To antibodies. They then 

described the clinical characteristics of 204 

SSc patients with anti-Th/To antibody posi-

tivity and compared them to the characteris-

tics of 408 temporally matched SSc patients 

who were negative for this antibody. They 

found an approximate 5-fold increased risk 

of Th/To-positive patients developing PAH 

within 10 years of their first SSc symptom 

relative to antibody-negative patients. The 

researchers also found lower rates of skel-

etal muscle and joint/tendon involvement 

in anti-Th/To antibody–positive patients 

compared to other SSc patients. Finally, they 

found a lower 5-year cumulative survival 

from the first SSc visit in anti-Th/To anti-

body–positive patients compared to controls.

The authors note that only 5 anti-Th/To–

positive patients (2.5%) developed diffuse 

skin involvement, and most had a nucleolar 

antinuclear antibody (ANA) pattern. Anti-Th/ 

To positivity is uncommon, and the investi-

gators note that testing for it has now become 

possible on some commercial platforms.  

They conclude that patients presenting with 

limited skin involvement should be tested for 

Th/To antibodies and, if they are found to be 

positive, carefully monitored for PH.

effect of having received ≥12 months of treat-

ment with TNFi in the previous 2-year radio-

graphic interval was stronger in patients with 

non-radiographic axial SpA when compared 

to patients with radiographic axial SpA.

The authors emphasize that not only is 

their study limited to TNFi, but their conclu-

sions are further limited by the fact that they 

did not include magnetic resonance imaging 

(MRI) data in their analysis. They explain 

that such data may have been better able to 

address the link between inflammation and 

new bone formation in the sacroiliac joints. 

Likewise, they observe that, had they had 

MRI data, they may have been able to detect 

earlier changes in structural damage. 

Figure 1. Development of PH over a 10-year 

follow-up period from the first SSc center visit. 

The number of patients at risk of developing PH 

is indicated at the bottom.

p. 1515

p. 1580
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The development of osteoarthritis (OA) is influenced by conven-
tional risk factors, such as age and body mass index, but also by 
genetic factors.  Although some risk factors can be modified, many 
patients do not receive appropriate risk management therapies.  
A limited number of primary OA prevention programs are avail-
able, and many trials have failed to identify structural treatment 
options because of the heterogeneity of OA patients in the late 
stage of testing. Therefore, one of the prime opportunities for the 
prediction of OA exists in the genetic risk factors before conven-
tional risk factors have a chance to occur. Approximately 40–65% 
of the risk for OA is explained by genetic factors, depending on 
the affected joint. Existing clinical genetic applications focus on 
finding carriers of rare Mendelian variants, which are the leading 
genetic causes of early-onset familial forms of OA. However, 
genetic risk estimation in the form of polygenic risk scores can 
identify another significant fraction of the population at suffi-
ciently increased risk for OA to be clinically relevant.

In this issue, Sedaghati-Khayat et al evaluate the ability of 
polygenic risk score in risk assessment based on the most recent 
genome-wide association study in a population setting, a clinical 
setting, and high-risk clinical cohorts. The investigators' findings 
confirm the association of polygenic risk score with radio-
graphic OA, clinical OA, and total joint replacement.  Addition-
ally, their findings demonstrate that the polygenic risk score was 
most predictive of severe clinical OA, in both cross-sectional as 
well as longitudinal (incident OA) analyses. Overall, their 

research shows a discriminatory ability of the hip OA polygenic 
risk scores and the knee OA polygenic risk scores across all OA 
definitions. They also observed a consistently increased risk of 
OA in the top polygenic risk scores distribution of the study 
populations. Individuals in the top 10% polygenic risk scores dis-
tribution were twice as likely to develop OA than those in the 
middle 50% of the polygenic risk scores distribution. Therefore, 
since OA is becoming increasingly frequent in the general popu-
lation, and primary prevention is not commonly applicable, the 
researchers propose that a polygenic risk scores-based risk pre-
diction tool could constitute a valuable addition to OA preven-
tion and management in health care systems.

Questions

1.  What is currently known about the clinical application of 
polygenic risk scores in different subjects, such as breast cancer, 
age-related macular degeneration, or coronary artery disease?

2. Why was the development and assessment of polygenic risk 
scores appropriate for the study of OA?

3. Given the OA progression susceptibility, when is the best 
time to test for polygenic risk scores?

4. What are the main limitations and strengths of using 
polygenic risk scores for population screening or predictive 
testing in clinics?

5. What is the best clinical setting in which to apply the 
polygenic risk scores for OA? 

Risk Assessment for Hip and Knee Osteoarthritis Using  
Polygenic Risk Scores

Journal Club

Sedaghati-Khayat et al,  Arthritis Rheumatol. 2022;74:1488-1496

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

Figure 1. Overview of data availability and performed analysis. * = Age at 

onset was determined for incident radiographic OA and was calculated as 

the age at first diagnosis of radiographic OA. ** = Radiographic OA pro-

gression was defined as any progression in the Rotterdam Study (RS) with  

a ≥1-degree increment in K/L score (excluding progression from K/L 0 to 

K/L 1 or having a total joint replacement [TJR] of one or both joints during  

the follow-up period). CHECK = Cohort Hip and Cohort Knee; PROOF = 

Prevention of Knee Osteoarthritis in Overweight Females; BMI = body mass 

index; PRS = polygenic risk score; ROC = receiving operating characteristic 

curve; AUC = area under the ROC; OR = odds ratio.

Figure 2. Association between OA polygenic risk scores and risk of OA pro-

gression in a meta-analysis of the Rotterdam Study of 3 cohorts. Any progres-

sion was defined by a ≥1-degree increment of the K/L score (excluding pro-

gression from K/L 0 to K/L 1) or having a TJR of one or both joints during the 

follow-up period. Early incident OA was defined by a maximum K/L score of 2 

for each joint during follow-up (i.e., K/L 0 or K/L 1 to K/L 2). Incident severe 

OA was defined by a K/L score of ≥3 or TJR during follow-up (i.e., K/L 0 or 

K/L 1 to KL 3+, or TJR). Progressive severe OA was defined by progression 

from early OA (K/L 2) to severe OA (K/L 3+) or TJR during follow-up. 

OR (95% Confidence Interval)
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Clinical Connections
Comparative Genetic Analysis of PsA and 
Psoriasis for the Discovery of Genetic Risk 
Factors and Risk Prediction Modeling
Soomro et al, Arthritis Rheumatol. 2022;74:1535–1543

CORRESPONDENCE 
John Bowes, PhD: j.bowes@manchester.ac.uk
Anne Barton, PhD, FRCP: Anne.Barton@manchester.ac.uk

SUMMARY  
Approximately one-third of patients with psoriasis will develop psoriatic ar thritis (PsA), leading to a reduction 
in their quality of life caused by increasing disability and additional health complications. A key area of research 

cause of disease and ultimately help identify psoriasis patients at high risk of PsA, allowing early treatment to 
be introduced to reduce the impact of PsA. Soomro et al performed a genome-wide analysis of PsA and 

identifying the NF-kB and Wnt signaling pathways as impor tant. The Wnt signaling pathway is of par ticular 
interest as it plays a key role in bone formation in normal development and abnormal bone formation in 
diseases such as axial spondyloar thropathy and osteoar thritis and may be of par ticular interest to PsA. 

psoriasis (PsC) in the available data sets presented in the study.

KEY POINTS  

  Key biological pathways for the development 

highlighting potential therapeutic targets for the 

  
PsA in patients with psoriasis were developed 
and existing models were tested, but both 
approaches show only limited predictive ability  

  Research highlights the need for prospective 
studies and consideration of the similarity of 
clinical and demographic features between 

regimens) in the development of clinical risk 
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Clinical Connections

Plasmablast-like Phenotype Among Antigen-
low B Cells in SLE

Szelinski et al, Arthritis Rheumatol. 2022;74:1556–1568

CORRESPONDENCE 
Thomas Dörner, MD: thomas.doerner@charite.de

SUMMARY  

plasmacytosis, and the presence of autoantibodies, are examples of these abnormalities, yet a full encoding of 
underlying mechanisms remain elusive. However, it would contribute to a better understanding of immunopathogenesis 
and development of potential selective therapies.

low

low

low cells were 

low 

These cells may represent recent emigrants of extrafollicular induction including a lack of proper immune selection.

low precursors of PBs might be candidates for new biomarkers as well as potential 
co-targets of innovative therapies. 

KEY POINTS  

  low B cells are 

  
low  

surface marker expression, reduced BCR 
responsiveness, capacity of antibody secretion, and 
elevated transcriptional expression of PRDM1, XBP1, 
and IRF4

  low B cells among both 

of B cell differentiation during immune activation, such 
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NO T E S F R OM TH E F I E L D

Recognizing Racial Bias and Promoting Diversity in the
Rheumatology Workforce

SiobhanM. Case,1 Gail S. Kerr,2 Mia Chandler,1 Valerie E. Stone,3 Irene Blanco,4 and Candace H. Feldman3

Our rheumatology workforce is facing a moment of reckon-

ing with the stark lack of racial and ethnic diversity. National

events have called increasing attention to the multitude of barriers

faced by people from groups who are underrepresented in medi-

cine (URiM), defined as “racial and ethnic populations that are

underrepresented in the medical profession relative to their num-

bers in the general population,” including women, people with

disabilities, and self-identified Black, Latinx, Native Hawaiian,

Pacific Islander, American Indian, and Alaska Native individuals (1).
This article summarizes key concepts from a virtual forum

hosted by Brigham and Women’s Hospital with Drs. Kerr, Stone,

andBlanco on “Diversity in theRheumatologyResearchWorkforce.”
The forum focused on diversity, equity, and inclusion (DEI) within race

and ethnicity, recognizing that these categories are social constructs

that do not exist in isolation. Rather, as outlined in the theory of inter-

sectionality, a person’s self-identified race and ethnicity will intersect

with other aspects of identity, social position, andprocesses andpol-

icies in complex ways that deserve further dedicated research (2).

Herein, we will explore some of the barriers and biases encountered

by URiM rheumatology professionals and outline changes that are

required to recruit and retain a more diverse workforce.
We must work to diversify the rheumatology workforce not

only because it is the only right and equitable approach, but also

because it is critical to the patients we serve and to the improve-

ment of our field. URiM physicians have been shown to provide

higher quality care to patients identifying as racial or ethnic minor-

ities, and racial concordance with providers can improve commu-

nication and therefore care (3). This makes increasing URiM

provider representation an important and necessary component

of working toward equity in patient care and health outcomes.

However, it is also an independent goal that will bring essential

perspectives and experiences, which will impact the quality of

the research questions we ask and the clinical care we provide,

and thus requires independent attention and strategies (4). While

the responsibility to recognize and dismantle structural racism in

rheumatology is our shared responsibility, we can only work

toward this if URiM voices are heard and valued.
Recognizing these important needs, we will outline 1) the

striking shortage of URiM professionals in rheumatology, 2) bar-

riers faced by URiM applicants and professionals, 3) actionable

strategies to increase URiM professional recruitment and reten-

tion, and 4) methods for teaching bias, structural racism, and

structural competency. We will use terminology for race and eth-

nicity that reflects the cited studies (5).

THE CRITICAL SHORTAGE OF URiM
PROFESSIONALS IN RHEUMATOLOGY

The field of medicine struggles with a lack of diversity in many

ways, which is reflected in suboptimal care for vulnerable patient
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populations. People identifying as Black, Hispanic, and Native
American are dramatically underrepresented in both health care
practice and training (6). A 2019 national survey found that only
5.2% of physicians identified as Black, 6.9% identified as His-
panic, and 0.1% identified as Native American (6), compared to
general population US Census estimates of 13.4%, 18.5%, and
1.3%, respectively. Based on current trainee enrollment, it is
anticipated that there will be minimal improvement (6), with the
percent of physicians and surgeons identifying as Hispanic or
Black changing less than a percentage point when comparing
2000–2004 to 2015–2019 (7).

Within rheumatology, the low number of URiM professionals
is of immediate concern. In the American College of Rheumatol-
ogy 2015 workforce report, only 8 of 1,011 adult rheumatologists
surveyed identified as Black, 85 identified as Hispanic, and 3 iden-
tified as American Indian or Alaska Native (8). In addition, 11% of
530 rheumatology fellows in 2021 identified as URiM (20 identified
as Black, 38 identified as Hispanic, and 0 identified as Native
Hawaiian/Pacific Islander or American Indian/Alaska Native) (9).
In contrast to several other internal medicine subspecialties, there
has not been any noticeable improvement over the past 15 years
(10). The lack of workforce diversity is compounded by a current
workforce shortage that is projected to worsen, with a mismatch
between declining numbers of full-time rheumatology profes-
sionals and rising demand from the aging and increasingly diverse
US population.

BARRIERS FACED BY URiM APPLICANTS AND
PROFESSIONALS IN RHEUMATOLOGY

The shortage of URiM persons in rheumatology, and medi-
cine as a whole, stems from systemic racism that runs through
our society, health care institutions, and medical practice, with
historical inequalities that have grown over time and continue to
this day (11). Racism takes many forms and may be implicit,
explicit, and/or structural. Accordingly, the multitude of stresses
experienced by URiM persons in rheumatology are varied and
complex (1). URiM persons can face the aforementioned types
of racism throughout higher education and must contend with
the “myth of meritocracy” that a person’s academic records and
achievements are based on unbiased evaluation on an even play-
ing field (12). Regarding fellowship applications, potential URiM
applicants may suffer from a lack of mentorship and lack of expo-
sure to subspecialty areas (1).

In rheumatology practice, URiM professionals must contend
with the paternalistic culture of medicine, as well as microaggres-
sions and practices based on assumptions about race that often
have no genetic or clinical justification (1,13). Microaggressions
and interpersonal racism in medical practice may be perpetuated
by individuals in any role, including administrators, other health
care professionals, trainees, and patients. The lack of URiM pro-
fessionals in our workforce perpetuates the cycle of structural

racism, with a paucity of mentors and role models among senior
faculty and insufficient representation on leadership teams where
critical decisions and priorities are made (1). The “minority tax”
also takes a toll, in which URiM faculty are asked to participate in
committees and mentoring to improve diversity or address racism
but often are not provided necessary tools, compensated, or rec-
ognized with promotions (14). Within research, URiM researchers
are less likely to receive awards from the National Institutes of
Health (NIH) (15) and are often overburdened with clinical work-
load at academic institutions that primarily see underserved
populations (16).

ACTIONABLE STRATEGIES TO INCREASE URiM
PROFESSIONAL RECRUITMENT AND
RETENTION IN THE RHEUMATOLOGY
WORKFORCE

At the institutional level, recruitment and retention of URiM per-
sons must be prioritized with financial resources and support in
leadership. This may include performing needs assessments both
within themedicine department and rheumatology division to clarify
priorities, viewpoints, and potential conflicts across a wide range of
stakeholders. There should be clear strategies, achievable bench-
marks for success, and enforcement of accountability (Table 1).
Sufficient financial resources should be provided to compensate
DEI work, execute strategies, and generate competitive offers and
retention packages for URiM faculty. There should be regular audit-
ing to ensure that salaries, start-up packages, and laboratory
space are equitably allocated to URiM professionals. A robust
ombudsperson program should exist for reporting and tracking
episodes of racism and institutional responses.

To successfully recruit more URiM providers to rheumatol-
ogy, there must be exposure to and opportunities within rheuma-
tology to spark interest and engagement. These might include
summer research internships or clinical rotations in rheumatology
while pursing undergraduate or medical degrees. To enhance
exposure to rheumatology among URiM persons, standardized
programs and partnerships should be developed or strengthened
with historically Black colleges and universities and student asso-
ciations that have longstanding pipelines dedicated to supporting
and expanding the URiM workforce. Programs can apply for
diversity supplements on NIH grants to help create dedicated
funding streams. Fellowship directors should develop specific
strategies for the recruitment and support of URiM persons and
train interviewers in proven techniques to reduce bias (17). Appli-
cation review can be standardized, for example by blinding
reviewers to applicant photos and test scores and using the same
structured interview questions for each applicant (17). The pro-
cess should also be holistic, emphasizing a candidates’ personal
qualities and experiences in addition to academic performance
(18,19). The interview process should be person-centric and
allow for opportunities to foster community and mentoring, such
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Table 1. Actionable strategies to increase URiM professional recruitment and retention in the rheumatology workforce*

Goal and strategies Process Outcome metrics

Institutional commitment to supporting
URiM professionals

Make DEI a publicly stated priority
with clearly communicated
strategies and goals

Perform needs assessments for DEI within
medicine departments and rheumatology
divisions; create benchmarks for success in DEI
efforts and consequences for inaction

Publication and dissemination of strategy and
goals; incorporation of DEI into mission
statements; meeting benchmarks

Create empowered DEI positions with
clear leadership and career ladders
to develop and execute DEI
strategies

Consider creation of a department-wide diversity
council and Vice Chairperson for DEI; recognize
DEI involvement for career advancement and
promotions

Number of DEI positions and percent of efforts
toward DEI initiatives; number of
promotions and awards related to DEI work

Dedicate financial resources to
support DEI strategies

Allocate funding for execution of DEI strategies, DEI
positions, and a designated percentage of efforts
toward DEI initiatives, URiM professional
recruitment efforts, and retention packages and
support for URiM faculty

Funding in DEI areas

Create an ombudsperson program Track reporting of and responses to racism
and bias

URiM recruitment to rheumatology
Create opportunities to expose URiM
undergraduate and medical
students to rheumatology
(“pipeline programs”)

Offer summer research internships and clinical
rotations; partner with historically Black colleges
and universities and student associations (for
example the SNMA, MAPS, and NMA); apply for
NIH diversity supplement grants; set specific
goals for reaching organizations or individuals
through the above pathways

Number of URiM students/residents rotating
in rheumatology, attending rheumatology
events, and pursuing a rheumatology
fellowship

Create strategies to address racial
bias during fellowship interviews

Train interviewers on bias and techniques to
reduce it; standardize application reviews (e.g.,
blinded with regard to photos and test scores,
same questions for all applicants); adopt holistic
review processes (e.g., broad selection criteria
emphasizing personal experience and qualities
in addition to academic performance); create a
mechanism for anonymous feedback from
applicants; review metrics and feedback on an
annual basis at the divisional and departmental
levels

Number of URiM applicants interviewed,
ranked, and matched

Facilitate a person-centric interview
process

Provide opportunities to identify mentors; host
recruitment receptions for URiM persons

Number of URiM applicants interviewed,
ranked, and matched

URiM retention in rheumatology
Create equitable hiring practices in
line with DEI strategy

Consider cluster hiring; provide dedicated financial
resources for competitive offers; account for the
influence of SDOH (e.g., childcare and housing
costs)

Number of hiring offers and acceptances;
audit offers to ensure equity

Promote retention of URiM faculty Provide and monitor dedicated financial resources
for retention packages and funding support;
audit institutional support of URiM faculty,
including recognitions and promotions; conduct
exit interviews to identify barriers in retention

Amount of dedicated funding; number of
URiM faculty retained

Provide dedicated, individualized
mentorship for URiM faculty

Offer faculty development programs; facilitate
networking opportunities across institutions;
employ techniques like training to mentor across
cultural differences and group mentoring;
develop a hospital directory of URiM
professionals to facilitate connections; elicit
feedback from URiM faculty to identify successful
strategies and areas of need

Track offering of and engagement with
mentoring opportunities

Facilitate URiM community
engagement

Host social gatherings for affinity groups; host DEI
town hall meetings

Number of and attendance at gatherings;
track issues raised at town hall meetings
and institutional responses

* URiM = underrepresented in medicine; DEI = diversity, equity, and inclusion; SNMA = Student National Medical Association; MAPS =Minority
Association of Pre-Medical Students; NMA =National Medical Association; NIH =National Institutes of Health; SDOH = social determinants of
health.

SUPPORTING DIVERSITY IN THE RHEUMATOLOGY WORKFORCE 1461



as specific URiM applicant recruitment receptions. The number of
URiM applicants and the percentages of applicants interviewed,
ranked, and matched should be reviewed annually by divisions.

Providing resources to retain URiM faculty is also critical (18).
Mentorship is important (1) and given the present lack of diversity
in the rheumatology workforce, mentors who identify with differ-
ent racial groups might benefit from specific training to mentor
across cultural differences (20). Mentors can foster motivation
for URiM persons to pursue a career in rheumatology by providing
community-building experiences through group mentoring, which
facilitates peer networking while simultaneously engaging in
career coaching (21). Additionally, a hospital directory of URiM
residents, fellows, and faculty members can promote relation-
ships and hold collective social gatherings across divisions and
departments. Finally, regular town halls and faculty development
programs for URiM professionals can likewise create an important
space for cross-departmental issues and collaboration and con-
crete pathways to address matters raised during these meetings.
Financial resources for retention packages and awareness of the
influences of social determinants of health (SDOH) on URiM
professional retention, such as inequitable distribution of wealth
and its impact on debt, housing, and childcare costs, are also
essential.

METHODS FOR TEACHING ABOUT BIAS,
STRUCTURAL RACISM, AND CULTURAL
HUMILITY

To support our fellow URiM health care workers and improve
patient care, fellows and faculty members should have formal train-
ing around structural racism and its downstream effects, as well as
the impact of SDOH (22). Implicit bias training is important but
shouldmove past traditional models, which have failed to show sig-
nificant behavior change or reduced bias. Instead, we should focus
on evidence-based innovative methods, like individuation (focusing
on traits specific to a unique person instead of a group) and review-
ing counterstereotypical models (examples that go against usual
stereotypes), which provide strategies to actually reduce bias and
minimize its impact on patient care (23). We should also shift away
from cultural competency toward cultural humility (24), with the
acknowledgment that culture is important but fluid, and that an
assumption of competency could contribute to bias. Of note, gov-
ernment policies in the US might impede some of these suggested
efforts, such as legislation banning the teaching of Critical Race
Theory and training on racism. We must advocate for open and
honest discussion of the impact of racism on every aspect of our
society, including health care.

Now is the moment to leverage our increased consciousness
of structural racism and bias to start to achieve real change. Cre-
ating pathways and support for URiM persons in the rheumatol-
ogy workforce will require multilevel interventions, financial
resources, accountability, and measurable outcomes. Further

qualitative studies and needs assessments are needed to under-
stand the intersectionality between race, ethnicity, other aspects
of identity, social position, processes, and policies that can com-
bine to affect bias for URiM persons. Additional information is
required to understand how DEI work can adapt to the nuanced
needs of individuals (2). We call on our rheumatology community
to critically question our existing systems of medical training,
recruitment, and retention and to create actionable strategies
backed by institutional and personal commitment to equity.
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Association of Hip and Knee Surgeons Guideline for the
Perioperative Management of Antirheumatic Medication in
Patients With Rheumatic Diseases Undergoing Elective Total
Hip or Total Knee Arthroplasty
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Objective. To develop updated guidelines for the perioperative management of disease-modifying medications for
patients with rheumatic diseases, specifically those with inflammatory arthritis (IA) and those with systemic lupus ery-
thematosus (SLE), undergoing elective total hip arthroplasty (THA) or elective total knee arthroplasty (TKA).

Methods. We convened a panel of rheumatologists, orthopedic surgeons, and infectious disease specialists,
updated the systematic literature review, and included currently available medications for the clinically relevant
population, intervention, comparator, and outcomes (PICO) questions. We used the Grading of Recommendations
Assessment, Development and Evaluation (GRADE) methodology to rate the quality of evidence and the strength of
recommendations using a group consensus process.

Results. This guideline updates the 2017 recommendations for perioperative use of disease-modifying
antirheumatic therapy, including traditional disease-modifying antirheumatic drugs, biologic agents, targeted synthetic
small-molecule drugs, and glucocorticoids used for adults with rheumatic diseases, specifically for the treatment of
patients with IA, including rheumatoid arthritis and spondyloarthritis, those with juvenile idiopathic arthritis, or those
with SLE who are undergoing elective THA or TKA. It updates recommendations regarding when to continue, when
to withhold, and when to restart these medications and the optimal perioperative dosing of glucocorticoids.

Conclusion. This updated guideline includes recently introduced immunosuppressive medications to help
decision-making by clinicians and patients regarding perioperative disease-modifying medication management for
patients with IA and SLE at the time of elective THA or TKA.

Guidelines and recommendations developed and/or endorsed by the American College of Rheumatology (ACR) are
intended to provide guidance for patterns of practice and not to dictate the care of a particular patient. The ACR con-
siders adherence to the recommendations within this guideline to be voluntary, with the ultimate determination regard-
ing their application to be made by the physician in light of each patient’s individual circumstances. Guidelines and
recommendations are intended to promote beneficial or desirable outcomes but cannot guarantee any specific out-
come. Guidelines and recommendations developed and endorsed by the ACR are subject to periodic revision as war-
ranted by the evolution of medical knowledge, technology, and practice. ACR recommendations are not intended to
dictate payment or insurance decisions, and drug formularies or other third-party analyses that cite ACR guidelines
should state this. These recommendations cannot adequately convey all uncertainties and nuances of patient care.
The ACR is an independent, professional, medical and scientific society that does not guarantee, warrant, or endorse
any commercial product or service.
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INTRODUCTION

Advances in antirheumatic therapy have led to remarkable

improvements in treatment and quality of life for people with rheu-

matic musculoskeletal diseases (RMDs); however, total hip

arthroplasty (THA) and total knee arthroplasty (TKA) remain a

mainstay of treatment among RMD patients with advanced

symptomatic joint damage, most frequently those with inflamma-

tory arthritis (IA), including spondylarthritis (SpA), rheumatoid

arthritis (RA), or psoriatic arthritis (PsA), and those with systemic

lupus erythematosus (SLE) (1–7). THA and TKA are successful

procedures that improve mobility and decrease pain for people

with RMD and end-stage arthritis. However, the risk of superficial

and deep periprosthetic joint infection (PJI), a devastating complica-

tion, is increased after surgery in people with RMD, and avoiding

infection is a top priority for them: patients with RA have a 50%

increased risk of PJI compared to those with osteoarthritis (8,9). A

panel of patients with RA was convened in 2017 prior to the publi-

cation of the American College of Rheumatology/American Associ-

ation of Hip and Knee Surgeons (ACR/AAHKS) perioperative

guideline and clearly stated that any risk of infection, while rare,

was much more significant to them than the possibility of a postop-

erative flare, despite flares reported in >60% of patients after

surgery (8,10–12). Recommendations regarding perioperative

management of antirheumatic medications in the 2017 ACR/

AAHKS guideline need updating to include drugs introduced in

the interim, as well as review of more recent relevant publications.
The optimal strategy for perioperative medication manage-

ment remains unknown, but antirheumatic therapy is a readily
modifiable risk factor for infection, whereas other risk factors for
adverse outcomes, including disease activity or severity or long-
term glucocorticoid (GC) use, may not be modifiable (13–15).
The ACR systematically updates guidelines every 5 years; there-
fore, to update the 2017 perioperative medication management
guideline, the ACR and AAHKS convened a panel of rheumatolo-
gists, orthopedic surgeons, and infectious disease specialists
and conducted a systematic review of the new literature pub-
lished since the last guideline, adding new medications to those

previously available, although direct applicable evidence remains
sparse in the literature. This guideline applies to management of
antirheumatic medication for adult patients with IA, including
those with RA, SpA, PsA, or ankylosing spondylitis (AS), adults
with juvenile idiopathic arthritis (JIA), and adult patients with SLE
undergoing elective THA or TKA.

Given the increased infection risk seen in patients with IA and
patients with SLE undergoing these procedures, the existing evi-
dence base used to guide our recommendations, the time afforded
by these elective procedures to manage medications, and the fre-
quent use of these procedures in patients with IA or SLE (4,6,16),
we have restricted our recommendations to those undergoing
either THA or TKA. A guideline cannot address all clinical situations
and scenarios but seeks to provide recommendations for com-
monly encountered clinical problems.

While the principles surrounding these recommendations
may be extrapolated and applied to other surgical procedures, it
should be noted that the evidence and consensus used to inform
this guideline were drawn primarily from orthopedic literature. As
in the prior version, this guideline does not address indications
for THA or TKA, medical decisions unrelated to antirheumatic
drug therapy, the choice of the implant, the surgical approach,
or the perioperative evaluation and management of concurrent
disease, such as that affecting the cervical spine of patients with
RA. Although routine perioperative care and preoperative optimi-
zation for patients with RA, SpA, JIA, or SLE include assessing
risk of venous thromboembolism and major acute coronary
events (17,18), this guideline does not address cardiac risk
assessment or perioperative venous thromboembolism prophy-
laxis, as both are covered in existing guidelines (19–22). The goal
of this updated guideline is to provide optimal support for
clinicians and patients making decisions regarding medication
management at the time of elective THA or TKA surgery.

METHODS

This guideline was developed following the ACR guideline de-
velopment process and in accordance with ACR policies guiding

The article is published simultaneously in Arthritis Care & Research and
Journal of Arthroplasty.
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management of conflicts of interest and disclosures (https://www.
rheumatology.org/Practice-Quality/Clinical-Support/Clinical-Practi
ce-Guidelines), which includes Grading of Recommendations,
Assessment, Development and Evaluations (GRADE) methodol-
ogy and a framework for developing and presenting evidence
(23,24) and adheres to Appraisal of Guidelines for Research and
Evaluation (AGREE) criteria (25). The process for updating the
2017 guidelines began in 2021 (26). The populations included in
this guideline are defined in Table 1 and are unchanged. Table 2
contains a list of the included drugs, along with their dosing inter-
vals (reflecting the duration of effect), with the drugs newly added
for this 2022 update denoted with footnotes. Brand names were
used for newermedications that are likely to be unfamiliar to some
orthopedists. Supplementary Appendix 1, available on the Arthri-
tis & Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.42140, includes a detailed description of the
methods. Briefly, 3 teams were formed: a Core Leadership Team,
a Literature Review Team, and a Voting Panel. The Core Leader-
ship Team (SMG, BDS, AY, and JAS) confirmed that the popula-
tion, intervention, comparator, and outcomes (PICO) questions
would be the same as the ones used for the 2017 guideline, with
updated medication lists to include any therapies approved for
use in the US as of August 26, 2021, the stop date of our literature
review (see Table 2 for medication list and Supplementary Appen-
dix 2, available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.42140, for the PICO list,
including outcomes; see Supplementary Appendices 3 and 4,

available at http://onlinelibrary.wiley.com/doi/10.1002/art.42140,
for the search strategies and study selection process, respectively).

The Literature Review Team performed updates of the sys-
tematic literature review for each PICO, graded the quality of evi-
dence (high, moderate, low, very low), and produced the
evidence report (see Supplementary Appendix 5, available on
the Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.42140). The systematic literature review
was updated by searching for relevant published literature from
March 6, 2016 to August 26, 2021, because the previous sys-
tematic literature review for the 2017 guideline was performed
from January 1, 1980 through March 6, 2016. Although the
updated literature review added to the evidence report, the over-
all quality of the evidence remained low due to indirect evidence
or small numbers of included cases. Because the overall quality
of evidence was low, we included a review of the background
risk for adverse events associated with THA or TKA in patients
with RA, SpA, JIA, or SLE that is independent of use of the med-
ications of interest to give context to our deliberations. Severe
SLE is defined in Table 1 and refers to those patients with severe
organ manifestations such as nephritis. We did not repeat our
search for additional indirect evidence regarding medication
risks associated with our drugs of interest; included medications
are listed in Table 2.

The Voting Panel included 2 patients who have undergone
arthroplasty surgery and who participated in the 2017 guide-
line’s Patient Panel, one of whom participated in the previous
Voting Panel. The panel reviewed evidence summaries from
both the 2017 project and this update and discussed and
voted on recommendation statements. The recommendation
regarding anifrolumab and voclosporin was voted on via email.
A recommendation could be either in favor of or against the
proposed intervention and either strong or conditional. Con-
sensus required ≥70% agreement on both direction (for or
against) and strength (strong or conditional) for each recom-
mendation. Per GRADE methodology, a recommendation is
categorized as strong if the panel is very confident that the
benefits of an intervention clearly outweigh the harms (or vice
versa); a conditional recommendation denotes uncertainty
regarding the balance of benefits and harms, such as when
the evidence quality is low or very low, or when the decision
is more sensitive to individual patient preferences, or when
costs are expected to impact the decision. Thus, conditional
recommendations refer to decisions in which incorporation of
patient preferences is a particularly essential element of
decision-making.

Rosters of the Core Leadership Team, Literature Review
Team, and Voting Panel are included in Supplementary Appen-
dix 6, available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.42140. This study did not
involve human subjects, and therefore, approval from Human Stud-
ies Committees was not required.

Table 1. Populations included in this guideline*

Adults age ≥18 years diagnosed with RA, SpA, including AS and PsA,
JIA, or SLE who are deemed to be appropriate surgical
candidates, are undergoing elective THA or TKA, and who are
receiving antirheumatic drug therapy at the time of surgery

All patients carrying the above diagnoses without restriction to
those meeting classification criteria

SLE includes patients with severe or not severe SLE, defined as
follows

Severe SLE: currently treated (induction or maintenance) for
severe organ manifestations: lupus nephritis, CNS lupus,
severe hemolytic anemia (hemoglobin <9.9 gm/dl), platelets
<50,000, vasculitis (other than mild cutaneous vasculitis),
including pulmonary hemorrhage, myocarditis, lupus
pneumonitis, severe myositis (with muscle weakness, not just
high enzymes), lupus enteritis (vasculitis), lupus pancreatitis,
cholecystitis, lupus hepatitis, protein-losing enteropathy,
malabsorption, orbital inflammation/myositis, severe keratitis,
posterior severe uveitis/retinal vasculitis, severe scleritis, optic
neuritis, anterior ischemic optic neuropathy (derived from the
SELENA–SLEDAI flare index and the BILAG 2004 index)

Not severe SLE: not currently treated for above manifestations

* RA = rheumatoid arthritis; SpA = spondyloarthritis; AS = ankylos-
ing spondylitis; PsA = psoriatic arthritis; JIA = juvenile idiopathic
arthritis; SLE = systemic lupus erythematosus; THA = total hip
arthroplasty; TKA = total knee arthroplasty; CNS = central nervous
system; SELENA–SLEDAI = Safety of Estrogens in Lupus Erythema-
tosus National Assessment version of the Systemic Lupus Erythe-
matosus Disease Activity Index; BILAG = British Isles Lupus
Assessment Group.
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RESULTS/RECOMMENDATIONS

How to interpret the recommendations

1. All recommendations in this guideline are conditional due to
the quality of the evidence (see bolded statements in Table 3). A

conditional recommendation means that the desirable effects of
following the recommendation probably outweigh the undesirable
effects, so the course of action would apply to the majority of the
patients but may not apply to all patients. Because of this, conditional
recommendations are preference sensitive and always warrant a

Table 2. Medications included in this 2022 guideline update*

Dosing interval
Recommended timing of surgery

since last medication dose

Medications to continue through surgery
DMARDs: continue these medications through surgery (all patients)
Methotrexate Weekly Anytime
Sulfasalazine Once or twice daily Anytime
Hydroxychloroquine Once or twice daily Anytime
Leflunomide (Arava) Daily Anytime
Doxycycline Daily Anytime
Apremilast (Otezla) Twice daily† Anytime†

Severe SLE-specific medications: continue these medications in the
perioperative period in consultation with the treating
rheumatologist‡

Mycophenolate mofetil Twice daily Anytime
Azathioprine Daily or twice daily Anytime
Cyclosporine Twice daily Anytime
Tacrolimus Twice daily (IV and PO) Anytime
Rituximab (Rituxan) IV every 4–6 months† Month 4–6†
Belimumab SC (Benlysta) Weekly† Anytime†
Belimumab IV (Benlysta) Monthly† Week 4†
Anifrolumab (Saphnelo)§ IV every 4 weeks† Week 4†
Voclosporin (Lupkynis)§ Twice daily† Continue†

Medications to withhold prior to surgery¶
Biologics: withhold these medications through surgery
Infliximab (Remicade) Every 4, 6, or 8 weeks Week 5, 7, or 9
Adalimumab (Humira) Every 2 weeks Week 3
Etanercept (Enbrel) Every week Week 2
**Golimumab (Simponi) Every 4 weeks (SQ) or

every 8 weeks (IV)
Week 5; Week 9

Abatacept (Orencia) Monthly (IV) or weekly (SC) Week 5; week 2
Certolizumab (Cimzia) Every 2 or 4 weeks Week 3 or 5
Rituximab (Rituxan) 2 doses 2 weeks apart every

4–6 months
Month 7

Tocilizumab (Actemra) Every week (SC) or every
4 weeks (IV)

Week 2; week 5

Anakinra (Kineret) Daily Day 2
IL-17 secukinumab (Cosentyx) Every 4 weeks Week 5
Ustekinumab (Stelara) Every 12 weeks Week 13
Ixekizumab (Taltz)§ Every 4 weeks† Week 5†
IL-23 guselkumab (Tremfya)§ Every 8 weeks† Week 9†

JAK inhibitors: withhold this medication 3 days prior to surgery#
Tofacitinib (Xeljanz) Daily or twice daily† Day 4†
Baricitinib (Olumiant)§ Daily† Day 4†
Upadacitinib (Rinvoq)§ Daily† Day 4†

Not severe SLE: withhold these medications 1 week prior to surgery
Mycophenolate mofetil Twice daily 1 week after last dose†
Azathioprine Daily or twice daily 1 week after last dose
Cyclosporine Twice daily 1 week after last dose†
Tacrolimus Twice daily (IV and PO) 1 week after last dose†
Rituximab (Rituxan) Every 4–6 months Month 7
Belimumab IV (Benlysta) Monthly† Week 5†
Belimumab SC (Benlysta) Weekly† Week 2†

* Dosing intervals obtained from prescribing information provided online by pharmaceutical companies. Adapted from the 2017 American
College of Rheumatology/American Association of Hip and Knee Surgeons guideline (26). DMARDs = disease-modifying antirheumatic drugs;
SLE = systemic lupus erythematosus; IV = intravenous; PO = by mouth; SC = subcutaneous; IL-17 = interleukin-17.
† Recommendation that has changed since 2017.
‡ Severe SLE indicates organ-threatening disease.
§ Drug added for 2022 update.
¶ For patients with rheumatoid arthritis, ankylosing spondylitis, psoriatic arthritis, or all SLE for whomantirheumatic therapy was withheld prior to
undergoing total joint arthroplasty, antirheumatic therapy should be restarted once thewound shows evidence of healing, any sutures/staples are
out, there is no significant swelling, erythema, or drainage, and there is no ongoing nonsurgical site infection, which is typically ~14 days.
# Recommendation pertains to infection risk and does not account for risk of cardiac events or venous thromboembolism.
** [Correction added on 18 August 2022, after first online publication: One of the biologic medications to withhold prior to surgery was omitted
from Table 2. Golimumab (Simponi) and the corresponding dosing/timing have been added.]
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shared decision-making approach. No strong recommendations are
made in this guideline, although no recommendation achieved <80%
of the vote, and 4 of the votes were unanimous.

2. For each recommendation, a summary of the supporting
evidence or conditions is provided.

3. Therapies that were approved after the end of the original sys-
tematic literature review on March 6, 2016 through August 2021 are
included in these updated recommendations. Therapies approved
after the end of the updated systematic review (March 6, 2016 to
August 26, 2021) are not included in these recommendations.

4. PICO questions were combined in the final recommenda-
tions for clarity.

Recommendations

For patients with RA, AS, PsA, JIA, or all SLE undergoing
elective THA or TKA, continuing the usual dosing of the follow-
ing disease-modifying antirheumatic drugs (DMARDs) through
surgery is conditionally recommended: methotrexate, lefluno-
mide, hydroxychloroquine, sulfasalazine, and/or apremilast.

This conditional recommendation now includes apremilast,
but it is otherwise unchanged from the 2017 guideline. Four
observational studies provided additional indirect evidence to the
previous systematic literature review and found no relationship
between the included drugs and the risk of postoperative infec-
tions, although the number of included cases and events were
low (11,27–29). Patients with a history of severe or recurrent
infections or prior prosthetic joint infection may elect to withhold
these medications before surgery.

For patients with RA, AS, PsA, or JIA undergoing elective
THA or TKA, withholding all biologics, including rituximab,
prior to surgery and planning the surgery after the next dose
is due is conditionally recommended.

This recommendation no longer includes patients with SLE,
who are addressed separately (see below for rationale) but has not
otherwise changed. Table 2 contains the included medications.

This recommendation is conditional because the evidence is
indirect and there is a lack of a comparator group in the included
studies (27,30). This recommendation was informed by additional
new evidence from 2 studies that used administrative claims data
to accurately capture the timing of infliximab or abatacept use
before THA or TKA and to evaluate associations between bio-
logics timing and outcomes (30,31). In both studies, there was
no difference in postoperative outcomes when comparing short
medication interruptions of ~1 dosing interval to longer interrup-
tions. Results were similar in an additional study evaluating inflixi-
mab or abatacept timing before other types of surgery (32).
These studies also showed no difference in outcomes in patients
receiving infliximab or abatacept within 1 dosing interval before
surgery, although patients receiving intravenous abatacept within
2 weeks of surgery (one-half of a dosing interval) had a

Table 3. Recommendations for perioperative management of anti-
rheumatic drug therapy in patients with inflammatory arthritis and
those with systemic lupus erythematosus (SLE) undergoing elective
total hip arthroplasty (THA) or total knee arthroplasty (TKA)*

Recommendation/strength of
recommendation

Level of
evidence

For patients with RA, AS, PsA, JIA, or all SLE
undergoing THA or TKA, continuing the usual
dosing of the following DMARDs through
surgery is conditionally recommended:
methotrexate, leflunomide,
hydroxychloroquine, sulfasalazine, and/or
apremilast.†

Low to
moderate

For patients with RA, AS, PsA, or JIA undergoing
THA or TKA, withholding all biologics, including
rituximab, prior to surgery and planning the
surgery after the next dose is due is
conditionally recommended.

Low

For patients with RA, AS, PsA, or JIA undergoing
THA or TKA, withholding tofacitinib, baricitinib,
and upadacitinib for at least 3 days prior to
surgery is conditionally recommended.‡

Low

For patients with SLE (not severe) undergoing THA
or TKA, withholding the current dose of
mycophenolate mofetil, mycophenolic acid,
azathioprine, cyclosporine, mizoribine, or
tacrolimus 1 week prior to surgery is
conditionally recommended.

Low

For patients with SLE (not severe) undergoing THA
or TKA, withholding the usual dose of
belimumab and rituximab prior to surgery is
conditionally recommended.

Low

For patients with severe SLE who have been
deemed appropriate to undergo THA or TKA,
continuing the usual dose of mycophenolate
mofetil, mycophenolic acid (Myfortic),
azathioprine, mizoribine, cyclosporine, or
tacrolimus, anifrolumab, and voclosporin
through surgery is conditionally
recommended.‡

Low

For patients with severe SLE undergoing THA or
TKA, continuing belimumab and planning
surgery in the last month of the dosing cycle of
rituximab is conditionally recommended.‡

Low

For patients with RA, AS, PsA, or all SLE for whom
antirheumatic therapy was withheld prior to
undergoing TJA, antirheumatic therapy should
be restarted once the wound shows evidence of
healing, any sutures/staples are out, there is no
significant swelling, erythema, or drainage, and
there is no ongoing nonsurgical site infection,
which is typically ~14 days, is conditionally
recommended.

Low

For patients with RA, AS, PsA, or all SLE undergoing
THA or TKA who are receiving glucocorticoids for
their rheumatic condition, continuing their
current daily dose of glucocorticoids rather than
administering supraphysiologic doses of
glucocorticoids on the day of surgery is
conditionally recommended.

Low

* RA = rheumatoid arthritis; AS = ankylosing spondylitis; PsA = psoriatic
arthritis; JIA = juvenile idiopathic arthritis; DMARDs =disease-modifying
antirheumatic drugs; TJA = total joint arthroplasty.
† Apremilast is a change from the prior recommendation.
‡ Indicates a change from the prior recommendation.
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numerically higher rate of adverse events that was not statistically
significant (31).

Planning the surgery after the end of the dose interval was
favored because active drug levels would be low. For example,
for rituximab, dosed every 6 months, surgery should be planned
during month 7, and for adalimumab, dosed every 2 weeks, sur-
gery should be planned for week 3 (see Table 2 for drug dosing
intervals). Patients and their physicians might elect surgery within
the dosing cycle if their symptoms from the operative joint are
severe and the anticipated pain relief provided by surgery out-
weighs the possible risk of infection as may occur with advanced
osteonecrosis. In addition, those patients whose disease has
been challenging to control may also elect to continue their med-
ications rather than risk loss of disease control, as this may occur
when medications are withheld.

For patients with RA, AS, PsA, or JIA undergoing THA or
TKA, withholding tofacitinib, baricitinib, and upadacitinib for
at least 3 days prior to surgery is conditionally recommended.

This conditional recommendation was changed from the prior
guideline. For the previous guideline, while the short serum half-life
of tofacitinib was known, concern for a longer duration of the
immune effect prompted the recommendation to withhold tofaciti-
nib for 7 days prior to surgery. The new recommendation was
informed by trial data demonstrating rapid increases in disease
activity after interrupting tofacitinib therapy, suggesting a rapid
reversal of the immunosuppressive effects, so the recommenda-
tion was changed to withhold tofacitinib for 3 days prior to surgery
(33). The serum half-life of the newer JAK inhibitors is similar to that
of tofacitinib. However, patients and their physiciansmight withhold
JAK inhibitors for a longer period if a patient has a history of infec-
tions or a prior prosthetic joint infection. This recommendation
does not pertain to the risk of a cardiac event or a venous thrombo-
embolic event (VTE) potentially associated with JAK inhibitors.

For patients with SLE (not severe) undergoing THA or TKA,
withholding the current dose of mycophenolate mofetil, myco-
phenolic acid, azathioprine, cyclosporine, mizoribine, or tacroli-
mus 1 week prior to surgery is conditionally recommended.

This recommendation remains unchanged from the prior
guideline. Patients with frequent flares or SLE that is difficult to
control might continue their medications, but the majority could
be followed up closely after surgery to address a flare.

For patients with SLE (not severe) undergoing THA or
TKA, withholding the usual dose of belimumab and rituximab
prior to surgery is conditionally recommended.

This recommendation is unchanged from the prior guideline.
Patients with SLE that is not severe would not be at risk for per-
manent organ damage should they flare. In addition, nonsevere
SLE patients could be followed up closely after surgery, and an
intervention could be made to treat a flare as needed. Patients
with frequent flares or SLE that is difficult to control might choose

to continue their medications in a shared decision-making
approach with their physicians, but the majority could be followed
up closely after surgery to address a flare.

For patients with severe SLE (Table 1) who have been
deemed appropriate to undergo THA or TKA, continuing
the usual dose of mycophenolate mofetil, mycophenolic acid
(Myfortic), azathioprine, mizoribine, cyclosporine, or tacroli-
mus, anifrolumab, and voclosporin through surgery is condi-
tionally recommended.

This recommendation has changed with the addition of anifro-
lumab and voclosporin, recently introduced medications for severe
SLE. These medications should be continued through surgery.
There were no new data available to update this recommendation,
so the guidance reflects the concern about disease flares and the
risk of organ damage in severe SLE that could be precipitated by
medication withdrawal; although postoperative adverse events
are linked to disease severity, they have not been clearly associated
with medication use. As noted in the previous guideline, the
patient’s rheumatologist should be consulted regarding medication
management. A patient with severe SLE who has been stable for
>6 months or who has a history of recurrent or severe infections

might discontinue the medications in the perioperative period.

For patients with severe SLE undergoing THA or TKA,
continuing belimumab and planning surgery in the last
month of the dosing cycle of rituximab is conditionally
recommended.

In the prior guideline, rituximab was included in the recom-
mendations with other biologics, but increased use for SLE treat-
ment, the long dosing interval for rituximab, and the indication of
belimumab as therapy for severe SLEmanifestations has informed
this change. Surgery should be planned at the end of the dosing
cycle, typically during month 5 or 6 for patients receiving rituximab
every 6 months, and to avoid disruptions of therapy rather than
wait longer, given the long dosing interval for rituximab. The panel
noted that rituximab is used in SLE without an indication approved
by the US Food and Drug Administration (FDA) but also noted that
it has been included in SLE treatment guidelines (34). In addition,

there is a risk of disease flares in patients with severe SLE with
organ damage if therapy is interrupted. Situations such as prior
severe infections and/or SLE that has been stable for >6 months
might prompt the clinician to withhold rituximab for a longer
period. Recent studies describe an increased risk of adverse
events associated with SLE that appears to be more significant
for THA than TKA, but there are no strong data to suggest that
these outcomes are related to medication management (34–37).

This recommendation has changed since the prior guideline
in part because of the additional indication for the use of belimu-
mab in severe SLE including nephritis, as well as increased com-
fort with belimumab among clinicians and patients given its
widespread use, low infection risk described in clinical trials, and
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inclusion in SLE treatment guidelines (34,38,39). The panel
remained concerned about disruptions of successful treatment
regimens in patients with severe SLE given the potential for severe
organ damage, although belimumab might be withheld in stable
patients with a history of prior infections.

For patients with RA, AS, PsA, or all SLE for whom anti-
rheumatic therapy was withheld prior to undergoing total
joint arthroplasty, antirheumatic therapy should be restarted
once the wound shows evidence of healing, any sutures/
staples are out, there is no significant swelling, erythema, or
drainage, and there is no ongoing nonsurgical site infection,
which is typically ~14 days after surgery, is conditionally
recommended.

Drugs should be restarted based on the clinical status of the
patient and the status of the healing wound. Although there was
additional evidence to support this recommendation from the lit-
erature review, it was indirect and of very low quality across the
critical outcomes. Patients with nonrheumatic diseases were
included, or the study did not include a comparator group. In
one study using a large Medicare data set, outcomes were better
in patients who restarted infliximab within 4 weeks after surgery
compared to those who restarted later, but the authors noted that
this was likely because postoperative complications led to delays
in restarting therapy (30).

Patients and their physicians might elect longer periods of
not taking medication given a history of prior severe infections or
a history of a prior prosthetic joint infection.

For patients with RA, AS, PsA, or all SLE undergoing
THA or TKA who are receiving GCs for their rheumatic condi-
tion, continuing their current daily dose of GCs rather than
administering supraphysiologic doses of GCs on the day of
surgery is conditionally recommended.

This recommendation is unchanged from the previous

guideline, with 2 new studies considered. One study found no sig-

nificant association of supraphysiologic (“stress dose”) GC doses

with adverse events in SLE patients undergoing THA or TKA, but

the sizes of the patient groups were small (35). Another study of

432 patients with RA who underwent THA and TKA concluded

that patients with higher GC exposure were more likely to have

hyperglycemia and other complications and that the risk of

short-term complications is increased by 8.4% for every 10-mg

increase in GC dose, and a lower cumulative GC dose was not

associated with hypotension (40). Exceptions to this recommen-

dation are unchanged. However, wound healing may be affected

by use of low-dose (<5 mg/day) GCs when the cumulative dose

is high, which may also contribute to perioperative infection risk.

This recommendation does not refer to patients with JIA who

may have received GCs during childhood developmental stages

or to patients receiving GCs to treat primary adrenal insufficiency

or primary hypothalamic disease, all of whom may require supra-

physiologic doses of GCs to maintain hemodynamic stability.

DISCUSSION

We have updated the 2017 ACR/AAHKS guideline for the
perioperative management of DMARDs, biologics, and GCs for
adult patients with RA, SpA including AS and PsA, JIA, and SLE
undergoing elective THA or TKA. This guideline is intended for
use by clinicians and patients and balances the risk of flares of
disease when medications are withheld versus infection risk
attributed to the medications when they are continued. This
update adds new medications introduced and reviews the stud-
ies published since the 2017 ACR/AAHKS guideline that have
informed our recommendations. The scope of the guideline has
not changed and addresses when to withhold and when to restart
disease-modifying therapies, as well as perioperative GC man-
agement. Although we included patients in our Voting Panel, we
did not reinstate the Patient Panel due to the risk associated with
the COVID-19 pandemic, and because we thought it was unlikely
that patients’ priorities regarding the risk of flare versus the risk of
infection would have changed. The updated medication list
includes medications introduced to treat RA and SpA, including
AS and PsA. We have included perioperative management rec-
ommendations for the recently introduced JAK-targeted thera-
pies, baricitinib and upadacitinib, in addition to tofacitinib.
We have included new management recommendations for the
interleukin-17 (IL-17) blocking agent ixekizumab, the IL-23–
blocking drug guselkumab, and the novel synthetic DMARD apre-
milast. Anifrolumab, approved by the FDA on July 30, 2021, and
voclosporin, approved January 22, 2021, were included in this
guideline, although there is no information regarding their use in
the perioperative period. They increase the risk of infection, and
therefore the use of these medications in patients with severe
SLE would merit review by the treating rheumatologist in consid-
eration of surgery. The Voting Panel agreed with their inclusion
via email voting.

This guideline is informed by cohort studies including phar-
macoepidemiologic studies using large administrative databases.
To our knowledge, there have been no randomized controlled
trials since the publication of the prior ACR/AAHKS guideline in
2017, so much of the data supporting these recommendations
remains largely indirect or of low quality. Similar to the last guide-
line, the major limitation remains the paucity of high-quality direct
evidence regarding the added risk of infection from medication
use at the time of THA or TKA; therefore, these recommendations
continue to rely on indirect studies describing results in patients
without rheumatic diseases or on assumptions or conclusions
extrapolated from nonsurgical studies. An additional limitation of
this guideline is the lack of participation from other orthopedic
surgical specialties such as spine or foot and ankle. Moreover,
our literature review focused only on THA and TKA, so concerns
of other surgical specialists may have not been addressed by
our focused assessment of THA and TKA. Therefore, we are
unable to generalize our recommendations to rheumatic disease
patients undergoing other orthopedic surgical procedures, as well
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as non-orthopedic surgery. However, the principles underlying
our recommendations may provide a framework to apply in other
surgical settings.

A strength of this guideline is the robust collaboration
between orthopedic hip and knee surgeons and rheumatologists,
as well as the inclusion of patients, epidemiologists, and special-
ists in infectious diseases who represent other stakeholders for
this project. This multidisciplinary collaboration facilitated the
uptake and dissemination of the prior guideline, and it is antici-
pated that these recommendations will be similarly distributed
and used to guide busy clinicians and their patients at the time
of THA and TKA. GRADE methodology supports consensus-
based recommendations that can be reached based on low-
quality evidence across the critical outcomes and transparently
rates the strength of the recommendation as well as the quality
of the evidence supporting the recommendation (24,41).
Because most of the evidence informing this guideline is indirect
and/or of low quality, all of the recommendations are conditional.
Nonetheless, consensus of the Voting Panel was high. Four rec-
ommendations received 100% agreement, and none achieved
<80% agreement.

This guideline does not address perioperative prophylaxis or
treatment of VTEs or perioperative cardiac assessment, as these
are addressed in several other focused publications. JAK inhibi-
tors as a class carry an increased risk of VTE, which is a black
box warning from the FDA, which more recently issued a warning
regarding increased cardiovascular risk (42). Future research
should address an assessment of the perioperative cardiac and
VTE risks associated with JAK inhibitors and other factors such
as disease activity for which there is no direct evidence.

Perioperative management of rituximab has been a chal-
lenge given the long dosing interval of 6 months and the recog-
nized risk of severe infection linked to its use (43–46). In this
updated guideline, we have separated the perioperative use of
rituximab in SLE from the perioperative management of rituximab
in other diseases (46). Although rituximab has an FDA indication
for RA, but not for SLE, the 2019 European Alliance of Associa-
tions for Rheumatology recommendations for the management
of SLE include use of rituximab, providing an additional rationale
for our change to separate the recommendations for RA and
other rheumatic conditions from those for severe SLE (34). Our
recommendations are linked to drug dosing intervals given our
assumption that the dosing interval reflects the period of immuno-
suppression; however, infection risk in patients treated with ritux-
imab may be unrelated to the rituximab dosing interval and is
increased in those with hypogammaglobulinemia (47,48). Addi-
tional research is needed to increase understanding of the factors
contributing to infection risk with rituximab therapy, such as dura-
tion of therapy or immunoglobulin levels at the time of surgery.

As previously, the recommendations that form this guideline
are not treatment mandates. These recommendations will pro-
vide the backbone for a shared decision-making process

between patient and physician regarding perioperative medica-
tion management around the time of surgery. The previous
Patient Panel provided critical insight into the priorities of
patients around the time of THA and TKA and the importance
of open discussion and consultation between the perioperative
physician, the orthopedic surgeon, and the rheumatologist.
One patient representative on the current Voting Panel noted
the anxiety that patients experience around changes to their
medication regimens and urged clinicians to be cognizant of this
important issue. Although not all scenarios can be addressed in
the scope of a document such as this guideline, the most com-
mon scenarios are included, and these recommendations
should supplement the usual perioperative clinical assessment,
risk benefit discussions, and management for clinical optimiza-
tion prior to surgery.

We continue to support ongoing research to better inform
perioperative management of medications used commonly in
rheumatic diseases. While we have added to our information base
regarding GC management and the timing of biologic infusion
therapy, we still lack high-level data from randomized controlled
trials to provide clearer answers to the important questions
addressed in the guideline. Data concerning traditional synthetic
DMARDs should be updated with randomized controlled trials,
and data regarding perioperative management of biologics also
needs more definitive study. Patients with rheumatic diseases
have higher rates of concomitant metabolic syndrome and
cardiac disease and may also be at potentially higher risk of peri-
operative cardiac and/or thromboembolic events. Therefore, con-
sideration of the role of comorbidities and the interaction with
antirheumatic therapy should also be pursued.

In summary, this guideline provides an update to the
ACR/AAHKS 2017 guideline to provide clinicians and patients
information about risks and benefits regarding management of
perioperative antirheumatic medication to inform decisions prior
to THA and TKA. We have updated our evidence base through
our search of the current literature and assessed that information
through the lens of our clinical expertise and the perspectives of
the patients who have participated in this process. We acknowl-
edge the gaps in our information base and intend to continue to fill
those gaps as more research is available.
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E D I T O R I A L

Sacroiliac Bone Marrow Edema: Innocent Until
Proven Guilty?

Michael M. Ward1 and Lawrence Yao2

Magnetic resonance imaging (MRI) of the sacroiliac (SI) joints
and spine has become an integral part of the evaluation of
patients with suspected inflammatory back pain and possible
axial spondyloarthritis (SpA). MRI allows for examination of sites
of axial skeletal pathology that are not directly assessable by
physical examination and can show inflammatory changes
despite the frequent absence of elevation of acute phase
reactants in these conditions. While MRI can detect synovitis,
enthesitis, capsulitis, and structural changes at the SI joints, the
MRI-based diagnosis of sacroiliac joints and vertebral inflamma-
tion relies on the finding of periarticular bone marrow edema
(BME). BME reflects locally increased water content and is char-
acterized by increased signal in the marrow space on short tau
inversion recovery (STIR) images, diminished signal on non–fat-
suppressed T1 images, and indistinct margins. BME also typically
exhibits increased enhancement after gadolinium administration,
which may reflect increased cellularity, capillary permeability, and
hypervascularity.

Characterization of pathologic SI joint BME gained increased
importance in 2009 when MRI abnormalities were designated as
part of the imaging pathway to the Assessment of Spondyloarthri-
tis international Society (ASAS) classification of axial SpA (1). SI
joint inflammation on MRI was included as an alternative to defi-
nite sacroiliitis on plain radiographs and therefore became critical
to the identification of patients with early axial SpA. In the ASAS
validation cohort, BME typical of sacroiliitis was present in
64.7% of patients with axial SpA and only 2.6% of controls with
chronic back pain (1). The ASAS definition of SI joint inflammation
includes 3 components: BME, clearly present abnormalities in
“typical regions” in subchondral bone, and lesions “highly sug-
gestive of SpA” (2). Although the latter is vague and apparently
tautologic, additional interpretive guidance of “two lesions or two
slices” was provided. Synovitis, enthesitis, and structural lesions

such as SI joint erosions alone were considered not sufficient to
qualify as indicative of axial SpA but could influence the interpreta-
tion. Importantly, the ASAS definition was developed by expert
opinion, rather than being data-derived and tested for sensitivity
and specificity.

Because MRI-detected SI joint inflammation is central to the
diagnosis of nonradiographic axial SpA, and therefore provides
a gateway to biologic treatment for many patients, it is important
to know how accurately axial SpA is identified by MRI criteria.
Low specificity could result in misdiagnosis (i.e., overdiagnosis)
and potential overtreatment. In this issue of Arthritis & Rheuma-

tology, Renson and colleagues report a cross-sectional study
that examined the prevalence of MRI abnormalities in the SI
joints and spine in 95 healthy individuals (3). Participants com-
prised a convenience sample of men and women ages 20–49
years, without acute or chronic back pain, who largely had sed-
entary occupations. Overall, 11.6% of participants had SI joint
BME that met the ASAS definition for sacroiliitis. BME was more
common among those ages 40–49 years (17.9%) than among
those ages 20–29 years (2.8%). According to the Spondyloar-
thritis Research Consortium of Canada method (4), SI joint
BME was present in 24.2% subjects and again increased with
age. Only 6.3% of individuals had intense BME, and 4.3% had
BME extending far from the joint. Other SI joint changes, includ-
ing erosions and fat metaplasia, were present in 13.7–20% of
subjects and were more common among older individuals, but
were typically focal and rarely involved >2 SI joint quadrants.
Similar findings were present in the spine, with 20% of individ-
uals having ≥1 vertebral BME lesion, although multiple spine
BME lesions were rare. The authors concluded that these find-
ings should temper our reliance on SI joint BME as the primary
marker of sacroiliitis in the evaluation of patients with suspected
axial SpA.
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These findings extend those of other recent studies that
demonstrated the presence of SI joint BME in 20–40% of athletes
and 60% of postpartum women, groups in which mechanical
stress has been implicated as a cause (5). Although data on recre-
ational activity were not reported, the current study may suggest
that the mechanical demands of everyday life are sufficient to
cause apparent BME in some individuals. Other than older age,
no subgroups were identified to be at higher risk of SI joint BME,
including those with HLA–B27. Three previous smaller studies
showed MRI-detected sacroiliitis in 6.8%, 23.4%, and 27.0% of
healthy young adults, consistent with the current study (5–7).

In the context of axial SpA, BME has been interpreted to
reflect local inflammation. This interpretation is supported by cor-
relations between the degree of gadolinium enhancement or
BME on MRI and inflammatory cell infiltrates and increased mar-
row extracellular fluid in SI joint and zygapophyseal joint biopsies,
albeit in small numbers of patients (8,9). Similar findings have
been reported in rheumatoid arthritis. Improvement of SI joint
BME with tumor necrosis factor inhibitor treatment also suggests
an inflammatory origin (10). However, BME is not specific to
inflammation or osteitis. It can be seen with fractures, local trauma
or stress injury, osteoarthritis, osteonecrosis, and neoplasia, and
may also be idiopathic (11). The mechanisms that result in BME
are incompletely understood and undoubtedly vary with the
underlying cause (11). While ischemia may cause BME in osteo-
necrosis and sickle cell disease, BME in other settings may be
related to hypervascularity, medullary necrosis, fibrosis, or venous
stasis. Excess biomechanical stress may result in BME through
local hyperperfusion and bone remodeling, with or without micro-
fractures and hemorrhage. Intriguingly, biomechanical stress in
the spine tends to be concentrated at the thoracolumbar junction
and posterior sacrum, which has been attributed to counter-
balancing of the lumbar lordosis (12). Importantly, the mecha-
nisms responsible for BME seen in asymptomatic healthy
individuals are not known. SI joint arthrosis can begin at ages
30–39 years and may manifest with BME in some cases (13).

Given the MRI-detected abnormalities in many healthy individ-
uals, the critical diagnostic question becomes whether other MRI
features or criteria might increase its specificity for early axial SpA
without seriously diminishing sensitivity, compared to analysis of

SI joint BME by the ASAS definition. This is an active area of
research. Some features that have been examined, ordered by
higher presumed specificity, are listed in Table 1. In the study by
Renson et al, SI joint BME lesions that were either intense or deep
were less commonly present in healthy individuals, but were still
observed in 7–10% of individuals (3). The median number of
affected SI joint quadrants was 2, supporting findings from previ-
ous studies that a requirement for more diffuse involvement would
have higher specificity (6). The pelvic regions most affected by
BME were the superior sacrum and inferior ilium. A recent study
that used semi-axial slices (perpendicular to the usual semi-
coronal slices) to better resolve the 3-dimensional location of
incriminating BME lesions in athletes found that lesions in the
anterior upper sacrum and posterior lower ilium were attributable
to either artifacts from adjacent vessels or ligament insertions
in one-third to one-half of individuals (14). These findings
highlight how more precise lesion localization may enhance study
specificity.

We do not know if the time course of BME lesions would help
distinguish innocent lesions from those of axial SpA. However,
longitudinal studies would have the additional disadvantage of fur-
ther delaying a diagnosis. Last, requiring coexisting lesions to be
present, either in the SI joint region or spine, could decrease the
number of healthy individuals misclassified based on SI joint
BME alone (6,15). The frequency of coexistent SI joint BME and
structural lesions in the same patient was not reported by Renson
et al (3). However, requiring coexisting lesions may compromise
test sensitivity, particularly in early disease. For example, Seven
et al reported that SI joint BME with adjacent fat metaplasia had
a specificity of 0.98 and positive predictive value of 0.88 for axial
SpA, but this combination was present in only 7 of 41 patients
with axial SpA (sensitivity 0.17) (15).

