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KEY POINTS

•  Central sensitization has been proposed as a mechanism of persistent pain in 

impaired descending pain modulation.

•  When anti-TNF treatment is initiated, impaired descending pain modulation is 

•  
pain modulation, and changing the bDMARD might not be the best option.

SUMMARY 
The RAPID study investigated changes in 
descending pain inhibitor y controls in 
patients with active rheumatoid ar thritis 
(RA) or spondyloar thritis (SpA). Patients 
with active disease, naïve to biological 
DMARD and initiating TNF inhibitor (TNFi) 
treatment, were included. They were 
followed for six months after the initiation 
of the TNFi. At each follow-up visit , 
descending inhibitor y controls were 
assessed using conditioned pain modulation 
(CPM). The CPM effect was evaluated by 
measuring the change in heat pain threshold 
(°C) before and after an intense painful 
stimulus. This intense stimulus is used to 
activate the descending inhibitory controls. 
The CPM effect is calculated as the 
difference between the heat pain threshold 
af ter st imulat ion (T°2) and before 
stimulation (T°1). A positive CPM effect 
(T°2 > T°1) indicates activation of the 
descending pain inhibitory pathways.  A 
CPM effect close to zero or negative 
indicates a lack of inhibitory control.

improved from 0.25 ± 2.57°C (before anti-
TNF) to 2.96 ± 2.50°C after six months of 
TNFi treatment. Results suggest that in 

descending inhibitory controls of pain, which 
are impaired when the disease is active, are 
improved after TNFi treatment.
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KEY POINTS

•  
innate immune 
cells and synovial 

play key roles in 
determining pain 
outcomes in OA.

•  Neurovascular 
remodeling in synovial 
tissue likely underlies 

related pain.

•  Treatment of 
innate immune cell 
exhaustion should 
be investigated as a 
strategy to improve 
OA pain outcomes. 

SUMMARY 
Poorly controlled pain remains a major clinical challenge in the management of knee osteoarthritis (OA). Worse 

However, the role of innate immune regulatory cells in pain is unknown. Philpott et al aimed to identify subsets 
of synovial cells and their pathophysiologic mechanisms in patients with worse OA-related pain. They used 

from patients with knee OA. 

Results showed that patients with worse pain had tissue signs of blood vessel dysfunction. Worse pain was 
associated with macrophage exhaustion, characterized by impaired phagocytic function, a reduction in the number 

with worse pain demonstrated increased expression of pathways related to nerve and blood vessel remodeling 

Since the synovium is critical for maintaining joint health and homeostasis, innate immune cell exhaustion may be 
a novel treatment target for preventing the progression of pain and joint failure in OA.
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Among people with axial spondyloarthritis (axSpA), risk of 
vertebral fracture is doubled, and risk of non-vertebral frac-
ture is increased by 10%. This increased risk is thought to be 

-
mation. While TNF inhibitors (TNFi) are effective at control-
ling axSpA symptoms, their effects on fracture risk are not 
known. To address this knowledge gap, Driscoll et al assessed 
the impact of TNFi and nonbiologic conventional synthetic dis-
ease-modifying antirheumatic drugs (csDMARDs) on hip and 
spine fractures in patients with axSpA, relative to patients 

This study applied a nested case–control study design to 
data on adults with axSpA from the Merative MarketScan 
Database (2006-2021). A case–control design was chosen 
because of the relative rarity of the outcome (hip or spine 
fracture) and to allow use of all fracture cases in the data set. 

diagnosis or procedure codes. For each patient with fracture 
(cases), up to 10 controls without fracture were selected. Med-
ication exposure (TNFi, csDMARDs, NSAIDs [referent], or 
none) was assessed hierarchically for association with risk of 
hip or spine fracture using unconditional logistic regression 

Questions

1. What are the strengths and weaknesses of using claims 
data to study risk of fractures? Would such a study have 
been feasible using other types of data (e.g., electronic 
health records, registry)?

2. How did the choice of the referent group (NSAIDs) 
impact interpretation of the results?  How might results 
have changed if the referent group was no medication?

3. How might confounding by indication affect the results 
of this study? What if individuals with more severe axSpA 
were more likely to be treated with a TNFi? What if more 
frail individuals were less likely to be treated with a TNFi?

Association of Therapies for Axial Spondyloarthritis on the  
Risk of Hip and Spine Fractures

Journal Club

Driscoll et al, Arthritis Rheumatol.

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

Topical Mupirocin Targets Staphylococcus Species in CLE Lesions 
Researchers have previously shown that Staph-
ylococcus aureus, a dynamic colonizer of 30% 
of the U.S. population, promotes systemic lupus 

mation. The links between 
SLE and S. aureus have 
been suggested for more 

than a decade, with some evidence indicating 
that ongoing colonization may provide exposure 
to S. aureus
have also found that S. aureus is associated with 
type I interferon (IFN) production.

  
report that topical mupirocin treatment 
decreased lesional Staphylococcus and corre

tory gene expression, and barrier dysfunction. 

receive a week of topical treatment with either 

a single, accessible cutaneous lupus erythe
matosus (CLE) lesion. While mupirocin 
decreased the lesional Staphylococcus burden, 
the relative abundance of other bacterial 
genera colonizing CLE lesions was unaltered 

of nasal swabs demonstrated that topical skin 
application of mupirocin to CLE lesions also 

Staphylo-
coccus carriage in the nares.

After topical mupirocin treatment, the 
investigators identified 173 differentially 
expressed genes in CLE lesions. Mupirocin 
treatment, but not vehicle control, decreased 

the expression of genes involved in IFN 

lated the expression of key skin barrier path

in skin mitosis and cell division. The Type I 

mupirocin correlated with decreased mono
cytes and activated dendritic cells.

The authors conclude that a topical anti
biotic could reduce Staphylococcus coloniza

type I IFN responses. A medication targeting 
S. aureus
a primary treatment or adjunct therapy. They 
call for more research to better understand the 

by staphylococcal species.

p.  705
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In this Issue
Highlights from this issue of A&R | By Lara C. Pullen, PhD

Disturbed Spatial WNT Activation May Be a Driver in 
Systemic Sclerosis Pathology
Research has shown that in human 
adult healthy skin, the activation of 

distinct, with increased activation of 

signaling in 
the papillary 

dermis compared with that seen in 
the reticular dermis. Unfortunately, 

cult to study because rodent skin 

the human papillary skin structure. 
In this issue, Fakhouri et al (p. 740) 
report an association of the “reticularized” skin 
phenotype in systemic sclerosis (SSc) with a 

that the perturbations in the physiologic gradient 

anatomic changes of the papillary and reticular 

The investigators found that SSc skin 
showed decreases in papillae number, area, 
and height compared with healthy controls 

sion of papillary/reticular marker genes 

SSc. When looking at the level of previously 

found the increase of reticular marker genes to 

be particularly pronounced in the 
PI16+ and SFRP4+ populations. 

Mechanistically, the team 
found that, in healthy skin, the 

target AXIN2 and the number of 

staining pattern was increased in the 

ular dermis. This polarization was 

and AXIN2
throughout the dermis. Moreover, 

lation that relocated from the reticular to the 

approaches, the authors propose that rescuing 

restore physiologic skin organization in patients 

Figure 1. Visualization of papillary measurements.

p.  740

New Data Suggest a Path Toward Precision Medicine 
for Lupus Nephritis
Monocytes play a fundamental biologic role 
in lupus nephritis (LN) and immune complex 

in glomeruli affected by 

mediated process, after which the monocytes 

ling and engaging other effectors, such as 
neutrophils, thereby leading to further tissue 

strated the requirement for CD40–CD40L 

glomerulonephritis, thereby identifying CD40 
as a potential therapeutic target in humans.

Rheumatologists and nephrologists 
searching for an ideal LN regimen have turned 

apies and subgroups of patients who would 

therapy to the standard of care in patients with 
active LN and a post hoc analysis showed a 

In this issue, Uzzo et al (p. 696) used a 

gate the predictive role of histologic features 
on renal outcome in patients enrolled in the 
BI655064 phase II trial. 

The researchers found that if glomerular 
monocytes were present in LN kidney biopsy 

monoclonal antibody improved the reduction 

complete renal response than if monocytes 
were absent. They found that histology could 
be used to identify patients most likely to 
respond to BI 655064. 

p.  696
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vertebral fracture is doubled, and risk of non-vertebral frac-
ture is increased by 10%. This increased risk is thought to be 
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mation. While TNF inhibitors (TNFi) are effective at control-
ling axSpA symptoms, their effects on fracture risk are not 
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the impact of TNFi and nonbiologic conventional synthetic dis-
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spine fractures in patients with axSpA, relative to patients 
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data on adults with axSpA from the Merative MarketScan 
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because of the relative rarity of the outcome (hip or spine 
fracture) and to allow use of all fracture cases in the data set. 

diagnosis or procedure codes. For each patient with fracture 
(cases), up to 10 controls without fracture were selected. Med-
ication exposure (TNFi, csDMARDs, NSAIDs [referent], or 
none) was assessed hierarchically for association with risk of 
hip or spine fracture using unconditional logistic regression 

Questions

1. What are the strengths and weaknesses of using claims 
data to study risk of fractures? Would such a study have 
been feasible using other types of data (e.g., electronic 
health records, registry)?

2. How did the choice of the referent group (NSAIDs) 
impact interpretation of the results?  How might results 
have changed if the referent group was no medication?

3. How might confounding by indication affect the results 
of this study? What if individuals with more severe axSpA 
were more likely to be treated with a TNFi? What if more 
frail individuals were less likely to be treated with a TNFi?
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that ongoing colonization may provide exposure 
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have also found that S. aureus is associated with 
type I interferon (IFN) production.
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E D I T O R I A L

Revisiting the Synovium as a Structural Correlate of
Pain in Osteoarthritis

Rachel E. Miller1 and Richard F. Loeser2

Osteoarthritis (OA) pain is a major contributor to the burden

of chronic pain worldwide due to the prevalence of OA as well as

the limited effective treatment options. Over the last two decades,

much has been revealed about the structural correlates of OA

pain through imaging studies such as magnetic resonance imag-

ing (MRI) and musculoskeletal ultrasound. Evidence of inflamma-

tion such as synovitis/effusion have consistently been associated

with disease progression, pain severity, fluctuations of pain,

development of pain sensitization, and worsening of pain sensiti-

zation.1 As such, synovitis remains of interest as an interventional

target; however, there is a need to improve our mechanistic

understanding of how joint inflammation produces OA pain in

order to identify specific molecular targets.2 Although we appreci-

ate that cells such as macrophages and fibroblasts within the

synovium of patients with OA contribute to disease pathology,

the recent rapid development and application of transcriptomic

technologies has given us a much more detailed understanding

of the different states these cells can assume and of the molecular

profiles associated with each of these cell states. Philpott et al3

provided a new set of spatial transcriptomics, spatial proteo-

mics, and single-cell RNA sequencing data collected from OA

synovial samples at the time of joint replacement surgery from

patients with severe pain compared to patients with mild to

moderate pain.
Philpott et al3 show through spatial transcriptomics that a

higher proportion of macrophages is present in the subintima in

patients with worse pain. This is consistent with previous work

using single-photon–emission computed tomography imaging

combined with high-resolution computed tomography (SPECT/

CT), which demonstrated that the quantity of activated (folate

receptor-β–expressing) macrophages in the knee was associated

with OA pain.4 In addition, another study used RNA sequencing

to uncover two different populations of patients with OA, one with

more inflammatory-like macrophages that were characterized by

a cell proliferation signature, and another with more classical OA

macrophages that displayed a signature suggesting aberrant tis-

sue repair. However, correlations with pain were not performed.5

One of the markers of these classical OA macrophages, HTRA1,

was also up-regulated in the spatial transcriptomics data of

patients with more pain in the study by Philpott et al.3

Additionally, Philpott et al3 provided evidence in patients with

more severe pain for a reduction in immune cell diversity,

an increase in synovial proteins associated with “immune

exhaustion,” and a reduction in cell surface markers of myeloid

and T lymphocytes, immune signaling, and cell growth and sur-

vival suggesting a dysfunction in innate immunity. Consistent with

this dysfunctional state, macrophages taken from these patients

had a decreased capacity to phagocytose particles in vitro. Syno-

vial samples from patients with more pain also had increased peri-

vascular edema as determined by histopathology. The presence

of severe perivascular edema appears to be a relatively rare event,

previously reported to be present in only 10.7% of this cohort6,

and therefore, further investigation into the association of this his-

tologic feature with pain in other cohorts and in preclinical models

seems warranted. Overall, the findings by Philpott et al3 support

the idea that the macrophages in these patients with high pain in

this cohort have impaired function that contributes to increased

synovial damage.
The spatial profiling work by Philpott et al3 also demon-

strated that genes involved in mitochondrial stress response and

regulation of processes such as angiogenesis and neurite out-

growth were increased in patients with more pain. Single-cell

RNA sequencing supported the concept that both myeloid cells

and fibroblasts are producing factors that could contribute to

angiogenesis and nerve growth. Two other recent studies also

reported synovial fibroblast RNA sequencing profiles that sug-

gested production of factors supporting sensory neuron out-

growth.7,8 In the first study, RNA sequencing was performed on
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OA synovium taken from painful versus nonpainful sites within the
same patient at the time of elective knee arthroscopy or arthro-
plasty, and functional pathway analysis revealed that synovial tis-
sue taken from painful sites promoted fibrosis, inflammation, and
the growth and activity of neurons.8 Single-cell RNA sequencing
demonstrated that there was a fibroblast subset present in sam-
ples taken from painful synovial sites in patients with early OA
with a gene signature supporting the formation and develop-
ment of neurites. Application of conditioned medium from these
painful fibroblasts indeed stimulated neurite outgrowth more
than nonpainful fibroblast–conditioned medium.8 In the second
study, a machine learning approach was used to identify
815 genes associated with pain in synovial samples taken from
patients with rheumatoid arthritis with low levels of inflammation
present at the time of joint arthroplasty.7 They found that these
genes were associated with neuronal development, and one
factor in particular, netrin-4, was tested and found to support
sensory neuron sprouting.7 Philpott et al3 also reported
increased netrin-4 expression in the subintima of patients with
more pain.

The ability of patients to distinguish pain at sites with dif-
fering amounts of synovitis8 implies that these sites have
altered neuronal input at the level of the joint—that is, either
an increase in the numbers of nerves innervating and/or sensi-
tization of these nerves as a result of increased exposure to
inflammatory stimuli. In preclinical models of OA, localized
sprouting of nerves in the medial synovium has been observed
to be an early event in three different mouse models with OA.9

Although these observations used traditional coronal section-
ing of mouse joints, tissue clearing and lightsheet imaging
should soon allow us to also understand the distribution of
nerves throughout the synovium in these preclinical models.10

In addition, although MRI has given us the ability to understand
spatially where sites of synovitis occur in three dimensions,
innervation patterns in the healthy human joint as well as in
painful and nonpainful sites of the synovium in humans with
OA still need to be elucidated. The currently limited available
reports do not provide a clear assessment of whether nerve
fiber density in the human synovium changes with synovitis
levels or with symptom severity.

The response of sensory nerves to secreted factors in the
local synovial environment is also a potentially targetable contribu-
tion to OA pain—in their work, Philpott et al3 showed that condi-
tioned medium from synovial cells taken from patients with more
pain caused higher levels of neuronal stress, as measured
through cleaved caspase-3 expression, compared to medium
from patients with less pain. Additionally, many factors identified
in the analyses as up-regulated in the myeloid cells or fibroblasts
of patients with higher pain levels have previously been shown to
have the ability to signal to both nonneuronal cells as well as
to sensory neurons. For example, OA synovial cells have previ-
ously been shown to be a source of nerve growth factor

(NGF),11 a neurotrophic factor with a strong association with
OA pain,12 and the NGF signaling pathway was identified here
as up-regulated in myeloid cells of patients with more pain.3 In
addition, the chemokine CCL2 was found to be up-regulated in
the myeloid cells of patients with more pain,3 and preclinical stud-
ies across several laboratories have demonstrated a role for this
pathway in OA pain.13–15 The large amounts of data being gener-
ated by this3 and other OA cohorts will be a valuable resource for
researchers to interrogate as they search for new targets linked
to pain that are locally produced in the joint.

In conclusion, Philpott et al3 demonstrated that in late-stage
knee OA, examination of the molecular and cellular makeup of
the synovium could distinguish patients with severe pain from
those with mild to moderate pain suggesting the time is right for
reconsidering synovial targets for OA pain.
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E X P E R T P E R S P E C T I V E S ON C L I N I C A L C H A L L E N G E S

Management of Relapses in Giant Cell Arteritis

Marco A. Alba,1 Sebastian Unizony,2 Kenneth J. Warrington,3 Giuseppe Murgia,4 Sergio Prieto-Gonz�alez,4

Carlo Salvarani,5 Eric L. Matteson,3 and Tanaz A. Kermani6

Giant cell arteritis (GCA) is a relapsing large vessel vasculitis with risk of serious ischemic manifestations, including
vision loss and vascular damage in the form of large artery stenosis, aneurysms, and dissections. Approximately
50% of patients treated with glucocorticoid (GC) monotherapy and 30% of patients receiving adjunctive therapy with
tocilizumab experience disease relapses, often during the first 2 years after diagnosis. Although most relapses in
GCA do not involve life- or organ-threatening presentations and can be controlled successfully, frequent relapses
may lead to increased prescription of GC and consequent treatment-related morbidity, in addition to risk of further
vascular damage. Emerging data suggest that persistent disease activity may lead to increased vascular morbidity.
Additionally, although tocilizumab decreases the frequency of relapses, more than 50% of patients relapse after
discontinuation of therapy. Therefore, although interleukin-6 blockade suppresses disease activity, it does not restore
tolerance. In this article, we discuss the practical diagnosis and management of GCA relapses from an expert perspec-
tive. Current treatment options for GCA relapses, including those recommended by international guidelines, and novel
potential therapies are reviewed.

Introduction

An 83-year-old woman presented with a 3-week history of

new temporal headache, scalp tenderness, jaw claudication,

fever, malaise, unintentional weight loss of 3.62 kg, cervical pain,

and bilateral shoulder stiffness. She denied any visual symptoms.

On examination, she had a painful, pulseless enlarged right tem-

poral artery (TA). Vascular examination was normal without bruits

or pulse loss. Laboratory tests were notable for a hemoglobin of

10 mg/dL, platelet count of 650,000 per mm, C-reactive protein

(CRP) of 8.8 mg/dL, and erythrocyte sedimentation rate (ESR) of

110 mm/hr. Biopsy specimen of the right TA confirmed giant cell

arteritis (GCA). High-dose glucocorticoid (GC) treatment was initi-

ated with prednisone 60 mg/day with complete resolution of her

symptoms. [18F]-fluorodeoxyglucose (FDG) positron emission

computed tomography (PET/CT), performed 2 days after initiation

of high-dose GCs, showed no abnormal uptake (Figure 1).
One year later, while receiving prednisone 5 mg daily, she

reported a 2-week history of polymyalgia rheumatica (PMR)

symptoms, along with recurrence of daily headache and fever.
Laboratory results were notable for new elevated ESR and CRP
levels. PET/CT results were obtained and demonstrated avid
FDG uptake in the ascending and descending aorta (Figure 1),
consistent with a relapse of GCA.

Background. GCA is a granulomatous large vessel
(LV) vasculitis that predominantly affects the aorta and its major
branches.1 This is the most common vasculitis in patients aged
≥50 years in North America and Europe, with an estimated pooled
annual incidence and prevalence of 10 cases per 100,000 and
52 cases per 100,000 persons aged ≥50 years, respectively.2

The signs and symptoms of GCA depend on the pattern of
arterial inflammation (cranial vs extracranial) and the intensity
of the systemic inflammatory response and may include constitu-
tional symptoms, cranial symptoms (headache, jaw claudication,
and scalp tenderness), and visual changes (eg, amaurosis fugax,
diplopia, and permanent visual loss; Table 1).3–7 Vertebrobasilar
stroke (1.5%–7.5% of patients) and tongue or scalp necrosis
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(<1%) are rare ischemic complications.4,8,9 Approximately 40% to
60% of patients present with concurrent symptoms of PMR, a

related inflammatory disease characterized by aching and morn-

ing stiffness of shoulder and pelvic girdle.3–7

At diagnosis, involvement of the aorta and its major proxi-
mal branches (especially the subclavian and axillary arteries) is
detected in 20% to 67% of patients by computed tomography
angiography, 60% by magnetic angiography, and 83% by
PET/CT.4,6,10–12 Although LV involvement is frequently identified
by imaging techniques, signs and symptoms related to them, for
example, arm claudication (1%–16%), leg claudication (4%–

6%), arterial bruits (4%–21%), pulse abnormalities (3%–25%),

and asymmetric blood pressure readings (3%–20%), are
uncommon.4,6,10–13

The spectrum of GCA encompasses phenotypes catego-
rized according to the predominance of cranial or LV involvement
(extracranial disease), with over 80% of patients having some cra-
nial manifestation.6,13 Isolated LV involvement (no cranial features)
was estimated at 12% in a large-international cohort.13 Overlap-
ping manifestations may exist in a significant proportion of
patients.6,13 Patients with a predominance of cranial manifesta-
tions are usually older and have a higher prevalence of cranial
ischemia (eg, headache, jaw claudication, and scalp tenderness),
in addition to increased ocular involvement (eg, amaurosis fugax)

Figure 1. Large vessel vasculitis relapse in a patient with GCA. Images show an 83-year-old woman with biopsy-proven GCA, whose disease
onset was characterized by a three-week history of headache, scalp tenderness, jaw claudication, and constitutional symptoms. (A) Initial FDG
PET/CT performed two days after the start of high-dose glucocorticoids (60 mg/day prednisone) showed no abnormal vascular or musculoskel-
etal uptake. (B) One year after diagnosis, the patient relapsed with daily headache, polymyalgia rheumatica symptoms, fever, and elevated
acute-phase reactants. PET/CT demonstrates avid uptake of FDG in the ascending and descending aorta (arrows) as well as in the carotid arter-
ies. Axial, sagittal, and coronal views are presented. FDG, [18F]-fluorodeoxyglucose; GCA, giant cell arteritis; PET/CT, positron emission computed
tomography.
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and TA abnormalities.6,13 Patients with GCA and LV involvement
(LV GCA) tend to be younger at disease onset, have a high bur-
den of upper extremity vascular abnormalities, may exhibit tho-
racic pain due to aortitis or aortic dissection, and usually show
constitutional symptoms and PMR.6,13 Cranial symptoms are less
common in LV GCA.

Given the risk of irreversible vision loss from arteritic ischemic
optic neuropathy, prompt initiation of GC is important once the
diagnosis is suspected, even while awaiting confirmatory testing.
The majority of patients with GCA experience a substantial symp-
tomatic improvement after initiation of high-dose GC. Although
GC induce rapid disease remission and improvement in symp-
toms, GC monotherapy is associated with relapses in approxi-
mately 45% of patients, requiring an increase in GC doses with
risk of GC-related adverse effects (AE).14–23 Other potential com-
plications associated with repeated relapses and persistent dis-
ease activity may include GCA-related vascular damage.
Additionally, studies have found that extracranial LV involvement
is associated with increased risk of relapses, cardiovascular dis-
ease, and death.6,11,12,16,24–27 A recent PET/CT study found that
in addition to the intensity and extent of initial aortic inflammation,
ongoing LV inflammation contributes to thoracic aortic aneurysm
formation.28 Tocilizumab (TCZ), an interleukin-6 (IL-6) antagonist,
is an efficacious GC-sparing therapy.29 However, treatment with
TCZ usually results in prompt normalization of acute-phase reac-
tants used to assess disease activity, even if inflammatory disease
activity has not been fully suppressed. Additionally, relapses are

frequent after discontinuation of therapy with TCZ.30–34 Given
the clinical importance and high frequency of relapses in GCA, in
this paper, we provide clinicians with a practical and comprehen-
sive approach to the diagnosis and management of GCA
relapses.

Approach to diagnosis and management. Diagnosis
and classification of relapses. The spectrum of the clinical features
observed as part of GCA relapses are similar to those observed in
patients during disease presentation (Table 1).17 However, mani-
festations may be less severe or blunted by GC therapy and are
accompanied by less prominent laboratory abnormalities than at
initial diagnosis. Patients may relapse with the same clinical fea-
tures originally presented at vasculitis onset, although new mani-
festations, as in the described case with LV involvement, can
also develop.17 Importantly, severe ischemic manifestations (eg,
vision loss) or symptomatic aortic structural complications (eg,
aortic dissection) are rare during GCA relapses, occurring in
approximately 2.5% of patients and accounting for 3% to 7.8%
of all relapses.15,35

The diagnosis of a relapse relies on the reappearance of
GCA-related manifestations following a period of clinical remis-
sion. It also requires consideration and exclusion of alternate
causes for the patient’s symptoms and clinical findings. Head-
ache (13%–62%) and PMR (13%–65%) are the most common
symptoms in patients with relapsing GCA on treatment with GC
or TCZ therapy (Table 1).17,36–41 Constitutional symptoms may

Table 1. Frequency of clinical and laboratory characteristics of patients with giant cell arteritis at presentation and during relapse*

Diagnosis Relapse

Constitutional symptoms (%) 51−68 8.2−50
Fever 9−42 8.2
Weight loss 26−50
Malaise 40−50 20

Polymyalgia rheumatica (%) 21−60 13−65
Cranial manifestations (%) 19−68
Headache 32−85 13−62
Scalp tenderness 13−44 7.8−32
Jaw claudication 22−51 13−44

Abnormal temporal artery (decreased/absent pulse,
tenderness, or nodular, cord-like)

15−80

Visual abnormalities (%)
Amaurosis fugax 5−18
Permanent visual loss 4−14 1-3.3 (GC monotherapy)

0-1 (TCZ)
Large-vessel involvement detected by imaging techniques (%) 20-83 34−75
Symptomatic large vessel involvement (%) 25-37 0−12.5 (severe aortic involvement: 4.5-7.7)
Limb claudicationa 1−16
Large artery bruitsb 4−21
Pulse abnormalities 3−25

Laboratory findings (%)
Patients with elevated ESR 68-100 Variable according to definition and/or use of TCZ
Patients with elevated CRP 91−100 Variable according to definition and/or use of TCZ
Patients with anemia 13−55 22

* CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; GC, glucocorticoids; Hb, hemoglobin; LV, large vessel; SD, standard deviation;
TCZ, tocilizumab.
a Approximately 50% in patients with GCA with predominant LV vasculitis.
b Approximately 30% in patients with GCA and LV vasculitis.
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be observed in approximately 30% to 50% of patients. Severe
neuro-ophthalmic ischemic manifestations are uncommon during
disease relapses.15,17,36–41 Although recurrent visual symptoms
have been reported in 0% to 10% of patients,42–44 the
incidence of new irreversible sight loss is 1% to 3.3% in patients
treated with GC monotherapy and <1% in those receiving
TCZ.35–37,39–41,44–46 Similarly, symptomatic LV involvement is a
rare feature after treatment initiation, with frequencies between
0% to 12.5%.15,17,36–41

In patients treated with GC monotherapy, the recurrence of
clinical manifestations is usually accompanied by abnormal labo-
ratory results, particularly elevated levels of ESR and CRP.36–41

An increase in acute-phase reactants may precede clinical mani-
festations. However, ESR and CRP are nonspecific, and its
increase in the absence of symptoms should also prompt evalua-
tion for other causes, like infections. Escalation of treatment is not
advised in a patient who is otherwise doing well clinically based
solely on increases in ESR and CRP, although more close moni-
toring may be warranted.47 In cases of uncertainty, LV imaging
to evaluate for LV disease may be helpful.48 ESR and CRP levels
may vary according to relapse characteristics. For example,
higher elevations are observed in patients with cranial manifesta-
tions in comparison with isolated PMR.39,40 ESR and CRP are of
limited value for monitoring disease activity in patients receiving
TCZ, which blunts the IL-6–mediated acute-phase response. In
addition to clinical and laboratory evaluation, vascular imaging
techniques, such as PET/CT or magnetic resonance
imaging angiography, may also be useful in evaluating for relapses
during TCZ treatment and in patients with LV disease.48 Although
symptomatic LV involvement is uncommon during relapses, LV
imaging abnormalities may be uncovered in 34% to 75% of
patients who are relapsing with LV GCA.14,41,49 Given the
absence of typical cranial symptoms, the subset of patients with
extracranial GCA may require monitoring with imaging as part of
disease activity assessment. However, at present, the signifi-
cance of findings like vessel wall edema, vessel wall thickening,
or FDG uptake on PET, which may persist in patients with LV vas-
culitis, are unclear.50,51 As a result, treatment may not need to be
escalated in a patient in clinical remission without findings of ana-
tomic progression (new lesions, for example).

For treatment purposes, it is helpful to classify relapses as
major or minor, depending on the severity of organ involvement.52

Major relapses include severe ischemic complications (eg, per-
manent loss of vision, amaurosis fugax, jaw claudication, stroke,
and limb claudication) or active LV inflammation leading to arterial
aneurysms, stenosis, or dissections (Figure 2).52 Relapses not ful-
filling these criteria are categorized as minor (eg, headache, iso-
lated PMR, or systemic symptoms).52

Can we predict patients at risk for relapses? Relapses may
occur at any time during the course of GCA, although they tend
to develop mostly during the first 2 years after diagnosis and are
rare after the fifth year.17 Unfortunately, there is no clinical,

laboratory, or imaging biomarker that can accurately predict a
relapsing course in GCA.36–40

In patients with GCA treated with GCmonotherapy, variables
at disease onset that were more frequent in patients with relapses
compared with those that achieved sustained remission include
female sex,12,16,38,53 LV involvement,6,12,16,24 and an intense sys-
temic inflammatory response (encompassed by fever, anemia,
thrombocytosis, and highly elevated ESR and CRP).37–41,54

Increased arterial FDG uptake detected by PET,24 GC monother-
apy, and a rapid decrease in GC dose and/or a short duration of
GC therapy (especially before 12 months) has also been identified
as factors associated with GCA relapses.14,16,17,41 In patients
receiving TCZ, an initial prednisone dose <30 mg/day, cranial
manifestations, and worse patient-reported outcomes (quantified
by the Functional Assessment of Chronic Illness Therapy [FACIT]–
Fatigue and Short Form 36 [SF-36] Physical Component Sum-
mary scores) were factors associated to refractory and relapsing
disease.30,32,53

Given the absence of useful predictors in clinical practice, a
relevant aspect of the management of patients with GCA is to fre-
quently reassess disease activity by monitoring clinical, labora-
tory, and, if indicated, imaging parameters. Although both the
American College of Rheumatology/Vasculitis Foundation
(ACR/VF) guidelines and EULAR recommend long-term follow-
up of patients, the optimal frequency or duration have not been
established.47,52 ACR/VF guidelines recommend considering fac-
tors such as the duration of remission, areas affected by vasculi-
tis, risk of progression, treatment status, and the reliability of the
patient to report new symptoms.47 EULAR recommendations
suggest routine follow-up every 1 to 3 months for the first year
and every 3 to 6 months thereafter.52 Patients should be coun-
seled to contact the physician for prompt evaluation in case of
new symptoms. Assessments should include history, physical
examination, and laboratory evaluations.47 In the case of patients
with extracranial involvement, imaging at regular intervals (6–12
months unless in long-term remission) may be considered, even
in patients in apparent clinical remission, to assess for the devel-
opment of new lesions or progression of pre-existing structural
damage. However, no consensus agreement exists on this
regard, and the decision should be individualized based on
patient factors such as areas affected, treatment, disease activity,
and risk of complications.48 Because aortic aneurysms are a late
complication of GCA, all patients should be monitored even after
discontinuation of therapy.52,55 There is currently no consensus
on the imaging modalities or frequency of screening for aneu-
rysms in GCA. Given the increased risk of ascending thoracic
aneurysms, echocardiography might be a useful screening tool.

What factors may influence the treatment of relapses in
patients with GCA? A number of clinical factors may influence
the treatment of relapses, such as the manifestations of the
relapse, the dose of prednisone at relapse, patient comorbidities,
rate of GC taper, non-GC treatment at the time of relapse, and
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type and management of previous relapses. The most important
factor is the severity of the relapse and organs affected because
that influences management. A major relapse that results in
severe ischemic manifestations such as stroke, neuro-ophthalmic
complications, or inflammation leading to structural damage war-
rants treatment with high doses of GC for reinduction, whereas a
minor relapse or relapse of PMR may be managed by increasing
the GC to the previous effective dose.52

A rapid GC taper in the absence of adjunctive therapy may
also result in relapses.29,56 In the clinical trial of TCZ in GCA
(GiACTA), there were two placebo arms: one with a rapid
26-week GC taper (50 patients, 46% newly diagnosed) and
another with a 52-week GC taper (51 patients; 45% newly diag-
nosed).29 The proportion of patients with relapses was 68% in

the 26-week GC placebo group and 49% in the 52-week GC pla-
cebo group.29 Additionally, the cumulative GC dose at the end of
the study were similar in both placebo arms (3.3 g in the 26-week
arm and 3.8 g in the 52-week arm), likely reflecting relapses that
required an increase in GC therapy in the 26-week placebo
arm.29 Thus, if a patient is on GC monotherapy, it may be prudent
to consider a more gradual taper.52 If a relapse occurs after discon-
tinuation of TCZ, restarting the medication is beneficial, although in
some patients, GC may be temporarily required.32,52,57

Suggested algorithm for management of relapses in GCA.
The management of relapses begins with the confirmation of an
increase in disease activity followed by the assessment of the
severity of the relapse (Figure 2). In the case of a major relapse
(ie, with ischemic manifestations), high-dose GC is warranted

Figure 2. Suggested management algorithm for patients with giant cell arteritis relapses.1 The use of ESR and CRP is unsuitable in patients
receiving TCZ because this drug is able to suppress their synthesis.2 Recommendations by the 2021 ACR/Vasculitis Foundation Guideline for
the Management of Giant Cell Arteritis and Takayasu Arteritis42 and 2018 update of the EULAR recommendations for the management of large
vessel vasculitis.52 TCZ is particularly recommended for relapses of cranial symptoms or relapses occurring in patients under moderate-to-high
doses of GC.4 For example, if a patient relapses while on TCZ administered SQ, switch administration to intravenous injections. Change of dose
and frequency may also be attempted (eg, from every other week increase to weekly injections).5 Based on the results of the Study to Evaluate
the Safety and Efficacy of Upadacitinib in Participants With Giant Cell Arteritis, a phase 3, multicenter, randomized, double-blind, placebo-con-
trolled study (published in abstract form). This treatment is not currently approved by regulatory agencies for GCA and should be considered inves-
tigational.6 Dose and duration of oral GC therapy can be variable depending on a patient’s manifestations and comorbidities, toxicity related to GC
use, number of flares, and the patient’s preferences.7 Entry into an investigational trial may also be an option for patients with refractory disease.
Alternatively, consider other therapeutic options under active investigation (eg, secukinumab) with published data showing potential efficacy.
ACR, American College of Rheumatology; CRP, C-reactive protein; CT, computed tomography; ESR, erythrocyte sedimentation rate; FDG,
[18F]-fluorodeoxyglucose; GC, glucocorticoid; GCA, giant cell arteritis; IV, intravenous; LV, large vessel; MR, magnetic resonance; MTX, metho-
trexate; PET, positron emission tomography; PMR, polymyalgia rheumatica; SC, subcutaneous; TCZ, tocilizumab. Color figure can be viewed in
the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43098/abstract.
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given their rapid onset of action, and addition of adjunctive ther-
apy should be considered.47,52 The choice of GC-sparing therapy
may be influenced by the patient’s comorbidities, cost, or avail-
ability of the treatment, but the strongest evidence is for TCZ.29

In some cases, the addition of methotrexate (MTX) may be con-
sidered.47,52 In patients who are already on adjunctive therapy,
optimizing the dose if possible is recommended.47,52 In GiACTA,
the weekly dose of TCZ was more efficacious than an every-
other-week dose in patients with relapsing disease.29 Although
we have limited data, adding a conventional immunosuppressive
therapy like MTX to TCZ may also be considered in select
cases.58 Based on the results of a large phase 3 randomized con-
trolled trial (currently only available in abstract form), switching
from TCZ to upadacitinib (UPA) 15 mg daily (selective JAK1 inhib-
itor) may also be considered, if appropriate.59 If the patient is
already on adjunctive treatment with MTX, optimizing the dose
or switching to TCZ (unless there are contraindications) may be
helpful.52 For minor relapses, increasing GC to the last effective
dose is reasonable. In patients with frequent relapses or those at
risk for GC toxicity, even in cases of minor relapses, adjunctive
therapy should be considered and discussed with the patient. In
patients with relapsing disease despite the above strategies or
with contraindications to the treatments above, investigational
therapies may need to be considered.

Once remission has been achieved, GC should be gradually
tapered because long-term prescription is associated with signif-
icant toxicity. Despite their widespread prescription, the optimal
pace of tapering, dose, and duration of GC therapy during the
maintenance phase remain unknown and need to be individual-
ized for each patient based on the clinical course, comorbidities,
GC-related AE, and patient’s values and preferences.47,52 A small
proof-of-concept study of 30 patients with GCA (50%with relaps-
ing disease) treated with an 8-week GC taper (starting dose 20–
60 mg) and TCZ 162 mg weekly showed sustained remission60

in 77% at week 52. Even though no vision loss was observed in
this study, the number of patients studied was small, and addi-
tional studies comparing different GC regimens are needed
before short tapers can be recommended.60

As for duration of adjunctive therapy, multiple studies have
found relapses in nearly half the patients after discontinuation of
treatment with TCZ.30,31,33,34,57 The data suggest that although
it is efficacious as a GC-sparing therapy, a subset of patients will
have relapsing disease and may require long-term therapy with
TCZ. In general, we favor gradually lowering the dose of TCZ,
which can be accomplished by increasing the frequency of treat-
ment rather than abrupt discontinuation of therapy. Patients with
historically relapsing disease, significant vascular damage, or LV
disease may benefit from longer duration of treatment, although
additional data are needed.

Our patient was diagnosed with a major relapse. Prednisone
was increased to 40 mg/day, and subcutaneous (SQ) TCZ
162 mg weekly was initiated. She improved rapidly following GC

administration. Headache and PMR symptoms resolved promptly,
fever subsided quickly, and ESR and CRP normalized 1 week after
the initiation of treatment. She remained in long-term remission on
TCZ with discontinuation of prednisone after 6 months.

Evidence. GCs for relapsing disease. GCs are considered
the initial measure to regain disease control during GCA relapses
due to their potent anti-inflammatory and immunosuppressive
effect. Although high-quality data regarding the optimal GC dose
for a disease relapse are scarce (Table 2), recent guidelines
endorsed by the ACR/VF, the EULAR, and the Pan American
League of Associations for Rheumatology (PANLAR) recommend
the reinstitution or escalation of high-dose GC in the case of major
relapses.47,52,61 In the rare case in which a patient relapses with
vision loss or ischemic stroke attributable to GCA, intravenous
methylprednisolone should be considered.47,52,61 For patients
experiencing minor relapses, an increase in daily prednisone to
either the last effective dose or 5 to 15 mg/day above this dose
is recommended.47,52 Data supporting the above are from
population-based studies.37,39,54,62,63

Although the optimal GC taper has not been studied pro-
spectively, current EULAR recommendations suggest tapering
GC to 15 to 20 mg/day within 2 to 3 months with a goal of
≤5 mg by the end of 1 year.52 The ACR/VF and the PANLAR rec-
ommendations emphasized minimizing the prescription of GC as
much as possible but without establishing a therapy regimen.47,61

In patients on treatment with TCZ, the 26-week GC taper outlined
in the GiACTA study may be considered.29,60

Adjunctive therapy for relapsing disease. GC therapy,
although effective at alleviating symptoms and inflammation, is
also associated with significant AE.19,20 Although adjunctive ther-
apy is beneficial in cases of relapses, it is unclear whether all newly
diagnosed patients need adjunctive therapy.

TCZ. Two prospective randomized clinical trials (RCTs) dem-
onstrated efficacy of TCZ in patients with new and relapsing GCA
(Table 3).29,64 This includes a phase 2 clinical trial evaluating intra-
venous 8 mg/kg TCZ every 4 weeks along with a standardized
GC taper and a large, multicenter, phase 3 trial evaluating SQ
TCZ with standardized GC taper.29,64 In GiACTA, patients were
randomized to placebo with a 26-week prednisone taper, pla-
cebo with a 52-week prednisone taper, 162 mg SQ TCZ every
other week with a 26-week prednisone taper, or 162 mg SQ
TCZ weekly with a 26-week prednisone taper.29 The primary
end point of sustained GC-free remission at week 52 was met in
56% of patients in the TCZ-weekly arm, 53% in the TCZ-every-
other-week arm, 14% in placebo-26-week prednisone taper and
18% in placebo-52-week prednisone taper.29 Relapses were
observed in 23% in the weekly TCZ arm and 26% in the TCZ-
every-other-week compared with 68% in the placebo group and
26-week prednisone arm and 49% in the placebo group
and 52-week prednisone arm.29 Patients treated with TCZ also
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showed clinically meaningful improvement in health-related qual-
ity of life measures, including SF-36 and FACIT-Fatigue.29

A subsequent analysis of GiACTA, which included long-term
follow-up at 3 years, showed treatment with TCZ was beneficial in
newly diagnosed patients as well as those with relapsing disease,
including a longer median time to first relapse in both groups and
lower risk of relapse in patients with new and relapsing disease
treated with the weekly TCZ.65 Several studies have also evalu-
ated the effects of TCZ on PET activity with improvement while
on TCZ.66–69

At present, it remains unclear whether all newly diagnosed
patients need to be started on TCZ because a subset of patients
are able to taper without relapses while on GC monotherapy.
There are differing perspectives in the guidelines from ACR/VF
who recommend TCZ in all patients with GCA, including those
with newly diagnosed disease, and EULAR who recommend
TCZ in patients with relapsing or refractory disease.47,52 Patients
with newly diagnosed disease at risk for GC-related AE and those
with LV disease may also benefit from early initiation of TCZ.70,71

In the case of relapsing disease, both ACR/VF and EULAR

recommend adjunctive immunosuppression with TCZ with con-
sideration for MTX in select circumstances.47,52

The optimal duration of treatment with TCZ also remains to
be determined, with frequent relapses approaching 50% at
2 years after discontinuation of therapy, even after treatment for
over 1 year.30,31,33,34,57 In the phase 2 study evaluating TCZ,
relapses were observed in 8 of 17 patients (47%) in clinical remis-
sion at week 52 after discontinuation of treatment (mean duration
6 months from stopping treatment to relapse).30 In the GiACTA
trial, at the end of 52 weeks, patients entered a 104-week open-
label arm in which they could continue or discontinue treatment
with GC, TCZ, or MTX at the discretion of the investigator.33

Although data are limited given the design, only 42% of patients
in the TCZ group remained in clinical remission off GC and
TCZ33 at week 52. Another small study evaluated a gradual
decrease in the frequency of TCZ from every week for 1 year to
every other week for 1 year before discontinuation of therapy
and found a relapse rate of 26% at 6 months, but long-term
follow-up is not available.34 While in GiACTA, the weekly dosing
was more effective than the every-other-week dosing at

Table 2. Studies evaluating glucocorticoid therapy in giant cell arteritis*

Treatment Reference Study design
Patient

population Intervention Outcomes

Induction Hunder et al95 RCT New disease Alternate-day dosing vs
daily GC administration

Remission at 4 weeks achieved in
80% treated with daily GC vs
30% on those receiving
alternate-day dosing

Kyle and
Hazleman96

Prospective New disease Prednisone 40 mg (high
dose) vs 20 mg (low
dose) for 4 weeks

Relapse 20% in the high-dose GC
group vs 40% in the low-dose
GC group

Comparison of
IV GC vs
oral GC

Chevalet et al97 RCT New GCA
without cranial
ischemia

Single IV pulse
methylprednisolone
(240 mg) vs placebo,
followed by oral
prednisone (0.7 mg/kg/
day)

No GC-sparing effect or steroid-
related side effects with IV GC

Mazlumzadeh
et al98

RCT New GCA
without cranial
ischemia

IV methylprednisolone
(15/mg/kg) vs placebo,
followed by prednisone
40 mg/day

Apparent GC-sparing effect. 71%
of patients were in remission
at week 36 in the IV
methylprednisolone vs 15% in
the oral group

Trives-Folguera
et al99

Retrospective Not reported IV methylprednisolone
pulses vs oral GC

Relapse rate did not differ
according to initial therapy
(20% in IV GC group vs 19% in
oral GC group)

Hayreh et al100 Retrospective New GCA with
visual
involvement

IV GC vs oral GC Visual improvement in only 7%
of patients treated with IV GC
vs 5% in oral GC

Chan et al101 Retrospective New GCA with
visual loss

IV GC vs oral GC Improved visual acuity in 40% of
patients with IV GC vs 13%
with oral GC

Maintenance Stone et al29 RCT (phase 3) New or relapsing
disease

26-week GC taper vs
52-week GC taper

Relapse 68% in the placebo
group with the 26-week taper
vs 49% in the 52-week taper

* The CORTODOSE study, a phase 3, prospective multicenter randomized clinical trial is currently comparing two GC-tapering schedules (28 vs
52 weeks, NCT04012905). GC, glucocorticoid; GCA, giant cell arteritis; IV, intravenous; RCT, randomized clinical trial.
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preventing relapses in the subset of patients with relapsing dis-
ease; in retrospective studies, both doses appear
efficacious.29,31,32,34,58

In a multicenter observational study of 417 patients with GCA
in prolonged remission, TCZ was decreased in 231 patients by
spacing out SQ TCZ to 162 mg every other week (65% cases)
or lowering the dose from 8 mg/kg every 4 weeks to 4 mg/kg
every 4 weeks58 (44%). After a median follow-up of 2 years, there
were no differences in the relapse rates of patients on reduced-
dose TCZ versus full-dose TCZ58 (5.6% versus 10.4%, P =
0.18). A higher frequency of patients in the full dose group had
severe infections58 (19.9% versus 6.6% for reduced dose, P =
0.01). However, 23% to 26% of patients in this cohort were also
on adjunctive immunosuppression with MTX making the effects
of TCZ withdrawal difficult to assess.58 The authors propose a
gradual withdrawal of TCZ after 1 year of treatment and at least
6 months of remission rather than abrupt discontinuation of ther-
apy.58 In another study evaluating relapse risk after discontinua-
tion of TCZ in 114 patients, neither the dose of TCZ prescribed
nor duration of treatment with TCZ affected relapse risk, with
>50% relapses at 12 months after discontinuation of treatment.32

At present, we have no data to support that duration of treat-
ment with TCZ impacts relapse rate after discontinuation or that
gradually spacing out TCZ to discontinuation would be more effi-
cacious. Several studies have shown frequent relapses after stop-
ping TCZ.31,32,34,57,58,64,72 It may be judicious to leave some
patients, particularly those a with history of relapses or LV mani-
festations, on treatment long term. Whether other strategies
including adjunctive therapies like MTX would allow long-term
remission after discontinuation of TCZ remains to be seen. An
RCT evaluating the benefit of adding MTX for continued remission
maintenance after induction with TCZ and GC is planned
(NCT05623592). Strategies evaluating de-escalation of treatment
and factors that might predict which patients will be able to suc-
cessfully discontinue treatment need further investigation.

UPA. The safety and efficacy of UPA, a selective JAK1 inhib-
itor, was evaluated in a large RCT, Study to Evaluate the Safety
and Efficacy of Upadacitinib in Participants With Giant Cell Arteri-
tis. Patients with new (70%) or relapsing (30%) disease were ran-
domized to 7.5 mg/day UPA (n = 107) or 15 mg/day UPA (n =
209) along with a 26-week GC taper or placebo with a 52-week
GC taper (n = 112).59 The primary end point of sustained remis-
sion at week 52 was met in 46% in 15 mg UPA vs 29% on pla-
cebo (P = 0.019; results only available in abstract form).
Cumulative GC doses were lower in the UPA group (1,615 mg
vs 2,882 mg, P < 0.001) with improvement in patient-reported
outcomes. Although 7.5 mg UPA showed numerically better effi-
cacy compared with placebo, it did not reach statistical signifi-
cance. AE, including herpes zoster, lymphopenia, anemia, and
nonmelanoma skin cancer, were numerically higher with UPA.
Major adverse cardiovascular events were not observed in the
UPA group. Evaluation of the publication of the full results will be

important. The medication is currently not approved for GCA by
any regulatory agency. Additionally, taking into consideration the
average age of patients with GCA and the black-box warnings
JAK inhibitors carry for risk of major cardiovascular events, throm-
bosis, and malignancy, caution will be needed with the prescrip-
tion of UPA. We anticipate this will be an available option for
GCA in the future and do not recommend it as first line, but if
appropriate, it may be an option for patients who fail or do not tol-
erate TCZ. Like TCZ, it would be contraindicated in patients with
diverticulitis. There should be a discussion with the patient regard-
ing the safety profile of UPA, the need to actively monitor and con-
trol cardiovascular risk factors, and ensure appropriate
vaccinations like varicella zoster and age- and sex-appropriate
cancer screenings are up to date.

MTX. Whereas we consider MTX in patients with relapsing
disease, the three RCTs evaluating MTX in GCA included only
patients with newly diagnosed disease and with conflicting results
(Table 3).73–75 A subsequent meta-analysis of these trials showed
a modest benefit of MTX with fewer relapses and lower GC expo-
sure in patients receiving MTX.76 Observational data from clinical
practice suggest a benefit of MTX on reducing GCA disease
relapses and GC cumulative dose.77 Despite inconclusive evi-
dence, international guidelines suggest MTX as an option to
relapsing disease in patients with contraindications or limited
access to TCZ.47,52,61

Although definitive evidence of the superiority of TCZ over
MTX is lacking, in previous studies, TCZ showed a more substan-
tial GC-sparing effect and a larger reduction in the risk of relapse.
A phase 3 RCT comparing MTX and TCZ is currently underway
(NCT03892785).

Leflunomide. Retrospective series suggest a benefit of leflu-
nomide (LEF) in patients with newly diagnosed or refractory GCA
(Table 3).54,78 A recent prospective open-label study evaluated
LEF in patients with newly diagnosed GCA without contraindica-
tions to treatment and found a lower number of relapses in
patients receiving LEF (15%) compared with GC monother-
apy79 (45%).