Supplemental imaging criteria might also be derived from
special MRI sequences including diffusion-weighted imaging,
which provides an indirect measure of tissue cellularity, and
dynamic contrast-enhanced MRI, which estimates marrow perfu-
sion quantitatively. Increased cellularity and hypervascularity may
be more specific surrogates of inflammation, although these mea-
sures have also been shown to vary with the relative proportion of
red and yellow marrow, and consequently by age, sex, and bone

Table 1. Features that describe SI joint inflammatory changes on MRI*

Feature Characteristic

Presence Existence of a lesion
Appearance Intensity of the lesion
Location Extension away from the joint space, e.g., “deep” lesion
Distribution Number and location of involved SI regions or quadrants
Persistence Stable presence and appearance over several months
Response to specific treatment Improvement with TNFi or IL-17 inhibitor treatment
Adjacent coexisting lesions Presence of fat metaplasia, SI joint erosions, subchondral sclerosis
Distal coexisting lesions Vertebral BME, fat metaplasia, erosions, syndesmophytes

* SI = sacroiliac; MRI =magnetic resonance imaging; TNFi = tumor necrosis factor inhibitor; IL-17 = interleukin-17;
BME = bone marrow edema.
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mineral density. These measures are also more technically chal-
lenging to perform and interpret and have lower reliability. In a
recent trial of golimumab, diffusion-weighted imaging did not per-
form better than conventional MRI inflammation scores and did
not differentiate clinical responders from nonresponders (16).
Higher-resolution MRI techniques may also permit detection of
potentially more specific but subtle disease features in the joint
space and subchondral bone (17).

The study by Renson et al, and other similar studies, provide
important warnings that it is essential to define the range of abnor-
malities present in unaffected persons before setting standards
for what represents disease (3). While we may be somewhat reas-
sured by the low frequency of abnormalities in healthy individuals
ages 20–29 years, an age range when many patients first present
with inflammatory back pain, larger numbers of individuals need
to be studied to confirm these findings. Nonetheless, a substantial
proportion of patients present with inflammatory back pain after
age 30. For these individuals, as well as for athletes and parous
women, having accurate imaging guides that can facilitate early
diagnosis while minimizing the risk of overdiagnosis is critical.
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E D I T O R I A L

Toward Precision Medicine—Is Genetic Risk Prediction
Ready for Prime Time in Osteoarthritis?

Michelle S. Yau1 and John Loughlin2

Completion of the Human Genome Project in 2003, an inter-

national effort to map all genes in the human genome (1), brought

forward the promise of identifying the genetic underpinnings of

human disease and ushering in a new era of precision medicine.

As genetic technology evolved, genetic studies went from segre-

gation analyses and linkage studies in a limited set of families to

large-scale genome-wide association studies (GWAS) in the gen-

eral population and now whole-genome sequencing. Each step

would provide greater resolution to identify genetic variation that

explains an ever-growing proportion of disease risk. Recently, a

particularly large GWAS of osteoarthritis (OA) has been com-

pleted by the Genetics of Osteoarthritis (GO) consortium, involv-

ing over 800,000 individuals (2). This effort brought together

13 international cohorts, increasing OA patient numbers by

>2-fold to identify 100 OA-associated loci, of which 52 were novel

(2). Like other complex diseases with high prevalence and a major

public health impact, including cardiovascular disease and type

2 diabetes mellitus, the genetic architecture of OA is highly poly-

genic. In other words, the genetic contribution to OA comprises

many risk variants each with small effects on disease. A logical

next step is to combine the identified OA risk variants into a risk

score that can be used to predict OA onset and severity, as was

done in 2 articles in this issue of Arthritis & Rheumatology, by

Lacaze et al (3) and Sedaghati-Khayat et al (4), who independently

investigated the loci reported by the GO consortium GWAS.
Given the ever-increasing size of GWAS and the ability to

robustly identify genetic variants for disease, it is now possible to

generate polygenic risk scores (PRS) for many complex traits. A

PRS is a weighted sum score of the number of disease risk alleles

each person possesses. We carry 2 versions of each autosomal

chromosome, and therefore, at each DNA variant location, we

may carry 2 risk-associated variants, 2 protective variants, or

1 of each. The number of risk variants is summed and weighted

by its effect size, often taken from the largest GWAS available.

Despite the method used for the optimal selection of risk variants

and weights (and there are several) (5,6), PRS represents the bur-

den of risk variants for a particular disease, where those who carry

a higher burden of risk variants are at increased risk for developing

that disease.
While the idea of genetic risk prediction is enticing, its prom-

ises have not been borne out in clinical practice. Calculation of

PRS from GWAS has become popular in recent years but has

generally shown limited predictive ability for many complex traits.

Among possible reasons are that genetic factors may constitute

only a small fraction of the group of factors that cause a disease.

Also, PRS may only capture common variation identified from

GWAS and not the entire spectrum of genetic contributions to

disease, including rare variants (7). Therefore, we may never

achieve perfect prediction with PRS. As Wray et al proposed, “it
is important to dispel the dogma that equates a genetic test with

high levels of accuracy of current/future diagnosis” (7). As a scien-
tific community, we should heed this warning and adjust our

expectations for the role of PRS in clinical practice. While methods

are needed to maximize PRS prediction, we also need to under-

stand the greater context of how PRS contributes to other known

clinical and behavioral factors. In this sense, Lacaze et al and

Sedaghati-Khayat et al have only begun to scratch the surface of

whether PRS may play a role in OA clinical care.
Perhaps a good place to start is to take cues from what has

been done with PRS in cardiovascular disease. Early PRS studies

of coronary heart disease had limited success in identifying PRS

useful for clinical risk stratification, only identifying 20% of a
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population at a 1.4-fold increased risk relative to the rest of the
population (8). Odds ratios found by Lacaze et al and Sedaghati-
Khayat et al were of the same order of magnitude. In recent years,
with the availability of larger data sets and improved PRS
methods, the predictive ability of cardiovascular disease PRS
has improved and consequently may have some clinical utility.

In 2018, Khera et al developed several predictors based on
existing GWAS, selected the PRS that maximized the area under
the receiver operating characteristic curve (AUC) in a validation
set from UK Biobank Phase 1, then assessed PRS performance
in an independent testing set from UK Biobank Phase 2 (9). AUCs
in the validation set ranged from 0.79 to 0.81 and performed sim-
ilarly in the test set with an AUC of 0.81 (9). The PRS for coronary
artery disease (CAD) identified 8% of the population as having
a >3-fold increased risk for coronary artery disease, which is
comparable to the levels of risk prediction provided by known sin-
gle rare variants that are clinically actionable (9). For example, if an
individual carries a rare familial hypercholesterolemia mutation,
then aggressive treatment to lower circulating cholesterol levels
would be warranted. CAD PRS identifying individuals at a >3-fold
increased risk of CAD would warrant the same aggressive treat-
ment. While CAD PRS have not been deployed in clinical practice,
several recent studies have shown that adding CAD PRS to exist-
ing risk prediction models can reclassify up to 12% of individuals
from an intermediate- to high-risk category (10,11). PRS may
therefore provide a safe and effective screening strategy to
reduce disease burden for high prevalence diseases like CAD. It
may be possible to reach similar levels of evidence for OA PRS
with larger GWAS and improved methods.

While it is now common to demonstrate highly significant
associations between PRS and disease status in other disease
areas, the OA community has only begun to do so. The studies
by Lacaze et al and Sedaghati-Khayat et al are the first to show
that PRS derived from the recent GO consortium GWAS are sig-
nificantly associated with OA in independent cohorts. Unfortu-
nately, as with earlier cardiovascular studies, these studies
present modest odds ratios and limited predictive ability for OA
PRS. Further improvement of the OA PRS is needed to yield
stronger evidence that OA PRS can identify high-risk subgroups
for either incidence or progression. An important component will
be to move from disease association in populations to application
of PRS to predict disease in an individual. Another aspect is pro-
viding a better understanding of how OA PRS contributes to clin-
ical or behavioral risk factors.

Lacaze et al showed an interaction between body mass
index and hip OA PRS, but not with knee OA PRS. One would
expect to see interactions at both weight-bearing joint sites.
Likely, the knee OA PRS was underdeveloped compared to the
hip OA PRS and included fewer and less robust risk variants.
Sedaghati-Khayat et al showed that OA PRS did not add sub-
stantially to clinical risk factors like age, sex, and body mass index,
providing little confidence that OA PRS would help improve risk

classification. A limitation of both of these studies is that they, like
that of the GO consortium, were conducted in European ancestry
cohorts. However, we know that OA PRS developed in one
ancestry group may not work as well for populations that were
not represented in the OA GWAS (12). Future development of
OA PRS will need to consider its application to non-European
ancestry groups and ensure that OA PRS does not inadvertently
widen existing health disparities. Finally, the value of an OA PRS
assumes that there is something we can do for OA if we can iden-
tify those individuals who are at a high risk of developing OA or
rapidly progressing OA. An OA PRS would be more beneficial if
we had a large armamentarium of therapeutics at our disposal
or even biomarkers that could be used to monitor disease pro-
gression, which currently does not exist for OA.

Our overall feeling is that Lacaze et al and Sedaghati-Khayat
et al have taken an important first step toward translating new
OA genetic findings to clinical utility but fall short of realizing the
promise of OA PRS in improving OA clinical care and treatment.
Improved methods and expanded data sets will be needed to
better develop a reliable OA PRS that can accurately predict dis-
ease status and inform risk stratification in OA. However, given
the complexity and heterogeneity of OA, the limitation may be that
OA PRS, even if perfected, would never be sufficient to inform
clinical care. Genetics cannot afford to stay in its silo and must
be appreciated in the context of the wide array of clinical and
behavioral factors that influence OA pathogenesis. This must
work hand-in-hand with therapeutic and biomarker development
so that there are options available for patients if we can identify
individuals at increased risk of OA and its progression. The field
has come a long way since the completion of the Human Genome
Project, but genetic risk prediction and its utility in OA are not
ready for prime time. Luckily for some of us, there is more
work to do.
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Genomic Risk Score for Advanced Osteoarthritis
in Older Adults

Paul Lacaze,1 Yuanyuan Wang,1 Galina Polekhina,1 Andrew Bakshi,1 Moeen Riaz,1 Alice Owen,1 Angus Franks,1

Jawad Abidi,2 Jane Tiller,1 John McNeil,1 and Flavia Cicuttini1

Objective. Prevention of osteoarthritis (OA) remains important, as there are no disease-modifying treatments. A
personalized approach has the potential to better target prevention strategies. In the present study, we used recently
identified genetic risk variants from genome-wide association analysis for advanced OA to calculate polygenic risk
scores (PRS) for knee and hip OA and assessed PRS performance in an independent population of older community-
dwelling adults.

Methods. PRS were calculated in 12,093 individuals of European genetic descent ages ≥70 years who were
enrolled in the Aspirin in Reducing Events in the Elderly trial. The outcome measure was knee and hip replacement
(hospitalizations during the trial and self-reported joint replacements before enrollment). PRS were considered as con-
tinuous (per SD) and categorical (low risk [0–20%], medium risk [21–80%], high risk [81–100%]) variables. Logistic
regression was used to examine associations between PRS and risk of joint replacement, adjusted for age, sex, body
mass index, and socioeconomic status.

Results. Among the participants, 1,422 (11.8%) had knee replacements and 1,297 (10.7%) had hip replacements.
PRS (per SD) were associated with a risk of knee replacement (odds ratio [OR] 1.13 [95% confidence interval (95%
CI) 1.07–1.20]) and hip replacement (OR 1.23 [95% CI 1.16–1.30]). Participants with high PRS had an increased risk
of knee replacement (OR 1.44 [95% CI 1.20–1.73]) and hip replacement (OR 1.88 [95% CI 1.56–2.26]), compared to
those with low PRS. Associations were stronger for PRS and hip replacement risk in women than in men. Associations
were similar in sensitivity analyses that examined joint replacements before and during the trial separately.

Conclusion. PRS have the potential to improve prevention of severe knee and hip OA by providing a personalized
approach and identifying individuals who may benefit from early intervention.

INTRODUCTION

Osteoarthritis (OA), the most common form of arthritis, is

estimated to affect 250 million people worldwide, with numbers

continuously growing due to aging and increased obesity (1). OA

is a chronic disease with no cure, and joint replacement is indi-

cated once conservative management options have been

exhausted. The majority of total knee replacement (TKR) and total

hip replacement (THR) procedures (98% and 89%, respectively)

are performed for OA (2), resulting in significant healthcare bur-

den. To date, strategies to prevent and treat OA have used a

“one-size-fits-all” approach with limited effectiveness, mainly

focusing on obesity and physical activity. In general, these strate-

gies do not take into consideration that OA is a heterogeneous

disease with distinct phenotypes (3) influenced by genetic and

environmental factors (4), with risk factors varying across different

joints (5). Current risk prediction models for OA lack the ability to

identify with precision those most at risk and include disease
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markers, reducing their utility for prevention and treatment of early

disease.
Over the last few years, large genetic studies have enabled

the discovery of common genetic risk loci associated with OA. In
2019, a large genome-wide association study (GWAS) of
advanced OA was undertaken in a population of European
ancestry and identified 64 associated genetic loci, 52 of them
novel (6). This more than doubled the number of previously identi-
fied variants (7). In 2021, a larger multiethnic GWASmeta-analysis
of 826,690 individuals from 9 populations (177,517 with OA) iden-
tified 100 independent OA-associated variants across 11 OA
phenotypes, 52 of which were novel (8).

The discovery of these variants now enables the calcula-
tion of polygenic risk scores (PRS), which aggregate the effect
of many common disease-associated variants to generate a
combined measure of the genetic risk. However, independent
validation studies for PRS for advanced OA are challenging
and require large genetic studies of older populations inde-
pendent of the studies used in the original GWAS to derive
the PRS, where the majority of OA diagnoses and joint
replacements have occurred. PRS validation studies also
need to be conducted in a healthcare setting where there is
access to procedures such as joint replacement when indi-
cated. Thus, we performed a validation study of newly derived
PRS for OA in a well-characterized cohort of older adults in
Australia, enrolled into the Aspirin in Reducing Events in the
Elderly (ASPREE) trial (9–11), in which detailed information on
joint replacements was collected. It was hypothesized that
PRS would be associated with the risk of knee and hip
replacement in older adults. Our study represents an impor-
tant step in the assessment of genomic risk scores for predic-
tion of advanced OA in older adults, in which the burden of
disease is high.

PATIENTS AND METHODS

Study design and participants. The study population
comprised genotyped participants of the ASPREE trial. Study
design, participant characteristics, and primary results have been
previously published (9–11). Briefly, ASPREE was an international
randomized placebo-controlled clinical trial to determine whether
daily 100 mg aspirin extended disability-free survival in 19,114
healthy older individuals ages ≥70 years (≥65 years for US partic-
ipants). ASPREE participants had no history of diagnosed cardio-
vascular events, serious illness, dementia, or physical disability at
enrollment. The median follow-up period was 4.7 years. Partici-
pants provided written informed consent for genetic research,
and the study was approved by local Ethics Committees and reg-
istered on ClinicalTrials.gov (identifier: NCT01038583). The
cohort for the current analysis was drawn from the 16,703 partic-
ipants from Australia.

Assessment of advanced knee and hip OA. Advanced
OA was defined as knee or hip replacement for OA. Australia
has a universal healthcare system that includes publicly funded
access to joint replacement, so knee and hip replacement can
be considered a marker of advanced OA (12). Knee and hip
replacements during the ASPREE trial (median follow-up
4.7 years) were identified by review of all hospitalizations for
knee and hip surgical procedures, most with the indication
recorded as OA. Self-reported history of joint replacements
prior to ASPREE enrollment was obtained from the ASPREE
Longitudinal Study of Older Persons questionnaire (13). Partici-
pants were asked, “Have you had any of the following opera-
tions?” and to mark “Hip replacement” and “Knee replacement”
as Right, Left, Both, or No. Advanced knee and hip OA were
defined as any knee and hip replacement—either hospitalizations
or self-reported joint replacements.

Genotyping and PRS. Genotyping was performed on
14,052 DNA samples from ASPREE participants using the Axiom
2.0 Precision Medicine Diversity Research Array (ThermoFisher
Scientific) following standard protocols (14). Variant calling used
a custom pipeline aligned to human reference genome hg38.
We limited our study to participants with European genetic ances-
try to mitigate the effect of population stratification bias in poly-
genic scoring. To define genetic ancestry, principal component
analysis was performed using the 1000 Genomes reference pop-
ulation, excluding ASPREE samples that did not overlap with the
Non-Finnish European 1000 Genomes cluster (Supplementary
Figure 1, available on the Arthritis & Rheumatology website
at https://onlinelibrary.wiley.com/doi/10.1002/art.42156) (15).
Samples from 12,093 participants passed the following filters:
non-Finnish European genetic descent, unrelated (identity-by-
descent to third-degree relative), and minimum age at randomiza-
tion of 70 years. Imputation was performed using the TOPMed
Imputation Panel and Server (16–18). Pre-imputation quality
control filtered variants using plink 1.9 for missing genotype
rates (–geno, –mind 0.1) and Hardy-Weinberg equilibrium (–hwe
10–60). Post-imputation quality control removed variants with
low imputation quality scores (r2 < 0.3).

Two different PRS were calculated for knee and hip replace-
ment respectively, based on those reported in the recent GWAS
meta-analysis (8). For each PRS, we selected only genome-wide
significant single nucleotide polymorphisms (SNPs) specific to
the trait reported in the GWASmeta-analysis (8). This can be iden-
tified in the paper with the SNPs labeled as TKR and THR, com-
prising 10 SNPs for TKR and 38 SNPs for THR. In our analysis,
1 THR variant was removed due to poor imputation quality, result-
ing in SNP counts of 10 for TKR and 37 for THR (Supplementary
Table 1, https://onlinelibrary.wiley.com/doi/10.1002/art.42156).
Plink version 1.9 was used to calculate the weighted sum of the
log odds ratios (ORs) reported for the effect alleles for each
variant.
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Demographic and socioeconomic data. Height and
weight were measured using standardized protocols at the
ASPREE baseline visit. Body mass index (BMI) was calculated
from height and weight, and obesity was defined as a BMI of
≥30 kg/m2 (19). Age and years of education were self-reported
at the baseline ASPREE clinical visit. The index of relative socio-
economic advantage and disadvantage summarizes information
about the economic and social conditions of people and house-
holds within an area, including both relative advantage and disad-
vantage measures (20).

Statistical analysis. The PRS were analyzed as continu-
ous variables on the SD scale and were also categorized into
3 groups based on quintiles of the PRS distribution: low-risk

(quintile 1 [Q1], 0–20%), medium-risk (Q2–4, 21–80%) and high-
risk (Q5, 81–100%). Multiple logistic regression was used to
examine the association between PRS (either as a continuous or
as a categorical variable) and risk of knee and hip replacement,
with adjustment for age, sex, BMI, education, and index of relative
socioeconomic advantage and disadvantage. The area under the
receiver operating characteristic curve (AUC) was calculated for
the multiple logistic regression analysis before and after PRS
was included in the regression models. Additional adjustment for
treatment group was performed. We examined the interaction
between PRS and treatment group, sex, or obesity for their asso-
ciation with the risk of knee and hip replacement by introducing
interaction terms in the regression models. In a sensitivity analysis,
incident joint replacements occurring during the trial (reviewed

Table 1. Baseline characteristics of the study participants based on PRS*

Low-risk PRS Medium-risk PRS High-risk PRS
(Q1, 0–20%) (Q2–4, 21–80%) (Q5, 81–100%)

Knee 2,422 (20.0) 7,253 (60.0) 2,418 (20.0)
Age at randomization
Mean ± SD years 75.3 ± 4.3 75.0 ± 4.2 75. ± 4.2
Median (range) years 74.1 (70.0–94.8) 73.8 (70.0–95.9) 73.8 (70.1–92.5)

Age category
<75 years 1,418 (58.6) 4,430 (61.1) 1,472 (60.9)
75–79 years 625 (25.8) 1,842 (25.4) 596 (24.7)
≥80 years 379 (15.7) 981 (13.5) 350 (14.5)

Female sex 1,335 (55.1) 3,904 (53.8) 1,314 (54.3)
BMI, mean ± SD kg/m2 27.8 ± 4.5 28.0 ± 4.5 28.3 ± 4.6
BMI category
Underweight 14 (0.6) 42 (0.6) 7 (0.3)
Normal 650 (26.8) 1,811 (25.0) 582 (24.1)
Overweight 1,115 (46.0) 3,312 (45.7) 1,090 (45.1)
Obese 634 (26.2) 2,051 (28.3) 729 (30.2)
Missing 9 (0.4) 37 (0.5) 10 (0.4)

Education >12 years 939 (38.8) 2,885 (39.8) 976 (40.4)
Index of relative socioeconomic advantage
and disadvantage score, mean ± SD

1,006.2 ± 68.3 1,004.1 ± 68.4 1,006.0 ± 69.7

Aspirin group 1,226 (50.6) 3,637 (50.1) 1,171 (48.4)
Hip 2,419 (20.0) 7,256 (60.0) 2,418 (20.0)
Age at randomization
Mean ± SD years 75.0 ± 4.2 75.0 ± 4.2 75.0 ± 4.3
Median (range) years 73.8 (70.1–92.7) 73.9 (70.0–95.9) 73.8 (70.0–93.3)

Age category
<75 years 1,504 (62.2) 4,352 (60.0) 1,464 (60.6)
75–79 years 576 (23.8) 1,876 (25.9) 611 (25.3)
≥80 years 339 (14.0) 1,028 (14.2) 343 (14.2)

Female sex 1,292 (53.4) 3,968 (54.7) 1,293 (53.5)
BMI, mean ± SD kg/m2 28.0 ± 4.6 28.0 ± 4.5 28.0 ± 4.5
BMI category
Underweight 15 (0.6) 37 (0.5) 11 (0.5)
Normal 595 (24.6) 1,842 (25.4) 606 (25.1)
Overweight 1,112 (46.4) 3,317 (45.7) 1,078 (44.6)
Obese 675 (27.9) 2,027 (27.9) 712 (29.5)
Missing 12 (0.5) 33 (0.5) 11 (0.5)

Education >12 years 967 (40.0) 2,882 (39.7) 951 (39.3)
Index of relative socioeconomic advantage and
disadvantage score, mean ± SD

1,006.5 ± 68.3 1,005.2 ± 68.7 1,002.5 ± 68.9

Aspirin group 1,235 (51.1) 3,586 (49.4) 1,213 (50.2)

* Except where indicated otherwise, values are the number (%) of participants. PRS = polygenic risk score; Q1 = quintile 1;
BMI = body mass index.
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hospitalizations) and prevalent joint replacements occurring
before the trial (self-reported) were examined separately, using
Cox proportional hazards regression and logistic regression,
respectively.

The specificity of PRS was assessed by testing hip PRS
against the risk of knee replacement, and knee PRS against the
risk of hip replacement. Additional analysis was performed to
examine the risk of knee and hip replacement against the middle
half of the study population. P values less than 0.05 were consid-
ered significant. Analyses were performed using R version 3.6.1
(21) and Stata version 16.1.

RESULTS

Characteristics of study participants. The mean age at
randomization of the 12,093 participants was 75.0 years, with the
majority (86%) ages 70–79 years. The mean ± SD BMI was
28.0 ± 4.5 kg/m2, with 3,414 participants (28.2%) classified as
obese. Both knee and hip PRS showed a normal distribution
(mean ± SD 0.25 ± 0.13 and mean ± SD 0.51 ± 0.34,

respectively). The characteristics of study participants are pre-
sented based on PRS categories (Table 1) and joint replacement
status (Supplementary Table 2, https://onlinelibrary.wiley.com/
doi/10.1002/art.42156). In total, 1,422 participants (11.8%) had
≥1 knee replacement and 1,297 participants (10.7%) had ≥1 hip
replacement (occurring either during the ASPREE trial or prior to
enrollment) (Supplementary Table 3, https://onlinelibrary.wiley.
com/doi/10.1002/art.42156). Among the participants with knee
replacements, 689 had surgeries during the ASPREE trial and
948 had surgeries according to self-reported history. Among the
participants with hip replacements, 529 had surgeries during the
ASPREE trial and 914 had surgeries according to self-reported
history (Supplementary Table 3).

Association between PRS and risk of knee and hip
replacement. The results for the associations between PRS
and risk of knee and hip replacement are presented in Table 2
and Figure 1. Higher knee PRS was associated with an increased
risk of knee replacement in univariable analysis and after adjust-
ment for age, sex, BMI, education, and index of relative socioeco-
nomic advantage and disadvantage (OR 1.13 [95% confidence
interval (95% CI) 1.07–1.20] per SD of PRS). The frequency of
participants with knee replacement surgery increased with knee
PRS categories: 9.5% in the low-risk group, 11.9% in the
medium-risk group, and 13.5% in the high-risk group. Compared
to those in the low-risk PRS group (Q1), and after adjustment for
confounders, the OR of knee replacement was 1.30 (95% CI
1.11–1.52) in the medium-risk PRS group (Q2–4) and 1.44 (95%
CI 1.20–1.73) in the high-risk PRS group (Q5). The AUC was
0.666 (95% CI 0.651–0.680) for the regression model including
age, sex, BMI, education, and index of relative socioeconomic
advantage and disadvantage, and 0.668 (95% CI 0.654–0.683)
when adding PRS to the model.

Higher hip PRS was associated with an increased risk of hip
replacement in univariable analysis and after adjustment for

Table 2. Association of PRS with risk of knee and hip replacement*

Total participants with joint
replacement, no. (%)

Univariable analysis Multivariable analysis†

OR (95% CI) P OR (95% CI) P

Knee replacement 1,422 (11.8) – – – –

Knee PRS, per SD – 1.14 (1.08–1.20) <0.001 1.13 (1.07–1.20) <0.001
Knee PRS category – – – – –

Low-risk PRS (Q1, 0–20%) 231 (9.5) 1.00 – 1.00 –

Medium-risk PRS (Q2–4, 21–80%) 864 (11.9) 1.28 (1.10–1.49) 0.001 1.30 (1.11–1.52) 0.001
High-risk PRS (Q5, 81–100%) 327 (13.5) 1.48 (1.24–1.77) <0.001 1.44 (1.20–1.73) <0.001

Hip replacement 1,297 (10.7) – –

Hip PRS, per SD – 1.23 (1.17–1.31) <0.001 1.23 (1.16–1.30) <0.001
Hip PRS category – – – – –

Low-risk PRS (Q1, 0–20%) 200 (8.3) 1.00 – 1.00 –

Medium-risk PRS (Q2–4, 21–80%) 745 (10.3) 1.27 (1.08–1.49) 0.004 1.27 (1.08–1.50) 0.004
High-risk PRS (Q5, 81–100%) 352 (14.6) 1.89 (1.57–2.27) <0.001 1.88 (1.56–2.26) <0.001

* PRS = polygenic risk score; OR = odds ratio; 95% CI = 95% confidence interval; Q1 = quintile 1.
† Adjusted for age, sex, body mass index, education, and index of relative socioeconomic advantage and disadvantage.

Figure 1. Association between polygenic risk scores (PRS) and risk
of knee and hip replacement. Multiple logistic regression models are
shown. Odds ratios (ORs) with 95% confidence intervals (95% CIs)
were adjusted for age, sex, body mass index, education, and index
of relative socioeconomic advantage and disadvantage. PRS were
categorized by quintiles into low-risk (quintile 1 [Q1], 0–20%),
medium-risk (Q2–4, 21–80%), and high-risk (Q5, 81–100%) groups.
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confounders (OR 1.23 [95% CI 1.16–1.30] per SD of PRS). The
frequency of participants with hip replacement surgery increased
with hip PRS categories: 8.3% in the low-risk group, 10.3% in
the medium-risk group, and 14.6% in the high-risk group. Com-
pared to those in the low-risk PRS group (Q1) and after adjust-
ment for confounders, the OR of hip replacement was 1.27
(95% CI 1.08–1.50) in the medium-risk PRS group (Q2–4), and
1.88 (95% CI 1.56–2.26) in the high-risk PRS group (Q5). The
AUC was 0.570 (95% CI 0.554–0.587) for the regression model
including age, sex, BMI, education, and index of relative socio-
economic advantage and disadvantage, and 0.589 (95% CI
0.572–0.605) when adding PRS to the model.

Additional adjustment for treatment group did not change
the results for the association between PRS and risk of knee and
hip replacement. There was no interaction between PRS and
treatment group or obesity in the associations with risk of knee
and hip replacement (P > 0.32 for all). While there was no interac-
tion between PRS and sex in the associations with risk of knee
replacement (P > 0.25 for all), there was some evidence of an
interaction between PRS and sex in the associations with risk of
hip replacement (P = 0.045 for PRS, P = 0.25 for medium-risk
PRS category, and P = 0.08 for high-risk PRS category). Stronger
associations between PRS and the risk of hip replacement were
observed in women compared to men (Table 3). The OR of hip
replacement in high-risk compared to low-risk PRS group was

2.19 (95% CI 1.70–2.83) in women compared to 1.57 (95% CI
1.20–2.05) in men.

Sensitivity analysis. Associations were similar when in-
trial joint replacement hospitalizations and pretrial self-reported
joint replacements were examined separately (Supplementary
Tables 4 and 5 and Supplementary Figure 2, https://
onlinelibrary.wiley.com/doi/10.1002/art.42156). The cumulative
incidence of knee and hip replacement in relation to PRS catego-
ries is shown in Figure 2, considering only joint replacements
occurring prospectively during the ASPREE trial and excluding
participants with pretrial self-reported knee or hip replacement.
The specificity of PRS was examined (Supplementary Table 6,
https://onlinelibrary.wiley.com/doi/10.1002/art.42156). Higher
hip PRS was associated with an increased risk of knee replace-
ment after adjustment for confounders (OR 1.09 [95% CI 1.03–
1.15] per SD of PRS), with knee replacement risk increased in
the high-risk hip PRS category compared to the low-risk PRS cat-
egory (OR 1.27 [95% CI 1.07–1.52]). There was no significant
association between knee PRS and risk of hip replacement. The
risk of knee and hip replacement against the middle half of the
study population was also examined (Supplementary Table 7,
https://onlinelibrary.wiley.com/doi/10.1002/art.42156). The OR
of knee replacement was 0.81 (95% CI 0.70–0.93) in the low-risk
PRS group (bottom 25%) and 1.09 (95% CI 0.95–1.24) in the

Table 3. Association of PRS with risk of hip replacement, stratified by sex*

Men Women

OR (95% CI) P OR (95% CI) P

Hip PRS, per SD 1.15 (1.06–1.26) 0.001 1.30 (1.20–1.40) <0.001
Hip PRS category
Low-risk PRS (Q1, 0–20%) 1.00 1.00
Medium-risk PRS (Q2–4, 21–80%) 1.14 (0.90–1.45) 0.26 1.39 (1.11–1.75) 0.005
High-risk PRS (Q5, 81–100%) 1.57 (1.20–2.05) 0.001 2.19 (1.70–2.83) <0.001

* Adjusted for age, body mass index, education, and index of relative socioeconomic advantage and disadvantage.
See Table 2 for definitions.

Figure 2. Cumulative incidence of knee and hip replacement in relation to categories of polygenic risk scores (PRS).
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high-risk PRS group (top 25%). The OR of hip replacement was
0.80 (95% CI 0.68–0.93) in the low-risk PRS group and 1.40
(95% CI 1.22–1.60) in the high-risk PRS group.

DISCUSSION

We evaluated the performance of newly derived PRS for
advanced OA requiring knee or hip replacement in a large genetic
study of older community-dwelling individuals who were ambula-
tory and independently living at baseline. The current study is the
first to present independent validation of PRS in relation to the risk
of OA and demonstrated an association between specific knee
and hip PRS and advanced OA, independent of age, sex, BMI,
and socioeconomic status. We found meaningfully different risks
of knee and hip replacement among low-risk (Q1), medium-risk
(Q2–4), and high-risk (Q5) PRS groups, with stronger associa-
tions for hip replacement than knee replacement. Our results sug-
gest that PRS have the potential to better target preventive
interventions for severe OA by providing a personalized
approach.

We demonstrated that specific genomic risk scores calcu-
lated separately for knee and hip OA (8) were associated with
advanced OA requiring a knee or hip joint replacement in a well-
characterized cohort of community-dwelling, ambulatory older
adults, with data suggesting the specificity of knee PRS with less
likelihood for hip PRS. We also found that the hip PRS was asso-
ciated with a stronger risk for hip replacement compared to the
knee PRS for knee replacement, independent of age, sex, BMI,
and socioeconomic status. This was not unexpected, given that
twin studies have suggested that ~70% of the variation in risk of
hip OA can be attributed to genetic factors, compared to 45%
for knee OA (22). These differences may reflect the stronger asso-
ciation of obesity, physical exertion, and injuries (strongly influ-
enced by lifestyle factors) with knee OA, compared to hip OA
(5,23,24).

Our findings are also consistent with evidence suggesting an
important role of hip bone shape (strongly influenced by genetic
factors) in the pathogenesis of hip OA (25). As there was a lower
number of genetic variants for knee PRS compared to hip PRS
(10 versus 38), the knee PRS would have lower power with a
lower explained variance. The smaller number of variants that
have been found for knee OA is probably due to a more heteroge-
neous etiology of knee OA compared to hip OA. Furthermore, we
found stronger associations between hip PRS and risk of hip
replacement in women than in men. Sex-specific differences in
the anatomy and hip bone shape may alter the predisposition
toward hip OA in men and women, and it may be that genetic fac-
tors affect the anatomy and hip bone shape or have other hetero-
geneous effects between sexes. The possible sex-specific
association requires further investigation.

Although the overall ORs observed per SD PRS change for
knee and hip replacements were modest (<1.3 per SD),

individuals with a high-risk knee PRS had a 44% increased risk
of knee replacement, and participants with a high-risk hip PRS
had an 88% increased risk of hip replacement compared to those
with a low-risk PRS. The magnitude of these associations was
comparable to other PRS studies for different diseases and traits,
where ORs per SD PRS typically range between 1.1 and 1.8
(e.g., ischemic stroke [26], coronary artery disease [27], and
breast cancer [28]). Implementation of targeted therapy based
on PRS has commenced for some conditions such as breast can-
cer and coronary artery disease (29). PRS associations with
advanced knee OA and hip OA in our study remained significant
when considering only incident joint replacements occurring pro-
spectively during the ASPREE trial.

In the current study, we demonstrate that it is possible to
develop a propensity score based on genetic risk, which is an
independent risk factor for severe knee and hip OA requiring a
joint replacement, independent of age, sex, BMI, and socioeco-
nomic status. As the genotypes used to calculate a PRS do not
change over the life course and are not influenced by environmen-
tal and lifestyle factors, PRS could act as an independent risk fac-
tor versus conventional clinical risk factors for OA. Access to
information on genetic risk, prior to the manifestation of clinical
symptoms, has the potential to improve compliance with preven-
tive strategies and address risk factors earlier in the disease
course. Genetic risk scores for OA therefore have the potential
to be incorporated into decision support algorithms earlier in life,
to improve targeting of interventions and clinical management.
PRS could also potentially be used as part of the algorithm to
identify “fast progressors” of OA for inclusion in clinical trials
aimed at drug development.

Strengths of our study include the well-characterized, older
study population with robust data on knee and hip replacements
collected. The median age at recruitment was 75 years in a large
community-based population of independently living older adults,
allowing for observation of joint replacements in the most clinically
relevant population and age group. Knee and hip replacements
are valid measures of advanced OA in the context of the
Australian healthcare system, as all Australian citizens and perma-
nent residents have access to quality health care services includ-
ing joint replacement under Australia’s publicly funded universal
health insurance system (Medicare). It also identifies an important
OA outcome that needs to be prevented.

Limitations of our study include combining incident (hospital-
izations during the trial) and prevalent (self-reported, before enroll-
ment) joint replacements as a marker of advanced OA. The
median age of TKR and THR is 69 years in Australia, with >85%
of total joint replacement procedures performed in people ages
>55 years (2). Therefore, including prevalent and incident joint
replacements provides a more valid assessment of joint replace-
ment as a marker of severe OA. The observed associations of
the PRS were similar for incident versus prevalent joint replace-
ments when analyzed separately, suggesting that there are not
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major genetic differences with regard to risk of advanced OA
between these groups. It may be that genetic influences are even
higher in those who are younger and have a joint replacement.
The population we examined, the ASPREE participants ages
≥70 years with a median age of 75 years at baseline, represents
a significant proportion of all joint replacements, but does not
include younger individuals who may be at particularly high
genetic risk. Although we found a significant genetic component
and validated the PRS for advanced OA in this older population,
the genetic influence in younger individuals warrants further
investigation.

The use of self-reported data may have overestimated the
number of knee and hip replacements. Arthroscopy may have
been misidentified for some self-reported joint replacements, but
this is still likely to reflect OA, given that arthroscopies in this older
population are most likely to have been performed for pathologic
conditions such as meniscal pathology due to OA (30). The self-
reported joint replacements occurred at a younger age (<70 years)
when hip fracture is very uncommon. Another limitation of our study
is limited details on the indication and type (primary or revision) of
surgery recorded for hospitalization and/or self-reported joint
replacements. However, in Australia, the majority of TKR and THR
surgeries (98% and 89%, respectively) are performed in advanced
OA, and a minority (10%) of joint replacement procedures are revi-
sion surgery for a primary joint replacement (2). Potential misclassi-
fications of knee and hip replacement would most likely have been
nondifferential and, if anything, may have underestimated the mag-
nitude of observed PRS associations. Our results may not be gen-
eralizable to the general population since only relatively healthy
older adults were included in the ASPREE trial, likely free of comor-
bid disease that is often present in OA patients.

In conclusion, our study demonstrates that genomic risk
scores for advanced knee and hip OA are robustly associated
with the risk of knee and hip replacement in older community-
dwelling individuals, independent of age, sex, BMI, and socioeco-
nomic status. There was a stronger association for the hip PRS
than the knee PRS and for hip replacement risk in women. PRS
have the potential to improve prevention of severe knee and hip
OA by providing a personalized approach and identifying individ-
uals who may benefit from early intervention.
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Clinical images: Gout of the spine

The patient, a 34-year-old man with a history of gout for >8 years, presented with symptoms of recurrent joint pain and lower back pain for
3 days. He had been receiving treatment with colchicine and benzbromarone starting in 2013. Laboratory tests revealed marked elevation
in serum urate levels to 694 μmoles/liter (reference range 180–450 μmoles/liter). Conventional computed tomography (CT) of the axial (A)
and sagittal (B) orientations revealed a hyperdense mass in the L5–S1 facet joint with bone erosion (arrows). Dual-energy CT revealed
extensive urate crystal deposition within the lumbosacral facet joint (arrow in C). The findings were consistent with a diagnosis of spinal
gout. The patient was started on colchicine, loxoprofen sodium, febuxostat, and sodium bicarbonate; the patient’s symptoms were
relieved within 1 week, and he was discharged from the hospital. Spinal gout is rarely encountered in clinical practice and therefore early
recognition is important to allow timely diagnosis and prompt treatment, potentially averting unnecessary surgeries (1,2). Dual-energy
CT may be useful in the diagnosis of spinal gout (1–3).

The author thanks Peixin Qin for contribution of the image in panel C. Author disclosures are available at https://onlinelibrary.wiley.com/action/
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Risk Assessment for Hip and Knee Osteoarthritis Using
Polygenic Risk Scores

Bahar Sedaghati-Khayat,1 Cindy G. Boer,1 Jos Runhaar,1 Sita M. A. Bierma-Zeinstra,1 Linda Broer,1

M. Arfan Ikram,1 Eleftheria Zeggini,2 André G. Uitterlinden,1 Jeroen G. J. van Rooij,1 and Joyce B. J. van Meurs1

Objective. Polygenic risk scores (PRS) allow risk stratification using common single-nucleotide polymorphisms
(SNPs), and clinical applications are currently explored for several diseases. This study was undertaken to assess the
risk of hip and knee osteoarthritis (OA) using PRS.

Methods. We analyzed 12,732 individuals from a population-based cohort from the Rotterdam Study (n = 11,496),
a clinical cohort (Cohort Hip and Cohort Knee [CHECK] study; n = 908), and a high-risk cohort of overweight women
(Prevention of Knee OA in Overweight Females [PROOF] study; n = 328), for the association of the PRS with preva-
lence/incidence of radiographic OA, of clinical OA, and of total hip replacement (THR) or total knee replacement
(TKR). The hip PRS and knee PRS contained 44 and 24 independent SNPs, respectively, and were derived from a
recent genome-wide association study meta-analysis. Standardized PRS (with Z transformation) were used in all
analyses.

Results. We found a stronger association of the PRS for clinically defined OA compared to radiographic OA pheno-
types, and we observed the highest PRS risk stratification for TKR/THR. The odds ratio (OR) per SD was 1.3 for incident
THR (95% confidence interval [95% CI] 1.1–1.5) and 1.6 (95%CI 1.3–1.9) for incident TKR in the Rotterdam Study. The
knee PRS was associated with incident clinical knee OA in the CHECK study (OR 1.3 [95% CI 1.1–1.5]), but not for the
PROOF study (OR 1.2 [95%CI 0.8–1.7]). The OR for OA increased gradually across the PRS distribution, up to 2.1 (95%
CI 1.4–3.2) for individuals with the 10% highest PRS compared to the middle 50% of the PRS distribution.

Conclusion. Our findings validated the association of PRS across OA definitions. Since OA is becoming frequent
and primary prevention is not commonly applicable, PRS-based risk assessment could play a role in OA prevention.
However, the utility of PRS is dependent on the setting. Further studies are needed to test the integration of genetic risk
assessment in diverse health care settings.

INTRODUCTION

Osteoarthritis (OA) is a complex progressive and irreversible

degenerative joint disease, causing joint pain and immobility (1). OA

is a late-onset disease (>45 years old) and poses a considerable

societal burden with over 300 million people affected globally (2,3).

Studies show that OA is becoming even more prevalent in the

world’s aging and increasingly obese population, and will become

one of the most common diseases in the coming decades (4,5).

OA can be influenced by conventional risk factors such as

age, body mass index (BMI) and/or lifestyle factors (e.g., vigorous

physical activity) (6–8). Although some of these risk factors can be

modified (9), a limited number of primary OA prevention programs

are available, such as a diet and exercise program aimed at

reducing body weight (10). In addition, the clinical treatments are

aimed at relieving symptoms, and many patients do not receive

appropriate OA risk management therapies (11). Many trials have

failed to identify structural treatment options, in part because of
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the patients’ heterogeneity in the late stages of OA (12,13). There-
fore, it is suggested that the OA burden should be controlled by
shifting from the current broad and imprecise approach of OA
management to a more precise system of individualized patient
care based on the patient’s characteristics and specific needs
(11). In such a system, the ability to predict OA onset or progres-
sion would allow for more efficacious OA-modifying management
strategies (1,14,15).

One of the prime opportunities for OA prediction lies in
genetic predisposition. Heritability of OA has been estimated at
40–65% by twin studies, depending on the affected joint
(15–17). The most extensive genome-wide association study
(GWAS) study in OA was conducted by the Genetics of OA
(GO) consortium (18), which revealed 100 genetic variants and
explained ~6–21% of the total estimated heritability for different
types of OA. These ~100 genetic variants are expected to predict
individual genetic OA risk through polygenic risk scores (PRS) and
could be used as a risk prediction tool in different settings, such
as in clinical practice or in screening programs in society (19,20).

In this study, we constructed the PRS for knee and hip OA
and examined their performance for radiographic OA, clinical
OA, and total hip replacement (THR) or total knee replacement
(TKR) in 3 Dutch studies with Caucasian participants: a large
population-based cohort, a clinical cohort of patients in primary
care, and a cohort of subjects at high risk of developing knee

OA. Additionally, we investigated the optimal PRS cutoffs and
the interaction of the OA PRS with conventional risk factors in
subsequent sensitivity analyses.

PATIENTS AND METHODS

Study populations. We analyzed samples from 12,732
Dutch Caucasian individuals from 3 population-based cohorts
within the Rotterdam Study (RS-I, RS-II, RS-III) and 2 clinical
cohorts (the Cohort Hip and Cohort Knee [CHECK] study and
the Prevention of Knee OA in Overweight Females [PROOF]
study) (Figure 1, Table 1, and Supplementary Figure 1, available
on the Arthritis & Rheumatology website at https://onlinelibrary.
wiley.com/doi/10.1002/art.42246). The Rotterdam Study is a
large longitudinal population-based cohort study (21). CHECK is
a longitudinal cohort of individuals that consulted a general practi-
tioner (GP) for joint complaints for the first time, and the selection
of CHECK participants was directed toward early OA cases
(22,23). PROOF is a longitudinal study of overweight women ages
50–60 years without clinical OA at baseline (24). More details
about each cohort are provided in the Supplementary Methods
(https://onlinelibrary.wiley.com/doi/10.1002/art.42246).

Outcomes assessment. Radiographic hip and/or knee
OA was defined in all 5 cohorts by a Kellgren/Lawrence (K/L)

Figure 1. Overview of data availability and performed analysis. * = Age at onset was determined for incident radiographic osteoarthritis (OA) andwas cal-
culated as the age at first diagnosis of radiographic OA. ** = Radiographic OA progression was defined as any progression in the Rotterdam Study
(RS) with a ≥1-degree increment in Kellgren/Lawrence (K/L) score (excluding progression from K/L 0 to K/L 1 or having a total joint replacement [TJR] of
one or both joints during the follow-up period). CHECK=Cohort Hip andCohort Knee; PROOF =Prevention of KneeOsteoarthritis in Overweight Females;
BMI = body mass index; PRS = polygenic risk score; ROC = receiving operating characteristic curve; AUC = area under the ROC; OR = odds ratio. Color
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42246/abstract.
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score of ≥2 for one or both joints (25). Clinical OA in the Rotter-
dam Study was defined as reported pain in the last month and
a K/L score of ≥2 in the same hip or knee joint, and the control
group contained all participants who had not been diagnosed
as having radiographic OA by the end of the follow-up period.
In the CHECK cohort, clinical OA was defined as clinically rele-
vant hip or knee OA by a group of 36 GPs and secondary care
physicians by manually evaluating the study records over the
5–10 years of follow-up (23). Finally, clinical OA in the PROOF
cohort was defined based on the American College of Rheu-
matology criteria (26), which includes knee pain on most days
of the last month in addition to ≥3 of the following clinical find-
ings: age >50 years, stiffness <30 minutes, crepitus, bony
tenderness, bony enlargement, and no palpable warmth. Prev-
alent cases were defined at baseline. For incident cases, par-
ticipants were censored at first diagnosis, death or other loss
to follow–up, end of the study period, or after 10 years of
follow-up. Age at onset was determined for incident radio-
graphic OA and was calculated as the age at first diagnosis of
radiographic OA. A summary of the data availability and per-
formed analysis are shown in Figure 1.

We defined radiographic OA progression in the Rotterdam
Study as ≥1-degree increment of the K/L score (excluding progres-
sion from K/L 0 to K/L 1) or total joint replacement (TJR) for one or
both joints in follow-up time. As a sensitivity analysis, we examined
whether the PRS predicts OA progression across the different OA
stages by stratifying the progression cases into 3 groups: 1) “early
incident OA” includes patients with a maximum K/L score of 2 for
each joint during follow-up (K/L 0/1 to K/L 2); 2) “incident severe
OA” includes patients with a K/L score of 3 or 4 or joint replace-
ment of each joint during follow-up (from K/L 0/1 at baseline to
K/L 3+); 3) “progressive severe OA” includes cases that pro-
gressed from early OA (K/L 2) to severe OA (KL 3+) or joint replace-
ment surgery during follow-up (K/L 2+ to K/L 3+). The control
groups for all progression variables were defined separately for
hip and knee OA and contained all participants who had not been
diagnosed as having radiographic OA (K/L 2+) for either knee or
hip by the end of follow-up.

Variant selection and calculating polygenic scores.
In the Rotterdam Study, participants were genotyped using Illumi-
na’s 550k or 610k genotyping arrays and imputed to the HRC1.1

Table 1. Descriptive statistics of the study populations (n = 16,335 total participants)*

RS-I
(n = 7,983)

RS-II
(n = 3,011)

RS-III
(n = 3,932)

CHECK study
(n = 1,002)

PROOF study
(n = 407)

No. of participants with genetic
data available (female sex, %)

6,291 (60.1) 2,157 (54.4) 3,048 (56.3) 908 (79) 328 (100)

Baseline age, range/mean ± SD years 55–99/
69.5 ± 9.2

55–95/
64.8 ± 8.0

45–97/
57.1 ± 6.9

45.1–65.1/
55.9 ± 5.2

50.2–61.9/
55.8 ± 3.2

Baseline BMI, range/mean ± SD kg/m2 14.2–50.7/
26.3 ± 3.7

16.7–50.6/
27.2 ± 4.0

12.6–56.9/
27.7 ± 4.6

18.1–40.1/
26.2 ± 4.1

26.1–48.6/
31.9 ± 4.1

Hip PRS (original), range/mean ± SD† 1.33–5.07/
2.52 ± 0.29

1.59–4.73/
2.51 ± 0.3

1.57–4.86/
2.52 ± 0.29

1.74–4.77/
2.51 ± 0.29

1.78–3.4/
2.5 ± 0.27

Hip PRS (without RS), range/mean ± SD‡ 1.33–5.09/
2.54 ± 0.30

1.6–4.76/
2.54 ± 0.3

1.6–4.89/
2.54 ± 0.3

1.76–4.8/
2.54 ± 0.29

1.8–3.44/
2.53 ± 0.27

Knee PRS (original), range/mean ± SD† 0.56–1.96/
1.26 ± 0.17

0.8–1.81/
1.27 ± 0.16

0.68–1.86/
1.26 ± 0.16

0.65–1.68/
1.25 ± 0.16

0.84–1.68/
1.26 ± 0.16

Knee PRS (without RS), range/mean ± SD‡ 0.55–1.94/
1.25 ± 0.17

0.8–1.8/
1.26 ± 0.16

0.68–1.85/
1.26 ± 0.16

0.64–1.67/
1.24 ± 0.16

0.83–1.67/
1.25 ± 0.16

Radiographic OA, %
Prevalent hip 9.7 5.5 2.3 6.0 –

Incident hip 7.8 11.6 5.7 56.9 –

Prevalent knee 19.5 14.2 8.9 6.6 9.5
Incident knee 14.9 14.1 7.5 71.7 16.9

Clinical OA, %
Prevalent hip 7.8 5.4 2.0 – –

Incident hip 5.8 6.5 1.6 28.4 –

Prevalent knee 20.7 22.2 14.6 – –

Incident knee 18.1 9.9 5.5 49.6 10.7
TJR, %
Prevalent hip 3.3 2.1 1.0 – –

Incident hip 3.1 3.9 0.8 10.4 –

Prevalent knee 0.7 1.0 0.6 – –

Incident knee 1.8 3.6 1.2 5.8 –

* RS-I = Rotterdam Study cohort I; CHECK = Cohort Hip and Cohort Knee; PROOF = Prevention of Knee Osteoarthritis in Overweight Females;
BMI = body mass index; TJR = total joint replacement.
† Polygenic risk scores (PRS) based on the initially reported effect sizes for osteoarthritis (OA) in 826,690 participants across 13 cohorts world-
wide in 10 different OA phenotypes by the Genetics of OA (GO) consortium meta-analysis.
‡ PRS based on the secondary reported effect sizes for only hip OA and knee OA after excluding the Rotterdam Study from themeta-analysis by
the GO consortium.
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reference panel. In CHECK andPROOF, participantswere genotyped
using Illumina’sMEGA and Cytosnp 850K genotyping arrays, respec-
tively, and imputed to the HRC1 reference panel. Sample and variant
quality control were performed as described elsewhere (27). We
selected all 45 independent variants for hip OA and all 24 independent
variants for knee OA that were significantly (P < 1.3 × 10−8) associ-
ated, genome-wide, with hip or knee OA in the GO consortium (18).
The GO consortium performed a large-scale GWAS meta-analysis
for OA in 826,690 participants across 13 cohorts worldwide in 10 dif-
ferent OA phenotypes (Supplementary Table 1, https://onlinelibrary.
wiley.com/doi/10.1002/art.42246).

Since the Rotterdam Study was part of the original GWAS,
which could have impacted the effect estimates, the GO consor-
tium provided us with a meta-analysis for hip OA and knee OA
after excluding the Rotterdam Study cohorts. Supplementary
Table 2 and Supplementary Figure 2 (https://onlinelibrary.wiley.
com/doi/10.1002/art.42246) show the reported effect sizes with
and without the Rotterdam Study and their correlation, respec-
tively. In Supplementary Table 2, all effect sizes are reported in
the positive direction, matching with effect allele and effect allele
frequency. In the present study, we used the effect sizes after
excluding the Rotterdam Study. For making the PRS, 3 of
45 selected variants for the hip OA PRS were excluded because
of low imputation quality (R2 > 0.8) or absence in all 5 data sets,
of which 2 could be replaced by proxies with R2 > 0.9 and D0 >
0.9, and thus the hip OA PRS was constructed based on 44 vari-
ants (Supplementary Table 2). For the knee OA PRS, 3 variants
were similarly excluded and subsequently replaced by proxies
(Supplementary Table 2). We calculated the weighted continuous
PRS for hip and knee OA as follows:

PRSi =
Xk

i
bβj ×dosageij

� �

where PRSi is the polygenic score for subject i, dosageij is the

posterior probability of being a heterozygous (probability ~1.0) or
homozygous (probability ~2.0) effect allele carrier after imputations
by subject i of a variant j, k is the number of independent variants

in the polygenic score for subject i, and bβj is the weight for variant

j obtained from GWAS summary statistics. All PRS were stan-
dardized to a mean of 0 and an SD of 1 (with Z transformation)
for each of the 5 cohorts.

Statistical analysis. Age- and sex-adjusted binomial gen-
eralized linear (GLM) models were used to evaluate the association
between the continuous PRS value (expressed as SD) and out-
comes. For knee OA risk assessment, the baseline BMI (kg/m2)
was also included in the model. All analyses in the 3 Rotterdam
Study subcohorts were followed by a fixed-effect meta-analysis of
effects in the Rotterdam Study as a whole. The PRS predictive
value was compared to the traditional clinical factors (i.e., age,
sex, and BMI) using the area under the receiver operating charac-
teristic curve (AUC). For PRS cutoff analyses, participants were

partitioned into the top and bottom 5%, 10%, 20%, or 25% of the
PRS distribution, and each partition was compared to participants
in the middle 25–75% as a reference group representing the “aver-
age” Dutch Caucasian population. The absolute risks in each parti-
tion are based on 10-year incidence and compared to the reference
group. Additional gaussian GLM models were used to evaluate
PRS association with age at radiographic OA onset for incident
radiographic OA. All statistical analyses were performed using R
software, version 4.0.0 (R packages: rmeta, MASS, survminer)
and SPSS, version 28. A summary of the data availability and per-
formed analysis are shown in Figure 1.

Ethics approval. The Rotterdam Study was approved by
the Medical Ethics Committee of the Erasmus MC (registration
no. MEC 02.1015) and by the Dutch Ministry of Health, Welfare
and Sport (Population Screening Act WBO, license no. 1071272-
159521-PG). The Rotterdam Study Personal Registration Data col-
lection is filed with the Erasmus MC Data Protection Officer under
registration number EMC1712001. The Rotterdam Study was
entered into The Netherlands National Trial Register (www.
trialregister.nl) and the World Health Organization International Clini-
cal Trials Registry Platform (https://apps.who.int/trialsearch/) under
shared catalogue number NL6645/NTR6831. All participants pro-
vided written informed consent to participate in the study and to
have their information obtained from treating physicians.

The CHECK study was approved by the medical ethics com-
mittees of all participating centers, and all participants gave their
written informed consent before entering the study. The PROOF
study (International Standard Randomised Controlled Trial Num-
ber no. 42823086) was approved by the Medical Ethics Commit-
tee of Erasmus MC University Medical Centre in 2005.

RESULTS

The mean age, sex, and BMI were different across the
3 study populations (Table 1 and Supplementary Figure 1,
https://onlinelibrary.wiley.com/doi/10.1002/art.42246). The
unstandardized weighted PRS had similar normal distributions in
all cohorts (Table 1). The incidence of hip OA and knee OA is
noticeably higher in the CHECK cohort than in the other study
populations (Table 1), in which >55% (hip) and >70% (knee) of
the individuals developed radiographic OA. In the PROOF cohort,
none of the participants had prevalent clinical knee OA, and no
incident TKR was observed (Table 1).

Hip OA PRS. Within the Rotterdam Study, we observed an
odds ratio (OR) of 1.2–1.3 per SD of hip PRS in relation to preva-
lent hip OA phenotypes (Figure 2 and Supplementary Table 3,
https://onlinelibrary.wiley.com/doi/10.1002/art.42246). The PRS
for the clinical OA and THR tended to show larger effect sizes
(~1.3) compared to radiographic OA (~1.2). Similarly, the PRS
also discriminated against incident hip OA, with the same trend
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showing larger effects in clinically defined hip OA (Figure 2 and
Supplementary Table 3). In the CHECK cohort, the hip PRS had
a similar OR of 1.3 (95% confidence interval [95% CI] 0.98–1.65)
for prevalent radiographic hip OA, and no significant OR was
observed for incident hip OA (0.95 [95% CI 0.82–1.11]), irrespec-
tive of the radiographic or clinical definitions (Figure 2 and Supple-
mentary Table 3). Similarly, we did not observe a significant
association between age at onset and the hip PRS within the Rot-
terdam Study or CHECK cohort (Supplementary Table 4, https://
onlinelibrary.wiley.com/doi/10.1002/art.42246).

In the Rotterdam Study, the sensitivity analysis showed that
the hip PRS was significantly associated with radiographic pro-
gression of hip OA (OR 1.18 [95% CI 1.09–1.28]), similar to that
observed for incident radiographic OA (OR 1.15 [95% CI 1.05–
1.26]). When we stratified the analysis for progressive hip OA
patients, we found a higher risk estimate for incident severe
OA (OR 1.33 [95% CI 1.12–1.59]) and progressive severe OA
(OR 1.31 [95% CI 1.12–1.53]), compared to early incident OA
(OR 1.12 [95% CI 1.02–1.23]) (Figure 3 and Supplementary
Table 5, https://onlinelibrary.wiley.com/doi/10.1002/art.42246).

KneeOA PRS. In the RotterdamStudy, we observed anORof
~1.2 for radiographic and clinical OA for both prevalent and incident
knee OA phenotypes and a slightly higher OR (1.3) for prevalent
TKR. However, a larger OR (1.6) was observed for incident TKR. In
the CHECK study, the knee PRS showed a trend toward increased
risk of prevalent radiographic OA (OR 1.27 [95% CI 0.96–1.68]) and
incident clinical knee OA (OR 1.26 [95% CI 1.05–1.52]). For PROOF,
we observed a weaker trend of increased risk for the knee PRS with
prevalent and incident knee OA, albeit not significant (Figure 2 and
Supplementary Table 3). Similarly, we did not observe a significant
association in cohorts between age at onset and knee PRS
(Supplementary Table 4).

Also in the Rotterdam Study, the sensitivity analysis showed
that knee PRS discriminated radiographic progression of knee OA
(OR 1.18 [95% CI 1.10–1.25]) similarly to incident radiographic
knee OA (OR 1.15 [95% CI 1.06–1.24]) in the Rotterdam Study.
After stratifying the analysis for progressive knee OA cases,
we found a higher risk estimate for incident severe OA (OR 1.30

[95% CI 1.04–1.63]) and progressive severe OA (OR 1.31 [95%
CI 1.15–1.49]) compared to early incident OA (OR 1.13 [95% CI
1.05–1.23]) (Figure 3 and Supplementary Table 5).

Combining PRS with clinical factors to predict inci-
dent OA. AUCs were estimated separately for each cohort and
combined for the PRS and the clinical risk factors, including age,
sex, and BMI, in relation to predicting hip OA or knee OA. For hip
OA in the RS, the highest AUC was observed for THR. AUCs for
clinical risk factors (AUCTHR = 0.64) were higher compared to the
AUC observed for the PRS alone (AUCTHR = 0.57) and were slightly
increased in the combined model (AUCTHR = 0.66). Also, a similar
trend toward a higher AUC was observed in radiographic and clini-
cal hip OA definitions (Table 2). In the CHECK study, the AUC for
clinical risk factors (AUCTHR = 0.64) was higher than the AUC for
the PRS alone (AUCTHR = 0.56) and did not increase further in the
combined models across hip OA definitions. For knee OA in the
Rotterdam Study, the AUC for clinical risk factors (AUCTHR = 0.66)
did not improve with the addition of the knee PRS in the combined

Figure 2. Association between the hip/knee OA PRS and risk of OA according to different definitions in the 3 study populations. The results in
the Rotterdam Study are presented as a meta-analysis of the 3 subcohorts. See Figure 1 for definitions.

Figure 3. Association between OA PRS and risk of OA progression in
a meta-analysis of the Rotterdam Study of 3 cohorts. Any progression
was defined by a ≥1-degree increment of the K/L score (excluding pro-
gression from K/L 0 to K/L 1) or having a TJR of one or both joints during
the follow-up period. Early incident OA was defined by a maximum K/L
score of 2 for each joint during follow-up (i.e., K/L 0 or K/L 1 to K/L 2).
Incident severe OA was defined by a K/L score of ≥3 or TJR during
follow-up (i.e., K/L 0 or K/L 1 to K/L 3+, or TJR). Progressive severe OA
was defined by progression from early OA (K/L 2) to severe OA (K/L
3+) or TJR during follow-up. See Figure 1 for definitions.
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model. However, in the CHECK and PROOF studies, the AUCs
were slightly increased in the combined model compared to the
AUC of clinical risk factors.

Analyses of PRS cutoffs. Since results were very similar
for prevalent and incident (hip or knee) OA patients, we combined
them for reasons of power and examined various upper and lower

Table 2. Discrimination of OA risk prediction models in the study populations of knee OA and hip OA*

Study and variables

Radiographic OA Clinical OA THR

AUC (95% CI) P AUC (95% CI) P AUC (95% CI) P

Hip OA
Meta RS†
PRS 0.54 (0.51–0.56) <1.0 × 10−16 0.56 (0.50–0.63) <1.0 × 10−16 0.57 (0.52–0.61) <1.0 × 10−16

Age and sex 0.57 (0.55–0.60) <1.0 × 10−16 0.58 (0.52–0.64) <1.0 × 10−16 0.64 (0.60–0.68) <1.0 × 10−16

Age, sex, and PRS 0.59 (0.56–0.61) <1.0 × 10−16 0.62 (0.56–0.68) <1.0 × 10−16 0.66 (0.62–0.70) <1.0 × 10−16

CHECK
PRS 0.51 (0.47–0.55) 7.5 × 10−1 0.52 (0.46–0.58) 4.8 × 10−1 0.56 (0.46–0.66) 2.2 × 10−1

Age and sex 0.62 (0.58–0.65) 2.2 × 10−8 0.53 (0.47–0.59) 3.6 × 10−1 0.64 (0.55–0.72) 4.8 × 10−3

Age, sex, and PRS 0.62 (0.58–0.65) 2.2 × 10−8 0.53 (0.47–0.59) 2.7 × 10−1 0.64 (0.55–0.73) 3.8 × 10−3

Knee OA
Meta RS†
PRS 0.51 (0.50–0.53) <1.0 × 10−16 0.53 (0.51–0.57) <1.0 × 10−16 0.53 (0.51–0.56) <1.0 × 10−16

Age, sex, and BMI 0.60 (0.58–0.62) <1.0 × 10−16 0.65 (0.60–0.69) <1.0 × 10−16 0.66 (0.61–0.71) <1.0 × 10−16

Age, sex, BMI, and PRS 0.60 (0.58–0.63) <1.0 × 10−16 0.66 (0.61–0.71) <1.0 × 10−16 0.66 (0.61–0.71) <1.0 × 10−16

CHECK
PRS 0.55 (0.51–0.60) 2.4 × 10−2 0.54 (0.49–0.58) 1.5 × 10−1 0.58 (0.38–0.77) 3.6 × 10−1

Age, sex, and BMI 0.54 (0.49–0.59) 7.5 × 10−2 0.59 (0.54–0.64) 1.9 × 10−4 0.58 (0.46–0.70) 3.4 × 10−1

Age, sex, BMI, and PRS 0.57 (0.53–0.62) 2.7 × 10−3 0.60 (0.55–0.65) 3.4 × 10−5 0.65 (0.49–0.82) 6.5 × 10−2

PROOF
PRS 0.54 (0.45–0.64) 3.7 × 10−1 0.51 (0.42–0.61) 8.4 × 10−1 – –

Age and BMI 0.52 (0.44–0.61) 6.0 × 10−1 0.52 (0.41–0.64) 6.7 × 10−1 – –

Age, BMI, and PRS 0.53 (0.44–0.63) 4.9 × 10−1 0.52 (0.41–0.63) 7.4 × 10−1 – –

* Model performance was classified according to area under the receiver operating characteristic curve (AUC) scores (very poor [scores 0.50–
0.60], poor [scores 0.60–0.70], fair [scores 0.70–0.80], good [scores 0.80–0.90], and excellent [scores 0.90–1.0]). 95% CI = 95% confidence inter-
val (see Table 1 for other definitions).
† All analyses in the 3 Rotterdam Study subcohorts were followed by a fixed-effect meta-analysis of effects in the Rotterdam Study as a whole.

Figure 4. Association between the hip/knee osteoarthritis (OA) polygenic risk score and lifetime presence, prevalence, and incidence of hip/knee
OA according to radiographic, clinical, or total joint replacement definitions, as observed in a meta-analysis of the 3 Rotterdam Study cohorts.
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42246/abstract.
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PRS cutoffs versus the middle 50% of the PRS distribution. We
observed increasing OA risks in the upper tails of the PRS distri-
bution (outermost 25%, 10%, and 5%), as shown in Figure 4. This
is most clearly observed at the highest 10% of the PRS distribu-
tion in relation to all hip OA definitions used in the Rotterdam
Study: OR 1.45 (95% CI 1.18–1.78) for radiographic OA, OR
2.14 (95% CI 1.43–3.19) for clinical OA, and OR 1.48 (1.06–
2.07) for THR in the Rotterdam Study. In the Rotterdam Study,
these ORs translate to a 10-year absolute risk of 12% for
radiographic hip OA, 10% for clinical hip OA, and 4% for THR.
This was 2–4 times higher compared to the risk observed for the
individuals in the lowest 10% (Supplementary Table 6, https://
onlinelibrary.wiley.com/doi/10.1002/art.42246). Likewise, the
top 10% percentile of patients showed the highest OR (1.39
[95% CI 0.84–2.32]) in the CHECK study, although no significant
results were observed across the cutoffs (Supplementary Table 6).