Options for patients who fail TCZ or have contraindications.
Patients may relapse despite treatment with TCZ or have contra-
indications to TCZ. In these select circumstances, options include
the addition of adjunctive immunosuppression like MTX to TCZ or
consideration of other targeted therapies that are currently under
investigation (Table 3). In GiACTA, stable doses of MTX could be
initiated at screening, continued in the double-blind period, and
reduced and/or discontinued at the investigator’s discretion.29

Thirty of 250 patients (12%) received adjunctive MTX; 10% of
TCZ-treated patients and 15% in the placebo-arm had no clear
benefit of MTX in outcomes of sustained remission, disease
relapse rate, or GC-sparing effect, although the numbers were
small.80,81 However, in a multicenter observational study of
134 patients, 38% received combination therapy, mainly MTX,
with TCZ.58 These patients were younger and had longer disease
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duration and more LV disease than the 62% receiving TCZ
alone.58 The study found the prescription of combined therapy
allowed for a longer duration of remission.58

Based on our understanding of the pathogenesis of GCA,
other adjunctive therapies are under investigation with promis-
ing results. To date, only small phase 2 studies have been
published (Table 3). In cases in which patients have exhausted
or have contraindications to available treatment options, the
clinician may consider these options based on the data cur-
rently available. This so called “off-label” use should be dis-
cussed clearly with the patient along with the data and
potential benefits. None of the medications discussed below
are currently approved by regulatory agencies for the treat-
ment of GCA.

Abatacept. A phase 2, double-blind, multicenter trial of
49 patients with GCA with newly diagnosed and relapsing dis-
ease evaluated abatacept (CTLA-4Ig, a T cell modulator).82 All
patients were treated with abatacept (10 mg/kg on day 1, 15,
and 29 and week 8) in addition to a standardized prednisone
taper.82 At 12 weeks, patients in remission (n = 41) were random-
ized to continue abatacept (10 mg/kg every 28 days) along with a
continued prednisone taper or switched to placebo with a predni-
sone taper.82 The relapse-free survival at 12 months was 48% for
the abatacept group compared with 31% for the placebo group
(P = 0.049). Median duration of remission was also longer in the
abatacept group compared with placebo (9.9 versus 3.9 months,
P = 0.023).82 The ACR/VF expert panel considers abatacept as
an alternative to TCZ when anti–IL-6 blockade is not effective
and/or contraindicated.47 A phase 3 study evaluating the efficacy
of abatacept is underway (NCT04474847).

Secukinumab. In a multicenter, phase 2 randomized,
double-blind, placebo-controlled trial, patients with new onset
or relapsing GCA were randomized to secukinumab (monoclo-
nal antibody to IL-17A) 300 mg injections on week 0, 1, 2, 3,
and 4 and then every 4 weeks through week 48 (n = 27) or pla-
cebo (n = 25) and a standardized 26-week prednisolone
taper.83 The primary end point was the median proportion
(Bayesian analysis) of patients with sustained remission until
week 28.83 A higher percentage of patients in the secukinumab
group were able to maintain sustained remission compared with
placebo at 28 weeks (70% versus 20%) and 52 weeks83 (59%
versus 8%). A phase 3 study is currently underway
(NCT04930094).

JAK signal inhibitors. An open-label study of 15 patients who
are relapsing with GCA evaluated 4 mg/day baricitinib (JAK1/
JAK2 inhibitor) for 52 weeks.84 One patient discontinued bariciti-
nib after 4 weeks because of worsening renal function, but of the
remaining 14 patients, only 1 (7%) relapsed by 52 weeks, with
the remaining 13 patients achieving GC-free remission.84 Four of
14 patients (29%) relapsed in the 12-week follow-up period fol-
lowing baricitinib discontinuation.84 The clinical trial of UPA has
been presented earlier in the article.

A recent real-world analysis85 of patients who are relapsing
with GCA that previously failed other therapies reported that treat-
ment with baricitinib (n = 15), tofacitinib (n = 10), or UPA (n = 10)
leads to complete remission in 46% of patients. Relapses and
AE were reported in approximately 40% of patients.

Ustekinumab. Studies evaluating ustekinumab (IL-12/23
antagonist) yielded mixed results, with an open-label study in
refractory GCA demonstrating GC-sparing effect whereas a pro-
spective RCT evaluating patients with new and relapsing disease
was terminated early after 7 of the 10 patients enrolled experi-
enced a relapse.86,87

Guselkumab. A phase 2 RCT evaluating guselkumab (IL-23
inhibitor) in patients with new and relapsing GCA was recently ter-
minated after it failed to meet its primary end point, indicating this
may not be an important pathway to target in the treatment of
GCA (NCT04633447).

Mavrilimumab. Mavrilimumab (granulocyte–macrophage
colony-stimulating factor antagonist) was evaluated in a phase
2 multicenter RCT for new or relapsing GCA with lower risk of
relapse.88 In this study, mavrilimumab alongside GC was superior
to GC in achieving sustained remission88 at week 26 (83% vs
50%). However, the medication is not available commercially
and has not been approved by the Food and Drug Administration
for any indication.

Prevention of treatment-related AEs. GC toxicity burden is
high and frequent in patients with GCA.18–22 In population-based
studies, approximately 90% of patients experienced at least one
AE associated with GC treatment, with 60% sustaining two or
more side effects.18 A major goal in GCA management is to mini-
mize GC exposure.18 At diagnosis, patients should be
evaluated for the presence of comorbidities that may increase
GC toxicity, and during follow-up, reassessment of GC-
associated AE should be performed regularly.

Osteoporosis. The incidence rate of osteoporosis and frac-
tures is increased by 38% to 67% in patients with GCA.89

According to the 2022 ACR guideline for the prevention and treat-
ment of GC-induced osteoporosis, measures designed to pre-
vent GC-associated bone loss are recommended for all patients
receiving ≥2.5 mg/day of prednisone when its prescription is
anticipated for ≥3 months.90 This includes a balanced diet, cal-
cium and vitamin D supplementation, and when indicated,
pharmacotherapy.90

Infections. Incidence of severe infections is increased in
GCA.91 According to the most updated ACR guidelines,92 annual
seasonal influenza and pneumococcal vaccinations as well as
immunizations against herpes zoster and SARS-CoV-2 are rec-
ommended for all patients under immunosuppressive medication.
In countries with high prevalence, screening and treatment of
latent tuberculosis need to be performed in patients receiving
high-dose GC or when TCZ is considered. Evidence on the use
of Pneumocystis jirovecii prophylaxis in GCA is scarce,91,93

Although P jirovecii pneumonia is uncommon among patients
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with GCA, it is associated with significant mortality rates91,93

(approximately 30%). Therefore, the decision to start preventive
measures to mitigate the risk of P jirovecii pneumonia should be
decided on an individual basis, particularly in patients receiving
high-dose GC therapy (≥30 mg/day prednisone).

Discussion

Despite the availability of efficacious therapies like TCZ,
relapses remain a significant challenge facing patients with GCA
and the clinicians caring for them. Relapses expose patients to
disease- and treatment-related morbidity. A better understanding
of the risk factors of relapse may allow identification of patients
who would benefit from early initiation of adjunctive therapies.

Although TCZ is effective at lowering the risk of relapses, at
present, it is unknown which patients would most benefit from
anti–IL-6 therapy. A large proportion of patients receiving TCZ
relapse once therapy is discontinued, and therefore, the optimal
duration of treatment and the subset of patients that might benefit
from prolonged immunosuppression remain unknown. Also, the
markers of inflammation that are often used in the assessment of
patients are unhelpful due to the effect of TCZ receiving IL-6. As
result, there is an unmet need for biomarkers that allow the diag-
nosis or prediction of relapses, especially while receiving treat-
ment with TCZ, but also biomarkers of deep remission, which
may allow de-escalation of immunosuppression.

It also remains poorly understood whether the different sub-
sets of patients with GCA have different prognoses. In studies
that reported the effect of GC and TCZ on vascular activity of
patients with GCA, a significant improvement in vascular inflam-
mation was usually observed after treatment initiation, although
persistent vessel wall abnormalities were detected in 30% to
50% of patients.30,67–69,71,94 The long-term risks of persistent,
often subclinical, vascular inflammation and the effect of TCZ or
emerging therapies on long-term vascular complications need
further investigation. We need treatments that allow sustained
remission even after discontinuation of therapy, positively impact-
ing patients’ quality of life in addition to preventing vascular dam-
age; new therapeutic options are under investigation.

The long-term consequences and real-life impact that a
relapsing course has on the outcomes of patients with GCA
remain underexamined. Increased disease-related vascular mor-
bidity and GC-associated AE (particularly infections, bone frac-
tures, and cardiovascular complications) are potential
complications that may be associated with frequent relapses.

Conclusions

As with many autoimmune rheumatic diseases, there is cur-
rently no cure for GCA. The goals of therapy are to control the dis-
ease, minimize relapses, prevent vascular damage, and minimize
side effects of therapy. Although the increased prescription of

TCZ has mitigated the relapse rate in GCA while on therapy,
patients still remain at risk of disease and treatment
AE. Relapses continue to represent an unmet need for patients
with GCA. Although never subjected to evaluation in RCTs, GC
remain the cornerstone of the management of GCA relapses,
which includes increasing the GC dose and adding a
disease-modifying agent, particularly in the presence of severe
manifestations and frequent relapses. The great challenge in the
management of GCA is to find the balance among the relapse risk
of the inflammatory activity, prevention of vascular complications,
iatrogenic effects of GC therapy or adjunctive therapies, and the
well-being of patients.
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Endogenous Retroelement Activation is Implicated in
Interferon-α Production and Anti–Cyclic Citrullinated
Peptide Autoantibody Generation in Early
Rheumatoid Arthritis

Faye A. H. Cooles,1 Gemma Vidal Pedrola,1 Najib Naamane,1 Arthur G. Pratt,2 Ben Barron-Millar,1

Amy E. Anderson,1 Catharien M. U. Hilkens,1 John Casement,1 Vincent Bondet,3 Darragh Duffy,3 Fan Zhang,4

Ruchi Shukla,5 and John D. Isaacs2

Objective. Endogenous retroelements (EREs) stimulate type 1 interferon (IFN-I) production but have not been
explored as potential interferonogenic triggers in rheumatoid arthritis (RA). We investigated ERE expression in early
RA (eRA), a period in which IFN-I levels are increased.

Methods. ERE expression (long terminal repeat [LTR] 5, long interspersed nuclear element 1 [LINE-1], and short
interspersed nuclear element [SINE]) in disease-modifying treatment-naïve eRA whole-blood and bulk synovial tissue
samples was examined by reverse transcription–polymerase chain reaction and NanoString alongside IFN-α activity.
Circulating lymphocyte subsets, including B cell subsets, from patients with eRA and early psoriatic arthritis (ePsA)
were flow cytometrically sorted and similarly examined. Existing established RA and osteoarthritis (OA) synovial
single-cell sequencing data were reinterrogated to identify repeat elements, and associations were explored.

Results. There was significant coexpression of all ERE classes and IFNA in eRA synovial tissue samples (n = 22,
P < 0.0001) and significant positive associations between whole-blood LINE-1 expression (n = 56) and circulating
IFN-α protein (P = 0.018) and anti–cyclic citrullinated peptide (anti-CCP) titers (P < 0.0001). ERE expression was highest
in circulating eRA B cells, particularly naïve B cells compared with ePsA, with possible ERE regulation by SAM and HD
Domain Containing Deoxynucleoside Triphosphate Triphosphohydrolase 1 transcription (SAMDH1) implicated and
associations with IFNA again observed. Finally, in established RA synovium, LTRs, particularly human endogenous ret-
roviral sequence K (HERVK), were most increased in RA compared with OA, in which, for all synovial subsets (mono-
cytes, B cells, T cells, and fibroblasts), ERE expression associated with increased IFN-I signaling (P < 0.001).

Conclusion. Peripheral blood and synovial ERE expression is examined for the first time in eRA, highlighting both a
potential causal relationship between ERE and IFN-I production and an intriguing association with anti-CCP autoanti-
bodies. This suggests EREs may contribute to RA pathophysiology with implications for future novel therapeutic
strategies.
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INTRODUCTION

Type 1 interferons (IFN-Is) have pleiotropic effects on the
immune system and prime cellular responses to effectively clear,
typically viral, infection.1 In this context, widespread cellular
activation is desirable, but in the absence of infection, IFN-I–
associated increased cellular priming or activation can be
inappropriate.2 Excess IFN-α can promote a breach of tolerance
in autoantibody producing B cells as well as facilitate more effec-
tive presentation of antigen, potentially of self-components.3 We
have previously demonstrated increased IFN-I signaling and
serum IFN-α levels in early rheumatoid arthritis (eRA) with negative
prognostic implications on initial disease control and clinical
outcomes.4,5 An elevated interferon gene signature (IGS) also
increases the likelihood of progression to RA in at risk popula-
tions, such as those with anti–cyclic citrullinated peptide
(anti-CCP)–positive arthralgia.6,7 However, it remains unknown
what drives this IFN-I release in eRA.

Endogenous retrotransposons or retroelements (EREs) are
sequences of DNA derived from ancient transposable elements,
such as retroviruses, that have been historically incorporated into
the genome.8 Although the majority are inactive, some have
retained transcriptional activity, and their replication cycle and
organization is similar to exogenous retroviruses, such as HIV.8

EREs as a group can be subdivided into endogenous retroviruses
(ERVs), often detected as long terminal repeats (LTRs), long inter-
spersed nuclear element 1 (LINE-1), and short interspersed
nuclear elements (SINEs), most commonly “Alu.” Some EREs,
such as ERVs, can replicate, generating a strand of messenger
RNA (mRNA) and, subsequently, a double-stranded RNA prod-
uct, which then inserts into a unique region of the genome, often
separate from the area of origin; depending on the site of inser-
tion, this potentially disrupts protein coding regions.8,9 This pro-
cess of active retrotransposition results in the accumulation of
cytosolic DNA, which triggers an interferon regulatory factor 3
(IRF3)–dependent innate immune response, including the release
of IFN-I.10–12 Indeed, single mutations in human genes that regu-
late retroelement replication, such as TREX1 or SAMHD1, cause
type 1 interferonopathies such as Aicardi-Goutières syndrome
(AGS).13

The potential for an association between EREs and IFN-I
production in autoimmunity is increasingly appreciated.10–14 In
diseases in which IFN-I are known to play a pathogenic role, such
as systemic lupus erythematous or primary Sjögren’s disease,
there is evidence of increased LINE-1 activity in disease relevant
tissue associated with increased local IFN-α production.14

Although established RA synovium was shown to overexpress
LINE-1 nearly two decades ago,15 interferon response gene pro-
files within the IGS vary between autoimmune diseases, poten-
tially implicating disparate interferonogenic triggers.16 This
highlights the need to examine for any association between EREs
and IFN-I in RA specifically. Furthermore, some ERVs retain their

ability to produce viral protein, and ERV viral protein products
have been detected in the peripheral circulation of patients with
RA and linked to autoantibody generation.17–20

To date, EREs have not been examined in RA in relation to
IFN-I production or in eRA, a period in which IFN-I signaling, and
autoantibody generation, is important.4,5 We therefore explored
ERE expression in whole-blood, circulating lymphocyte subsets
and synovial tissue samples from treatment-naïve patients
with eRA and hypothesized a potential association between
ERE activity and (1) IFN-I generation and/or (2) autoantibody
generation.

METHODS

Patient cohorts. Glucocorticoid and disease-modifying
antirheumatic drug–naïve patients attending Newcastle upon
Tyne Hospitals were enrolled for this study from the Northeast
Early Arthritis Cohort at the point of diagnosis of either RA (with
reference to 2010 American College of Rheumatology/EULAR
RA classification criteria; patients with eRA) or psoriatic arthritis
(early psoriatic arthritis [ePsA]), which constituted a non-RA early
inflammatory arthritis control group with the same disease dura-
tion.21 Contemporaneous clinical parameters were recorded,
including disease activity scores (Disease Activity Score-28 using
the erythrocyte sedimentation rate [ESR]), Igs (IgG, IgA, and IgM),
markers of inflammation (C reactive protein [CRP] and ESR), and
serological status, (rheumatoid factor [RF] and anti-CCP titers).

IGS and serum cytokines. Serum samples were spun
and frozen within four hours of blood draw, undergoing no more
than one freeze-thaw cycle before measurement of IFNγ, interleu-
kin 6 (IL-6), IL-12p70, tumor necrosis factor α (TNFα), IL-1β, IL-2,
IL-13, IL-4, and IL-10 by MSD technology (Meso Scale Discovery)
as per manufacturers’ instructions. Serum IFNα was measured
using the digital Simoa platform as described.4 Serum IFN mono-
clonal antibodies (specific for all IFNα subtypes) were isolated
from patients with autoimmune polyendocrinopathy–candidia-
sis–ectodermal dystrophy (APECED)22 and provided to author
DD by Immunoqure under a material transfer agreement (MTA).
The IGS was generated from whole-blood RNA, as described
previously, by the mean expression of five interferon response
genes (IRGs) MxA, IFI6, OAS1, ISG15, and IFI44L.5

Flow cytometric cell sorting. For all samples, peripheral
blood mononuclear cells (PBMCs) were isolated from whole
blood using density centrifugation and underwent immediate flow
cytometric sorting. Plasmacytoid dendritic cells (pDCs), conven-
tional CD1c+ DCs, CD4+ T cells, CD8+ T cells, CD19+ B cells,
and CD14+ monocytes were sorted as previously described,23

and B cell subsets including naïve B cells (CD19+IgD+CD27−),
memory B cells (CD19+IgD−CD27+), CD5+ B cells (CD19+CD5+),
and age-associated B cells (ABCs) (CD19+CD11c+CD21−) were
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flow cytometrically sorted from PBMCs from both patients with
eRA and ePsA, as previously described.24

Endogenous retroelement quantification. Whole-

blood and circulating lymphocytes. Whole-blood RNA was iso-
lated using the Tempus Spin Isolation Kit (Tempus, Thermo Fisher
Scientific) and treated with TurboDNase (Ambion) to remove any
contaminating genomic DNA (gDNA). The absence of gDNA was
confirmed by HBP1 polymerase chain reaction (PCR) and gel
electrophoresis (Supplementary File 1). RNA was reverse-
transcribed to complementary DNA (cDNA) using Superscript II
(Thermo Fisher Scientific) and gene specific primers for LINE-1
(L1) and housekeeper TATA box binding protein (TBP) as previ-
ously described,25 (Supplementary File 2). Reverse transcription
PCR (RT-PCR) using SYBR Green Master Mix (Thermo Fisher
Scientific) was performed using specific primers for L1-50 untrans-
lated region (UTR) and TBP (Supplementary File 1). cDNA gener-
ation using L1-specific primers close to 30 end and quantitative
PCR using primers targeting 50UTR of L1 enhanced the detection
of authentic full-length L1 transcriptions. Consensus sequences
from across L1 subtypes were used in the primers to maximize
relevant transcription identification. Subsequent expression was
displayed as a ratio of a biologic control (HEK293T cell line ERE
expression) to minimize any batch effects.

Sorted cell subsets were processed as previously
described.23,24 In brief, the contemporaneous lymphocyte sub-
sets had RNA isolated using Qiagen RNeasey Plus Micro Kits,
which was then applied to a gDNA Eliminator spin column (both
Qiagen) as per the manufacturer’s instructions. For the B cell sub-
sets, 15,000 cells were sorted into RF10 (RPMI 1640 culture
medium containing 10% fetal calf serum; both Sigma-Aldrich).
After sorting, the cells were pelleted and lysed in RNeasy Lysis
Buffer (Qiagen). Either 50 ng of RNA or the lysate from 15,000
cells, respectively, was loaded onto a NanoString nCounter
Human immunology V2 Panel chip (NanoString Technologies
Inc), including customized probes against SINE Alu element
AluYa5, LTR5, and LINE-1 50UTR (L1-50UTR) (Supplementary
File 3), and run according to manufacturer’s instructions. Again,
consensus sequences from these three ERE families were used
in the probes based on the authors’ previous work,25 extended
to meet NanoString capture probe criteria.

Synovial tissue. Synovial biopsy specimens of wrist or knee
joints were retrieved as described26 using a 16-gauge Quick-Core
Biopsy Needle (Cook Medical) or Temno Biopsy Needle (Carefu-
sion/Becton Dickinson) from consenting individuals before the
commencement of immunomodulatory therapy, including systemic
glucocorticoids. Tissue was paraffin-embedded as previously
described, approximately 24 hours after collection, into 10% neu-
tral buffered formalin.27 Total RNA was extracted from curls taken
from formalin-fixed paraffin-embedded (FFPE) blocks using the
RNeasy FFPE kit and quality-assessed by Qubit fluorometric

quantitation according to the manufacturers’ instructions. Samples
that passed quality control (25 ng) for transcriptional profiling
employed the nCounter PanCancer Immune profiling codeset
panel, modified to include the probes for EREs, as previously men-
tioned (Supplementary File 3).

In silico analysis of established RA and
osteoarthritis synovial tissue single-cell sequencing
data sets. RepEnrich is a computational method that allows for
the analysis of repetitive elements in any organism with a refer-
ence genome available that has repetitive element annotation.28

This platform was applied to freely available established RA and
osteoarthritis (OA) synovial tissue single-cell data (https://
immunogenomics.io/ampra) from the Accelerating Medicines
Partnership Rheumatoid Arthritis and Systemic Lupus Erythema-
tosus Consortium.28 Full analysis details are in Supplementary
File 4, and cohort demographic data are available from the study
by Zhang et al.29 Comparison between synovial cell subsets was
performed using the cellular clustering described in the study by
Zhang et al.29

Statistical analysis. GraphPad Prism (V.5.0; GraphPad
Software) and R Core Team (2020) software were used. Univari-
ate generalized linear models, Mann-Whitney U-tests, one-way
analysis of variance (ANOVA) (with Tukey’s post hoc analysis),
and Wilcoxon-signed rank tests were performed, employing a
significance threshold in which α = 5%. Lymphocyte and B cell
subsets NanoString nCounter data analysis was performed in R
(v4.2.1), as described previously.23,24 Synovium data were pro-
cessed similarly, as outlined in Supplementary File 5.

Data availability statement and ethics statement.
The data are available for the purposes of academic research on
reasonable request to the corresponding author. For the early
disease data, all patients provided written, informed consent
to participate in the study, which was approved by the
Northeast – Newcastle and North Tyneside 2 Research Ethics
Committee (12/NE/0251). For established RA and OA data, con-
sent was obtained as previously outlined.29

RESULTS

Patient cohorts. The whole-blood LINE-1 analysis
cohort included 56 patients with eRA. Simultaneous B cell, T cell,
DC, and monocyte cell–specific retroelement expression was
obtained from eight patients with rheumatoid factor-positive and
anti-CCP–positive (double seropositive) eRA. B cell subset
expression was assessed between double-seropositive patients
with eRA and ePsA (n = 4 each) matched for age and sex, with
comparable levels of inflammation (CRP and ESR). The synovial
tissue cohort comprised 22 patients with eRA. Full demographic
and clinical data are shown for all the cohorts in Table 1.
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eRA synovial and peripheral blood endogenous
retroelement expression and IFN-α. In eRA whole-synovial
tissue samples, hierarchical clustering of coexpression correla-
tions of all available genes demonstrated clustering of IFNA and
retroelements (Figure 1A). A heatmap of the correlations between
genes within the ERE cluster is shown in Supplementary File 6.
Pathway analysis (Kyoto Encyclopedia of Genes and Genomes
[KEGG] pathway database) of the ERE cluster implicated enrich-
ment of JAK-STAT signaling (P = 0.004), primarily due to the
association with IFN-I, an enrichment also seen in gene ontology
(GO) terms (P = 2.71 × 10−6) (Supplementary File 6). IFNA tran-
scripts (IFNA1, IFNA2, IFNA7, IFNA8, and IFNA17) significantly
positively associated with all classes of ERE (Figure 1B) but was
strongest for LTR5: IFNA17, R = 0.91, Pearson correlation coeffi-
cient, Benjamini Hochberg False Discovery Rate (BH) adjusted
P = 4.68 × 10−9. A similar significant association between ERE
activity and IFNA was reported in patients who were either anti-
CCP positive (n = 13) or anti-CCP negative (n = 22), for example,
LTR5 and IFNA17 were R = 0.92 vs 0.88, respectively.

There was no significant association with ERE expression
and any other cytokine transcript including IFNγ, IL-6, IL-12 p70,
TNFα, IL-1β, IL-2, IL-13, IL-4 and IL-10 (data not shown). In eRA
whole-blood samples, there was a significant positive association
between LINE-1 transcript expression and circulating IFN-α pro-
tein, P = 0.018 (Figure 1C). This was not seen with any of the other
circulating cytokines measured: IFNγ, IL-6, IL-12 p70, TNFα, IL-
1β, IL-2, IL-13, IL-4, and IL-10, P > 0.05 for all, data not shown.
There was no significant association between the whole-blood
IGS and LINE-1 transcription expression (Figure 1D), despite a
positive trend (P = 0.06) between the IGS and circulating IFN-α
(data not shown). Finally, whole-blood LINE-1 expression did not
correlate with age or sex (Supplementary File 7).

eRA whole-blood LINE-1 expression and
correlation with anti-CCPtiters. There was a significant pos-
itive association between anti-CCP titers (International Units [IU])
and LINE-1 (L1-50UTR, linear regression, P < 0.0001, R2 = 0.38),
which was not seen for RF titers (Figure 2A and B). Expression
did not appear to reflect global B cell function because there
was no association between circulating Ig levels IgM, IgG, or IgA

and whole-blood LINE-1 (linear regression, P > 0.4 for all)
(Figure 2C). Smoking is implicated in both anti-CCP generation
and ERE activity30,31; however, there was no significant difference
in whole-blood LINE-1 expression between cohorts based on
smoking status (P > 0.05, ANOVA) (Figure 2D). There was also
no significant association between LINE-1 expression and dis-
ease activity (Disease Activity Score-28), or its components
including, tender joint count (TJC), swollen joint count (SJC),
visual analogue scale (VAS), CRP, and ESR (data not shown).