Similar results were observed for the top 10% of the knee
PRS distribution in the Rotterdam Study: OR 1.24 (95% CI 1.03–
1.50) for radiographic knee OA, OR 1.38 (95% CI 0.95–2.02) for
clinical knee OA, and OR 1.94 (95% CI 1.15–3.25) for TKR. The
10-year absolute risks were 15% for both radiographic knee OA
and clinical knee OA and 4% for TKR (Figure 4 and Supplementary
Table 6). In the RotterdamStudy the risk increased further in higher
PRS cutoffs, such as the top 5% of the knee PRS, with OR 2.53
(95% CI 0.88–7.32) for TKR, corresponding with a 10-year abso-
lute risk of 6%. However, no significant results were observed in
the CHECK and PROOF studies (Supplementary Table 6).

DISCUSSION

The findings of the present study confirmed the association
of PRS with radiographic OA, clinical OA, THR/TKR, and radio-
graphic OA progression across different populations. Also, we
observed a modest but significant discriminatory ability of hip
PRS and knee PRS across all OA definitions. Overall, prevalent
OA, incident OA, and any OA progression of hip OA were associ-
ated with a similar OR of 1.2–1.3 per SD in PRS and varied slightly
more for knee OA with an OR of 1.1–1.6 per SD in PRS in the
population-based setting studies. Our results showed a possible
clinically relevant increased risk (1.5–2.2 fold) of OA in the upper
5–25% tails of the PRS distribution compared to the average
population in the population-based studies. We also observed a
robust association of PRS with progressive severe OA. In the
CHECK and PROOF cohorts, results where more scattered, most
likely due to power and study setting.

Our results showed a stronger association of clinical OA and
TJR compared to radiographic OA. This could be caused by the
case definitions used in the discovery of GWAS, in which ~80%
of cases were defined by TJR (44% of total) and clinical codes
from the International Statistical Classification of Diseases and
Related Health Problems, Tenth Revision (unilateral/bilateral pri-
mary hip OA or knee OA and primary arthrosis of pelvic region or

thigh or lower leg), which may have yielded higher power for clini-
cal OA and TJR, as observed in our study (18). Similarly, the asso-
ciation with incident severe cases was stronger than early incident
OA in our study population, which may be caused by the same
case definition bias in the discovery GWAS and was most likely
driven by TJR cases. The PRS is therefore valuable in identifying
future TJR cases. To identify variants for early detection as one
of the main aims of early OA prediction in the clinic (12), we sug-
gest stratifying the discovery GWAS and providing weights or var-
iants per subphenotypes (e.g., for early versus severe OA). This
approach is not only relevant for the different OA sites and OA
severity, but also for different aspects of OA, such as osteophyto-
sis versus cartilage degradation.

The (large) population-based Rotterdam Study showed
stronger PRS associations than the (smaller) CHECK and PROOF
clinical cohorts. Although we used the corrected effect sizes for
constructing PRS in this study (excluding the Rotterdam Study
from the GO consortium meta-analysis), the results based on
the original effect size overall showed highly similar performance
of PRS across the OA definitions and cohorts (Supplementary
Figure 3, https://onlinelibrary.wiley.com/doi/10.1002/art.42246).
This can be explained by the small contribution of Rotterdam
Study sample sizes in the GO consortium, which was only 1.3%
of the total study sample.

Aside from power differences, the difference in association
results between cohorts might be due to the inclusion criteria for
clinical cohorts, which included either participants with early-
stage OA-like symptoms (CHECK) or those with high BMI (≥27
kg/m2; PROOF). Therefore, the individuals that do not show OA
progression in these studies are not like population-based con-
trols, which may diminish the association of the OA PRS within
the clinical cohorts. One solution would be to use the controls
from the Rotterdam Study for all comparisons, but due to the dif-
ferences in genotyping platform and processing, this is not
straightforward. Methodology for such comparisons or reference
population values would aid in comparing PRS directly across
studies.

Another concern that could possibly influence the associa-
tion of the PRS is the underlying biology of the particular variants
contained within the genetic score. The most recent GWAS of
the GO consortium showed a large genetic correlation between
knee OA and BMI (~45%), which could diminish the effect of
the OA PRS in high-BMI individuals (18). This explains the poor
PRS performance in the PROOF study (all obese women) and
the lack of predictive value above clinical risk factors such
as BMI.

PRS performance could be improved by looking at a
selection of included variants in that PRS based on statistical
robustness and/or underlying biology. For example, the GO con-
sortium has demonstrated new associations for 16 of 44 variants
in hip PRS and 11 of 24 variants in knee PRS. This increment of
associated variants suggests that we may still find more variants
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by increasing the sample size. Also, bigger sample size can help
for effect sizes accuracy for the variants. Regarding underlying
biology, variants for an OA PRS could be evaluated on the partic-
ular biologic mechanisms involved (e.g., transforming growth fac-
tor β pathway) (18). However, we need to consider that identifying
pathways for variants does not have a standard practice (28), and
a lack of standardized methodology is observed in this area.

Current clinical applications of genetic information focus on
finding (very) rare Mendelian variants in a few families with a segre-
gating OA disease (29–31), causing early-onset familial forms of the
disease (31), yet PRS-based risk assessment can identify another
and much larger fraction of the population at clinically relevant
increased risk (32). However, the added value of using such PRS
depends on the setting. In a clinical setting, especially in secondary
care, OA disease has progressed too far for efficient intervention
(33). It might be more effective to explore genetic OA risk assess-
ment in a prevention setting, such as a GP clinic, such as the risk
assessment in PROOF based on the Rotterdam Study results.

Currently, patients that report to the GP with joint complaints,
such as pain or stiffness, receive pain relief medication in addition to
advice on lifestyle changes, including weight loss and increased phys-
ical activity (1). The challenge of these interventions is their long dura-
tion, which may increase complaints when they are not successful.
Calculating OA PRS in this population could identify the 5% or 10%
of individuals whose disease is most likely to progress into OA, who
could then be monitored more intensively to identify early OA symp-
toms and/or receive earlier and/or more severe interventions. In this
case, with adequate and timely preventivemeasures, a patient’s refer-
ral to secondary care is reduced. However, clinical trials will be needed
to evaluate the additive value of the PRS to current procedures.

Similarly, in secondary care, TJR as end-stage OA treatment is
examined in the event of a significant reduction in quality of life, such
as marked restriction of daily activities during treatment or failure of
appropriate conservative options after 6 months (34). Here, if sup-
portive treatments are unsuccessful, the referral time to an orthope-
dic surgeon could be reduced if the physician is aware of the
patient’s risk for progression. Combining theOAPRSwith clinical risk
factors can provide a clearer picture of the need for surgery,
e.g., through prediction of disease progression or by including PRS
that assess adverse treatment outcomes such as chronic pain.
Includingmore risk-based information such as PRS at this timemight
distribute the available surgeries to patientsmost likely to benefit from
them and provide care in the most cost-effective manner (35–37).

Our study had several major strengths. The PRS were exam-
ined for prevalence, incidence, and any progression of 3 common
definitions of OA and provided a great opportunity to compare
PRS performance between and within phenotypes. Also, to under-
stand the nature of PRS behavior in different settings, we used 3 dif-
ferent study settings to survey the PRS, the population-based
setting, the clinical setting, and the clinical high-risk population. Nev-
ertheless, our study also has some limitations. First, the variants
identified by the GO consortium do not explain all of the genetic risks

for OA (i.e., 11% of 44% heritability for knee OA and 21% of 58%
heritability for hip OA). Thus, the performance of the PRS will
increase when additional variants are uncovered. Also, our current
PRS are not powered based on certain subphenotypes or clinical
definitions related to OA (e.g., osteophytes versus joint space nar-
rowing or joint pain). We also did not use PRS for particular OA clin-
ical risk factors, such as BMI or pain. Adding such PRS to the
genetic profiling for OA could improve high-risk case finding efforts
in early preventive settings. Second, the sample size for certain anal-
yses was modest, both in the clinical cohorts and at the tail of the
PRS distribution in the population cohort.

More extensive studies are needed to clinically identify the
exact cutoffs of PRS risk distributions. In addition, the PRS pro-
duced in this study were constructed and validated in European
populations. To have an applicable PRS in clinical practice, we
need to add validated variants from other ethnicities or adjust
the weights of the PRS based on the effect size of the other ethnic
groups. Finally, due to the nature of the population study, people
with more symptoms are less likely to participate in the studies.
In this regard, participants in population studies can be healthier
than the general population. This suggests that risk assessment
can be underestimated, which may apply to our PRS.

In conclusion, the PRS we analyzed for knee OA and hip OA
seem to be robust risk estimators since they were associated with
the risk of developing OA across several diverse definitions that
we evaluated in this study: incident radiographic OA, incident clin-
ical OA, any OA progression, and TJR. Since OA is becoming
increasingly frequent in the general population and primary pre-
vention is not commonly applicable, PRS-based risk assessment
could constitute a valuable addition to OA prevention and man-
agement in health care systems. Further studies will be required
to test the practical applications of polygenic risk information in
modifying and updating screening guidelines or guiding lifestyle
and medical interventions in the clinical setting.
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Effects of Anti–Tumor Necrosis Factor Therapy on
Osteoblastic Activity at Sites of Inflammatory and
Structural Lesions in Radiographic Axial Spondyloarthritis:
A Prospective Proof-of-Concept Study Using Positron
Emission Tomography/Magnetic Resonance Imaging of
the Sacroiliac Joints and Spine

Nils Martin Bruckmann,1 Christoph Rischpler,2 Styliani Tsiami,3 Julian Kirchner,1 Daniel B. Abrar,1 Timo Bartel,2

Jens Theysohn,1 Lale Umutlu,1 Ken Herrmann,2 Wolfgang P. Fendler,2 Christian Buchbender,1 Gerald Antoch,1

Lino M. Sawicki,1 Athanasios Tsobanelis,3 Juergen Braun,3 and Xenofon Baraliakos3

Objective. Proof-of-concept trial to determine the effects of tumor necrosis factor inhibitor (TNFi) therapy on oste-
oblastic activity at sites of inflammatory and structural lesions in patients with radiographic axial spondyloarthritis
(SpA), using fluorine 18–labeled NaF (18F-NaF) positron emission tomography/magnetic resonance imaging (PET/MRI).

Methods. Sixteen patients with clinically active radiographic axial SpA were prospectively enrolled to receive TNFi
treatment and undergo 18F-NaF PET/MRI of the sacroiliac (SI) joints and spine at baseline and at a follow-up visit 3–6
months after treatment initiation. Three readers (1 for PET/MRI and 2 for conventional MRI) evaluated all images,
blinded to time point. Bone marrow edema, structural lesions (i.e., fat lesions, sclerosis, erosions, and ankylosis), and
18F-NaF uptake at SI joint quadrants and vertebral corners (VCs) were recorded.

Results. Overall, 11 male and 5 female patients (mean age ± SD 38.6 ± 12.0 years) were followed up for a mean duration
of 4.6 months (range 3–6). 18F-NaF PET/MRI was conducted on SI joints for 16 patients and the spine for 10; 128 SI joint quad-
rants and 920 VCswere analyzed at each time point. At baseline, 18F-NaF uptake was demonstrated in 96.0%of SI joint quad-
rantswith bonemarrow edema, 94.2%with sclerosis, and 88.3%with fat lesions. At follow-up, 65.3%of SI joint quadrantswith
bone marrow edema (P < 0.001), 33.8% with sclerosis (P = 0.23), and 24.5% with fat lesions (P = 0.01) had less 18F-NaF
uptake, compared with baseline. For VCs, 18F-NaF uptake at baseline was found in 81.5% of edges with sclerosis, 41.9%with
fat lesions, and 33.7%with bonemarrow edema. At follow-up, 73.5%of VCs with bonemarrow edema (P = 0.01), 53.3%with
fat lesions (P = 0.03), and 55.6% with sclerosis (P = 0.16) showed less 18F-NaF uptake, compared with baseline.

Conclusion. Anti-TNF antibody treatment led to a significant decrease in osteoblastic activity within 3–6 months,
especially, but not solely, at sites of inflammation. Larger data sets are needed for confirmation of the antiosteoblastic
effects of TNFi for the prevention of radiographic progression in axial SpA.

INTRODUCTION

Radiographic axial spondyloarthritis (SpA), also known as

ankylosing spondylitis (AS) (1), is a chronic inflammatory rheu-

matic disease, representing the most advanced form of axial

SpA (2). In its early phase, the disease is characterized by chronic

inflammation in the lower back and inflammation in the sacroiliac

(SI) joints (3). As the disease progresses, inflammation may

extend to the spine, potentially resulting in complete stiffness of

the axial skeleton and postural deformation, which are associated
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with severe physical disability and reduced quality of life (4,5).
Treatment comprises nonpharmacologic and pharmacologic
interventions, with the latter involving nonsteroidal antiinflamma-
tory drugs (NSAIDs) as a first step. Among patients who do not
respond to NSAID treatment, biologic disease-modifying anti-
rheumatic drugs (bDMARDs), such as antibodies inhibiting
tumour necrosis factor (TNFi) or interleukin-17, are efficacious (6).

Imaging plays an essential role in the diagnosis and manage-
ment of axial SpA and may also be used for assessment of treat-
ment responses, especially in clinical trials (7,8). The current gold
standard imaging technique in axial SpA is magnetic resonance
imaging (MRI), since it can assess changes in inflammation, such
as bone marrow edema, as well as structural damage, such as
fat lesions, erosion, sclerosis, and ankylosis (7,9,10). The intro-
duction of hybrid imaging techniques such as positron emission
tomography/computed tomography (PET/CT) and PET/MRI has
provided additional insights into the pathogenesis and metabolic
activity of radiographic axial SpA (11). Therefore, use of the
osteoblast-specific radiotracer fluorine 18–labeled NaF (18F-NaF)
to visualize local osteoblastic activity in inflammatory and struc-
tural lesions due to radiographic axial SpA has recently increased
(11–13). These studies confirmed that the level of osteoblastic
activity was especially high at sites where bone marrow edema
and fat lesions had been detected by MRI and that bone marrow
edema and fat lesions are associated with the development of
syndesmophytes and new bone formation (14). This is consistent
with findings of recent biopsy studies involving patients with radio-
graphic axial SpA (15).

Treatment with TNFi continuously for ≥4 years has been
shown to result in lower rates of radiographic progression than
treatment with non-bDMARDs (7,16–18). This is very likely due
to the beneficial effect of bDMARDs on early spinal inflammation
as compared to their minimal impact on more advanced disease.
However, a direct effect of bDMARDs on osteoblastic activity has
not been proven to date. In this prospective, observational, proof-
of-concept study, we used 18F-NaF PET/MRI to analyze the effect
of TNFi on osteoblastic activity in disease-specific lesions
detected by MRI in the SI joints and the spine of patients with
active radiographic axial SpA.

PATIENTS AND METHODS

Patients and treatment. This observational proof-of-
concept study was approved by the institutional research com-
mittee of the University Duisburg-Essen (protocol 17-7709-BO)
and accorded with the principles of the 1964 Declaration of Hel-
sinki and its later amendments. Written informed consent was
obtained from all individual participants prior to their enrollment
in the study.

The main inclusion criteria were 1) diagnosis of radiographic
axial SpA by the treating rheumatologist, based on the presence
of advanced radiographic changes in the SI joints according to

the modified New York criteria for AS (19), 2) evidence of active
disease, based on a Bath AS Disease Activity Index (BASDAI)
score of ≥4 despite treatment with a full dose of at least 2 NSAIDs
for ≥4 weeks prior to imaging (20), and 3) presence of at least
1 inflammatory lesion on MRI of the SI joints or spine. Pretreat-
ment with bDMARDs was not allowed. If a decision was made
to treat a patient with a compound other than TNFi, the patient
was not eligible for study participation. According to the study
protocol, treatment had to be initiated within 1 week after the
baseline (i.e., initial) MRI. Follow-up imaging was performed at
least 3–6 months after treatment initiation, based on the availabil-
ity of the patient.

Specifications of conventional MRI and PET/MRI. All
18F-NaF PET/MRI examinations were performed on an inte-
grated 3.0T PET/MRI system (Biograph mMR, Siemens
Healthineers) in a caudocranial direction. Scanning was
performed during the mineralization phase, 40 minutes
after intravenous injection of a mean ± SD 18F-NaF dose
of 161 ± 8 MBq. Images were prepared as described by Buch-
bender et al (11). An attenuation-correction map (μmap) in
coronal orientation was generated using a transaxial acquired
high-resolution CAIPIRINHA (controlled aliasing in parallel
imaging results in higher spatial acceleration), T1-weighted,
3-dimensional Dixon-VIBE (volumetric interpolated breath-hold
examination) sequence. In addition, a bone atlas and a trunca-
tion correction proposed by Blumhagen et al (21) were used
(22–24). The scanning parameters for the sequences used in
this study are shown in Table 1.

Analysis of MRI and PET scans. Three experienced
readers (1 nuclear medicine specialist [for PET data] and 2 radiolo-
gists [for conventional MRI data]) blinded to time point
(i.e., baseline versus follow-up) and patient demographic charac-
teristics independently evaluated all MRI and PET scans in paired
order.

SI joints. The iliac and sacral parts of each SI joint were sub-
divided into an upper part (including the first sacral foramen)
and a lower part (including the second and third foramen),
resulting in 4 SI joint quadrants per side. All SI joint quadrants
were evaluated in a binary way for the presence or absence of
inflammatory activity (i.e., bone marrow edema, based on the
STIR sequence, and chronic structural changes to bone, such
as fat lesions, erosion, sclerosis, and ankylosis, based on the
T1-weighted turbo spin-echo sequence). Each SI joint quadrant
was also assessed for the presence or absence of 18F-NaF
uptake.

Spine. All vertebral bodies were divided into 4 vertebral cor-
ners (VCs; superior anterior, superior posterior, inferior posterior,
and inferior anterior). Similar to the evaluation of SI joints, the pres-
ence or absence of bone marrow edema was assessed on the
basis of the STIR sequence, and the presence or absence of
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structural lesions such as fat lesions and sclerosis was assessed
using the T1-weighted turbo spin-echo sequence. Each VC was
also assessed for the presence or absence of 18F-NaF uptake
on mineralization phase PET (11,14).

Osteoblastic activity. For semiquantitative analysis of osteo-
blastic activity, maximum standardized uptake values (SUVmax)
were measured using a volume of interest covering the entire indi-
vidual lesion at each SI joint quadrant or VC. Focal 18F-NaF
uptake was defined as a visually detectable uptake of 18F-NaF
that was greater than the level in adjacent bone marrow.

Statistical analysis.Only lesions that were identified by the
2 readers of MRIs at each imaging time point were used for analy-
ses. Data are presented as the mean ± SD, the mean (range), or
percentage (95% confidence interval [95% CI]). Proportions of SI
joint quadrants showing bone marrow edema, fat lesions, ero-
sions, sclerosis, or ankylosis, or any combination of these findings
and focal 18F-NaF uptake were calculated to investigate the rela-
tion between MRI-based changes in inflammation before and after
initiation of TNFi therapy and local osteoblastic activity visualized
by PET/MRI. McNemar’s test was performed to compare results
between baseline and follow-up examinations. A P value of less
than 0.05 was considered to indicate statistical significance. Wil-
coxon’s signed rank test was used to assess differences between
SUVmax before and SUVmax after treatment initiation. Statistical
analysis was performed using SPSS, version 24 (IBM).

Data availability. The data sets used and/or analyzed dur-
ing the current study are available from the corresponding author
on reasonable request.

RESULTS

Demographic characteristics and image availability.
Sixteen patients were included. All patients had complete data sets
of SI joint images, and 10 had complete data sets of spinal images,

permitting analysis of 128 SI joint quadrants and 920 VCs. The
mean ± SD age at baseline was 38.3 ± 12.0 years, 11 patients
(68.8%) were male (including 7 of 10 [70%] with spinal images),
and 13 patients (81.3%) were HLA–B27 positive. Mean ± SD clini-
cal values at baseline were 6.1 ± 1.6 (range 4.1–7.9) for the BAS-
DAI, 3.4 ± 0.7 (range 2.1–4.9) for the Ankylosing Spondylitis
Disease Activity Score (ASDAS) (25), and 1.0 ± 1.3 mg/dl (range
0.0–4.4) for the C-reactive protein level (Table 2). The mean follow-
up period was 4.6 months (range 3–6 months).

Analysis of follow-up data showed that all patients improved
during treatment. The mean ± SD BASDAI score decreased to
4.1 ± 1.5 (range 2.1–7.4), although 5 patients (31.3%) still
reported a BASDAI score of >4, which is indicative of advanced
disease on the 10-point index. The mean ± SD ASDAS
decreased to 2.1 ± 0.5 (range 1.6–3.2) during treatment, with all
5 patients exhibiting a BASDAI score of >4 also having an ASDAS
of >2.1. Finally, the mean ± SD C-reactive protein level
decreased to 0.1 ± 0.2 mg/dl (range 0.0–0.5) (Table 2).

Evaluation and quantification of pathologic lesions
in SI joints. Of the 128 SI joint quadrants, 75 (58.6 %) showed
bone marrow edema, 120 (93.8%) showed fat lesions,
69 (53.9%) showed sclerosis, 99 (77.3%) showed erosions, and
16 (12.5%) showed ankylosis at baseline; focal 18F-NaF uptake
was visible in 111 (86.7%), with a mean ± SD SUVmax of
14.637 ± 4.687. Increased 18F-NaF uptake in SI joint quadrants
was most frequently associated with bone marrow edema
(72 [96%] of 75 quadrants), but uptake was also in a high percent-
age of quadrants showing sclerosis (65 [94.2%] of 69), fat lesions
(106 [88.3%] of 120), erosions (86 [86.9%] of 99), and ankylosis
(14 [87.5%] of 16; all 14 were associated with 5 patients). All SI
joint quadrants showing 18F-NaF uptake also had at least 1 type
of lesion detected on conventional MRI at baseline.

At follow-up, 37 SI joint quadrants showed bone marrow
edema (including 3 that did not show bone marrow edema at
baseline), for a net reduction of 50.7% (95% CI 38.9–62.4;

Table 1. Scanning parameters of the fluorine 18–labeled NaF positron emission tomography/magnetic resonance
imaging sequences used to determine the effect of tumor necrosis factor inhibitor therapy on osteoblastic activity in
patients with radiographic axial spondyloarthritis*

Sequence Orientation(s)
TE/TR,
msec

Slice
thickness,

mm
Matrix

size, pixels
Field of

view, mm2

T1-weighted 3D Dixon-VIBE
with fat suppression

Semicoronal 2.46/3.97 3.12 192 × 158 492 × 450

T1-weighted TSE Sagittal for VCs,
semicoronal for SI
joints

12/650 3.6 448 × 224 715 × 322

T2-weighted STIR with fat
suppression

Sagittal for VCs,
semicoronal for SI
joints

57/6,180 3.0 384 × 230 250 × 250

T1-weighted STIR with fluid
suppression

Semicoronal for SI joints 11/2,840 3.0 448 × 314 250 × 250

* TE = echo time; TR = repetition time; 3D = 3-dimensional; VIBE = volumetric interpolated breath-hold examina-
tion; TSE = turbo spin-echo; VCs = vertebral corners; SI = sacroiliac.
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Table 2. Demographic characteristics, clinical characteristics at baseline and follow-up, and changes between the 2 time
points among patients with radiographic axial spondyloarthritis who underwent fluorine 18–labeled NaF (18F-NaF) positron
emission tomography/magnetic resonance imaging to determine the effect of tumor necrosis factor inhibitor (TNFi) therapy
on osteoblastic activity*

Patient, sex, age,
imaging time point† TNFi duration, week BASDAI ASDAS CRP level, mg/dl

SUVmax‡

SI joints Spine

1, M, 26 years
Baseline 0 6.4 3.5 0.1 16.254 –

Follow-up 16 5.0 3.0 0.0 11.203 –

Change – −1.4 −0.5 −0.1 −5.051 –

2, M, 52 years
Baseline 0 5.6 3.2 0.5 15.979 –

Follow-up 24 3.6 1.7 0.2 11.696 –

Change – −2.0 −1.5 −0.3 −4.283 –

3
Baseline 0 5.2 3.8 1.5 20.464 –

Follow-up 24 2.4 1.6 0.0 10.000 –

Change – −2.8 −2.2 −1.5 –10.464 –

4
Baseline 0 6.0 3.0 0.3 7.534 –

Follow-up 24 3.8 1.9 0.0 5.354 –

Change – −2.2 −1.1 −0.3 −2.180 –

5
Baseline 0 5.6 3.7 1.6 7.505 –

Follow-up 12 4.0 2.2 0.2 10.102 –

Change – −1.6 −1.5 −1.4 2.597 –

6
Baseline 0 6.5 3.1 0.0 24.154 –

Follow-up 16 5.9 2.6 0.1 11.106 –

Change – −0.6 −0.5 0.1 –13.048 –

7
Baseline 0 6.0 3.2 1.1 14.620 15.695
Follow-up 16 2.2 1.6 0.4 11.225 7.290
Change – −3.8 −1.6 −0.7 −3.395 −8.405

8
Baseline 0 7.9 4.4 1.2 15.332 19.455
Follow-up 12 3.8 1.9 0.0 9.550 13.763
Change – −4.1 −2.5 −1.2 −5.782 −5.692

9
Baseline 0 4.1 2.5 1.2 9.291 5.314
Follow-up 16 2.1 1.7 0.0 11.323 9.797
Change – −2.0 −0.8 −1.2 2.032 4.483

10
Baseline 0 7.5 3.2 0.1 16.534 17.200
Follow-up 20 6.2 2.2 0.1 14.535 13.708
Change – −1.3 −1.0 0.0 −1.999 −3.492

11
Baseline 0 6.9 4.9 4.4 8.312 19.965
Follow-up 20 2.3 2.0 0.2 10.426 10.256
Change – −4.6 −2.9 −4.2 2.114 −9.709

12
Baseline 0 6.4 3.2 0.1 15.662 0.000
Follow-up 16 5.1 2.7 0.3 11.950 0.000
Change – −1.3 −0.5 0.2 −3.712 0.000

13
Baseline 0 4.9 3.8 3.6 16.453 25.159
Follow-up 24 3.6 1.8 0.2 13.375 17.343
Change – −1.3 −2.0 −3.4 −3.078 −7.816

14
Baseline 0 7.5 3.6 0.3 11.930 0.000
Follow-up 20 7.4 3.2 0.5 14.805 0.000
Change – −0.1 −0.4 0.2 2.875 0.000

(Continued)
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P < 0.01). No significant changes between baseline and follow-
up were observed for chronic lesions (Figures 1 and 2).

An improvement in 18F-NaF uptake was observed for all
lesion types. The largest effect was observed for lesions associ-
ated with bone marrow edema, with 47 (65.3% [95% CI 53.1–
76.1]) fewer SI joint quadrants showing 18F-NaF uptake at
follow-up (P < 0.01) (Figures 1 and 2). Of the 3 SI joint quadrants
with new onset of bone marrow edema at follow-up, 2 did not
show 18F-NaF uptake at baseline or follow-up, whereas 1 had
uptake at baseline and follow-up.

Quantification of osteoblastic activity demonstrated that
the mean SUVmax for all SI joint quadrants decreased signifi-
cantly during the study, from 14.637 at baseline to 11.466 at
follow-up (change, –3.171 [range –13.050, 2.875]; P < 0.01).
Four patients had a very minor increase in mean SUVmax (range
2.031–2.875) without worsening clinical scores. No relation

between changes in mean SUVmax and clinical scores was
observed (Table 2).

Evaluation and quantification of pathologic lesions
in the spine. Of the 920 VCs, 101 (11.0%) showed bone mar-
row edema, 62 (6.7%) showed fat lesions, and 11 (1.2%) showed
sclerosis at baseline; increased 18F-NaF uptake was found in
77 VCs (8.4%), with a mean ± SD SUVmax of 11.873 ± 9.140.
Increased 18F-NaF uptake was most frequently associated with
sclerosis (9 [81.8%] of 11 VCs) and less commonly associated
with fat lesions (26 [41.9%] of 62 VCs) or bone marrow edema
(34 [33.7%] of 101 VCs).

At follow-up, bone marrow edema was still found in 34 VCs
(including 6 that did not show bone marrow edema at baseline),
for a net reduction of 66.3% (95% CI 57.1–75.6; P < 0.01),
whereas fat lesions were found in 15 VCs, for a net reduction of

Table 2. (Cont’d)

Patient, sex, age,
imaging time point† TNFi duration, week BASDAI ASDAS CRP level, mg/dl

SUVmax‡

SI joints Spine

15
Baseline 0 7.6 3.4 0.5 15.858 15.950
Follow-up 12 3.7 1.7 0.1 15.573 0.000
Change – −3.9 −1.7 −0.4 −0.285 –15.950

16
Baseline 0 4.1 2.1 0.1 18.313 0.000
Follow-up 12 3.8 1.9 0.0 11.227 0.000
Change – −0.3 −0.2 −0.1 −7.086 0.000

* BASDAI = Bath Ankylosing Spondylitis Disease Activity Index; ASDAS = Ankylosing Spondylitis Disease Activity Score;
CRP = C-reactive protein; SI = sacroiliac.
† Imaging was performed before initiation (baseline) and after the specified duration (follow-up) of TNFi therapy.
‡ For semiquantitative analysis of osteoblastic activity, the maximum standardized uptake value (SUVmax) for

18F-NaF in
SI joint quadrants and spinal vertebral corners was determined. For patients 1–6, imaging of the spine was not
performed.

Figure 1. Number of sacroiliac joint quadrants showing lesions on conventional magnetic resonance imaging (MRI) and those showing uptake of
fluorine 18–labeled NaF on positron emission tomography (PET)/MRI at baseline (dark gray) and after 4 months of treatment with tumor necrosis
factor inhibitors (light gray) among patients with radiographic axial spondyloarthritis. The bold numbers show the percentage decrease between
baseline and follow-up. Statistically significant differences are indicated by the red box. BME = bone marrow edema; FL = fat lesions.

EFFECTS OF ANTI-TNF THERAPY IN AXIAL SPONDYLOARTHRITIS, BASED ON PET/MRI 1501



75.8% (95% CI 62.8–84.8; P < 0.01). Sclerosis was found in
43 VCs, which was significantly greater than the number at base-
line (Figures 3 and 4).

Similar to the analysis of SI joints, the largest reduction in
18F-NaF uptake was found in lesions associated with bone
marrow edema, with 25 (73.5% [95% CI 43.3–71.6]) fewer VCs
showing uptake at follow-up (P = 0.01). In comparison,
18 (69.2%) fewer VCs associated with fat lesions (P = 0.03) and

5 (55.6%) fewer VCs associated with sclerosis (P = 0.16) showed
18F-NaF uptake at follow-up (Figures 3 and 4).

Quantification of osteoblastic activity showed that the mean
SUVmax for all VCs decreased significantly, from 11.873 at base-
line to 7.215 at follow-up (change, –4.658 [range –15.950,
4.483]; P < 0.025). Only 1 patient had a slight increase in her
mean SUVmax. Similar to findings for SI joints, no relation between
changes in SUVmax and clinical outcomes was observed (Table 2).

Figure 2. Findings of sacroiliac joint imaging at baseline (A–D) and follow-up (E–H) for a 34-year-old patient with clinically active radiographic
axial spondyloarthritis. Shown are areas of sclerosis and erosions (thin white arrows) and extensive surrounding bone marrow edema and fatty
degeneration (thick white arrow) on scans obtained by a T2-weighted turbo inversion recovery magnitude (T2w TIRM) sequence (A) and
T1-weighted volumetric interpolated breath-hold examination with fat suppression (T1w fs VIBE) (B), as well as evidence of osteoblastic activity
based on increased signal on fluorine 18–labeled NaF (18F-NaF) PET/MRI (C and D; black arrows). Follow-up imaging after 4 months of tumor
necrosis factor inhibitor treatment showed significant decrease in osteoblastic activity (black arrows). See Figure 1 for other definitions.

Figure 3. Number of vertebral corners showing lesions on conventional MRI and those showing uptake of fluorine 18–labeled NaF on PET/MRI
at baseline (dark gray) and after 4 months of treatment with tumor necrosis factor inhibitors (light gray) among patients with radiographic axial
spondyloarthritis. The bold numbers show the percentage decrease between baseline and follow-up. See Figure 1 for definitions.
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DISCUSSION

With this study, we are the first to show that TNFi therapy
decreases osteoblastic activity in the SI joints and spine of
patients with active radiographic axial SpA within a few months
after treatment initiation. As expected, there was clinical improve-
ment at the group level, as assessed by a decrease in BASDAI
and ASDAS values, including a significant decrease in C-reactive
protein levels. The effect of the treatment on bone metabolism
was demonstrated on the basis of a detailed analysis of bone
marrow edema, fat lesions, sclerosis, and ankylosis on MRI in
comparison to the quantification of osteoblastic activity on PET.
Overall, we found a significant reduction of bone marrow edema
in both the SI joints and the spine, whereas the beneficial effect
on osteoblastic lesions mostly involved those that were present
in combination with bone marrow edema prior to treatment initia-
tion. These findings were independent of the anti-TNF compound
used (data not shown). In comparison, no changes were
observed for chronic lesions of the SI joints, whereas a decrease
in fat lesions and an increase in sclerotic lesions were observed
in the analysis of spinal VCs at follow-up. Taking into account
the short follow-up duration, these data are in line with earlier
observations (26) that inflammation and new bone formation are
not directly linked but instead represent a reparative process that
occurs via erosive, sclerotic, and fat transformation (27) and ends
in ankylosis.

Analysis of the lesion types with respect to changes in
osteoblastic activity showed a reduction in 18F-NaF uptake at
follow-up in both the SI joints and the spine and for both active
and chronic lesions. However, the difference in reduction in the
SI joints as compared to that in the spine was not statistically
significant. This might have been because axial SpA in all
patients was in the more advanced, radiographic stage, when
the SI joints had likely been affected by the disease for a longer
period than the spine, which is generally affected later during
the disease course.

On the other hand, no relation was found between the clin-
ical response to TNFi treatment and changes in the quantifica-
tion of osteoblastic activity as measured by the SUVmax.
Interestingly, overall and despite disease activity status at
follow-up, as assessed by both the BASDAI and the ASDAS,
all patients benefited from treatment, but not all of them
achieved low disease activity. Still, quantification of osteoblastic
activity demonstrated that the SUVmax decreased, stayed simi-
lar, or, on rare occasion, showed only a minor increase. These
data indicate that the magnitude of the treatment effect at the
structural level, as assessed by imaging, may not necessarily
reflect the magnitude of its effect on treatment outcomes, which
might depend on the tool used to assess global disease activity
or on the effect of comorbidities, such as concomitant fibromy-
algia (28–31). Another explanation for this observation may be
that, in some patients, treatment with TNFi but also with other

Figure 4. Findings of thoracic spine imaging at baseline (A–D) and follow-up (E–H) for a 40-year-old patient with clinically active radiographic
axial spondyloarthritis. At baseline, signs of extensive bone edema are evident in the thoracal vertebral bodies (A and B; white arrows) with evi-
dence of osteoblastic activity based on increased signal on fluorine 18–labeled NaF (18F-NaF) PET/MRI (C andD; black arrow). Follow-up imaging
after 4 months of tumor necrosis factor inhibitor treatment (E–H) showed visible decrease of inflammation and osteoblastic activity (white arrows,
black arrow). T2w TIRM = T2-weighted turbo inversion recovery magnitude; T1w fs VIBE = T1-weighted volumetric interpolated breath-hold
examination with fat suppression (see Figure 1 for other definitions).
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bDMARDs needs >6 months to reach its full potency with
regard to clinical outcomes and structural changes (32,33).
However, because the effects of treatment were most visible
during the early course of disease, when inflammatory activity
was present (i.e., at sites where tissue is just beginning to trans-
form), and less apparent in terms of PET findings and chronic
changes, these findings might also be applicable to patients
with nonradiographic axial SpA (34).

Some limitations of this study need to be taken into
account. Importantly, the sample size in our study was too small
to yield strong conclusions about the effect of TNFi on bone
metabolism. Furthermore, we did not include bDMARDs other
than TNFi in our analysis. We therefore see these results as a
proof of concept for future research to understand the expected
“disease-modifying” effect of bDMARDs, including TNFi, in
patients with radiographic axial SpA (16–18). In an era of
broader use of such treatments due to the wide application of
biosimilar agents, this information is of great importance for
both physicians and patients. Furthermore, as mentioned
above, the follow-up period may have been too short to demon-
strate the full effect of treatment in all patients. Nevertheless, it is
still impressive that, despite this relatively short follow-up
period, a clear effect was seen in the imaging analyses. It would
be interesting to study these effects over longer follow-up
periods and to determine whether the benefit of TNFi therapy
becomes even more pronounced. Finally, PET/MRI technology
is only available in larger centers and is associated with a high
level radiation exposure if performed often, making frequent
use of the technology unfeasible.

Together, the results of this observational proof-of-concept
study suggest that early initiation of antiinflammatory therapy with
TNFi may have a beneficial, antiosteoblastic effect that results in
regression of radiographic progression in patients with active
radiographic axial SpA. Further research involving larger patient
collectives is needed to confirm these results. It will also be inter-
esting to see whether treatment with other bDMARDs, such as
interleukin-17 inhibitors, or with small molecules, such as JAK
inhibitors, will have similar results.
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Progressive Increase in Sacroiliac Joint and Spinal Lesions
Detected on Magnetic Resonance Imaging in Healthy
Individuals in Relation to Age

Thomas Renson, Manouk de Hooge, Ann-Sophie De Craemer, Liselotte Deroo, Zuzanna Lukasik,
Philippe Carron, Nele Herregods, Lennart Jans, Roos Colman, Filip Van den Bosch, and Dirk Elewaut

Objective. Magnetic resonance imaging (MRI) plays a pivotal role in spondyloarthritis (SpA) diagnosis. However, a
detailed description of MRI findings of the sacroiliac (SI) joints and spine in healthy individuals is currently lacking. This
study was undertaken to evaluate the occurrence of MRI-detected SI joint and spinal lesions in healthy individuals in
relation to age.

Methods. Ninety-five healthy subjects (ages 20–49 years) underwent MRI of the SI joints and spine. Bone marrow
edema (BME) and structural lesions of the SI joints were scored using the Spondyloarthritis Research Consortium of
Canada (SPARCC) method. Spinal inflammatory and structural lesions were evaluated using the SPARCC MRI spine
inflammation index and the Canada-Denmark MRI scoring system, respectively. Fulfillment of the Assessment of
SpondyloArthritis international Society definition of a positive MRI for sacroiliitis/spondylitis was reviewed. Findings
were compared to MRIs of axial SpA patients from the Belgian Inflammatory Arthritis and Spondylitis cohort.

Results. Of the subjects ≥30 years old, 17.2% fulfilled the definition of a positive MRI for sacroiliitis, but this
occurred rarely in younger subjects. SI joint erosions (20.0%) and fat metaplasia (13.7%) were detected across all
age groups. Erosions were more frequently visualized in subjects ages ≥40 years (39.3%). Spinal BME (35.7%) and
fat metaplasia (28.6%) were common in subjects older than 40 years. Nonetheless, only 1 subject had ≥3 corner inflam-
matory lesions. SI joint and spinal SPARCC scores and total structural lesions scores increased progressively with age.

Conclusion. Contrary to what is commonly believed, structural MRI-detected SI joint lesions are frequently seen in
healthy individuals. Especially in older subjects, the high occurrence of inflammatory and structural MRI-detected
lesions impacts their specificity for SpA, which has important implications for the interpretation of MRIs in patients with
a clinical suspicion of SpA.

INTRODUCTION

Magnetic resonance imaging (MRI) is the gold standard imag-
ing modality for the detection of sacroiliitis, a hallmark of axial spon-
dyloarthritis (axSpA). Nonetheless, the specificity of MRI in the
context of axSpA has been questioned in several studies. A high
prevalence of a positive MRI for active sacroiliitis according to the
Assessment of SpondyloArthritis international Society (ASAS) defi-
nition was found in a non-SpA context (1), such as in postpartum
women (60%), elite ice hockey players (41%), recreational runners

(30–35%), and military recruits (23%) (2–5). Surprisingly, extensive
data on sacroiliac (SI) joint and spinal MRI of healthy individuals
across different age categories are still lacking.

De Winter et al reported the prevalence of bone marrow
edema (BME) onMRIs of the SI joints in healthy individuals, runners,
and women with postpartum back pain (6). Importantly, the
presence of structural lesions was not assessed. A recent article
by Baraliakos and colleagues described a high prevalence of BME
and fat metaplasia on spinal MRIs in a large population-based
cohort (7). Nonetheless, the retrospective study design and the
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high prevalence of subjects with back pain warrant caution when
extrapolating these results. It is obvious to highlight the impor-
tance of interpreting imaging results in the appropriate clinical
context. In this regard, a detailed reference map of possible SI
joint lesions occurring in healthy, asymptomatic individuals in
relation to their age may be essential for the correct interpreta-
tion of MRI in individuals with a clinical suspicion of SpA. Our
working hypothesis was that age-dependent changes may
occur, which could play a critical role in this interpretation. We
therefore evaluated the occurrence of BME and structural
lesions on SI joint and spinal MRI in healthy subjects across dif-
ferent age categories.

SUBJECTS AND METHODS

Subjects. Healthy subjects without symptoms of back pain
were recruited from the Ghent University Hospital staff, as well
as relatives and acquaintances of the researchers. Subjects were
divided into 3 age categories: 20–29 years, 30–39 years, and
40–49 years. Exclusion criteria included a (medical) contraindica-
tion for MRI, current or recent chronic back pain, tumor necrosis
factor inhibitor (TNFi) treatment, use of nonsteroidal antiinflamma-
tory drugs in the last 2 weeks, and a known diagnosis of SpA.
A short questionnaire assessing health status, (family) medical
history, and medication use was conducted, and a blood sample
was obtained for HLA–B27 status determination. Subsequently,
all subjects underwent an MRI of the SI joints and spine. In addi-
tion, MRI findings were matched with those of axSpA patients
from the Belgian Inflammatory Arthritis and Spondylitis (Be-
GIANT) cohort, a nationwide observational prospective cohort of
newly diagnosed SpA patients (8–10). All axSpA patients who
were included were younger than 50 years old at baseline, fulfilled
the ASAS classification criteria for axSpA, and were naive to TNFi
and interleukin-17 inhibitor treatment prior to inclusion.

MRI. Images of healthy subjects were obtained using a 3T
unit (Prisma; Siemens Healthineers). Sequences included 3-mm
T1-weighted and turbo inversion recovery magnitude (TIRM)
images of the spine, 3-mm semi-coronal T1-weighted turbo spin
echo and short tau inversion recovery (STIR) images of the pelvis.
SI joint images of axSpA patients were obtained on a 1.5T unit
(Avanto; Siemens Healthineers), applying the same sequences.
MRIs of the SI joints were evaluated for inflammatory and struc-
tural lesions, as defined by the ASAS MRI working group, by
2 trained readers (TR and MdH) with scores calibrated (2).

Unlabeled SI joint MRIs from axSpA patients were mixed with
the images from healthy controls to avoid bias. BME was scored
using the Spondyloarthritis Research Consortium of Canada
(SPARCC) method (11). Deep BME lesions were defined as
extending >1 cm from the articular surface, with intense lesions
defined as encompassing a high signal intensity as bright or
brighter than vascular structures or intervertebral discs. In

addition, fulfillment of the ASAS definition of a positive MRI for
sacroiliitis was assessed, defined as the following: ≥2 BME
lesions on 1 slice, or ≥1 lesion on 2 consecutive slices and lesions
highly suggestive of SpA (1). Structural lesions were scored using
an adjusted SPARCC method (3,5,12,13) as follows: 6 slices,
each divided into 4 quadrants, were scored, and in each slice,
each quadrant was scored for erosions, fat metaplasia, sclerosis,
and (partial) ankylosis. Spinal MRIs were evaluated by the same
readers for corner inflammatory lesions (BME) using the SPARCC
MRI spinal inflammation index and for corner structural lesions
(erosions, fat metaplasia, and new bone formation) using the
Canada-Denmark MRI spine scoring system, in which each verte-
bral unit was divided into quadrants (14,15).

Scores for BME, fat, erosion, and new bone formation at
levels with disc degeneration were excluded from the calculation
of patient-level sum scores. Unlabeled spinal MRIs from axSpA
patients were mixed with the MRIs from healthy controls to avoid
bias. Predefined lesion-level cutoffs aiming at high specificity for
sacroiliitis and spondylitis were applied (13,16) as follows: fat
metaplasia in ≥3 SI joint quadrants, erosions in ≥3 SI joint quad-
rants, fat metaplasia and/or erosions in ≥5 SI joint quadrants, ≥3
corner inflammatory lesions of the spine (positive MRI for the spine
according to the ASAS definition), or ≥5 spinal fat lesions. Individ-
ual reader scores were combined, and for further analyses the
mean scores were used. A consensus score was applied in case
of dichotomous outputs.

Statistical analysis. All statistical analyses were per-
formed using IBM SPSS Statistics, version 26. Descriptive statis-
tics were used to analyze and report the demographic and
clinical characteristics and MRI lesions. MRI scores between sub-
groups (e.g., HLA–B27–positive versus HLA–B27–negative sub-
jects) were compared using the Mann-Whitney U test.
Correlation with demographic and clinical data was assessed by
Spearman’s rank correlation coefficient in the case of continuous
variables. P values less than or equal to 0.05 were considered
statistically significant.

RESULTS

MRI findings in healthy subjects. Ninety-five healthy
subjects were included. Demographic and clinical characteristics
are shown in Table 1. None of the subjects had symptoms of
back pain. Only 3 subjects (3%) ever had an episode of chronic
back pain.

Reliability. In general, two-way intraclass correlation coeffi-
cients (ICCs) for both readers were moderate to excellent. Excel-
lent ICC was reached for spinal fat lesions (0.909). Good ICCs
were reached for SI joint BME (0.774), SI joint fat lesions (0.849),
SI joint partial ankylosis (0.849), and spinal BME (0.765). Moder-
ate ICCs were reached for SI joint erosions (0.691) and spinal ero-
sions (0.675). ICCs for SI joint sclerosis could not be calculated
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because 1 reader never observed sclerosis (whereas the other
reader observed sclerosis in 2 subjects). The ICC for spinal syn-
desmophytes was 0.163 because of the very high number of neg-
ative scores by both readers.

BME and structural lesions on SI joint MRI. A summary of the
MRI-detected SI joint lesions is shown in Table 2. SI joint lesions
were mainly detected in subjects ≥30 years old. SI joint BME
was observed in 13.9% of subjects ages 20–29 years. However,
the extent was limited, as the median SPARCC score in those
subjects displaying BME was 1.0 and only 1 subject had a posi-
tive MRI for active sacroiliitis according to the ASAS definition. In
contrast, 25.8% of the subjects ages 30–39 years and even
35.7% of the subjects ages ≥40 years displayed SI joint BME. In
addition, SPARCC scores were significantly higher in subjects

≥40 years old compared to those 20–29 years old (P = 0.022).
Consistent with this, sacroiliitis detected by MRI according to the
ASAS definition was more frequent in older age categories com-
pared to subjects <30 years old (16.1% in the 30–39 years group
and 17.9% in the 40–49 years group, compared to 2.8%). SI joint
SPARCC scores ≥5 occurred in 6 of 95 subjects (6%); none of
those subjects were younger than 30 years old. Deep and intense
BME lesions were rarely detected (Table 2). In Figure 1, heatmaps
display the topographic distribution of MRI-detected SI joint
lesions in healthy subjects compared to axSpA patients from the
Be-GIANT cohort. BME on SI joint MRIs in healthy subjects
occurred most frequently in the superior sacrum (both anterior
and posterior) followed by the inferior ilium (Supplementary
Table 1, available on the Arthritis & Rheumatology website at

Table 1. Demographic and clinical characteristics of the healthy subjects (n = 95)*

Age 20–29 years
(n = 36)

Age 30–39 years
(n = 31)

Age 40–49 years
(n = 28)

Age, median (IQR) years 27 (25–28) 32 (31–36) 43 (40–45)
Male sex 18 (50) 15 (48) 14 (50)
HLA–B27 status, no. positive/no. tested 2/35 (6) 3/30 (10) 2/27 (7)
Psoriasis (current or past) 0 (0) 0 (0) 0 (0)
IBD (current or past) 0 (0) 0 (0) 0 (0)
Uveitis (current or past) 1 (3) 0 (0) 0 (0)

* Except where indicated otherwise, values are the number (%) of subjects. IQR = interquartile range;
IBD = inflammatory bowel disease.

Table 2. Inflammatory and structural MRI-detected lesions in the SI joints and spine of healthy subjects*

All age categories
(n = 95)

Age 20–29 years
(n = 36)

Age 30–39 years
(n = 31)

Age 40–49 years
(n = 28)

No. (%) Median (IQR) No. (%) Median (IQR) No. (%) Median (IQR) No. (%) Median (IQR)

SI joint
Sacroiliitis† 11 (11.6) – 1 (2.8) – 5 (16.1) – 5 (17.9) –

SPARCC score >0 (BME) 23 (24.2) 2.0 (1.00–4.50) 5 (13.9) 1.0 (0.75–2.00) 8 (25.8) 3.3 (1.13–6.00) 10 (35.7) 2.3 (1.00–5.25)
Deep BME‡ 4 (4.2) 1.0 (0.50–2.63) 0 (0.0) – 2 (6.5) 1.0 (–) 2 (7.1) 1.8 (–)
Intense BME§ 6 (6.3) 0.5 (0.50–0.63) 1 (2.8) 1.0 (–) 2 (6.5) 0.5 (0.50–0.50) 3 (10.7) 0.5 (–)
Erosions 19 (20.0) 2.0 (0.50–4.50) 5 (13.9) 0.5 (0.50–0.75) 3 (9.7) 5.5 (–) 11 (39.3) 2.0 (1.50–3.50)
Fat metaplasia 13 (13.7) 2.0 (1.00–3.50) 3 (8.3) 1.0 (–) 6 (19.3) 2.5 (1.00–3.25) 4 (14.3) 3.3 (1.13–10.25)
Sclerosis 2 (2.1) 1.8 (–) 1 (2.8) 3.0 (–) 0 (0.0) – 1 (3.6) 1.0 (–)
Partial ankylosis 1 (1.1) 9 (–) 0 (0.0) – 1 (3.2) 9 (–) 0 –

Ankylosis 0 (0.0) – 0 (0.0) – 0 (0.0) – 0 (0.0) –

Erosions in ≥3 quadrants 8 (8.4) – 0 (0.0) – 3 (9.7) – 5 (17.9) –

Fat in ≥3 quadrants 4 (4.2) – 0 (0.0) – 2 (6.5) – 2 (7.1) –

Erosions and/or fat
in ≥5 quadrants

7 (7.4) – 0 (0.0) – 2 (6.5) – 5 (17.9) –

Spine
SPARCC score >0 (BME) 19 (20.0) 4.0 (3.00–6.00) 3 (8.3) 4.0 (3.00–8.50) 6 (19.4) 3.0 (2.50–4.00) 10 (35.7) 4.75 (3.00–6.00)
≥3 inflammatory lesions
(positive spinal MRI)

1 (1.1) – 0 (0.0) – 0 (0.0) – 1 (3.6) –

Erosions 9 (9.5) 1.0 (1.00–1.50) 5 (13.8) 1.0 (1.00–1.50) 2 (6.5) 1.25 (1.00–1.50) 2 (7.1) 0.75 (0.50–1.00)
Fat metaplasia 12 (12.6) 1.75 (1.00–2.75) 1 (2.8) 1.5 (–) 3 (9.7) 2.5 (1.25–3.50) 8 (28.6) 2.5 (1.25–3.50)
≥5 fat lesions 0 (0.0) – 0 (0.0) – 0 (0.0) – 0 (0.0) –

New bone formation
(syndesmophytes)

0 (0.0) – 0 (0.0) – 0 (0.0) – 0 (0.0) –

* Reported median values are those in subjects displaying ≥1 of the respective lesions. MRI = magnetic resonance imaging; IQR = interquartile
range; SI = sacroiliac; SPARCC = Spondyloarthritis Research Consortium of Canada.
† Fulfillment of the Assessment of SpondyloArthritis international Society definition of sacroiliitis.
‡ Bone marrow edema (BME) lesions extending >1 cm from the articular surface.
§ High signal intensity as bright as or brighter than vascular structures or intervertebral discs.
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https://onlinelibrary.wiley.com/doi/10.1002/art.42145). The latter
was most frequently affected in axSpA patients.

Erosions and fat metaplasia were the most observed struc-
tural lesions on SI joint MRIs, occurring in all age groups. Erosions
were distinctly more commonly detected in subjects ≥40 years
old (39.3%). Applying the cutoff values for erosions and fat meta-
plasia with ≥95% specificity for SpA (13), none of the subjects
ages 20–29 years had erosions in ≥3 quadrants, fat metaplasia
in ≥3 quadrants, or erosions and/or fat metaplasia in ≥5 quad-
rants. However, this was increasingly common in older age cate-
gories (Table 2). Strikingly, 1 subject had bilateral partial
ankylosis of the SI joints.

BME and structural lesions on spinal MRI. A summary of the
main findings of MRIs of the spine is presented in Table 2. Notwith-
standing the frequent occurrence of BME on MRIs of the spine in
subjects ≥40 years old (35.7%), median SPARCC scores were
low. Importantly, a positive MRI for spondylitis according to the
ASAS definition was only observed in 1 subject, a 47-year-old
HLA–B27–positive man showing 3 corner inflammatory spine
lesions. Structural lesions on spine MRIs were occasionally
detected. Fat metaplasia was the most frequently detected struc-
tural lesion, occurring mainly in subjects ≥40 years old (28.6%).
However, none of the subjects had ≥5 fat lesions of the spine (max-
imum number of spinal fat lesions, n = 2). New bone formation

(syndesmophytes) was never detected in this study population. In
Figure 2, heatmaps display the topographic distribution of MRI-
detected spinal lesions in healthy subjects compared to axSpA
patients from the Be-GIANT cohort. In general, the lower thoracic
spine harbored most lesions in healthy subjects, whereas this was
the lower thoracic and lumbar spine in axSpA patients. Overall,
BME and fat lesions of the spine were more prevalent in axSpA
patients compared to healthy subjects. Examples of MRIs of the
SI joints and spines from study subjects are displayed in Figure 3.

Comparison of scores of SI joint MRIs from healthy subjects
to those from axSpA patients. SI joint SPARCC scores of
95 healthy subjects were matched with those of 84 axSpA
patients from the Be-GIANT cohort who were naive to treatment
with biologic disease-modifying antirheumatic drugs, and they
were plotted in function of the subject’s age in Supplementary
Figure 1 (available on the Arthritis & Rheumatology website at
https://onlinelibrary.wiley.com/doi/10.1002/art.42145). In gen-
eral, a gradual increase in SI joint SPARCC scores of healthy sub-
jects was seen starting around the age of 30. Confidence intervals
of the SPARCC scores started overlapping with those of SpA
patients around the age of 45 years. Interestingly, SI joint
SPARCC scores of SpA patients peaked around the age of 28
years. Dot plots in Figure 4 show the distribution of SI joint scores
for BME (SPARCC scores), erosions, fat metaplasia, and total

Figure 1. Heatmaps showing bone marrow edema detected by magnetic resonance imaging (sagittal and frontal views) in different quadrants of
the sacroiliac joints of healthy, asymptomatic subjects (n = 95) compared to patients with axial spondyloarthritis (axSpA) from the Belgian Inflam-
matory Arthritis and Spondylitis Cohort (n = 86). 1 = anterior superior ilium; 2 = posterior superior ilium; 3 = posterior inferior ilium; 4 = anterior infe-
rior ilium; 5 = anterior superior sacrum; 6 = posterior superior sacrum; 7 = posterior inferior sacrum; 8 = anterior inferior sacrum.
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structural lesions in the different age groups of healthy subjects
compared to axSpA patients from the Be-GIANT cohort. All
MRI-detected SI joint scores were higher in axSpA patients com-
pared to healthy subjects.

Correlation of MRI findings in healthy subjects with
demographic and clinical data. The correlation of MRI
lesions with the demographic and clinical characteristics of
healthy subjects is shown in Supplementary Table 2 (available on
the Arthritis & Rheumatology website at https://onlinelibrary.
wiley.com/doi/10.1002/art.42145). A subject’s age was signifi-
cantly associated with SI joint SPARCC scores (ρ = 0.21,
P = 0.039), SI joint erosion scores (ρ = 0.24, P = 0.020), total SI
joint structural lesion scores (ρ = 0.20, P = 0.041), spinal SPARCC
scores (ρ = 0.36, P < 0.001), spinal fat lesion scores (ρ = 0.34, P <
0.001), and total structural lesion scores of the spine (ρ = 0.24,
P = 0.021). In addition, SI joint erosion scores correlated signifi-
cantly with body mass index (BMI) (ρ = 0.24, P = 0.018). Blood
samples were available for 92 subjects (97%). Seven subjects
(7.6%) were positive for HLA–B27. None of them had inflamma-
tory and/or structural lesions detected on MRI of the SI joints.
There were no significant differences in spinal MRI scores
between HLA–B27–positive and HLA–B27–negative subjects,
except for higher erosion scores in HLA–B27–positive subjects.
MRI-detected SI joint and spine lesions were not associated with
the occurrence of chronic back pain in the past. Only 3 subjects
ever had an episode of chronic back pain (duration ≥3 months).
Those subjects had SI joint and spinal SPARCC scores of 0. No
differences in MRI lesions were found between subjects perform-
ing manual compared to non-manual labor (data not shown). Of
note, the study population consisted almost exclusively of sub-
jects performing non-manual labor. Therefore, potential differ-
ences between both subgroups could not be detected.

Figure 3. Examples of magnetic resonance images (MRIs) of the sacroiliac (SI) joints and spine in healthy, asymptomatic study subjects.A, SI joint MRI
(short tau inversion recovery [STIR] sequence) in a 32-year-old female subject showing no bonemarrow edema (BME).B, SI joint MRI (T1 sequence) in a
26-year-old male subject, displaying no structural lesions. C, SI joint MRI (STIR sequence) in a 31-year-old female subject showing limited BME (white
circle) in the inferior ilium. D and E, SI joint MRI (T1 sequence) in a 31-year-old female subject (same as in C) displaying bilateral partial ankylosis (white
circles in D, left arrow in E) and erosions (middle and right arrows in E). F, SI joint MRI (T1 sequence) in a 40-year-old female subject displaying limited
sacral fat metaplasia (white circle). G, Spinal MRI (TIRM sequence; T4–L5) in a 25-year-old female subject showing no corner inflammatory lesions. H,
Spinal MRI (TIRM sequence; C6–T9) in a 49-year-old female subject displaying an anterior corner inflammatory lesion (T6) (white circle).

Figure 2. Heatmaps showing spinal lesions detected by magnetic
resonance imaging in the different vertebral units of healthy, asymp-
tomatic subjects (n = 95) compared to patients with axial spondyloar-
thritis from the Belgian Inflammatory Arthritis and Spondylitis Cohort
(n = 53). The presence of lesions per vertebral unit was decided by
consensus of the 2 readers. BME = bone marrow edema; NBF =
new bone formation; V = vertebral unit.
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DISCUSSION

This is the first study to assess inflammatory and structural
lesions of the SI joint and spine on MRI in healthy individuals
across different age groups and to correlate these findings with
demographic and clinical data. In addition, SI joint SPARCC
scores were matched with SI joint involvement as detected on
MRI in axSpA patients. We revealed several interesting findings
with relevant implications for clinical practice. In general, a marked
association of both inflammatory and structural lesions of the SI
joint and spine was observed in relation to age. A positive MRI
for sacroiliitis occurred relatively frequently in healthy subjects
≥30 years old, whereas it was rarely detected in younger subjects.
Nonetheless, SI joint SPARCC scores were generally low. Strik-
ingly, we found a high prevalence of erosions and fat metaplasia
of the SI joint in all age categories; erosions in particular were
especially common in subjects ≥40 years old. In the spine, BME
was mainly detected in subjects ≥40 years old, albeit median
scores were low. Importantly, spondylitis on MRI defined by ≥3
inflammatory corner lesions was only once detected in our study
population. The occurrence of MRI lesions was not associated
with the presence of HLA–B27, except for higher spinal erosion
scores in HLA–B27–positive subjects.

In 2009, the ASAS group proposed a definition of a positive
MRI for active sacroiliitis, requesting the presence of subchondral
and periarticular BME suggestive of sacroiliitis (2). Notwithstand-
ing an update in 2016 (1), the definition lacks some level of spec-
ificity, as recent studies describe a relatively high prevalence of a
positive MRI for active sacroiliitis in a non-SpA context, e.g., in
postpartum women and healthy individuals displaying a high level
of physical activity (3–6). Although the ASAS definition should only
be used in patients with an established SpA diagnosis, MRI of the
SI joint is often used in the diagnostic evaluation in patients suffer-
ing from (chronic) back pain. As a result, the frequent occurrence
of a positive MRI for active sacroiliitis in a non-SpA context raises
concern and somehow impacts the prominent role of MRI for
diagnostic and classification purposes in SpA.

In 2016, the ASAS MRI working group updated the definition
of a positive MRI for sacroiliitis, adding that BME observed on
STIR or T2-weighted fat suppression or osteitis on T1-weighted
fat suppression post-gadolinium must be clearly present in a typ-
ical anatomic location in the subchondral bone marrow, and the
appearance should be highly suggestive of SpA (1). In particular,
the importance of contextual interpretation of both fat-
suppressed and T1-weighted scans was emphasized. This

Figure 4. A–D, Sacroiliiac joint Spondyloarthritis Research Consortium of Canada (SPARCC) scores, erosion scores, fat metaplasia scores, and
total structural lesion scores in the different age categories of the healthy subjects versus axial spondyloarthritis (axSpA) patients from the Belgium
Inflammatory Arthritis and Spondylitis Cohort. AxSpA patients display higher SI joint magnetic resonance imaging scores in all categories com-
pared to healthy subjects. Symbols represent individual subjects. Each box represents the 25th to 75th percentiles. Other vertical lines represent
the median. The upper whisker extends from the hinge to the largest value no further than 1.5 times the upper and lower interquartile range (IQR)
from the hinge. The lower whisker extends from the hinge to the smallest value no further than 1.5 times the upper and lower IQR of the hinge.
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definition was designated for classification purposes rather than
for axSpA diagnosis. Raising the threshold for BME or including
particular aspects of MRI-detected SI joint lesions to the ASAS
definition of a positive MRI may be of interest in discriminating true
active sacroiliitis in the context of axSpA from false positives.
However, whereas this would increase the specificity, sensitivity
may be dramatically reduced. Besides high cutoff values for
BME lesions, the localization of the lesions in the SI joint and
detection of highly specific MRI lesions constitute alternative
approaches to overcome these limitations for axSpA diagnosis.

De Winter et al described active sacroiliitis in 23.4% of the
healthy subjects, albeit with low SPARCC scores (mean 1.7) (6).
Of note, only 8.5% of the subjects in the present study had a
SPARCC score of ≥5. Interestingly, deep BME on MRIs of the SI
joint was not observed in the study by De Winter et al. Deep
lesions are occasionally seen in women immediately postpartum,
a distinct and easy identifiable group, albeit not during follow-up
≥6 months later (3). In contrast, Carron et al found a strong corre-
lation between clear tracer uptake on immunoscintigraphy with
radiolabeled certolizumab and deep BME on SI joint MRI in axSpA
patients (17). Therefore, deep BME lesions could be considered
as highly specific for SpA. This finding is consistent with those of
Bennet et al, showing that severe sacroiliitis (defined as >75% of
the quadrant involved) had a high specificity for development of
ankylosing spondylitis (AS) in patients with early inflammatory
back pain (18). Seven and colleagues confirmed the occurrence
of SI joint SPARCC scores ≥5 solely in axSpA patients and post-
partum women, not in other non-SpA subjects (19). Oliveira et al
proposed an SI joint BME cutoff of ≥3, implying the highest sensi-
tivity and specificity (20). In addition, the localization of MRI lesions
in the joint may discriminate sacroiliitis in the context of SpA from
non-specific BME.

In the aforementioned study by de Winter, SI joint BME in
healthy subjects was mainly observed in the inferior ilium and in
the posterior joint (6). These results are in agreement with the
topographic distribution of BME on MRIs of SI joints in athletes,
as lesions were mainly detected in the posterior inferior ilium, fol-
lowed by the anterior superior sacrum (4). Athletes displayed less
fat metaplasia compared to BME, whereas erosions of the SI joint
were virtually absent (4). Similarly, structural SI joint lesions on MRI
were rarely seen in postpartum women (3). The present study sig-
nificantly expands on these previous findings. Although SI joint
BME was frequently detected in subjects ≥30 years old, SPARCC
scores were low, and deep or intense BME lesions rarely
occurred. Notably, SPARCC scores are generally disregarded in
routine clinical practice, where a dichotomous assessment
(sacroiliitis or no sacroiliitis) is customary.

According to the current ASAS classification criteria for
axSpA, inflammatory back pain should have an onset before the
age of 45 years. The importance of this age limit is reflected in Sup-
plementary Figure 1 (available on the Arthritis & Rheumatology
website at https://onlinelibrary.wiley.com/doi/10.1002/art.42145).

Above the age of 45 years, SI joint SPARCC scores in healthy
subjects and axSpA patients start overlapping, complicating the
interpretation of SI joint MRI in those subjects. Consistent with pre-
vious studies (4,6), in the present study, healthy subjects displayed
the most SI joint BME in the superior sacrum, followed by inferior
ilium. The latter anatomic region was most affected in axSpA
patients from the Be-GIANT cohort. However, the superior sacrum
was also relatively frequently involved. BME on SI joint MRI in
healthy subjects is mainly attributed to biomechanical stress. As
biomechanical forces may also play a role in the pathophysiology
of SpA (21,22), the anatomic dispersion of SI joint BME may be
roughly similar to healthy subjects. Thus, additional research
seems necessary to explore whether the topographic distribution
of BME on SI joint MRI is of added value in the distinction between
axSpA and non-axSpA patients.