ERE expression in circulating eRA B cells,
particularly naïve subsets, and associations with
increased IFNA transcription. LTR5, LINE-1, and AluYa5
expression was compared between lymphocyte subsets
(B cells, pDCs, CD1c+ DCs, CD14+ monocytes, CD8+, and
CD4+ T cells) from eight patients with double-seropositive eRA.
ERE expression was significantly increased in B cells compared
with other lymphocyte subsets (Figure 3A). ERE activity in the B
cell compartment was examined further comparing ABCs, naïve,
memory and CD5+ B cells in eRA, with patients with ePsA as dis-
ease controls. There was a trend toward increased expression of
ERE in patients with eRA in all subsets, which became highly sig-
nificant for naïve B cells (Figure 3B).

When grouping together and pooling all the B cell subset
transcriptomic data from our eRA cohort, ERE significantly asso-
ciated with IFNA transcription (Figure 3C and D). Hierarchical clus-
tering of coexpression correlations of all available genes further
demonstrated clustering of IFNA and EREs (Supplementary
File 8). Clusters were visually defined, and a heatmap of the corre-
lations between the genes within the ERE cluster is shown in Sup-
plementary File 9. Pathway analysis of this cluster in eRA alone
demonstrated limited terms achieving significance; however,
when examining pooled ePsA and eRA data, increased ERE
expression was associated with enrichment of KEGG pathways
relating to viral infection as well as phosphatidylinositol 3-kinase/
protein kinase B (PI3K/Akt) signaling, and GO terms were
enriched for lymphocyte activation involved in immune response
(P = 0.0005) (Supplementary File 9).

Furthermore, in eRA, there was significantly increased IFNA2
transcript in naïve and CD5 B cells compared with memory B

Table 1. Demographic data of patients and controls*

Cohort
Whole blood

Circulating
lymphocyte subsets

Circulating B cell subsets
Bulk synovial tissue

eRA (n = 56) eRA (n = 8) eRA (n = 4) ePsA (n = 4) eRA (n = 22)

Age, median (range), yr 58 (30–87) 56 (49–64) 62 (63–78) 62 (60–80) 63 (41–78)
Sex ratio, M:F 1:1.8 3:1 1:1 1:1 1:1
Seropositive (either anti-CCP
or RF), n (%)

43 (77) 8 (100) 4 (100) 0 14 (64)

CRP, median (range) 8 (4–114) 7 (4–56) 9 (4–127) 7 (4–167) 22 (4–62)
DAS-28-ESR, median (range) 4.3 (1.3–7.6) 3.71 (1.63–6.18) 4.47 (1.33–8.53) n/a 4.74 (2.47–7)

* Anti-CCP, anti–citrullinated peptide; CRP, C-reactive protein; DAS-28-ESR, Disease Activity Score-28 using the erythrocyte sedimentation rate;
ePsA, early psoriatic arthritis; eRA, early rheumatoid arthritis; F, female; M, male; n/a, not applicable; RF, rheumatoid factor.
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cells, a pattern not seen in ePsA (Figure 3E), and, when compar-
ing directly between eRA and ePsA, there was a trend toward
higher expression of IFNA2 in eRA-naïve B cells than in ePsA-
naïve B cells, although this was not significant (Supplementary
File 10). Finally, to explore potential signaling pathways, we
examined associations between EREs and key innate immune
sensors, retinoic acid–inducible gene I (RIG-I), melanoma
differentiation-associated protein 5 (MDA5), Toll-like receptor
7 (TLR7), cyclic GMP-AMP synthase (cGAS), and TLR9 in the
pooled lymphocyte subsets. A significant positive association
was only seen between RIG-I and LTR5 (R2 = 0.64, P < 0.05)
(Supplementary File 11).

SAMHD1 is implicated in eRA peripheral blood B cell
retroelement replication. We examined expression of key
enzymes involved in ERE activation in circulating B cells. SAM
and HD Domain Containing Deoxynucleoside Triphosphate Tri-
phosphohydrolase 1 (SAMHD1) transcript, an enzyme limiting ret-
roelement replication,32 was significantly reduced in eRA B cells
when compared with all other circulating lymphocytes (P <
0.001) (Figure 4A). Furthermore, eRA expression of SAMHD1
inversely correlated with ERE transcript expression examined

across all lymphocyte subsets (Figure 4B and Supplementary
File 12). SAMHD1 expression was significantly reduced (P <
0.01) in eRA-naïve B cells compared to ABCs, and a trend was
noted for reduced expression compared with memory and
CD5+ B cells. This pattern was not seen in ePsA controls
(Figure 4C). Finally, SAMDH1 was uniquely and significantly
reduced in eRA-naïve B cells (P < 0.005) compared with
ePsA-naïve B cells (Figure 4D). Ribonuclease H degrades
RNA in RNA/DNA hybrids and expression of one of its key
components, Ribonuclease H2 subunit A (RNASEH2A), was
similar across all lymphocyte subsets and did not correlate
with ERE expression. Conversely, three prime repair exonucle-
ase 1 (TREX1), another key enzyme negatively regulating ERE
expression, varied by cell subset, with the lowest expression
being in T cells. There was an inverse association between
TREX1 and ERE expression in eRA pooled lymphocytes, but
expression in B cell subsets between eRA and ePsA cohorts
was comparable (all in Supplementary File 13). Bulk synovial
expression of ERE in the patients with eRA did not associate
with SAMHD1, TREX1, or RNAseH2 and, in neither circulating
eRA lymphocyte subsets nor synovial tissue did DNMT1,
DNMT3A, or DNMT3B (DNA methyltransferase enzymes,

Figure 1. (A) Hierarchical clustering of early RA bulk synovial tissue gene expression correlations. Rows and columns depict genes, and the color
bar represents the Pearson’s coefficient (r) of their pairwise gene expression correlation. Dendrograms show hierarchical clustering of the genes by
their expression correlation patterns. IFNA and EREs are highlighted by individual gene markers and the locations of their correlations by the green
box. (B) Heatmap of correlation profiles between early RA bulk synovial IFN transcription and ERE classes. Significant (Benjamini Hochberg False
Discovery Rate adjusted P value < 0.05) correlations are highlighted, *P < 0.05, **P < 0.01, ***P < 0.001. (C) Whole-blood L1–50UTR expression
was analyzed in patients with early RA and shown in arbitrary units in relation to expression in HEK293T. Linear regression of early RA whole blood
(L1-50UTR) and circulating IFN-α protein level, n = 42, and (D) whole-blood IGS, n = 56, is shown. AluYa5, Alu element Ya5; ERE, endogenous ret-
roelement; IFN, interferon; IGS, interferon gene signature; L1–50UTR; LINE-1 50UTR; LINE-1, long interspersed nuclear element 1; LTR, long termi-
nal repeat; mRNA, messenger RNA; RA, rheumatoid arthritis; UTR, untranslated region.
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important in the epigenetic regulation of EREs) associate with
ERE expression.

ERE in RA synovial cell subsets and IFN-I signaling.
Given differences in ERE expression observed in peripheral blood
subsets, but strong correlation profiles between eRA bulk syno-
vial IFN transcription and ERE classes (Figure 1), we wished to
examine synovial tissue in more detail. Synovial single-cell
transcriptomic data from patients with established RA and OA
was grouped into B cells, fibroblasts, monocytes, and T cells as
previously described29 and reinterrogated for repeat element
expression. This generated multiple individual ERE expression
counts that could be grouped into classes, such as LTR. Exami-
nation of these individual ERE expression counts, when grouped
into classes, demonstrated that in all RA synovial cell subsets, at
a single-cell level, LTR was proportionally the most highly

expressed class (Figure 5A). Individual ERE expression counts
were compared between OA and RA, and the proportion of all
individual ERE expression counts within each class that were
comparatively either reduced or increased in RA for each cell sub-
set were demonstrated (Figure 5B and Supplementary File 14). In
RA, the majority of ERE expression counts within the LTR class were
increased for all synovial cellular subsets, whereas counts in the LINE
and SINE classes were predominantly decreased. Individual ERE
fold changes are shown in Supplementary Data S1.

Given that the LTRs were most widely increased in RA,
we examined this class in more detail. LTRs consist of ERV
families—ERV1, ERVK, ERVL, and )(ERVL- mammalian-apparent
LTR retrotransposons [MaLR])—and individual ERE counts within
these family clusters were compared between RA and
OA. Individual ERE expression counts increased in RA B cells
were compared with OA B cells for each ERV family and is shown

Figure 2. Whole-blood L1–50UTR expression was analyzed in patients with early RA (n = 56) and is shown in arbitrary units in relation to expres-
sion in HEK293T cells. (A and B) Linear regression between patients with early RA (n = 39) anti-CCP titres or RF titres (n = 34) and whole-blood L1–
50UTR expression. (C) Linear regression between L1-50UTR expression and circulating Igs (IgA, IgM, and IgG) in patients with early RA (n = 56),
P > 0.05 for all. (D) Comparison of L1-50UTR expression between patients with early RA based on smoking status: never, previous/current, and
current. Anti-CCP, anti–cyclic citrullinated peptide; L1–50UTR; LINE-1 50UTR; LINE-1, long interspersed nuclear element 1; mRNA, messenger
RNA; RA, rheumatoid arthritis; RF, rheumatoid factor.
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in Figure 5C. When comparing the comparative increased counts
(Log2Fold) in RA versus OA among the ERV families, overall
expression was greatest in the ERVK family (Kruskal-Wallis test,
BH adjusted P < 0.0006) (Figure 5C).

For all ERV families, hierarchical clustering of correlations
between gene expression and ERE expression counts was per-
formed. In all cell subsets, there was a positive correlation
between IFN-I response genes (IFI44L, OAS1, IFI6, ISG15, and
Mx1) and LTR expression grouped by ERV family. All correlations
met statistical significance with BH adjusted P < 0.001. Figure 5D
depicts B cell correlations (see Supplementary File 15 for remain-
ing synovial cell subsets). IFNA counts were too low for compara-
ble analysis to be performed in all cellular subsets. Pathway
analysis of the top 20 pathways corelating with LTR repeats
across cell subsets demonstrated enrichment of viral response

(SARS-CoV-2), antigen processing pathways, and antimicrobial
humoral response in B cells (Figure 5E).

DISCUSSION

We examined EREs for the first time in drug-naïve eRA and
demonstrated that EREs are transcriptionally active in both
whole-blood and synovial tissue samples, with variable expres-
sion across circulating lymphocyte subsets. Expression was the
highest in B cells, particularly naïve B cells, which was not seen
in ePsA. We demonstrate for the first time in RA that ERE activity
in blood and synovial tissue associates with increased IFN-α at
both the transcription and protein levels. We also saw a positive
association between ERE and CCP titers, which was absent for

Figure 3. (A) Circulating lymphocyte (CD19+ B cells, CD14, pDCs, conventional mDCs, CD4, and CD8) retroelement (endogenous retroele-
ments) expression (LTR5, LINE-1 [L1-50UTR], AluYa5) in eRA (n = 8). Data are presented as box and whisker plots, in which the horizontal line rep-
resent the median value, the box represents upper and lower quartiles, and the whiskers represent ranges. Kruskal-Wallis test, BH adjusted.
(B) Expression of all retroelement classes in B cell subsets, age ABCs (CD19+CD11c+CD21−), CD5+ B cells (CD19+CD5+), memory B cells
(CD19+IgD−CD27+), and naïve B cells (CD19+IgD+CD27−) from patients with eRA and early disease controls (ePsA), Wald test. (C) Pearson corre-
lation coefficient of IFNA2 and SINE (AluYa5), LINE-1 (L1_5prime), and LTR5 (LTR_5prime) expression from eRA cells, P < 0.01, BH adjusted.
(D) Heatmap of correlation profiles between IFN transcription and retroelement classes in pooled eRA B cell subsets. Significant (BH adjusted
P value < 0.05) correlations are highlighted. (E) Comparison of IFNA2 expression across B cell subsets in eRA and ePsA, paired t tests.
*P < 0.05, **P < 0.01, ***P < 0.001. ABC, associated B cell; AluYa5, Alu element Ya5; BH, Benjamini Hochberg False Discovery Rate; CD4,
CD4+ T cells; CD14, CD14+ monocyte; ePsA, early psoriatic arthritis; eRA, early rheumatoid arthritis; IFN, interferon; L1–50UTR; LINE-1 50UTR;
LINE-1, long interspersed nuclear element 1; LTR, long terminal repeat; mDC, conventional CD1c+ DC; mRNA, messenger RNA; pDC, plasmacy-
toid dendritic cell; SINE, short interspersed nuclear element; UTR, untranslated region.
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RF. Cumulatively, these data offer intriguing insights into a poten-
tial role for EREs in RA pathophysiology.

In bulk synovial tissue samples, from both patients with sero-
positive and seronegative eRA, we identified a significant positive
association between IFNA transcription and ERE expression, par-
ticularly noted with LTR5. LTR5 expression denotes ERVK (HML-
2, Human MMTV-like, group 2) activity,33 which has been recently
integrated into the human genome, and multiple copies possess
potential biologic activity.34 Indeed, some of the most compelling
evidence of the involvement of EREs in RA has implicated this
ERV. It has been detected in the plasma of patients with RA, with
higher levels associating with active disease.35 Although ERVK
transcripts have previously been detected in established RA
blood and synovial tissue samples,35,36 this is the first time they

have been demonstrated in early disease and in association with
IFN-α upregulation. Furthermore, when reanalyzing an indepen-
dent, established RA synovial tissue single-cell RNA-sequencing
(scSeq) data set in the public domain, we observed ERVK to be
the most up-regulated subtype when compared with other ERVs.
In contrast to eRA bulk synovial tissue analyses, we could find no
direct association between ERE expression and IFNA transcript in
scSeq data from major cellular subsets, including B cells, fibro-
blasts, monocytes, and T cells, in established RA, although there
was evidence of increased downstream IFN-I signaling. We previ-
ously showed circulating IFN-α declines during the first 6 months
after RA diagnosis,4 potentially explaining this difference from
eRA, although the influence of distinct cellular composition and/or
sampling technique cannot be excluded. ERVs also induce

Figure 4. (A) Expression of SAMHD1 as determined by Nanostring Technology in peripheral blood lymphocyte subsets (CD19+ B cells, CD14+
monocytes [CD14], CD4+ T-cells [CD4], CD8+ T-cells [CD8], conventional CD1c+ DCs [mDCs] and plasmacytoid dendritic cells [pDCs]) from
patients with eRA (n = 8), with B cells used as a reference in pairwise paired t tests. (B) Pearson’s correlation coefficient of SAMHD1 and LTR5
in these same circulating lymphocytes grouped and pooled together, BH adjusted P < 0.0001. (C) SAMHD1 expression, determined by Nano-
string Technologies, was examined in age-associated B cells (ABCs, CD19+CD11c+CD21−), CD5+ B cells (CD19+CD5+), memory B cells
(CD19+IgD−CD27+), and naïve B cells (CD19+IgD+CD27−) from patients with eRA and patients with ePsA. Differences in SAMHD1 expression
was examined within disease cohort and (D) between disease cohorts. Wald test with BH adjusted and raw P values are shown for 3C and 3D,
respectively. **P < 0.01, ***P < 0.001. Apparent discrepancies in values on Y columns between panels A, C, and D reflect technical variation in
assay reference ranges. ABC, age associated B cell; BH, Benjamini Hochberg False Discovery Rate; CD4, CD4+ T cells; CD14, CD14+ monocyte;
ePsA, early psoriatic arthritis; eRA, early rheumatoid arthritis; LTR, long terminal repeat; mDC, conventional CD1c+ DC; pDC, plasmacytoid den-
dritic cell; SAMHD1, SAM and HD Domain Containing Deoxynucleoside Triphosphate Triphosphohydrolase 1. Color figure can be viewed in the
online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43083/abstract.
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Figure 5. RepEnrich was applied to synovial scSeq data from established RA and OA controls, and repeat element enrichment/ERE were identified.
Cellular clusters included monocytes, fibroblasts, T cells, and B cells. (A) The proportion of scSeq repeat element/ERE expression, grouped by ERE class,
in each cell subset in established RA synovial tissue. (B) Proportion of individual EREs, grouped by class, with either increased or reduced expression in RA
versus OA. (C) The LTR class is divided into ERV1, ERVK, ERV, and ERV_MaLR families, with individual ERE expression counts within each family. Depic-
tion of increased differential expression (Log2FoldChange) in RA compared with OA of each individual ERE count within each ERV family. This is compared
between the individual ERV families, Kruskall-Wallis, BH adjusted P = 0.0006, and individual Mann-Whitney U-tests. (D) Hierarchical clustering of correla-
tions between gene expression of interferon response genes and repeat element enrichment counts in RA B cells. Pearson’s correlation coefficients
depicted. All correlations were significant, BH P < 0.001. (E) MetaScape pathway analysis of all genes with a correlation of ≥0.4 with LTR repeat elements
in each of the individual cell subsets. The top 20 pathways are depicted. ****P < 0.0001, ***P < 0.005. BH, Benjamini Hochberg False Discovery Rate; ERE,
endogenous retroelements; ERV, endogenous retrovirus; LINE, long interspersed nuclear element; LTR, long terminal repeat; MaLR,mammalian-apparent
LTR retrotransposons; OA, osteoarthritis; RA, rheumatoid arthritis; scSeq, single-cell RNA-sequencing; SINE, short interspersed nuclear element.
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TNFα,37 which induces IRG expression independently of IFN-I in
RA synovial fibroblasts,38 an association we also identified in our
pathway analysis, and this process may become dominant in
established disease. Nonetheless, the clear association of ERE
expression in RA synovial tissue with both IFNA transcription and
IFN-I signaling mirrors what is seen elsewhere in systemic
autoimmunity,14 as well as organ-specific autoimmunity, such as
type 1 diabetes, and warrants further exploration.

Circulating immune cell subsets and their activation may
contribute to, or reflect, tissue-specific processes. Notably,
eRA synovial fluid IFN-α levels are comparable to those in the
circulation.4 In eRA, we demonstrated positive associations
between EREs and circulating B cell IFNA transcript levels as well
as between whole-blood LINE1 activity and circulating IFN-α pro-
tein levels, the latter, again, in both seropositive and seronegative
patients. The double-stranded RNA sensor RIG-I was potentially
implicated in ERE sensing by these data, consistent with our pre-
viously reported association between RIG-I and circulating IFN-α
levels in eRA.4 An association between IFNA transcription and
whole-blood retrotransposon activity has recently been reported
in other autoimmune diseases,39 but our demonstration of an
association with IFN-α protein reinforces potential biologic rele-
vance in RA. Similar to other autoimmune diseases,39 we did not
find a significant association between ERE activity and down-
stream IFN-I signaling, although we noted a trend toward an
inverse association with the IGS. This apparent discrepancy may
arise because many IRGs are potent LINE-1–negative regula-
tors.40 Thus, examining upstream IFN-α protein levels, as we did
here, may be optimal when delineating associations between
IFN-α and EREs.

This is the first time all major classes of EREs have been
simultaneously examined in circulating lymphocyte subsets,
wherein we found the highest ERE expression in B cells, particu-
larly naïve B cells. Although background inflammation levels could
affect ERE activity,20 expression levels were increased in RA B cell
subsets compared with patients with ePsA matched for inflamma-
tion. Furthermore, ERE expression in eRA whole-blood samples,
although associated with circulating IFN-α levels, was independent
of other circulating inflammatory cytokines. In keeping with this dif-
ferential ERE expression, there was increased IFNA transcription in
RA-naïve B cells. Single-cell analysis of RA circulating B cell subsets
previously demonstrated increased sensitivity to IFN-α and
increased IFNA transcripts in RA-naïve B cells, resulting in
increased basal activation and proliferation.41 The role of IFN-α in
B cell function and the pathophysiology of autoimmunity has been
well established, whereby it can enhance B cell proliferation, activa-
tion, and autoantibody production.3 Pretreatment with IFN-α also
enhances pathologic B cell proliferative responses and plasmablast
differentiation.42 This potentially associates EREs to known RA
pathophysiologic processes via enhanced IFN-I signaling.

Indeed, EREs may also be implicated in B cell–driven autoim-
munity independently of IFN-α, via antibody responses to cell

components associated with ERE nucleic acid, allowing molecu-
lar mimicry and cross activation to occur.17,43 Overlap between
rheumatic disease–associated autoantibodies, including anti-
Ro60 and RF, have been linked to ERE activity.19,20,44 We also
showed a significant positive association between whole-blood
LINE-1 activity and anti-CCP titers, but not RF. Pathway analysis
suggested a positive correlation between synovial B cell EREs
and antigen processing and presentation. Antibodies against
human ERVK env, as well as against its citrullinated form, have
been detected in established RA, are increased in anti–
citrullinated protein antibody (ACPA)–positive patients, and posi-
tively correlate with anti-CCP titers.45 These data suggest EREs
may contribute to citrullinated antigen detected by ACPA and
cumulatively hint at a role for EREs in promoting autoantibody
generation in RA.

Variation in circulating B cell ERE expression was associ-
ated with a reciprocal decrease in SAMHD1. This enzyme
depletes intracellular deoxynucleoside triphosphate (dNTP)
pools, thus limiting ERE replication, and its deficiency has been
implicated in interferonopathies.46 SAMHD1 expression can
vary between cell subsets,47 with lower levels previously
reported in B cells.48 In B cells, SAMHD1 is increased in G1 cell
cycle phases, wherein it can enhance the development of high
affinity antibodies.49 Naïve B cells, in phase G0, theoretically
therefore would have lower levels of SAMHD1 and thus
increased ERE expression, as we demonstrated. We also saw
enrichment of PI3K/Akt signaling in B cells, and in AGS, this
pathway has been implicated in linking SAMHD1 deficiency to
increased IFN-I response.50 SAMHD1 is classed as an IFN
response gene, and the reduced expression in naïve B cells
may appear paradoxical given the increased IFN-α reported.
However, in some primary human cells, SAMHD1 levels did not
change following IFN-α exposure and, in reality, this relationship
is likely to be more nuanced.47,51 Finally, SAMHD1 expression
levels do not necessarily correlate with its deoxynucleoside tri-
phosphohydrolase (dNTPase) activity and cellular dNTP avail-
ability47; nevertheless, the reciprocal variability in expression
levels between ERE expression and SAMHD1 are suggestive
that an association may exist.

There are recognized differences among gene expression
changes, pathways, upstream regulators, and cellular functional
states between synovium and peripheral blood in RA.52 Indeed,
we did not see any link between SAMHD1 expression and syno-
vial ERE expression. We hypothesize that other retrotransposon
regulatory mechanisms may be more relevant in synovial tissue,
such as epigenetic silencing,14,53 with promoter methylation
having been shown to affect LINE1 activity in autoimmune
diseases.14,39 Although we did not explore these mechanisms
in detail, we did not see any difference between retrotransposon
activity and DNA methyltransferase 1 (DNMT1), DNMT3A, or
DNMT3B expression, known epigenetic modifiers of ERE activ-
ity.39 This may reflect the sample size but may also suggest
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other mechanisms are dominant, such as SAMHD1 in B cells, or
even differential expression in the recently described human silencing
hub (HUSH) complex, a known gatekeeper of ERE-induced IFN-I
expression.53 These provide promising avenues for future research.

Study limitations include the theoretical nonspecific detection
of EREs present within other transcripts. However, primer design
and cDNA generation were optimized to detect full-length tran-
scriptions to minimize this possibility. For some analyses, particu-
larly those relating to B cell subsets, patient numbers were limited,
with large variation reported. This likely reflects the heterogeneity
inherent in RA populations, and future studies focusing primarily
on cellular subsets of interest, such as B cells, will allow analysis
of larger cohorts and inclusion of seronegative patients, an aspect
currently lacking in our work. Finally, longitudinal studies will also
help inform any differences between early and established RA
and how ERE activity may change with time or in response to
treatment.

In conclusion, we examine for the first time ERE activity in
eRA and present potentially important associations between
ERE activity and IFN-I, B cell function, and autoantibody genera-
tion. Within this context, it is intriguing that antiretroviral drugs
highly active antiretroviral therapy (HAART) have ameliorated
symptoms in RA.54 Further work is needed to comprehensively
explore the putative pathogenic involvement of EREs in eRA. This
will allow greater understanding of RA pathophysiology and
potentially provide new therapeutic targets.
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B R I E F R E P O R T

Changes in Descending Pain Modulation During Anti–Tumor
Necrosis Factor Therapy: A Prospective Study in Rheumatoid
Arthritis and Spondyloarthritis

Anne-Priscille Trouvin,1 Arielle Simunek,2 Joël Coste,2 Terkia Medkour,1 Alice Combier,3 Lucile Poiroux,3

François Vidal,4 Sandrine Carvès,2 Didier Bouhassira,5 and Serge Perrot1

Objective. In rheumatoid arthritis (RA) and spondyloarthritis (SpA), managing persistent pain remains challenging.
Little is known regarding impaired pain pathways in these patients and the impact of biologic disease-modifying anti-
rheumatic drugs (bDMARDs). The objective of the Rheumatism Pain Inhibitory Descending Pathways study was to
assess pain thresholds and descending pain modulation in patients with active RA or SpA following introduction of a
tumor necrosis factor inhibitor (TNFi).