Importantly, one of the major novelties of our study is the
strikingly high prevalence of SI joint erosions and fat metaplasia
detected on MRI, also in subjects ages 20-40 years, challenging
the interpretation of SI joint MRI in patients with a clinical suspicion
of SpA. Whereas the proposed cutoffs for fat metaplasia and ero-
sions with a high specificity for SpA were rarely positive in sub-
jects <40 years old, they were relatively frequently positive in
older subjects. These findings are in contrast with the general
belief that structural MRI-detected SI joint lesions are specific for
SpA and can contribute to a diagnosis of axSpA, particularly in
patients with suggestive symptoms but without BME on SI joint
MRI. Interestingly, the occurrence of SI joint erosions was associ-
ated with higher BMI. This may be important, considering that
higher BMI values are also associated with higher C-reactive pro-
tein values, further complicating the distinction of SpA in over-
weight individuals with chronic back pain. Thus, further studies
are needed to better define specific MRI lesions and cutoffs that
could be integrated in a new ASAS definition of a positive MRI in
SpA, considering the age-related imaging abnormalities of SI joint
MRI unveiled here in healthy subjects.

Spinal MRI is regarded as an important imaging tool in
axSpA. Spondylitis without active sacroiliitis (i.e., BME detected
on SI joint MRI) may particularly occur in AS patients with long-
standing disease and in axial psoriatic arthritis patients; further-
more, spinal MRI is used to predict TNFi response or to evaluate
treatment effect (16,23–25). Therefore, uniform definitions of
SpA-related MRI-detected lesions on the spine and a positive
MRI for spondylitis are indispensable. In 2012, the ASAS group
proposed the threshold of ≥3 corner inflammatory lesions as a
positive (for spondylitis) MRI of the spine (16). In addition, the
presence of fat metaplasia in several vertebral corners was
labeled as suggestive of SpA. Two articles by Bennett et al
showed ≥3 corner inflammatory lesions and ≥6 fat lesions as hav-
ing 97% and 98% specificity for SpA, respectively (24,26). In
2009, the presence of ≥2 corner inflammatory lesions on MRI of
the spine was identified as the cutoff with the best combination
of sensitivity and specificity for SpA (27). Nonetheless, in a study
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by Weber et al, none of the mentioned thresholds was later vali-
dated as useful in differentiating nonradiographic axSpA from
nonspecific back pain patients (28). Six or more corner inflamma-
tory lesions on spinal MRI yielded a moderate diagnostic value,
notwithstanding a decreased sensitivity. In a recent large
population-based study of 793 volunteers corner inflammatory
lesions on MRI of the spine were seen in 27.2% of the subjects,
whereas ≥5 lesions were rarely observed (0.8%) (7). Five or more
corner inflammatory lesions or ≥5 fat lesions on spinal MRI were
proposed by de Hooge et al as cutoff values, yielding an accept-
able discrimination of axSpA patients and subjects with non-
SpA chronic back pain, while assuring a specificity above 95%
(13). However, Baraliakos et al described fat metaplasia on spinal
MRI in 81.4% of the general population, with one-fourth of sub-
jects having ≥5 fat lesions (7). In the present study, only limited
spinal involvement was detected on MRI. Although one-third of
the subjects ages ≥40 years displayed spinal BME, inflammation
scores were low, and only 1 of the healthy subjects showed ≥3
inflammatory corner lesions. Additionally, the occurrence of rele-
vant structural involvement of the spine was rare. No subjects dis-
played ≥3 fat lesions. This is in contrast to the aforementioned
study by Baraliakos and colleagues, which demonstrated a high
prevalence of spinal fat metaplasia in the general population (7).
However, the high prevalence of recent back pain (41%) in those
subjects may explain this discrepancy.

Major strengths of the present study were the acquisition of
both STIR/TIRM and T1 MRIs of the SI joints and spine in healthy
subjects specifically recruited for a lack of back pain, as this has
never been done before. The availability of HLA–B27 status is also
an important asset. However, the HLA–B27–positive group was
small overall and reflected the ethnicity of the subjects. In conclu-
sion, our study revealed the frequent occurrence of both inflam-
matory and structural SI joint lesions on MRI in healthy subjects,
especially in subjects ≥40 years old. This finding has important
implications for the interpretation of SI joint MRIs in suspected
SpA patients, underscoring the importance of the clinical context.
In contrast, SpA-like spinal involvement on MRI was rare.
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Treatment With Tumor Necrosis Factor Inhibitors Is
Associated With a Time-Shifted Retardation of Radiographic
Sacroiliitis Progression in Patients With Axial
Spondyloarthritis: 10-Year Results From the German
Spondyloarthritis Inception Cohort

Murat Torgutalp,1 Valeria Rios Rodriguez,1 Fabian Proft,1 Mikhail Protopopov,1 Maryna Verba,1

Judith Rademacher,1 Hildrun Haibel,1 Joachim Sieper,1 Martin Rudwaleit,2 and Denis Poddubnyy3

Objective. To investigate the longitudinal association between radiographic sacroiliitis progression and treatment with
tumor necrosis factor inhibitors (TNFi) in patients with early axial spondyloarthritis (SpA) in a long-term inception cohort.

Methods. We included patients from the German Spondyloarthritis Inception Cohort who underwent radiographic
assessment of the sacroiliac joints at baseline and at least once more during the 10-year follow-up. Two central readers
scored the radiographs according to the modified New York criteria for ankylosing spondylitis. The sacroiliac sum score
was calculated as a mean of the scores determined by both readers. TNFi use was assessed according to exposure in
the current and/or previous 2-year radiographic interval. The association between TNFi use and radiographic sacroiliitis pro-
gression was examined by longitudinal generalized estimating equation analysis with adjustment for potential confounders.

Results. In this long-term inception cohort, 10-year follow-up data on 737 radiographic intervals assessed in
301 patients with axial SpA (166 patients with nonradiographic axial SpA and 135 patients with radiographic axial
SpA) were obtained. Having received ≥12 months of treatment with TNFi in the previous 2-year radiographic interval
was associated with a significant decrease in the sacroiliitis sum score (β = –0.09 [95% confidence interval (95% CI)
–0.18, –0.003]; analyses adjusted for age, sex, symptom duration, HLA–B27 status, Bath Ankylosing Spondylitis Dis-
ease Activity Index score, C-reactive protein, and nonsteroidal antiinflammatory drug intake). In contrast, among
patients receiving TNFi in the current radiographic interval, there was no significant association with change in the
sacroiliitis sum score (β = 0.05 [95% CI –0.05, 0.14]). This effect of having received ≥12 months of treatment with TNFi
in the previous 2-year radiographic interval was stronger in patients with nonradiographic axial SpA as compared to
patients with radiographic axial SpA (β = –0.16 [95% CI –0.28, –0.03] versus β = –0.04 [95% CI –0.15, 0.07]).

Conclusion. Treatment with TNFi was associated with the reduction in radiographic sacroiliitis progression in
patients with axial SpA. This effect became evident between 2 and 4 years after treatment was initiated.

INTRODUCTION

Axial spondyloarthritis (SpA) is an inflammatory disease char-

acterized by the primary involvement of the sacroiliac joints and

the spine (1). According to the paradigm that emerged with the

development of the new Assessment of SpondyloArthritis interna-
tional Society (ASAS) axial SpA classification criteria (2), axial SpA
is considered to be 1 disease with 2 different stages: nonradio-
graphic and radiographic SpA (or ankylosing spondylitis). Over
the years, studies on structural damage in axial SpA have focused
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on assessing radiographic progression in the spine (3) as one of

the main factors that determines functional status and spinal

mobility (4,5). However, a recent study has shown that sacroiliac

radiographic damage could also have an independent impact on

these outcomes (6).
The introduction of biologic disease-modifying antirheumatic

drugs (bDMARDs), and specifically tumor necrosis factor inhibi-
tors (TNFi), has lead researchers to investigate whether these
drugs modify the course of SpA and whether they can reduce
the progression of structural damage in the axial skeleton. These
effects seem to be possible in the spine if treatment with TNFi is
given for at least 4 years (7–10), and the findings of 2 recent
studies have indicated that such an effect is also possible in the
sacroiliac joints (11,12). However, there is still a lack of data on
the long-term effects of TNFi on radiographic sacroiliitis progres-
sion in patients with early axial SpA. In the present study, we
aimed to investigate the association between TNFi treatment
and radiographic sacroiliitis progression in axial SpA patients from
a long-term inception cohort with a 10-year follow-up period.

PATIENTS AND METHODS

Patient selection and description of the cohort. The
design and a detailed description of the GESPIC (German Spon-
dyloarthritis Inception Cohort) have been reported elsewhere
(13–15). Briefly, patients included in the GESPIC were required
to have a definite clinical diagnosis of axial SpA according to a
local rheumatologist, with a symptom duration of up to 5 years
for nonradiographic axial SpA and up to 10 years for radiographic
axial SpA. In the present study, we classified patients as having
radiographic axial SpA if definite radiographic sacroiliitis was pres-
ent according to the modified New York classification criteria (16)
and as having nonradiographic axial SpA otherwise. If the findings
of the radiographic sacroiliitis assessment completed by the cen-
tral readers (as described below) differed from those of the local
rheumatologist, we applied the central reader classification. Of
525 patients with axial SpA included in the GESPIC, we selected
301 based on the availability of sacroiliac joint radiographs at
baseline and at least 1 more time point during a 10-year follow-
up period (see Supplementary Figure 1, available on the Arthritis &
Rheumatology website at http://onlinelibrary.wiley.com/doi/10.
1002/art.42144).

Ethics approval. The study protocol was approved by the
ethics committee of the coordinating center (Charité–Universitäts-
medizin Berlin, Germany) and by local ethics committees of

participating centers and conducted in accordance with the Dec-
laration of Helsinki and Guidelines for Good Clinical Practice. All
patients included in the study provided written consent to
participate.

Demographic, clinical, and laboratory data. Clinical
and laboratory assessments were performed at baseline and
every 6 months until year 2 and annually thereafter. Age, sex,
HLA–B27 positivity or negativity, and symptom duration were col-
lected at baseline. Disease activity was assessed using the Bath
Ankylosing Spondylitis Disease Activity Index (BASDAI) (17),
C-reactive protein (CRP) level, and the Ankylosing Spondylitis Dis-
ease Activity Score (ASDAS) (18). Treatment of patients in the
GESPIC was conducted at the discretion of the local rheumatolo-
gist without any restrictions. Because the start of the cohort coin-
cided with the early phase of the introduction of TNFi treatment for
axial SpA, only a small number of patients included in the study
received TNFi at baseline. Data related to treatment with nonste-
roidal antiinflammatory drugs (NSAIDs) were collected at every
visit and the ASAS index of NSAID intake in patients with axial
SpA (19) was calculated.

Evaluation of radiographs. All available radiographs of
the sacroiliac joints of patients with axial SpA (up to 6 time points
per patient: baseline, year 2, year 4, year 6, year 8, and year 10)
were independently scored by 2 trained central readers (MT and
VRR) who were blinded with regard to all demographic and clini-
cal data, but not to the chronology of the radiographs. Radio-
graphs were scored for disease severity using the radiographic
grading system in the modified New York classification criteria.
According to this system, each sacroiliac joint was scored as nor-
mal (grade 0), exhibiting clinically suspicious changes (grade 1),
showing minimal abnormality including subchondral sclerosis or
erosions but unaffected joint space (grade 2), having unequivocal
abnormality with joint space narrowing, widening, or partial anky-
losis (grade 3), or having severe abnormality including total anky-
losis (grade 4). Using the same system, patients were classified
as having radiographic axial SpA if both readers recorded the
presence of definitive radiographic sacroiliitis (at least grade
2 bilaterally or at least grade 3 unilaterally); otherwise, patients
were classified as having nonradiographic axial SpA (14).

Statistical analysis. At each time point, 2 readers
assessed the sacroiliitis sum score in the right and left sacroiliac
joints (score range 0–4 on each side), and added the scores to
obtain the final sacroiliitis sum score (ranging 0–8). The mean
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score of the 2 readers was used for each time point (6,14). We
evaluated the agreement between readers using the intraclass
correlation coefficient (ICC) for sacroiliitis sum score and using
Cohen’s kappa for classification of axial SpA as nonradiographic
or radiographic. With respect to missing radiographic data at a
time point, if scores for the previous time point and the following
time point were available, and if these time points had the same
grade/classification status, we imputed the same grade/classifi-
cation status for the missing time point (a detailed explanation of
the imputations with examples is presented in the Supplementary
Methods, available at http://onlinelibrary.wiley.com/doi/10.1002/
art.42144). No other imputations were performed.

The primary outcome in the present study was radiographic
disease progression assessed as change in the sacroiliitis sum
score between 2 time points. In addition, we evaluated the follow-
ing 4 binary endpoints as secondary outcomes in the 2-year inter-
vals: 1) progression by at least 1 grade in at least 1 sacroiliac joint
according to the opinion of both readers; 2) progression by at
least 1 grade in at least 1 sacroiliac joint according to the opinion
of both readers (except progression from 0 to 1); 3) progression
by at least 1 grade in the sacroiliitis sum score; 4) progression
from nonradiographic axial SpA to radiographic axial SpA accord-
ing to the opinion of both readers.

Regarding TNFi exposure, we constructed the following
5 variables depending on the duration of TNFi treatment in previ-
ous and/or current 2-year radiographic intervals (see Supplemen-
tary Figure 2, available at http://onlinelibrary.wiley.com/doi/
10.1002/art.42144): 1) any TNFi treatment in the current 2-year
interval; 2) TNFi treatment for ≥12 months in the current 2-year
interval; 3) any TNFi treatment in the previous 2-year interval; 4)
TNFi treatment for ≥12 months in the previous 2-year interval; 5)
TNFi treatment for ≥12 months in the previous 2-year interval
and for ≥12 months in the current 2-year interval. The following
variables potentially affecting radiographic sacroiliitis progression
were identified as potential confounders and were included
in the multivariable analysis: age, sex, symptom duration,
HLA–B27 status, disease activity (as assessed using the BASDAI
and CRP level, or using the ASDAS), TNFi treatment, and NSAID
intake, according to the relevant literature (14,20–22). Among
these predefined variables, we included age and symptom dura-
tion at the beginning of each 2-year radiographic interval and
time-averaged values of the BASDAI score, CRP level, ASDAS,
and NSAID intake score during the current 2-year radiographic
interval in the analyses.

We examined the association between TNFi treatment and
radiographic sacroiliitis progression over time by using linear and
binomial (depending on the outcome variable) generalized esti-
mating equations (GEE), which consider repeated measures
within a patient. An autoregressive correlation structure was used
for the models. Parameter estimates (β) or odds ratios, whichever
is appropriate, are reported with corresponding 95% confidence
intervals (95% CIs).

RESULTS

Patient characteristics. According to their baseline char-
acteristics, 301 patients met the inclusion criteria for the present
study: 166 patients with nonradiographic axial SpA and
135 patients with radiographic SpA with at least one 2-year radio-
graphic interval (baseline and at least 1 other time point). Patients
from the GESPIC who were included in the study were older and
less likely to be male (see Supplementary Table 1, available at
http://onlinelibrary.wiley.com/doi/10.1002/art.42144) compared
to patients who were excluded. Among the patients included in
the study, those with radiographic axial SpA were more frequently
male, were more frequently HLA–B27-positive, had longer symp-
tom durations, and had higher CRP values compared to patients
with nonradiographic axial SpA, but were also younger and had
lower BASDAI scores (Table 1).

After sacroiliitis sum scores and classification statuses were
imputed for the missing time points, a total of 737 2-year radio-
graphic intervals were assessed for the patients included in the
study (see Supplementary Table 2, available at http://
onlinelibrary.wiley.com/doi/10.1002/art.42144). At baseline,
9 patients (3.0%) had been treated with TNFi, and a total of
87 patients (28.9%) had received treatment with at least 1 TNFi
during the entire follow-up period. In total, patients received treat-
ment with TNFi for any duration within 141 radiographic intervals,
while in 109 intervals patients received treatment with TNFi for at
least 12 months.

Assessment of progression and reliability analyses
of sacroiliitis. The mean change in the sacroiliitis sum score
for the entire patient population was mean ± SD 0.25 ± 0.40 per
2-year interval. Table 2 shows the change in sacroiliitis sum score
and rate of radiographic progression in binary outcomes (yes ver-
sus no) for each of the different definitions of TNFi exposure in the
whole axial SpA group and in the radiographic and nonradio-
graphic axial SpA subgroups. There was good agreement
between the 2 readers regarding the sacroiliitis sum score, with
ICC values ranging from 0.83 to 0.87 and moderate agreement
regarding classification status, with Cohen’s kappa coefficient
values ranging from 0.39 to 0.55 for each time point (see Supple-
mentary Table 3, available at http://onlinelibrary.wiley.com/doi/
10.1002/art.42144).

Longitudinal analyses of the association between
treatment with TNFi and change in sacroiliitis sum
score. We excluded a total of 4 patients with a mean sacroiliitis
sum score of 8 (complete ankylosis) from the longitudinal GEE
analyses. In univariable analyses, definitions including exposure
to TNFi in the previous 2-year interval were associated with a sig-
nificant reduction in radiographic progression based on the
sacroiliitis sum score, whereas radiographic sacroiliitis progres-
sion in patients receiving TNFi in the current 2-year interval did

EFFECT OF TNFi ON RADIOGRAPHIC SACROILIITIS PROGRESSION IN EARLY AXIAL SpA 1517

https://doi.org/10.1002/art.42144
https://doi.org/10.1002/art.42144
https://doi.org/10.1002/art.42144
https://doi.org/10.1002/art.42144
https://doi.org/10.1002/art.42144
https://doi.org/10.1002/art.42144
https://doi.org/10.1002/art.42144
https://doi.org/10.1002/art.42144
https://doi.org/10.1002/art.42144


not differ from those who did not receive treatment with TNFi (see
Supplementary Table 4, available at http://onlinelibrary.wiley.
com/doi/10.1002/art.42144). In adjusted multivariable analyses
of 603 radiographic intervals, TNFi treatment for ≥12 months in
the previous 2-year interval was associated with significantly
lower radiographic sacroiliitis progression as compared to no
TNFi treatment in the previous 2-year interval (β = –0.09 [95% CI
–0.18, –0.003]) (Figure 1 and Supplementary Table 4). The given
parameter estimate (β) indicates that patients who received treat-
ment with a TNFi for ≥12 months in the previous 2-year interval
had a 0.09-point lower sacroiliitis progression sum score com-
pared to those not treated with a TNFi for ≥12 months.

The decelerating effect of treatment with TNFi on radio-
graphic sacroiliitis progression showed a similar trend in different
models, including in the model in which TNFi exposure was
defined as treatment with TNFi for ≥12 months in the current
2-year interval, and in the models in which exposure to TNFi was
defined as any treatment with TNFi in the previous 2-year interval
and treatment with TNFi for ≥12 months in the previous and the
current 2-year intervals (see Supplementary Table 4, available at

http://onlinelibrary.wiley.com/doi/10.1002/art.42144). Conversely,
any TNFi use in the current 2-year interval was not associated with
a reduction in radiographic sacroiliitis progression (see Supple-
mentary Table 4, available at http://onlinelibrary.wiley.com/doi/
10.1002/art.42144). Figure 2 shows the cumulative probability of
radiographic progression of sacroiliitis according to change in
sacroiliitis sum score in patients who were exposed to TNFi in the
different interval and duration of use categories versus those who
were not exposed to TNFi. A significant reduction in progression
of radiographic sacroiliitis was seen in patients receiving treatment
with TNFi for ≥12 months in the previous 2-year interval, whereas
treatment with TNFi in the current interval showed no association
with a reduction in radiographic sacroiliitis progression. The same
associations between treatment with TNFi and radiographic
sacroiliitis progression were confirmed when disease activity
was assessed using the ASDAS instead of CRP level and BASDAI
score (see Supplementary Table 5, available at http://onlinelibrary.
wiley.com/doi/10.1002/art.42144).

In analyzing the association between TNFi exposure and
radiographic sacroiliitis progression stratified by nonradiographic

Table 1. Demographic and baseline clinical characteristics of axial SpA patients from the German Spondyloarthrop-
athy Inception Cohort (GESPIC) included in the present study*

Parameter

All axial
SpA patients

Nonradiographic axial
SpA patients

Radiographic axial
SpA patients

(n = 301) (n = 166) (n = 135)

Age, mean ± SD years 36.7 ± 10.5 38.0 ± 10.5 35.1 ± 10.2
Men 146 (48.5) 59 (35.5) 87 (64.4)
Symptom duration, mean ± SD years 3.9 ± 2.6 3.0 ± 2.1 5.1 ± 2.7
Current smoker 77 (25.6) 34 (20.5) 43 (31.9)
Clinical characteristics
HLA–B27 positive 231 (77.8) 116 (70.7) 115 (86.5)
Positive family history for SpA 106 (35.2) 65 (39.2) 41 (30.4)
Peripheral arthritis, current 41 (13.6) 24 (14.5) 17 (12.6)
Enthesitis, current† 62 (20.6) 43 (25.9) 19 (14.1)
Dactylitis, current 19 (6.3) 10 (6.0) 9 (6.7)
Uveitis, ever 52 (17.3) 23 (13.9) 29 (21.5)
Psoriasis, ever 38 (12.6) 24 (14.5) 14 (10.4)
IBD, ever 8 (2.7) 2 (1.2) 6 (4.4)
CRP level, mean ± SD mg/liter 10.6 ± 17.3 9.2 ± 15.5 12.1 ± 19.2
Elevated CRP level (>6 mg/liter) 111 (38.0) 49 (30.6) 62 (47.0)

Disease activity and function assessment
scores, mean ± SD

ASDAS-CRP 2.53 ± 0.97 2.63 ± 0.94 2.40 ± 1.00
BASDAI, NRS points 3.9 ± 2.1 4.4 ± 2.1 3.3 ± 2.0
BASFI, NRS points 2.8 ± 2.3 3.0 ± 2.4 2.6 ± 2.2
BASMI, NRS points 1.6 ± 1.6 1.5 ± 1.5 1.8 ± 1.7

Treatment
NSAIDs 203 (67.4) 119 (71.7) 84 (62.2)
DMARDs 80 (26.6) 44 (26.5) 36 (26.7)
TNFi 9 (3.0) 4 (2.4) 5 (3.7)
Systemic steroids 26 (8.6) 19 (11.4) 7 (5.2)

* Except where indicated otherwise, values are the number (%) of patients. SpA = spondyloarthritis; GESPIC = German
Spondyloarthropathy Inception Cohort; IBD = inflammatory bowel disease; CRP = C-reactive protein; ASDAS-CRP =
Ankylosing Spondylitis Disease Activity Score using CRP level; BASDAI = Bath Ankylosing Spondylitis Disease Activity
Index; NRS = numerical rating scale; BASFI = Bath Ankylosing Spondylitis Functional Index; BASMI = Bath Ankylosing
Spondylitis Metrology Index; NSAIDs = nonsteroidal antiinflammatory drugs; DMARDs = disease-modifying antirheu-
matic drugs; TNFi = tumor necrosis factor inhibitor.
† Assessed using the 12-point Berlin Index in the lower legs.
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and radiographic axial SpA, we observed that exposure to TNFi in
the previous 2-year interval had a stronger effect on radiographic
sacroiliitis progression in both univariable and adjusted multivari-
able analyses in patients with nonradiographic axial SpA com-
pared to patients with radiographic axial SpA (Table 3). In

patients with nonradiographic axial SpA, TNFi exposure for
≥12 months in the previous 2-year interval and exposure for
≥12 months in both the previous and the current intervals were
associated with a reduction in sacroiliitis sum score of 0.16 and
0.19 points, respectively, compared to TNFi-unexposed patients.

Figure 1. Forest plots indicating associations between treatment with tumor necrosis factor inhibitors (TNFi) according to different defini-
tions of exposure and progression in sacroiliitis sum score in patients with axial spondyloarthritis (SpA), as determined using multivariable lon-
gitudinal generalized estimating equations including 603 2-year radiographic intervals from 297 patients. Parameter estimates (closed circles)
and accompanying 95% confidence intervals (95% CIs; whiskers) indicate the likelihood of change in sacroiliitis sum score over 2 years in
patients who received treatment with TNFi compared to patients who did not receive TNFi. For example, TNFi treatment for ≥12 months in
the previous interval was associated with a reduction in sacroiliitis sum score compared to no treatment with TNFi for ≥12 months in the pre-
vious interval (β = –0.09 [95% CI –0.18, –0.003]). Parameter estimates were adjusted for sex, age at the beginning of the current 2-year inter-
val, HLA–B27 status, symptom duration at the beginning of current 2-year interval, time-averaged elevated C-reactive protein level, time-
averaged Bath Ankylosing Spondylitis Disease Activity Index score, and time-averaged nonsteroidal antiinflammatory drug intake score in
the current 2-year interval.

Figure 2. Cumulative probability plots of the 2-year progression in sacroiliitis sum score in patients with axial spondyloarthritis according to
exposure to tumor necrosis factor inhibitors (TNFi), including any TNFi use in the current 2-year interval (A), TNFi use for ≥12 months in the current
2-year interval (B), any TNFi use in the previous 2-year interval (C), TNFi use for ≥12 months in the previous 2-year interval (D), and TNFi use for
≥12 months in the previous and current 2-year intervals (E). Symbols represent individual patients.
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In patients with radiographic axial SpA, TNFi exposure for
≥12 months in the previous 2-year interval and exposure for
≥12 months in both the previous and the current intervals were
associated with a reduction in sacroiliitis sum score of 0.04 and
0.01 points, respectively.

Analyses of the secondary outcomes. Secondary out-
comes included 4 binary definitions of radiographic sacroiliitis pro-
gression: 1) progression by at least 1 grade in at least 1 sacroiliac
joint according to the opinion of both readers; 2) progression by at
least 1 grade in at least 1 sacroiliac joint according to the opinion
of both readers (except progression from 0 to 1); 3) progression
by at least 1 grade in the sacroiliitis sum score; 4) progression
from nonradiographic axial SpA to radiographic axial SpA accord-
ing to the opinion of both readers. We excluded 9 patients who
had a sacroiliitis sum score >7 to analyze radiographic progres-
sion for the first 3 secondary outcome variables. There were no
intervals with progression according to definitions 1 and 2 in
patients who received treatment with TNFi for ≥12 months in the
previous 2-year radiographic interval or in patients who received
treatment with TNFi for ≥12 months in both the previous and the
current 2-year intervals (see Supplementary Tables 6 and 7, avail-
able at http://onlinelibrary.wiley.com/doi/10.1002/art.42144).
Among all TNFi exposure and interval groups, we observed a
trend toward a significant reduction in the odds of radiographic
sacroiliitis progression based on a reduction by at least 1 grade
in the sacroiliitis sum score (see Supplementary Table 8, available
at http://onlinelibrary.wiley.com/doi/10.1002/art.42144).

For progression from nonradiographic to radiographic axial
SpA, we assessed 311 radiographic intervals from 166 patients
with nonradiographic axial SpA and observed that exposure to
TNFi in the previous 2-year interval, but not the current interval,
was associated with a reduction in radiographic sacroiliitis pro-
gression (see Supplementary Table 9, available at http://
onlinelibrary.wiley.com/doi/10.1002/art.42144).

DISCUSSION

In the present study, we evaluated the association between
TNFi therapy and radiographic sacroiliitis progression in patients
with axial SpA using long-term follow-up data (up to 10 years)
from a large inception cohort. We found that TNFi therapy was
associated with a reduction in radiographic sacroiliitis progression
in patients with axial SpA; however, a reduction in radiographic
progression was only evident 2–4 years after TNFi therapy was
initiated. Of note, this effect was present in the setting of both
nonradiographic and radiographic axial SpA but was stronger in
nonradiographic axial SpA patients. Furthermore, reduction in
radiographic progression was consistent across all explored out-
come definitions (sacroiliitis sum score and binary progression
definitions). Reduction in radiographic sacroiliitis progression
was greater in patients who received treatment with TNFi continu-
ously during the 2-year intervals analyzed (i.e., patients received
treatment for at least half of the interval). Importantly, we analyzed
the long-term results in an inception cohort, meaning that the
majority of the patients included in this study were at the early

Table 3. Longitudinal generalized estimating equation analysis of the association between progression in sacroiliitis sum score and TNFi expo-
sure in patients with nonradiographic axial SpA and patients with radiographic axial SpA*

Definition of TNFi
exposure Referent

Nonradiographic axial SpA patients Radiographic axial SpA patients

Univariable Multivariable Univariable Multivariable
β (95% CI) β (95% CI)† β (95% CI) β (95% CI)†

Any use in the current
2-year interval

No use in the current
2-year interval

0.09 (–0.44, 0.22) 0.06 (–0.06, 0.18) 0.03 (–0.08, 0.14) 0.07 (–0.05, 0.19)

Use for ≥12 months in
the current 2-year
interval

No use for ≥12 months in
the current 2-year
interval

–0.04 (–0.18, 0.11) –0.08 (–0.19, 0.04) –0.02 (–0.12, 0.09) 0.03 (–0.07, 0.14)

Any use in the previous
2-year interval

No use in the previous
2-year interval

–0.10 (–0.22, 0.02) –0.13 (–0.25, 0.001) –0.08 (–0.18, 0.02) –0.04 (–0.16, 0.08)

Use for ≥12 months in
the previous 2-year
interval

No use for ≥12 months in
the previous 2-year
interval

–0.13 (–0.23, –0.02) –0.16 (–0.28, –0.03) –0.10 (–0.19, –0.01) –0.04 (–0.15, 0.07)

Use for ≥12 months in
the previous 2-year
interval and in the
current 2-year
interval

No use for ≥12 months in
the previous 2-year
interval and in the
current 2-year interval

–0.15 (–0.26, –0.04) –0.19 (–0.32, –0.07) –0.07 (–0.17, 0.03) –0.01 (–0.12, 0.11)

* Values are the parameter estimates (β) with 95% confidence intervals (95% CIs) for the likelihood of change in sacroiliac sum score in each
TNFi exposure category relative to the indicated no exposure referent category, as determined in univariable and adjusted multivariable anal-
yses of 318 radiographic intervals assessed in patients with nonradiographic axial SpA and 285 radiographic intervals assessed in patients with
radiographic axial SpA.
† Parameter estimates from the multivariable models were adjusted for sex, age at the beginning of the current 2-year interval, HLA–B27 sta-
tus, symptom duration at the beginning of the current 2-year interval, time-averaged elevated CRP level, time-averaged BASDAI score, and
time-averaged NSAID intake score in the current 2-year interval. See Table 1 for other definitions.
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disease stage in terms of structural damage progression. The
GESPIC began before TNFi therapy became widely available for
the treatment of axial SpA. This may have reduced the likelihood
that chaneling bias affected our results, as patients with more
active axial SpA are currently more likely to be treated with
bDMARDs than patients with milder and potentially less progres-
sive disease.

The results of this study are consistent with those from studies
of radiographic progression in the spine. Several studies have dem-
onstrated that the effect of TNFi therapy on radiographic spinal pro-
gression becomes evident only after at least 4 years of treatment
(7–10). Whether this duration of treatment affect also applies to
efforts to modify radiographic progression in the sacroiliac joints
has not been clarified previously, although a recent analysis of a
TNFi interventional trial of etanercept to treat early axial SpA sug-
gested that 2 years of treatment might be insufficient to allow for a
clear reduction in progression of structural damage associated with
an effective antiinflammatory treatment (12).

How can the results of this study be explained in the context of
the pathophysiology of axial SpA? In the spine, the inflammation
process is followed by repair characterized by the transformation
of inflamed tissue in the subchondral bone marrow into fibrous
repair tissue, which can be detected on magnetic resonance imag-
ing (MRI) as fatty lesions (23,24). New bone formation is subse-
quently activated (3). The same sequence (inflammation, repair,
new bone formation) could be confirmed in axial SpA through the
use of longitudinal data from interventional studies comprising both
radiography andMRI of the spine (25,26). We expect that the path-
ophysiologic process leading to structural changes in the sacroiliac
joints follows the same pathway as that in the spine. It could also
have been expected that osteodestructive components such as
erosion resulting from inflammation would have been stopped early
by effective antiinflammatory treatment, as suggested by the find-
ings from a recent interventional study of etanercept to treat nonra-
diographic axial SpA (11). However, we did not observe such an
immediate effect of TNFi treatment in terms of early activation of tis-
sue repair after suppression of inflammation in the GESPIC cohort.

Our findings have clinical relevance for the treatment of axial
SpA. The relevance of radiographic sacroiliitis progression to the
functional status of patients with axial SpA appears to be minor
(6); however, inhibition of structural damage progression in the
axial skeleton (sacroiliac joints and spine) is conceptually impor-
tant for any treatment resulting in disease modification.

Our study had some limitations. The first limitation was the risk of
selection bias due to the exclusion of patientswithout at least 2 sets of
radiographs. Assuming that it is practically impossible to conduct a
randomized controlled trial on radiographic progression, analysis of
cohort data is in fact the only way to address the issue of structural
damage progression in the sacroiliac joints in axial SpA. In the present
work, we attempted to estimate the effects of TNFi exposure on
radiographic sacroiliitis progression as precisely as possible using an
adjusted longitudinal GEE analysis, which gave us the opportunity to

assess within-patient effects. Compared to the GESPIC patients
included in this study, patients who were excluded were younger,
more oftenmale, and probably had less severe disease (i.e., less pso-
riasis, lower BASMI scores, and lower frequency of DMARD use).

The second limitation was the absence of MRI data, which
would have been helpful for more precisely addressing the link
between inflammation and new bone formation in the sacroiliac
joints. Unfortunately, since patient enrollment in the GESPIC
cohort began in the early 2000s, MRI was not part of the study
protocol. Instead, we used CRP level as a covariate to reflect an
objective sign of inflammation.

The third limitation was the reliance on only conventional
radiographs of the sacroiliac joints to evaluate the progression of
structural damage. It is possible that with low-dose computed
tomography or MRI, progression (or retardation) of structural
damage could have been detected earlier than 2–4 years after ini-
tiation of TNFi therapy, and it could have been detected in a more
reliable way. We did not observe any regression of radiographic
sacroiliitis according to radiographic progression scores
assessed on radiographs in known chronologic order, which
could be considered an additional limitation as this could have
resulted in the overestimation of progression. However, we chose
this approach to increase sensitivity to change (27) and to reduce
background noise not related to real structural changes.

Finally, the only bDMARDs administered to patients in the
present study were TNFi, and therefore we do not know whether
our findings are also applicable to patients receiving treatment
with other bDMARDs such as interleukin-17 inhibitors. In sum-
mary, this study demonstrated that treatment with TNFi was
associated with a deceleration of radiographic sacroiliitis progres-
sion in axial SpA patients that became evident between 2 and
4 years after initiation of treatment.
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Peripheral γδ T Cells Regulate Neutrophil Expansion
and Recruitment in Experimental Psoriatic Arthritis

Cuong Thach Nguyen,1 Hiroki Furuya,2 Dayasagar Das,1 Alina I. Marusina,1 Alexander A. Merleev,1

Resmi Ravindran,1 Zahra Jalali,2 Imran H. Khan,1 Emanual Maverakis,1 and Iannis E. Adamopoulos3

Objective. This study was undertaken to identify the mechanistic role of γδ T cells in the pathogenesis of experi-
mental psoriatic arthritis (PsA).

Methods. In this study, we performed interleukin-23 (IL-23) gene transfer in wild-type (WT) and T cell receptor
δ–deficient (TCRδ−/−) mice and conducted tissue phenotyping in the joint, skin, and nails to characterize the inflamma-
tory infiltrate. We further performed detailed flow cytometry, immunofluorescence staining, RNA sequencing, T cell
repertoire analysis, and in vitro T cell polarization assays to identify regulatory mechanisms of γδ T cells.

Results. We demonstrated that γδ T cells support systemic granulopoiesis, which is critical for murine PsA-like
pathology. Briefly, γδ T cell ablation inhibited the expression of neutrophil chemokines CXCL1 and CXCL2 and neutro-
phil CD11b+Ly6G+ accumulation in the aforementioned PsA-related tissues. Although significantly reduced expres-
sion of granulocyte–macrophage colony-stimulating factor (GM-CSF) and IL-17A was detected systemically in
TCRδ−/− mice, no GM-CSF+/IL-17A+ γδ T cells were detected locally in the inflamed skin or bone marrow in WT mice.
Our data showed that nonresident γδ T cells regulate the expansion of an CD11b+Ly6G+ neutrophil population and
their recruitment to joint and skin tissues, where they develop hallmark pathologic features of human PsA.

Conclusion. Our findings do not support the notion that tissue-resident γδ T cells initiate the disease but
demonstrate a novel role of γδ T cells in neutrophil regulation that can be exploited therapeutically in PsA patients.

INTRODUCTION

Psoriatic arthritis (PsA) is a chronic, inflammatory, and het-

erogeneous disease that affects distinct anatomic sites including

peripheral and axial joints, resulting in synovitis, enthesitis, ony-

cholysis, and epidermal hyperplasia (1). The cutaneous features

of PsA are characterized by the accumulation of prominent neu-

trophilic exudates (Munro’s microabscesses) and mixed dermal

infiltrates including αβ and γδ T cells (2). Similarly, nail psoriasis

and onycholysis are commonly associated with increased neutro-

phil populations in the affected nail bed (3), and clinically, the

neutrophil-to-lymphocyte ratio is a strong predictor for PsA (4).
Interleukin-23 (IL-23) induces the differentiation, survival, and

expansion of Th17 cells, γδ T cells, and neutrophils (5,6) and is

also associated with PsA susceptibility and pathogenesis (7,8).

Although the exact mechanisms are not completely understood,

the activation of IL-17A–producing γδ T cells has been suggested.

Activated γδ T cells regulate multiple immune responses by pro-

ducing proinflammatory cytokines, including IL-17A, interferon-γ

(IFNγ), and tumor necrosis factor (TNF), and chemokines, includ-

ing CCL5, CXCL10, and lymphotactin (XCL1), which lead to the

recruitment of neutrophils and macrophages (9). Additionally, γδ

T cells regulate myelopoiesis and activation of polymorphonuclear

neutrophils through granulocyte–macrophage CSF (GM-CSF),

G-CSF, and M-CSF (10,11), and an absence of γδ T cells pre-

vents neutrophil accumulation in cancer (12). The contribution of

these pathways in the pathogenesis of spondyloarthritis is of par-

amount importance as IL-17A+ γδ T cells and double-producing

IL-17A+ GM-CSF+ γδ T cells have been identified in spondyloar-

thritis patients (13,14). Despite the high clinical significance and
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the fact that clinical trials of GM-CSF in spondyloarthritis are
currently under way, the cellular and molecular mechanisms of
pathogenic γδ T cells remain elusive.

In mice, the importance of γδ T cells has been widely docu-
mented in experimental models of arthritis (15–17) and
imiquimod-induced psoriasis (18,19). Additionally, γδ T cells have
been detected in inflamed skin and the enthesis, which are com-
monly observed in PsA patients; however, as enthesitis can occur
in the absence of γδ T cells, the functional evidence is weak
(20,21), as was recently reviewed (22). The major discrepancies
surrounding γδ T cell functionality stems from the fact that
different γδ subtypes exist in different tissues and regulate both
pro- and antiinflammatory responses based on the expression
of cytokines and activation status. The fundamental subtype
differences between human and murine γδ T cells and the subopti-
mal tools used in γδ T cell research further confounded the
results (22,23).

In the current study, we performed IL-23 gene transfer in
wild-type (WT) mice and T cell receptor δ–deficient (TCRδ−/−) mice
(which lack γδ T cells) (24), which were purposely backcrossed in
the B10.RIII mouse strain (susceptible to autoimmunity), and we
report the functional role of γδ T cells. A systemic rather than a
local inflammation is the driver of the disease that is regulated by
GM-CSF and IL-17A and by chemotactic factors that are respon-
sible for the accumulation of neutrophil exudates in IL-23–induced
synovitis, onycholysis, and epidermal hyperplasia, which are
associated with PsA. Our data reconcile previous conflicting
observations and demonstrate a novel role of γδ T cells in neutro-
phil recruitment and inflammation at anatomic sites critical for the
pathogenesis of PsA.

MATERIALS AND METHODS

Animals. B10.RIII and TCRδ−/− C57BL/6 mice were
purchased from The Jackson Laboratory (Sacramento, CA). In
order to generate TCRδ−/− B10.RIII mice, TCRδ−/− C57BL/6 mice
were crossed with inbred B10.RIII mice over >10 generations.
Sex- and age-matched mice (8–12 weeks) were used for all
experiments under specific pathogen–free conditions. All animal
protocols were approved by Institutional Animal Care and Use
Committee at Beth Israel Medical Deaconess Center.

Reagents. Monoclonal antibodies of anti-Ly6G (1A8) and
anti-TCRγδ (GL3) were purchased from R&D Systems, anti-
CD11b (M1/70) were purchased from eBioscience, and anti–IL-17A
(TC11-18H10.1), anti–GM-CSF (MP1-22E9), and CD3ε (145-2C11)
were purchased from BioLegend. IRDye 680CW goat anti-
mouse/anti-rabbit secondary antibodies were purchased from
Li-Cor Biosciences. IL-23 and IL-27p28 enzyme-linked immu-
nosorbent assay kits were purchased from eBioscience and
R&D Systems, respectively. An EndoFree Plasmid Mega Kit
was purchased from Qiagen, and Bio-Plex Pro mouse cytokine

23-plex assays were purchased from Bio-Rad. Minicircle-RSV.
Flag.mIL23.elasti.bpA or RSV.eGFP.bpA (IL-23 minicircle DNA)
was produced as previously described (25) and was injected
hydrodynamically via tail vein delivery. Serum evaluation of
IL-23 and clinical score was performed as previously
described (25).

Flow cytometry. Bone marrow cells were isolated from
B10.RIII mice 2 days post–gene transfer of either green fluorescent
protein (GFP) or IL-23 minicircle DNA. Bone marrow cells were
flushed out using a 27-gauge needle attached to a 1-ml syringe
containing phosphate buffered saline (PBS). Red blood cells were
lysed with BD Pharm Lyse (BD Biosciences). Nonspecific binding
was blocked with TruStain FcX antibody (BioLegend) for
10 minutes at 4�C in fluorescence-activated cell sorting (FACS)
buffer (Ca2+/Mg2+-free PBS with 2% fetal bovine serum and
0.5M EDTA) before staining (30 minutes) with appropriate antibod-
ies. Isotype controls were used at the same protein concentrations
as their corresponding markers. AccuCheck counting beads (Life
Technologies) or Precision Count Beads (BioLegend) were used
to determine absolute cell number/cm2 based on the manufac-
turer’s protocol. Flow cytometry was performed on a BD FACSAria
flow cytometer (BD Biosciences) or Attune Cytometer (Life
Technologies), and the data were analyzed using FlowJo software.

RNA isolation and real-time polymerase chain
reaction (PCR). RNA was isolated from mouse tissues using
an RNeasy kit (Qiagen) including a DNase I digest step. Quality
of RNA was analyzed with a Nanodrop spectrophotometer
(ThermoFisher Scientific). Complementary DNA was prepared
using iScript cDNA Synthesis Kit (Bio-Rad). Quantitative reverse
transcriptase–PCR (qRT-PCR) was performed using iTaq Univer-
sal SYBR Green Supermix according to instructions of the manu-
facturer (Bio-Rad). Relative expression of target genes was
performed using the 2−ΔΔCt method and normalized with internal
GAPDH control as previously described (25).

Hematoxylin and eosin (H&E) staining and
immunohistochemistry. Murine ears, paws, and nails (decal-
cified in 15% EDTA) were fixed in 10% formalin in PBS and
paraffin-embedded for sectioning (6 μm). Tissue sections were
stained with hematoxylin and eosin Y (Sigma). Photos were
obtained and analyzed using an Olympus BX61 microscope and
BZ-II Analyzer software. Analysis and quantification were per-
formed using ImageJ software. Histology sections (6 μm) of each
paraffin block were stained and used for immunofluorescence
microscopy as previously described (26). Sections were deparaf-
finized and blocked for 1 hour in blocking buffer (1% triton X, 2%
bovine serum albumin), then immunostained with appropriate
antibodies and DAPI before visualized using a confocal micro-
scope (Nikon C1). Quantification of neutrophils in the nail bed
and synovium and bone resorption area was conducted using
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the point-counting method, with a counting grid overlaid on an
image magnified 400×, as previously described (27).

Cultures for expansion of γδ T cells. For flow cytometry
analysis, γδ T cells were cultured as previously described (28).
Briefly, splenocytes were cultured at 1 × 106 cells/ml in RPMI
1640 containing 10% FCS, antibiotics, 1X GlutaMax, 10 mM

HEPES, 1mM sodium pyruvate (Gibco), 55 μM β-mercaptoethanol
and nonessential amino acids (all from Gibco) with 5 ng/ml recom-
binant IL-23, 5 ng/ml recombinant IL-1β (both from R&D Systems),
and 10 μg/ml anti-IFNγ (BioLegend) in 96-well, round-bottomed
plates coated with 1 μg/ml anti-TCRγδ (clone GL3; BioLegend) for
3 days. Cells were washed and reseeded on fresh plastic at
1 × 106 cells/ml for a further 3 days, as described above, without
TCRγδ stimulation. Cells were collected on day 6 for flow cytometry
analysis.

RNA sequencing. RNA was isolated from the ears of WT
and TCRδ−/− mice injected with either GFP minicircle DNA or
IL-23 minicircle DNA using an RNeasy Plus mini kit and analyzed
with a Bioanalyzer. Purified total RNA (RNA integrity number
[RIN] >5) was used for library preparation. The 3’Tag RNA-Seq
run was performed on an Illumina HiSeq 4000 and generated an
average of 600,000 reads per sample. RNA-Seq reads for the
9 individual samples included 3 groups: control (WT mice treated
with GFP minicircle DNA), treatment (WT mice treated with IL-23
minicircle DNA), and mutant (TCRδ−/− mice treated with IL-23
minicircle DNA) (with 3 replicates each, barcoded and run on a
single lane). These groups were independently aligned to the
mouse genome (ref. ID: GRCh38.p6) using the STAR alignment
software, version 2.7.0a, with the corresponding ensembl refer-
ence genome. The featureCounts package was used to count
the mapped reads, and the edgeR package was used for differ-
ential expression analysis. The names of differentially expressed
genes (DEGs) that met the criteria of having a fold change of >2
and a false discovery rate (FDR) of <0.05 were collected and used
for further gene enrichment analysis. Enrichment analysis was
performed using the web-based tool “Enrichr” (29).

T cell repertoire analysis. Mouse ears (9 mice/group)
were stabilized by addition of RNAlater (Ambion) and homoge-
nized using TissueLyzer II (Qiagen). Total RNA was extracted
using an RNeasy Fibrosis mini kit and quantified using a Qubit
Fluorometer. RNA integrity was assessed using the RNA Screen-
Tape on Agilent TapeStation, with an RIN of ≥8 set as an inclusion
cutoff. Indexed libraries were constructed from 2,000 ng of total
RNA using a TruSeq Stranded mRNA Sample Prep Kit following
instructions of the manufacturer (Illumina). The quantity and qual-
ity of the libraries were also assessed by Qubit and D1000
ScreenTape on Agilent TapeStation, respectively. To maximize
complementarity-determining region 3 (CDR3) reads, the average
library size was 400 bp. The libraries’ molar concentration was

validated by quantitative PCR for library pooling. Sequencing
was performed on the Illumina HiSeq 4000 platform using
PE150 chemistry.

Statistical analysis. Statistical differences were analyzed
by Mann-Whitney test. All results are representative of ≥3 inde-
pendent experiments, unless otherwise stated. P values less than
0.05 were considered statistically significant. Data show the
mean ± SEM.

Data availability. RNA-Seq data were deposited in the
NCBI Sequence Read Archive under accession number
SUB10952655 (Temporary Submission ID).

RESULTS

IL-23–induced joint inflammation limited by γδ T
cell deficiency. To examine the role of γδ T cells in joint inflam-
mation, we performed IL-23 gene transfer in WT and TCRδ−/−

mice using hydrodynamic gene delivery of IL-23 minicircle DNA,
as previously described (25) (Figures 1A and B). IL-23 gene trans-
fer induced swelling and paw erythema of murine paws, accom-
panied by synovial inflammation (Figures 1C–E), which was
absent in controls. Compared to WT mice, TCRδ−/−mice showed
a significant decrease in disease severity (mean ± SEM 8.8
± 2.9% for WT mice versus mean ± SEM 2.5 ± 1.3% for TCRδ−/−

mice; P < 0.05) and disease incidence (mean ± SEM 86.0
± 12.8% for WT mice versus mean ± SEM 43.6 ± 14.4% for
TCRδ−/− mice; P < 0.01) on day 10 post–IL-23 minicircle gene
transfer (Figures 1C–E). H&E staining of ankle joints 11 days after
IL-23 gene transfer showed that WT mice had a hyperplastic and
inflamed synoviumwith a mixed inflammatory infiltrate of mononu-
clear cells and numerous polymorphonuclear leukocytes, as well
as evidence of bone destruction (Figure 1F and Supplementary
Figure 1, available on the Arthritis & Rheumatology website at
https://onlinelibrary.wiley.com/doi/10.1002/art.42124), which is
consistent with previous observations (25,30).

The enthesis maintained normal architecture in both the fibrous
enthesis and fibrocartilage tissue adjacent to the bone region. The
corresponding tendon sheaths revealed slight inflammation accom-
panied by no or minimal edema, altered vascularity, and disorga-
nized collagen fibers. No collagen hyalinization was found in the
extracellular matrix. The bone–tendon borders were minimally
blurred, though without any appreciable irregularity or focal defect
at the interface of the fibrous attachment to the periosteum. In the
absence of extensive infiltration of enthesis, widely dispersed inflam-
matory infiltrates in the muscle were evident, which is suggestive of
mild myositis and tendinitis. Flow cytometric analysis conducted
48 hours post–IL-23 gene transfer confirmed an increase in
CD11b+Ly6G+ cells (mean ± SEM 12.90 ± 0.74% for GFP
minicircle–treated mice versus mean ± SEM 23.87 ± 1.87% for
IL-23 minicircle–treated mice; P < 0.01) in the bone marrow of WT
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mice (Figure 1G). This pathology was accompanied by a marked
elevation of gene expression of synovial inflammatory markers Il1β,
Vcam1, Mpp3, Pecam1, as well as osteoclast related markers

Tnfrsf11a, Ctsk, and Acp5 (Figure 1H). Taken together, our data
confirmed that genetic ablation of γδ T cells reduces joint inflamma-
tion and neutrophil expansion.
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Figure 1. Amelioration of interleukin-23 (IL-23)–induced joint inflammation by γδ T cell deficiency. A, Schematic of IL-23 and green fluorescent protein
(GFP; control) minicircle (MC) gene transfer model. B, Serum IL-23 concentration 24 hours post–IL-23 minicircle gene transfer. C andD, Severity score
of arthritis (C) and disease incidence (D) in wild-type (WT) and T cell receptor δ–deficient (TCRδ−/−) mice post–IL-23 minicircle gene transfer. Data are
representative of ≥3 independent experiments (n = 10–11 mice/group). E, Photographs of murine ankles 11 days post–IL-23 minicircle gene transfer,
showing inflamed mouse paws with extensive erythema and swelling of paws in IL-23 gene transfer mice compared to GFP minicircle–treated mice
and TCRδ−/−mice. F, Hematoxylin and eosin staining of murine ankle joints, showing synovial inflammation with infiltrated cells. Bars = 200 μm.G, Rep-
resentative flow cytometry dot plots gated on live lymphocytes of bone marrow 48 hours post–IL-23 or GFP gene transfer in WT and TCRδ−/− mice,
illustrating an increase in CD11b+Ly6G+ cell populations. H, Gene expression analysis of murine paws post–IL-23 minicircle gene transfer, showing
an elevation of Il1β, Vcam1, Mmp3, Pecam1, Tnfrsf11a, Apc5, and Ctsk, compared to GFP minicircle–treated mice and TCRδ−/− mice. Data are repre-
sentative of 3 independent experiments (n = 9–11 mice/group). In B–D, G, and H, symbols represent individual mice; bars show the mean ± SEM.
* = P < 0.05; ** = P < 0.01; *** = P < 0.001, by Mann-Whitney test. FACS = fluorescence-activated cell sorting; NS = not significant. Color figure can
be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42124/abstract.
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Prevention of neutrophil accumulation in PsA-
related tissues by γδ T cell deficiency. IL-23 gene transfer
also resulted in severe inflammation with psoriatic lesions of the
distal nail bed and hyponychium and in severe cases resulted in

onycholysis (Figure 2A), which is commonly observed in PsA
patients. The inflammatory infiltrate of the nail bed consisted
largely of polymorphonuclear neutrophils similar to the bone mar-
row. This was confirmed by immunofluorescence staining using
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Figure 2. Prevention of nail psoriasis and onycholysis by inhibiting neutrophil accumulation by γδ T cell deficiency. A, Hematoxylin and eosin
staining of murine nails, showing nail psoriasis and onycholysis with infiltrated cells in nail bed (NB) (arrowhead). Bars = 300 μm (upper) and
200 μm (lower). Arrowhead indicates onycholysis. B, Immunofluorescence staining of Ly6G+ cells in murine nails post–IL-23 minicircle gene
transfer, showing the neutrophil accumulation (arrowheads) in nail beds. Images are representative of 3 independent experiments (n = 10 mice/
group). Bars = 200 μm. C and D, Gene expression analysis of neutrophil markers, showing an elevation of Cd11b, Mpo, Cxcr2, Fpr1, and Il27
in the skin (C) and joint tissues (D) of IL-23 minicircle–treated WT mice and/or TCRδ−/− mice compared to GFP minicircle–treated mice (controls).
Symbols represent individual mice; bars show the mean ± SEM (n = 3 independent experiments). * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by
Mann-Whitney test. NB = nail bed; NP = nail plate (see Figure 1 for other definitions). Color figure can be viewed in the online issue, which is avail-
able at http://onlinelibrary.wiley.com/doi/10.1002/art.42124/abstract.
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neutrophil specific antibodies (anti-Ly6G). TCRδ−/− mice were
protected from IL-23–induced nail psoriasis and onycholysis,
and this correlated with a decrease in neutrophil accumulation in
the nail bed (Figure 2B and Supplementary Figure 1, https://
onlinelibrary.wiley.com/doi/10.1002/art.42124). To investigate
whether γδ T cells modulate activation of neutrophils during joint
and skin inflammation, neutrophil markers were examined by
qRT-PCR in paws and ear tissue, respectively. Our results
showed that IL-23 increased expression of neutrophil markers in
the joints and skin and that TCRδ−/− mice differentially regulated
the neutrophil marker expression in these tissues. Specifically,
IL-23–induced expression of Cd11b and Cxcr2 induction was
prevented in the skin (Figure 2C) and Cd11b, Mpo, Cxcr2, and

Frp1 was prevented within the joints (Figure 2D). Collectively,
these findings indicate that neutrophilic inflammation in the nails,
skin, and joints are down-regulated in TCRδ−/− mice.

Suppression of IL-23–induced innate skin inflamma-
tion by γδ T cell deficiency. To investigate whether γδ T cells
are required for IL-23–induced skin inflammation, we examined
parameters of skin inflammation between WT and TCRδ−/−

mice. IL-23 induced erythema with silvery white scales at
11 days post–IL-23 gene transfer (Figure 3A) in WT mice
but not in TCRδ−/− mice. The clinical observation was corrobo-
rated by histologic analysis, which demonstrated a limited
thickening of the epidermis, infiltration by inflammatory cells,
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Figure 3. TCRδ−/− deficiency suppresses IL-23–induced skin inflammation in vivo. A, Photographs of ears 11 days post–IL-23 minicircle gene
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and formation of neutrophilic exudates (Munro’s microabs-
cesses) in TCRδ−/− mice compared to WT mice (Figures 3B–D
and Supplementary Figure 1, https://onlinelibrary.wiley.com/
doi/10.1002/art.42124). Immunofluorescence imaging of ears
with neutrophil specific antibodies after IL-23 gene transfer con-
firmed that neutrophils accumulate in the skin in WT mice

compared to mice injected with control GFP minicircle DNA
and TCRδ−/− mice (Figure 3E). Furthermore, IL-23 gene transfer
in WTmice showed a significant increase in expression of inflam-
matory gene markers K16, S100a7, S100a8, S100a9, Cxcl1,

Cxcl2, Il23r, Il17, Il22, and Il6, compared to TCRδ−/− mice
(Figure 3F). Overall, skin inflammation showed an increase in
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neutrophil accumulation and neutrophil chemokines that was
prevented in TCRδ−/− mice.

No association of IL-23–induced skin inflammation
with expansion of dermal γδ T cells. To mechanistically
investigate the role of γδ T cells in IL-23–induced skin inflamma-
tion, we performed RNA-Seq on ear tissue collected from WT
and TCRδ−/− mice 11 days post–GFP or IL-23 gene transfer. This
analysis identified 2,800 genes that were meaningfully (fold
change >2) and significantly (FDR >2) differentially expressed in
WT animals following IL-23 minicircle–treated mice compared to
GFP minicircle–treated controls. Among the 30 most variable
genes (Figure 4A), several genes classically associated with psoria-
sis, including Krt16, S100a8, S100a9, were significantly increased

(fold change = 752 [P = 2.37 × 10−5] for Krt16; fold change
=1,562 [P = 3.85 × 10−6] for S100a8; fold change = 1,741
[P = 3.41 × 10−6] for S100a9). The expression of several
neutrophil-attracting chemokines was also up-regulated including
Cxcl2 and Cxcl5, as well as the T cell and monocyte–attracting
chemokine Cxcl10 (fold change = 1,415 [P = 5.73 × 10−4] for
Cxcl2; fold change = 3.96 [P = 9.89 × 10−4] for Cxcl5; fold
change = 41.74 [P = 3.79 × 10−2] for Cxcl10). Other genes of inter-
est included neutrophil proteases and genes associated with neu-
trophil activation, including innate proinflammatory mediators such
as Il1β and Ptgs2 (fold change = 1,125 [P = 5.84 × 10−4] for Il1β;
fold change = 182 [P = 2.36 × 10−2] for Ptgs2) (Figure 4A and
Supplementary Figure 2, https://onlinelibrary.wiley.com/doi/10.1002/
art.42124).

0

400

800

1200

GM-CSF 

**! **!

CXCL-1 

400 

600 

0 

200 

*! *!

0 

2000 
2500 

500 

1500 
1000 pg

/m
l 

0 

300 

400 

200 

100 

G-CSF 

*! *!

CCL-4 

400 

600 

0 

200 

0 

60 

20 

40 

CCL-3 

0 

600 

800 

400 

200 

CCL-5 

**! **! **! **! **!

Day 6 

medium change 

Analysis 

Day 3 

Experiment 1 Experiment 2 Experiment 3 

IL-17A

GM-CSF 

T cell  T cell

IL-17A

G
M

-C
SF

 T cell 

T cell CD3 

TC
R

 

Experiment 1 Experiment 2 Experiment 3 

35.7% 

  20% 

33.8% 

  21.3% 

38.2% 

  19.8% 

31.8% 0.17% 

60.4% 

1.40% 2.35% 

7.90% 

34.2% 0.50% 

59.0% 

1.29% 3.97% 

7.99% 

35.5% 0.52% 

58.3% 

0.79% 2.70% 

5.87% 

T gd T
0

20

40

60

80

100

T gd T
0

10

20

30

40

T gd T
0

10

20

30

40

IL-17A+  GM-CSF+ 
IL-17A+ 
GM-CSF+ 

Flow cytometry 

Isolate splenocytes 

Day 0 

IL-3

0

10

20

30

IFN-y

0

200

400

600

0

60

120

400

IL-6 IL-1b

0

50

100

150

200

IL-1a

0

25

50

IL-6 IL-1IL-3 TNFIL-1 IFN

0 

30 

10 

20 

0 

400 

60 

120 

0 

25 

50 

0 

150 

200 

100 

50 

0 

600 

200 

400 

***! ***!***!***!***!

0 

1200 

400 

800 

**!*! ***!***! ***!***!
pg

/m
l 

Cultures with 
IL-1 , IL-23 and IFN antibody 

on anti-TCR  antibody coated plate 

TCR -/- + IL-23 MCWT + GFP MC WT + IL-23 MC TCR -/- + GFP MC

n.s.!

Pe
rc

en
ta

ge
 (%

) 

Pe
rc

en
ta

ge
 (%

) 

Pe
rc

en
ta

ge
 (%

) 

A

B 

C 

E 

D 

F 

Experiment 1 Experiment 2 Experiment 3 

n.s.!

***! ***!***!

Figure 5. IL-23 induces the development of IL-17A+/granulocyte–macrophage colony-stimulating factor–positive (GM-CSF+) γδ T cells in vitro.
A, Serum cytokine and chemokine profiles of WT mice and TCRδ−/− mice post–GFP or IL-23 minicircle gene transfer. Dotted line shows sensitivity
of each assay. B, Schematic diagram of γδ T cell culture using splenocytes fromWTmice. C andD, Flow cytometry dot plots pregated on live lym-
phocytes showing the gating strategy. E, Histograms of IL-17A and GM-CSF expression on T cells and γδ T cells. F, Bar plots showing percent-
ages of IL-17A– and GM-CSF–positive cells among cultured T cells and γδ T cells. In A and F, symbols represent individual mice; bars show the
mean ± SEM (n = 3 independent experiments). * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by Mann-Whitney test in A and by Student’s unpaired
t-test in F. See Figure 1 for other definitions. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/
10.1002/art.42124/abstract.
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A hierarchical clustering heatmap of DEGs revealed
that TCRδ−/− mice show greater similarity to GFP minicircle–
treated WT mice than to IL-23 minicircle–treated WT
mice (Figure 4A). Accordingly, Gene Ontology analyses of
the up-regulated genes in IL-23 gene–transferred WT mice
showed multiple terms that were compatible with psoriasis,
such as “inflammatory response,” “keratinization,” “neutrophil
chemotaxis,” and “neutrophil migration” (Figure 4B). To character-
ize the IL-23–induced alterations in the T cell repertoire, TCR gene
segments and the TCR complementarity-determining region
3 (CDR3)–encoding sequences were mined from RNA-Seq data
sets of GFP minicircle–treated WT mice and IL-23 minicircle–
treated mice. Surprisingly, IL-23 induced a significant decrease in
γδ T cells in the skin (Supplementary Figure 3, https://onlinelibrary.
wiley.com/doi/10.1002/art.42124). Specifically, the dominant
T cell receptor delta (TRD) clone (CGSDIGGSSWDTRQMFF),
which normally comprised 70% of the TRD repertoire, declined
to 53%, and the second most dominant clone in the TRD reper-
toire (CALYRRDATDKLVF) dropped to below detection in the skin
following IL-23 gene transfer (Figure 4C). Consistent with these
findings, results of the flow cytometric analysis after GFP/IL-23
gene transfer revealed no significant increase in absolute number
of γδ T cells or the proportion of GM-CSF/IL-17–producing γδ T
cells among γδ T cells (Figures 4D and E), not even in messenger
RNA (mRNA) levels (Figure 4F). We also performed similar analysis
at the bone marrow and again no γδ T cell expansion was
observed (Supplementary 4, https://onlinelibrary.wiley.com/doi/
10.1002/art.42124).

Development of IL-17A+/GM-CSF+ γδ T cells induced
in vitro by IL-23. Despite the absence of IL-17A/GM-CSF
double-positive cells among γδ T cells in the skin and bone mar-
row, the levels of proinflammatory cytokines, including GM-CSF
and other myeloid supporting factors, were decreased in the
circulation in the TCRδ−/− mice (Figure 5A and Supplementary
Figure 5, https://onlinelibrary.wiley.com/doi/10.1002/art.42124).
To confirm that γδ T cells express GM-CSF, we performed
experiments to determine the requirements of IL-17A+/GM-
CSF+ γδ T cells differentiation in vitro using cytokines and anti-
gen activation (Figure 5B). Our data showed that IL-23, IL-1β,
anti-IFNγ, and anti-TCRδ antibodies resulted in the differentia-
tion of IL-17A/GM-CSF double-positive cells in splenocyte cul-
tures isolated from WT mice (Figures 5C and D and
Supplementary 6, https://onlinelibrary.wiley.com/doi/10.1002/
art.42124). These experiments also confirmed that the IL-17A/
GM-CSF double-positive cells were mainly (95%) γδ T cells
(Figures 5D–F). Taken together, our data demonstrate that
although IL-23 can induce the development of IL-17A+/GM-
CSF+ γδ T cells, other factors are also required, and therefore,
a systemic elevation of IL-23 is not adequate to induce
IL-17A+/GM-CSF+ γδ T cells.

DISCUSSION

Here, we have demonstrated the importance of γδ T cells in
the development of PsA-like pathology at multiple anatomic sites
by applying IL-23 gene transfer technology in mice lacking γδ T
cells. In our model, IL-23 gene transfer in mice elicited skin and
joint pathology reminiscent of PsA, which was suppressed in mice
lacking γδ T cells. Other groups have also demonstrated that the
absence of γδ T cells prevented neutrophil accumulation and
indicated the importance of the γδ T cell/IL-17/neutrophil axis in
metastatic disease and that γδ T cells modulate myeloid cell
recruitment during peripheral inflammation (12). Myeloid recruit-
ment was also affected by genetic ablation of γδ T cells in inflam-
matory pain models (31). However, our findings do not support
a local role of resident γδ T cells but rather a role of γδ T cells in
modulating systemic neutrophil infiltration.

Specifically, we demonstrated that γδ T cells regulate proin-
flammatory cytokines, including GM-CSF, IL-6, IFNγ, and TNF
and neutrophil specific chemokines CXCL1 and CXCL2 in the
circulation, which limits myeloid expansion and neutrophil migra-
tion (32). The absence of neutrophil recruitment and the reduc-
tion in the inflammatory infiltrate in TCRδ−/− mice lead to a
reduction of IL-17 (33), TNF (34), and other pro-osteoclastogenic
factors (35), thereby reducing bone resorption. Our data are
consistent with previous observations in which depletion of neu-
trophils prevented joint inflammation (36). Similar to synovitis,
γδ T cell deficiency also inhibited IL-23–induced onycholysis,
which was again accompanied by a reduced accumulation of
Ly6G+ cell neutrophils in the nail bed. These data correlate well
with the human disease, in which neutrophilic abscess are com-
monly observed in nail bed epithelium of patients with nail
psoriasis (37).