Methods. Patients with active disease (50 with RA and 50 with SpA) naive to bDMARDs or targeted synthetic
DMARDs and starting a TNFi were included. Patients were observed for six months after TNFi initiation with clinical,
psychological, and pain assessment. At all visits, participants underwent quantitative sensory testing with heat and
cold pain thresholds and descending inhibition by conditioned pain modulation (CPM). Descending pain control
(CPM effect) was assessed as the change in heat pain threshold (�C) following a conditioning stimulus.

Results. Of the 100 patients (59women,mean ±SD age 45.8 ± 14.6 years), 74 completed the six-month follow-up. Ther-
mal pain thresholds did not significantly change during follow-up. CPM effect improved significantly during follow-up (mean
±SD 0.25 ±2.57�Cat baseline and 2.96 ± 2.50�Cat sixmonths;P < 0.001). At the end of follow-up, themeanCPMeffect was
significantly higher in patients without significant pain compared with patients with persistent pain (>3 of 10 on the Brief Pain
Inventory) (mean ± SD 3.25 ± 2.68�C vs 2.47 ± 2.11�C; P = 0.04) and in patients achieving remission or low disease activity
compared with patients with active rheumatism (mean ± SD 3.31 ± 2.68�C vs 2.18 ± 1.87�C; P = 0.01).

Conclusion. In active inflammatory rheumatisms, impaired descending pain modulation, but not thermal pain
thresholds, is improved after TNFi treatment, suggesting a possible effect of TNFi on central pain modulation.

INTRODUCTION

One challenge in the care of chronic inflammatory rheumatism

is persistent pain despite low disease activity and/or remission.

Reducing joint pain is a primary treatment expectation for patients.1

However, there is often a failure to adequately address this need for

pain relief.2 Remarkably, pain persists in up to one-third of patients

who show a good therapeutic response.3,4

Understanding the underlying mechanisms of this persistent

pain is of significant clinical importance, as it suggests that its

origins are not solely related to peripheral inflammatory pro-

cesses. Changes in central pain processing may play a role in

maintaining and/or amplifying pain independently of peripheral

inflammation.5 Notably, central sensitization (CS), characterized

by long-lasting increased responsiveness of the nociceptive

systems and clinically associated with widespread hyperalgesia,
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may have a major pathophysiologic role. Proposed mechanisms
for CS include enhanced excitatory synaptic transmission in cen-
tral nociceptive systems and/or alterations of endogenous pain
modulation (such as decreased inhibition and/or increased
facilitation) resulting in maladaptive plasticity in the spinal cord or
brain.5 Clinical markers of CS are predominantly assessed
through quantitative sensory testing (QST) and encompass a
decrease in pain threshold and an increased effect of temporal
summation of nociceptive stimuli. Alteration of endogenous pain
modulation, specifically descending modulation, is typically evalu-
ated using conditioned pain modulation (CPM) paradigms, which
measure the modulatory effects (inhibition or facilitation) of a con-
ditioning painful stimulus on a test stimulus applied to a distant
body area.6

Our recent findings from the prospective Rheumatism Pain
Inhibitory Descending Pathways (RAPID) study, which included
patients with active rheumatoid arthritis (RA) or spondyloarthritis
(SpA), revealed a significant impairment in inhibitory CPM effect,
compared to controls, before initiation of biologic disease-
modifying antirheumatic drug (bDMARD) treatment.7 These
results, in line with previous studies that demonstrated alterations
in CPM in patients with RA and other markers of CS8,9 highlight
the specific role for central mechanisms in the pathophysiology
of chronic pain in these patients. However, CPM was not mea-
sured after treatment, so to date it is unknown whether CPM
alterations are reversible, as this has been shown in other chronic
pain conditions after treatments.10

In this study, we present the follow-up results of our RAPID
study cohort, assessing descending pain modulation through
CPM paradigms in patients with RA or SpA up to six months after
initiating tumor necrosis factor inhibitor (TNFi) treatment. Our pri-
mary objective was to further investigate the changes in CPM over
the course of the treatment and the correlations on the overall
response to treatment and the persistence of pain post treatment.

PATIENTS AND METHODS

Study population. The RAPID study is a multicenter study
that included patients with active RA or SpA before the adminis-
tration of bDMARDs. The patients were recruited from two
French university hospital rheumatology departments (Paris and
Boulogne-Billancourt) from February 2019 to June 2021. The
inclusion criteria were described previously in the study by Trouvin
et al.7 Patients were included immediately before initiating a TNFi
therapy for active articular disease and were observed for six
months, with visits at three and six months. The study was
reviewed and approved by the Sud-Est IV ethics committee under
agreement number 2018-A00248-47. All participants provided
written informed consent.

Clinical characteristics were systematically assessed before
each visit (ie, at baseline, three months, and six months),
before the QST session. The data collected included current

treatments, erythrocyte sedimentation rate (ESR), and C-reactive
protein (CRP) level. Disease activity scores were calculated with
the Disease Activity Score in 28 joints using the ESR
(DAS28-ESR) for patients with RA or the Ankylosing Spondylitis
Disease Activity Score using the CRP level (ASDAS-CRP) for
patients with SpA. Pain, functional impact, and psychological
impact were assessed using the Brief Pain Inventory (BPI), the
Health Assessment Questionnaire score for patients with RA and
the Bath Ankylosing Spondylitis Disease Activity Index/Bath
Ankylosing Spondylitis Functional Index score for patients
with SpA, the Insomnia Severity Index (ISI), the Hospital Anxi-
ety Depression scale (HAD), and the Pain Catastrophizing
Scale (PCS).

QST. Patients underwent QST and CPM testing at inclusion
and at both follow-up visits after the initiation of the TNFi therapy
by a single observer. Thermal (heat and cold) pain thresholds
were assessed with the TSA II Neurosensory Analyzer. A contact
Peltier thermode (30 × 30 mm) was applied to the skin over the
dominant volar forearm. The baseline temperature of the ther-
mode was adjusted to the patient’s skin temperature. Thresholds
were measured by the method of limits: stimuli of increasing or
decreasing intensities were applied, and for each stimulus, the
patients pressed a button that reversed the thermal stimulation
as soon as the stimulation became painful. The interstimulus inter-
vals used were 15–20 seconds for heat pain thresholds (HPTs)
and 20–30 seconds for cold pain thresholds (CPTs). The maxi-
mum and minimum temperatures were set to 50�C for heat and
0�C for cold. The thermal rate of change was 2�C/s. Thresholds
were calculated as the mean threshold recorded in three succes-
sive measures and are expressed as absolute thresholds (�C).

CPM. We used a CPM paradigm involving the application of
test stimuli to the dominant upper limb and conditioning stimuli
to the lower limb. The test stimulus was the HPT measured as
described previously, and the conditioning stimulus was immer-
sion of the nondominant foot in a bath of circulating cold water
at 8�C (CORIO CD-900F Refrigerated/Heating Circulator) for one
minute. As instructed, patients could withdraw their foot from
the cold water bath if they felt the pain was unbearable during
the immersion. Most patients withdrew their foot before the end
of the one minute with verbal assessment of pain being unbear-
able. For patients going through the whole minute of immersion,
oral pain assessment of the conditioning stimulus was made,
and all patients rated pain at 8 of 10 or more. HPT was measured
again, as described previously, immediately after conditioning.
The CPM effect was calculated as the difference (expressed
in �C) between HPT measured after and before the condition-
ing stimulus. A positive difference (ie, a higher HPT after
conditioning than before conditioning) indicated activation of
descending pain inhibition.
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Statistical analysis. Given that the study was exploratory,
there was no power calculation because, to our knowledge, no
previous prospective studies on CPM permitted specific calcula-
tions, nor do standards regarding sample size.

Results are expressed as means ± SDs for continuous vari-
ables or as frequencies and percentages for categorical variables.
The primary outcome was the comparison of the CPM effect
measured before and six months after TNFi initiation.

Longitudinal paired data were compared using a parametric
test (if normal distribution) or nonparametric tests (if not normally
distributed). Correlations between CPM and pain intensities using
the BPI pain scales (pain right now, worst pain, least pain, and
pain in general) were assessed by calculating Spearman’s rank
correlation coefficient.

The primary outcome (change in CPM) was considered
regarding two disease end points with the following stratification:
(1) disease activity at the end of follow-up, with patients achieving
remission or low disease activity (DAS28 ≤ 3.2 or ASDAS < 2.1)
compared to patients with residual activity, and (2) residual pain
at the end of follow-up, with patients measuring pain intensity
(using the BPI scale “pain in general”) as ≤3 of 10 compared to
patients with residual pain. Comparison of thermal QST and
CPM between patients stratified by these two end points was
performed using Student’s t-test or the Mann–Whitney U test
depending on the distribution of the data.

A multivariate analysis using two models to predict the
achievement of each of the two end points: remission or low activity
and pain ≤3 of 10. The variables integrated into the models were
tested in three stages: (1) demographic variables package (age,
sex, disease duration); (2) clinical data (disease duration, disease
activity, worst pain, pain in general), questionnaires (positive Fibro-
myalgia Rapid Screening Tool questionnaire, positive Central Sensi-
tization index questionnaire, HAD anxiety, HAD depression, ISI,
PCS), and CPM upon inclusion package; and (3) the third package,
with CPM at three months and patients’ reported outcomes of effi-
cacy and satisfaction. Regarding this absence of power calculation,
the RAPID study might be underpowered for such hypothesis test-
ing. Statistical analyses were performed using SAS version 9.4 soft-
ware (SAS Institute Inc). The data supporting this article will be
shared on reasonable request to the corresponding author.

RESULTS

Patients’ characteristics and clinical effects of
treatment. One hundred patients with active disease were
included (50 with RA and 50 with SpA), 59 were women, and
the mean ± SD age was 45.8 ± 14.6 years. Baseline clinical char-
acteristics and disease activity have been previously described.7

Because of the COVID-19 pandemic, only 87 patients from the
initial cohort initiated bDMARD treatment with a TNFi (50 patients
received etanercept, 33 received adalimumab, 2 received inflixi-
mab, and 2 received certolizumab).

Of the cohort, 74 patients completed the six-month follow-
up (36 with RA and 38 with SpA) (Sup Material 1). At six months,
remission was achieved by 20 patients with RA (55.6% of the
patients with RA) and 12 patients with SpA (31.6% of the patients
with SpA); low disease activity was achieved by 6 patients with RA
(16.7% of the patients with RA) and 13 patients with SpA (34.2%
of the patients with SpA); 8 patients with RA (22.2% of the
patients with RA) had moderate activity; 12 patients with SpA
(31.6% of the patients with SpA) had high disease activity;
2 patients with RA (5.5% of the patients with RA) had high disease
activity; and 1 patient with SpA (2.6% of the patients with SpA)
had very high disease activity. At the end of follow-up, the average
pain intensity significantly decreased across the patient popula-
tion (Table 1): 47 patients (63.5%) reported no significant residual
pain (average daily pain intensity ≤3 of 10), whereas 27 (36.5%)
reported persistent pain (average daily pain intensity >3). The
changes in other outcomes are summarized in Table 1, showing
significant reductions in functional impact, HAD depression,
PCS, and ISI scores at the six-month assessment.

Changes in CPM effect and in pain thresholds. The
overall CPM effect exhibited a significant increase at three months
(mean ± SD 2.64 ± 2.12�C; P < 0.001) compared to baseline val-
ues (mean ± SD 0.25 ± 2.57�C), and this effect was sustained at
six months (mean ± SD 2.96 ± 2.50�C; P < 0.001) (Figure 1).
At three months follow-up, the mean CPM effect in patients who
achieved remission or low disease activity (n = 42) was not signif-
icantly different than the mean CPM effect in patients who still had
an active disease (n= 35). The mean CPM effect in patients with
no significant residual pain (BPI pain scale ≤3 of 10) (n = 45) was
not significantly different from the mean CPM effect of patients
with residual pain (BPI pain scale >3 of 10) (n = 32). At the end
of the six-month follow-up, the mean CPM effect in patients who
achieved remission or low disease activity (n = 51) was signifi-
cantly different from the mean CPM effect in patients who still
had an active disease (n = 23) (mean ± SD 3.31 ± 2.68�C vs
2.18 ± 1.87�C, respectively; P = 0.018), and the mean CPM effect
in patients with no significant residual pain (BPI pain scale ≤3 of
10) (n = 47) was significantly different from the mean CPM effect
of patients with residual pain (BPI pain scale >3 of 10) (n = 27)
(mean ± SD 3.25 ± 2.68�C vs 2.47 ± 2.11�C, respectively;
P = 0.046) (Sup Material 2).

The changes in CPM were significantly correlated with
changes in pain intensity ratings (Table 2). This indicates that a
higher increase in CPM was associated with a greater decrease
in pain intensity. This is in line with the previous finding of a mean
CPM effect significantly higher at six months in patients without
significant residual pain compared to those patients with persis-
tent pain. In contrast, the changes in CPM effect did not show
any significant correlation with changes in disease activity scores
(Table 2), with the changes in blood inflammatory biomarkers
at three months (ESR: r = 0.16, P = 0.21; CRP: r = −0.13,
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P = 0.28) and six months (ESR: r = 0.1, P = 0.42; CRP: r = −0.02,
P = 0.89), or with any of the other functional and psychological
scores. Finally, variation of the CPM effect over the six-month
follow-up was not explained by any of the baseline parameters
(Sup Material 3). For the multivariate analysis to predict the
achievement of each of the two end points (remission or low activ-
ity and pain ≤3 of 10) for all two models, none of the baseline data,
in particular CPM effect, were predictive of achieving remission or

low activity or absence of residual pain at the end of follow-up
(Sup Material 4).

Thermal pain thresholds did not significantly change during
the course of the treatment (Sup Material 5). There was no ceiling
effect for the HPT. Maximal possible stimulation temperature was
50�C, and no patient ever reached this temperature as their HPT.
In contrast, a few patients reached 0�C as their CPT. The mean ±
SD HPT was 42.35 ± 3.68�C at baseline, 41.89 ± 3.65�C at

Table 1. Clinical characteristics of patients throughout follow-up*

Inclusion (N = 100 patients;
50 with RA and
50 with SpA)

3 mo (n = 81 patients;
40 with RA and
41 with SpA)

6 mo (n = 74 patients;
36 with RA and
38 with SpA)

Comparison
(baseline to 6 mo), P

Activity score
Patients with RA: DAS28-ESR 4.97 ± 0.94 3.1 ± 1.3 2.5 ± 1.35 <0.0001
Patients with SpA: ASDAS-CRP 3.27 ± 0.86 1.9 ± 0.8 1.8 ± 0.89 <0.0001

Functional impact
Patients with RA: HAQ (of 3) 1.1 ± 0.8 0.7 ± 0.8 0.6 ± 0.8 <0.0001
Patients with SpA: BASFI (of 10) 4.2 ± 2.6 2.5 ± 2.5 1.9 ± 1.9 <0.0001

Mean pain intensity in general (of 10) 5.7 ± 1.4 3.2 ± 2.3 2.9 ± 2.5 <0.0001
HAD anxiety (of 21) 8.5 ± 5.4 7.3 ± 4.7 7.6 ± 5 NS
HAD depression (of 21) 7.2 ± 4.5 5.7 ± 4.5 5.6 ± 4.2 0.0009
Insomnia Severity Index (of 28) 12.9 ± 7.1 10 ± 7.1 9.8 ± 7 <0.0001
Pain Catastrophizing Scale (of 52) 23.3 ± 13.9 17.5 ± 14.8 16.1 ± 14.5 <0.0001

* Data are expressed as the mean ± SD unless otherwise stated. ASDAS-CRP, Ankylosing Spondylitis Disease Activity Score using the C-reactive
protein level; BASFI, Bath Ankylosing Spondylitis Functional Index; DAS28-ESR, Disease Activity Score in 28 joints using the erythrocyte sedimen-
tation rate; HAQ, Health Assessment Questionnaire; HAD, Hospital Anxiety Depression Scale; NS, not significant; RA, rheumatoid arthritis; SpA,
spondyloarthritis.

Figure 1. CPM effect evolution during follow-up. Box and whisker plots of CPM effect at baseline, three months’ follow-up, and six months’
follow-up. Box plots represent the upper quartile, lower quartile, the median (horizontal line), and the mean (X). Whiskers enclose 1.5 × the inter-
quartile range. CPM, conditioned pain modulation.
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three months, and 42.17 ± 3.67�C at six months. The mean ± SD
CPT was 13.11 ± 10.04�C at baseline, 13.47 ± 9.31�C at three
months, and 12.86 ± 9.45�C at six months. At the end of follow-
up, there was no significant difference between patients with
and without persistent pain (HPT mean ± SD: 42.26 ± 3.74�C vs
42.12 ± 3.67�C, P = 0.99; CPT mean ± SD: 13.04 ± 9.54�C vs
12.77 ± 9.49�C, P = 0.76) or between patients in remission or
with low disease activity and those with active disease (HPT mean
± SD: 41.97 ± 3.67�C vs 42.63 ± 3.71�C, P = 0.43; CPT mean
± SD: 13.33 ± 9.36�C vs 11.83 ± 9.76�C, P = 0.54). There was
no significant difference in the variation of thermal thresholds
between baseline and six months in patients with or without per-
sistent pain or between patients in remission or with low disease
activity and those with active disease (Sup Material 6).

DISCUSSION

The RAPID study was the first prospective study with
repeated QST and CPM before and after bDMARD initiation. This
study, in a homogenous group of patients with active disease at
inclusion and naive to bDMARD demonstrates an improvement
of descending modulation after TNFi initiation.

Impaired descending pain modulation and altered descend-
ing inhibitory controls have already been found in inflammatory
rheumatic diseases.7,8 This alteration of descending modulation
seems to be correlated with pain intensity in patients with active
disease,7 and an inverse association of CPM with tender joint
count was also highlighted by Lee et al.9 These modifications of

descending pain inhibition might be the counterpart of excessive
TNFα. Descending inhibitory controls have not previously been
assessed continuously before and after TNFi initiation, and the
RAPID study shows modification of descending inhibitory con-
trols after treatment introduction. Descending controls were not
improved to the same level in patients with residual pain or with
residual disease activity at the end of follow-up. Regarding the lat-
ter group, maintenance of altered CPM effect might be explained
by persistent active disease and the presence of proinflammatory
cytokines.5,7,9 We would like to stress that, as of today, there are
very few insights regarding clinical significance of CPM variation. It
is thought that a negative or null CPM effect becoming positive
would indicate (re)appearance of descending inhibiting control;
however, it is unknown if this is clinically significant for +1�C of
CPM effect or +3�C.

Modification of descending modulation contributes to CS;
however, the influence of TNFi on the pain pathways is not totally
understood. The role of TNFi in human pain pathways in rheu-
matic settings has barely been studied. In patients with RA, two
studies using functional magnetic resonance imaging reported a
rapid decrease in activity in brain structures of the pain matrix after
one infliximab infusion11 or certolizumab pegol injection.12 This
decrease in cerebral activity was observed as soon as 24 hours11

to 3 days12 after TNFi injection and preceded clinical response,
which was only observed 28 days after treatment initiation.12

Another study on patients with RA using imaging revealed a cen-
tral action of TNFi; Cavanagh et al13 used single-photon emission
computed tomography to measure the effect of adalimumab over
the density and activity of the serotonin transporter (SERT) in the
brain. Both SERT activity and density are increased by proin-
flammatory cytokines, and adalimumab infusion significantly
decreased SERT density.

In the central nervous system, descending inhibitory controls
are mainly modulated through the periaqueductal gray (PAG) and
rostral ventromedial medulla.5,10 In these central structures, the
descending inhibitory signal is mainly mediated by noradrenaline,
serotonin, and opioids and potentially by other neurotransmitters,
such as γ-aminobutyric acid (GABA).14 Rodent studies have
shown a possible effect of TNFα on PAG neurons; Xu et al14

reported elevated TNFα levels in the PAG in rodents with neuro-
pathic pain, and this correlated with an impaired GABAergic des-
cending inhibitory system. In the study by Hess et al11 on TNFα
transgenic mice that developed inflammatory arthritis, they used
functional magnetic resonance imaging to detect higher ampli-
tudes and more widespread activation of the pain matrix. When
infliximab was administered to the animals, the first changes in
the pain matrix brain activation appeared as early as 24 hours
after TNFi injection. The increased activity was totally reversed
by TNFi, and the expanded activation was partially reversed.
Moreover, a higher degree of connectivity in a cluster comprising
the thalamus, PAG, and amygdala was observed in TNF trans-
genic mice compared with wild-type animals. TNF inhibition

Table 2. Spearman rank correlation coefficient between variation of
CPM effect throughout follow-up and clinical and biologic variation
during follow-up*

Variation of the considered
data between
baseline and 6 mo

Spearman rank
correlation
coefficient (r) P value

Δ DAS28 (n = 36 patients) −0.178 0.3
Δ ASDAS (n = 38 patients) −0.33 0.4
Δ ESR (n = 74 patients) 0.105 0.42
Δ CRP (n = 74 patients) −0.016 0.89
Δ HAQ (n = 36 patients) 0.00719 0.97
Δ BASFI (n = 38 patients) −0.11211 0.5
Δ pain right now (n = 74 patients) −0.39 0.0005
Δ worst pain (n = 74 patients) −0.38 0.0007
Δ least pain (n = 74 patients) −0.24 0.04
Δ pain in general (n = 74 patients) −0.47 <0.0001
Δ HAD anxiety (n = 74 patients) 0.0341 0.77
Δ HAD depression (n = 74 patients) −0.0886 0.45
Δ Insomnia Severity Index
(n = 74 patients)

−0.1281 0.28

Δ Pain Catastrophizing Scale
(n = 74 patients)

−0.0106 0.93

* Bold values indicate significant Spearman correlation. ASDAS,
Ankylosing Spondylitis Disease Activity Score; BASFI, Bath Ankylos-
ing Spondylitis Functional Index; CPM, conditioned painmodulation;
CRP, C-reactive protein; DAS28, Disease Activity Score in 28 joints;
ESR, erythrocyte sedimentation rate; HAD, Hospital Anxiety Depres-
sion Scale; HAQ, Health Assessment Questionnaire; Δ, variation.
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resulted in a rapid but partial dissolution of this cluster.11 TNFi are
large molecules that cannot cross the blood–brain barrier, these
results regarding their action on the pain have yet to be
understood.

Regarding thermal QST, the thermal pain threshold did not
significantly change during follow-up in our study. In inflammatory
rheumatisms, thermal pain thresholds might not be the most suit-
able QST modality. In other studies using this QST modality, most
reported no difference in HPT or CPT in patients with RA or SpA15

compared to controls. Overall, these results question the use of
thermal QST in patients with chronic inflammatory rheumatism.
The choice of QST modality is still a matter of debate, and there
is no consensus today regarding the appropriate measures to
assess CS in chronic inflammatory rheumatisms. A few patients
had floor ceiling effect with the CPT, but this had no conse-
quences regarding CPM assessment because all patients either
withdrew their foot before the whole minute of conditioning or
rated their pain as 8 of 10 or more.

The RAPID study has some limitations. There was no control
group throughout the follow-up. All participants initiated a TNFi,
preventing conclusion to a specific TNF inhibition effect. Finally,
given the limited knowledge of the CPM effect in rheumatic dis-
ease, power calculation was not possible; therefore, negative
results might be due to a possibly underpowered analysis. The
prediction models finding only the CPM at three months as being
predictive of remission or low disease activity achievement might
be due to underpower, larger studies could test the hypothesis
of CPM at baseline being predictive of treatment response.

The RAPID study demonstrated that altered inhibitory pain
controls in active RA and SpA are improved after TNFi treatment.
These results indicate the presence of different descending con-
trols in patients with residual pain, and future studies should focus
on exploring pain pathways in patients in remission or with low
disease activity, as targeted treatments of the descending pain
pathways may be of interest for these patients.
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Association of Synovial Innate Immune Exhaustion With
Worse Pain in Knee Osteoarthritis

Holly T. Philpott,1 Trevor B. Birmingham,1 Garth Blackler,2 J. Daniel Klapak,2 Alexander J. Knights,3

Easton C. Farrell,3 Benoit Fiset,4 Logan A. Walsh,4 J. Robert Giffin,1 Edward M. Vasarhelyi,1

Steven J. MacDonald,1 Brent A. Lanting,1 Tristan Maerz,3 and C. Thomas Appleton,1 on behalf of the
WOREO Knee Study Group

Objective. Uncontrolled pain remains a major clinical challenge in the management of knee osteoarthritis (OA),
the most common disabling joint disease. Worse pain is associated with synovial innate immune cell infiltration
(synovitis), but the role of innate immune-regulatory cells in pain is unknown. Our objective was to identify
synovial innate immune cell subsets and pathophysiologic mechanisms associated with worse pain in patients with
knee OA.

Methods. Synovial tissue biopsies from 122 patients with mild-to-severe knee OA pain (Knee Injury and OA
Outcome Score [KOOS]) were analyzed to identify associations between synovial histopathology and worse pain. We
then used spatial transcriptomics and proteomics of synovial tissue microenvironments (n = 32), followed by single-cell
RNA sequencing (n = 8), to identify synovial cell composition and cell-cell communication networks in patients with
more severe OA pain.