We focused more on the biology of the skin, because in adult
patients psoriasis precedes joint inflammation. Therefore, we rea-
soned that skin inflammation may provide mechanistic clues of
disease initiation and pathogenesis. The neutrophilic inflammation
in the upper dermis was reminiscent to the pathologic features of
human psoriasis and the formation of Munro’s microabscesses,
which is consistent with multiple studies showing the depen-
dence of skin inflammation on neutrophils (26,38). The reduction
of neutrophils and inflammation in the skin despite the high levels
of IL-17A mRNA locally in the skin suggest that IL-17A pathology
is mediated by myelopoiesis and neutrophil migration rather than
a local effect of IL-17A. This is consistent with previous observa-
tions of IL-17A local injections failing to induce skin inflammation
(39) and adoptive transfer of Ly6G+ cells being sufficient to induce
skin pathology in the absence of exogenous IL-17A (26). There-
fore, it is not surprising that dermal IL-17A+ γδ T cells did not
expand in the skin following IL-23 gene transfer. In fact, these
data are in accordance with previous findings in which IL-23 gene
transfer in SKG mice only affected the number of γδ T cells in the
lymph nodes (40).
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Using an imiquimod animal model, which activates Toll-like
receptors, it has previously been shown that IL-17A+ γδ T cells
are commonly observed (18,19), and we confirmed these obser-
vations with in vitro stimulations. Our key finding that γδ T cells
did not expand in the skin was corroborated by T cell repertoire
analysis. The marked reduction of total clones (by 46%) and of
the TRD-dominant clone (by 17%) in the IL-23 gene transfer com-
pared to GFP-treated controls is also consistent with data from
other groups demonstrating that the majority of T cells in psoriatic
skin express TCRαβ (41,42). Notably, a systemic elevation of the
antiinflammatory cytokine IL-27, which is known to inhibit αβ T cell
development and osteoclastogenesis leading to bone loss, was
observed in TCRδ−/− mice, which suggests that local inflamma-
tion may be regulated remotely (30,43,44). This is also corrobo-
rated by the fact that IL-17A levels were reduced in the
circulation in TCRδ−/− mice.

One limitation of our study is that we did not detect where the
IL-17A+ γδ T cells were expanded, and more sophisticated
experiments in reporter mice will be required to address that.
However, we postulate that tissues rich in γδ T cell polarizing
factors such as the peritoneal cavity may be a suitable location
for the development of IL-17A+GM-CSF+ γδ T cells in our model
(45,46). An additional point to consider is that γδ T cells may indi-
rectly regulate other GM-CSF–producing cells such as natural
killer cells (47) and collectively regulate myelopoiesis. Whatever
the mechanism, we have demonstrated, directly or indirectly, that
γδ T cells are required for IL-23–induced pathology and that they
regulate neutrophil accumulation in the skin, spleen, bone mar-
row, and joints.

Neutrophils are also important effector cells in entheseal
inflammation, and the activation of neutrophils is critical in
determining the development of enthesitis in humans (48). Previ-
ous studies have suggested that, in the IL-23 minicircle model,
CD3+CD4−CD8− cells are critical in murine enthesitis (49);
however, other groups have demonstrated that enthesitis can
occur in the absence of CD3+CD4−CD8− αβ and γδ T cells
(20,21). Notably, a recent study failed to recapitulate the obser-
vations of IL-23–induced enthesitis using the IL-23 minicircle
DNA model (50). Consistent with our original findings in our
seminal study on IL-23 minicircle DNA (51), we did not detect
enthesitis. Our data confirm that the enthesis is not at all
inflamed in this model at the time points tested, and thus it can-
not be viewed as responsible for disease pathogenesis
(20,21,50).

The identification of double-producing IL-17A+ GM-CSF+
γδ T cells in the circulation of spondyloarthritis patients (13,14)
has already hinted at the importance of granulopoiesis and the
systemic nature of SpA. The data presented herein support a
model of PsA as a systemic disease and demonstrate a systemic
modulatory role of γδ T cells in IL-23–induced pathogenesis, pro-
viding a strong mechanistic rationale to support clinical trials that
modulate myelopoiesis in PsA.
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Objectives. Psoriatic arthritis (PsA) has a strong genetic component, and the identification of genetic risk factors
could help identify the ~30% of psoriasis patients at high risk of developing PsA. Our objectives were to identify genetic
risk factors and pathways that differentiate PsA from cutaneous-only psoriasis (PsC) and to evaluate the performance
of PsA risk prediction models.

Methods. Genome-wide meta-analyses were conducted separately for 5,065 patients with PsA and 21,286
healthy controls and separately for 4,340 patients with PsA and 6,431 patients with PsC. The heritability of PsA
was calculated as a single-nucleotide polymorphism (SNP)–based heritability estimate (h2SNP) and biologic path-
ways that differentiate PsA from PsC were identified using Priority Index software. The generalizability of previ-
ously published PsA risk prediction pipelines was explored, and a risk prediction model was developed with
external validation.

Results. We identified a novel genome-wide significant susceptibility locus for the development of PsA on chromo-
some 22q11 (rs5754467; P = 1.61 × 10−9), and key pathways that differentiate PsA from PsC, including NF-κB signal-
ing (adjusted P = 1.4 × 10−45) and Wnt signaling (adjusted P = 9.5 × 10−58). The heritability of PsA in this cohort was
found to be moderate (h2SNP = 0.63), which was similar to the heritability of PsC (h2SNP = 0.61). We observed modest
performance of published classification pipelines (maximum area under the curve 0.61), with similar performance of a
risk model derived using the current data.

Conclusion. Key biologic pathways associated with the development of PsA were identified, but the investigation
of risk classification revealed modest utility in the available data sets, possibly because many of the PsC patients
included in the present study were receiving treatments that are also effective in PsA. Future predictive models of
PsA should be tested in PsC patients recruited from primary care.
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INTRODUCTION

Psoriatic arthritis (PsA) is a chronic inflammatory condition
characterized by the presence of peripheral arthritis, dactylitis,
enthesitis, and axial spondyloarthritis (1). PsA affects between
14% and 30% of patients with psoriasis, leading to significant dis-
ability and a reduced quality of life (1–3). The ability to identify
patients with psoriasis who are at a high risk of developing PsA
is an important goal for clinical research, as this would allow early
intervention to reduce the impact of PsA and ultimately lead to
preventative treatments.

PsA is a typical complex disease in which susceptibility is
influenced by a combination of environmental, lifestyle, and
genetic risk factors. Previous family pedigree studies have esti-
mated that the heritability of PsA far exceeds that of psoriasis
alone, providing evidence of an increased genetic component
which, once identified, could help to differentiate those patients
at high risk of developing PsA by inclusion of genetic risk factors
in clinical prediction models (4–6). However, the results of these
family studies have been challenged by data from large-scale
case–control studies analyzing variations in single-nucleotide
polymorphisms (SNPs), in which only limited differences in herita-
bility estimates have been demonstrated between patients with
PsA and patients with psoriasis (7). Several studies have identified
genetic risk factors that are specific to PsA, including amino acids
within HLA–B and variants at the IL23R gene, and the current aim
is to translate these genetic discoveries into improved clinical out-
comes (8–12). A recent study demonstrated high performance in
accurately distinguishing PsA from cutaneous-only psoriasis
(PsC) using prediction models based on genetic risk factors.
Although this study demonstrated validity by internal cross-
validation methods, assessment of these models for generaliz-
ability in external data sets is still warranted (13).

To help further our understanding of the genetic basis for PsA,
we have constructed a large integrated genetic data set of PsA
patients, PsC patients, and population controls imputed to the lat-
est population reference panels. We supplemented this data set
by performing a meta-analysis using UK Biobank data, allowing
us to contrast PsA patients with population controls and PsC

patients, and to explore differences in the genetic architecture of
the 2 traits that could explain the progression to PsA. These data
can be used to further our understanding of key genes and biologic
pathways important in psoriatic disease using state-of-the-art bio-
informatics tools and could be further used to explore the utility of
genetic risk prediction models for classifying PsA.

PATIENTS AND METHODS

PsA genome-wide association study (GWAS) cohort.
A total of 4,072 patients with PsA were recruited from rheumatol-
ogy centers in the UK, Ireland, and Switzerland, from the pro-
spective Swiss Clinical Quality Management (SCQM) registry,
and from Australia. Patients recruited in Manchester were diag-
nosed by a rheumatologist based on the presence of both psori-
asis and inflammatory peripheral arthritis, regardless of
rheumatoid factor status. While the majority of patients satisfied
the CASPAR (Classification of Psoriatic Arthritis) classification
system (14), some were recruited prior to the introduction of this
classification system. All patients provided written informed con-
sent (UK PsA National Repository Multicentre Research Ethics
Committee reference no. 99/8/84). Samples from the Axial Dis-
ease in Psoriatic Arthritis Study (ADIPSA) cohort were collected
with ethics approval from the French Regional Ethics Committee
(reference no. 12/SW/0110). The Leeds cohort comprises adult
patients with a clinical diagnosis of PsA fulfilling the CASPAR clas-
sification criteria who were recruited as part of an in-house bio-
bank study investigating SNPs of immune response genes in
patients with psoriasis, patients with PsA, and patients with anky-
losing spondylitis and their relationship to disease susceptibility,
articular and extraarticular manifestations, and response to treat-
ment (Research Ethics Committee reference no. 04/Q1205/65,
IRAS project no. 232680). All patients provided written informed
consent.

A total of 283 patients with PsA were recruited from
St. Vincent’s University Hospital observational PsA cohort. All
patients met the CASPAR criteria. The study protocol received
approval from the local ethics committee of St. Vincent’s
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University Hospital. Written informed consent was obtained from
all patients. In addition, a total of 272 patients with PsA were
recruited from the prospective SCQM registry in which diagnosis
was based on the CASPAR criteria. The study protocol received
approval from the local ethics committee of the University Hospital
of Geneva (protocol no. 10-089) and the SCQM Biobank Scien-
tific Advisory Board and followed the Guidelines for Good Clinical
Practice. Written informed consent was obtained from all
patients. A summary of available clinical phenotype data for this
cohort is given in Supplementary Table 1 (available on the Arthri-
tis & Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.42154).

Psoriasis GWAS cohort. We had access to data from
2,086 psoriasis patient samples obtained through the Biomarkers
of Systemic Treatment Outcomes in Psoriasis study (BSTOP)
described previously (9). Analysis of patients was restricted to
those with no previous diagnosis of PsA, and we refer to this sam-
ple group as having cutaneous-only psoriasis (PsC). Patients with
psoriasis requiring systemic therapy who also consented to enrol-
ment in the British Association of Dermatologists Biologics Inter-
ventions Registry (a UK pharmacovigilance registry) were
recruited to BSTOP from over 60 secondary and tertiary care out-
patient dermatology departments throughout the UK including
centers in London, Manchester, Nottingham, and Liverpool. All
patients provided written informed consent (BSTOP Ethics refer-
ence no. 11/H0802/7). Classification of PsC in the BSTOP cohort
is based on information collected at multiple follow-up consultan-
cies (one every 6 months in the first 3 years and then once annu-
ally) during which a research nurse or clinician actively
investigated the patient’s medical records for the presence of a
PsA diagnosis made by a rheumatologist. On average, patients
in this cohort had a psoriasis disease duration of 27 years without
a recorded PsA diagnosis (see Supplementary Figure 1A, avail-
able at http://onlinelibrary.wiley.com/doi/10.1002/art.42154) and
had been participants in the British Association of Dermatologists
Biologic and Immunomodulators Register (BADBIR) study for
~7 years (Supplementary Figure 1B) with an average of 8 follow-
up consultancies.

Control population GWAS cohort. As controls, geno-
type data were available for 9,965 general population subjects
from the UK Household Longitudinal Study (https://www.
understandingsociety.ac.uk/), accessed through the European
Genotype-phenome Archive. Samples were genotyped at the
Wellcome Trust Sanger Institute using the Illumina Infinium Cor-
eExome genotyping array. The quality control procedures applied
to genotyping of control samples were consistent with those
described below for patient samples.

Genotyping and statistical quality control. PsA sam-
ples were genotyped using the Illumina Infinium CoreExome

genotyping array. This was performed in accordance with the
manufacturer’s instructions where genotype calling was per-
formed using the GenCall algorithm in the GenomeStudio Data
Analysis software platform (Genotyping Module version 1.8.4).
Psoriasis samples were genotyped using the Illumina
HumanOmniExpressExome-8v1-2_A array performed at King’s
College London with quality control as previously described (15).
The 3 data sets (PsA, PsC, and controls) were combined with
the intersection of SNPs being retained; hereafter, this is referred
as the PsA-BSTOP GWAS data set. Further details are provided
in the Supplementary Materials and Methods and Supplementary
Figure 2 (available at http://onlinelibrary.wiley.com/doi/10.1002/
art.42154).

Imputation. Imputation was performed for the combined
data set of PsA, PsC, and control samples described above. Prior
to imputation, SNPs with ambiguous alleles (C/G and A/T) were
excluded, and remaining SNPs were aligned to the Haplotype
Reference Consortium (HRC) panel (version 1.1) using the
HRC imputation preparation tool (https://www.well.ox.ac.uk/
~wrayner/tools/). Imputation was performed using the Michigan
Imputation server in which phasing was performed with Shapeit2
and imputation was performed with the HRC panel. Following
imputation, SNPs were excluded based on a minor allele fre-
quency (MAF) of <0.01 and imputation accuracy of r2 <0.5.

UK Biobank. We accessed imputed genotype data from
the UK Biobank (application number 799) for self-reported out-
comes in 731 PsA patients and 3,197 psoriasis patients (16).
Control population data were obtained using random sampling
from the remaining cohort at a ratio of 4 controls to 1 patient to
minimize inflation of test statistics due to case–control imbalance.
All participants were selected from the subset of White patients of
British ancestry. In addition, we created a data set based on Inter-
national Statistical Classification of Diseases and Related Health
Problems, Tenth Revision (ICD-10) codes L40 and L405, which
yielded a cohort of 795 psoriasis patients and 435 PsA patients.

PsA Immunochip data set.Genotype data were available
for 1,962 PsA patients and 8,923 controls (controls were
recruited from the 1958 Birth Cohort and the National Blood Ser-
vice) (17). Sample overlap with the GWAS and UK Biobank data
sets was determined using identity by descent analysis (Kinship-
based Inference for GWAS software) and duplicate samples were
excluded from the Immunochip data set, leaving a total of
725 PsA patients and 8,897 controls.

Association testing and meta-analysis. Case–control
association analyses were performed with the SNPTEST software
package (version 2.5.2) using their scoring method to account for
imputation uncertainty. Meta-analyses were conducted using an
inverse variance meta-analysis assuming fixed effects with version
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2.2.2 of the software package Genome-Wide Association Meta-
Analysis (GWAMA) (18). Lambda genomic control (λgc) inflation fac-
tor, corrected for sample size (λgc1000), was calculated to test for
inflation of test statistics attributable to population stratification,
and potential inflation of test statistics from other sources. An over-
view of these analyses is available in Supplementary Figure 3 and
further details are provided in the Supplementary Materials and
Methods (association testing and meta-analysis) (available at
http://onlinelibrary.wiley.com/doi/10.1002/art.42154).

Heritability estimates. Heritability of PsA and PsC was
estimated in the PsA-BSTOPGWAS data set using genome-wide
complex trait analysis (GCTA software). SNPs were stratified into
quartiles based on levels of linkage disequilibrium, and then fur-
ther stratified into bins according to MAF values (see Supplemen-
tary Materials and Methods). Calculations were performed with no
prevalence specified and with a specified disease prevalence of
1% for comparison with previously reported estimates (7). Both
calculations were repeated with SNPs excluded from the major
histocompatibility complex (MHC).

Gene and pathway prioritization. We prioritized key
genes and pathways for psoriatic disease using the priority index
(Pi) pipeline (19). Genes were prioritized based on the following
criteria: 1) proximity of SNPs to genes and localization to their
topologically associated domain (cell line GM12878); 2) physical
interaction determined by chromatin conformation (monocytes,
macrophages [M0, M1, M2], neutrophils, CD4 T cells [naive and
total], CD8 T cells [naive and total], or B cells [naive and total]); 3)
correlation with gene expression (monocytes [unstimulated, lipo-
polysaccharide (LPS)–stimulated for 2 hours and 24 hours,
interferon-γ (IFNγ)–stimulated for 24 hours], B cells, peripheral
whole blood, CD4 T cells, CD8 T cells, neutrophils, or natural killer
cells). Further scoring was based on gene ontologies for immune
function, immune phenotype, and rare genetic immune diseases
according to the OMIM. Enrichment in pathways was based on
Reactome pathways.

Reproducing existing pipelines. A recent publication
reported the performance of an analysis pipeline based on multi-
ple machine learning approaches for the classification of PsA in
patients with psoriasis, referred to hereafter as the Michigan clas-
sification pipeline (13). Based on the author recommendations for
reproducing this pipeline, we trained 2 of the reported best per-
forming machine learning algorithms (random forest and condi-
tional inference forest) in the PsA-BSTOP GWAS data set to
capture the cohort-specific parameters using the reported model
parameters and the sets of genetics features (see Supplementary
Table 2, available at http://onlinelibrary.wiley.com/doi/10.1002/
art.42154). The models were internally validated using k-fold
cross-validation and were trained using the Machine Learning in
R (MLR) package (see Supplementary Figure 4A for an overview

and the Supplementary Materials and Methods for further details,
available at http://onlinelibrary.wiley.com/doi/10.1002/art.
42154).

Model development and validation. We developed a
PsA prediction model using a set of 4,729,872 SNPs with a mini-
mum imputation accuracy score of ≥0.9 and call rate of ≥0.99
in both the PsA-BSTOP GWAS and the UK Biobank GWAS
ICD-10 data sets in which the PsA-BSTOP data set was used as
the training data set and the UK Biobank ICD-10 data set was used
for external validation (see Supplementary Figure 4B, available at
http://onlinelibrary.wiley.com/doi/10.1002/art.42154). We utilized
a lasso-penalized linear regression model using all post–quality
control imputed SNPs where the penalty (L1) was tuned with
10 repetitions of 10-fold cross-validation implemented in the
SparSNP software package (20). The best model was selected
based on the maximal area under the curve (AUC) and classifica-
tion and calibration were evaluated in the validation data set.

Data availability. Summary statistics of the GWAS ana-
lyzed in the current study are available through the National
Human Genome Research Institute-European Bioinformatics
Institute GWAS Catalog at https://www.ebi.ac.uk/gwas/
downloads/summary-statistics. Control population data were
obtained from the UK Household Longitudinal Study. Information
on how to access the data can be found on the Understanding
Society website at https://www.understandingsociety.ac.uk/.

RESULTS

Heritability estimates. We calculated the SNP-based
heritability (h2SNP) of PsA in the PsA-BSTOP GWAS data set of
3,609 patients and 9,192 controls. The estimated heritability of
PsA in the full data set was h2SNP = 0.63 (SD 0.04), while in anal-
yses using non-MHC SNPs, the estimated heritability was h2SNP
= 0.61 (SD 0.04).

In analyses in which the disease prevalence was specified to
be 1% (in comparison to previous prevalence estimates [7]), the
estimated heritability of PsA was h2SNP = 0.43 (SD 0.03), while
the heritability of PsA in analyses using non-MHC SNPs was
h2SNP = 0.41 (SD 0.03).

The heritability of PsC in a population of 2,085 patients and
9,192 controls was estimated to be h2SNP = 0.61 (SD 0.05), while
in analyses using non-MHC SNPs, the estimated heritability of
PsC was h2SNP = 0.59 (SD 0.05). With a disease prevalence of
1%, the estimated heritability of PsC was found to be h2SNP =
0.56 (SD 0.04), while the heritability of PsC in analyses using
non-MHC SNPs was h2SNP = 0.54 (SD 0.05).

Association testing and meta-analysis. We performed
a meta-analysis of GWAS summary statistics from a total of
5,065 PsA patients and 21,286 controls for a maximum of
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8,558,403 SNPs using data from the PsA-BSTOP, the UK
Biobank, and the PsA Immunochip data sets (see Supplementary
Figure 3A, available at http://onlinelibrary.wiley.com/doi/10.1002/
art.42154). The genomic control inflation factor λgc (λgc1000) for the
PsA-BSTOP GWAS data set was estimated to be 1.1 (1.01), indi-
cating minimal residual population stratification based on inflation
of test statistics. We identified 16 non-MHC loci with genome-
wide significance for the development of PsA (P = 5 × 10−8),
15 of which have previously been reported as significant in PsA
and one which is novel (Table 1 and Figure 1). This novel
genome-wide association represents an association with the
intergenic SNP rs5754467 (P = 1.61 × 10−9) on chromosome

22q11 in close proximity to the gene UBE2L3. We also found
that the 2 previously reported PsA-specific susceptibility loci
PTPN22 (rs2476601; P = 6.03 × 10−7) and chr5q31 (rs715285;
P = 2.86 × 10−11) had genome-wide significance for the develop-
ment of PsA.

Next, we performed a meta-analysis of summary statistics
for the comparison of PsA to PsC (PsA-BSTOP and UK Biobank
data) to identify PsA-specific susceptibility loci using a population
consisting of 4,340 PsA patients and 6,431 PsC patients (see
Supplementary Figure 3B, available at http://onlinelibrary.wiley.
com/doi/10.1002/art.42154). We identified significant genome-
wide association in 2 loci previously reported to be associated

Table 1. Non-MHC loci with genome-wide significance in the development of PsA identified through a meta-analysis of GWAS summary statis-
tics from PsA patients and controls*

SNP Chromosome
Base

position
Notable
genes

Risk/non-risk
allele RAF P OR (95% CI)

P by
Cochran’s
Q test I2

rs33980500 6 111913262 TRAF3IP2 T/C 0.07 1.14 × 10−36 1.66 (1.54–1.8) 0.48 0
rs62377586 5 158766022 IL12B G/A 0.67 8.17 × 10−35 1.36 (1.3–1.43) 0.52 0
rs2111485 2 163110536 IFIH1 G/A 0.61 1.24 × 10−20 1.25 (1.19–1.31) 0.80 0
rs12044149 1 67600686 IL23R T/G 0.26 3.84 × 10−20 1.27 (1.2–1.33) 0.27 0.23
rs76956521 5 150464641 TNIP1 C/A 0.05 2.65 × 10−16 1.49 (1.36–1.64) 0.82 0
rs848 5 131996500 IL13 C/A 0.82 9.49 × 10−16 1.28 (1.21–1.36) 0.65 0
rs34536443 19 10463118 TYK2 G/C 0.95 1.16 × 10−14 1.71 (1.49–1.96) 0.70 0
rs17622208 5 131717050 SLC22A5 A/G 0.48 5.73 × 10−14 1.19 (1.14–1.24) 0.12 0.53
rs2020854 12 56743367 STAT2 T/C 0.93 1.26 × 10−13 1.43 (1.3–1.57) 0.01 0.78
rs3794767 17 26124605 NOS2 C/T 0.64 4.73 × 10−13 1.19 (1.14–1.25) 0.83 0
rs13203885 6 111995127 FYN C/T 0.12 1.55 × 10−11 1.26 (1.18–1.35) 0.74 0
rs1395621 1 25270572 RUNX3 C/T 0.48 6.48 × 10−11 1.17 (1.12–1.23) 0.65 0
rs5754467† 22 21985094 CCDC116 G/A 0.19 1.61 × 10−9 1.19 (1.13–1.27) 0.85 0
rs610604 6 138199417 TNFAIP3 G/T 0.32 7.76 × 10−9 1.15 (1.1–1.21) 0.14 0.50

* Inconsistency metrics (I2) describing the percentage of variation across studies due to heterogeneity were assessed for significance by
Cochran’s Q heterogeneity test. The threshold for genome-wide significance was P = 5 × 10−8. MHC = major histocompatibility complex;
GWAS = genome-wide association study; SNP = single-nucleotide polymorphism; RAF = risk allele frequency; OR = odds ratio; 95% CI = 95% con-
fidence interval.
† Novel locus not previously identified as significant in the development of psoriatic arthritis (PsA).

Figure 1. Manhattan plots showing the P values of genome-wide significance from the meta-analysis of summary statistics obtained from
psoriatic arthritis (PsA) patients compared to population controls (top), and PsA patients compared to cutaneous-only psoriasis (PsC) patients
(bottom). The genome-wide significance threshold was set at P = 5 × 10−8 and is indicated by the dashed lines. Each dot represents a single-
nucleotide polymorphism (SNP). Red dots indicate the most significant SNPs in both data sets.
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with the development of PsA, namely the MHC region
(rs1050414; P = 8.49 × 10−59) and the IL23R gene
(rs72676069; P = 9.94 × 10−9). No other regions reached
genome-wide significance. However, 4 loci demonstrated evi-
dence of significant association in both data sets, with an overall
P value in the meta-analysis of P < 5 × 10−6 (Table 2), giving us
confidence in the existence of additional PsA-specific loci.

Gene and pathway prioritization. We utilized the
recently described Pi bioinformatics pipeline to identify key genes
and pathways in the development of PsA (19). Using summary
statistics from the meta-analyses described above for PsA
patients versus controls, we found that the most highly ranked
gene with regard to PsA susceptibility based on the Pi was
ICAM1, which has a role in epithelial cell adhesion (see Supple-
mentary Table 3, available at http://onlinelibrary.wiley.com/doi/
10.1002/art.42154). In addition, several genes involved in IFN
regulation were highly ranked (IRF1, IRF5 and IRF7). Other highly
ranked genes includedUBA52,CNPY2, STAT2, and TYK2. Using
the top 1% of ranked genes, we found significant enrichment in
IFN and interleukin signaling pathways (see Supplementary
Table 4, available at http://onlinelibrary.wiley.com/doi/10.1002/
art.42154). These pathways were not found to be enriched when
using summary statistics from PsA patients compared to those
from PsC patients, suggesting that these pathways are primarily
involved in the pathogenesis of psoriasis (see Supplementary
Tables 5 and 6, available at http://onlinelibrary.wiley.com/doi/
10.1002/art.42154). Pathways found to be enriched in the com-
parison of PsA to PsC included multiple pathways for NF-κB sig-
naling (adjusted P = 1.4 × 10−45) and Wnt signaling (adjusted
P = 9.5 × 10−58), which provides compelling evidence that these
pathways are potentially involved in the development of PsA.

Risk prediction. We assessed the ability of the Michigan
classification pipeline to discriminate PsA from PsC in our avail-
able data sets (see Supplementary Figure 4A). The 2 reported sta-
tistical approaches (the random forest model and the conditional
inference forest model) performed poorly across both the training

data set (PsA-BSTOP) and the validation data set (UK Biobank
ICD-10), with C statistics of <0.6 by external validation (Figure 2).
Each model was characterized by high sensitivity but low specific-
ity, indicating a high rate of false positives (see Supplementary
Table 7, available at http://onlinelibrary.wiley.com/doi/10.1002/
art.42154). In addition, calibration and clinical utility were found
to be poor for both the random forest model and the conditional
inference forest model (see Supplementary Figures 5 and 6). The
best performing model based on accuracy of discrimination in
the validation data set was the random forest model, where the
C statistic was found to be 0.61 (95% confidence interval [95%
CI] 0.56–0.76) in internal validation, but which dropped consider-
ably to 0.57 (95% CI 0.54–0.61) in external validation. The overall
performance of the random forest model as measured by the
Brier score was similar for internal and external validation, with
Brier scores of 0.22 and 0.30, respectively, suggesting poor
agreement in both data sets. The random forest model was also
found to be poorly calibrated, with a calibration-in-the-large
(CITL) score of 0.27 (95% CI –0.13, 0.69) in internal validation
and a noticeably worse CITL score of 1.2 (95% CI 0.92–1.51) in
external validation.

Finally, we used the PsA-BSTOP GWAS data set to develop
a PsA risk prediction model using a set of 4,729,872 SNPs and
lasso-penalized linear regression (see Supplementary Figure 4B,
available at http://onlinelibrary.wiley.com/doi/10.1002/art.
42154). The best model achieved an AUC of 0.66 when assessed
using 10-fold cross-validation and consisted of 118 SNPs, 34 of
which mapped to the MHC (see Supplementary Figure 7). The
SNP weights, P values, and model intercept are reported in Sup-
plementary Table 8, available at http://onlinelibrary.wiley.com/doi/
10.1002/art.42154. Independent validation of this model in the
UK Biobank GWAS data set demonstrated an AUC of 0.57. The
optimal prediction cutoff value to maximize the true-positive rate
and minimize the false-positive rate was 0.3, which resulted in
a sensitivity of 0.53 and a specificity of 0.58. Calibration of
this model was found to be poor, with a CITL score of –2.16
(95% CI –2.31, –2.01) (see Supplementary Figure 8), suggesting
a general overestimation of risk, and a calibration slope of 1.41

Table 2. Loci showing the most significant association with PsA or PsC from the PsA-STOP, UK Biobank, and meta-analysis data sets*

SNPs

rs17194140 rs11665266 rs76800961 rs306281

Chromosome 3 18 14 7
Base position 2198673 10441470 85656555 154785362
Notable genes CNTN4 None None PAXIP1
Risk/non‐risk allele T/C A/G A/C G/A
P for association, PsA‐BSTOP data set 2.75 × 10–5 0.00304 3.33 × 10–5 1.81 × 10–4

P for association, UK Biobank data set 2.62 × 10–3 6.35 × 10–5 2.30 × 10–2 6.92 × 10–3

P for association, meta‐analysis data set 2.51 × 10–7 1.96 × 10–6 2.61 × 10–6 3.97 × 10–6

OR (95% CI) 1.2 (1.12–1.29) 1.34 (1.19–1.51) 1.39 (1.21–1.59) 1.17 (1.09–1.24)
P by Cochran’s Q test 0.97 0.15 0.60 0.95
I2 0.00 0.53 0.00 0.00

* The overall P value for the meta-analysis was P = 5 × 10−6. Inconsistency metrics (I2) describing the percentage of variation across studies due
to heterogeneity were assessed for significance by Cochran’s Q heterogeneity test. See Table 1 for definitions.
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(95% CI 0.95–1.86), suggesting that the predictions were too
moderate and showing limited variation in the predicted
probabilities.

DISCUSSION

Using a large integrated data set of PsA patients, PsC
patients, and controls, we have been able to provide accurate
heritability estimates, identify a novel susceptibility locus, explore
key biologic pathways associated with the development of PsA,
and explore the utility of prediction models for classifying PsA risk.
While the individual SNP analysis showed large overlap between
PsC and PsA, pathway analysis revealed important differences,
including enrichment of PsA-significant SNPs found in key path-
ways such as NF-κB and Wnt signaling.

The SNP-based heritability estimates reported herein sup-
port recent findings by Li et al (7) and show comparable heritability
of PsA and PsC. Our results do not support the previous family
and population estimates that suggest a substantially larger heri-
table component for PsA above that of psoriasis alone (4–6). Sev-
enteen genome-wide associations were identified, including
rs5754467 (P = 1.61 × 10−9) which maps to chromosome
22q11 and is near the genes UBE2L3, YDJC, and CCDC116.
This SNP has not been previously reported in the setting of PsA,
but is highly correlated (r2 >0.8 based on SNP data from a north-
ern European population) with a previously identified psoriasis
SNP. This correlation does not represent a PsA-specific genetic
effect (12), but further supports the genetic similarity of psoriasis
in both patients with PsA and patients with PsC.

We used the Pi pipeline to identify key genes and pathways
involved in PsA susceptibility. In analyses of PsA patients com-
pared to controls, we replicated the previously reported findings
of prioritized genes (ICAM1, IRF1, STAT2, and TYK2) and target
pathways (IFN and interleukin signaling) for psoriasis, further

supporting the notion that psoriasis in patients with PsA is genet-
ically and biologically similar to psoriasis in patients with PsC.
Interestingly, these pathways for PsA development were reported
previously in a study applying the Pi pipeline to a set of 59 SNPs
associated with PsA (21). However, of greatest interest is the pri-
oritized target pathways that differ between PsA and PsC, which
provide insight into the PsA-specific processes whereby we find
enrichment in multiple NF-κB signaling annotations and the Wnt
signaling pathway.

TheWnt signaling pathway plays a key role in bone formation
in normal development and in abnormal bone formation in dis-
eases such as axial spondyloarthritis and osteoarthritis. The Wnt
signaling pathway may also be of particular interest in the setting
of PsA, where bone formation in peripheral joints is included in
the CASPAR criteria for the classification of PsA. Blocking of
Dkk-1 (an inhibitor of Wnt signaling) in mice has been shown to
halt progressive and erosive joint destruction in inflammatory
arthritis by encouraging bone formation (22). Interestingly, a previ-
ous study on PsA demonstrated that PsA patients had lower
levels of Dkk-1 compared to healthy controls, and treatment with
secukinumab increased these levels over a period of 6 months to
normal Dkk-1 serum levels (23). In contrast, another study
reported no significant difference in levels of Dkk-1 in patients with
PsA without radiographic axial disease compared to healthy con-
trols (24). Therefore, further work is required to understand the
role of Wnt signaling in PsA.

A previous study by Aterido et al investigated pathways
associated with PsA susceptibility and reported significant asso-
ciation with the glycosaminoglycan metabolism pathway
(Reactome R-HSA-1630316) (25). However, no association
between PsA susceptibility and the glycosaminoglycan metabo-
lism pathway was observed in our data, as none of the highly pri-
oritized genes overlapped with genes in this pathway annotation.
These differing results could be attributed to differences in the
methods used for mapping SNPs to genes, as in the study by
Aterido et al SNPs were assigned to genes based solely on prox-
imity. It is now well recognized that causal genes are not always
those that are closest to the GWAS hit, and the causal SNP may
exert its regulatory effect on distant genes. The Pi pipeline
addresses this limitation by including gene expression data and
chromatin confirmation data in order to capture evidence for
SNP–gene physical interactions in addition to proximity informa-
tion (19). Aterido et al also reported that the SNP rs10865331 at
the B3GNT2 locus was associated with the risk of developing
PsA but not PsC (P = 0.029). While we found significant associa-
tion with this SNP when comparing PsA patients to controls
(P = 2.05 × 10−7), we found no evidence that this association is
PsA-specific based on our stratified analyses comparing PsA to
PsC using PsA-BSTOP data (P = 0.41) or on the larger meta-
analysis using UK Biobank and Immunochip data (P = 0.31).

Our prediction models showed only modest ability to dis-
criminate PsA from PsC in the available data sets, which was

Figure 2. Receiver operating characteristic (ROC) curves showing
the sensitivity and specificity of the random forest (RF) and the condi-
tional inference forest (CF) machine learning algorithms in discriminat-
ing between psoriatic arthritis (PsA) and cutaneous-only psoriasis
(PsC). Both the RF and CF models showed modest performance
across the PsA-Biomarkers of Systemic Treatment Outcomes in
Psoriasis (PsA-BSTOP) study data set (A) and the UK Biobank Inter-
national Statistical Classification of Diseases and Related Health Prob-
lems, Tenth Revision data set (B). The Concordance statistic for each
model was <0.6 by external validation.
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consistent with the findings of a recently published study by Smith
et al (26). For the first approach, we attempted to reproduce a
previously published classification pipeline by following the
description and published model parameters, which allowed us
to reproduce the workflows (13). Following the author recommen-
dations, we used the 2 sets of genetic features that were selected
using a well-phenotyped cohort and estimated the model param-
eters in our data to capture cohort-specific effects and optimize
performance. Second, we attempted to develop a model for our
existing data sets through external validation. However, neither
of these approaches achieved satisfactory discrimination either
with internal or external validation. Given that the predictive perfor-
mance of a model using the same data on which it was developed
(often referred to as apparent performance) will tend to give an
optimistic estimate of the model’s performance, it is not uncom-
mon for a prediction model to achieve lower performance results
when applied to an external population.

The lack of discrimination observed in our data sets could be
due to the differences in demographic and clinical characteristics
of participants in our data sets compared to those of the partici-
pants in the original study. PsA is clinically a heterogeneous dis-
ease and differing proportions of patients with oligoarticular or
polyarticular arthritis mutilans and axial disease (each with poten-
tially differing genetic risk factors) could have contributed to the
decreased performance of the model. This potential issue was
recognized by the authors of the original study and, although we
followed the author recommendations by modeling the effects of
these markers in our data to learn these cohort-specific parame-
ters, the overall classification performance remained low (13).

An important limitation of our study was the potential impact
of poor phenotype specificity in the PsC cohorts where the exis-
tence of undiagnosed PsA could have confounded the perfor-
mance of any classification models. Although the participants in
the BSTOP study were not screened for the absence of PsA by
a rheumatologist, they were routinely followed-up with an average
of 8 consultations and had a psoriasis disease duration of
27 years without a recorded diagnosis of PsA. Additionally,
restricting analyses to a subgroup of PsC patients with psoriasis
for a duration of ≥10 (to minimize the risk of undiagnosed PsA)
did not improve the performance of the predictive model (data
not shown). However, given the extent of undiagnosed PsA in
dermatology clinics, we cannot exclude the possibility of undiag-
nosed PsA in this group, which would have impacted both feature
selection and model performance (27). Furthermore, given that
patients in the PsC group were treated with biologic drugs that
are also effective in the treatment of PsA, it is possible that PsA
development was prevented in susceptible individuals, thus limit-
ing the power of the models to discriminate between groups (28).

In conclusion, predicting the risk of PsA development in
patients with psoriasis remains an important research question,
and external validation in addition to statistical validation is an
important step in the clinical translation of PsA prediction models,

as external validation tests the transportability of models to plausi-
bly related populations (29). While polygenic risk scores capture
the heritable component of disease susceptibility, they fail to cap-
ture the more dynamic risk factors that can modulate susceptibil-
ity, such as environmental and lifestyle risk factors. In addition,
studies have shown that genetic risk factors can be independent
of known clinical risk factors (30). This suggests that future
research on PsA susceptibility in patients with psoriasis should
move toward combining clinical data and genetics from data col-
lected longitudinally, using a prospective study design in patients
with clinically well-defined PsC before treatment with biologic
drugs, to create an integrated risk score. Therefore, these future
efforts should also investigate the integration of more dynamic
biomarkers, such as the host microbiome and immunophenotyp-
ing, into the development of PsA risk prediction models.
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Interleukin-13 Receptor α1–Mediated Signaling
Regulates Age-Associated/Autoimmune B Cell
Expansion and Lupus Pathogenesis

Zhu Chen,1 Danny Flores Castro,2 Sanjay Gupta,2 Swati Phalke,2 Michela Manni,2 Juan Rivera-Correa,2

Rolf Jessberger,3 Habib Zaghouani,4 Eugenia Giannopoulou,5 Tania Pannellini,2 and Alessandra B. Pernis6

Objective. Age-associated/autoimmune B cells (ABCs) are an emerging B cell subset with aberrant expansion in
systemic lupus erythematosus. ABC generation and differentiation exhibit marked sexual dimorphism, and Toll-like
receptor 7 (TLR-7) engagement is a key contributor to these sex differences. ABC generation is also controlled by
interleukin-21 (IL-21) and its interplay with interferon-γ and IL-4. This study was undertaken to investigate whether
IL-13 receptor α1 (IL-13Rα1), an X-linked receptor that transmits IL-4/IL-13 signals, regulates ABCs and lupus
pathogenesis.

Methods. Mice lacking DEF-6 and switch-associated protein 70 (double-knockout [DKO]), which preferentially
develop lupus in females, were crossed with IL-13Rα1–knockout mice. IL-13Rα1–knockout male mice were also
crossed with Y chromosome autoimmune accelerator (Yaa) DKO mice, which overexpress TLR-7 and develop severe
disease. ABCs were assessed using flow cytometry and RNA-Seq. Lupus pathogenesis was evaluated using serologic
and histologic analyses.

Results. ABCs expressed higher levels of IL-13Rα1 than follicular B cells. The absence of IL-13Rα1 in either DKO
female mice or Yaa DKO male mice decreased the accumulation of ABCs, the differentiation of ABCs into plasma-
blasts, and autoantibody production. Lack of IL-13Rα1 also prolonged survival and delayed the development of tissue
inflammation. IL-13Rα1 deficiency diminished in vitro generation of ABCs, an effect that, surprisingly, could be
observed in response to IL-21 alone. RNA-Seq revealed that ABCs lacking IL-13Rα1 down-regulated some histologic
characteristics of B cells but up-regulated myeloid markers and proinflammatory mediators.

Conclusion. Our findings indicate a novel role for IL-13Rα1 in controlling ABC generation and differentiation, sug-
gesting that IL-13Rα1 contributes to these effects by regulating a subset of IL-21–mediated signaling events. These
results also suggest that X-linked genes besides TLR7 participate in the regulation of ABCs in lupus.

INTRODUCTION

Autoantibody production, up-regulation of interferon-

stimulated genes (ISGs), and extensive organ damage are hall-

marks of systemic lupus erythematosus (SLE), an autoimmune

disease that preferentially affects women (1,2). Aberrant

expansion and dysregulation of T cell and B cell subsets is critical

to SLE pathophysiology (3–6). In particular, recent studies have

highlighted the importance of a novel B cell subset, age/autoim-

mune-associated B cells (ABCs), in SLE development (7,8). ABCs

prematurely accumulate in murine models of lupus and produce

pathogenic autoantibodies (9–11). Furthermore, expansion of
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human ABCs (also known as double-negative B cells) has been
observed in SLE patients, where ABCs rapidly differentiate into
plasmablasts/plasma cells (PCs) and are major producers of
autoantibodies (12,13). ABC accumulation occurs to a greater
extent in African American patients with SLE, correlates with dis-
ease activity and clinical manifestations, and can be detected in
SLE kidney biopsy specimens (12–14). ABCs have also been
detected in other autoimmune disorders including Sjögren’s syn-
drome, rheumatoid arthritis (RA), and scleroderma (7,15).

ABCs exhibit a unique phenotype and, in addition to classic
B cell markers, also express transcription factor T-bet and mye-
loid markers such as CD11c; hence, these cells are also known
as CD11c+ T-bet+ B cells (7). ABC formation is promoted by both
innate and adaptive signals, including engagement of Toll-like
receptor 7 (TLR-7), an endosomal TLR, which plays a key role in
antiviral responses (7). Consistent with ABC regulation by TLR-7,
ABCs are an important component of immune responses to
viruses like the flu, and ABC expansion is inadequately controlled
in patients with severe COVID-19 (16,17). Given the location of
TLR-7 on the X chromosome and its ability to partially escape X
chromosome inactivation in B cells (18–20); furthermore, TLR-7
engagement is a major contributor to the preferential expansion
of ABCs in female mice (9,21).

In addition to TLRs, ABC formation is also regulated by T
cell cytokines, with interleukin-21 (IL-21) and interferon-γ (IFNγ)
promoting ABC formation and IL-4 normally inhibiting it (22).
Similar to IL-21, IL-4 can signal through a receptor complex
composed of γc-chain and a ligand-binding subunit, the IL-4
receptor α (IL-4Rα), located immediately adjacent to the
IL-21R, with which it shares a high degree of similarity (23,24).
IL-4 can also signal through the type II heteroreceptor, which is
composed of IL-4Rα and IL-13Rα1 and also mediates signaling in
response to IL-13 (25,26). In contrast to the ubiquitous expression
of IL-4Rα in immune cells, IL-13Rα1 is primarily expressed by
myeloid cells, and only low levels of IL-13Rα1 expression have
been reported in lymphocytes at baseline (26). Genetic ablation
of IL-13Rα1 in murine models has revealed the surprising and
complex contributions of this receptor not only to classic Th2 dis-
eases like atopic dermatitis, but also to autoimmune pathophys-
iology. Lack of IL-13Rα1 ameliorates diabetes in NOD mice but
increases central nervous system inflammation in experimental
autoimmune encephalomyelitis due to distinct effects on Th17,
Th1, and regulatory T cell subsets (27,28). Although IL13Rα1 is
located on the X chromosome and, similarly to TLR-7, can also
partially escape X chromosome inactivation (20), it is unknown
whether signaling mediated by this receptor plays a role in SLE
pathogenesis.

The SWEF proteins, switch-associated protein 70 (SWAP-
70) and DEF-6, are 2 homologous proteins that control cyto-
skeletal reorganization and interferon regulatory factor
(IRF) activity (29–31). Findings from both human and murine
studies support an important immunoregulatory role for these

molecules. SWAP70 is a susceptibility locus for RA and cardio-
vascular disease (CVD), while DEF6 is a risk factor for SLE in
multiple ethnic groups (32–34). Moreover, DEF6 mutations
result in early-onset autoimmunity, which includes autoantibody
production and up-regulation of an ISG signature, often associ-
ated with viral infections (35,36). Consistent with these findings,
concomitant lack of Def6 and Swap70 in C57BL/6 mice (dou-
ble-knockout [DKO]) leads to the spontaneous development of
SLE, which, similarly to humans, preferentially affects female
mice (37). In particular, lupus development in DKO mice is
accompanied by marked accumulation and aberrant differentia-
tion of ABCs, occurring in a sex- and TLR-7–dependent man-
ner (11,21).

Given our observation that ABCs can express IL-13Rα1, we
investigated its role in ABC formation and SLE pathogenesis by
generating IL-13Rα1–deficient DKO mice (Il-13Rα1−/− DKO).
Lack of IL-13Rα1 resulted in significantly fewer ABCs and
reduced their ability to further differentiate and produce autoanti-
bodies. Surprisingly, IL-13Rα1 deficiency decreased in vitro ABC
generation in response to IL-21 alone. RNA sequencing revealed
that ABCs lacking IL-13Rα1 down-regulated some of their B cell
characteristics but up-regulated myeloid markers and proinflam-
matory mediators. Taken together, these findings suggest that
IL-13Rα1 can help mediate a subset of IL-21–driven signals and
impact the ability of ABCs to develop autoimmune or proinflam-
matory features.

MATERIALS AND METHODS

Data are available from the corresponding author upon
request. RNA-Seq data have been deposited in the GEO
database.

Mice. DEF-6–deficient (Def-6−/−) mice (provided by Lexicon
Pharmaceuticals) were generated using a gene-trapping
strategy as previously described (37). Swap-70–deficient
mice (Swap-70−/−) were also previously described (37).
Def-6−/−Swap-70−/− mice were generated by crossing Def-6−/−

mice with Swap-70−/− mice and have been backcrossed to a
C57BL/6 background for over 10 generations (37). Y chromo-
some autoimmune accelerator (Yaa) DKO mice have recently
been reported (21). Il-13rα1−/− and Il-13rα1–green fluorescent
protein (GFP) mice were previously generated (38) and were
crossed with DKO mice to generate Il-13rα1−/− DKO mice and
Il-13rα1–GFP DKO mice, respectively. Mice were genotyped
using Transnetyx. Mice of the incorrect genotype were
excluded. All the mice were bred under specific pathogen–free
conditions and standard housing conditions. All experiments
were carried out following institutional guidelines, and protocols
were approved by the Institutional Animal Care and Use Com-
mittee of the Hospital for Special Surgery and Weill Cornell
Medicine–Memorial Sloan Kettering Cancer Center.
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Flow cytometry, cell sorting, enzyme-linked immu-
nosorbent assay (ELISA), and histologic analysis.
Fluorescence-activated cell sorting (FACS) and flow cytometry
analysis of the cells were performed as described previously
(21). For cytokine staining, splenocytes were stimulated with
phorbol myristate acetate (PMA), ionomycin, and brefeldin A for
5 hours before staining. Monoclonal antibodies used included
antibodies to B220 (clone no. RA3-6B2), CD19 (clone no. 6D5),
CD11c (clone no. N418), CD11b (clone no. M1/70), T-bet (clone
no. 4B10), CD4 (clone no. RM4-5), GL-7 (clone no. GL7), CD21/
CD35 (clone no. 7E9), and CD23 (clone no. B3B4) from BioLe-
gend; antibodies to Fas (clone no. Jo2) and CXCR5 (clone
no. 2G8) from BD Biosciences; and antibodies to programmed
cell death protein 1 (clone no. J43) and Foxp3 (clone no. FJK-
16s) from Invitrogen. For apoptotic cell analysis, cells were
stained with propidium iodide and annexin V (BD Biosciences)
before collection. To exclude dead cells, cells were stained with
fixable viability dye (Invitrogen). Efferocytosis assays were per-
formed as recently described (21). Data were collected on a
FACSCanto instrument (Becton Dickinson) and analyzed using
FlowJo (Tree Star) software. Autoantibody ELISAs were per-
formed as previously described (21,39). CCL22 (product
no. DY439; R&D Systems) and IL-1β ELISAs (product
no. 432601; BioLegend) were performed according to the manu-
facturer’s instructions. Histologic analysis of the cells was per-
formed as described previously (11).

B cell differentiation in vitro. CD23+ B cells were puri-
fied as described (11) and stimulated with 5 μg/ml F(ab’)2 anti–
mouse IgM (Jackson ImmunoResearch Laboratories), 5 μg/ml of
purified anti-mouse CD40 (Bio X Cell), ±50 ng/ml IL-21
(PeproTech), 10 ng/ml IL-4 (PeproTech), or 20 ng/ml IL-13
(PeproTech). For proliferation assays, CD23+ B cells were labeled
with 2.5 μM CellTrace violet dye (Invitrogen) for 2 minutes at room
temperature prior to stimulation.

Immunoblot analysis. Extracts were prepared as
described (37) and analyzed using immunoblotting with the following
antibodies: anti-STAT6 phosphorylated at Tyr641(product no.
56554S), anti-Stat3 phosphorylated at Tyr705 (product no. 9145S),
anti-Stat1 phosphorylated at Tyr701 (product no. 9167S), anti-Stat5
phosphorylated at Tyr694 (product no. 4322S), anti–IRF-4 (product
no. 15106), and anti–histone deacetylase 1 (anti–HDAC-1) (product
no. 2062) (all from Cell Signaling Technology).

Real-time quantitative polymerase chain reaction
(qRT-PCR). We performed qRT-PCR using iTaq Universal
SYBR Green Supermix (product no. 1725121; Bio-Rad). Gene
expression was calculated using the ΔΔCt method and
were normalized to cyclophilin A (Ppia) levels (cyclophilin A
Ppia forward 50-TTGCCATTCCTGGACCCAAA-30; Ppia reverse
50-ATGGCACTGGCGGCAGGTCC-30). IL-21R (product no.

QT00137627; Qiagen) and IL-1β (mIL-1β forward 50-AGCTTCC
TTGTGCAAGTGTCT-30; mIL-1β reverse GACAGCCCAGGTCA
AAGGTT) were the primers used.

RNA-Seq analysis. Total RNA was extracted using RNeasy
Plus Mini kit (Qiagen). Illumina-compatible sequencing libraries
were constructed at the Epigenomics Core Facility of Weill Cornell
Medicine. The quality of all RNA and the library preparations were
evaluated using 2100 BioAnalyzer (Agilent) before sequencing.
Paired-end sequencing and data evaluation were performed as
previously described (11). Heatmaps were made in Morpheus
(URL: https://software.broadinstitute.org/morpheus/). Gene set
enrichment analysis (GSEA) (URL: http://www.broad.mit.edu/
gsea/index.html) was performed using the difference of log-
transformed counts per million between contrasted conditions
as a ranking metric. The Molecular Signatures Database (version
7.2) was used as the source of gene sets. Enriched pathway anal-
ysis of differentially expressed genes and predicted upstream
transcription factor analysis were performed using Ingenuity Path-
way Analysis (IPA) (Qiagen).

Statistical analysis. Quantitative data are expressed as
the mean ± SEM. Student’s unpaired 2-tailed t-test with Welch’s
correction was performed for comparisons of 2 groups. One-
way analysis of variance (ANOVA) with Bonferroni multiple com-
parisons test was performed for comparisons of multiple groups.
Statistical analysis was performed with GraphPad Prism 8 and 9.

RESULTS

Effect of IL-13Rα1 onABCaccumulation and autoanti-
body production in DKO female mice. DKO female mice
exhibit an aberrant accumulation of ABCs in the spleen (11,21).
Interestingly, CUT&RUN and RNA-Seq analyses has revealed
that, compared to follicular B cells, ABCs exhibit a selective loss
of repressive chromatin marks at the IL13Ra1 locus (21) and can
express IL-13Rα1 (Supplementary Figure 1A, available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.42146). This finding was confirmed by
crossing DKO female mice with IL-13Rα–1GFP reporter mice
(Supplementary Figures 1B and C). To investigate whether signals
transmitted via IL-13Rα1 contribute to the increased expansion of
ABCs observed in DKO female mice, we generated Il-13Rα1−/−

DKO mice. Lack of IL-13Rα1 in DKO female mice ameliorated
splenomegaly and resulted in significantly fewer ABCs as deter-
mined by either CD11c and T-bet or CD11c and CD11b costain-
ing (Figure 1A and Supplementary Figures 1D and E, http://
onlinelibrary.wiley.com/doi/10.1002/art.42146).

The robust expansion of germinal center (GC) B cells nor-
mally observed in DKO female mice also decreased in
IL-13Rα1−/− DKO female mice (Figure 1B). DKO female mice also
accumulate both B220intermediateCD138+ plasmablasts and
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Figure 1. Lack of interleukin-13 receptor α1 (IL-13Rα1) reduces accumulation of age-associated/autoimmune B cells (ABCs) and autoantibody
production in double-knockout (DKO) female mice. A–E, Representative flow cytometry plots (left) and percentages of each cell subset (right),
showing quantification of splenic CD11c+T-bet+ ABCs (gated on B220+ cells) (A), total germinal center (GC) B cells (gated on B220+GL-7+
Fas+ splenocytes) (B), total plasmablasts (PBs)/plasma cells (PCs) (B220intermediate/lowCD138+) (C), CD11c+GL-7+Fas+ cells (gated on B220+
splenocytes) (D), and CD11c+ PBs/PCs (B220 intermediate/lowCD138+) (E) from 24-week-old wild-type (WT) mice, DKO mice, and Il-13rα1−/−

DKO female mice. F, Serum levels of IgG2c anti–double-stranded DNA (anti-dsDNA) assessed using enzyme-linked immunosorbent assay. Bars
show the mean ± SEM; symbols represent individual mice. Data show 7–20 mice per group pooled from 7 independent experiments (sample size
derived from previous studies [21]) (A–C and E), 5–16 mice per group pooled from 5 independent experiments (D), and 9–12 mice per group
pooled from 3 independent experiments (F). * = P < 0.05, ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001, by one-way analysis of variance, fol-
lowed by Bonferroni correction for multiple comparisons. int = intermediate; NS = not significant. Color figure can be viewed in the online issue,
which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42146/abstract.
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Figure 2. IL-13Rα1 deficiency diminishes Toll-like receptor 7–driven ABC expansion and humoral responses in Y chromosome autoimmune
accelerator (Yaa) DKO male mice. A–E, Representative flow cytometry plots (left) and percentages of each cell subset (right), showing quantifica-
tion of splenic CD11c+T-bet+ ABCs (gated on B220+ cells) (A), total GC B cells (gated on B220+GL-7+Fas+ splenocytes) (B), CD11c+GL-
7+Fas+ cells (gated on B220+ splenocytes) (C), and total splenic (D) and CD11c+ (E) plasmablasts/PCs (B220intermediate/lowCD138+) from WT
mice, Yaa DKO mice, and Yaa Il-13Rα1−/Y DKO male mice (age >20 weeks). F, Serum levels of IgG2c anti-dsDNA, IgG1 anti-dsDNA, anti-Sm/
RNP, IgG anticardiolipin, and IgG antiphosphatidylserine antibody (aPS) assessed using enzyme-linked immunosorbent assay. Bars show the
mean ± SEM; symbols represent individual mice. Data show 7–12 mice per group pooled from 7 independent experiments (A, B, and D), 5–11
mice or 5–12 mice per group pooled from 5 independent experiments (C and E, respectively), and 7–30 mice per group pooled from 3 indepen-
dent experiments (F).* = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001, by one-way analysis of variance, followed by Bonferroni cor-
rection for multiple comparisons. See Figure 1 for other definitions. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.42146/abstract.
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B220−/lowCD138+ PCs (21). Absence of IL-13Rα1 reduced the
number of plasmablasts but had less of an effect on the numbers
of PCs (Figure 1C). GC and plasmablast/PC populations in DKO
female mice contain CD11c+ populations, which are derived from
ABCs and which have transcriptional profiles that are distinct from
corresponding CD11c– subsets (21). Lack of IL-13Rα1 had
greater effects on CD11c+ GC B cell populations than the
CD11c– GC populations (Figure 1D). Similarly, when the plasma-
blast/PC compartment was subdivided according to CD11c
expression, lack of IL-13Rα1 preferentially decreased the
CD11c-expressing population, which mainly represents plasma-
blasts (Figure 1E). Lack of IL-13Rα1 also resulted in fewer
B220–CD11c+ CD11b+ cells (Supplementary Figure 1F, http://
onlinelibrary.wiley.com/doi/10.1002/art.42146). However, these
populations were not expanded in DKO mice, consistent with
our previous findings that myeloid cells do not appear to be
involved in promoting humoral abnormalities in these mice (40).
Consistent with the decrease in ABCs and their effector progeny,
the levels of anti–double-stranded DNA (anti-dsDNA) IgG2c were
lower in Il-13Rα1−/− DKO mice than in DKO female mice
(Figure 1F). Thus, lack of IL-13Rα1 decreased ABC formation and
differentiation and ameliorated aberrant humoral responses that
characterize the spontaneous autoimmunity that develops in DKO
female mice.

Given the ability of ABCs to act as potent antigen-presenting
cells and promote aberrant follicular helper T (Tfh) cell differentia-
tion (41,42), we also investigated the effects of the lack of
IL-13Rα1 in this compartment. Fewer Tfh cells, but not T follicular
regulatory (Tfr) cells, were observed in Il-13Rα1−/− DKO female
mice, resulting in a modest decrease in the Tfh:Tfr cell ratio
(Supplementary Figure 1G, http://onlinelibrary.wiley.com/doi/
10.1002/art.42146). No changes in IL-21 production or IFNγ pro-
duction were observed (Supplementary Figures 1H and I). An
evaluation of Th2 cytokines revealed that IL-13 production was
largely unaffected by the absence of IL-13Rα1 and only low levels
of IL-4 production were detected (Supplementary Figure 1J,
http://onlinelibrary.wiley.com/doi/10.1002/art.42146). Thus,
absence of IL-13Rα1 in lupus-prone DKO female mice had less
marked effects on the T cell compartment than on ABCs and did
not significantly affect the production of key cytokines known to
regulate ABC differentiation.

Diminished ABC expansion and humoral responses
in Yaa DKO male mice lacking IL-13Rα1. The Yaa locus
accelerates autoimmunity in lupus models primarily due to the
overexpression of TLR-7. While DKO male mice do not normally
develop lupus, DKO male mice crossed to Yaa mice display
increased accumulation, differentiation, and dissemination of
ABCs (21). The profound cellular abnormalities in Yaa DKO male
mice were associated with the production of a broader array of
autoantibodies and worse immunopathogenesis than that
observed not only in DKOmale mice, but also in DKO female mice

(21). To investigate whether lack of IL-13Rα1 impacts ABCs and
disease in this more severe setting, we generated Yaa DKO
IL-13Rα1–deficient male mice. Yaa DKO Il-13Rα1−/Y male mice
exhibited smaller spleens and decreased numbers of ABCs as
compared to age-matched Yaa DKO male mice (Figure 2A and
Supplementary Figures 2A and B, http://onlinelibrary.wiley.com/
doi/10.1002/art.42146). Dissemination of ABCs into the blood
was also diminished by the lack of IL-13Rα1 (Supplementary
Figure 2C). While lack of IL-13Rα1 in Yaa DKO male mice did
not alter the GC B cell compartment, it again resulted in a
decrease in CD11c+ plasmablasts, which were affected to a
greater extent than CD11c– PCs (Figures 2B–E). Tfh cell numbers
were only modestly affected by the absence of IL-13Rα1, and the
Tfh:Tfr cell ratio remained unchanged (Supplementary Figure 2D,
http://onlinelibrary.wiley.com/doi/10.1002/art.42146). No differ-
ences in IL-21, IFNγ, IL-4, or IL-13 production were observed
(Supplementary Figures 2E and F). Thus, even in settings where
severe lupus pathogenesis was driven by TLR-7 overexpression,
IL-13Rα1–mediated signaling contributed to the aberrant charac-
teristics in the ABC compartment, and, in particular, to their accu-
mulation and further differentiation.

In addition to IgG2c anti-dsDNA, Yaa DKO male mice pro-
ducedmarkedly elevated levels of a broad array of autoantibodies,
which included anti-Sm/RNP and antiphospholipid antibodies. We
previously observed a close correlation between ABC frequencies
and production of both anticardiolipin antibodies (aCLs) and anti-
phosphatidylserine antibodies (APS) (21). In further support of
such a connection, the decrease in ABCs in Yaa DKO
Il-13Rα1−/Y mice was associated with decreased levels of anti-
dsDNA IgG2c as well as lower levels of aCLs and APS
(Figure 2F). However, production of anti-dsDNA IgG1 and anti-
Sm/RNP was not significantly affected (Figure 2F). Although Yaa
DKO male mice lacking IL-13Rα1 had greater survival compared
to Yaa DKO male mice (Supplementary Figure 2G, http://
onlinelibrary.wiley.com/doi/10.1002/art.42146), they eventually
succumbed to the disease, and histopathologic analysis demon-
strated that Yaa–DKO Il-13Rα1−/Y male mice develop both renal
and pulmonary inflammation although this occurred at an older
age than in Yaa DKO male mice (Supplementary Figure 2H–N).
Thus, lack of IL-13Rα1 in this model of severe lupus broadly
impacted the aberrant autoantibody production that character-
izes these mice and delays the development of end-organ
damage.

Effect of IL-13Rα1–mediated signaling on ABC
formation in vitro. The decrease in ABC accumulation
observed in both Il-13Rα1−/− DKO female mice and Yaa DKO
Il-13Rα1−/Y DKO male mice suggested that IL-13Rα1–mediated
signaling directly regulates ABC generation. To further investigate
this possibility, we used an established in vitro system whereby
purified CD23+ B cells from young (6–10-week-old) wild-type
(WT) DKO female mice or Il-13Rα1−/− DKO female mice were
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Figure 3. IL-13Rα1–mediated signaling regulates ABC formation in vitro. A, Representative flow cytometry plots showing CD11c and T-bet
expression by purified CD23+ B cells from WT female mice, DKO female (DKO F) mice, and Il-13rα1−/− DKO female mice (all ages 6–10 weeks).
Cells were stimulated for 3 days with anti-IgM (5 μg/ml) and anti-CD40 (5 μg/ml) or IL-21 (50 ng/ml) alone or together with IL-4 (10 ng/ml) or
IL-13 (20 ng/ml). Numbers indicate the percentage of cells in each quadrant. B, Quantification of CD11c+T-bet+ ABCs in the same cultures as
described in A. C, Quantification of CD11c expression by CD23+ B cells after stimulation with anti-IgM, anti-CD40, and IL-21. D, Western blotting
showing pSTAT6 and pSTAT3 expression from nuclear extracts of cells stimulated with anti-IgM (5 μg/ml) and anti-CD40 (5 μg/ml) alone or
together with IL-21 (50 ng/ml), IL-4 (10 ng/ml), or IL-13 (20 ng/ml). Reprobing with class I histone deacetylase (HDAC-1) was used as a loading
control. Data are representative of 2 independent experiments. In B and C, bars show the mean ± SEM. Data show 6–8 mice per group pooled
from 3 independent experiments (A–C). ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001, by one-way analysis of variance, followed by Bonferroni
adjustment for multiple comparisons. MFI = mean fluorescence intensity (see Figure 1 for other definitions). Color figure can be viewed in the online
issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42146/abstract.
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Figure 4. IL-13Rα1–deficient ABCs from DKO mice exhibit enhanced myeloid and proinflammatory features. RNA-Seq analysis was performed
using RNA from B220+CD19+CD11c+CD11b+ ABCs sorted using flow cytometry from >24-week-old DKO female mice (n = 5) and Il-13Rα1−/−

DKO female mice (n = 3). A, Volcano plot showing differentially expressed genes (i.e., those showing >1-fold change in gene expression) in cells
from DKO female mice relative to gene expression in cells from Il-13Rα1−/− female mice, plotted against the false discovery rate (FDR)–corrected
P value (P < 0.05; broken horizontal line shows the cutoff P = 0.05). B and C, The top pathways up-regulated (B) or down-regulated (C) in ABCs
from Il-13Rα1−/− DKO mice assessed using Ingenuity Pathway Analysis (IPA). Dotted line shows the significance threshold at FDR q <0.25. Data
are presented as Z scores by K-means clustering of log-transformed expression (counts per million) of genes differentially expressed by these
cells. D and E, Top upstream transcription factors (TFs) up-regulated (D) or down-regulated (E) in ABCs from Il-13Rα1−/− DKO mice as predicted
using IPA. F and G, Heatmaps showing differentially expressed genes in the hallmark inflammatory response pathway (F) and hallmark epithelial
mesenchymal transition pathway (G). ARP = actin-related protein; WASP = Wiskott-Aldrich syndrome protein; EIF2 = eukaryotic initiation factor
2; GM-CSF = granulocyte–macrophage colony-stimulating factor; IGF-1 = insulin-like growth factor 1 (see Figure 1 for other definitions).
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cultured with anti-IgM and anti-CD40 in the presence or absence
of different combinations of IL-21, IL-4, and IL-13 (Figure 3A). As
we previously reported (11), IL-21 led to greater ABC formation
in cultures of DKO B cells than WT B cells, as assessed using
either CD11c and T-bet or CD11c and CD11b costaining
(Figures 3A and B and Supplementary Figures 3A and B, http://
onlinelibrary.wiley.com/doi/10.1002/art.42146). Surprisingly,
IL-13Rα1−/− DKO B cells cultured with IL-21 alone generated sig-
nificantly fewer ABCs than DKO B cells (Figures 3A and B and
Supplementary Figures 3A and B). Lack of IL-13Rα1 also resulted
in lower surface-level expression of CD11c in response to IL-21
(Figure 3C).