Results. Histopathological signs of synovial microvascular dysfunction and perivascular edema were associated
with worse KOOS pain (−10.76; 95% confidence interval [CI] −18.90 to −2.61). Patients with worse pain had fewer
immune-regulatory macrophages, expanded fibroblast subsets, and enrichment in neurovascular remodeling path-
ways. Synovial macrophages from patients with worse pain expressed markers of immune exhaustion and decreased
phagocytic function (−19.42%; 95% CI −35.96 to −2.89) and their conditioned media increased neuronal cell stress in
dorsal root ganglia.

Conclusion. Although synovitis increases during OA, our findings suggest that exhaustion, dysfunction, and loss
of immune-regulatory macrophages is associated with worse pain and may be an important therapeutic target.

INTRODUCTION

Pain is a major clinical challenge in osteoarthritis (OA) and the

main driver of disability and poor quality of life. Synovitis is associated

with increased pain and OA disease progression.1–5 Although syno-

vitis is an important and potentially modifiable contributor to knee

OA pain and progression, we currently lack sufficient understanding

of underlying mechanisms to define effective treatment targets.1,3,6

The inflammatory mechanisms associated with OA are clearly

different from those driving disease activity and progression in

rheumatoid arthritis (RA). Whereas RA is an autoimmune disease

with a major component involving the adaptive immune system,

inflammation in OA is largely mediated by innate immune cells

and mechanisms.7–11 Understanding the role of innate immune

mechanisms in OA may yield important insights related to uncon-

trolled OA pain.
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Macrophages dominate the synovial immune cell landscape
in OA,12,13 increase nociception,14 and orchestrate neurovascular
remodeling processes in other diseases.15–18 However, macro-
phage ablation does not prevent the development of OA,19 sug-
gesting that certain populations of immune cells are important
for joint homeostasis. Through crosstalk with other immune and
nonimmune cells in synovial tissues, proinflammatory and/or reg-
ulatory macrophage subsets might be able to modify nociception
in complex synovial microenvironments. Although whether syno-
vial macrophage activation, function, and subsets are related to
pain severity in OA is not well understood, high-throughput tools
including single-cell RNA sequencing are beginning to reveal cel-
lular and molecular profiles in OA synovial tissues,12,20 allowing
us to investigate the relationship between synovial cell subsets
and pain. For example, one study found that distinct fibroblast
subtypes isolated from painful joint sites were associated with a
neuroplastic profile (eg, neuronal cell survival and neurite
outgrowth),21 although synovial immune cells were not studied
and detailed molecular data linking synovial immune profiles to
clinically relevant pain experiences is lacking.

In this study, we provide the first combined spatial transcrip-
tomic and/or proteomic and single-cell RNA-sequencing analyses
of synovial tissues focused on pain in OA. Our objective was to
identify synovial macrophage subsets associated with worse pain
in patients with knee OA and pathophysiologic mechanisms in
synovial lining, sublining, and microvascular microenvironments.

MATERIALS AND METHODS

Study participants and subgroup selection.
Participants with symptomatic, radiographic late-stage knee OA
(Kellgren-Lawrence [KL] grades 3 or 4),22 pain (ranging from mild
to severe), and compromised function warranting total knee
arthroplasty or high tibial osteotomy were included. All patients
fulfilled the American College of Rheumatology classification cri-
teria.23 Patients who received joint injections within six months
before surgery were not included. We recruited sequential
patients scheduled for surgical intervention, which permitted
collection of synchronized demographics, patient-reported mea-
sures of pain, and synovial histopathology data in this cross-
sectional study. Participants provided written informed consent,
and the cohort was approved by Western University’s Research
Ethics Board for Health Sciences Research Involving Human
Subjects (number 109255) and complied with the Declaration of
Helsinki. Reporting was aligned with Strengthening the Reporting
of Observational Studies in Epidemiology guidelines.24

A subgroup of 32 patients (n = 16 more pain; and n = 16 less
pain) was selected from the cohort for spatial profiling using
GeoMx from NanoString. The subgroup was selected first by
splitting the cohort into upper (least pain) and lower (most pain)
quartiles of Knee Injury and OA Outcome Score (KOOS) pain sub-
scale score. Based on our regression analysis, we selected

patients with more severe pain and worse perivascular edema
(more severe disease and tissue damage) and patients with less
pain and less perivascular edema. Then, 16 patients with cores
that provided adequate tissue to sample three different synovial
tissue microenvironments of interest were selected from the
upper and lower KOOS pain quartiles. A subgroup of eight
patients (n = 4 more pain; n = 4 less pain) analyzed by spatial pro-
filing were selected to also undergo single-cell sequencing.

Patient-reported outcome measures of pain.
Participants completed the KOOS Pain subscale (9 items:
0–100), in which lower scores indicate worse pain. The KOOS is
valid and reliable for individuals with knee OA.25,26 A clinically
important difference in KOOS is defined as a change in 8.0 to
10.0 points.27

Synovial tissue histopathology. Synovial tissue biopsies
were collected during surgery from the lateral suprapatellar
recess. Serial sections (5-μm thick) spanning a total of 500 μm
of tissue were stained with hematoxylin and eosin. Synovial tissue
samples were graded, including two to five sections (at least
100 μm apart) per patient, by assessing six features of synovial
histopathology as previously described28: (1) synovial lining thick-
ness, (2) subsynovial infiltrate, (3) vascularization, (4) surface fibrin
deposition, (5) fibrosis, and (6) perivascular edema. The grades for
each tissue section per patient were averaged for each individual
histopathological feature and then binned into the following
categories: category 1 is none or normal (average grade < 0.5);
category 2 is mild (average grade between 0.5 to 1.5); and
category 3 is moderate or severe (average grade >1.5).

Spatial profiling of gene and protein expression.
Three synovial tissue anatomic microenvironment regions of inter-
est (ROIs) were defined as follows: (1) synovial lining, (2) subintima,
and (3) microvessel. Therefore, 96 ROIs comprising three different
synovial microenvironments from a total of 32 patients were
analyzed using both whole-transcriptome spatial profiling and
predefined protein panels in parallel. The synovial tissue microen-
vironment ROIs were selected using known morphologic
markers, including nuclei (DAPI), CD68 (macrophages), CD45
(hematopoietic cells), and smooth muscle actin (microvessels).
Each ROI included a minimum of 200 cells.

The GeoMX predefined protein profiling consisted of 132 tar-
gets across 11 panels: immune activation status, immune cell typ-
ing, pan-tumor, immuno-oncology drug target, cell death, MAPK
signaling, phosphatidylinositol 3-kinase/protein kinase B signal-
ing, myeloid, autophagy, neural cell profiling, and glial cell subtyp-
ing. A full list of protein targets can be found in Supplementary
Protein Profiling Targets File. Full details regarding synovial tissue
dissociation into single-cell suspension, single-cell RNA library
preparation, and single-cell sequencing can be found in Supple-
mentary Materials and Methods.
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Analysis of single-cell sequencing data. Alignment was
conducted to the GRCh38.p13 (2020-A), reference genome and
filtering, barcoding, and unique molecular identifier counting were
performed using Cell Ranger version 6.1.1 and the 10x Genomics
recommended default parameters. All downstream processing
and analysis steps on the feature-barcode matrixes were per-
formed in the R package Seurat version 4.1.0. Full details on
single-cell workflow can be found in Supplementary Materials
and Methods.

Phagocytosis assay. Phagocytic index was measured in
synovial macrophage isolated from a subset of patients reporting
more pain (n = 8) and less pain (n = 8). We used the Phagocytosis
Assay Kit (number 500290), according to the manufacturer’s pro-
tocol (Caymen Chemical Company). Phagocytic index was
defined as the number of CD68+ macrophages containing one
or more phagocytosed fluorescein isothiocyanate+ beads as a
proportion of total CD68+ macrophages. Full details can be found
in Supplementary Materials and Methods.

Rat dorsal root ganglia explant stimulation. A total of
32 dorsal root ganglia (DRGs) harvested from 18-week-old naive
male Sprague Dawley rats were stimulated for 72 hours with one
of the following: (1) media conditioned by synovial cells with more
pain (n = 8), (2) media conditioned by synovial cells from patients
with less pain (n = 8), (3) lipopolysaccharide (LPS) (200 ng/mL; n
= 8), or (4) unconditioned complete RPMI media (RPMI, 10% fetal
bovine serum, and 1% penicillin/streptomycin; n = 8). LPS is a
potent inflammatory mediator and has been used to induce pain
sensitivity and neuroinflammation29–31 and affect neuronal cell
morphology in preclinical studies31,32 and was therefore used as
a positive control. DRG cell bodies were immunolabeled for
cleaved caspase 3 (CC3), a marker of cell stress, and DRG-
supporting cells were labeled with ionized calcium-binding
adapter molecule 1 (Iba1), a marker of immune cell activation. Full
details can be found in Supplementary Materials and Methods.

Statistical analyses. Synovial histopathology and pain
outcomes.We fitted a series of multivariate linear regression mod-
els to evaluate the associations between features of synovial his-
topathology and patient-reported outcomes measures of pain
(KOOS Pain subscale scores). Results were reported as unstan-
dardized β-coefficients with 95% confidence intervals (CIs). Full
details of statistical analyses can be found in Supplementary
Materials and Methods.

GeoMX spatial profiling analysis. All analyses were com-
pleted in NanoString’s GeoMX Analysis Suite (version
2.5.0.145). Differentially expressed genes or proteins were identi-
fied in each synovial microenvironment (lining, subintima, and
microvessel) using linear mixed modeling while adjusting for
patient identifier and body mass index (BMI) and with a

Benjamini-Hochberg correction to control for false discovery rate.
Full details can be found in Supplementary Material and Methods.

Phagocytic index of synovial macrophages. Phagocytic
index of synovial macrophages was compared between groups
of patients with more pain (n = 8) and less pain (n = 8) using an
unpaired t-test. Results are presented as means with 95% CIs.

CC3 and Iba1 quantification in cultured DRGs. Percentage of
CC3+ cell bodies and Iba1+ supporting cells were compared
between patients reporting more pain (n = 8) and less pain (n =
8) and the unconditioned negative control group (n = 8) or LPS-
stimulated positive control group (n = 8) using unpaired one-tailed
t-tests. Results are presented as mean with 95% CIs.

Data availability. All single-cell RNA-sequencing data and
spatial profiling data are publicly available via the NCBI GEO using
the accession numbers GSE248453, GSE248454, and
GSE248455. Other data and analytic codes are available upon
reasonable request.

RESULTS

Out of 125 participants screened for eligibility, synovial
biopsy was obtained for 122 participants and included in the pri-
mary analysis. Study participant demographics and clinical char-
acteristics are shown in Table 1 for the (1) total cohort, (2) spatial
profiling, and (3) single-cell RNA-sequencing subgroups of
patients with more versus less pain. Frequency of pain medication
prescription is shown in Supplementary Table 1.

Association betweenworse pain and synovial tissue
perivascular edema. Regression analyses were performed
while controlling for confounding variables to determine which
features of synovial histopathology are associated with worse
pain. Perivascular edema was strongly associated with
worse KOOS pain that was likely clinically meaningful (−10.76;
95% CI −18.90 to −2.61) (Table 2), suggesting that pain may be
related to synovial microvascular dysfunction.

Spatial profiling analysis of synovial
microenvironments. We next used spatial profiling of
synovial lining, sublining, and microvascular compartments to
identify pathophysiologic processes associated with worse OA
pain. Subgroups of patients with severe pain or mild-to-moderate
KOOS pain and perivascular edema scores were matched on
sex, BMI, and radiographic joint damage (KL grade), providing
16 patients from each subgroup for spatial transcriptomic and
proteomic analyses. The subgroups had similar demographics
to the total cohort (Table 1). As expected, patients with worse
pain had higher histopathological scores for perivascular edema,
lower histopathological scores for immune infiltrate, and were
younger compared with patients with less pain, in keeping with
more severe OA disease. The means and distributions of sex,
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KL grade, and BMI were similar among groups, indicating effec-
tive matching.

Representative images of the synovial microenvironment
ROIs analyzed by spatial profiling as well as differential gene
and protein expression of patients with more pain are shown
in Figure 1. Genes involved in mitochondrial stress response
and regulation of processes such as angiogenesis, vessel
maintenance, wound healing, and neurite outgrowth were
increased in patients with more pain, whereas genes involved
in regulation of innate immune signaling were decreased. Pro-
teins involved in immune exhaustion, cellular response to
stress, apoptosis, and wound healing were increased in
patients with worse pain, whereas cell surface markers of mye-
loid and T lymphocytes, immune signaling, and cell growth and
survival were decreased, corresponding to diminished innate
immune cell content and diversity. A full list of differentially
expressed genes from each ROI can be found in Supplemen-
tary File - GeoMX DE Lists.

Enrichment of Reactome gene sets in patients with worse
pain for each synovial microenvironment are shown in Supple-
mentary Table 2. In the synovial lining, enriched gene sets include
those related to neuronal development and maintenance, cell
metabolism, and regulation of angiogenesis. In the sublining,
enriched gene sets include extracellular matrix (ECM) reorganiza-
tion and fibrosis, neuronal regulation, immune signaling, and cell
metabolism. In the microvascular compartment, enriched gene
sets include neuronal regulation, ECM organization, fibrosis, and
enrichment of many proinflammatory Toll-like receptor (TLR)
cascades. Together, these data show that the synovial

microenvironments from patients with more pain express signal-
ing pathways related to neurovascular remodeling, immune sig-
naling, and profibrotic processes.

Table 1. Patient demographics and clinical characteristics for total cohort and digital spatial profiling and single-cell RNA-sequencing
subgroups*

Spatial profiling subgroups scRNAseq subgroups

Characteristics
Total cohort
(n = 122)

Less pain
(n = 16)

More pain
(n = 16)

Less pain
(n = 4)

More pain
(n = 4)

Age, mean ± SD
(range), years

67.1 ± 8.5 (41–85) 73.1 ± 5.1 (60–80) 65.4 ± 7.5 (55–79) 74.5 ± 5.5 (67–80) 64.8 ± 4.7 (59–69)

Sex, n (%)
Women 58 (47.5) 7 (43.8) 6 (37.5) 2 (50.0) 2 (50.0)
Men 64 (52.5) 9 (56.2) 10 (62.5) 2 (50.0) 2 (50.0)

BMI, mean ± SD (range) 32.7 ± 5.5 (21.1–47.2) 33.1 ± 4.9 (24.8–40.3) 33.1 ± 5.1 (25.9–47.2) 30.1 ± 6.8 (24.8–40.0) 29.2 ± 2.9 (25.9–32.7)
KL grade, n (%)
Grade 3 48 (39.3) 8 (50.0) 8 (50.0) 0 (0.0) 2 (50.0)
Grade 4 74 (60.7) 8 (50.0) 8 (50.0) 4 (100.0) 2 (50.0)

KOOS Pain, mean ±
SD (range), 0–100

47.2 ± 15.7 (0–89) 60.6 ± 12.1 (42–89) 37.8 ± 10.0 (19–53) 62.8 ± 5.3 (56–67) 34.5 ± 10.9 (19–44)

Histopathology, mean ±
SD (range)

Lining thickness 0.8 ± 0.8 (0–3) 1.0 ± 0.8 (0–3) 0.9 ± 1.0 (0–3) 0.8 ± 1.0 (0–2) 0.8 ± 1.0 (0–2)
Subsynovial infiltrate 1.1 ± 0.8 (0–3) 1.8 ± 0.9 (0–3) 0.9 ± 0.6 (0–2) 2.3 ± 1.0 (1–3) 1.0 ± 0.0 (1–1)
Vascularization 2.0 ± 0.9 (0–3) 1.7 ± 1.0 (0–3) 2.7 ± 0.5 (2–3) 2.3 ± 1.0 (1–3) 2.3 ± 0.5 (2–3)
Fibrin 0.9 ± 0.4 (0–1) 0.9 ± 0.3 (0–1) 0.9 ± 0.3 (0–1) 1.0 ± 0.0 (1–1) 0.8 ± 0.5 (0–1)
Fibrosis 1.1 ± 0.7 (0–3) 1.2 ± 0.7 (0–3) 1.3 ± 0.5 (0–3) 1.1 ± 0.5 (1–2) 1.3 ± 0.5 (1–2)
Perivascular edema 0.6 ± 0.7 (0–3) 0.0 ± 0.0 (0–0) 1.6 ± 0.6 (0–3) 0.0 ± 0.0 (0–0) 2.3 ± 0.5 (2–3)

* Synovial histopathology scores are reported as the mean of median scores for each feature. Lower KOOS pain scores indicate worse pain.
BMI, body mass index; KL, Kellgren-Lawrence; KOOS, Knee Injury and Osteoarthritis Outcome Score; scRNAseq, single-cell RNA sequencing.

Table 2. Multivariate linear regression model estimates for KOOS
pain and histopathological features of synovial inflammation and
damage (n = 122)*

Predictor:
histopathology β-coefficient SE 95% CI

Lining thickness
<0.5 Reference Reference Reference
0.5–1.5 1.55 3.11 −4.61 to 7.72
>1.5 −4.32 4.28 −12.79 to 4.16

Subsynovial infiltrate
<0.5 Reference Reference Reference
0.5–1.5 −2.45 4.01 −10.39 to 5.50
>1.5 2.30 4.71 −7.03 to 11.63

Vascularization
<0.5 Reference Reference Reference
0.5–1.5 3.05 6.33 −9.49 to 15.60
>1.5 −0.62 5.45 −11.41 to 10.18

Fibrin
<0.5 Reference Reference Reference
0.5–1.5 3.06 5.20 −7.24 to 13.36
>1.5 – – –

Fibrosis
<0.5 Reference Reference Reference
0.5–1.5 3.65 3.38 −3.05 to 10.35
>1.5 3.00 4.31 −5.54 to 11.55

Perivascular edema
<0.5 Reference Reference Reference
0.5–1.5 −4.70 2.85 −10.35 to 0.95
>1.5 −10.76 4.11 −18.90 to −2.61

* Adjusting for age, sex, and body mass index. CI, confidence inter-
val; KOOS, Knee Injury and Osteoarthritis Outcome Score.
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Figure 1. Spatial profiling of synovial lining, subintima, and microvessel microenvironments. (A–C) Representative images of the synovial micro-
environment regions of interest. Immunofluorescence images from the spatial profiling analysis with morphology markers for CD68+macrophages
(yellow), CD45+ cells (magenta), SMA+ cells (green), and nuclear stain (blue). Representative synovial microenvironment regions of interest for
(A) synovial lining, (B) subintima, and (C) microvessel are outlined with white, dashed lines. Scale bar = 100 μm. Volcano plots displaying the top
differentially expressed (increased vs decreased expression) (D–F) genes and (G–I) proteins for each synovial tissue microenvironment: synovial lin-
ing, subintima, and microvessel in patients with more pain (relative to less pain). Genes with increased expression in patients with more pain are
represented by red dots, and genes with decreased expression in more pain are represented by blue dots. The y-axis represents the log10
P value with cut-off set at 1.3 (P < 0.05), and the x-axis represents the log2 fold change with cut-off set at 0.5. Differential gene expression (n =
16 per group) was derived by fitting linear mixedmodels while adjusting for patient ID and BMI and with a Benjamini-Hochberg correction to control
for FDR. BMI, body mass index; CD45, hematopoietic cell marker; CD68, macrophage marker; FDR, false discovery rate; ID, identifier; SMA,
smooth muscle actin vessel marker.
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Cell deconvolution from spatial transcriptomics.
Because our gene expression data suggested that worse pain
was associated with decreased innate and adaptive immune
cells, we used deconvolution algorithms to estimate the propor-
tion of each immune cell type present in each synovial microenvi-
ronment (Supplementary Figure 1). Patients with worse pain had
a higher proportion of nonconventional and/or intermediate
monocytes (mean difference 3.76%; 95% CI 0.53–6.99) in the
synovial lining. In the subintima, there were higher proportions of
macrophages (mean difference 8.16%; 95% CI 0.16–16.17) and
fibroblasts (mean difference 11.2%; 95% CI 3.30–19.07) and
lower proportions of plasma cells (mean difference −5.78%;
95%CI −10.52 to −1.04) and naive CD4+ T cells (mean difference
−8.05%; 95% CI −13.15 to −2.96) and a similar trend for CD8+
memory T cells (mean difference −1.12%; 95% CI −2.3 to 0.07).
In microvessels, there were higher proportions of fibroblasts
(mean difference 8.53%; 95% CI 2.86–14.19) and endothelial
cells (mean difference 7.73%; 95%CI 1.66–13.80) and lower pro-
portions of CD8+ memory T cells (mean difference −2.32%; 95%
CI −3.81 to −0.83) and neutrophils (mean difference −2.84%;
95% CI −4.66 to −1.02) and a similar trend for plasma cells (mean
difference −2.79%; 95% CI −5.95 to 0.37). These data suggest
that worse pain is associated with decreased immune cell diver-
sity in synovial tissues.

Single-cell RNA-sequencing analysis. To investigate
changes in immune cell profiles and crosstalk mechanisms asso-
ciated with worse pain, we analyzed synovial cell profiles at the
cellular level using single-cell RNA sequencing. The pain sub-
groups demonstrated similar demographics to the total cohort
(see Table 1). Patients with more pain had higher histopathologi-
cal scores for perivascular edema, a lower histopathological score
for immune infiltrate, and were younger compared with patients
with less pain.

We profiled a total of 14,522 synovial cells, comprising 15 dis-
tinct cell populations (Figure 2A), including myeloid and dendritic
cells, lining and sublining fibroblasts, T cells, B cells, plasma cells,
mast cells, endothelial cells, and mural cells. We observed large dif-
ferences in the proportions of cell types between patients with
worse pain compared with patients reporting less pain, especially
in themyeloid and fibroblast subsets (Figure 2C). Patients reporting
worse pain had fewermyeloid (−19.5%; 95%CI −32.3 to −6.8) and
other immune cells but much higher proportions of lining (19.0%;
95% CI −7.9 to 45.9) and sublining (13.0%; 95% CI −5.3 to 31.4)
fibroblasts, endothelial cells, and mural cell clusters
(Supplementary Table 3). These data corroborate the spatial profil-
ing findings and suggest that lower immune cell diversity and
expansion of fibroblast subsets are important features in synovial
tissues from patients experiencing worse pain.

Next, we conducted cell type–specific analyses to identify
differences in myeloid cell and fibroblast (Figure 2D–K) subtypes
and gene expression between patients reporting more versus

less pain. We identified four myeloid subtypes previously
described by Huang et al, including transitional macrophages (T-

MΦ, expressing both proinflammatory and immune-resolving

genes), interferon-stimulated macrophages (IFNS-MΦ, express-
ing interferon-related genes), S100A8hi macrophages (highly
expressing S100A8; S100A8+), and immune-regulatory macro-

phages (IR-MΦ).20 We also identified lining macrophages
(expressing proteoglycan 4 [PRG4], secreted protein acidic and
cysteine rich [SPARC], chloride intracellular channel 5 [CLIC5],
and V-set and immunoglobulin containing 4 [VSIG4]), lymphatic
vessel endothelial hyaluronan receptor 1 (LYVE1+) macrophages,
dendritic cells, proliferating macrophages, mast cells, and a non-
specific macrophage cluster we were unable to further classify.
Strikingly, patients with worse pain had a reduction in all immune
cell subtypes except the LYVE1+ macrophages, which were

increased, and an almost complete absence of IFNS-MΦ and

IR-MΦ (Figure 2E).
Similarly, we identified eight subtypes of fibroblasts, includ-

ing lining fibroblasts (PRG4, CD55, and collagen type XXII α-1
chain), leucine-rich repeat containing 15 (LRRC15+) lining,
senescent lining (calponin-1, cyclin-dependent kinase inhibitor
1A, regulator of G protein signaling 16, and G protein–coupled
receptor 1), sublining progenitor (dipeptidylpeptidase 4, pepti-
dase inhibitor 16, and CD34), perivascular sublining (midkine
and ANGPT1), HLA-DRAhi, intermediate fibroblasts (PRG4 and
Thy-1 cell surface antigen), and a nonspecific fibroblast cluster
that did not correspond to any previously reported fibroblast
gene signatures (Figure 2F). LRCC15+ lining, senescent lining,
and sublining progenitor fibroblasts were increased in patients
with worse pain (Figure 2G).

To determine if myeloid and fibroblast subsets demonstrate
different physiologic states between patients with worse pain
versus less pain, we assessed differentially expressed genes
between pain groups and performed gene set enrichment analy-
sis (Figure 2H–K). Numerous processes related to neurovascular
signaling and remodeling, proinflammatory innate immune signal-
ing pathways, immune regulation, extracellular matrix remodeling,
and cell stress and metabolism were positively enriched in
myeloid cells (Figure 2I) and fibroblasts (Figure 2K) from patients
with worse pain. Collectively, these results demonstrate that
patients with worse pain exhibit striking reductions in immune
and regulatory myeloid cell subsets and increases in senescent
and sublining fibroblast subsets, in association with increased
transcriptional signatures relevant to proalgesic, proinflammatory,
neurovascular remodeling, and profibrotic processes.

Immune-stromal crosstalk profiles. Considering that
myeloid and stromal cells are known to communicate in wound
healing and other disease contexts, we hypothesized that cross-
talk between immune and stromal cells may be dysregulated in
patients with worse pain. Patients with more pain showed a lack
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of semaphorin, heparan sulfate, ANGPTL, and vascular endothe-
lial growth factor signaling and instead featured increases in
PDGF, CD99, and visfatin crosstalk signaling mechanisms com-
pared with patients with less pain (Supplementary Figure 2).
These changes suggest that myeloid-fibroblast crosstalk involv-
ing vascular and neural regulatory signaling pathways in patients

with lower OA-related pain may be replaced by more pathologic
fibrotic and dysregulated neurovascular physiology in patients
experiencing worse pain. Although the reason for this change is
not clear, it could relate to altered immune-regulatory cell function.
Therefore, we further investigated the function of innate immune
cells in synovial tissues.

Figure 2. Single-cell transcriptomics of OA synovium from patients with more versus less pain. (A) UMAP plot of synovial cell clusters annotated
by cell types. (B) Expression level of the selected marker(s) used for identification of each cluster. (C) Proportion of main cell types in patients report-
ing “less pain” (n = 4) and patients reporting “more pain” (n = 4). (D–K) Cell type–specific analyses for myeloid cells and fibroblasts.
(D) Subclustering of myeloid cells plotted on UMAP and annotated by subtype: T-MΦ, IFNS-MΦ, IR-MΦ, and S100A8+ macrophages
(S100A8hi). (E) Myeloid subclustering UMAPs plotted by pain group. (F) Subclustering of fibroblast cells plotted on UMAP and annotated by sub-
type: lining fibroblasts, LRRC15+ lining, senescent lining, sublining progenitor, fibroblasts, perivascular sublining, HLA-DRAhi

fibroblasts, and inter-
mediate fibroblasts. (G) Fibroblast subclutsering UMAPs plotted separated by pain group. (H) Volcano plot of differentially expressed genes from
myeloid pseudobulk analysis. (I) Bubble plot of Reactome gene sets enriched by myeloid cells from more pain relative to less pain. (J) Volcano plot
of differentially expressed genes from fibroblast pseudobulk analysis. (K) Bubble plot of Reactome gene sets enriched by fibroblasts from more
pain relative to less pain. DC, dendritic cell; DEG, differentially expressed gene; EMT, epithelial–mesenchymal transition; IFNS-MΦ, interferon-stim-
ulated macrophage; IL, interleukin; IR-MΦ, immune-regulatory macrophage; LRCC15+, leucine-rich repeat containing 15; MHC, major histocom-
patibility complex; NGF, nerve growth factor; NTRK, neurotrophic tyrosine receptor kinase; OA, osteoarthritis; PDGF, platelet-derived growth
factor; ROBO, roundabout homolog; SLIT, slit guidance ligand; RNS, reactive nitrogen species; ROS, reactive oxygen species; T-MΦ, transitional
macrophage; TGF, transforming growth factor; TLR, Toll-like receptor; TNFR, tumor necrosis factor receptor; TRKA, tropomyosin-related kinase
receptor A; UMAP, Uniform Manifold Approximation and Projection for Dimension Reduction; VEGFR, vascular endothelial growth factor receptor.
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43089/abstract.
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Synovial macrophage function and innate immune
exhaustion. The reduction in myeloid cell diversity in single-cell
analyses combined with increased expression of immune
exhaustion markers from spatial profiling analyses suggested
that synovial macrophages may be dysfunctional or exhausted.
To investigate whether worse pain is associated with synovial
macrophages dysfunction, we measured phagocytic function of
CD68+ synovial tissue macrophages in vitro following isolation
from synovial tissues and recovery in monolayer culture. Synovial
macrophages from patients with worse pain demonstrated a

lower phagocytic index (−19.42; 95% CI −35.96 to −2.89) com-
pared with patients with less pain (Figure 3A and B). Functional
annotation of the single-cell dataset showed that phagocytosis-

related gene sets were expressed primarily by the T-MΦ and

the IR-MΦ subsets of macrophages (Figure 3C) and that these
subsets were reduced in patients with more pain (Figure 3D and
3E). Loss of phagocytic function in combination with increased
expression of markers of exhaustion suggest that innate immune
exhaustion in synovial macrophages occurs in patients with
worse pain.

Figure 3. CD68+ macrophage phagocytic index among patients with more versus less pain. (A) Representative immunofluorescence images of
CD68+ macrophages (red) and phagocytosing beads (green) from patients with more or less pain. (B) Dot plot displaying the individual measures
of and mean ± 95% CI phagocytic index for more pain (n = 8) and less pain (n = 8) groups. Phagocytic index is defined as the number of CD68+
macrophages with one or more phagocytosed beads out of the total number of CD68+ macrophages. An unpaired t-test was used to compare
phagocytic index between groups. DAPI nuclear stain. Scale bar = 10 μm. *P < 0.05. CD68, macrophage marker; CI, confidence interval; FDR,
false discovery rate; FITC, fluorescein isothiocyanate latex bead marker. Color figure can be viewed in the online issue, which is available at
http://onlinelibrary.wiley.com/doi/10.1002/art.43089/abstract.
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DRG neuronal cell activation. Because synovial tissues
from patients with worse pain contained dysfunctional macro-
phages and enrichment of neurovascular remodeling pathways,
we investigated whether secreted factors from synovial cells influ-
enced DRG neuronal cell activation (Figure 4) using organ cultures
of rat lumbar DRGs. Media conditioned by synovial cells from
patients with worse pain increased cleaved casepase-3 in neuro-
nal cell bodies (13.72%; 95% CI 0.65–28.09) compared with
unconditioned media (control), whereas DRGs stimulated with
media conditioned by synovial cells from patients with less pain
did not (Figure 4A–E). The percentage of Iba1+ supporting cells
was similar among conditions (Figure 4A–D and F). Together,
these findings suggest that synovial cells from patients with worse
pain secrete factors that increase neuronal cell stress signals.

DISCUSSION

Synovitis measured by imaging is strongly associated with
increased risk of pain and joint damage in OA. Although it is logical
to assume that more inflammation is likely to worsen OA out-
comes, we currently lack detailed information about the composi-
tion and cell-cell communication networks present in OA-related
synovitis that are associated with worse OA pain. In this study,
we combined spatial molecular profiling with single-cell RNA-
sequencing analyses of synovial tissues to identify immunophe-
notypic and biologic mechanisms associated with worse pain in
knee OA. Two major themes emerged in our findings. First, worse
pain was associated with macrophage exhaustion, characterized
by increased expression of cell exhaustion and cell stress
markers, reduction in innate and adaptive immune cells, and
impaired macrophage phagocytic function. Second, worse pain
was also associated with increased expression of gene and pro-
tein markers and cell-cell communication pathways characteristic
of neurovascular signaling and remodeling. This latter finding was
strongly supported by a clinically meaningful association of pain
with perivascular edema in synovial tissue histopathology. Further
suggesting that worse pain outcomes in knee OA are linked to
macrophage exhaustion and neurovascular remodeling, our
ex vivo organ culture model of nociception in lumbar DRGs dem-
onstrated that cells isolated from synovial tissues containing dys-
functional macrophages secrete factors that increase neuronal
cell activation. These experiments therefore uncover an exciting

and unexpected link to innate IR-MΦ, which may initially play pro-
tective roles but become dysfunctional or lost in patients with
worse pain.

All patients included in this study had late-stage knee OA
with severe enough symptoms to warrant surgical intervention.
Despite this context, there was a very wide range of pain severity.
This allowed us to strategically test associations of knee pain with
synovial histopathology and identify pathophysiologic mecha-
nisms associated with worse pain while controlling for potential

confounders. Synovial perivascular edema was associated with
a clinically meaningful decrease (worse pain) in KOOS pain
scores. Other histopathological signs of inflammation were not
clearly associated with pain, which is likely because inflammation
is a common feature among patients with active, symptomatic
knee OA. Importantly, in other chronic diseases, perivascular
edema indicates the transition from active inflammation to tissue
damage.33,34 Accordingly, reducing or preventing synovial
tissue damage might be an important treatment goal in
OA. Moreover, these new findings implicate synovial microvascu-
lar dysfunction in OA pain experiences, which extends the pub-
lished literature on angiogenic processes in OA.35–39

Because single-cell sequencing and spatial profiling identi-
fied decreased innate and adaptive immune cells and suggested

that innate immune cells, particularly macrophages, are dysfunc-

tional in patients with more pain, we confirmed that synovial mac-

rophages from patients with more pain have decreased

phagocytic capacity. Impaired phagocytic function in synovial tis-

sue macrophages would likely lead to poor clearance of tissue

debris and cell turnover products in OA, which in turn could exac-

erbate proinflammatory and pain signaling through TLR and other

DAMP-mediated mechanisms9,40 and drive synovial cell dysfunc-

tion. These results are well-aligned with a recent study in which

we identified that synovial macrophages demonstrate impaired

efferocytic capability, which can also be induced by exposure to

OA synovial fluid from patients with worse pain and rescued by

treatment with interleukin-4.41 Combined with our present find-

ings, these data support the concept that the impaired synovial

macrophage function may lead to poor tissue healing and worse

pain but may be reversible.
Although innate immune synovial cell dysfunction has not pre-

viously been reported in the OA literature, existing knowledge from

other disease contexts may help inform the potential role(s) of

innate immune-regulatory cells in OA. Interestingly, we observed

that a near-total lack of IR-MΦ in patients with worse pain was

accompanied by expansion of LRCC15+ lining, senescent lining,

and sublining progenitor fibroblasts. In the tumor microenviron-

ment, LRRC15+ fibroblasts suppress tumor-infiltrating immune

cells, thereby limiting their effector function.42 Accordingly, synovial

macrophagesmight play a protective role in regulating and/or sup-

pressing the expansion of pathologic fibroblast subsets in OA,

whereas we found that synovial macrophages become exhausted

in patients with more painful knee OA. Similarly, in RA, therapeutic

enhancement of remission-maintaining (regulatory) macrophages

in the synovium of patients with RA can aid in restoring synovial tis-

sue homeostasis.43 It is therefore possible that enhancing regula-

tory macrophages in OA might help to restore OA joint

homeostasis. Underscoring the importance of macrophages to

homeostasis, macrophages are also critically important for mitigat-

ing redox stress in tissues,44 so macrophage exhaustion might

also contribute to oxidative damage.
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Figure 4. CC3 and Iba1 quantification in rat DRGs after stimulation with media conditioned by synovial cells from patients with more versus less
pain. (A–D) Representative immunofluorescence images for each stimulation group (n = 8 per group). Groups are as follows: (A) unconditioned,
(B) LPS stimulated, (C) less pain, and (D) more pain. Dot plots displaying the individual measures and mean ± 95% CI of (E) CC3+ cell bodies
(green) and (F) Iba1+ cells (magenta) per stimulation group. Unpaired t-tests were used to compare the percentage of positive cells between
groups. White arrow and arrowhead indicate CC3+ cell bodies and Iba1+ cells, respectively. DAPI nuclear stain. Scale bar = 20 μm. *P < 0.05.
CC3, cleaved caspase 3; CI, confidence interval; DRG, dorsal root ganglia; Iba1, ionized calcium-binding adapter molecule 1 activated microglia
marker; LPS, lipopolysaccharide. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/
art.43089/abstract.
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Neuronal and vascular remodeling is essential for joint
homeostasis and wound healing.38,45 However, inappropriate
neurovascular sprouting35,46,47 and microvascular dysfunction
(ie, perivascular edema)28,48 occurs in OA joints, which we found
were associated with worse pain. Our findings align with other
recent studies that demonstrate neuroplastic transcriptomic pro-
files in the synovium.21,49 Nanus et al showed that factors
secreted by synovial fibroblasts from patients with painful, early-
stage OA joints promoted DRG neuronal cell survival and neurite
outgrowth.21 Our findings support and extend upon this work,
suggesting that neuronal plasticity pathways are driven by both
fibroblasts and innate immune cells in patients with OA. Further,
by demonstrating the ability of synovial cells to alter neuronal cell
stress in vitro, these data also suggest that appropriate crosstalk
among innate immune cells, fibroblasts, and sensory neurons
may be required to prevent OA-related nociception. Understand-
ing both pro- and antinociceptive crosstalk mechanisms should
be a major priority for the field.

Our inferred cell-cell communication analysis provides some
such insights. For example, myeloid cells participating in sema-
phorin and angiopoietin-like signaling may play key nociceptive
roles in synovial tissues during OA. Semaphorin and
angiopoietin-like signaling can regulate appropriate axon guid-
ance, angiogenesis, and modulate immune cell function, inflam-
mation, and metabolism during stressful states.50,51 Because
myeloid and stromal cells are responsible for guiding angiogenic
and neurogenic processes,18,52 loss of synovial myeloid cell diver-
sity may shift the responsibility for carrying out these homeostatic
functions to other synovial cell subtypes, contributing to inappro-
priate or dysfunctional neurovascular changes within the OA joint.
Future longitudinal studies should investigate when and how
synovial cell subpopulations are shifted or lost and whether
restoring innate immune-regulatory function can improve neuro-
vascular derangement and pain in OA. Additionally, immune-
stromal crosstalk from patients with more pain was participating
in visfatin signaling. Taken together with a recent study from Li
and colleagues that identified common progenitors between
synovium and fat pad in the joint,53 this suggests there may be a
role in adipose transformation of synovial cells in the more-pain
context and should be explored further.

Limitations of our study include the cross-sectional design,
precluding us from drawing conclusions about a causal relation-
ship between synovial pathophysiology and the progression of
knee OA pain. However, we expect that a causal relationship is
likely based on similar findings in preclinical OA models. Further-
more, patients with worse pain in our study were younger with
worse tissue damage, implying they had experienced faster dis-
ease and pain progression. Although neuronal cells were not rep-
resented in our cell-cell communication analysis, our in vitro
findings validated that synovial cells from patients with worse pain
can transactivate DRGs in culture, as predicted by our single-cell
transcriptomic findings.

In conclusion, worse knee pain in OA is associated with mac-
rophage exhaustion and microvascular dysfunction. Our findings
suggest that different synovial cell subsets play opposing roles in
OA-related pain. In particular, regulatory macrophage dysfunction
and expanded senescent lining and sublining fibroblasts are
exciting candidate mediators of OA-related pain pathophysiology.
Because the synovium is critical for maintaining joint health and
homeostasis, innate immune cell exhaustion may be a novel treat-
ment target for preventing the progression of pain and joint fail-
ure in OA.
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Association of Therapies for Axial Spondyloarthritis on the
Risk of Hip and Spine Fractures

Devin Driscoll,1 Navya George,1 Christine Peloquin,1 S. Reza Jafarzadeh,1 Jean W. Liew,1

and Maureen Dubreuil2

Objective. People with axial spondyloarthritis (axSpA) have increased fracture risk relative to the general popula-
tion, possibly related to chronic inflammation. We assessed the impact of treatment with receiving tumor necrosis
factor inhibitors (TNFis) and nonbiologic conventional synthetic disease-modifying antirheumatic drugs (csDMARDs)
on hip and spine fractures in patients with axSpA, relative to receiving nonsteroidal anti-inflammatory drugs
(NSAIDs).

Methods. We conducted a nested case–control study using 2006 to 2021 data from the Merative MarketScan
Database. We included adults 18 to 65 years old with at least one inpatient or at least two outpatient axSpA Interna-
tional Classification of Diseases, Ninth Revision (ICD-9), or International Classification of Diseases, Tenth Revision
(ICD-10), diagnosis codes separated by at least seven days. The primary outcome was hip and/or spine fracture,
defined by ICD-9 or ICD-10 diagnosis or procedure codes. For each patient with fracture (cases), we selected up to
10 controls without fracture. We evaluated medication exposure (TNFis, csDMARDs, NSAIDs [referent], or none) hier-
archically using pharmacy claims and procedure codes. We assessed the relation of medication exposure with hip
and spine fracture risk using unconditional logistic regression with confounder adjustment.

Results. Our main analysis included 13,519 individuals with axSpA, comprising 1,229 patients with fracture and
12,290 controls. Individuals receiving TNFis had 29% lower odds of fracture compared to those receiving NSAIDs
(odds ratio [OR] 0.71, 95% confidence interval [CI] 0.59–0.85), accounting for age, sex, and diagnosis year. Results
were similar in the fully adjusted model (OR 0.75, 95% CI 0.62–0.91) and when stratified by sex.

Conclusion. Using a large US insurance claims database, we found evidence for a protective effect of receiving
TNFis on fracture risk in patients with axSpA underscoring a potential impact of TNFis in diminishing comorbidities
linked with axSpA.

INTRODUCTION

Axial spondyloarthritis (axSpA) is an inflammatory arthritis of

the spine with a prevalence of up to 1% among US adults.1 In

addition to spinal involvement, those affected may have inflamma-

tion of the eyes, skin, or bowel, and nearly half of patients with

axSpA can have peripheral joint arthritis.1,2 Radiographic axSpA

(r-axSpA; formerly known as ankylosis spondylitis) is a subtype

of axSpA with structural damage in the sacroiliac joints seen on

conventional radiography,3 whereas nonradiographic axSpA

(nr-axSpA) is a subtype of axSpA without structural damage on

conventional radiography.3 Approximately half of individuals with

axSpA have large-joint, lower-extremity involvement (hip or

knee).4

Fracture is an outcome of concern in axSpA given its associ-

ation with morbidity and mortality.5,6 Individuals with r-axSpA

have been shown to have increased risk for fractures compared

to the general population, accounting for age and sex.6–8 A
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2017 meta-analysis showed that the risk of vertebral fracture in
individuals with r-axSpA was doubled, whereas the risk of all non-
vertebral fractures was increased by 10%.7 The increased risk for
vertebral fractures is thought to be due to local bone remodeling
in the spine, causing some areas of excess bone formation and
stiffness with other areas of decreased bone density. The
increased risk for nonvertebral fractures is thought to be due to
systemic inflammation.8–10

Mainstays of axSpA treatment, as per clinical practice guide-
lines, recommend reception of nonsteroidal anti-inflammatory
drugs (NSAIDs) as first-line treatment and then tumor necrosis
factor inhibitors (TNFis) for those who have persistently elevated
disease activity.11–13 The reception of conventional synthetic
disease-modifying antirheumatic drugs (csDMARDs) is not rec-
ommended to treat axial inflammation but can be used for periph-
eral arthritis.11,12 Other therapies, such as receiving interleukin
(IL)-17 inhibitors and JAK inhibitors, are currently recommended
for patients with axSpA following a lack of response or contraindi-
cations to receiving TNFis.11,12

There is a paucity of data on the effects of treatment, specif-
ically receiving TNFis, on aspects of axSpA beyond spinal inflam-
mation. A Spanish population-based cohort study in 2014 found
that regular reception of NSAIDs greatly attenuated fracture risk
in individuals with axSpA.14 This study, however, did not look at
the association of receiving csDMARDs and TNFis on fracture risk
in this population. There also have been no large-scale studies
assessing the effect of receiving TNFis on fracture risk in patients
with axSpA despite some smaller studies suggesting increased
bone density with receiving TNFis among patients with
r-axSpA.15,16 Therefore, the goal of this study was to determine
the effect of treatment by receiving TNFis and csDMARDs on frac-
tures in patients with axSpA using a nested case–control study
design with the hypothesis that receiving TNFis reduces the risk
of fractures, relative to receiving NSAIDs.

PATIENTS AND METHODS

Data source. We used data from the Merative MarketScan
Database, which consists of medical and drug data from
employers and health plans.17 It contains data for over 250 million
individuals, including employees, their spouses, and dependents,
who are covered by employer-sponsored private health insurance
in the United States.17 Because this study involved the analysis of
pre-existing, deidentified data, it was deemed exempt from
requiring Boston University Medical Campus Institutional Review
Board approval (H-39098).

Study population. Claims were used to identify individuals
with axSpA ages 18 to 65 years old from January 1, 2006, to
December 31, 2021. A start date of January 1, 2006, was cho-
sen because this reflects the period of time in which TNFis
became more widely prescribed to patients with axSpA and

were incorporated into international treatment guidelines.18

The end date of our study was December 31, 2021. axSpA
(including both r-axSpA and nr-axSpA) was operationally
defined as at least one inpatient claim with an axSpA Interna-
tional Classification of Diseases, Ninth Revision (ICD-9), or
ICD-10, diagnosis code or at least two outpatient claims at
least seven days apart with axSpA diagnosis codes.19,20 Such
algorithms for identification of axSpA have previously been
shown to have high positive predictive values (PPVs; 88%–

100%), indicating their ability to correctly identify axSpA when
the condition is present.

Study design and outcomes of interest. We con-
ducted a nested case–control study (Figures 1 and 2). Study entry
date (disease date) was either the date of the first axSpA inpatient
claim or the date of the second axSpA outpatient claim. Included
were individuals who were observed until fracture (outcome),
65 years of age, coverage end date, or study end date
(December 31, 2021). Follow-up ended at 65 years of age
because individuals become Medicare eligible at this age, and
the data set did not include services or prescriptions billed to
Medicare.

The primary outcome of interest was composite hip and/or
spine fracture, and the secondary outcome was spine fracture.
Outcome definitions were based upon the algorithm by Wright
et al.21 Hip fracture was defined as at least one inpatient ICD-9
or ICD-10 diagnosis code in any billing position or at least one
outpatient ICD-9 or ICD-10 diagnosis code in any position plus a
Current Procedural Terminology procedure code. Spine fracture
was defined as one inpatient or outpatient ICD-9 or ICD-10 diag-
nosis code in any position. We did not require outcomes to be
incident because two-thirds of spine fractures are asymptomatic
and are diagnosed incidentally.22

For each patient with a fracture, we selected up to 10 con-
trols without fracture.23 The index date for patients with fracture
was the date of the first fracture claim and for controls, the index
date was a random date from the corresponding patient’s
fracture year. Included individuals needed to have a year of con-
tinuous enrollment before their index date. The outcome assess-
ment period was from disease date until the end of the
continuous enrollment period.

Exposure of interest. The exposure of interest was treat-
ment by receiving axSpA medication class within six months
before the index date, based on pharmacy and medical claims
data. Categories of medication class included TNFis, csDMARDs,
NSAIDs (reference group), and no medication reception. Within a
given medication class, drug reception was defined as receiving
at least one prescription within the six months before the index
date. For patients who received drugs from multiple medication
classes, exposure was classified by the highest hierarchical group
used, with the rankings defined, in order, as TNFis, csDMARDs,
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NSAIDs, no medication. JAK inhibitors and non-TNFi biologics
(eg, IL-17 inhibitors) were not included in this study due to limited
numbers of patients receiving them during this time period. We

chose NSAIDs as the active comparator reference group given
the treatment guidelines for axSpA recommend prescribing
NSAIDs as the first-line therapy.11,12

Figure 1. Selection of study population, patients with fracture (cases), and controls. axSpA, axial spondyloarthritis; DMARD, disease-modifying
antirheumatic drug; IL-17i, interleukin-17 inhibitor; JAKi, JAK inhibitor; NSAID, nonsteroidal anti-inflammatory drug; TNF, tumor necrosis factor; y,
years Sex/. #JAKis include abrocitinib, baricitinib, tofacitinib, and upadacitinib; +IL-17is include ixekizumab and secukinumab; ≠ Other biologics
include abatacept, anakinra, canakinumab, guselkumab, risankizumab, ustekinumab, sarilumab, and tocilizumab.

Figure 2. CE, EAP, and CAP in relation to index date and disease date. The index date is the fracture date for patients and the random date from
the corresponding patient’s fracture year for controls. The disease date can be any time before index date. The CE must include at least one year
before the index date. The EAP is six months before the index date. The CAP is six months before the EAP. AxSpA, axial spondyloarthritis;
DMARD, disease-modifying antirheumatic drug; NSAID, nonsteroidal anti-inflammatory drug; TNFi, tumor necrosis factor inhibitor.
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Other covariates. Potential confounders for the relation-
ship between axSpAmedication class and fracture were identified
a priori. Demographic confounders included age, sex, and diag-
nosis year for axSpA. Diagnosis year was included as a con-
founder because the year of axSpA diagnosis would influence
medication choice and because previous research reported a
temporal trend in fractures in individuals with axSpA.24 Comor-
bidities associated with fracture risk included alcohol use disor-
der, body mass index (BMI), breast cancer, chronic kidney
disease (CKD; stage 2 or higher), falls, inflammatory bowel dis-
ease, osteoporosis, prostate cancer, and tobacco use. Medica-
tion reception associated with fracture risk included receiving
antiepileptic drugs, glucocorticoids, and osteoporosis medica-
tions (including antiresorptive and anabolic therapies). Surrogates
of axSpA disease activity included erythrocyte sedimentation rate
(ESR)/C-reactive protein (CRP) laboratory orders and health care
use modeled as the number of primary care and rheumatology
outpatient visits. Covariates were assessed within the six months
before the exposure assessment period (covariate assessment
period; Figure 2), except for age, BMI, and diagnosis year. Age
was assessed on the index date, BMI was defined as the most
recent value within the six months before the exposure assess-
ment period and was a categorical variable (underweight, normal,
overweight/obese, or missing data), and diagnosis year was
modeled as a categorical variable defined as the four-year period
during which an individual was diagnosed with axSpA (2006–
2009, 2010–2013, 2014–2017, or 2018–2021).

Statistical analysis. We examined the odds of hip and/or
spine fracture comparing axSpA medication class versus NSAID
reception using unconditional logistic regression. Models were
sequentially adjusted for age, sex, and diagnosis year in our mini-
mally adjusted model, and all potential confounders were noted
above in our fully adjusted model, which was our main analysis
model. These analyses were conducted using SAS version 9.4.
We did not match patients and controls because it is prohibitive
in the case–control design and introduces confounding, rather
than mitigating them, by the matching factor(s). Furthermore,
matching in a case–control design limits inferences from the study
to the matched sets, precluding the generalizability of inferences
outside of the study sample.25

To assess the robustness of our results, we performed the
following sensitivity analyses: stratifying by sex, stratifying by frac-
ture before disease date, and using csDMARDs as the reference
group. When stratifying by sex, we omitted prostate cancer as a
covariate for the female stratum. Because those with history of
prior fracture are at heightened risk for recurrent fracture, we
additionally examined potential effect modification by stratifying
analyses based on history of prior hip or spine fracture. Given lim-
ited numbers, separate analysis for hip fracture alone was not
conducted. These analyses were conducted using SAS,
version 9.4.