No differences in terms of the inhibitory effects of IL-4 on
IL-21–mediated ABC generation were observed, while IL-13 did
not significantly inhibit IL-21–driven ABC formation (Figures 3A
and B and Supplementary Figures 3A and B, http://onlinelibrary.
wiley.com/doi/10.1002/art.42146). Exposure to IL-13 alone, in
the absence of IL-21, did not promote ABC generation
(Supplementary Figure 3C). IL-13Rα1 deficiency did not affect
IL-21R expression or diminish B cell proliferation in vitro or
in vivo, suggesting that the inhibitory effects of IL-13Rα1 defi-
ciency on ABC generation did not simply result from alterations
to the proliferative capabilities of these B cells (Supplementary
Figures 3D–G). Thus, IL-13Rα1 deficiency reduces aberrant
ABC formation by DKO B cells upon stimulation with IL-21, an
effect that can be observed even in the absence of IL-4 or IL-13.

Given that IL-13Rα1 expression affected B cell responsive-
ness to IL-21, we examined STAT phosphorylation to gain
insights into the mechanisms by which IL-13Rα1 may impact
IL-21 signaling in B cells (Figure 3D). Interestingly, low levels of
Stat6 phosphorylation were detected upon IL-21 stimulation of
WT and DKO B cells but not stimulation of Il-13Rα1−/− DKO B
cells. In contrast, IL-21–mediated Stat3 phosphorylation
occurred to a similar extent in B cells from all 3 genotypes. IL-4
induced comparable levels of Stat6 phosphorylation in WT,
DKO, and Il-13Rα1−/− DKO B cells, while Stat6 phosphorylation
triggered by IL-13 was completely dependent on IL-13Rα1
expression (Figure 3D). Absence of IL-13Rα1 did not alter phos-
phorylation of Stat1 or Stat5 in response to IL-21 stimulation
(Supplementary Figure 3H, http://onlinelibrary.wiley.com/doi/
10.1002/art.42146). Furthermore, IRF-4 was induced at similar
levels under all conditions, indicating that the lack of IL-13Rα1
did not affect the activation of the cells (Supplementary
Figure 3H). No production of IL-4 or IL-13 was detected in B cell
cultures supplemented with IL-21 alone, suggesting that Stat6
phosphorylation in these cultures was not likely due to endoge-
nous production of these cytokines (Supplementary Figures 3I
and J, http://onlinelibrary.wiley.com/doi/10.1002/art.42146).

Enhanced myeloid and proinflammatory features
exhibited by IL-13Rα1–deficient ABCs from DKO mice.
To gain further insight into the mechanisms by which IL-13Rα1

regulates ABCs, we sorted ABCs from the spleens of DKO and
Il-13rα1−/− DKO female mice and performed RNA-based next-
generation sequencing (RNA-Seq) to compare the transcriptomes
of ABCs from DKO mice and ABCs from IL-13Rα1–deficient DKO
mice. A total of 789 genes were differentially expressed in the
2 populations (2-fold change in expression [1-fold log of the value];
false discovery rate <0.05) (Figure 4A). Lack of IL-13Rα1 did not
affect expression of γc chain, IL-21R, or Stat6 and only minimally
decreased IL-4Rα levels (Supplementary Figure 4A, http://
onlinelibrary.wiley.com/doi/10.1002/art.42146). On the basis of
IPA findings, gene sets with the greatest enrichment in
Il-13Rα1−/− ABCs were related to inflammatory responses, cyto-
kine signaling, and phagocytosis, and phagocytic markers such
as Mertk and Fcgr1 were up-regulated in ABCs from Il-13Rα1−/−

DKO mice compared to ABCs from DKO mice (Figure 4B and
Supplementary Figure 4A, http://onlinelibrary.wiley.com/doi/
10.1002/art.42146).

In contrast, pathways involved in B cell receptor signaling
were down-regulated in DKO cells in the absence of IL-13Rα1
(Figure 4C). Consistent with these findings, predicted upstream
transcription factors regulating the differentially expressed genes
that were up-regulated in ABCs from Il-13Rα1−/− DKO mice
(assessed using IPA) included FoxM1 and microphthalmia-
associated transcription factor, while the top upstream transcrip-
tion factor down-regulated in the absence of IL-13Rα1 included
early B cell factor 1 and X-box binding protein 1 (Figures 4D and
E). We further analyzed enriched pathways, which were either
up-regulated or down-regulated in ABCs from Il-13Rα1−/− DKO
mice by GSEA, (Supplementary Figures 4B and C, http://
onlinelibrary.wiley.com/doi/10.1002/art.42146). Lack of IL-13Rα1
in ABCs again resulted in the enrichment of pathways involved in
inflammation, cytokine signaling, and cytoskeletal processes. In
particular, these cells up-regulated several proinflammatory medi-
ators including IL-1β, IL-18, CCL22, CCL5, and mediators of
cell–cell and cell–matrix interactions (Figures 4F and G). Consis-
tent with the RNA-Seq results, lack of IL-13Rα1 increased
expression of IL-β and CCL22 upon in vitro stimulation with
IL-21 and resulted in higher serum levels of these mediators
(Supplementary Figures 4D–G, http://onlinelibrary.wiley.com/doi/
10.1002/art.42146). ABCs from DKO mice lacking IL-13Rα1
furthermore exhibited enhanced efferocytic capabilities compared
to ABCs from DKO mice (Supplementary Figure 4H). Thus, lack of
IL-13Rα1 in ABCs down-regulates some B cell characteristics
but enhanced myeloid and proinflammatory features.

DISCUSSION

ABCs are an emerging B cell subset whose aberrant accu-
mulation has increasingly been linked to SLE pathogenesis (7,8).
In the current study, we identified a novel role for the X-linked
IL-13Rα1 receptor in promoting ABC expansion and differentia-
tion. Indicative of the major contribution of ABCs to autoantibody
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production, diminished ABC expansion upon ablation of IL13Rα1
in this DKOmodel of lupus was accompanied by decreased auto-
antibody production and improved survival. Consistent with find-
ings from our recent studies showing that ABCs can give rise to
a heterogenous pool of effector progeny (21), we also observed
decreased accumulation of CD11c+ effectors including pre-GC
B cells and plasmablasts. While CD11c– GC B cell and CD11c–
PC expansion was less affected by the absence of IL-13Rα1, we
cannot rule out the possibility that IL-13Rα1 expression may
impact the functional capabilities of CD11c– progeny. Thus,
decreased autoantibody production observed in the absence of
IL-13Rα1 may result from multiple effects on ABC formation and
differentiation. Interestingly, the remaining ABCs generated in the
absence of IL-13Rα1 up-regulated several myeloid features,
including enhanced expression of phagocytic receptors and
inflammatory mediators. The shift of ABCs lacking IL-13Rα1
toward a more proinflammatory phenotype likely limited the bene-
ficial effects of the absence of this receptor on humoral immune
responses and, albeit with a delay, the mice eventually developed
end-organ inflammation. Findings from this study therefore indi-
cate an important role for IL-13Rα1 in modulating the plasticity
and functional capabilities of ABCs.

The fact that the in vivo effects of the absence of IL-13Rα1
were coupled with diminished ABC formation in vitro supports
the idea that IL-13Rα1 controls ABC generation in a cell-intrinsic
manner. Surprisingly, in vitro defects in ABC formation imparted
by the lack of IL-13Rα1 were detected upon stimulation of B cells
with IL-21 alone, and these defects were associated with differ-
ences in the activation of Stat6, but not other STAT proteins,
suggesting that IL-13Rα1 helps modulate only a subset of
IL-21–mediated signaling events. Given that the IL21R and IL4Rα

are neighboring genes and share a high degree of homology
(23,24), these findings raise the possibility that, similar to IL-4,
IL-21 may signal not only via the IL-21R and γc chain but also via
an alternative receptor complex that involves the IL-21R and
IL-13Rα1 chain. Alternatively, the effect may be indirect and the
pathways may intersect with each other further downstream of
each receptor. Since the IL-13Rα1 receptor is normally
expressed by myeloid cells but not by B cells (25,26), up-
regulation of this receptor chain by ABCs may thus enable them
to respond to IL-21 in a manner distinct from other B cells and
represents another example of the unique combination of myeloid
cell features and B cell features exhibited by ABCs.

Signaling mediated by the IL-13Rα1 chain in response to
IL-4 or IL-13 is known to be controlled by a complex interplay
dictated by ligand levels and affinity, its relative abundance com-
pared to the IL-4Rα and γc chains, and actin-dependent recruit-
ment dynamics (25,26). While IL-13Rα1 involvement in IL-21
signaling would add additional complexity, stepwise production
of IL-21 and IL-4 that normally accompanies Tfh cell differentiation
as GC response evolves (43) could help restrict the contribution of
IL-13Rα1 to IL-21 or IL-4 signaling events. This spatial

organization could also help limit the known inhibitory effects of
IL-4 on IL-21–driven ABC differentiation. Consistent with this
notion, the greater variability in autoantibody production observed
upon deleting the IL-13Rα1 chain in Yaa DKO male mice than in
DKO female mice could be linked to the greater degree of splenic
disorganization observed in these mice as well as their increased
ability to produce IL-4 (21). Our finding that, in contrast to IL-4,
the addition of IL-13 did not affect IL-21–driven ABC formation
in vitro suggests that the inhibitory effects of IL-4 on ABCs are
mediated by IL-4Rα/γc chain complexes, and binding IL-13 to
IL-13Rα2 (the high-affinity receptor that may serve as a decoy
receptor and also signals) also has no role, which implies that pro-
duction of IL-13, for instance by the newly recognized Tfh13 cells
(44), may not impact ABC generation.

IL13Rα1 is one of the genes on the X chromosome that can
partially escape X chromosome inactivation, together with TLR-7
and the TLR adaptor interacting with endolysosomal SLC15A4/
CXorf21, an adaptor controlling the TLR-mediated activation of
IRF-5 (45–47). Both TLR-7 engagement and IRF-5 play crucial
roles in promoting ABC generation (9,11,21), raising the intriguing
possibility that ABC formation relies on the coordinated employ-
ment of multiple X-linked components, which can then promote
the preferential expansion of this compartment in female mice
and contribute to the profound sex bias in SLE. Given the emerg-
ing evidence that proper regulation of TLR-7 engagement and
ABCs may be important for determining the severity of SARS–
CoV-2 infections, these pathways may also be relevant to the
sex-related differences in responses to this virus that have been
observed (48).

While lack of IL-13Rα1 exerted pronounced inhibitory effects
on ABC generation and differentiation and a subsequent
decrease in autoantibody production, ABCs generated in the
absence of IL-13Rα1 expressed a transcriptional profile enriched
for inflammatory targets. Furthermore, this phenotype is coupled
with up-regulation of several myeloid markers, suggesting that
the remaining ABCs, despite down-regulating their humoral fea-
tures, can acquire more robust myeloid-like proinflammatory
effects and potentially mediate a distinct set of pathogenic effects
and/or complications. Indeed, lack of IL-13Rα1 resulted in
increased expression of IL-1β and CCL22 in vitro as well as
in vivo. This alternative outcome for IL-13Rα1–deficient ABCs
may reduce the beneficial effects that IL-13Rα1–deficiency has
on autoantibody responses and may contribute to the eventual
development of renal and pulmonary inflammation in these mice.
Whether ABCs that express these proinflammatory features can
be enriched in subsets of SLE patients is an important question
for further investigation.

Although our study primarily focused on the role of IL-13Rα1
in lupus pathogenesis, a study has shown that IL-13Rα1 expres-
sion is up-regulated in peripheral blood mononuclear cells from
patients with other autoimmune conditions such as scleroderma,
where ABC expansion (also known as CD21low) has recently been
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recognized (49). Thus, these studies may be relevant to autoim-
mune disorders in addition to SLE. Furthermore, the ability of
IL-13Rα1 to regulate ABCs and lupus pathogenesis may
have important therapeutic implications given that IL-13Rα1–
neutralizing monoclonal antibodies have recently been developed
(50). Although the efficacy of targeting this receptor by itself may
be limited by the emergence of proinflammatory effects, combina-
tion therapy could potentially eliminate these side effects.
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Plasmablast-like Phenotype Among Antigen-Experienced
CXCR5–CD19low B Cells in Systemic Lupus Erythematosus

Franziska Szelinski,1 Ana Luisa Stefanski,2 Eva Schrezenmeier,1 Hector Rincon-Arevalo,3

Annika Wiedemann,2 Karin Reiter,1 Jacob Ritter,1 Marie Lettau,1 Van Duc Dang,1 Sebastian Fuchs,4

Andreas P. Frei,4 Tobias Alexander,1 Andreia C. Lino,1 and Thomas Dörner1

Objective. Altered composition of the B cell compartment in the pathogenesis of systemic lupus erythematosus
(SLE) is characterized by expanded plasmablast and IgD–CD27– double-negative B cell populations. Previous
studies showed that double-negative B cells represent a heterogeneous subset, and further characterization is
needed.

Methods. We analyzed 2 independent cohorts of healthy donors and SLE patients, using a combined approach
of flow cytometry (for 16 healthy donors and 28 SLE patients) and mass cytometry (for 18 healthy donors and 24
SLE patients) and targeted RNA-Seq analysis. To compare B cell subset formation during the acute immune
response versus that during autoimmune disease, we investigated healthy donors at various time points after
receipt of the BNT162b2 messenger RNA COVID-19 vaccine and patients with acute SARS–CoV-2 infection, using
flow cytometry.

Results. We found that IgD–CD27+ switched and atypical IgD–CD27– memory B cells, the levels of which were
increased in SLE patients, represented heterogeneous populations composed of 3 different subsets each. CXCR5+
CD19intermediate, CXCR5–CD19high, and CXCR5–CD19low populations were found in the switched memory and
double-negative compartments, suggesting the relatedness of IgD–CD27+ and IgD–CD27– B cells. We characterized
a hitherto unknown and antigen-experienced CXCR5–CD19low subset that was enhanced in SLE patients, had a plas-
mablast phenotype with diminished B cell receptor responsiveness, and expressed CD38, CD95, CD71, PRDM1,
XBP1, and IRF4. Levels of CXCR5–CD19low subsets were increased and correlated with plasmablast frequencies in
SLE patients and in healthy donors who received BNT162b2, suggesting their interrelationship and contribution to
plasmacytosis. The detection of CXCR5–CD19low B cells among both CD27+ and CD27– populations calls into ques-
tion the role of CD27 as a reliable marker of B cell differentiation.

Conclusion. Our data suggest that CXCR5–CD19low B cells are precursors of plasmablasts. Thus, cotargeting this
subset may have therapeutic value in SLE.
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INTRODUCTION

Various abnormalities of the B cell lineage have been
identified in systemic lupus erythematosus (SLE), a chronic auto-

immune disease characterized by autoantibody production and

pathogenic immune complex formation. Abnormalities include

increased peripheral plasmablasts (PBs) (1), including the expan-

sion of PBs producing IgG and IgA (2), as well as altered compo-

sition of the B cell compartment, with increased frequencies of

IgD–CD27+ switched and atypical IgD–CD27– memory B cells

(3). Greater frequencies of these cells have also been observed

in patients with rheumatoid arthritis (RA) (4), as well as in periph-

eral blood or tissue specimens from patients with various inflam-

matory diseases, such as chronic inflammatory bowel disease

(5) or Alzheimer’s disease (6). How these observations are related

remains unclear.
In SLE, expansions of switched memory and IgD–CD27–

(i.e., double-negative) B cells are not seen in patients with
new-onset disease, even though their B cell distribution also
differs from that in healthy donors (7). These observations
emphasize that enlargement of the switched memory and
double-negative B cell compartments is an important charac-
teristic of chronic inflammation (7). In lupus nephritis, a severe
complication of SLE, double-negative B cell counts were corre-
lated with the 24-hour urine protein level and inversely corre-
lated with the glomerular filtration rate (8). Interestingly, the
double-negative B cell count was diminished in lupus nephritis
patients during remission, suggesting a possible role for these
cells in pathogenicity and as a prognostic biomarker in lupus
nephritis (8).

More recently, it became evident that double-negative B cells
represent a heterogeneous subset, including age-/autoimmune-
associated B cells (9), Syk++ B cells (10), and double-negative
2 (DN2) cells (IgD–CD27–CXCR5–CD11c+) (11). These subsets
have some overlapping characteristics and are linked to disease
activity and autoantibody formation. In addition to subset alter-
ations, impaired chemokine receptor expression (12) and
reduced B cell receptor responsiveness (13) have been reported
for B cells during SLE, suggesting their distinct involvement in
autoimmunity.

This study further delineates the heterogeneity of switched
memory and double-negative B cells in healthy donors and
patients with SLE. Using a combined approach involving flow
cytometry and mass cytometry, we identified an enhanced
CXCR5–CD19low B cell subset in switched memory and
double-negative (memlow/DNlow) compartments in SLE patients
that has characteristics of antigen-experienced B cells that
are distinct from those previously observed in CXCR5+
CD19intermediate (memintermediate/DNintermediate) and CXCR5–
CD19high (memhigh/DNhigh) B cells. The subsets of memlow/DNlow

B cells were similar to peripheral PBs in terms of their surface
marker expression, transcription factor pattern, antibody-secreting

capacity, and reduced B cell receptor responsiveness. Our data
provide multiple new insights, including the discovery of B cell–
differentiation abnormalities, that may prove to be relevant targets
for treatment of SLE.

PATIENTS AND METHODS

Patients. Peripheral blood specimens were obtained from
79 patients with SLE who met the Systemic Lupus International
Collaborating Clinics criteria for SLE (14) and from 80 healthy indi-
viduals. Additionally, we analyzed 22 patients with primary Sjög-
ren’s syndrome, 11 with RA, 15 with mild SARS–CoV-2
infection, and 11 with severe SARS–CoV-2 infection that required
intensive care unit admission.

This study was performed in accordance with the recom-
mendations of the ethics committee at Charité University Hospital
Berlin. All participants gave written informed consent to partici-
pate, in accordance with the Declaration of Helsinki.

Materials and methods. A detailed description of the
methods and materials used in the study are provided in
the Supplementary Materials, available on the Arthritis &
Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.42157.

RESULTS

Frequencies of CD19lowmemory and double-negative
B cells in SLE patients. We and others have described several
abnormalities within the B cell compartment in SLE, as well as
their potential relevance to pathogenicity. Frequencies of IgD–
CD27– double-negative B cells, especially those coexpressing
CD95 (15), and IgD–CD27+ switched memory B cells are
increased in SLE (1). Therefore, we analyzed these B cell subsets
in further detail by flow cytometry (for the gating strategy, see
Supplementary Figure 1, available on the Arthritis & Rheumatol-

ogy website at http://onlinelibrary.wiley.com/doi/10.1002/art.
42157) and found that switched memory and double-negative B
cells have a similar pattern of CXCR5 and CD19 expression.
Notably, expression of these molecules subdivided both
compartments into 3 B cell populations (Figure 1A and Supple-
mentary Figure 1A, available at http://onlinelibrary.wiley.com/doi/
10.1002/art.42157). Two of these populations, CXCR5+
CD19intermediate (memintermediate/DNintermediate) and CXCR5–
CD19high (memhigh/DNhigh), have been previously identified and
described in healthy donors and SLE patients, with increased fre-
quencies of the CXCR5–CD19high fraction in patients with SLE
(11). Here, we identified a third, novel B cell subset within both
switched memory and double-negative B cells that is CXCR5–
CD19low (memlow/DNlow).

We found that frequencies of DNlow B cells among CD19+ B
cells were significantly increased in SLE patients as compared
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to healthy donors (Figures 1A and B). Whereas levels of only
memhigh B cells were increased in the switched memory compart-
ment, levels of all 3 subsets in the double-negative fraction were
significantly increased in SLE patients (Figure 1B). Double-negative
B cells were enriched for CXCR5–CD19low and CXCR5–CD19high

B cell subsets, compared with the CD27+ (switched memory)
compartment, and in general were remarkably expanded in SLE
patients (Figure 1C).

Next, we used the uniform manifold approximation and
projections (UMAP) technique, a dimension-reduction algorithm
(16), to cluster IgD– B cells. With this approach, we identified
memintermediate/DNintermediate, memhigh/DNhigh, and memlow/DNlow

cells as distinct populations and found that both CD19low popula-
tions clustered together with CD27++CD38++ PBs (Figure 1D).
Comparison of clusters obtained from healthy donors to those
from patients with SLE revealed an increased density of the

Figure 1. Frequencies of CD19lowCXCR5– B cells in patients with systemic lupus erythematosus (SLE). A, Representative flow cytometry data
for 1 healthy donor (HD) and 1 SLE patient, showing CD19 and CXCR5 expression on IgD–CD27+ and IgD–CD27– B cells. B, Distribution of
CD19+ B cell frequencies among the subsets of IgD–CD27+ memory (mem) or IgD–CD27– double-negative (DN) B cells
(CXCR5+CD19intermediate [memintermediate/DNintermediate], CXCR5–CD19low [memlow/DNlow], and CXCR5–CD19high [memhigh/DNhigh]) in healthy
donors and SLE patients. C, Distribution of subsets within switched memory (IgD–CD27+) and double-negative (IgD–CD27–) populations in
healthy donors and SLE patients. D, Overlay of uniform manifold approximation and projections (UMAPs) of clustering of pregated IgD– B cells
(n = 59,000 events each per cohort of healthy donors and SLE patients) and manually gated IgD–CD27– subsets. Outlined areas indicate gates
for DNintermediate, DNlow, and DNhigh populations. E, Overlay of UMAPs of B cell subset clustering in healthy donors and SLE patients. Outlined
areas indicate gates for DNintermediate, DNlow, and DNhigh populations. Data are for 16 healthy donors and 28 SLE patients unless indicated other-
wise. * = P ≤ 0.05; ** = P ≤ 0.005; **** = P ≤ 0.0001, by Mann-Whitney U test.
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corresponding subsets in the SLE group (Figure 1E), consistent
with their significant expansion during SLE. Similar to our findings
in SLE, we found increased frequencies of all 3 double-negative
subsets in patients with primary Sjögren’s syndrome and those
with RA. In patients with primary Sjögren’s syndrome, frequencies
of both CXCR5– memory subsets (memlow and memhigh) were
also increased (Supplementary Figures 1C and D, available at
http://onlinelibrary.wiley.com/doi/10.1002/art.42157).

PB-like phenotype among CD19low B cell subsets.
Next, we investigated DNintermediate, DNhigh, and DNlow B cell sub-
sets for expression of several surface molecules, including line-
age, differentiation, and activation markers. The resulting
patterns of CD27, CD19, CXCR5, CD24, CD71, CD95, CD38,
and CD11c expression were visualized by color code in a
dimension-reduced UMAP (Figure 2A). In this analysis, we found
that distinctive patterns of CD19 and CXCR5 expression by these
subsets allowed further differentiation based on different CD24,
CD71, CD95, CD38, and CD11c expression profiles (Figures 2A
and B). CD24, a marker that has a dynamic pattern of expression
throughout B cell maturation and is absent from antibody-
producing cells, was not present in the subsets with low CD19
expression and no CXCR5 expression (memlow/DNlow), in con-
trast to the DNintermediate population.

In addition to CD19 expression, the main factors discriminating
between the DNlow and DNhigh populations were CD38 and CD11c
expression (Figures 2A and B). As previously described, DNhigh popu-
lations are CD11chigh cells but lack CD38 expression (11,17). In con-
trast, the majority of DNlow B cells express CD38 (Figures 2B and C
and Supplementary Figure 1E, available at http://onlinelibrary.wiley.
com/doi/10.1002/art.42157). Expression of CD71, a marker of early
B cell activation, was up-regulated on the surface of CXCR5–CD19low

B cells at levels comparable to levels on PBs (Figures 2B and C).
CD95 was expressed by the majority of DNlow and DNhigh cells but
not on DNintermediate cells (Figures 2B and C).

Subsequently, we evaluated the expression of the inhibitory
receptor programmed death 1 (PD-1), which is up-regulated on
B cells upon activation (18), and its ligand, PD ligand 1 (PD-L1).
Surface expression of PD-L1 and PD-1 was only found enhanced
in DNhigh cells (Figure 2D and Supplementary Figure 1F, available
at http://onlinelibrary.wiley.com/doi/10.1002/art.42157).

Most noteworthy, each of the subsets of double-negative B
cells differed from the corresponding subsets in the switched
memory compartment mainly with respect to the expression of
CD27, whereas frequencies of expression for the other markers
were similar (Figure 2F and Supplementary Figure 1). This sug-
gests that memory and double-negative populations consist of
complementary subsets.

Because we found differences in the frequencies of these B
cell subsets, we also evaluated qualitative differences between
healthy donors and SLE patients. Comparison of profiles of the
3 double-negative B cell subsets in healthy donors to those in

patients with SLE showed that, in SLE patients, expression levels
of the proliferation marker CD71 and frequencies of the activation
markers CD95 and CD38 were increased in the DNintermediate

population (Figure 2E) but not in the memintermediate population
(Supplementary Figure 1G, available at http://onlinelibrary.wiley.
com/doi/10.1002/art.42157). Expression of CD71 was enhanced
in both DNlow and memlow populations in SLE patients (Figure 2E
and Supplementary Figure 1E).

Comparison of the newly identified subsets to conventional
transitional (CD10+CD24+CD38+), naive (IgD+CD27–), and pre-
switched memory (IgD+CD27+) B cells and PBs
(CD27++CD38++) demonstrated that switched memory and
double-negative subsets expressed levels of CD19, CD24,
CD10, CD11c, CD71, PD1, PD-L1, and CD95 that were compa-
rable to those expressed by PBs. The main differences between
PBs and memlow/DNlow cells were a diminished level or absence
of CD27 expression and a slightly lower level of CD38 expression
among both memlow and DNlow B cell subsets (Figure 2F). The
fact that frequencies of memlow/DNlow B cells strongly correlated
with those of PBs (Figure 2G) in SLE patients as well as healthy
donors further supports their potential relationship. Additionally,
patients with primary Sjögren’s syndrome and those with RA
showed correlations in frequency between CD19low subsets and
PBs. The memlow subset frequency had an especially strong cor-
relation with the frequency of PBs among patients with primary
Sjögren’s syndrome and those with RA. In RA patients, DNlow B
cell frequency also correlated with the frequency of PBs
(Supplementary Figures 1C and D).

Additionally, we saw a trend of increased cell size (CD19low)
and granularity (CD19low/CD19high) for CXCR5– subsets
(Supplementary Figures 2A–C, available on the Arthritis & Rheuma-

tology website at http://onlinelibrary.wiley.com/doi/10.1002/art.
42157), potential hints of or consistent with characteristics of
antibody-secreting cells. Thus, we next analyzed Ig expression in
B cell subsets. Whereas memintermediate/DNintermediate and memhigh/
DNhigh cells mainly expressed IgG, memlow/DNlow cells expressed
IgG and IgA (Figure 2H).

To test the potential of CD19low populations to secret Ig, super-
natants were harvested after 12 and 24 hours of culture (Figure 2I
and Supplementary Figure 2E, available at http://onlinelibrary.
wiley.com/doi/10.1002/art.42157). Whereas IgD+CD27–
conventional naive and IgD–CXCR5+CD27+/–CD19intermediate

memory B cells had no evidence of antibody secretion, cultures
of IgD–CXCR5–CD27+/–CD19low cells contained notably
increased levels of IgA (Figure 2I and Supplementary Figure 2E).

Activation and differentiation profiles and
checkpoint molecule expression among CD19low B cells.
Next, we validated our findings in an independent cohort of 27 SLE
patients and 18 healthy donors, using mass cytometry to investigate
expression of activation markers and checkpoint molecules (Figure 3
andSupplementary Figure 3, available on theArthritis &Rheumatology

CXCR5–CD19low B CELLS AS PLASMABLAST PRECURSORS IN SLE 1559

https://doi.org/10.1002/art.42157
https://doi.org/10.1002/art.42157
https://doi.org/10.1002/art.42157
https://doi.org/10.1002/art.42157
https://doi.org/10.1002/art.42157
https://doi.org/10.1002/art.42157
https://doi.org/10.1002/art.42157
https://doi.org/10.1002/art.42157
https://doi.org/10.1002/art.42157
https://doi.org/10.1002/art.42157


website at http://onlinelibrary.wiley.com/doi/10.1002/art.42157).
Mass cytometry findings with application of a UMAP algorithm indi-
cated an increased frequency of all 3 double-negative subsets

(i.e., DNintermediate, DNhigh, and DNlow) in SLE patients (Figure 3A).
The frequency of memlow B cells was also substantially increased in
SLE patients (Figure 3B), corroborating the flow cytometry findings.

Figure 2. Patterns of surface marker expression among DNlow, DNhigh, and DNintermediate B cell subsets, between double-negative subsets and their
corresponding memory subsets, and between double-negative cells and plasmablasts (PBs). A, UMAPs of color-coded mean signal intensities for sur-
face marker expression among gated DNlow (left), DNhigh (center), and DNintermediate (right) populations (n = 59,000 events each per cohort of healthy
donors and SLE patients). B, Representative frequencies of double-negative subsets as compared to CD19– cells (gray-shaded areas) and CD27++
CD38++PBs (unshaded areas) in 1 healthy donor.C andD,Median fluorescence intensities (MFIs) of CD24, CD11c, andCD71 expression and frequen-
cies of CD38+ or CD95+ B cells (C) and MFIs of programmed death 1 (PD1) and PD ligand 1 (PD-L1) expression (D) in 8 healthy donors for each subset
of double-negative cells. * = P ≤ 0.05; ** = P ≤ 0.005; *** = P ≤ 0.0005; **** = P ≤ 0.0001, by Mann-Whitney U test. E, MFI of CD71 surface marker
expression and percentages of CD95+ and CD38+ B cells in 10 SLE patients and 8 healthy donors for each double-negative cell subset.
* = P ≤ 0.05; ** = P ≤ 0.005, by Kruskal-Wallis test. F, Fold changes in MFIs of surface marker expression on memintermediate/DNintermediate, memlow/
DNlow, andmemhigh/DNhigh subsets relative to values for main populations of transitional, IgD+CD27–, and IgD+CD27+ B cells and PBs.G, Spearman’s
correlation coefficients showing correlations between frequencies of switched memory and double-negative B cell subsets and frequencies of PBs in
8 healthy donors and 10 SLE patients. ** = P ≤ 0.01; **** = P ≤ 0.0001. H and I, Frequencies of Ig isotypes (H) and IgA levels (I) in the supernatant after
culture of IgD+CD27–, IgD–CXCR5+CD19intermediate, and IgD–CXCR5–CD19low B cells for 12 or 24 hours, using cells from 6 healthy donors. Data inC–E
are shown as box plots, representing the median, interquartile range, and range. Data in H are the mean + SEM. See Figure 1 for other definitions.
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Characteristics of memlow/DNlow and memhigh/DNhigh

populations were indicative of an activated phenotype, with
increased CD86 expression, and in the case of memhigh/DNhigh

cells, increased CD69 expression, compared with
memintermediate/DNintermediate cells. In contrast, memhigh/DNhigh

and memlow/DNlow populations expressed less CD25 than did
memintermediate/DNintermediate B cells (Figure 3C). SLE patients
expressed more CD86, CD69, and CD25 on the surface of
memhigh B cells and had elevated CD86 and CD25 expression
on DNhigh cells. In general, memintermediate/DNintermediate cells in

Figure 3. Frequency of an activated phenotype in CXCR5–CD19low B cell populations. A, Cytometry analysis by time of flight–derived UMAPs of
IgD– B cells (n = 8,841 events per cohort of healthy donors and SLE patients), showing cell densities in healthy donors and SLE patients (top) and
the distribution of gated DNintermediate, DNlow, and DNhigh B cells (bottom). B, Frequencies of memintermediate/DNintermediate, memlow/DNlow, and
memhigh/DNhigh cells in the total CD19+ B cell population in 18 healthy donors and 24 SLE patients. C and D, CD86, CD69, and CD25 activation
marker expression among memintermediate/DNintermediate, memlow/DNlow, and memhigh/DNhigh B cell subsets overall (C) and in healthy donors and
SLE patients (D). E and F, Expression of immune checkpoint molecules among B cell subsets (E) and in healthy donors and SLE patients (F). Data
are for 18 healthy donors and 24 SLE patients. Symbols represent individual subjects; horizontal lines with whiskers represent the median expres-
sion with 95% confidence intervals. * = P ≤ 0.05; ** = P ≤ 0.01; *** = P ≤ 0.001; **** = P ≤ 0.0001 for comparisons between subsets (by Mann-
Whitney U test) and between healthy donors and SLE patients (by Kruskal-Wallis test). BTLA = B and T lymphocyte attenuator; VISTA = V-type
Ig domain–containing suppressor of T cell activation (see Figure 1 for other definitions).
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SLE patients had increased surface expression of CD86 and
diminished surface expression of CD25 (Figure 3D), indicating
their increased activation status.

Additionally, we evaluated CD45RA and CD45RO, which
are known to be differentially expressed throughout B cell differ-
entiation (19). Expression of CD45RA was increased on
switched memory B cells, compared with double-negative
B cells, but the levels were comparable among the 3 subsets
(Supplementary Figure 3D, available at http://onlinelibrary.
wiley.com/doi/10.1002/art.42157). Comparison of SLE pa-
tients and healthy controls revealed that CD45RA expression
was reduced on DNhigh B cells in the SLE group (Supplemen-
tary Figure 3D).

Costimulatory and coinhibitory immune checkpoints regulate
and modulate immune cells and play an important role in fine-
tuning the immune response (17,20,21). Therefore, we analyzed
expression profiles of various checkpoint molecules among the
cell subsets of interest. Of particular note, memhigh/DNhigh B cells
up-regulated immune checkpoint molecules, such as B and T
lymphocyte attenuator (BTLA), V-type Ig domain–containing sup-
pressor of T cell activation (VISTA), and CTLA-4 (Figure 3E and
Supplementary Figures 3E and F, available at http://onlinelibrary.
wiley.com/doi/10.1002/art.42157). Whereas levels of VISTA and
CTLA-4 expression on memlow/DNlow cells were comparable to
levels found on memintermediate/DNintermediate cells, BTLA was
down-regulated (Figure 3E). SLE patients expressed higher levels

Figure 4. Frequencies of switched memory and double-negative B cell subsets and plasmablasts (PBs) in healthy donors who received
BNT162b2 COVID-19 messenger RNA vaccine. A, Longitudinal B cell subset frequencies in up to 6 healthy donors before and 7, 14, and 21 days
after the first dose, by flow cytometry. B, Longitudinal PB frequencies (top) and Spearman’s correlations between memlow/DNlow subset frequen-
cies and PB frequencies 7 days after vaccine receipt (bottom) in 6 healthy donors. C, Kinetics of B cell subset and PB frequencies for up to
17 healthy donors before and 7, 14, and 21 days after the first dose and 7 days after the booster dose (b. 7). * = P ≤ 0.05, by Kruskal-Wallis test.
D, Variations in B cell subset frequencies between up to 17 healthy donors 7, 14, and 21 days after the first dose and 7 days after the booster
dose (b7) and 6 healthy donors who were not vaccinated. E, Select B cell subset and PB frequencies for 17 healthy donors 7, 14, and 21 days
after the first dose and 7 days after the booster dose. Values below the graphs are Spearman’s correlation coefficients. * = P ≤ 0.05;
** = P ≤ 0.01; *** = P ≤ 0.001; **** = P ≤ 0.0001. See Figure 1 for other definitions.
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of VISTA on memlow B cells (Figure 3F), but findings did not other-
wise differ from those for healthy donors. Overall, CD19low B cells
showed a strikingly reduced level of checkpoint-molecule expres-
sion, which was independent of their level of CD27 expression.

Stability of CD19low subsets in healthy donors over
time and correlation with plasmablast frequencies in
healthy donors upon vaccination with BNT162b2 or
development of acute COVID-19 infection. To investigate
the longitudinal stability of these B cell subsets, we used flow
cytometry to evaluate them in up to 8 healthy donors over
3 weeks with 6 measurements per time point. No differences in
frequencies were detected between different time points
(Figure 4A). One donor had slightly increased PB frequencies on
day 7 (Figure 4B). This individual was not followed up owing to a

hitherto undiagnosed infection. Because of this single increased
value, we saw a correlation between PB and CD19low cell fre-
quencies on day 7, whereas for all other time points no correlation
was detected.

To investigate whether an acute immune response resulting
in PB formation is accompanied by alteration and expansion of
these subsets in individuals without autoimmune disease, we
monitored frequencies of these subsets in patients with mild or
severe SARS–CoV-2 infection, as well in healthy donors
who had received the BNT162b2 messenger RNA (mRNA)
COVID-19 vaccine. In patients who had severe COVID-19 and
were admitted to the intensive care unit, the memintermediate cell
frequency was less than that in healthy donors and in patients
with mild COVID-19, whereas the memlow and PB frequencies
were greater. Severe COVID-19 was also associated with a trend

Figure 5. B cell receptor responsiveness in CD19low subsets. A, Kinetics of Syk phosphorylation (at Y352) in memintermediate/DNintermediate,
memlow/DNlow, and memhigh/DNhigh subsets and plasmablasts (PBs) in 8 healthy donors and 15 SLE patients 0, 5, 8, and 15 minutes after stim-
ulation with antibody to B cell receptor. Data are the mean ± SEM. * = P ≤ 0.05; ** = P ≤ 0.01 for comparison between groups at each time point,
by Mann-Whitney U test. B, Frequencies of Syk expression among memintermediate/DNintermediate, memlow/DNlow, and memhigh/DNhigh subsets for
8 healthy donors and 15 SLE patients. Symbols represent individual subjects; horizontal lines with whiskers represent the mean ± SD.
* = P ≤ 0.05; ** = P ≤ 0.01; **** = P ≤ 0.0001, by Kruskal-Wallis test. MFI = median fluorescence intensity; pSyk = phosphorylated Syk (see
Figure 1 for other definitions).
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toward increased frequencies of DNlow and memhigh/DNhigh B
cells, compared with mild COVID-19 and no SARS–CoV-2 infec-
tion (Supplementary Figure 4A, available on the Arthritis & Rheu-
matology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.42157). Only memlow/DNlow frequencies correlated with PB
frequencies (Supplementary Figure 4B, available at http://
onlinelibrary.wiley.com/doi/10.1002/art.42157).

Finally, we monitored B cell subsets in healthy donors on days
0, 7, 14, and 21 after receipt of the initial dose of BNT162b2 and
7 days after receipt of the booster dose (Figure 4C). Current studies
show that BNT162b2 can generate a strong humoral immune
response (22) and specific memory B cells (23) and can also elicit
a striking level of T cell–dependent immune activation (24).
On day 21 after vaccination, the frequencies of memintermediate

and DNintermediate cells were less than those on day 0 or day 7
(Figure 4C). Follow-up measurements showed that vaccine recipi-
ents had more variation in B cell subset frequencies than unvacci-
nated healthy donors (Figure 4D). A trend toward increased PB
formation was detected on day 7 after booster receipt (Figure 4C).
Of note, frequencies of memlow B cells correlated with PB frequen-
cies at all time points. DNlow B cells also showed a correlation with
PBs 7 days after the first dose and especially 7 days after the
booster dose (Figures 4D and E). These findings are additional evi-
dence that memlow and DNlow expansion follows the kinetics of PB
induction and depends on T cell instruction, as was observed in the
present study following vaccination with BNT162b2.

B cell receptor responsiveness among CD19low

subsets. To evaluate B cell receptor responsiveness among the
newly identified subsets as an indication of their functional com-
petence, we studied the phosphorylation kinetics of Syk (Y352)
upon stimulation of the subsets with anti–B cell receptor antibody
(Figure 5A and Supplementary Figure 5, available on the Arthritis
& Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.42157). We observed diminished Syk phosphoryla-
tion in the double-negative compartment, compared with that in
subsets of switched memory B cells. In both switched memory
and double-negative B cells, subsets with a low level of CD19
expression showed the lowest kinetics of Syk phosphorylation,
whereas CD19intermediate and CD19high subsets responded simi-
larly to B cell receptor stimulation. B cell receptor responsiveness
was significantly reduced among memintermediate and memhigh

subsets from SLE patients 5–8 minutes after stimulation. While
there was an overall lower level of phosphorylation in B cells from
SLE patients, the memlow and DNlow subsets from SLE patients
showed a B cell receptor response similar to that of CD27++
CD38++ PBs (Figure 5A).

Subsequently, we evaluated whether differences in Syk pro-
tein levels at steady state may account for differences among
switched memory and double-negative subsets and between
SLE patients and healthy donors (Figure 5B). We found that basal
Syk levels were highest in memhigh/DNhigh cells for both SLE
patients and healthy donors. SLE patients showed significantly

Figure 6. Numbers of IRF4, PRDM1, PAX5, XBP1, EZH2, and BCL2L1 transcripts in naive, preswitched, and total memory B cells, plasmablasts
(PBs), and double-negative B cell subsets (DNintermediate, DNlow, and DNhigh) in 7 healthy donors (HDs) and 7 patients with systemic lupus erythe-
matosus (SLE). Data are shown as box plots, representing the median, interquartile range, and range. * = P ≤ 0.05; ** = P ≤ 0.005;
*** = P ≤ 0.0005, by Kruskal-Wallis test. CPM = counts per million.
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decreased Syk levels in memlow B cells, compared with healthy
donors. Interestingly, for SLE patients and healthy donors, Syk
expression in memlow/DNlow subsets was comparable to that in
memintermediate/DNintermediate cells (Figures 5A and B).

PRDM1, XBP1, IRF4, and EZH2 up-regulation in
CD19low B cells and PB-like transcription. To further under-
stand the distinct nature of the analyzed B cell subsets, transcrip-
tome analysis was performed on naive, preswitched, total
memory (IgD–CD27+), DNintermediate, DNhigh, and DNlow B cells,
as well as PBs, in SLE patients and healthy donors (Figure 6).
Transcripts of IRF4, a transcription factor crucial for differentiation
and survival of PBs and plasma cells (25), were up-regulated not
only in PBs but also in DNlow cells. IRF4 is known to regulate
expression of Blimp-1, a regulator of plasma cell differentiation
that is encoded by PRDM1 (26). Consistent with findings for
IRF4, the median level of PRDM1 transcription was increased in
DNlow cells and PBs. Similarly, the level of PAX5 mRNA, a tran-
scription factor down-regulated by Blimp-1, was intermediately
lower among DNlow B cells and PBs, whereas levels of XBP1
and EZH2 mRNA were slightly higher. No differences among the
B cell subsets and PBs were detected for BCL2L1 expression, a
marker for germinal cell differentiation. Thus, there was an overall
trend among key transcription factors in B cells and PBs that indi-
cated that the transcriptional programming in the DNlow popula-
tion is closely related to that of PBs.

DISCUSSION

Here, we identified 2 novel CXCR5–CD19low populations,
memlow and DNlow, residing among conventional switched and
IgD–CD27– atypical memory B cells. Additionally, we found a pre-
viously undescribed CXCR5–CD19high population of switched
memory B cells that shares characteristics with DN2 B cells, such
as CD11c+ expression (11). The DN2 population was found to be
increased in patients with autoimmune disease, such as SLE (11),
and in individuals with acute SARS–CoV-2 infection (27). It has
also been described as giving rise to antibody-secreting
PBs upon Toll-like receptor 7 and interleukin-21 extrafollicular
activation. We found that this population corresponded to
the DNhigh population, which we further characterized in the pres-
ent study. The expression profiles of CD19high, CD38–, CD95+,
and Ki-67– B cells, together with the high-level response to B cell
receptor and increased expression of Syk, also suggest that
memhigh/DNhigh cells represent the previously described Sykhigh

population (10).
Overall, CD19high populations seem to have an activated

phenotype with a distinct pattern of activation markers and
checkpoint molecules. BTLA has an inhibitory effect on the differ-
entiation of naive B cells to PBs in healthy donors, whereas the
inhibitory effect is diminished in SLE patients (20). Therefore, it
was interesting to find a high level of BTLA expression and a

sufficient level of B cell receptor responsiveness among CD19high

cells, although BTLA is known to negatively regulate B cell recep-
tor signaling (28). With regard to VISTA, the general assumption is
that it is not expressed on B cells. Therefore, we were surprised to
find increased VISTA expression on the CD19high subsets. Its
function on B cells remains unknown and, along with confirmation
of our findings, needs to be addressed in future studies. The
expression and cell-intrinsic function of CTLA-4 on B cells were
discussed in a recent review (29). CTLA-4 plays a role in isotype
switching (30) and cytokine production (31) in B cells, and its
presence reflects an activated state.

While various groups reported an overall reduction of CD19
expression on B cells in SLE, a specific CD19low population has
not been characterized so far. In a study of SLE patients by Culton
et al (32), the cohort was subdivided into SLE patients with
CD19lo cells and those with CD19hi cells, based on global CD19
expression and the presence or lack of a CD19hi B cell popula-
tion. Autoantibodies were detected in both patient groups. The
majority of CD19lo B cells were described as IgD+, CD38+, and
CD27–. In other studies, lower CD19 expression levels were
observed in CD27– and CD27+ B cells (33,34). These studies
did not discriminate populations with respect to IgD expression.
Overall, decreased CD19 expression was seen in patients with
active SLE (33) and those with quiescent SLE (34) and in patients
with antineutrophil cytoplasmic antibody–associated small vessel
vasculitis (32), suggesting that variation in CD19 expression is an
intrinsic abnormality linked to autoimmunity, rather than an extrin-
sic abnormality driven by antigen specificity or disease severity.

We found that the CD19low B cell subsets (i.e., memlow and
DNlow) expressed costimulatory molecule CD86 and proliferation
marker CD7, that the majority were CD38+ and CD95+, and that
none expressed the early B cell stage markers CD24 and CD10.
In combination with surface expression of class-switched IgG
and IgA, these findings allowed the conclusion that memlow/DNlow

B cells were antigen experienced.
Surface expression and secretion of IgA suggest that

CD19low subsets might be of mucosal origin. We speculate that
CD19low populations with lower or no CD27 expression could
be precursors to previously described IgA+ (i.e., CD27high) PBs,
which are increased during SLE and enriched for autoreactivity
(2). Interestingly, we also found that these cells were enriched dur-
ing SARS–CoV-2 infection and correlated with PB frequencies in
BNT162b2 recipients, which aligns with IgA detection during
acute SARS–CoV-2 infection and after vaccination. High anti–
SARS–CoV-2 IgA titers were especially common among patients
with severe COVID-19 (35), and anti–S2-IgA antibodies were
detected in individuals after receipt of their first BNT162b2 dose.
In contrast, IgG antibodies were detected after receipt of the sec-
ond BNT162b2 dose and were generated from the naive B cell
pool with specificity for S1 (22).

Although no reductions of baseline Syk levels were
observed, phosphorylation kinetics of Syk in DNlow cells were
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lower than in the other subsets upon anti–B cell receptor stimu-
lation and were similar to the kinetics for PBs. This could have
been caused by an anergic postactivation phenotype like the
one seen in general naive and memory B cells of patients with
autoimmune conditions such as SLE, RA, and primary Sjögren’s
syndrome (13). An alternative explanation involves down-
regulation of the B cell receptor, including B cell receptor–
associated surface molecules such as the negative regulator
BTLA, which we found to be down-regulated in memlow/DNlow

cells. An increased frequency of low BTLA expression among
DNlow cells during SLE could explain the reduced BTLA expres-
sion, as recently reported for the overall double-negative popu-
lation in SLE patients (20).

Of interest and in alignment with our findings, Ruschil et al
(36) recently found that transcripts from the overall double-
negative population did not cluster separately from transcripts
from other cell populations but instead clustered in a donor-
dependent manner with naive B cells, memory B cells, or PBs.
Ruschil et al observed a low number of differentially expressed
genes in both PBs and the total double-negative B cell popula-
tion and observed that, upon vaccination against tick-borne
encephalitis, the total double-negative population was followed
by PBs in contributing to directed maturation trees, based on
alignment of clonally related VH sequences (36). In this context,
our study demonstrated that levels of memlow/DNlow popula-
tions clearly correlated with levels of PBs in SLE patients and in
healthy donors whose immune system was challenged by
BNT162b2. In addition, targeted RNA-Seq analysis demon-
strated up-regulated PB-like transcriptional programming in
DNlow cells. Although further studies are needed to evaluate
these findings for the memlow population, the current data sup-
port that memlow/DNlow cells are a unique subset of B cells with
characteristics of PB precursors.

Although it is known that CD27+ memory B cells, as well as
certain types of CD27– B cells, have memory B cell characteris-
tics (1,11,15,37), our detection of similar subsets in both the
switched memory and double-negative B cell compartments
was unexpected. Whereas the double-negative population is
known for its heterogeneity and 2 of the 3 subsets shared charac-
teristics with previously described subsets (10,11), not much is
known about the diversity of the CD27+ memory compartment
beyond its Ig isotype distribution.

The features of the 3 IgD–CD27+ switched memory B cell
subsets were comparable to features of the corresponding sub-
sets in the IgD–CD27– atypical memory B cell population. This
suggests that the increased level of double-negative B cells dur-
ing chronic immune disease could also be largely related to the
loss of CD27 expression, which is supported by the increased
level of soluble CD27 observed in patients with SLE (38). A lack
of CXCR5 can result from post–germinal cell, extrafollicular, or
activation status, which is also known to be related to CD27
shedding (38).

Until now, it has been assumed that peripheral PBs are
marked by a high level of CD27 expression. Here, we showed that
a population in which CD27 is present at a low level or even
absent not only has a PB-like and antigen-experienced pheno-
type with regard to surface marker expression but also a tran-
scriptional programming trend toward PBs. We also
demonstrated that IgD–CXCR5–CD27+/– cells secreted IgA
in vitro. Our data therefore call into question whether CD27 is a
reliable marker of memory B cell differentiation and PBs and sug-
gest that these subsets should be evaluated in studies of autoim-
munity and infection, to gain a deeper understanding of the B cell
response.

B cell–targeted therapeutic interventions for SLE are promis-
ing. However, it remains unclear how the heterogeneity of the
switched memory and double-negative populations is induced
and/or maintained, or how it contributes to the disease course.
Using CD19 and CXCR5 clearly not only allows differentiation of
switched memory and DN B cells into 3 distinct subsets each,
but also suggests that mem/DNlow are direct precursors of PBs,
while memintermediate and DNintermediate appear to belong to the
classical B memory compartment. With new compounds in the
pharmaceutical pipeline that target B cells, it is important to
understand the mechanisms that are used by B cell subsets to
drive disease and that would require consideration of innovative
therapies. Our data suggest that CXCR5– populations might not
be targeted by anti-CXCR5 and anti-CD19 strategies but might
benefit from anti-CD38 approaches. Belimumab targets early,
transitional B cells and partially targets PBs/plasma cells (39),
and recent studies demonstrated that use of belimumab to block
BAFF/B lymphocyte stimulator had rapid effects on B cell subsets
in earlier developmental stages, such as naive B cells. For subsets
appearing in the late stage of development, such as memory or
plasma cells, levels decreased in a gradual manner later during
treatment or did not change. Only early immunologic changes
correlated with disease improvement (40). These data, together
with those from our study, provide a rationale for strategies that
target naive and early B cell stages to prevent not only their differ-
entiation into memory B cells but also their direct differentiation
into PBs/plasma cells.

Although not fully understood, it is known that viral infec-
tions (such as those due to Epstein-Barr virus and dengue virus)
among other factors might trigger autoimmune disease, includ-
ing SLE (41,42). Recently, investigators found that alterations in
the immune response of individuals with severe SARS–CoV-2
infection are similar to those associated with autoimmunity, lead-
ing to new insights into immunopathogenesis. For example,
COVID-19 and SLE both involve increased induction of extrafol-
licular CD19highCD11chigh B cells (26,43), as well as changes in
the interferon response (44,45) and its regulation (46). Associa-
tions between COVID-19 and new-onset autoimmune rheu-
matic diseases, including SLE, were recently described (47,48).
Studying the similar immune phenomena detected in patients
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with COVID-19 and those with autoimmune disease can help to
improve knowledge about both (49–51). Our finding of increased
levels of CD19low subsets and their correlation with PB levels
during severe COVID-19 and after receipt of the BNT162b2 vac-
cine expands our knowledge and is a starting point toward a
better understanding of the possible overlap between B cell–
dependent immune responses during SARS–CoV-2 infection,
after vaccination, and during autoimmune disease. Subsequent
investigations should evaluate CD19low B cell subsets during
other viral infections, during nonviral infections, and after receipt
of other vaccines.

Collectively, the findings presented here, including data on
surface marker expression, correlation analysis, Ig secretion, B
cell receptor kinetics, and transcription analysis, strongly indi-
cate that memlow/DNlow cells are precursors of PBs and directly
contribute to plasmacytosis upon immune activation. These
memlow/DNlow cells reflect a subset of pre–plasma cells that
may not need to undergo full or incomplete memory B cell differ-
entiation. Studying the mechanisms by which these cells are
selected will be important not only for understanding their immu-
nobiologic features but also for developing potential treatment
strategies. In this regard, the current data suggest the potential
for selective treatment approaches not only for certain B cell
subsets but also for distinct PB/plasma cell compartments,
including the possibility of leaving protective PBs/plasma cells
untouched.
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Symptom-Based Cluster Analysis Categorizes Sjögren’s
Disease Subtypes: An International Cohort Study
Highlighting Disease Severity and Treatment Discordance
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Esen K. Akpek,4 Matthew A. Makara,5 and Alan N. Baer4

Objective. Although symptom relief is a critical aspect for successful drug development in Sjögren’s disease,
patient experiences with Sjögren’s-related symptoms are understudied. Our objective was to determine how pain,
dryness, and fatigue, the cardinal symptoms of Sjögren’s disease, drive cluster phenotypes.

Methods. We used data from the Sjögren’s International Collaborative Clinical Alliance (SICCA) Registry and a
Sjögren’s Foundation survey. We performed hierarchical clustering of symptoms by levels of dryness, fatigue, and pain.
Using international and US cohorts, we performed multiple logistic regression analysis to compare the clusters, which
included comparisons of differences in symptoms, quality of life (QoL), medication use, and systemic manifestations.

Results. Four similar clusters were identified among 1,454 SICCA registrants and 2,920 Sjögren’s Foundation
survey participants: 1) low symptom burden in all categories (LSB); 2) dry with low pain and low fatigue (DLP); 3) dry
with high pain and low to moderate fatigue (DHP); and 4) high symptom burden in all categories (HSB). Distribution of
SICCA registrants matching the symptom profile for each cluster was 10% in the LSB cluster, 30% in the DLP cluster,
23% in the DHP cluster, and 37% in the HSB cluster. Distribution of survey participants matching the symptom profile
for each cluster was 23% in the LSB cluster, 14% in the DLP cluster, 21% in the DHP cluster, and 42% in the HSB
cluster. Individuals in the HSB cluster had more total symptoms and lower QoL but lower disease severity than those
in the other clusters. Despite having milder disease as measured by laboratory tests and organ involvement, individuals
in the HSB cluster received immunomodulatory treatment most often.

Conclusion. We identified 4 symptom-based Sjögren’s clusters and showed that symptom burden and immuno-
modulatory medication use do not correlate with Sjögren’s end-organ or laboratory abnormalities. Findings highlight
a discordance between objective measures and treatments and offer updates to proposed symptom-based clustering
approaches.

INTRODUCTION

Sjögren’s disease, a systemic autoimmune disease, is asso-

ciated with increased health care costs, increased morbidity, and

reduced quality of life (QoL) compared with these measures in

people without the disease (1). Sjögren’s disease has a heteroge-

neous phenotype ranging from isolated dryness to life-threatening

systemic organ involvement. The heterogeneity of Sjögren’s dis-

ease creates unique experiences for each patient and compli-

cates the choice of effective treatment. For example, depression
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and fatigue are common debilitating symptoms that reduce QoL,

yet these symptoms do not respond to traditional immunosup-

pression (1,2). Additionally, Sjögren’s symptoms do not always

parallel clinical signs. For example, symptoms of dryness do not

necessarily correlate with objective tear or salivary flow measure-

ments (3). In other autoimmune diseases, such as systemic lupus

erythematosus, discordance between the severity of symptoms

reported by the patient and physician assessment of disease

severity has been posited to reduce patient satisfaction (1,4,5).

These issues have made the identification of effective therapies

in clinical trials challenging. Emphasis has therefore shifted toward

Sjögren’s treatments that are tailored to specific relevant subsets

of patients (6). A critical first step of tailored therapy is to define

symptom-based patient clusters.
Recently, a UK-based study used symptoms of pain, dry-

ness, fatigue, anxiety, and depression to generate patient clus-
ters. In their analyses of 608 patients with Sjögren’s disease
from the UK Primary Sjögren’s Syndrome Registry, Tarn and col-
leagues defined 4 symptom-based clusters with unique
European League of Associations for Rheumatology (EULAR)
Sjögren’s Syndrome Disease Activity Index and laboratory profiles
(7). Their findings were validated in 2 other European populations:
the French Assessment of Systemic Signs and Evolution of Sjög-
ren’s Syndrome cohort and the Norwegian Stavanger cohort.
Notably, however, 2 of the 5 symptoms included to generate clus-
ters, anxiety and depression, are not cardinal symptoms in Sjög-
ren’s disease. In their retrospective analyses of outcomes of the
JOQUER trial with hydroxychloroquine and the TRACTISS trial
with rituximab, Tarn et al found considerably different responses
to these therapies by cluster (8,9). The cardinal symptoms caused
by Sjögren’s disease, however, are dryness, pain, and fatigue,
regardless of anxiety and depression presence in a subgroup,
which suggests the need for a more disease-focused approach
to clustering.

Our objective was to leverage a large international population
to determine the clusters of Sjögren’s disease based on the cardi-
nal symptoms of dryness, pain, and fatigue. We compared differ-
ences in symptoms, QoL, medication use, and disease-specific
systemic manifestations between the symptom-based clusters.
We aimed to advance the understanding of unique Sjögren’s dis-
ease phenotypes to 1) enhance mechanistic understanding of the
pathogenesis driving distinct Sjögren’s disease phenotypes, 2)
improve symptom management through tailored therapy, 3)
inform the identification of subgroups for clinical trial analyses,
and 4) eventually, harmonize patient–provider expectations.

PATIENTS AND METHODS

We obtained data for this analysis from 2 sources: 1) the
Sjögren’s International Collaborative Clinical Alliance (SICCA)
Registry, and 2) a Sjögren’s Foundation survey.

SICCA Registry. The SICCA Registry is a National Institutes
of Health–funded registry of individuals with suspected or known
Sjögren’s disease from 9 international research institutions from
2003 to 2012 (10). Participants who were age 21 years or older
were enrolled in the registry if they had any of the following:
repeated finding of tooth decay or cavities without other risk fac-
tors, a known diagnosis of Sjögren’s disease, salivary gland
enlargement, or abnormal findings on serology (anti-SSA anti-
body or anti-SSB antibody, antinuclear antibody, or rheumatoid
factor [RF]). All registrants completed a standardized visit com-
posed of an interview and questionnaires, physical examination,
blood, tear and saliva collections, and labial salivary gland biopsy.
Further registry details and enrollment procedures are described
on the SICCA web page at https://sicca-online.ucsf.edu and in
prior publications (11–13). Sjögren’s disease was defined by the
2016 American College of Rheumatology (ACR)/EULAR cri-
teria (14).

Data obtained from the SICCA Registry included depression
severity, measured with the Patient Health Questionnaire
9 (PHQ-9; scored 0–27, with higher scores indicating greater
severity), and health-related QoL, measured with the Short Form
12 (SF-12; with lower scores indicating greater severity) (15).
The SF-12 is divided into mental and physical components. The
mental component (scored 0–100) focuses on depression, anxi-
ety, accomplishments, socialization, and carelessness. The phys-
ical component (scored 0–100) focuses on work limitations due to
pain, work limitations due to physical issues, and limitations in
climbing stairs. Of the 12 total questions in the SF-12 health sur-
vey, 5 relate to mental health, 6 relate to physical health, and
1 relates to both.

Sjögren’s Foundation survey. The content of the Sjög-
ren’s Foundation survey was developed in 2016 as a collaborative
effort with the Harris Poll, a social science market research com-
pany, the Sjögren’s Foundation, Sjögren’s disease providers
and experts, and patients with Sjögren’s disease (16,17). A total
of 2,961 adults who self-reported as having Sjögren’s disease
based on a physician’s diagnosis completed the survey. The sur-
vey provided documentation of comprehensive details on the
subjective experiences of patients with Sjögren’s disease, which
enriched our understanding of patient experiences within each
cluster.

The survey contained 7 sections: 1) “patient profile”
(Sjögren’s diagnosis, general health, and past medical histories);
2) “severity” (frequency and impact of symptoms); 3) “emotional
and physical well-being” (effects of Sjögren’s disease on daily
emotional and physical experiences); 4) “effect on quality of life”
(the effect of Sjögren’s disease on QoL); 5) “treatment” (treat-
ments or medications for Sjögren’s disease); 6) “cost of disease”
(costs and effects on career as a result of Sjögren’s disease); and
7) “background information” (sociodemographic characteristics).
Respondents recorded 40 symptoms by frequency of experience
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from never to daily. Bivariate comparisons considered each
symptom present if the respondent indicated that it occurred at
least weekly.

Symptom-based cluster generation and statistical
analysis.Wegeneratedseparatesymptom-basedclusters foreach
of the 2 samples. To generate hierarchical clusters in theSICCAReg-
istry sample, we examined self-reported 1) dryness using aweighted
composite score of responses to 5 questions, 2) pain on a 5-point
Likert scale from “not at all” to “extremely,” and 3) fatigue on a
4-point Likert scale from “not at all” to “nearly every day” (18).

Because we did not have a validated marker for dryness
severity, we measured the burden of dryness with a dryness com-
posite score based on 5 questions: 1) “do your eyes feel dry?”
(yes or no), 2) “how often do you use artificial tears?” (≤3 times/
day or >3 times/day), 3) “during the last week have you experi-
enced any of the following symptoms with your eyes: gritty or
scratchy sensation?” (5-point Likert scale from none of the time

to all the time), 4) “does your mouth feel dry?” (yes or no), and 5)
“do you need to sip liquids to swallow dry foods?” (yes or no).
Questions 2, 3, and 5 had been previously validated in a study
that established the ability of these questions to correctly classify
patients with Sjögren’s disease versus controls and have been
included in the 2002 (subjective components) and 2016 classifi-
cation criteria for Sjögren’s disease (entry criteria) (14,18,19).
The other 2 questions (questions 1 and 4) are similar to other
questions in the previously validated criteria but did not include
the time elements (e.g., for >3 months). To ensure equal weight
for all questions, we multiplied all the binary questions by
100 and the 5-point Likert scale by 20. We then divided the sum
by the number of completed questions to yield a final dryness
composite score on a scale of 0–100.

Fatigue was evaluated with the following question: “Over the
last two weeks how often have you felt bothered by the following
problem: feeling tired or having little energy?” Pain was evaluated
with the following question: “How much did pain interfere with

Table 1. Baseline demographic characteristics of patients with Sjögren’s disease in the SICCA Registry, in total and
according to symptom-based clusters*

All LSB DLP DHP HSB
Adjusted P†(n = 1,454) (n = 146) (n = 432) (n = 336) (n = 540)

Age, mean ± SD years 52 (13) 47 (15) 54 (13) 54 (14) 52 (13) <0.0001
Female patient 1,368 (94) 133 (91) 400 (93) 314 (93) 521 (96) 0.02
Race <0.0001
White 726 (50) 38 (26) 208 (48) 163 (49) 317 (59)
Asian 515 (35) 90 (62) 170 (39) 131 (39) 124 (23)
Other‡ 212 (15) 18 (12) 54 (13) 42 (13) 99 (18)

Hispanic ethnicity 170 (12) 14 (10) 50 (12) 35 (10) 71 (13) 0.51
Education 0.03
Primary 178 (12) 14 (10) 59 (14) 49 (15) 56 (10)
High school 409 (28) 49 (34) 116 (27) 105 (31) 139 (26)
College/university 857 (59) 82 (56) 256 (59) 179 (53) 340 (63)
None 10 (1) 1 (1) 1 (0) 3 (1) 5 (1)

Employment <0.0001
Full-time 533 (37) 70 (48) 186 (43) 100 (30) 177 (33)
Part-time 200 (14) 11 (8) 62 (14) 46 (14) 81 (15)
Homemaker 193 (13) 21 (14) 50 (12) 49 (15) 73 (14)
Retired 318 (22) 29 (20) 107 (25) 98 (29) 84 (16)
Student 23 (2) 4 (3) 7 (2) 3 (1) 9 (2)
Not working 186 (13) 11 (8) 20 (5) 40 (12) 115 (21)

Tobacco use
Current 76 (5) 10 (7) 12 (3) 21 (6) 33 (6) 0.04
Ever 435 (32) 33 (23) 127 (29) 99 (29) 176 (33) 0.1

Recruitment site <0.0001
JHU 119 (8) 9 (6) 26 (6) 21 (6) 63 (12)
UPenn 98 (7) 6 (4) 18 (4) 18 (5) 56 (10)
UCSF 283 (20) 7 (5) 77 (18) 67 (20) 132 (24)
Argentina 165 (11) 15 (10) 50 (12) 34 (10) 66 (12)
China 239 (16) 60 (41) 75 (17) 68 (20) 36 (7)
Denmark 202 (14) 14 (10) 67 (16) 51 (15) 70 (13)
Japan 205 (14) 22 (15) 77 (18) 46 (14) 60 (11)
UK 143 (10) 13 (9) 42 (10) 31 (9) 57 (11)

* Except where indicated otherwise, values are the number (%) of Sjögren’s International Collaborative Clinical Alliance
(SICCA) Registry patients. Missing data were as follows: race and ethnicity (n = 1 each), employment (n = 1), and tobacco
use ever (n = 76). LSB = low symptom burden; DLP = dry, low pain; DHP = dry, high pain; HSB = high symptom burden;
JHU = Johns Hopkins University; UPenn = University of Pennsylvania; UCSF = University of California, San Francisco.
† Adjusted for age, sex, race, and disability.
‡ Other race indicates all non-White and non-Asian races.
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your normal work?” We stratified clusters by levels of dryness,
pain, and fatigue but not by anxiety and depression as previously
reported (7). Dryness, pain, and fatigue are the main symptoms
experienced by patients with Sjögren’s disease as identified from
patient interviews and the Profile of Fatigue and Discomfort–Sicca
Symptoms Inventory (20,21).

Among Sjögren’s Foundation survey participants, we
excluded participants for whom age and biologic sex were not
reported. We performed unsupervised hierarchical clustering of
symptoms with Ward’s minimum variance method (22) to a priori
identify 4 clusters to assess phenotypic similarity to the analogous
4 groups studied by Tarn et al based on self-reported severity of
pain (visual analog scale [VAS] 0–10), fatigue (VAS 0–10), and dry-
ness (VAS 0–10).

We compared descriptive statistics for demographic fea-
tures, symptom frequency, QoL, medication use, systemic mani-
festations, laboratory values, and histopathologic assessment of
the labial salivary glands among the 4 symptom-based clusters.
We used one-way analysis of variance or chi-square tests to con-
duct hypothesis testing for differences between clusters. We
used multiple logistic regression for analyses of categorical vari-
ables and linear regression for analyses of continuous variables,

controlling for age, sex, race, ethnicity, education, and recruit-
ment site for the SICCA Registry sample and age, sex, race, and
disability for the Sjögren’s Foundation survey sample. Statistical
analyses were performed using JMP Pro statistical software, ver-
sion 15.

RESULTS

SICCA cluster analysis.We identified 1,541 adults fulfilling
the 2016 ACR/EULAR criteria for Sjögren’s disease within the
SICCA Registry. Three were excluded for missing data on age or
sex, and 84 were excluded for missing data on clustering criteria.
We thus included 1,454 adults from the SICCA Registry in the
cluster analysis.

The 1,454 individuals in the SICCA Registry sample with
complete data on the 3 cardinal symptoms had a mean age of
52 years, were predominantly women (94%), and were mostly
White (50%), followed by Asian (35%) and other races (15%)
(Table 1). The analysis yielded 4 clusters (Figure 1A). Clusters
were characterized by low symptom frequency/severity burden
of dryness and fatigue with rare pain (LSB; 10% prevalence), dry
with low pain and low fatigue (dry low pain [DLP]; 30%), dry with

A

B

Figure 1. Heatmaps showing hierarchical clustering of Sjögren’s disease symptoms according to severity level. A, Sjögren’s International
Collaborative Clinical Alliance Registry sample clusters generated by unsupervised hiararchical clustering based on evaluation of the following
symptoms: oral and ocular dryness according to a weighted composite score of 5 items (presence of dry mouth, need sips of liquid to swallow
food, presence of dry eye, presence of a gritty sensation in the eyes, and use of tear substitutes), fatigue (on a 4-point Likert scale), and pain
(on a 5-point Likert scale). B, Sjögren’s Foundation sample clusters generated by unsupervised hierarchical clustering based on evaluation of
the following symptoms: oral and ocular dryness (on a 0–10-mm visual analog scale [VAS]), fatigue (on a 0–10-mm VAS), and pain (on a 0–
10-mm VAS).
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high pain and low to moderate fatigue (dry high pain [DHP]; 23%),
and high symptom frequency/severity burden in all categories
(HSB; 37%).

Symptoms differed significantly among the symptom-based
clusters in the SICCA Registry. For example, dry mouth (“does
your mouth feel dry?”) occurred in 96–99% of patients in the
HSB, DLP, and DHP clusters but in only 35% of the patients in
the LSB cluster (P < 0.0001). A similar pattern was shown for
dry eye, which occurred in 87–94% of patients in the DLP, DHP,
and HSB clusters but in only 21% of patients in the LSB cluster
(P < 0.0001). There was an overarching pattern that non–sicca-
related symptoms predominated in the HSB cluster, followed by
the DHP, DLP, and LSB clusters (Supplementary Table A, avail-
able on the Arthritis & Rheumatology website at https://
onlinelibrary.wiley.com/doi/10.1002/art.42238).

The score for depression symptoms, as measured by the
PHQ-9, was higher (i.e., worse) in the HSB cluster (mean score
11.3) than in the DHP cluster (mean score 4.5), DLP cluster (mean
score 2.9), and LSB cluster (mean score 2.2) (each P < 0.0001)
(Figure 2A). Health-related QoL, as measured by the SF-12, also
differed between the clusters (Figure 2A). The score for the phys-
ical components was lower (i.e., worse) in the HSB cluster (mean
SF-12 physical component summary score 36) than in the DHP,
DLP, and LSB clusters (mean scores of 41, 53, and 51, respec-
tively) (P < 0.0001). The score for the mental components was
also lower (i.e., worse) in the HSB cluster (mean SF-12 mental
component summary score 39) than in the DHP, DLP, and

LSB clusters (mean scores of 44, 44, and 46, respectively)
(P < 0.0001).

Generally, patients in the HSB cluster more frequently took
treatments such as cholinomimetics (14%), nonsteroidal antiin-
flammatory drugs (NSAIDs) (28%), and biologics (5%) than
patients in the other clusters. When we compared the clusters,
steroids (20%) and other disease-modifying antirheumatic drugs
(DMARDs) (6%) were the predominant treatment used by patients
in the DHP cluster, and antimetabolites were the predominant
treatment used by patients in the DHP and LSB clusters (each
10%) (Figure 2B).

Results from objective measurements of sicca symptoms in
the mouth and eyes also differed between clusters in the SICCA
Registry (Figure 3A). The unstimulated salivary flow was abnormal
(≤5 ml/5 minutes) in 74% of the DLP cluster, in 70% of the HSB
cluster, in 68% of the DHP cluster, and in 37% of the LSB cluster.
The ocular surface staining score was abnormal (score ≥5) in
88% of the DLP cluster, whereas it was abnormal in only 74% of
the HSB, 78% of the DHP, and 69% of the LSB clusters
(P < 0.0001). Findings from the Schirmer’s test (measured in
mm/5 minutes) followed a similar pattern, in which patients in the
DLP cluster had the greatest degree of sicca on objective ocular
testing. Of 13 organ manifestations, 2 differed significantly
between clusters, synovitis (which included metacarpophalan-
geal, wrist, or elbow synovitis) and primary biliary cholangitis
(PBC), which were most common in the DHP cluster (11%) and
DLP cluster (3%), respectively (Figure 3A).

Figure 2. Depression, quality of life, and medication use in patients from the Sjögren’s International Collaborative Clinical Alliance Registry
(n = 1,454) categorized according to Sjögren’s disease symptom–based clusters. A, Depression, measured by the Patient Health Questionnaire
9 (PHQ-9), and health–related quality of life, measured by the physical and mental components of the Short Form 12 (SF-12). Bars show the mean.
B, Frequency of medication use. * = P ≤ 0.05; ** = P ≤ 0.01; *** = P ≤ 0.001, by one-way analysis of variance or chi-square test. Biologic = tumor
necrosis factor inhibitor or anti-CD20 antibody; NSAID = nonsteroidal antiinflammatory drug; DMARD = disease-modifying antirheumatic drug.
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Despite the fact that ≥73% of patients were positive for
SSA antibodies in all 4 clusters, laboratory evaluations notably
showed significantly different frequencies of combined anti-
SSA and anti-SSB antibody presence (Figure 3A) and levels of
platelets and white blood cells (Figure 3B). The DLP cluster
had the lowest level of platelets (mean 227.3 × 103 cells/micro-
liter), and the LSB and DLP clusters had the lowest level of
white blood cells (mean 5.1 × 103 cells/microliter in both). The
LSB and DLP clusters had higher levels of IgG than the HSB
and DHP clusters (Figure 3C). The DLP cluster had the highest
predominance of RF positivity (68%) compared with the LSB
cluster (55%), the DHP cluster (59%), and the HSB cluster
(53%) (P < 0.0001) (Supplementary Table B, available at
https://onlinelibrary.wiley.com/doi/10.1002/art.42238). The
DLP cluster had the highest focus score of mononuclear cell
infiltrates in the labial salivary glands (mean score 3.4)
(P < 0.0001) versus the other clusters (Figure 3D). Other labo-
ratory findings, including levels of hemoglobin, lymphocytes,
and IgM, did not differ among clusters (Supplementary
Table B).

Sjögren’s Foundation cluster analysis. Of the 3,072
respondents who completed the Sjögren’s Foundation survey,
111 participants were excluded for being younger than age
18 years (n = 41), lack of a diagnosis of Sjögren’s disease from a
health care professional (n = 68), or incomplete survey demo-
graphics (n = 2). A further 41 participants were excluded from
hierarchical cluster analysis due to missing item responses
needed to generate the clusters (e.g., dryness, pain, or fatigue
metrics). We thus included 2,920 participants in the Sjögren’s
Foundation cohort analysis.

Most of the 2,920 participants were White (93%) and women
(96%), and the mean age at the time of the survey was 65 years.
Distribution of Sjögren’s Foundation survey participants in the 4 iden-
tified symptom-based clusters was as follows: 23% in the LSB clus-
ter, 14% in the DLP cluster, 21% in the DHP cluster, and 42% in the
HSB cluster. Age at diagnosis, sex, and race were similar among the
4 clusters, but statistically these values differed (Table 2).

In the Sjögren’s Foundation sample, members of each
cluster experienced their Sjögren’s disease differently. As
expected, the LSB cluster experienced the lowest frequency of

High symptom burden (n=540)

Low symptom burden (n=146)
Dry low pain (n=432)
Dry high pain (n=336)
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Figure 3. Oral and ocular dryness measurements, organ involvement, and abnormal laboratory and pathology results in patients from the
Sjögren’s International Collaborative Clinical Alliance Registry according to Sjögren’s disease symptom–based clusters (n = 1,454). A, Fre-
quency of patients with each laboratory or disease-relevant feature according to dryness measurements, organ involvement, and abnormal lab-
oratory results. B, Mean platelet and white blood cell (WBC) counts. C, Mean IgG levels. D, Mean focus score. Bars show the mean.
* = P ≤ 0.05; ** = P ≤ 0.01, *** = P ≤ 0.001, by one-way analysis of variance or chi-square test. PBC = primary biliary cholangitis;
RF = rheumatoid factor.
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Sjögren’s disease-related symptoms and the HSB cluster
experienced the highest frequency (Supplementary Table C, avail-
able at https://onlinelibrary.wiley.com/doi/10.1002/art.42238). A
fewer number of individuals in the LSB cluster experienced dry
mouth and eye (86% and 87%, respectively) compared with the
number of individuals in the other clusters. Additionally, only 51%
of the individuals in the LSB cluster experienced fatigue compared
with 94% in the HSB cluster (P < 0.0001). Although fibromyalgia
occurred in 31% of the overall cohort, it was most prevalent among
members of the HSB cluster (44%) (P < 0.0001 versus the other
clusters) (Table 2).

Members of the HSB had the highest use of current opioid
analgesics (34%) (P < 0.0001 versus the other clusters)
(Figures 4A and B; Supplementary Table D, available at
https://onlinelibrary.wiley.com/doi/10.1002/art.42238). More
members of the HSB cluster took nonprescription (93%) and
prescription eye drops (53%) compared with the other clus-
ters. DMARD use was highest in the DHP and HSB clusters
(48% in each). Antidepressant use was high in the HSB clus-
ter; however, current antidepressant use was lower than

“ever” antidepressant use in the HSB cluster (56% compared
with 34%). Among the 410 participants with depression in the
HSB cluster, 321 participants (78%) had ever taken antide-
pressants and 241 participants (59%) were currently taking
antidepressants.

Members of the HSB cluster had higher mean annual costs
of over-the-counter medications ($785), prescription medications
($1,595), and health care appointment/copay costs ($1,052) than
members of the other clusters (Figure 4C; Supplementary
Table E, available at https://onlinelibrary.wiley.com/doi/10.1002/
art.42238). Members of the DLP cluster had the lowest health
care appointment/copay costs ($721), whereas members of the
LSB cluster had the lowest prescription costs ($998). Mean den-
tal care cost was lowest in the DHP cluster ($1,333) and highest
in the DLP cluster ($2,636).

DISCUSSION

Sjögren’s disease is a remarkably heterogeneous disease
that lacks any US Food and Drug Administration–approved

Table 2. Baseline demographic and clinical characteristics of patients with Sjögren’s disease who responded to the
Sjögren’s Foundation survey, in total and according to symptom-based clusters*

All LSB DLP DHP HSB Adjusted
P†(n = 2,920) (n = 665) (n = 409) (n = 611) (n = 1,235)

Age, mean ± SD years
Age at diagnosis 52 (13) 52 (12) 54 (13) 53 (12) 52 (12) <0.0001
Age at time of survey 65 (12) 64 (12) 67 (11) 64 (13) 65 (12) 0.01

Female sex 2,791 (96) 624 (94) 392 (96) 581 (95) 1,194 (97) 0.04
Race 0.03
White 2,697 (93) 612 (92) 392 (96) 573 (94) 1,120 (91)
Other‡ 218 (7) 52 (8) 17 (4) 37 (6) 112 (9)

Employment <0.0001
Full-time 564 (20) 151 (24) 76 (20) 123 (21) 214 (19)
Part-time 176 (6) 50 (8) 29 (7) 36 (6) 61 (5)
Retired 1,379 (50) 321 (50) 225 (58) 284 (46) 549 (48)
Other§ 648 (23) 117 (18) 59 (15) 146 (25) 326 (28)

Medical comorbidity
GERD 1,327 (48) 237 (39) 155 (41) 288 (49) 647 (54) <0.0001
Hypertension 911 (33) 143 (24) 126 (33) 200 (34) 442 (37) <0.0001
Irritable bowel syndrome 902 (32) 122 (20) 90 (24) 179 (30) 511 (42) <0.0001
Fibromyalgia 861 (31) 90 (15) 52 (14) 190 (32) 529 (44) <0.0001
Autoimmune thyroid disease 669 (24) 126 (21) 92 (24) 147 (25) 304 (25) 0.48
Stroke 118 (4) 17 (3) 15 (4) 20 (3) 66 (5) 0.14
Myocardial infarction 59 (2) 7 (1) 6 (2) 14 (2) 32 (3) 0.15

Other rheumatology disease
Rheumatoid arthritis 597 (21) 92 (15) 52 (14) 109 (19) 344 (28) <0.0001
Mixed connective tissue
disease

374 (13) 38 (6) 43 (11) 80 (14) 213 (18) <0.0001

SLE 287 (10) 42 (7) 28 (7) 53 (9) 164 (14) <0.01
Scleroderma 81 (3) 17 (3) 11 (3) 13 (2) 40 (3) 0.77
Sarcoidosis 31 (1) 4 (1) 3 (1) 7 (1) 17 (1) 0.55

* Except where indicated otherwise, values are the number (%) of respondents to the Sjögren’s Foundation survey.
Missing data were as follows: race and ethnicity (n = 1 each), employment (n = 1), and tobacco use ever (n = 76).
GERD = gastroesophageal reflux disease; SLE = systemic lupus erythematosus (see Table 1 for other definitions).
† Adjusted for age, sex, race, and disability.
‡ Other race indicates all non-White races.
§ Other employment indicates self-employed, not employed but looking for work, not employed and not looking
for work, not employed and unable to work due to disability or illness, student, or stay-at-home spouse or partner.
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disease-modifying therapy. This lack is partly because of gaps in
our understanding of the pathogenesis of Sjögren’s disease and
because there may be different responses to therapy among the
specific disease subgroups. Grouping patients with Sjögren’s
disease into symptom-based categories has the potential to
reduce heterogeneity, inform the understanding of processes
driving these various subtypes, and promote tailored therapies
to symptom clusters. In contrast to a prior approach that included
anxiety and depression (7), we generated clusters that were
derived from the cardinal Sjögren’s disease symptoms of general-
ized dryness, pain, and fatigue. When we analyzed the 4 symp-
tom-based clusters that we generated and replicated across
2 large cohorts, we observed a discordance between the experi-
ence, disease severity, and treatment of Sjögren’s disease, thus
framing new opportunities for pathogenic insights, treatment,
and approaches to clinical trials.

Our analyses of the SICCARegistry sample resulted in 4 clus-
ters based on symptom severity: 1) a cluster of participants with
low dryness and fatigue and rare pain (LSB cluster); 2) a cluster
of participants with dryness and low pain and low fatigue (DLP
cluster); 3) a cluster of participants with dryness and moderate
to high pain and low to moderate fatigue (DHP cluster); and 4) a
cluster of participants with high dryness, fatigue, and pain (HSB
cluster). Notably, participants in the LSB cluster had infrequent
dryness and extraglandular symptoms or organ involvement but
had low white blood cell counts, higher levels of IgG, and low
focus scores. Participants in the DLP cluster had dryness in the
mouth and eyes based on objective measurements, had the high-
est frequency of PBC, and the most laboratory abnormalities,
including anti-SSA and anti-SSB antibody positivity, RF, low
blood cell counts, higher levels of IgG, and higher focus scores.
However, participants in the DLP cluster took antimalarials,

Figure 4. Medication use and cost of health care among participants of the Sjögren’s Foundation survey according to Sjögren’s disease
symptom–based clusters (n = 2,920). In the survey, current medication use and exercise (A) and ever use of medications and exercise (B) were
assessed, along with cost (in dollars) of specific aspects of health care for Sjögren’s disease (C). Bars show the mean. Eye drops include artificial
tears or eye ointments (nonprescription); prescription painkillers include, e.g., oxycodone, hydrocodone, tramadol; disease-modifying antirheu-
matic drugs (DMARDs) include, e.g., hydroxychlroqouinme, methotrexate, azathioprine, mycophenolate, leflunomide, sulfasalazine; nerve pain
medications include, e.g., gabapentin, pregabalin; injectable/infusible biologics include, e.g., rituximab, abatacept, tumor necrosis factor inhibitors.
* = P ≤ 0.05; ** = P ≤ 0.01, *** = P ≤ 0.001, by one-way analysis of variance or chi-square test. OTC = over-the-counter; apt. = appointment.
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antimetabolites, biologics, and steroids less often than patients in
the DHP and HSB cluster groups. Participants in the DHP cluster
had a higher frequency of synovitis (11% frequency) and extra-
glandular symptoms than other clusters, but the frequency was
still less than the frequency for patients in the HSB cluster. Partic-
ipants in the HSB cluster had the highest overall symptom bur-
den, level of depression, and impaired QoL, although they had
less severe dryness, less frequent organ involvement, and fewer
laboratory abnormalities. However, participants in the HSB clus-
ter frequently received immune-modulating medications.

We complemented the data generated from the SICCA Reg-
istry sample with data from the Sjögren’s Foundation survey. We
again focused on the same cardinal symptoms of pain, dryness,
and fatigue, but data from the survey provided us more granular
insight into patient experiences and costs. Although symptom-
based clusters between the SICCA Registry sample and the Sjög-
ren’s Foundation sample were similar overall, members of the
DHP and DLP clusters from the Sjögren’s Foundation sample
appeared to have more fatigue. In addition, members of the DLP
cluster from the Sjögren’s Foundation sample reported greater
burden of dryness than members of the similar cluster from the
SICCA Registry sample. These differences might be attributed to
the community-based nature of the Sjögren’s Foundation, where
people with symptoms seek support for their disease. In contrast,
the SICCA Registry may be enriched with patients referred by
their physicians for a comprehensive evaluation, including biopsy
of the labial salivary gland. Despite the different sources of mem-
bers in the 2 cohorts, we identified similar clusters in both,
strengthening our conclusions.

Symptom burden did not correlate well with traditional dis-
ease severity markers, such as abnormalities in laboratory results
and extraglandular involvement, which are associated with out-
comes like lymphoma and mortality. For example, patients in the
DLP cluster had low symptom burden, yet patients in the cluster
had the most significant glandular involvement and laboratory
and pathology abnormalities. It is possible that the LSB cluster
represents an earlier stage of the DLP cluster. This theory is sup-
ported by the higher prevalence of positivity for anti-SSA and
anti-SSB antibodies in patients in the DLP cluster, potentially indi-
cating epitope spreading. Furthermore, patients in the LSB clus-
ter were younger (mean age 47 years) than patients in the DLP
cluster (mean age 54 years). Interestingly, patients in the LSB
cluster reported the lowest burden of dryness on objective mea-
surements but had the highest frequency of anti-SSA antibody
positivity. This runs counter to prior studies that showed greater
dryness in patients with Sjögren’s disease who are anti-SSA anti-
body positive (23). Accordingly, by separating the LSB and the
DLP clusters, we revealed distinct subtypes of Sjögren’s disease.

We found that treatment type paralleled symptom frequency
and severity more than objective measurements of severity in
patients with Sjögren’s disease. For example, patients in the
DHP and HSB clusters took antimalarial drugs, other DMARDs,

NSAIDs, biologics, and steroids more frequently than patients in
the DLP and LSB clusters despite an overall lower Sjögren’s
disease–specific activity metric. Similarly, although patients in the
DLP cluster had the greatest level of dryness, patients in the
HSB cluster more frequently took cholinomimetic therapy. It is
possible that the higher use of cholinomimetics and immune-
modulating therapy among patients in the HSB cluster improved
their respective measures of dryness and biologic activity. How-
ever, clinical practice and clinical trial experiences have demon-
strated less response to therapy among those who have the
HSB symptom subtype and who have low biologic disease activ-
ity (8,24). Together with our results, these findings highlight the
discordance between objective disease severity and treatment,
with symptoms rather than disease severity measures driving
therapies. Thus, the use of immunomodulatory therapy to
address symptoms might unnecessarily increase risks for
adverse outcomes. Our findings suggest that a more nuanced
approach to therapy is needed in patients with Sjögren’s disease.

Akin to systemic lupus erythematosus, cluster-based treat-
ment might improve communications between patients and pro-
viders as well as patient satisfaction and ultimately reduce costs
and unnecessary exposure to high-risk therapy, providing oppor-
tunities for improved care (5). Patients in the HSB cluster, charac-
terized by heavy symptom burden, had lower overall end-organ
involvement and laboratory abnormalities, yet received more
treatment. Patients in the HSB cluster had a high level of fatigue,
which is a common and debilitating symptom of Sjögren’s dis-
ease. Fatigue has been shown to be inversely related to the tradi-
tional proinflammatory cytokine profile in Sjögren’s disease
(25–27), and symptoms of fatique do not improve with immuno-
modulation. This discrepancy reveals an opportunity to focus on
patient counseling and lifestyle interventions for individuals cate-
gorized in the HSB cluster (28).

Furthermore, patients in the HSB cluster had a high use of
opioid analgesics (34%), indicating that they may be taking treat-
ments that exacerbate their symptoms of dryness and pain. Opi-
oid analgesics negatively impact individuals with fibromyalgia,
which is frequently diagnosed in patients categorized in the
HSB cluster (44%), and this treatment can lead to worsening
pain, function, and depression (29,30). Opioid analgesics also
exacerbate dryness and, particularly in patients with Sjögren’s
disease, confound disease severity and patient response to
therapies. We demonstrated that patients in the HSB cluster
had higher medical care costs, which were up to twice the costs
reported by the other clusters. By defining and counseling
patients on therapies expected to benefit their particular sub-
type, providers might tailor treatment and control costs. Thus,
we can potentially improve the symptom burden and QoL of
patients with Sjögren’s disease by targeting their particular phe-
notype with tailored therapy.

We observed interesting results in the DLP cluster because,
although patients had lower overall symptom burden, they had
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high dryness levels, laboratory abnormalities, focus scores, and
frequency of PBC. Akin to the DLP cluster, the LSB cluster also
had low blood cell counts but was notable for having the highest
levels of IgG. Accordingly, given these objective immunologic
markers, members of these clusters might be more responsive
to immunosuppressive therapies.

Tarn et al previously described distinct symptom-based
clusters generated on the basis of measures of pain, fatigue, and
dryness plus anxiety and depression in European samples (7).
The 4 main clusters described in their work included LSB, HSB,
dryness and fatigue, and pain dominant with fatigue, and they
observed different laboratory and transcriptomic profiles among
the clusters. The investigators also retrospectively compared
responses to treatment with hydroxychloroquine and rituximab
from the JOUQER and TRACTISS trials, respectively, among the
clusters. Patients in the HSB cluster improved with hydroxychloro-
quine treatment, and patients in the cluster with dryness dominant
with fatigue improved with rituximab treatment (7,24). Cluster
membership might remain stable over time (31). Other studies have
used latent class analysis to identify symptom-based clusters in
patients with Sjögren’s disease but did not collect granular data
on patient experiences, laboratory test results, or histopathology
results (13). In contrast, we performed a simplified cluster analysis
that focused on the cardinal symptoms of Sjögren’s disease that
have been used for validation of multiple patient-reported outcome
tools (20,21). We expanded on the findings of Tarn et al by analyz-
ing other clinically important metrics, such as organ involvement
and focus score. We also reported whether categorization based
on symptoms in patients with Sjögren’s disease affected medical
care and treatment costs.

Strengths of our study include the use of 2 large Sjögren’s
disease cohorts. To our knowledge, this is the largest study to
report on symptom-based clusters in patients with Sjögren’s dis-
ease. In addition, the SICCA Registry sample included validated
depression (PHQ-9) and health care-related QoL (SF-12) metrics.
Registrants were rigorously evaluated by rheumatologists and
ophthalmologists with standardized examination, laboratory,
and pathology protocols. However, we also acknowledge
limitations.

First, registrants were referred to the SICCA Registry sample,
so referral bias might have impacted our results. The Sjögren’s
Foundation survey was created by patients with Sjögren’s dis-
ease and providers to describe the unique experience of each
Sjögren’s disease cluster but was not previously validated. The
Sjögren’s Foundation sample survey carries typical survey-based
limitations of response bias, recall bias, and misclassification bias.
The Sjögren’s Foundation cohort included self-identified cases of
Sjögren’s disease, potentially allowing for inclusion of patients
without a proven diagnosis. Furthermore, respondents to the
Sjögren’s Foundation survey did not have physical examinations
or laboratory testing, so the severity and extent of their Sjögren’s
disease were unknown.

Another limitation of our analysis was that we did not statisti-
cally account for multiple testing. However, most of the P values
were very small (<0.0001) and would be statistically significant
even if we corrected for multiple testing, such as by using the
Bonferroni correction method. Both data sources were of cross-
sectional design, and changes in clusters over time were not
captured.

Extensive medication profiles and sleep habits were also not
captured, and so we could not account for medications, such as
antihypertensive drugs or sleep agents, that might confound anal-
yses. Future studies should collect and analyze these data.
Although our analysis and the other analyses summarized above
emphasize the potential promise of targeted therapy for distinct
subtypes of Sjögren’s disease, further analyses are needed to
define the biologic differences among symptom-based clusters
of Sjögren’s disease for development of therapeutics. More
research is also needed to determine the applicability of our find-
ings to more diverse patient populations.

Our findings highlight a discordance in the experiences, dis-
ease severity, and treatment approaches among 4 relatively con-
sistent symptom-based clusters from 2 cohorts of patients with
Sjögren’s disease. We propose that further research into the
pathogenesis underpinning these symptom-based clusters could
advance our understanding of this heterogeneous disease and
move toward cluster-targeted therapies and trials. We believe that
clinical trials that account for the heterogeneous experiences of
patients with Sjögren’s disease might have a higher likelihood of
success. In the short term, identification of a symptom-based
phenotype for Sjögren’s disease could promote appropriate
treatment regimens earlier in the disease, thereby improving
patient QoL. A refined definition of treatments based on symptom
clusters could have the added benefit of harmonizing the
expectations and communication between patients and providers.
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Development of Pulmonary Hypertension in Over
One-Third of Patients With Th/To Antibody–Positive
Scleroderma in Long-Term Follow-Up

Shashank Suresh,1 Devon Charlton,2 Erin K. Snell,3 Maureen Laffoon,2 Thomas A. Medsger Jr,2 Lei Zhu,2

and Robyn T. Domsic2

Objective. This study was undertaken to describe clinical manifestations in patients with Th/To antibody–positive
systemic sclerosis (SSc) during long-term follow-up.

Methods. We performed a case–control study involving anti-Th/To antibody–positive patients with SSc who were
newly referred to the University of Pittsburgh Medical Center and the Pittsburgh Scleroderma Center from 1980 to
2015. For every case, 2 anti-Th/To antibody–negative SSc patients (the first 2 consecutively seen after a case) were
used as controls. Long-term disease manifestations and survival were then compared between cases and controls.

Results. A total of 204 anti-Th/To antibody–positive SSc patients and 408 controls were identified. The cohort had a
mean ± SD age of 52 ± 12.9 years, and 76% of individuals were women. Anti-Th/To antibody–positive patients more
often presented without skin thickening (P < 0.0001) and had a higher rate of pulmonary hypertension (PH) (P < 0.0001)
and interstitial lung disease (P = 0.05) compared to anti-Th/To antibody–negative SSc controls. Anti-Th/To antibody–
positive SSc patients also had less frequent muscle and joint involvement than anti-Th/To antibody–negative SSc controls
(P < 0.0001). After amedian clinical follow-up period of 6.1 years (interquartile range 2.4–12.7), 38%of anti-Th/To–positive
patients had developed PH compared to 15% of anti-Th/To antibody–negative SSc controls (P < 0.0001). The rate of PH
classified as World Health Organization (WHO) Group 1 pulmonary arterial hypertension [PAH] was 23% in anti-Th/To–
positive patients compared to 9% in anti-Th/To antibody–negative SSc controls (P < 0.0001). After adjusting for age and
sex, anti-Th/To antibody positivity was associated with a hazard ratio (HR) of 3.3 (95% confidence interval 2.3–4.9) for
increased risk of developing PH at 10 years of follow-up from the first scleroderma center visit.

Conclusion. This is the largest cohort of patients with anti-Th/To antibody–positive SSc with long-term follow-up
data. The very high rate (38%) and associated independent risk of anti-Th/To antibody–positive patients developing
PH in follow-up, particularly in WHOGroup 1 PAH patients, is striking. Patients presenting with limited skin involvement
should be tested for Th/To antibodies, and if present, careful monitoring for PH is warranted.

INTRODUCTION

Patients with systemic sclerosis (SSc) can be classified into

2 primary clinical subsets based on the extent of skin involvement:

diffuse cutaneous and limited cutaneous. The spectrum of limited

SSc includes patients who have no skin thickening, termed SSc

sine scleroderma. There are SSc-specific serum autoantibodies

associated with SSc clinical features (i.e., cutaneous subtype,

internal organ involvement) and SSc prognoses (1–5). When both

the cutaneous subset and autoantibody status are known, clini-

cal/serologic classification can inform the natural history of dis-

ease in SSc patient groups.
Anti-Th/To is an uncommon SSc-associated antinuclear

antibody (ANA) in a nucleolar pattern. The Th/To antigen consists

of 2 RNA-processing enzymes (RNase mitochondrial RNA and

RNase P) plus 10 associated proteins, of which RPP25, RPP38,
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and human POP1 are the main autoantigens (6–9). Recently, anti-
Th/To antibody testing, which was historically accessible only to a
few research centers, has become available on some commercial
platforms, thereby increasing the need for clinical information on
this subset of SSc patients.

The first case series of SSc patients with anti-Th/To antibod-
ies was reported by our group in 1990 and included only 15 anti-
Th/To antibody–positive patients (4%) of 371 consecutive SSc
patients between 1984 and 1988 (10). In 2002, we performed a
follow-up study comparing 107 patients with anti-Th/To
antibody–positive SSc to 365 SSc patients with anticentromere
antibodies (ACAs) seen from 1985 to 2000 (11). Almost all anti-
Th/To antibody-positive patients had limited cutaneous SSc,
and in this group there was an increased frequency of interstitial
lung disease (ILD) and pulmonary arterial hypertension (PAH)
(11). Other findings on anti-Th/To–positive SSc patients have
been from small cross-sectional studies and are thus limited in
their generalizability (6,9,12–23). The long-term frequency of clini-
cal outcomes and prognosis in patients with anti-Th/To antibody–
positive SSc are completely unknown.

The World Health Organization (WHO) currently classifies
pulmonary hypertension (PH) into 5 groups according to etiology
(24). SSc patients can present with PAH (Group 1), PH due to left
heart disease (Group 2), or PH due to chronic lung disease such
as ILD (Group 3). The relative frequency of these WHO PH
classifications in SSc patients and their correlations with SSc-
associated serum autoantibodies are topics of current debate.
However, SSc patients are widely recognized to be at an
increased risk of PH compared to the general population.

The objective of this study was to describe clinical features in
patients with anti-Th/To antibody–positive SSc during long-term
follow-up, including the development of PH byWHO classification
group.

PATIENTS AND METHODS

Patient selection. Informed consent was obtained, and all
patients who were anti-Th/To antibody–positive at an initial visit at
the University of Pittsburgh Medical Center and the Pittsburgh
Scleroderma Center between January 1, 1980 and December
31, 2015 were included in this study. There was no restriction
regarding cutaneous subtype. We excluded patients with anti-
Th/To antibody positivity who also had another SSc-specific anti-
body in order to focus on clinical associations with anti-Th/To. All
included patients met the updated American College of
Rheumatology/European Alliance of Associations for Rheumatol-
ogy 2013 classification criteria over the course of follow-up (25).
This study was reviewed and approved by the University of Pitts-
burgh institutional review board (approval no. CR19090054-003).

Laboratory methods. ANA testing was performed using
indirect immunofluorescence analysis. Anti-Th/To was detected

using RNA immunoprecipitation as previously reported (11).
ACA presence was identified by characteristic staining on HEp-2
substrate (1:40 dilution). Ouchterlony immunodiffusion was used
to test for anti–topoisomerase I and anti–U1 RNP, as described
in previous studies (13). All other SSc autoantibodies (anti–RNA
polymerase III, anti-PM/Scl, anti–U3 RNP, anti–U11/U12 RNP,
and anti-Ku) were examined using protein immunoprecipitation
or a combination of multiple methods as previously reported by
Kao et al (26).

Study design.We used a 1:2 case–control design. To con-
trol for temporal trends, we matched each case to the next 2 con-
secutive SSc patients as controls, comprising subjects who had
any antibody profile excluding positivity for anti-Th/To. All cases
and controls were residents of the US, ensuring that vital status
during the follow-up period could be easily determined.

Data collection. All patients had a comprehensive first
visit evaluation for symptom data collection, physical examina-
tion, laboratory and serologic testing, and objective testing for
internal organ dysfunction (pulmonary function tests [PFTs],
computed tomography [CT] of the chest, transthoracic echo-
cardiography [TTE], esophagography, etc.). At follow-up, all
patients completed an abbreviated 80-variable form. We retro-
spectively reviewed the electronic medical record system for
objective test results and clinical outcomes not previously
recorded. We sent a follow-up questionnaire regarding SSc
complications and current medications to cases and controls
who had not recently been seen, along with a request for out-
side medical records to supplement data, and we received out-
side medical records from this inquiry for missing objective
testing data (chest imaging, PFTs, TTE). Every effort was made
to obtain objective test results to determine the frequency and
severity of organ involvement.

Survival. Survival rates as of December 31, 2019 were
obtained from the US Social Security Death Index. Cause of death
was determined by review of the medical records or discussion
with managing physicians. SSc-related causes of death were cate-
gorized as PH, pulmonary fibrosis, SSc-related kidney disease,
SSc-related heart disease, and combined SSc-related kidney/
heart disease. Non–SSc-related causes of death were categorized
as cancer, sudden death, atherosclerotic heart disease, other non–
SSc-related disease, infection, vasculitis, central nervous system
disease, or unknown. If records were incomplete or unavailable,
the National Death Index was used to obtain death certificates,
which were reviewed in the context of known clinical data. Addi-
tional contact with medical personnel or family members, if contact
information was available, was made to clarify cause of death.

Definitions of organ manifestations. Organ system
manifestations were defined as previously described (27). ILD
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was defined as bibasilar fibrosis on chest radiography or high-
resolution CT of the lungs. PH was defined as mean pulmonary
artery pressure >20 mm Hg on right-sided heart catheterization
(24) or TTE showing an estimated peak systolic pulmonary artery
pressure >45 mm Hg, with WHO subtype determined in consul-
tation with a PH expert.

Statistical analysis. Baseline characteristics and clinical
features at baseline and follow-up were compared between the
case and control groups using t-tests, chi-square tests, and non-
parametric tests (including Fisher’s exact test and Mann-Whitney
Wilcoxon tests) where appropriate.

The risk of PH and cumulative survival rates were assessed
using time-to-event analysis with the Kaplan-Meier method used
to generate Kaplan-Meier curves. More specifically, we performed
the following survival or time-to-event analyses to compare anti-
Th/To–positive cases to controls: 1) 5-year survival from the first
visit, 2) 5-year survival from disease onset, 3) time-to-event analy-
sis for all PH types from the first visit over 10 years of follow-up, 4)
time-to-event analysis for all PH types from disease onset over
20 years of follow-up, and 5) time-to-event analysis for WHO
Group 1 PAH from disease onset over 20 years of follow-up. A
Cox proportional hazards model was used to generate unad-
justed HRs and age- and sex-adjusted HRs. All statistical analy-
ses were performed using SAS 9.4, and 2-sided P values less
than or equal to 0.05 were considered statistically significant.

Patient and public involvement. This study followed up
a preexisting and longstanding observational cohort over
30 years. Patients and the public were not involved in recruitment
for this study or the design and conduct of this study.

RESULTS

In total, we evaluated 3,613 newly diagnosed SSc patients
between 1980 and 2015. These patients included 211 SSc
patients who were anti-Th/To antibody–positive (5.8%), of which
7 were excluded for having a concomitant second SSc-
associated antibody, leaving 204 patients for analysis (Figure 1).
We then identified 408 anti-Th/To–negative controls (SSc patients
with other SSc-related antibodies). The cohort had a mean ± SD
age of 52 ± 12.9 years, and 76% of individuals were women.

Baseline demographic characteristics, length of follow-up,
and cutaneous subtype of the anti-Th/To antibody–positive cases
and anti-Th/To antibody–negative controls are shown in Table 1.
There were no significant differences in terms of age, sex, or race
between the groups. Anti-Th/To–positive cases were more likely
to be prior smokers or current smokers than controls (64% versus
44%; P < 0.0001). Nearly all anti-Th/To antibody–positive
patients (97%) had limited skin thickening, with 23% presenting
with SSc sine scleroderma. Anti-Th/To antibody–positive patients
had significantly longer disease duration at presentation than

those with other SSc antibodies (median 7.9 years versus
3.3 years; P < 0.0001). For the entire cohort, the median duration
of follow-up was 6.1 years (interquartile range 2.4–12.7), which
did not differ between cases and controls. Raynaud’s phenome-
non, the most frequently reported first symptom occurring among
SSc patients, significantly differed in frequency between anti-
Th/To antibody–positive cases and anti-Th/To antibody–negative
controls (80% versus 56%; P < 0.0001). Differences in frequency
of other common first symptoms included puffy fingers/hands in
6% of anti-Th/To–positive cases compared to 16% of controls
and joint symptoms in 2% of anti-Th/To–positive patients com-
pared to 11% of controls.

Organ system manifestations. Organ system manifes-
tations at the baseline visit and as of the last follow-up visit are
shown in Table 2, with PH shown separately. At baseline, joint
and tendon manifestations were less frequently seen in anti-
Th/To–positive patients, although ILD was more frequently
observed on imaging in anti-Th/To–positive patients than in anti-
Th/To antibody–negative SSc controls (45% versus 34%;
P = 0.05). No other significant differences in baseline organ
involvement were observed.

During follow-up, significantly more anti-Th/To–positive
patients had ILD on imaging compared to controls (54% versus
39%; P = 0.008); of note, 93% of anti-Th/To–positive patients
and 87% of controls had chest imaging data available for review.
Importantly, there was no difference in terms of ILD severity using
Medsger severity scores (28) between anti-Th/To–positive
patients and controls (P = 0.42). Anti-Th/To–positive patients
continued to have significantly lower frequencies of joint and ten-
don manifestations, and over time had lower frequencies of renal
crisis than the SSc control group (3% versus 10%; P = 0.003).
Very few anti-Th/To–positive patients had muscle involvement at
baseline and follow-up (1% and 2%, respectively), compared to
controls at baseline and follow-up (5% and 6%, respectively;
P = 0.04). Given the high rates of ILD on imaging, and the poten-
tial theoretical contribution of esophageal reflux to pulmonary
radiographic changes, we compared gastrointestinal (GI) tract

SSc Patient Initial Visit

1980-2015 (n=3613)

IIF Screening; Ouchterlony Testing

Protein IP Testing

RNA IP Testing

Anti-Th/To 

positive 

(cases; n=204)

Exclusion of anti-

Th/To positive 

plus another SSc 

antibody (n=7)

Anti-Th/To 

negative 

(controls; n=408)*

*One patient had no serum available

Figure 1. Systemic sclerosis (SSc) patient selection flow chart.
IIF = indirect immunofluorescence; IP = immunoprecipitation.
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symptom severity between groups using revised Medsger sever-
ity scores. Over time, there was a between-group difference in
terms of GI tract symptom severity (P < 0.001), with only 7% of
patients in the anti-Th/To–positive group having moderate GI tract
manifestations, 4% having severe GI manifestations, and 2% hav-
ing end-stage GI tract manifestations, whereas in the control
group, 12% had moderate GI manifestations, 3% had severe
manifestations, and 5% had end-stage manifestations.

Frequency of PH. PH frequency data are shown in Table 3
The few patients with PH attributable to non–SSc-related valvular
disease (n = 3) were not included in this analysis. Overall, SSc-
related PH was more frequently detected in anti-Th/To
antibody–positive patients than in controls during the first clinic

visit (25% versus 9%, respectively; P < 0.0001), with the fre-
quency of PH increasing up to 38% in anti-Th/To antibody–
positive patients compared to 15% in controls during follow-up
(P < 0.0001). Group 1 PAH was the most commonWHO classifi-
cation, with 17% of anti-Th/To–positive patients classified as hav-
ing Group 1 PAH, which increased up to 23% at the last follow-up
visit. In controls, only 5% of patients were classified as having
Group 1 PAH at baseline, which increased to 9% as of the last
follow-up visit (Table 3).

Risk of PH. Due to the potential of survival bias, given the
longer disease duration in anti-Th/To–positive patients at base-
line, we evaluated outcomes 10 years from the first visit using
Kaplan-Meier analysis. This revealed an increased probability of

Table 1. Demographic and disease features of anti-Th/To antibody–positive SSc cases and anti-Th/To antibody–
negative SSc controls at the first clinic visit*

Cases (n = 204) Controls (n = 408) P†

Demographic characteristics
Age, mean ± SD years 52.6 ± 12.0 51.8 ± 13.4 NS
Sex, % female 79 75 NS
Race, % White 96 91 NS
Tobacco use, % <0.0001
Lifelong nonsmoker 36 56
Ex-smoker 37 31
Current smoker 27 13

Disease classification, %
dcSSc 3 44 <0.0001
lcSSc 97 56 <0.0001
SSc sine scleroderma 23 9 <0.0001
Overlap syndrome 5 11 0.02

Clinical follow-up data
Disease duration from onset to first visit, median (IQR)
years

7.9 (2.9–14.9) 3.3 (1.2–10.5) <0.0001‡

Length of time from first to last visit, median (IQR) years 5.5 (1.8–12.8) 6.3 (2.7–12.7) 0.20‡

* SSc = systemic sclerosis; NS = not significant; dcSSc = diffuse cutaneous SSc; lcSSc = limited cutaneous SSc; IQR =
interquartile range.
† By t-test.
‡ For this continuous variable, P values were obtained by Mann-Whitney Wilcoxon test.

Table 2. Joint and organ system manifestations in anti-Th/To antibody–positive SSc cases and anti-Th/To
antibody–negative SSc controls at the baseline visit and last follow-up visit*

Baseline Last follow-up

Cases
(n = 204)

Controls
(n = 408) P†

Cases
(n = 204)

Controls
(n = 408) P†

Raynaud’s phenomenon 95 (n = 192) 91 NS 99 97 NS
Joint/tendon involvement 32 (n = 64) 69 (n = 275) <0.0001 50 80 (n = 322) <0.0001
Joint swelling 3 (n = 6) 13 (n = 50) 0.0001 12 (n = 25) 25 (n = 100) 0.0004
Tendon friction rubs 2 (n = 4) 23 (n = 91) <0.0001‡ 3 28 (n = 112) <0.0001‡
Skeletal myopathy 1 (n = 3) 5 (n = 20) 0.04 2 (n = 5) 6 (n = 26) 0.04
GI tract involvement 38 (n = 77) 46 (n = 185) NS 109 (n = 54) 60 (n = 246) NS
Pulmonary fibrosis on
imaging

45 (n = 72) 34 (n = 54) 0.05 54 (n = 103) 39 (n = 137) 0.0008

Renal crisis, % 2 4 NS‡ 3 10 0.003

* Values are the percentage of subjects (sample size). Some features had missing data. NS = not significant;
GI = gastrointestinal.
† By chi-square test.
‡ For this categorical variable, P values were obtained by Fisher’s exact test.
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developing PH over 10 years of follow-up from the first visit in
anti-Th/To–positive patients (P < 0.0001) (Figure 2).

In a Cox proportional hazards model, after adjustment for
age and sex, anti-Th/To antibody positivity was associated with
an HR of 3.3 for the development of any PH (95% confidence
interval [95% CI] 2.3–4.9). Upon modeling the development of
Group 1 PAH specifically, Th/To antibody positivity was associ-
ated with a 4.9 times higher risk of developing Group 1 PAH (95%
CI 2.6–9.4) in a model adjusted for age. When additionally adjusted
for disease duration, the risk of developing Group 1 PAH 10 years
from SSc-associated symptom onset remained similar, at an HR
of 5.1 (95% CI 2.7–9.8).

As ACA antibodies have been associated with a significant
risk of developing Group 1 PAH, we performed additional Cox
proportional hazards modeling for PAH development at 10 years
in a model including both anti-Th/To and ACA positivity. After
adjusting for age, sex, and disease duration, anti-Th/To positivity
was associated with a higher risk of developing PAH (HR 8.5,
95% CI 3.6–20.0; P < 0.0001), and presence of ACAs was asso-
ciated with a lower risk of developing PAH (HR 4.2, 95% CI 1.4–
12.6; P = 0.01).

Autoantibody profile. Among controls, 27% were ACA-
positive (n = 110), 26% were anti–Scl-70 positive (n = 106), and
25% were RNA polymerase III positive (n = 101). Anti–PM/Scl
antibody and anti–U1 RNP were both found in 7% of controls
(n = 28 each). A total of 3% of controls were anti–U3 RNP positive
(n = 12), 2% were anti–U11 RNP positive (n = 9), 1% were
anti-RuvBL1/2 positive (n = 6), and 1% were anti-Ku positive
(n = 5). A total of 25 patients had other antibodies (none were
anti-Th/To antibody positive, so they were not excluded from
analysis), and 1 patient did not have an available serum sample.

Survival. As of the last follow-up visit, 56% of anti-Th/To–
positive patients and 55% of controls had died. Despite higher
rates of PH at presentation, the 5-year cumulative survival rate
from the first University of Pittsburgh Medical Center and Pitts-
burgh Scleroderma Center visit was 68% in anti-Th/To
antibody–positive cases, significantly lower than controls (76%;
P = 0.02) (Figure 3).

Cause of death. We were able to ascertain the cause of
death in 101 of 113 anti-Th/To antibody–positive cases (89%)

Table 3. Incidence of PH or WHO Group 1 PAH in anti-Th/To antibody–positive SSc cases and anti-Th/To antibody–
negative controls at the first clinic visit and after follow-up*

Baseline Follow-up

Cases Controls Cases Controls
(n = 204) (n = 407) P (n = 204) (n = 402) P

No PH 153 (75) 372 (91) <0.0001 127 (62) 340 (85) <0.0001
PAH (WHO Group 1) 35 (17) 20 (5) – 47 (23) 37 (9) –

Cardiac disease–related PH (WHO Group 2) 1 (<1) 2 (<1) – 4 (2) 3 (<1) –

Lung disease–related PH (WHO Group 3) 15 (7) 13 (3) – 26 (13) 22 (5) –

* Except where indicated otherwise, values are the number (%) of patients. PH = pulmonary hypertension;
PAH = pulmonary arterial hypertension; SSc = systemic sclerosis; WHO = World Health Organization.

Figure 2. Development of pulmonary hypertension (PH) over a 10-year follow-up period from the first scleroderma center visit. The number of
patients with systemic sclerosis (SSc) at risk of developing PH is indicated at the bottom according to antibody status.
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and 164 of 224 controls (73%) (Table 4). In both groups, most
deaths were related to SSc: 61% of deaths among cases and
55% among controls were related to SSc. Overall, there was no
difference in terms of the proportion of deaths attributed to SSc-
related and non–SSc-related causes between the groups
(P = 0.3). The most frequent cause of death in anti-Th/To
antibody–positive patients was PH (28%), and the most frequent
cause of death in controls was pulmonary fibrosis (18%).

DISCUSSION

In the current study, we report the clinical characteristics of
204 SSc patients with anti-Th/To antibody positivity, compared to
408 temporally matched SSc patients without this antibody, in
long-term follow-up. We showed that, as compared to SSc
patients with other antibodies, patients with anti-Th/To antibody–
positive disease have a significantly higher risk of developing PH
of any WHO group PH classification in long-term follow-up. This is

of seminal importance, as over one-third of all anti-Th/To–positive
patients developed PH in long-term follow-up. These findings are
relevant, as Th/To antibody testing using immunoprecipitation, as
we have done here, is now commercially available.

Recently, several SSc studies have described anti-Th/To
antibody frequency in various populations. The incidence of anti-
Th/To antibody positivity ranged from 2% to 8% in studies in
SSc patients who were American, Algerian, or Han Chinese
(29–31). A study comparing a total of 260 SSc patients who were
African Brazilian or White Brazilian showed a higher proportion of
anti-Th/To positivity among White Brazilian patients (5% com-
pared to 2% of African Brazilian patients) that was not statistically
significant (32). Thus, anti-Th/To antibody positivity occurs in a
small proportion of SSc patients worldwide, except for its poten-
tial rarity or absence in Subsaharan Africa (33) and the Hispanic
populations of Central and South America (not yet studied). Over-
all, in 35 years of new patient visits in Pittsburgh, 5% of SSc
patients were identified as having anti-Th/To antibody positivity.

Higher frequencies of ILD have been observed in anti-Th/To
antibody–positive patients compared to controls in prior studies
(11,12). In these studies, the controls used for comparison were
ACA-positive patients, and the frequencies of ILD were 48% in
anti-Th/To antibody–positive patients and 13% in ACA-positive
patients, compared to 38% and 5% of controls, respectively.
These results were expected, as multiple studies have shown
lower rates of ILD in ACA-positive SSc patients (34,35). We con-
firmed this finding in long-term follow-up, since the cumulative fre-
quency of ILD (on imaging) in our population was 54% in anti-Th/
To antibody–positive patients and 39% in controls. However,
there was no difference in terms of ILD severity as assessed by
Medsger severity scores between groups.

Figure 3. Lower five-year cumulative survival from the first scleroderma center visit in anti-Th/To antibody–positive systemic sclerosis (SSc)
patients compared to anti-Th/To antibody–negative SSc patients as controls. The number of patients at risk of death is indicated at the bottom
according to antibody status.

Table 4. Incidence and causes of death in anti-Th/To antibody–
positive SSc cases compared to anti-Th/To antibody–negative SSc
controls*

Cause of death
Cases

(n = 101)
Controls
(n = 164)

SSc-related 62 (61) 90 (55)
Non–SSc-related 39 (39) 74 (45)

* Systemic sclerosis (SSc)–related causes of death included pulmo-
nary hypertension, fibrosis, SSc-related kidney disease, heart dis-
ease, kidney/heart disease combined, SSc-related gastrointestinal
disease, and other SSc-related causes of death. Non–SSc-related
causes of death included cancer, sudden death, atherosclerotic
heart disease, infection, vasculitis, central nervous system disease,
other non–SSc-related causes of death, and unknown.
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The finding of an ~5-fold increased risk of anti-Th/To–positive
patients developing PAHwithin 10 years of their first SSc symptom
is noteworthy. The increased risk is consistent with our previous
shorter-term follow-up of anti-Th/To–positive patients (11), which
demonstrated higher frequencies of PAH in anti-Th/To antibody–
positive patients. In that study, the comparator group was ACA-
positive patients, although ACA positivity has been associated with
PAH risk in the literature (36). Higher frequencies of PAH or PH
have not been reported in other case series of anti-Th/To
antibody–positive patients, although the numbers of patients
included in these studies were small (12,37). Thus, our finding indi-
cating an ~3-fold increased risk of Th/To-positive patients develop-
ing PH of any WHO classification (groups 1, 2, or 3) at 10 years of
follow-up compared to other SSc patients is a new observation.
What is of highest clinical relevance is the high rate of over one-third
of anti-Th/To–positive patients (37%) developing some type of PH
over the long-term follow-up. As our mean clinical follow-up period
was only 6 years, it is likely that a longer-term follow-up period
would reveal an even higher rate of PH among these patients.

We also found lower rates of skeletal muscle and joint/
tendon involvement in anti-Th/To antibody–positive SSc patients
compared to other SSc patients. Lower rates of esophageal
involvement were also described in earlier studies (11,37). In this
study, we found similar rates of GI involvement in both groups,
although higher GI severity scores were less frequently observed
in anti-Th/To–positive patients. Renal crisis occurred in 3% of
anti-Th/To–positive patients, but this was less frequent than that
observed in controls in long-term follow-up (10%). This differs
from the prior Pittsburgh case series (11), perhaps related to the
ACA-positive control group, whose risk of scleroderma renal cri-
sis is well known to be very low. Other small case series have
not demonstrated increased frequencies of renal crisis.

Of note, only 5 of 204 anti-Th/To–positive patients (2.5%)
developed diffuse skin involvement. Thus, the overwhelming
majority of anti-Th/To antibody–positive patients have limited or
no skin involvement, consistent with other case series (12,37).

Finally, we reported lower 5-year cumulative survival from the
first SSc visit in anti-Th/To antibody–positive patients compared
to controls, which persisted after adjusting for age and sex. Due
to a significant difference in disease duration at first visit, survival
from first SSc visit was analyzed from the first visit rather than from
symptom onset. This is consistent with prior research suggesting
reduced survival rates in anti-Th/To antibody–positive patients
(11). The most frequent SSc-associated causes of death in anti-
Th/To antibody–positive patients and control patients were PH
and ILD, which is consistent with recent studies of causes of
death in SSc (14,15). Although not statistically significant, there
were more PH-related causes of death in the anti-Th/To group
compared to controls, as would be expected given the higher fre-
quency of PH, regardless of WHO grouping.

The primary strength of this study is the large number of anti-
Th/To antibody–positive SSc patients with detailed long-term

follow-up data, by far the largest case series reported to date.
Another strength is the use of RNA immunoprecipitation, the gold
standard method to detect anti-Th/To antibodies. One limitation
is that the cases were from a single tertiary care referral center,
which may limit the generalizability of the results. Second, not all
patients before 1995 had a diagnosis of PH identified by right-
sided heart catheterization available for review. However, in all
these cases, the diagnosis and WHO classification were con-
firmed by a physician at the University of Pittsburgh Medical Cen-
ter Pulmonary Hypertension Center, and all patients had an
estimated pulmonary arterial systolic pressure >45mm Hg at that
time. Third, it is possible that patients with mild PH and PH sec-
ondary to ILD may have been overlooked in the first 15 years in
which patients were included in this study, as both high-resolution
CT and echocardiograms were not routinely available for screen-
ing during that time. However, these omissions should have
occurred at similar rates in the case and control populations,
given that cases were temporally matched to the next 2 consecu-
tive SSc patients seen at the clinic. Finally, as we did not have CT
scans or imaging dating back to 1980 for quantification, we relied
on the Medsger severity scores to determine the severity of ILD
rather than formal CT quantification scores.

In long-term follow-up, anti-Th/To–positive SSc patients
have extremely high rates of developing PH, with an overall fre-
quency of 37%, of which WHO Group 1 PAH occurred most fre-
quently (23%). Anti-Th/To antibody–positive patients typically
present with limited or no skin thickening and a nucleolar ANA
pattern. Such patients should be tested for anti–Th/To antibodies
and be vigilantly monitored for the development of PH and ILD.
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B R I E F R E P O R T

Performance of the 2017 European Alliance of Associations
for Rheumatology/American College of Rheumatology
Classification Criteria in Patients With Idiopathic
Inflammatory Myopathy and Anti–Melanoma
Differentiation–Associated Protein 5 Positivity

Ho So,1 Jacqueline So,2 Tommy Tsz-On Lam,2 Victor Tak-Lung Wong,3 Roy Ho,4 Wai Ling Li,5 Chi Chiu Mok,6

Chak Sing Lau,7 and Lai-Shan Tam1

Objective. This study aimed to evaluate whether the 2017 European Alliance of Associations for Rheumatology
(EULAR)/American College of Rheumatology (ACR) classification criteria for adult and juvenile idiopathic inflammatory
myopathies (IIMs) could appropriately classify the diagnosis in adult patients with anti–melanoma differentiation–
associated protein 5 (anti–MDA-5)–positive IIM. In addition, this study sought to determine whether a status of anti–
MDA-5 positivity could be incorporated into the EULAR/ACR IIM classification criteria set and whether the recently
modified criteria based on the presence of myositis-specific autoantibodies (MSAs) could be used to appropriately
classify the diagnosis in patients with anti–MDA-5–positive IIM.

Methods. Consecutive adult patients clinically diagnosed as having anti–MDA-5–positive IIM from 10 hospitals in
Hong Kong were retrospectively recruited; patient characteristics were obtained from electronic medical records. We
used a commercial line blot immunoassay to detect MSAs. We also determined a proposed set of phenotypic-
serologic classification criteria specific for anti–MDA-5.

Results. In the patient cohort (n = 120; 31.7%with dermatomyositis, 68.3%with clinically amyopathic dermatomyositis
[CADM]), the diagnosis could be classified with the EULAR/ACR criteria in 86 patients (71.7%) and with the Bohan and
Peter criteria in 49 patients (40.8%). However, when combined with criteria specifically modified for CADM, the diagnosis
could be classified by the Bohan and Peter criteria in 76.7% of patients. We observed that the sensitivity of the EULAR/
ACR criteria could be improved to 98.3% if anti–MDA-5 antibody–positive status was considered as one of the criteria.
The MSA-based criteria had 100% sensitivity. When we applied our proposed specific phenotypic-serologic criteria for
the classification of patients with anti–MDA-5 antibodies, 97.5% of patients were able to be classified as having IIM.

Conclusion. In this cohort of patients with anti–MDA-5–positive IIM, the diagnosis could not be classified by the
EULAR/ACR criteria in almost 30% of patients. We suggest incorporating anti–MDA-5 antibody positivity as a criterion
into existing criteria sets or developing specific criteria for patients with anti–MDA-5–positive IIM.

INTRODUCTION

Since Bohan and Peter first described their criteria for idio-

pathic inflammatory myopathy (IIM) in 1975, the field has

evolved tremendously (1). In addition to typical dermatomyositis

(DM) and polymyositis (PM), a subset of patients with the hallmark

skin manifestations but no clinically significant muscle involvement

has been recognized; this type of presentation has been named
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as “clinically amyopathic dermatomyositis” (CADM) (2). Over
10 myositis-specific autoantibodies (MSAs) have so far been
identified; these MSAs can be specific, mutually exclusive, and
associated with distinct clinical features. The use of MSAs can
potentially allow the categorization of patients into homogeneous
subgroups and thus better inform prognosis (3).

The long-awaited European Alliance of Associations for
Rheumatology (EULAR)/American College of Rheumatology
(ACR) classification criteria for adult and juvenile idiopathic inflam-
matory myopathies (IIMs) were published in 2017 (4). The internal
cross-validation showed that the 2017 EULAR/ACR classification
criteria had better sensitivity and specificity than the Bohan and
Peter criteria. Because external validation in other populations
was advised by the authors of the EULAR/ACR criteria, Casal-
Dominguez et al recently devised a set of MSA-based classifica-
tion criteria that demonstrated perfect sensitivity and specificity
in the internal validation cohorts (5).

Patients with IIM and positive for anti–melanoma differentiation-
associated protein 5 (anti–MDA-5) can have rapidly progressive inter-
stitial lung disease (RP-ILD) and high rates of mortality (6). Ulceration
at sites of Gottron’s papules, digital pulps, and elbows together with
palmar papules are the cardinal cutaneous features of anti–MDA-5–
positive IIM (7). In this study, we aimed to examine the performance
of the 2017 EULAR/ACR IIM classification criteria in a cohort of adult
patients with anti–MDA-5–positive IIM, which is typically clinically
amyopathic and more prevalent in East Asia (8). Various modifica-
tions of the existing criteria and the recently developed MSA-based
criteria from Casal-Dominguez et al were also evaluated. In view of
the unique phenotypic presentation of patients with anti–MDA-5–
positive IIM, we also proposed and evaluated a specific set of
phenotypic-serologic criteria for “anti–MDA-5 syndrome.”

METHODS

Study design and patients. This was a multicenter, retro-
spective cohort study conducted in Hong Kong. Ten regional
hospitals participated in this study. Consecutive adult patients
with anti–MDA-5–positive IIM were identified from the Hong Kong
Myositis Registry and the Clinical Data Analysis and Reporting
System (CDARS) from January 2015 to December 2020. The
Hong Kong Myositis Registry is a territory-wide registry that was
set up in 2019 to systematically collect clinical information on
patients with IIM in Hong Kong. The CDARS is an electronic data-
base created by the Hong Kong Hospital Authority and has been
in operation since 1991 mainly for audit and research purpose.
The CDARS has been extensively used in large-scale epidemio-
logic studies (9,10).

The diagnosis of anti–MDA-5–positive IIM had been based
on the decision of the treating rheumatologists. Patients with
juvenile-onset (age <18 years) myositis or with <50% of the
required data available were excluded. We classified patients into
subgroups of DM, PM, and CADM. As recently defined by

Sontheimer, patients could be classified as having CADM if they
had the typical Gottron’s papules/signs or heliotrope rash
(as determined by rheumatologists or dermatologists) but minimal
or no clinical features of myositis (2). We used a commercial line
blot immunoassay kit (EuroLine Autoimmune Inflammatory Myop-
athies 15 Ag; Euroimmun) to detect the MSAs.

We proposed a new set of phenotypic-serologic criteria
specific for patients with anti–MDA-5–positive IIM (“anti–MDA-5
syndrome”), which included a positive serologic test for an anti–
MDA-5 antibody plus one of the following conditions: IIM by the
2017 EULAR/ACR criteria, ILD, or typical rash (skin vasculitic
rash/ulceration, palmar papules) determined by rheumatologists
or dermatologists. We selected these characteristic features based
on the pivotal studies by Fiorentino et al (7) and Sato et al (11).

Table 1. Demographic and clinical characteristics of 120 patients
with anti–MDA-5–associated IIM*

Female sex 66 (55.0)
Age at disease onset, mean ± SD years 52.7 ± 12.6
Smoker 10 (8.6)†
Ethnicity
Chinese 117 (97.5)
Indonesian 2 (1.7)
Malaysian 1 (0.83)

Myositis subtype
DM 38 (31.7)
CADM 82 (68.3)
PM 0 (0)

Time to diagnosis, mean ± SD days 85.9 ± 75.1
ILD 104 (86.7)
RP-ILD 49 (40.8)
Arthritis 73 (60.8)
Fever at presentation 58 (48.7)‡
Weight loss 43 (38.4)§
Hoarseness of voice 16 (13.3)
Leukoplakia 10 (8.3)
Infection at presentation, culture positive 28 (23.3)
Cutaneous features
Gottron’s sign/papules 76 (63.3)
Cutaneous vasculitic rash/ulcers 57 (47.5)
Heliotrope rash 54 (45.0)
Periungual erythema 39 (32.5)
Periorbital edema 21 (17.5)
Mechanic’s hands 20 (16.7)
V sign 18 (15.0)
Shawl sign 16 (13.3)
Palmar papules 6 (5.0)
Raynaud’s phenomenon 2 (1.7)
Calcinosis 0 (0)

Dysphagia 16 (13.3)
Cardiac involvement 5 (4.2)
Malignancy 5 (4.2)

* Except where indicated otherwise, values are the number (%) of
patients. Anti–MDA-5 = anti–melanoma differentiation-associated pro-
tein 5; IIM = idiopathic inflammatory myopathy; DM = dermatomyositis;
CADM = clinically amyopathic dermatomyositis; PM = polymyositis;
ILD = interstitial lung disease; RP-ILD = rapidly progressive interstitial lung
disease.
† n = 116 patients.
‡ n = 119 patients.
§ n = 112 patients.
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The strong associations between these characteristics and anti–
MDA-5–positive IIM were later confirmed by meta-analyses
(12,13).

Disease variables. All 10 participating hospitals used the
same electronic patient record system for clinical information doc-
umentation, and all clinical data for our analyses were stored in
this system. Clinical parameters required by the different criteria,
as well as other clinical and demographic characteristics, were
collected from the electronic patient record system by the investi-
gators (HS, JS). ILD was diagnosed according to the presence of
typical lung radiologic features of ILD on computed tomography
or high-resolution computed tomography. RP-ILD was defined
as evidence of worsening of ILD on imaging, progressive dys-
pnea, and hypoxemia within 1 month of onset of respiratory
symptoms (14).

Statistical analysis. Descriptive statistics are presented
as frequencies, mean ± SD, or median with ranges as appro-
priate. Patients were dichotomized into none/possible and
probable/definite IIM according to different criteria. We calcu-
lated the sensitivity of the criteria using the clinical judgment
of the physician as the standard diagnosis. We measured cor-
relations between the new and the old criteria by the percent
agreement and Cohen’s kappa. We used the Statistical Pack-
age for Social Sciences software, version 24.0 (SPSS), for sta-
tistical analysis.

RESULTS

Our cohort included 120 patients with anti–MDA-5–positive
IIM who had a mean follow-up duration of 19.4 ± 21.6 months.
Review of demographic and clinical characteristics showed a
slight predominance of women in the cohort (55.0%) (Table 1).
The mean ± SD age at diagnosis was 52.7 ± 12.6 years, ranging
from 21 to 88 years. Most patients (117 [97.5%] of 120 patients)
were Chinese. Among patients in the cohort, 38 (31.7%) had

DM, 82 (68.3%) had CADM, and none had PM. The mean ± SD
time from onset of symptoms to diagnosis by physician was
85.9 ± 75.1 days. In addition to Gottron’s sign/papules (63.3%)
and heliotrope rash (45.0%), common cutaneous features in
patients included vasculitic rash/ulceration (47.5%), periungual
erythema (32.5%), periorbital edema (17.5%), and mechanic’s
hands (16.7%). Among patients in the cohort, 104 (86.7%) had
ILD and 49 (40.8%) developed RP-ILD. Other common clinical
manifestations in the patients included arthritis (60.8%), fever at
presentation (48.7%), weight loss (38.4%), hoarseness of voice
(13.3%), and leukoplakia (8.3%). Other complications included
dysphagia (16 [13.3%] of 120 patients), cardiac involvement
(5 [4.2%] of 120 patients), and malignancy (5 [4.2%] of
120 patients).

The 2017 EULAR/ACR classification criteria could classify
86 (71.7%) of 120 patients with definite/probable anti–MDA-5–
positive IIM. The mean ± SD summed performance score was
7.6 ± 3.3, and median probability was 80% (range 3–100%). Of
the 86 patients with definite/probable anti–MDA-5–positive IIM,
55 (64.0%) belonged to the CADM subtype, 27 (31.4%) belonged
to the DM subtype, and 1 (1.2%) belonged to the PM subtype;
subtypes of the remaining patients could not be determined. The
Bohan and Peter criteria could only classify 40.8% of the patients
as having definite/probable anti–MDA-5–positive IIM. However,
when we combined the Bohan and Peter criteria with the criteria
for CADM from Sontheimer, 76.7% of the patients were classified
as having anti–MDA-5–positive IIM. In addition, with supplemen-
tation of the Bohan and Peter criteria with the Sontheimer criteria
for CADM, the percent agreement between the EULAR/ACR
and the Bohan and Peter criteria increased from 62.5% to
90.0%, with Cohen’s kappa increasing from 0.31 to 0.74
(Table 2 and Table 3). Nevertheless, 25 (20.8%) of 120 patients
remained unclassified by these established criteria. The common
clinical features of these unclassified patients were ILD (88.0%),
arthritis (56.0%), and ulcerative vasculitic rash or palmar papules

Table 2. Agreement between the 2017 EULAR/ACR and Bohan
and Peter classification criteria for IIMs*

Bohan and Peter

TotalNo Yes

EULAR/ACR
No 30 4 34
Yes 41 45 86
Total 71 49 120

* Resultsshownumberofpatientswithanti–melanomadifferentiation-
associated protein 5 antibodies who could be classified (yes) or
not (no) as having idiopathic inflammatorymyopathy (IIM) by the 2017
EuropeanAllianceofAssociations forRheumatology (EULAR)/American
College of Rheumatology (ACR) classification criteria and by the Bohan
and Peter criteria. Percent agreement between criteria was 62.5%
(Cohen’s kappa 0.31).

Table 3. Agreement between the 2017 EULAR/ACR classification
criteria for IIMs and Bohan and Peter criteria for IIMs combined with
Sontheimer’s criteria for clinically amyopathic dermatomyositis*

Bohan and Peter + Sontheimer

TotalNo Yes

EULAR/ACR
No 25 9 34
Yes 3 83 86
Total 28 92 120

* Resultsshownumberofpatientswithanti–melanomadifferentiation-
associated protein 5 antibodies who could be classified (yes) or
not (no) as having idiopathic inflammatory myopathy (IIM) by the
2017 European Alliance of Associations for Rheumatology (EULAR)/
American College of Rheumatology (ACR) classification criteria
and by the Bohan and Peter criteria with addition of the criteria
for clinically amyopathic dermatomyositis (Sontheimer’s criteria).
Percent agreement between criteriawas 90.0% (Cohen’s kappa 0.74).
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(24.0%). Some patients (6/25 unclassified patients; 24%) had ele-
vated creatine kinase, but only 1 patient (4%) had clinical
weakness.

After we substituted the criterion of anti–Jo-1 positivity in the
2017 EULAR/ACR classification criteria with the cirterion of anti–
MDA-5 positivity, the sensitivity of the 2017 EULAR/ACR classifi-
cation criteria improved to 98.3%. The mean ± SD performance
score increased to 11.4 ± 3.3 and median probability to 99%
(range 47–100%). The recently modified criteria from Casal-
Dominguez et al, which includes an MSA-positive status, could
identify all the patients in this cohort as having anti–MDA-5–posi-
tive IIM. However, our proposed phenotypic-serologic criteria
could also classify 117 (97.5%) of the 120 patients as having
anti–MDA-5 syndrome.

DISCUSSION

Classification criteria are designed mainly to group uniform
and comparable subjects together for research. IIM is increasingly
regarded as a group of very heterogeneous disorders and can be
associated with severe extra-musculocutaneous complications.
Patients with IIM and anti–MDA-5 antibody positivity present with
characteristic clinical features. Anti–MDA-5 antibody is one of the
most common MSAs identified in East Asian populations, with a
study showing 14.9% of a cohort of 201 Hong Kong Chinese
IIM patients having this MSA (15). Importantly, RP-ILD is a compli-
cation that often presents early in patients with anti–MDA-5–pos-
itive IIM and is associated with a high mortality rate. In a Japanese
cohort of DM patients who had positive serologic findings for anti–
MDA-5, 46% died within 6 months from disease onset due to
respiratory failure (16). The early identification of anti–MDA-5–
positive IIM is crucial so that timely treatment can be implemented
in these patients. Accurate classification is also important for
mechanistic, prognostic, and therapeutic research.

The 2017 EULAR/ACR IIM classification criteria for adult and
juvenile idiopathic IIMs were data driven and developed in an
international multidisciplinary collaboration. However, most
patients in the development cohort wereWhite, and patients with-
out muscle involvement were underrepresented. Therefore,
because of the typical clinically amyopathic phenotype in patients
who are anti–MDA-5 antibody positive, we believe that the 2017
EULAR/ACR classification criteria required further evaluation, par-
ticularly in patients from East Asia. In our evaluation of the perfor-
mance of the classification criteria in a cohort of adult patients
with anti–MDA-5–positive IIM from Hong Kong, only 71.7% could
be classified by the 2017 EULAR/ACR criteria and less than half of
patients could be classified by the Bohan and Peter criteria. The
poor results that we obtained with the Bohan and Peter criteria
were likely because of its heavy reliance on muscle involvement,
and we found that performance of the Bohan and Peter criteria
improved after addition of the criteria for CADM. Nevertheless,
with the existing 2017 EULAR/ACR IIM criteria, around 30% of

the patients with anti–MDA-5–positive IIM remained unclassified.
Similarly, in a US cohort of 211 adult patients who had been diag-
nosed as having CADM by dermatologists, 26.3% did not meet
the EULAR/ACR criteria (17). Unfortunately, the MSA status of
the recruited patients in the US cohort was not available.

Because of its high specificity, we tested the effect of repla-
cing anti–Jo-1 antibody with anti–MDA-5 while keeping the same
score for the criterion (8). With this change, we found that the per-
formance of the 2017 EULAR/ACR criteria greatly improved in
classifying our study patients with anti–MDA-5–positive IIM, and
only 2 patients (2.5%) could not be classified. We also tested the
modified classification based on MSAs that was recently devised
by Casal-Dominguez et al using data from 524 patients (5%
anti–MDA-5 positive) (5). The modified criteria to classify patients
with IIM, which includes presence of MSAs plus muscle weak-
ness, elevated creatine kinase, ILD, arthritis, or Gottron’s/helio-
trope rash, were highly sensitive in our patient cohort, although
the specificity remains to be examined as the modified criteria do
not account for the hallmark cutaneous features.

Using a diagnostic criterion similar to that used by Connor
et al (18) or Solomon et al (19) for antisynthetase syndrome, we
proposed a specific set of phenotypic-serologic criteria for anti–
MDA-5 syndrome in which a patient must have a serologic test
indicating positivity for anti–MDA-5 antibody, plus one of the fol-
lowing conditions: IIM by the 2017 EULAR/ACR criteria, ILD, or
typical rash (skin vasculitic rash/ulceration, palmar papules), as
determined by rheumatologists or dermatologists. We found that
the criteria had an excellent inclusion performance. However,
external validation is required. Further studies could determine
whether the proposed criteria could hasten the diagnosis and
subsequent management of this potentially life-threatening
disease.

This study has some limitations. First, despite the increasing
popularity, the line blot immunoassay has not been fully validated.
Two studies comparing the line blot immunoassay technique to
immunoprecipitation for the detection of anti–MDA-5 showed
good agreement between the 2 methods (20,21). Second, selec-
tion bias may have occurred. Patients with DM who were solely
followed up by dermatologists or who had significant disability
prohibiting their clinical visits were underrepresented. Third,
because of our study’s retrospective design, incomplete data col-
lection was inevitable. Finally, the newly proposed criteria are not
strictly data-driven, and the specificity of the criteria could not be
assessed due to the lack of a control group.

In conclusion, in a cohort of patients with anti–MDA-5–
positive IIM, although the recent 2017 EULAR/ACR classification
criteria apparently outperformed the traditional Bohan and Peter
criteria, it did not classify the diagnosis in almost 30% of the
patients. Incorporating a status of anti–MDA-5 antibody positivity
into the 2017 EULAR/ACR classification criteria, using a generic
MSA-based classification method, or adopting a specific
phenotypic-serologic approach to diagnosiing anti–MDA-5
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syndrome greatly improved our ability to classify patients as hav-
ing anti–MDA-5–positive IIM.
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Evaluation of the Relationship Between Serum Urate
Levels, Clinical Manifestations of Gout, and Death From
Cardiovascular Causes in Patients Receiving Febuxostat
or Allopurinol in an Outcomes Trial

Kenneth G. Saag,1 Michael A. Becker,2 William B. White,3 AndrewWhelton,4 Jeffrey S. Borer,5 Philip B. Gorelick,6

Barbara Hunt,7 Majin Castillo,7 and Lhanoo Gunawardhana,7 on behalf of the CARES Investigators

Objective. To investigate whether serum urate levels, number of gout flares, and tophi burden are related to death
from cardiovascular (CV) causes after treatment with febuxostat or allopurinol in patients with gout from the Cardiovas-
cular Safety of Febuxostat or Allopurinol in Patients With Gout and Cardiovascular Comorbidities (CARES) trial.

Methods. Patients were randomly assigned to receive febuxostat (40 mg or 80 mg once daily, according to serum urate
levels at week 2) or allopurinol titrated in 100-mg increments from 200–400mgor 300–600mg (with dose determined accord-
ing tokidney function).Changes frombaseline in serumurate level, goutflares, and tophus resolutionwerekeyexploratoryeffi-
cacy parameters in the overall population and in subgroups of patients who died and thosewho did not die from aCV-related
cause. The latter subgroup included patients who died due to non-CV causes and those who did not die due to any cause.

Results. Patients received treatment with febuxostat (n = 3,098) or allopurinol (n = 3,092) for a median follow-up
period of 32months (for a maximum of 85 months). In the overall population, mean serum urate levels were lower in those
receiving febuxostat compared with those receiving allopurinol at most study visits. There were no associations between
serum urate levels and death from CV causes with febuxostat. The number of gout flares requiring treatment was higher
within 1 year of treatment with febuxostat compared with allopurinol (mean incidence of gout flares per patient-years of
exposure 1.33 versus 1.20), but was comparable thereafter and decreased overall throughout the study period (mean inci-
dence of gout flares per patient-years of exposure 0.35 versus 0.34 after 1 year of treatment; overall mean incidence 0.68
versus 0.63) irrespective of whether the patient died from a CV-related cause. Overall, 20.8% of patients had ≥1 tophus at
baseline; tophus resolution rates were similar between treatment groups, with cumulative resolution rates of >50%.

Conclusion. In the CARES trial, febuxostat and allopurinol (≤600 mg doses) had comparable efficacy in patients
with gout and CV disease, and there was no evidence of a relationship between death from CV causes and serum urate
levels, number of gout flares, or tophus resolution among the patients receiving febuxostat.

INTRODUCTION

Gout is the most common form of inflammatory arthritis,

affecting an estimated 9.2 million adults in the US (1). Develop-

ment of hyperuricemia, defined as elevated serum urate levels

above the limit of urate solubility (~6.8 mg/dl), is an important pre-

requisite for the development of gout (2,3).

There is a high incidence of comorbidities, especially cardio-

vascular disease (CVD) and chronic kidney disease, associated with

both hyperuricemia and gout (4,5). Several recent studies demon-

strated an increased risk of CV events (including those leading to

death) in patients with gout compared with those without (6–8).

There is some evidence to suggest that high serum urate levels

may be an independent predictive factor for CVD (8,9). Indeed, after
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adjusting for other risk factors (including age, sex, smoking status,
alcohol consumption, body weight, blood pressure, history of
CVD, kidney function, and plasma glucose levels), serum urate
levels were still strongly associated with death from all causes,
including CVD (9). However, contrary to findings from these epide-
miologic studies, data from Mendelian randomization studies do
not support a consistent causal role of serum urate in CVD
(10,11). Therefore, the relationship between serum urate levels and
death from CV causes remains to be determined (12,13).

The mainstay of chronic gout management is reduction of
serum urate levels and maintenance of these levels at <6.0 mg/dl
(14–16). The urate-lowering xanthine oxidase inhibitors are con-
sidered first-line pharmacologic therapy for hyperuricemia in
patients with gout (13–16). Currently, allopurinol and febuxostat
are the only available xanthine oxidase inhibitors.

The Cardiovascular Safety of Febuxostat or Allopurinol in
Patients With Gout and Cardiovascular Comorbidities (CARES) trial
(ClinicalTrial.gov identifier: NCT01101035) examined rates of major
CV events in patients with gout and CVD who received treatment
with febuxostat or allopurinol (17). The CARES trial has the longest
study duration (median follow-up period of 32 months), and largest
data set (n = 6,190) of any randomized controlled trial comparing
febuxostat with allopurinol. In this study, the proportion of patients
with the primary end point (a composite of cardiovascular death,
nonfatal myocardial infarction, nonfatal stroke, and unstable angina
with urgent revascularization) was noninferior between febuxostat
and allopurinol. However, in the secondary end point analysis, the
rate of death from CV causes was greater in patients who received
treatment with febuxostat compared with patients who received
treatment with allopurinol (4.3% and 3.2%, respectively; hazard
ratio [HR] 1.34) (17). In addition, prespecified subgroup analyses
were performed in order to investigate the potential effects of non-
steroidal antiinflammatory drug (NSAID) use, since NSAIDs are
known to be associated with CVD (18). These analyses found that
both the use of NSAIDs and absence of low-dose aspirin at baseline
were associated with death from CV causes (unadjusted P < 0.05
for both comparisons) (17). With the exception of NSAID use for
gout flair prophylaxis and/or treatment, use of NSAIDs and low-
dose aspirin were not systematically monitored during the study. In
an additional analysis, all-causemortality was higher with febuxostat
treatment compared with allopurinol treatment (HR 1.22) as a result
of an imbalance in the rates of death from CV causes (17).

The objective of this exploratory analysis was to evaluate
data from the CARES trial to investigate if serum urate levels, gout
flares, and tophi burden were associated with death from CV
causes after febuxostat or allopurinol treatment.

PATIENTS AND METHODS

The CARES trial has been described previously (17,19). In
brief, the CARES trial was a multicenter, randomized, double-
blind trial designed to evaluate the CV safety and efficacy of

febuxostat compared with allopurinol in patients with gout and
significant CV comorbidities.

Patients. Patients were men aged ≥50 years and women
aged ≥55 years who had been postmenopausal for ≥2 years.
Eligibility criteria included a history or presence of gout according
to the American College of Rheumatology criteria (20), as well as
a history of major CVD or cerebrovascular disease, including
≥1 of the following: myocardial infarction, cardiac or cerebrovas-
cular revascularization, stroke, hospitalization for unstable angina
or transient ischemic attack, peripheral vascular disease, or his-
tory of diabetes mellitus with evidence of microvascular disease
or macrovascular disease. Patients had serum urate levels ≥7.0
mg/dl at screening, or ≥6.0 mg/dl at screening and inadequately
controlled gout (i.e., the presence of flares and/or the presence
of tophi in the 12 months prior to screening). Written informed
consent was obtained from each patient in accordance with the
Declaration of Helsinki and the International Council for Harmoni-
sation Guidelines for Good Clinical Practice, and the study was
conducted in accordance with all applicable laws and regulations.
The appropriate national and institutional regulatory authorities
and ethics committees approved the trial design.

Key exclusion criteria included myocardial infarction within
60 days prior to screening, secondary hyperuricemia, history of
xanthinuria, known hypersensitivity to febuxostat or allopurinol,
or an estimated creatinine clearance (CrCl) of <30ml/minute using
the Cockcroft-Gault formula.

Treatments and procedures. Eligible patients were ran-
domly assigned in a 1:1 ratio to receive once-daily febuxostat or
allopurinol. Patients randomized to receive febuxostat initially
received 40 mg every day; patients with serum urate levels <6.0
mg/dl at the week 2 visit continued to receive the 40-mg dose
for the remainder of the study. Patients with serum urate levels
≥6.0 mg/dl at week 2 received once-daily febuxostat (80 mg) at
week 4 and continued to receive this dose for the remainder of
the study. Patients who were randomized to receive allopurinol
and who had normal renal function or mild renal impairment (esti-
mated CrCl ≥60 ml/minute) initially received 300 mg of allopurinol
daily, with the dose increased in 100-mg increments monthly until
either the serum urate level was <6.0 mg/dl or a daily allopurinol
dosage of 600 mg was achieved. Patients who had moderate
renal impairment (estimated CrCl ≥30 but <60 ml/minute) initially
received once-daily allopurinol (200 mg), with the dose increased
in 100-mg increments monthly until either the serum urate level
was <6.0 mg/dl or a daily allopurinol dosage of 400 mg was
achieved.

For the first 6 months of the study, all patients received once-
daily colchicine (0.6 mg) as gout flare prophylaxis. Alternatively, if
once-daily 0.6 mg of colchicine was not tolerated by the patient,
0.6 mg every other day was permitted. If colchicine was not toler-
ated and the estimated CrCl was ≥50 ml/minute, naproxen was
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administered at a dose of 250 mg twice daily with 15 mg of once-
daily lansoprazole. In instances when patients could not receive
colchicine or naproxen, other NSAIDs or prednisone were pro-
vided at the investigator’s discretion. In the event that colchicine,
naproxen, other NSAIDs, proton-pump inhibitors, or prednisone
were not tolerated or were contraindicated, the investigator could
choose not to use prophylaxis but rather to manage gout flares as
they occurred.

End points and assessments. In this analysis, key explor-
atory efficacy end points included changes from baseline in serum
urate levels, gout flares, and tophus assessment. Effects on the
efficacy end points were explored in post hoc analyses in patients
who died from a CV-related cause and patients who did not die
from a CV-related cause (i.e., the remainder of the study popula-
tion, which included those who died due to non-CV causes and
those who did not die due to any cause).

Clinic visits occurred on weeks 2, 4, 6, 8, and 10; months
3 and 6; and every 6 months thereafter. If a patient’s serum urate

level was <6.0 mg/ml at week 4 or 8, then that patient would not
be required to return to the study clinic until month 3. Clinical
assessments, including those regarding gout flare assessment,
serum urate measurements, tophus physical examination, vital
signs, treatment compliance, and concomitant medication usage
were performed at each visit.

Statistical analysis. Efficacy end points were assessed in
the modified intent-to-treat (ITT) population, which included all
randomized patients who received ≥1 dose of study medication.
Demographic and baseline clinical characteristics and changes
in efficacy parameters in the subgroup of patients who died from
a CV-related cause and those who did not die from a CV-related
cause are summarized.

Gout flare rate was stratified by post-baseline serum urate
levels and was calculated as the number of flares from the end
of the first year of treatment to the end of the study divided by
the length of time on treatment during the period after the first year
of treatment until the end of the study.

Figure 1. Change in mean serum urate (sUA) levels in patients receiving febuxostat and those receiving allopurinol in the overall modified intent-
to-treat (ITT) population (A) and in the subgroup of patients who died from a cardiovascular (CV)–related cause compared with patients who did
not die from a CV-related cause (B). The modified ITT population comprised patients randomized to a treatment group who received ≥1 dose of
study drug. Bars show the mean ± SD. Patient numbers are summarized in Supplementary Table 2 (available on the Arthritis & Rheumatology
website at http://onlinelibrary.wiley.com/doi/10.1002/art.42160). The number of patients in each subgroup who had serum urate (sUA) data at
months 60 and 72 was too low (n ≤ 5) to allow for meaningful interpretation of serum urate levels at these time points.
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Post hoc analyses for the relationship between treatment,
death from CV causes, and on-treatment serum urate levels were
performed using Cochran-Armitage test for trend. Reported
P values are nominal and are not provided as indicators of statis-
tical significance.

RESULTS

A total of 6,198 patients were enrolled and were randomized
to receive either febuxostat or allopurinol in the CARES trial; of
these, 8 patients did not receive treatment; therefore, 6,190
patients were included in the modified ITT population. Patients
were randomized to receive treatment with febuxostat
(n = 3,098) or allopurinol (n = 3,092). The median follow-up period
was 32 months (maximum 85 months).

Baseline demographic and clinical characteristics have
been described previously and were comparable between treat-
ment arms (17). The study population was predominantly male
(83.9%) and White (69.5%), the median (range) age was 65.0
(44–93) years, and the mean ± SD body mass index was
33.5 ± 6.92 kg/m2. The overall mean ± SD serum urate level at

baseline was 8.7 ± 1.7 mg/dl; 20.8% of patients had a baseline
serum urate level ≥10.0 mg/dl. Approximately 90% of patients
in the CARES trial had experienced a gout flare within the year
prior to study entry, and most patients (61.8%) previously
received a urate-lowering therapy. In total, 21.3% of patients
had a tophus or tophi at baseline (Table 1). Data regarding
the disposition of patients have been previously reported
(Supplementary Table 1, available on the Arthritis & Rheumatol-
ogy website at http://onlinelibrary.wiley.com/doi/10.1002/art.
42160) (17).

Death from CV causes subgroups were composed of
patients in the CARES trial who died from a CV-related cause
(febuxostat n = 134; allopurinol n = 100) and those who did not
die from a CV-related cause (febuxostat n = 2,964; allopurinol
n = 2,992) (see Table 1 for baseline demographic and clinical
characteristics).

Relationship between serum urate levels and death
from a CV-related cause. In the overall modified ITT popula-
tion, baseline serum urate levels were comparable between
the febuxostat treatment group (8.7 mg/dl, n = 3,098) and

Figure 2. Gout flares requiring treatment among patients receiving febuxostat or allopurinol in the overall modified ITT population (A) and in the sub-
group of patients who died from aCV-related cause comparedwith patients who did not die from a CV-related cause (B). Themodified ITT population
comprised patients who were randomized to a treatment group and received ≥1 dose of study drug. Symbols represent the mean number of gout
flares per patient-years of exposure, with numbers of patient-years shown in the tables below the graphs. See Figure 1 for definitions.
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allopurinol treatment group (8.7 mg/dl, n = 3,092) (Figure 1 and
Supplementary Table 2, http://onlinelibrary.wiley.com/doi/10.
1002/art.42160). However, after the first dose of study medica-
tion, serum urate levels in patients receiving febuxostat were
nominally lower than in those receiving allopurinol at most study
visits (week 2 and months 3, 6, 12, 24, 36, 48, 60, and 72). Base-
line serum urate levels were higher in patients who died from a
CV-related cause (febuxostat 9.3 mg/dl, n = 134; allopurinol 9.8
mg/dl, n = 100) than in those who did not die from a CV-related
cause (8.7 mg/dl in both the febuxostat treatment group
[n = 2,964] and allopurinol treatment group [n = 2,992]). In
patients who did not die from a CV-related cause, serum urate
levels with febuxostat treatment were nominally lower than with
treatment with allopurinol at week 2 and months 3, 6, 12, 24,
36, 48, 60, and 72. By contrast, in the subgroup of patients who
died from a CV-related cause, serum urate levels varied through-
out the study period and were comparable between the febuxo-
stat and allopurinol treatment group (Figure 1 and
Supplementary Table 2, http://onlinelibrary.wiley.com/doi/10.
1002/art.42160).

Gout flares. Relationship between gout flares requiring
treatment and death from CV causes. The incidence rates of gout
flares requiring treatment (per patient-year) were similar between
the febuxostat and allopurinol treatment groups over the entire
study period (overall modified ITT population, febuxostat 0.68
versus allopurinol 0.63) (Figure 2 and Supplementary Table 3,

http://onlinelibrary.wiley.com/doi/10.1002/art.42160). In the
overall modified ITT population, gout flare rates (per patient-year)
had a trend of being higher with febuxostat than with allopurinol
during the first year of treatment (overall modified ITT population,
1.33 versus 1.20, respectively) but were comparable thereafter
(overall modified ITT population >1 year, febuxostat 0.35 versus
allopurinol 0.34) and decreased over the study period in both
treatment groups (Figure 2 and Supplementary Table 3, http://
onlinelibrary.wiley.com/doi/10.1002/art.42160). The incidence
rates of gout flares within the first year of study treatment were
slightly higher in the subgroup of patients who died from a CV-
related cause compared with the subgroup of patients who did
not die from a CV-related cause, but was generally lower for the
remainder of the study period (Figure 2 and Supplementary
Table 3). Throughout the duration of the study, gout flare severity
was similar between the febuxostat and allopurinol treatment
groups, with most flares classified as moderate in intensity
(febuxostat 0.33 versus allopurinol 0.30) (Table 2), although the
number and severity of gout flares were slightly higher within the
first year of treatment in the febuxostat group (overall 1.33 flares
versus moderate-to-severe flares 1.03) compared with the allopu-
rinol group (overall flares 1.20 versus moderate-to-severe flares
0.88) (Table 2).

In the overall modified ITT population, gout flare rates within
the 3-month period over which data were available closest to
death from a CV-related cause were low. The number of gout
flares was higher with febuxostat treatment (6% [8 of 134])

Table 3. Gout flare rates among patients receiving febuxostat or allopurinol according to post-baseline mean serum
urate levels, overall and by treatment group*

Mean flare rates per patient-years of exposure (95% CI)

Post-baseline mean serum urate level Febuxostat Allopurinol Total

<4.0 mg/dl 0.27 (0.24–0.31) 0.25 (0.19–0.33) 0.27 (0.24–0.30)
4.0–5.0 mg/dl 0.27 (0.25–0.30) 0.20 (0.18–0.23) 0.24 (0.23–0.26)
5.0–6.0 mg/dl 0.35 (0.32–0.39) 0.31 (0.29–0.34) 0.33 (0.31–0.35)
≥6.0 mg/dl 0.49 (0.45–0.53) 0.52 (0.48–0.55) 0.50 (0.48–0.53)

* Post-baseline serumurate level measurements were collected from the end of the first year of treatment until the
end of the study. The mean flare rates per patient-years of exposure (with 95% confidence intervals [95% CIs])
include occurrence of gout flares from the end of the first year of treatment until the end of the study.

Table 2. Incidence of gout flares among patients receiving febuxostat or allopurinol, by treatment duration and
severity of flare*

Febuxostat (n = 3,098)† Allopurinol (n = 3,092)‡

Overall
≤1 year of
treatment

>1 year of
treatment Overall

≤1 year of
treatment

>1 year of
treatment

All flares 0.68 1.33 0.35 0.63 1.20 0.34
Severe 0.20 0.40 0.09 0.17 0.32 0.09
Moderate 0.33 0.63 0.17 0.30 0.56 0.16
Mild 0.14 0.27 0.08 0.15 0.29 0.08

* The highest level of severity reported for the 4 symptoms collected for each flare (swelling, redness, tenderness,
and joint warmth) was used to categorize the flare as mild, moderate, or severe. Values are the mean incidence of
flares per patient-years of exposure. The total number of patients for each treatment group refers to the number at
baseline.
† Per 7,574 patient-years of exposure.
‡ Per 7,455 patient-years of exposure.
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compared with allopurinol (2% [2 of 100]) (Supplementary
Table 4, http://onlinelibrary.wiley.com/doi/10.1002/art.42160).

Relationship between post-baseline serum urate levels, gout
flares, and death from CV causes. In a post hoc analysis, we iden-
tified a trend toward a reduction in gout flare rates with lower
serum urate levels in both the febuxostat and allopurinol treatment
groups (Table 3). There was a positive association between
serum urate levels and death from CV causes in the overall popu-
lation (P = 0.034) and in the allopurinol treatment group
(P = 0.012), but not in the febuxostat treatment group
(P = 0.199). The total number of deaths from CV causes that
occurred during treatment and up to 30 days after the final dose
of study medication was lower (P = 0.038) in those who received
allopurinol (1.3% [41 of 3,092]) compared with those who
received febuxostat (2.0% [62 of 3,098]) (17), but the number of
deaths was lower in patients with serum urate levels <5 mg/dl
compared with those who had levels ≥5 mg/dl in both treatment
groups (febuxostat n = 19 [1.7%] versus n = 43 [2.2%]; allopurinol
n = 3 [0.5%] versus n = 38 [1.5%]) (Table 4).

Relationship between tophus resolution and death from CV

causes. The overall proportion of patients with ≥1 tophus at base-
line was 20.8% (1,287 of 6,190), with similar proportions in the
febuxostat group (21.0% [650 of 3,098]) and allopurinol group
(20.6% [637 of 3,092]). Tophus resolution rates were similar
between treatment groups in year 1 and remained similar
throughout the study period. By the end of the treatment period,
cumulative tophus resolution rates in both treatment groups
were >50% (Supplementary Figure 1A, http://onlinelibrary.wiley.
com/doi/10.1002/art.42160). Tophus resolution rates within the
first 2 years of treatment in the study were also comparable
between treatment groups irrespective of whether the patient
died from a CV-related cause or not (Supplementary Figure 1B,
http://onlinelibrary.wiley.com/doi/10.1002/art.42160).

DISCUSSION

The CARES trial has the longest study duration of any trial

investigating patients with gout and CVD. In this analysis, we eval-

uated the relationships between serum urate levels, gout flares,

tophus resolution, and deaths from CV causes. In the CARES

trial, the incidence rates of the nonfatal components of the com-

posite primary end point were similar between febuxostat and

allopurinol treatment groups (17). However, in the secondary

end point analysis, the rate of death from CV causes was higher

in patients who received treatment febuxostat compared with

those who received allopurinol. All-cause mortality was higher in

patients who received febuxostat compared with allopurinol as a

result of the imbalance in the rates of deaths from CV causes

(17). Further analyses of data from the CARES trial demonstrated

that both febuxostat and allopurinol were associated with compa-

rable, clinically relevant improvements in efficacy. We did not

observe a relationship between gout flares and deaths from CV

causes; however, there was a positive association between

greater serum urate levels and deaths fromCV causes in the over-

all population and in the allopurinol treatment group, while the

rates of death from CV causes in the febuxostat treatment group

were similar across serum urate levels. Additionally, data from

the Febuxostat versus Allopurinol Streamlined Trial demonstrated

that febuxostat was noninferior to allopurinol with regard to the

occurrence of major CV outcomes with no indication of increased

all-cause mortality or deaths from CV causes with febuxostat

treatment (21). Therefore, the underlying mechanisms of the

increase in deaths from CV causes observed in patients who

received febuxostat compared with those who received allopuri-

nol in the CARES trial remain unclear.
The primary goal of urate-lowering therapy in gout is to

lower and maintain serum urate levels at subsaturating levels in

Table 4. Numbers of patients who died from a CV-related cause by average post-baseline mean serum urate level and treatment group*

Post-baseline mean serum urate level P for trend, death from
CV-related cause and mean

serum urate level†<4.0 mg/dl 4.0–<5.0 mg/dl 5.0–<6.0 mg/dl ≥6.0 mg/dl

Overall 0.034
Total no. of patients 383 1,353 2,345 2,109
Patients who died from a CV-related cause 6 (1.6) 16 (1.2) 34 (1.4) 47 (2.2)
Patients who did not die from a CV-related cause 377 (98.4) 1,337 (98.8) 2,311 (98.6) 2,062 (97.8)

Febuxostat 0.199
Total no. of patients 298 838 1,012 950
Patients who died from a CV-related cause 6 (2.0) 13 (1.6) 18 (1.8) 25 (2.6)
Patients who did not die from a CV-related cause 292 (98.0) 825 (98.4) 994 (98.2) 925 (97.4)

Allopurinol 0.012
Total no. of patients 85 515 1,333 1,159
Patients who died from a CV-related cause 0 (0) 3 (0.6) 16 (1.2) 22 (1.9)
Patients who did not die from a CV-related cause 85 (100.0) 512 (99.4) 1,317 (98.8) 1,137 (98.1)

* The mean serum urate level was calculated using all post-baseline serum urate values collected after the first dose of study drug and >1 day
after a patient’s final dose of study drug. Death from a cardiovascular (CV)–related cause includes deaths up to 30 days after a patient’s final
dose of study drug. Except where indicated otherwise, values are the number (%) of patients.
† Other associations evaluated included the overall relationship between treatment and death from a CV-related cause (P = 0.038) and between
treatment and mean serum urate level (P ≤ 0.001). P values were determined by Cochran–Armitage test for trend.

RELATIONSHIP BETWEEN SERUM URATE LEVEL, GOUT, AND CV-RELATED DEATH 1599

https://doi.org/10.1002/art.42160
https://doi.org/10.1002/art.42160
https://doi.org/10.1002/art.42160
https://doi.org/10.1002/art.42160


order to prevent progressive joint damage resulting from flare
recurrence and reduce deformity caused by tophus formation.
Achievement of long-term serum urate levels at a minimum of
<6.0 mg/dl or even lower at <5.0 mg/dl to durably improve the
signs and symptoms of gout, including palpable and visible
tophi detected on physical examination (16,22), is essential to
preventing these pathologic processes. In the overall modified
ITT population in the CARES trial, febuxostat was associated
with lower serum urate levels than allopurinol at most study
visits. To further investigate a potential association between
febuxostat and increased deaths from CV causes, we analyzed
participants from the CARES trial organized into subgroups of
either patients who died from a CV-related cause or those who
did not die from a CV-related cause. Baseline serum urate levels
in the CARES trial patient population were higher in those who
died from a CV-related cause than in those who did not. In the
subgroup of patients who did not die from a CV-related cause,
at most study visits those who received treatment with febuxo-
stat had lower serum urate levels than those who received allo-
purinol. In the subgroup of patients who died from a CV-related
cause there were no clear relationships between serum urate
levels and treatment groups; however, interpretation of these
findings is limited by the small number of patients (febuxostat
n = 134 versus allopurinol n = 100).

In the overall modified ITT population, gout flare rates were
similar in patients who received febuxostat and those who
received allopurinol and decreased during the study period
regardless of whether the patient died from a CV-related cause
or not. Moreover, in patients who died of a CV-related cause,
94% and 98% of those who received febuxostat and those who
received allopurinol, respectively, did not have a reported gout
flare within 3 months of death. Across different post-baseline
serum urate categories, regardless of treatment group, there
was a trend toward a reduction in the rate of gout flare at lower
serum urate levels.

The overall proportion of patients with ≥1 tophus at baseline
was 20.8%, with similar proportions of patients in the febuxostat
and allopurinol treatment groups. Tophus resolution rates were
similar between treatment groups throughout the study period.
Within the first 2 years, tophus resolution rates remained compa-
rable between treatment groups, regardless of whether the
patient died from a CV-related cause or not.

The links between serum urate levels, hyperuricemia, gout
flares, and CVD are unclear. Some studies suggest that there is
no link between increased serum urate levels and coronary heart
disease (10). However, other studies indicate that increased
serum urate levels may be associated with worse outcomes in
patients with CVD and renal disease (6,7,9). One potential
mechanism by which serum urate levels could lead to increased
CV events is by impairing nitric oxide synthesis, resulting in vas-
cular endothelial dysfunction that may lead to inflammation and
prothrombosis (23). It is important to note the relatively high CV

risk in patients from the CARES trial, which included patients
with CV event rates of >10%, which is higher compared with
other gout studies (17,24,25). The CARES trial previously dem-
onstrated that the rates of predefined major adverse CV events
with febuxostat treatment were noninferior to allopurinol (17).
Findings from the present analyses show that very few patients
experienced a gout flare within the 3-month period over which
data were available closest to a cardiac event. Furthermore,
there were no imbalances in nonfatal CV events, including acute
coronary syndrome, ischemic stroke, or revascularization rates
in the CARES trial (17). These findings suggest a lack of an asso-
ciation between an off-target effect of febuxostat on mecha-
nisms such as inflammation and prothrombosis.

Our study had several strengths. First, it is the largest and
longest clinical trial in the gout population. Second, it is the only
trial enriched for CVD. Finally, there were frequent measurements
of serum urate levels and clinical assessments for gout flares and
tophi status during the trial. This allowed for examination of the
relationships between serum urate levels and gout flares with CV
outcomes in the entire cohort as well as each treatment
assignment.

Limitations of this study have been discussed previously (17).
First, there was no placebo arm in the trial, which could have char-
acterized the incidence rates of CV events in the high-risk gout
population; use of a placebo group was not feasible considering
the planned length of the trial. Second, a large proportion of par-
ticipants either discontinued participation in the study, did not
complete follow-up, or discontinued treatment, making the com-
plete analysis of all patients difficult. However, baseline demo-
graphic and clinical characteristics were comparable between
treatment groups and between patients who either continued or
discontinued treatment (17). Third, we cannot draw any conclu-
sions between levels of inflammation markers in serum and death
from CV causes in this study, as the former was not collected as
part of the CARES study design. Additionally, it is important to note
that the positive association between serum urate levels and death
from CV causes seen in the overall population and in allopurinol
treatment group, but not in the febuxostat treatment group, was
based on post hoc analyses and should be considered explor-
atory. Further studies with large sample sizes are necessary to con-
firm these trends. Finally, rates of gout flares in clinical trials are
difficult to capture accurately, despite the best efforts by site
personnel (study coordinator, study nurse, or the investigator). Mis-
classification of gout flares may complicate the interpretation of
data and potentially bias findings toward the null hypothesis.

In conclusion, in this new analysis of patients from the
CARES trial, we found no relationships between death from
CV causes and gout flares or tophus resolution in patients
who received treatment with febuxostat or allopurinol. There
were also no clear associations between serum urate levels
and death from CV causes in patients who received treatment
with febuxostat.

SAAG ET AL1600



ACKNOWLEDGMENTS

We would like to thank all of the investigators and patients who par-
ticipated in this study, and we would also like to thank Eric Lloyd from
Takeda Development Center Americas, Inc. for his contributions and
advice on our statistical analyses and Eileen Hartman from Takeda
Development Center Americas, Inc. for her review of the manuscript for
scientific accuracy. Medical writing assistance was provided by Simon
Wigfield (Caudex, Oxford, UK) and Lauren Gwynne (Caudex, Oxford,
UK), and editorial assistance was provided by Danielle Johnson
(Caudex, Oxford, UK) (all supported by Takeda Development Center
Americas, Inc.).

AUTHOR CONTRIBUTIONS
All authors were involved in drafting the article or revising it critically

for important intellectual content, and all authors approved the final ver-
sion to be published. Dr. Saag had full access to all of the data in the
study and takes responsibility for the integrity of the data and the accu-
racy of the data analysis.
Study conception and design. Becker, White, Whelton, Hunt,
Gunawardhana.
Acquisition of data. Saag, Becker, White, Whelton, Borer, Gorelick,
Hunt, Castillo, Gunawardhana.
Analysis and interpretation of data. Saag, Becker, White, Whelton,
Borer, Gorelick, Hunt, Castillo, Gunawardhana.

ROLE OF THE STUDY SPONSOR
Takeda Development Center Americas, Inc. funded this study and

contributed to the collection, analysis, and interpretation of the data.
Takeda reviewed the manuscript for scientific accuracy/data integrity
prior to submission. All authors, including those employed by Takeda,
approved the content of the submitted manuscript and the decision to
publish the manuscript was wholly that of the authors.

REFERENCES

1. Chen-Xu M, Yokose C, Rai SK, Pillinger MH, Choi HK. Contemporary
prevalence of gout and hyperuricemia in the United States and
decadal trends: the National Health and Nutrition Examination Survey
2007–2016. Arthritis Rheumatol 2019;71:991–9.

2. Roddy E, Doherty M. Epidemiology of gout. Arthritis Res Ther 2010;
12:223.

3. Guthrie RM. New perspectives on the management of gout, a com-
mon primary care disorder. Postgrad Med 2012;124:151–3.

4. Krishnan E. Reduced glomerular function and prevalence of gout:
NHANES 2009-10. PLoS One 2012;7:e50046.

5. Zhu Y, Pandya BJ, Choi HK. Comorbidities of gout and hyperuricemia
in the US general population: NHANES 2007-2008. Am J Med 2012;
125:679–87.

6. Choi HK, Curhan G. Independent impact of gout on mortality and risk
for coronary heart disease. Circulation 2007;116:894–900.

7. Krishnan E, Svendsen K, Neaton JD, Grandits G, Kuller LH, Group
MR. Long-term cardiovascular mortality among middle-aged men
with gout. Arch Intern Med 2008;168:1104–10.

8. Stack AG, Hanley A, Casserly LF, Cronin CJ, Abdalla AA, Kiernan TJ,
et al. Independent and conjoint associations of gout and hyperuricae-
mia with total and cardiovascular mortality. QJM 2013;106:647–58.

9. Ioachimescu AG, Brennan DM, Hoar BM, Hazen SL, Hoogwerf BJ.
Serum uric acid is an independent predictor of all-cause mortality in
patients at high risk of cardiovascular disease: a preventive cardiology
information system (PreCIS) database cohort study. Arthritis Rheum
2008;58:623–30.

10. Keenan T, ZhaoW, Rasheed A, HoWK, Malik R, Felix JF, et al. Causal
assessment of serum urate levels in cardiometabolic diseases
through a Mendelian randomization study. J Am Coll Cardiol 2016;
67:407–16.

11. Kleber ME, Delgado G, Grammer TB, Silbernagel G, Huang J,
Kramer BK, et al. Uric acid and cardiovascular events: a Mendelian
randomization study. J Am Soc Nephrol 2015;26:2831–8.

12. Richette P, Latourte A, Bardin T. Cardiac and renal protective effects
of urate-lowering therapy. Rheumatology (Oxford) 2018;57:i47–50.

13. Drug and Therapeutics Bulletin. Latest guidance on the management
of gout. BMJ 2018;362:k2893.

14. Borghi C, Perez-Ruiz F. Urate lowering therapies in the treatment of
gout: a systematic review and meta-analysis. Eur Rev Med Pharmacol
Sci 2016;20:983–92.

15. Robinson PC, Dalbeth N. Advances in pharmacotherapy for the treat-
ment of gout. Expert Opin Pharmacother 2015;16:533–46.

16. Khanna D, Fitzgerald JD, Khanna PP, Bae S, SinghMK, Neogi T, et al.
2012 American College of Rheumatology guidelines for management
of gout. Part 1: Systematic nonpharmacologic and pharmacologic
therapeutic approaches to hyperuricemia. Arthritis Care Res
(Hoboken) 2012;64:1431–46.

17. White WB, Saag KG, Becker MA, Borer JS, Gorelick PB, Whelton A,
et al. Cardiovascular safety of febuxostat or allopurinol in patients with
gout. N Engl J Med 2018;378:1200–10.

18. Varga Z, Sabzwari SR, Vargova V. Cardiovascular risk of nonsteroidal
anti-inflammatory drugs: an under-recognized public health issue
[review]. Cureus 2017;9:e1144.

19. White WB, Chohan S, Dabholkar A, Hunt B, Jackson R. Cardiovascu-
lar safety of febuxostat and allopurinol in patients with gout and car-
diovascular comorbidities. Am Heart J 2012;164:14–20.

20. Wallace SL, Robinson H, Masi AT, Decker JL, McCarty DJ, Yü TF.
Preliminary criteria for the classification of the acute arthritis of primary
gout. Arthritis Rheum 1977;20:895–900.

21. Mackenzie IS, Ford I, Nuki G, Hallas J, Hawkey CJ, Webster J, et al.
Long-term cardiovascular safety of febuxostat compared with allopu-
rinol in patients with gout (FAST): a multicentre, prospective, random-
ised, open-label, non-inferiority trial. Lancet 2020;396:1745–57.

22. Khanna D, Khanna PP, Fitzgerald JD, Singh MK, Bae S, Neogi T, et al.
2012 American College of Rheumatology guidelines for management
of gout. Part 2: Therapy and antiinflammatory prophylaxis of acute
gouty arthritis. Arthritis Care Res (Hoboken) 2012;64:1447–61.

23. Choi YJ, Yoon Y, Lee KY, Hien TT, Kang KW, Kim KC, et al. Uric acid
induces endothelial dysfunction by vascular insulin resistance associ-
ated with the impairment of nitric oxide synthesis. FASEB J 2014;28:
3197–204.

24. Wei L, Mackenzie IS, Chen Y, Struthers AD, MacDonald TM. Impact
of allopurinol use on urate concentration and cardiovascular outcome.
Br J Clin Pharmacol 2011;71:600–7.

25. Bardin T, Keenan RT, Khanna PP, Kopicko J, FungM, Bhakta N, et al.
Lesinurad in combination with allopurinol: a randomised, double-
blind, placebo-controlled study in patients with gout with inadequate
response to standard of care (the multinational CLEAR 2 study). Ann
Rheum Dis 2017;76:811–20.

RELATIONSHIP BETWEEN SERUM URATE LEVEL, GOUT, AND CV-RELATED DEATH 1601



L E T T E R S

DOI 10.1002/art.42126

Increased risk of statin-associated autoimmune
myopathy among American Indians

To the Editor:
Statins reduce the risk of cardiovascular disease and have an

acceptable side-effect profile. However, autoimmune muscle dis-

ease can develop, although rarely, in patients taking statins.

Statin-associated autoimmune myopathy is characterized by

symmetric proximal muscle weakness, appearance of myofiber

necrosis on muscle biopsy, elevated muscle enzyme levels, and

presence of autoantibodies against 3-hydroxy-3-methylglutaryl-

coenzyme A (HMG-CoA) reductase (1). Patients with statin-

associated autoimmune myopathy do not usually improve with

statin discontinuation alone and typically require treatment with

immunomodulatory medications.
Statin-associated autoimmune myopathy is thought to occur

in as few as 0.002% of patients taking statins (1). However, in a

recent study of 1,800 American Indians from rural Arizona

who were taking statins, 6 patients (0.3%) developed statin-

associated autoimmune myopathy (2). Here, we report an unex-

pectedly high rate of this disease among a separate cohort of

American Indians who were seen at the Gallup Indian Medical

Center, which is located on the Navajo Reservation. Indeed, from

among ~5,000 patients seen at the Gallup Indian Medical Center

who were receiving treatment with statins over a 2-year period

(from September 2017 through September 2019), we identified

14 patients (0.3%) who presented with the typical clinical manifes-

tations of this disease. These clinical manifestations included

proximal muscle weakness, elevated muscle enzyme levels, and

the presence of anti–HMG-CoA reductase autoantibodies after

patients received atorvastatin (3) (Table 1). The incidence among

American Indians at the Gallup Indian Medical Center represents

an ~150-fold increase in the risk of statin-associated autoimmune

myopathy compared with that seen in the general population

taking statins (1). Of note, American Indian patients treated with

statin at the Gallup Indian Medical Center were not systematically

screened for weakness and muscle enzyme elevations. Conse-

quently, some patients with statin-associated autoimmune myop-

athy, especially those with mild cases, could have been missed

and not included in our estimate of the incidence of this disease.
The presence of HLA class II DR11 is strongly associated

with the development of statin-associated autoimmune myopathy

in other ethnic groups. DR11 was present in 70% of White

patients with anti–HMG-CoA reductase myopathy but in only

18% of a healthy control group of White and Black subjects (4).

HLA typing was not available for the Navajo patients described

here, and, as far as we know, the frequencies of DR11 and other

HLA types have not been reported among the Navajo population

as a whole. Nonetheless, we suspect that genetic and/or environ-

mental factors common among the American Indian population

may predispose them to developing statin-associated autoim-

mune myopathy. Defining risk factor(s) in this population would

be of interest and might allow screening to identify those at the

greatest risk for developing autoimmune myopathy after taking

statins. These patients could be offered proprotein convertase

subtilisin/kexin type 9 inhibitors, which, unlike statins, do not

Table 1. Clinical characteristics of 14 American Indian patients with statin-associated autoimmune myopathy who were seen at
the Gallup Indian Medical Center (Navajo Reservation, Arizona)*

No./total no. (%) of men 4/14 (28.6)
Age at symptom onset, mean (range) years 62.7 (51–78)
Age at diagnosis, mean (range) years 62.9 (52–78)
Peak creatine kinase, mean (range) IU/liter 9,791.3 (1,422–23,077)
No./total no. (%) of patients with myofiber necrosis on
muscle biopsy†

6/6 (100)

Anti–HMG-CoA reductase, mean (range) titers in AU‡ 154.4 (41 to >200)
Duration of statin therapy before onset of muscle
weakness, mean (range) months

39.6 (9–76)

Outcomes 11/14 patients improved; 2 patients started immunomodulatory
treatment; 1 patient died of an unrelated cause before treatment
could be started

* All patients were taking atorvastatin at the time of symptom onset and diagnosis of autoimmune myopathy. Anti–HMG-CoA
reductase = anti–3-hydroxy-3-methylglutaryl-coenzyme A reductase.
† Seven patients did not undergo muscle biopsy and were diagnosed as having anti–HMG-CoA–positive myopathy based on
the following clinical features: proximal muscle weakness, elevated creatine kinase levels, and presence of anti–HMG-CoA
reductase autoantibodies (3).
‡ Eight patients had titers of >200 arbitrary units (AU) (the highest value); thus, a cutoff value of 200 AU was used to calculate
the mean.
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appear to trigger or exacerbate myositis with anti–HMG-CoA

reductase autoantibodies (5).
Taken together with the prior report (2), the clinical findings

among subjects in the Gallup Indian Medical Center indicate that
physicians should have a high index of suspicion for the develop-
ment of autoimmunemyopathy when prescribing statins to Amer-
ican Indian patients. Patients who develop muscle weakness and
elevated creatinine kinase levels should be tested for anti–HMG-
CoA reductase autoantibodies. In those who test positive, statins
should be stopped and treatment initiated to improve muscle
strength and prevent permanent muscle damage.

Supported in part by the Intramural Program of the National Institute of
Arthritis and Musculoskeletal and Skin Diseases of the National Institutes
of Health. Dr. Mammen is coinventor of a commercially available assay
for anti–HMG-CoA reductase autoantibodies but receives no royalties or
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Indian Health Service.
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von Willebrand factor as an indicator of endothelial
injury in COVID-19: comment on the article by Shi et al

To the Editor:
We read with great interest the article by Dr. Shi et al (1) on

their efforts to “identify circulating factors contributing to endothelial
cell activation and dysfunction in COVID-19.” Conspicuous by its

absence in this otherwise thorough investigation was any mention
of von Willebrand factor (vWF), a coagulation factor and early indi-
cator of endothelial injury (2). Increases in circulating vWF antigen
precede and directly promote thrombosis by mediating platelet
adhesion and preventing clearance of coagulation factor VIII (3).
Shi and colleagues postulated that antiphospholipid antibodies
may activate endothelial cells in COVID-19, which others have
shown to be mediated by vWF (4). Patients with COVID-19 com-
monly have increased levels of vWF antigen, and its presence is a
marker that could be used to predict the risk of death and
increased length of hospitalization in patients with COVID-19 (5–9).
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Reply

To the Editor:
We appreciate Dr. Palmer-Toy et al’s interest in our article.

We agree that vWF is an important mediator of
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thromboinflammation. After activation of endothelial cells and
platelets, vWF is released fromWeibel-Palade bodies and platelet
alpha granules, respectively, leading to a cascade of heterotypic
cellular interactions that support a procoagulant and proinflam-
matory milieu (1). Correlations between increases in the circulat-
ing pool of vWF and severity of COVID-19 or death resulting
from complications of COVID-19 have been reported by many
investigators (2–7), including Palmer-Toy and colleagues.

Because polyclonal COVID-19 antibody fractions have been
shown to activate neutrophils and platelets, as well as to sup-
press physiologic antiviral responses, we focused on autoanti-
bodies in our study’s exploration of endothelial dysfunction in
COVID-19. Of note, we reported that purified IgG fractions from
patient COVID-19 serum samples, especially from patients with
elevated circulating antiphospholipid antibodies, recapitulated
activation of endothelial cells by intact COVID-19 serum, suggest-
ing that the circulating antibodymilieu in COVID-19 bears a foudroy-
ant capacity to transform the endothelial surface and facilitate
leukocyte adhesion. The specific targets of these antibodies and
whether they ligate receptors or recognize antigens at the endothe-
lial surface remain unknown and are worthy of investigation. Addi-
tional mechanisms of endothelial activation in COVID-19 include
denudation of the protective glycocalyx, mobilization of Weibel-
Palade bodies, and sex-specific steroid effects. In our opinion,
defining these upstream stimuli that trigger the shift away from a qui-
escent state likely supersedes understanding the kinetics by which
the endothelium acquires a thromboinflammatory phenotype.

Although we did not examine platelet–endothelial interactions
in our study, these have been described in COVID-19 and have
been shown to be, at least in part, attributable to the actions of
vWF (8). Polyclonal COVID-19 IgG pools enriched in antiphospho-
lipid antibodies may facilitate platelet–endothelial interactions
through vWF string formation, as previously reported in antiphos-
pholipid syndrome (9,10). We certainly support the intent of
Palmer-Toy and colleagues to promote the exploration of endothe-
lial and hematopoietic cell interactions in pursuit of understanding
the mechanisms that differentiate normal physiologic responses
from their maladaptive counterparts that result in tissue injury.
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Addressing readability of online patient materials:
comment on the American College of Rheumatology
online information pages for patients and caregivers

To the Editor:
Health literacy is the ability to acquire, process, and compre-

hend health information to make informed health decisions (1).
Heath literacy rates, among adults in the US and worldwide, vary
considerably, and lower health literacy has been understandably
correlated with worse health outcomes (2). Therefore, the current
recommendation by the American Medical Association is that
health care information should be written at or below a sixth-
grade reading level, corresponding to 6 years of education, to
meet the needs of the general population (3).

LETTERS1604

https://orcid.org/0000-0003-0995-9771
mailto:jsknight@umich.edu
mailto:yogen.kanthi@nih.gov
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.42148&domain=pdf&date_stamp=2022-07-19


The website of the American College of Rheumatology (ACR)
features a valuable patient/caregiver–directed section, where
online educational content is organized and presented for 47 con-
ditions on separate web pages (4). I calculated the grade-level
readability of the educational content for each condition using for-
mulas from the following established readability indices: Gunning
Fog, Coleman–Liau, Flesch–Kincaid, Automated Readability,
and Simple Measure of Gobbledygook (5). These indices are
used to determine average grade-level readability scores by ana-
lyzing the length and complexity of sentences and the use of poly-
syllabic words.

The mean readability grade levels for all patient/caregiver–
directed educational content were as follows: mean 13.1
(range 9.9–17.3) on the Gunning Fog index, mean 12.8 (range
10–15.7) on the Coleman–Liau index, mean 11.5 (range 8.6–
15.2) on the Flesch–Kincaid index, mean 11.2 (range 7.7–
15.3) on the Automated Readability index, and mean 12.8
(range 10.4–16) on the Simple Measure of Gobbledygook
index. As such, none of the educational web pages, for any
condition and assessed by any of the 5 readability formulas,
was written at the recommended reading level of sixth grade
or below.

The accessibility of health information is inherently linked to
its readability. Across the 5 different validated readability indices,
the calculated mean readability level exceeded an eleventh-grade
reading level, which is noticeably higher than the recommended
level. This, combined with variable health literacy rates, may exac-
erbate existing barriers between health care providers and
patients/caregivers. These gaps in communication not only risk
the dissemination of misinformation and confusion but also may
reinforce already profound health inequities, disproportionately
affecting people who are medically underserved. Addressing
readability issues therefore offers a viable starting point to bridge
such gaps.
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Reply

To the Editor:
We thankDr. AlAbdulkareem for his insightful letter and the con-

cern raised about the reading level of the educational content in the
patient/caregiver section of the American College of Rheumatology
(ACR) website (https://www.rheumatology.org/I-Am-A/Patient-
Caregiver). We agree that there are numerous barriers to health care
and that having gaps in literacy and education is a challenge that can
affect health outcomes. The field of rheumatology, including the dis-
ease processes, their immunologic etiologies, symptoms, and man-
agement techniques, are complex by nature, and this has been
reflected in the online patient/caregiver web pages.

In 2018, we revamped our educational materials and tried to
maintain as close to the sixth-grade reading level as was possible.
This included efforts to simplify the content by replacing medical
jargon with more common terms (e.g., “in the vein” instead of
“intravenous”). However, we came across some limitations.
For example, terms required to help define the conditions or their
symptoms such as “antibody,” “platelet,” “autoimmunity,”
“vasculitis,” and others could not always be replaced with simpler
terms given the complexity of their definition. In addition, the
names of the medications used to treat these conditions likely
raised the average grade-level readability scores in the mentioned
indices. If we are correct in our assumptions, we believe it is these
terms that are raising the scores of the indices.

The ACR is always looking for ways to improve content and
generalize it to reach a broader audience in hopes of improving
awareness and expanding the knowledge of rheumatic condi-
tions to patients, caregivers, and the larger community. We are
open to specific suggestions regarding replacing complex words
and getting closer to the desired sixth-grade reading level.
Furthermore, we would welcomemore details on the efforts made
by other societies in improving the reading level of their patient
educational content.
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Criteria for the pathogenicity of anticentromere (anti–
CENP-B) autoantibodies in systemic sclerosis: comment
on the article by van Leeuwen et al

To the Editor:
We read with interest the article by Dr. van Leeuwen et al

whose recent study showed that serum levels of anticentromere
autoantibodies (ACAs) of IgG isotype, primarily anti–CENP-B,
were significantly higher in patients with definite systemic sclerosis
(SSc) than in patients with very early SSc (1). Moreover, the
authors reported that progression to definite SSc in patients with
very early SSc was associated with significantly higher levels of
IgG ACAs at baseline. The authors concluded that increased
levels of IgG-specific anti–CENP-B antibodies may serve as a bio-
marker to identify patients with very early SSc at risk for progres-
sion to definite SSc.

Specifically, anti–CENP-B antibodies in SSc are strongly
associated with the limited cutaneous SSc subset (2,3). However,
given that polyclonal B cell activation and hypergammaglobulin-
emia are common in SSc (4), we wondered whether these fea-
tures may have contributed in part to the higher levels of IgG
ACAs noted by van Leeuwen et al in some of their patients and
therefore whether total serum IgG levels were measured. We
pose this question because, in the definite SSc group, although
van Leeuwen et al reported numerically higher IgG ACA levels in
patients with organ involvement compared with those without,
the difference was not significant. If total serum IgG levels had
been measured, would these levels be higher in the group of
patients with higher IgG ACA levels? Would a linear correlation
be shown between total serum IgG levels and IgG ACA levels?
Lastly, would higher IgG ACA levels still be observed after adjust-
ing for the raised total serum IgG levels?

In addition, in their study, van Leeuwen et al concluded that IgG-
specific anti-CENP-B antibodies may potentially contribute to the
pathogenesis of SSc. Indeed, a pathogenic role for ACAs has been
previously suggested. For example, nuclear autoantigen CENP-B
was demonstrated to be a bifunctional molecule that, when released
from apoptotic endothelial cells, bound to the surface of human pul-
monary artery smooth muscle cells and stimulated their migration
and the secretion of interleukin-6 and interleukin-8 (5). Moreover,
CENP-B transactivated the epidermal growth factor receptor
via chemokine receptor 3 in smooth muscle cells, with anti–
CENP-B from SSc patients abolishing this signaling pathway (6).
Therefore, it was hypothesized that the sustained high titers of
ACAs that are typically observed in SSc patients who are followed
up longitudinally may be a factor contributing to arterial damage
via the promotion of unremitting vascular repair (6).

Finally, the potential pathogenic role of ACAs evoked by the
authors raises the necessity for robust criteria to demonstrate the
pathogenicity of autoantibodies. Such criteria, originally proposed

by Naparstek and Plotz (7), were recently updated for the definition
of pathogenic autoantibodies in SSc (Table 1) (8). Of the 7 pro-
posed criteria defining autoantibody pathogenicity in SSc, anti–
CENP-B fulfill the first and second criteria and, in part, the fifth crite-
rion (8,9). Interestingly, if ACA-specific IgG levels are significantly
associated with progression to definite SSc and progression of
organ system manifestations (1), as well as being associated with
the severity of microangiopathy (10), as was suggested in the study
by van Leeuwen et al, this may support the idea that anti–CENP-B
also fulfill the third SSc pathogenicity criterion. Taken together,
these data do support, although they do not prove, a contributory
role of anti–CENP-B to the pathogenesis of SSc.
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Table 1. Seven proposed pathogenicity criteria for definition of
pathogenic autoantibodies in systemic sclerosis (scleroderma) and
other systemic autoimmune rheumatic diseases*

Clinical pathogenicity criteria
Criterion 1 The autoantibody should be specific to the disease.

An even greater pathogenic value is suggested
when the autoantibody is phenotype specific; i.
e., within the disease spectrum, it is associated
with a particular set of clinical and laboratory
manifestations.

Criterion 2 The autoantibody is serologically present before
the onset of clinical manifestations.

Criterion 3 Autoantibody levels and disease activity/severity
should, in general, be correlated with one
another.

Criterion 4 Removal of the autoantibody, or blocking its
functional effects, should ameliorate the disease
process (e.g., by immunosuppression, plasma
exchange, biologic agent, immunotherapy, or
other means).

Experimental pathogenicity criteria
Criterion 5 The autoantibody should be capable of causing the

lesions attributed to the disease in experimental
systems (e.g., in living cells or in experimental
animal models).

Criterion 6 A suitable immunization that leads to the
production of similar autoantibodies should lead
to a similar disease process.

Criterion 7 The autoantibody should be found along with a
plausible target antigen at the site of tissue damage.

* Modified from refs. 7 and 8.
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Reply

To the Editor:
We read with great interest the letter from Dr. Senécal et al in

which they refer to our recent findings on the presence of IgG
ACAs in serum of patients with SSc. In our study, we reported
higher serum levels of IgG ACAs in patients with definite SSc
compared with patients with very early SSc. Among patients with
very early SSc, disease progressed to definite SSc in 39% of
patients, and these patients had higher levels of IgG ACAs at
baseline. Although these findings suggested a possible role for
IgG ACAs as biomarkers for disease development, they also indi-
cated that an active ACA B cell response may be implicated in
SSc development. In this context, Senécal and colleagues cor-
rectly questioned whether a general increase in polyclonal serum
IgG levels might have confounded the observed associations.

To address this question, we evaluated levels of total IgG and
IgG ACAs in serum samples from 167 patients in the Leiden
cohort who were included in our original study. The mean ± SD
levels of total IgG were comparable (P = 0.83) among patients
with very early SSc (10.3 ± 3.0 gm/liter), definite SSc without
organ involvement (10.5 ± 2.9 gm/liter), and SSc with organ

involvement (10.2 ± 3.1 gm/liter). In contrast, IgG ACA levels var-
ied significantly (P < 0.05) among the patient groups (445 arbitrary
units [AU]/ml, 651 AU/ml, and 697 AU/ml, respectively).

Next, we analyzed linearity (scatterplots and linear regres-
sion) between serum levels of total IgG and IgG ACAs in the total
patient group and in predefined groups. No associations were
observed between total serum IgG and IgG ACA levels
(Figure 1). Using multivariate linear regression, we observed that
IgG ACAs were associated with progression from very early to
definite SSc after correcting for total serum IgG levels (odds ratio
3.42, 95% confidence interval 1.3–11.69).

From these analyses, we considered it unlikely that poly-
clonal B cell activation and/or hypergammaglobulinemia con-
founded our observations. Our data and the additional analyses
presented here support a possible role of ACAs in SSc pathogen-
esis by providing evidence for criterion 2 and criterion 3 according
to Naparstek and Plotz (1,2).

Questions remain with regard to if and how the SSc-
specific autoimmune response might contribute to tissue dam-
age (3). The clear and strong associations between SSc-specific
antibodies and distinct clinical phenotypes indicate different
pathophysiologic cascades of events in patient subsets charac-
terized by autoantibody subtype (4). In a recent study that eval-
uated predictors of SSc development in 553 patients with very
early SSc, SSc-specific autoantibodies (ACAs, anti–RNA poly-
merase III, and antitopoisomerase antibodies [ATAs]) were pres-
ent before onset of definite SSc, and their presence was
reported as the strongest single predictor of SSc development
in the near future (5). Interestingly, in our study, 31.6% of
patients were ACA positive and only 7.4% were ATA positive,
which contrasts with the prevalence shown in patients with
established disease and indicates that, already from the earliest
disease phases, trajectories of tissue damage differ between
ACA-positive and ATA-positive patients (4,6). Considering the
few studies addressing the targets of ACAs and ATAs (7,8),

Figure 1. Comparison of serum levels of IgG anticentromere
antibodies (ACAs) and total IgG in patients with very early systemic
sclerosis (VEDOSS), those with definite systemic sclerosis (SSc) with-
out organ involvement, and those with definite SSc with organ
involvement. No linear relationship was found as demonstrated in
the regression model (β ± SE 9.5 ± 15.2; P = 0.54).
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we hypothesize that, in SSc, disease-specific autoreactive B cell
responses, and/or its underlying T cell response, contribute to
tissue damage in diverging directions.

Acknowledgement of these distinct pathways, both in time
and in “quality,” combined with ongoing research on how they
are involved in tissue damage, is warranted and will further eluci-
date SSc pathophysiology.
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