The algorithm we used to capture fractures in administrative
data was previously validated and noted to have a high PPV.
However, due to its imperfect sensitivity, fractures may still be
underdiagnosed. To formally assess how the imperfect sensitivity
of the algorithm may have affected our effect measures, we per-
formed a quantitative bias analysis for outcome misclassification.
This estimated the odds ratio (OR) for the primary outcome if there
was misclassification in detecting fractures by 10%, 20%, or
30%, corresponding to sensitivities of 90%, 80%, or 70%,
respectively, while assuming 100% specificity (ie, that individuals
without fractures are not diagnosed with fractures). These analy-
ses were conducted using the R package episensr.26

RESULTS

In the main analysis, we included 13,519 individuals with
axSpA, comprising 1,229 patients with a hip or spine fracture
and 12,290 controls (Figure 1; Table 1). The outcome of hip or
spine fracture was present in 9.1% of the study sample
(Figure 1). Among patients with fracture, the mean age was
53 years, with 38% being female. Compared to controls, patients
with fracture had a higher frequency of fracture risk factors,
including CKD, glucocorticoid reception, osteoporosis, receiving
osteoporosis medications, and tobacco consumption but a lower
frequency of ESR/CRP laboratory tests or rheumatology visits
(Table 1).

Among patients with fracture, 25.1% received TNFis, 9.4%
received csDMARDs, 17.9% received NSAIDs, and 47.6% did
not receive any medication (Supplementary Table 1). After adjust-
ing for age, sex, and diagnosis year, individuals receiving TNFis
demonstrated 29% lower odds of fracture compared to those
receiving NSAIDs (OR 0.71, 95% confidence interval [CI] 0.59–
0.85; Figure 3; Supplementary Table 2). The result of the fully
adjusted model was similar (OR 0.75, 95% CI 0.62–0.91;
Figure 3). Individuals who received csDMARDs did not have a sta-
tistically significant lower odds of fracture compared to those who
received NSAIDs in either the minimally or fully adjusted model
(OR 0.96, 95% CI 0.76–1.23, and OR 0.93, 95% CI 0.72–1.19,
respectively; Figure 3).

In sensitivity analyses, when comparing individuals who
received TNFis to those who received csDMARDs as the refer-
ence group, there was a 26% decrease in odds of fracture when
the model was minimally adjusted for age, sex, and diagnosis year
(OR 0.74, 95% CI 0.58–0.92; Supplementary Table 3). Results
were attenuated in the fully adjusted model (OR 0.81, 95% CI
0.64–1.02; Supplementary Table 3). With sex stratification, there
were 462 patients with fracture (7.8%) among female patients,
whereas there were 767 patients with fracture (10.1%) among
the male patients (Supplementary Table 4). Female patients had
higher frequencies of fracture risk factors compared to male
patients. Female patients had decreased odds of fracture when
receiving TNFis compared to receiving NSAIDs in the minimally
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and fully adjusted model, similar to the main analysis (OR 0.73,
95% CI 0.52–1.01; fully adjusted Table 2). For male patients, min-
imally adjusted analysis revealed a 31% decrease (OR 0.69, 95%
CI 0.55–0.87) in fracture odds for those receiving TNFis com-
pared to receiving NSAIDs, and this significance persisted in the
fully adjusted model (OR 0.77, 95% CI 0.60–0.99; Table 2).

When stratified by prior fracture history, there were
222 patients with fracture among those with history of prior frac-
ture (n = 330), and 1,007 patients with fracture among those with-
out a history of prior fracture (n = 13,189; Supplementary Table 4).
Those with history of prior fracture had a higher frequency for frac-
ture risk factors, including alcohol use disorder, CKD, falls, osteo-
porosis, reception of osteoporosis medication, and tobacco use.
Those with a history of prior fracture had a lower frequency of
ESR/CRP laboratory tests or rheumatology visits compared to
those without a history of prior fracture. In the fully adjusted

analysis, among those with prior fracture, there was a trend
toward reduced odds of fracture by 41% for those receiving
TNFis compared to those receiving NSAIDs (OR 0.59, 95% CI
0.23–1.51; Table 3). Among those without a history of prior frac-
ture, there was a trend toward reduced odds of fracture by 17%
for those receiving TNFis compared to those receiving NSAIDs in
the fully adjusted model (OR 0.83, 95% CI 0.67–1.03; Table 3).
For the outcome limited to spine fracture (n = 1,130 patients with
fracture and 11,300 controls; Supplementary Table 5), patients
who received TNFis demonstrated a 27% decrease in odds for
fracture compared to those who received NSAIDs after adjusting
for age, sex, and diagnosis year (OR 0.73, 95% CI 0.61–0.89;
Supplementary Table 6). This significant association persisted
in the fully adjusted analysis (OR 0.81, 95% CI 0.66–0.99;
Supplementary Table 6).

Results of the quantitative bias analysis, assuming a sizable
30% outcome misclassification (corresponding to 70% sensitivity
of our algorithms for identifying fractures), showed that the OR for
the primary outcome would be 0.62 (95% CI 0.51–0.74), similar
to our observed crude OR of 0.63 for those receiving TNFis com-
pared to those receiving NSAIDs. Results were similar when
assuming 20% and 10% outcomemisclassification. This confirms
our assumption that regardless of the extent of misclassification in
fractures due to the imperfect sensitivity of its algorithm, estimates
of the OR remain unbiased due to the nondifferential nature of the
outcome misclassification.

DISCUSSION

In our nested case–control study using data from a large US
insurance claims database, we observed a protective association
between TNFi reception and risk of hip and spine fractures among
individuals with axSpA compared to those receiving NSAIDs.
Although we found no discernible effect modification by sex, anal-
yses stratified by history of prior fracture suggested a stronger
protective effect for TNFi reception among those with a history of
prior fracture. However, due to the limited sample size in each
stratum, the clinical implications of this finding warrant further
scrutiny. When specifically examining spine fractures, we identi-
fied a similar reduction in fracture odds among individuals with
axSpA who received TNFis compared to those who received
NSAIDs. Our data lend support for the reception of TNFi in the
population with axSpA, suggesting a potential protective effect
against future fractures.

Fracture constitutes a significant outcome in axSpA given its
implications for morbidity and mortality and the heightened risk of
both vertebral and nonvertebral fractures observed in individuals
with axSpA compared to those without axSpA.5–7 Previous stud-
ies have reported fracture prevalence in individuals with axSpA
ranging from 11% to 24.6%, whereas in our study, among a pop-
ulation of 77,538 individuals with axSpA, the frequency of fracture
was 9.1%.27 Sites of concern for fracture in individuals with

Table 1. Baseline demographics and clinical characteristics of the
case–control sample of individuals with axSpA (main analysis)*

Characteristic
Patients with
fracture, n (%) Controls, n (%)

Total patients, n 1,229 12,290
Age, mean ± SD, y 52.7 ± 9.6 47.1 ± 11.0
Year of axSpA diagnosis
2006–2009 374 (30.4) 4,029 (32.8)
2010–2013 393 (32.0) 4,166 (33.9)
2014–2017 307 (25.0) 2,888 (23.5)
2018–2021 155 (12.6) 1,207 (9.8)

Female 462 (37.6) 5,464 (44.5)
Alcohol use disorder 23 (1.9) 69 (0.6)
BMI
Underweight 0 (0.0) 12 (0.1)
Normal 12 (1.0) 83 (0.7)
Overweight/obese 139 (11.3) 1,064 (8.7)
Missing 1,078 (87.7) 11,131 (90.6)

Breast cancer 12 (1.0) 81 (0.7)
CKD 100 (8.1) 398 (3.2)
Falls 34 (2.8) 144 (1.2)
IBD 72 (5.9) 582 (4.7)
Osteoporosis 108 (8.8) 321 (2.6)
Prostate cancer 17 (1.4) 60 (0.5)
Tobacco use 80 (6.5) 391 (3.2)
Antiepileptic medication
receptiona

69 (5.6) 496 (4.0)

Glucocorticoid receptionb 286 (23.3) 2,163 (17.6)
Osteoporosis medication
receptionc

67 (5.5) 225 (1.8)

ESR/CRP laboratory order 418 (34.0) 5,077 (41.3)
Primary care visitd 897 (73.0) 8,287 (67.4)
Rheumatology visitd 392 (31.9) 5,071 (41.3)

* axSpA, axial spondyloarthritis; BMI, body mass index; CKD,
chronic kidney disease; CRP, C-reactive protein; ESR, erythrocyte
sedimentation rate; IBD, inflammatory bowel disease.
a Antiepileptic drugs are included in the supplementary materials.
b Glucocorticoids are included in the supplementary materials.
c Osteoporosis medications include alendronate, risedronate, eti-
dronate, ibandronate, pamidronate, tiludronate, zoledronic acid,
teriparatide, romosozumab, and denosumab.
d Primary care and rheumatology visits were defined as the number
individuals with at least one visit that occurred any time within the
covariate assessment period.
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axSpA encompass both the spine and peripheral sites, including
the hip and forearm. The risk for vertebral fracture in individuals
with axSpA was found to be twice that of individuals without the
disease, whereas the risk for hip or forearm fracture was
observed to be elevated by 10% compared to those without
axSpA.7 Despite the elevated risk of fractures in axSpA, there
remains a paucity of literature investigating the impact of biologic
therapies, particularly receiving TNFis, on fracture outcomes.

Randomized controlled trials are limited in their ability to
study fracture outcomes due to the long duration of follow-up
required.28 Previous attempts to explore this relationship have
been confined to small observational studies. For instance, van
der Weijden et al29 followed a cohort of 49 individuals with axSpA

who received TNFis for two years and noted an increase in bone
mineral density (BMD) at the hip and spine during this period but
with a concomitant rise in vertebral fractures. Similarly, Maas
et al30 and Beek et al16 studied cohorts of 104 and 131 individuals
with axSpA, respectively, who received TNFis for four years.
These studies demonstrated the development of new vertebral
fractures despite improvements in BMD. A possible explanation
for this is the overestimation of BMD using traditional anteropos-
terior lumbar dual x-ray absorptiometry screening in patients with
axSpA with longstanding disease and syndesmophyte formation.
However, because TNFi reception therapy is expected to prevent
further vertebral structural changes, any increase in BMD should
not be attributed to additional syndesmophyte formation.31 A

Figure 3. Odds of hip or spine fracture for crude, minimally, and fully adjusted analysis for receiving TNFis, csDMARDs, and no medication with
NSAIDs as the referent. TNFis include etanercept, adalimumab, golimumab, certolizumab and infliximab. csDMARDs include apremilast, aurano-
fin, azathioprine, chloroquine, cyclophosphamide, cyclosporine, gold sodium thiomalate, hydroxychloroquine, leflunomide, methotrexate, minocy-
cline, mycophenolate, and sulfasalazine. The NSAID list is in the supplementary material. The minimally adjusted model is adjusted for age, sex,
and diagnosis year. The fully adjusted model is adjusted for age, sex, disease year, alcohol use disorder, antiepileptic drug reception, body mass
index, breast cancer, chronic kidney disease, falls, glucocorticoid reception, inflammatory bowel disease, osteoporosis, osteoporosis medication
reception, prostate cancer, tobacco use, erythrocyte sedimentation rate/C-reactive protein laboratory orders, and number of outpatient visits
(rheumatology and primary care). CI, confidence interval; csDMARD, conventional synthetic disease-modifying antirheumatic drug; DMARD,
disease-modifying antirheumatic drug; NSAID, nonsteroidal anti-inflammatory drug; OR, odds ratio; TNFi, tumor necrosis factor inhibitor.

Table 2. Results of multivariable analyses assessing the relation of medication class exposure with hip and spine fracture risk among individuals
with axial spondyloarthritis stratified by sex*

Sex/Medication
Patient with
fracture, n Control, n

Crude
OR (95% CI)

Adjusted for
age, sex, disease year, OR (95% CI)

Fully adjusted,
OR (95% CI)a

Female
TNFis 111 1,725 0.69 (0.51–0.94) 0.75 (0.56–1.02) 0.73 (0.52–1.01)
csDMARDs 69 657 1.13 (0.81–1.59) 1.09 (0.77–1.54) 0.93 (0.65–1.34)
None 204 2,240 0.98 (0.75–1.29) 0.99 (0.76–1.31) 1.01 (0.76–1.35)
NSAIDs 78 842 1.0 1.0 1.0

Male
TNFis 197 2,618 0.58 (0.47–0.73) 0.69 (0.55–0.87) 0.77 (0.60–0.99)
csDMARDs 47 426 0.86 (0.60–1.21) 0.82 (0.58–1.17) 0.87 (0.61–1.25)
None 381 2,680 1.10 (0.90–1.35) 1.14 (0.93–1.41) 1.15 (0.93–1.42)
NSAIDs 142 1,102 1.0 1.0 1.0

* CI, confidence interval; csDMARD, conventional synthetic disease-modifying antirheumatic drug; NSAID, nonsteroidal anti-inflammatory
drug; OR, odds ratio; TNFi, tumor necrosis factor inhibitor.
a The fully adjusted model was adjusted for age, sex, disease year, alcohol use disorder, antiepileptic drug reception, body mass index, breast
cancer, chronic kidney disease, falls, glucocorticoid reception, inflammatory bowel disease, osteoporosis, osteoporosis medication reception,
prostate cancer, tobacco use, erythrocyte sedimentation rate/C-reactive protein laboratory orders and number of outpatient visits (rheumatol-
ogy and primary care).
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previous observational study of fracture incidence in patients with
axSpA during the TNFi era showed an increase in fracture inci-
dence rates over time rather than the decrease that would be
expected with greater reception of TNFis in patients with axSpA;
however, this finding may have been influenced by a trend toward
increased detection of fracture over the study period.24

There are several potential explanations for our finding of a
protective effect of receiving TNFis on fracture risk in individuals
with axSpA. This can be explained by TNFis reducing both dis-
ease progression in the axial spine and systemic inflammation.
By slowing local bone remodeling within the axial spine with TNFi
reception, both bone density and architecture may be preserved,
thus lowering risk for vertebral fractures.15,32,33 Lower systemic
inflammation can reduce bone turnover and the subsequent risk
of osteoporosis and peripheral fractures.34 Finally, improved dis-
ease control globally can lead to improvement in mobility and
physical activity, indirectly improving health and reducing comor-
bidities that can be risk factors for fractures.35 Our findings under-
score the multifaceted benefits of TNFi reception therapy
in patients with axSpA, extending beyond the management of
axial symptoms to mitigate associated comorbidities, including
fractures.

Although our study provides valuable insights, it is subject
to several limitations. First, there may be potential misclassifi-
cation for our cohort with axSpA, as well as for fracture out-
comes, derived solely from diagnostic and procedure codes.
However, we used published strategies to identify those with
axSpA and fracture.19–21 Although the prior validation study
reported good PPVs using their fracture identification algo-
rithm, the performance of lack of these codes to identify con-
trols without fractures is unknown because negative
predictive values were not presented. Exposures may also be
misclassified. We assessed medication exposures in the six

months preceding the outcome (for patients with axSpA), with
the assumption that this was the main medication acting on
fracture risk during that time period. We were not able to
account for changing or switching exposures due to the
case–control study design. Second, despite adjusting for
demographic and comorbidity confounders, as well as using
surrogates for disease activity such as laboratory orders for
markers of inflammation and health care use, the potential for
residual confounding remains. Notably, the administrative
database analyzed in this study lacks detailed information on
the level of disease activity, posing a limitation in fully adjusting
for this variable in the analysis. Moreover, the level of missing
data (>50%) for BMI, a known strong confounder for fracture
risk, may introduce bias to our results. Additionally, the low fre-
quencies observed for alcohol use disorder may indicate under-
reporting or information bias, another source of missing data.
Third, confounding by indication should be considered. Individ-
uals with axSpA not receiving TNFis might have contraindica-
tions for biologic therapy that are also associated with
increased risk of fracture. However, our results show that indi-
viduals with fractures exhibited more risk factors for fractures
than controls. Despite this, our findings demonstrate a protec-
tive effect of TNFis. Thus, the observed protective effect of TNFis
may potentially underestimate the true impact. Fourth, we used
a case–control design for statistical efficiency due to low number
of outcomes per exposure group. Compared to a cohort design,
a case–control design precludes the ability to define exposure
periods that would allow for conduct of a target trial emulation.
Finally, we did not have adequate numbers of hip fractures to
conduct analyses limited to hip fracture only.

Our study’s strength lies in leveraging a substantial US data-
base with comprehensive medical and drug records. We were
able to identify a large cohort of over 70,000 individuals with

Table 3. Results of multivariable analyses assessing the relation of medication class exposure with hip and spine fracture risk among individuals
with axial spondyloarthritis stratified by history of prior fracture*

History
Patient with
fracture, n Control, n

Crude
OR (95% CI)

Adjusted for age, sex,
disease year, OR (95% CI) Fully adjusted, OR (95% CI)a

Prior fracture
TNFis 35 25 0.45 (0.21–0.96) 0.56 (0.25–1.24) 0.59 (0.23–1.51)b

csDMARDs 16 16 0.32 (0.13–0.78) 0.40 (0.15–1.02) 0.34 (0.12–1.01)b

None 121 51 0.76 (0.40–1.46) 0.79 (0.40–1.56) 0.74 (0.36–1.50)b

NSAIDs 50 16 1.0 1.0 1.0b

No prior fracture
TNFis 273 4,318 0.72 (0.59–0.88) 0.80 (0.66–0.98) 0.83 (0.67–1.03)
csDMARDs 100 1,067 1.06 (0.82–1.38) 1.08 (0.83–1.40) 1.04 (0.79–1.36)
None 464 4,869 1.08 (0.90–1.30) 1.11 (0.92–1.33) 1.13 (0.94–1.37)
NSAIDs 170 1,928 1.0 1.0 1.0

* BMI, body mass index; CI, confidence interval; csDMARD, conventional synthetic disease-modifying antirheumatic drug; NSAID, nonsteroidal
anti-inflammatory drug; OR, odds ratio; TNFi, tumor necrosis factor inhibitor.
a The fully adjusted model was adjusted for age, sex, disease year, alcohol use disorder, antiepileptic drug reception, BMI, breast cancer,
chronic kidney disease, falls, glucocorticoid reception, inflammatory bowel disease, osteoporosis, osteoporosis medication reception, prostate
cancer, tobacco use, erythrocyte sedimentation rate/C-reactive protein laboratory orders and number of outpatient visits (rheumatology and
primary care).
b BMI is not included given the missing data.
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axSpA, allowing for the identification of a large number of patients
with hip and spine fracture for analysis, surpassing the sample
sizes used in previous studies. Our study demonstrates a protec-
tive effect of receiving TNFis on fracture risk in individuals with
axSpA compared with receiving NSAIDs or csDMARDs. Future
research investigating the impact of the timing of TNFi initiation
and alternative axSpA treatment modalities, such as IL-17 inhibi-
tors and JAK inhibitors, on fracture risk in patients with axSpA will
further enhance our understanding of how fracture risk may be
mitigated in this population.
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Derivation of a Multivariable Psoriatic Arthritis Risk
Estimation Tool (PRESTO): A Step Towards Prevention

Lihi Eder,1 Ker-Ai Lee,2 Vinod Chandran,3 Jessica Widdifield,4 Aaron M. Drucker,5 Christopher Ritchlin,6

Cheryl F. Rosen,3 Richard J. Cook,2 and Dafna D. Gladman3

Objective. A simple, scalable tool that identifies psoriasis patients at high risk for developing psoriatic arthritis (PsA)
could improve early diagnosis. We aimed to develop a risk prediction model for the development of PsA and to assess
its performance among patients with psoriasis.

Methods. We analyzed data from a prospective cohort of psoriasis patients without PsA at enrollment. Participants
were assessed annually by a rheumatologist for the development of PsA. Information about their demographics, pso-
riasis characteristics, comorbidities, medications, and musculoskeletal symptoms was used to develop prediction
models for PsA. Penalized binary regression models were used for variable selection while adjusting for psoriasis dura-
tion. Risks of developing PsA over 1- and 5-year time periods were estimated. Model performance was assessed by
the area under the curve (AUC) and calibration plots.

Results. Among 635 psoriasis patients, 51 and 71 developed PsA during the 1-year and 5-year follow-up periods,
respectively. The risk of developing PsA within 1 year was associated with younger age, male sex, family history of pso-
riasis, back stiffness, nail pitting, joint stiffness, use of biologic medications, patient global health, and pain severity
(AUC 72.3). The risk of developing PsA within 5 years was associated with morning stiffness, psoriatic nail lesion, pso-
riasis severity, fatigue, pain, and use of systemic nonbiologic medication or phototherapy (AUC 74.9). Calibration plots
showed reasonable agreement between predicted and observed probabilities.

Conclusions. The development of PsA within clinically meaningful time frames can be predicted with reasonable
accuracy for psoriasis patients using readily available clinical variables.

INTRODUCTION

Psoriatic arthritis (PsA) is an inflammatory musculoskeletal

disease affecting up to a third of patients with psoriasis (1). Early

diagnosis and treatment are critical to prevent or reduce the

severity of adverse PsA-related outcomes (2). In approximately

75% of patients, the development of PsA follows the diagnosis

of psoriasis (1). As such, patients with psoriasis serve as a high-

risk population for PsA on whom early detection and prevention

efforts can be focused. There is an essential need to optimize risk

prediction for PsA among patients with psoriasis, which should

improve care delivery for high-risk patients. However, no such

prediction tool currently exists. A simple, scalable tool that iden-

tifies patients with psoriasis who are at high risk for developing

PsA will be an important step towards improving early detection

enabling opportunities for early interventions, which may halt pro-

gression from psoriasis to PsA.
Recent research efforts are focused on revealing risk factors in

psoriasis patients to identify individuals at increased risk for PsA. The

most consistent evidence suggests that obesity, extensive psoriasis,
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and psoriatic nail lesions predict the development of PsA among pso-
riasis patients (3–7). Other, less consistent risk factors include the
location of psoriasis (intergluteal or scalp) (6), history of uveitis (4),
comorbidities, such as thyroid disease and depression (4,8), and a
recent history of physical trauma (9,10). In addition, the presence of
nonspecific musculoskeletal symptoms, such as pain, fatigue, and
stiffness, predicts the development of overt PsA among psoriasis
patients (11,12). Although those individual risk factors for PsA are
somewhat clinically useful, no unifying prediction tool currently exists.

Risk estimation using prediction tools plays an important role
in shaping treatment plans, based on the ability of the risk score
to accurately predict and stratify a patient’s risk (13). A prognostic
model for PsA could assist clinicians in identifying susceptible pso-
riasis patients for screening or interventional purposes and facilitate
informed decision-making by both the treating physician and
patient. Such a prediction tool would enable tailored management
of individuals with psoriasis (eg, referral to rheumatology and close
monitoring of high-risk individuals), which is expected to foster
timely diagnosis of PsA, ultimately improving disease outcomes.
The development of prediction tools for PsA was identified as a
research priority by the American Academy of Dermatology and
the Group for Research and Assessment of Psoriasis and PsA
(14,15). In addition, the advent of novel immune-modulating thera-
pies that target shared proinflammatory cytokines for psoriasis and
PsA brings new opportunities for interventional studies aiming to
prevent or delay the onset of PsA in susceptible psoriasis patients
who do not yet have joint involvement. Thus, a prediction tool that
identifies patients with psoriasis at high-risk for PsA will be an
important first step in the development and testing of interventional
strategies that may ultimately halt disease progression.

The objective of the study was to develop and internally vali-
date a Psoriatic Arthritis Risk Estimation Tool (PRESTO) in
patients with psoriasis.

PATIENTS AND METHODS

The Transparent Reporting of a multivariable prediction model
for Individual Prognosis or Diagnosis framework guided the devel-
opment of the methodology and reporting for this study (16).

Setting

The ongoing University of Toronto Psoriasis Cohort started in
2006 as a prospective longitudinal cohort study aiming to study risk
factors for the development of PsA among patients with psoriasis.
Patients enrolled in the cohort have a dermatologist-confirmed
diagnosis of psoriasis. They are recruited mainly from dermatology
clinics and phototherapy centers in the Greater Toronto Area but
also from family medicine clinics and through advertisements in hos-
pitals and local media. All patients are assessed prior to enrollment
by a rheumatologist to exclude those with inflammatory arthritis in
the past or at the time of assessment. Rheumatologists examine

the joints for the presence of tenderness, swelling and deformities,
and signs of dactylitis, enthesitis, and tenosynovitis and evaluate
the spine for restriction in movements. If definitive clinical findings
of PsA are found, the patient is excluded from the study prior to
enrollment. Imaging modalities, such as radiographs, MRI, or ultra-
sound, are performed only in cases of clinical doubt to investigate
the nature of existing abnormalities. Patients with noninflammatory
musculoskeletal conditions, such as osteoarthritis, are allowed to
be enrolled. This process ensures that all study participants are free
of clinical inflammatory arthritis at the time of enrollment. In this
study, we used data from January 2006 to December 2019. We
excluded patients without any follow-up study visits. The study
was approved by the University Health Network Research Ethics
Board. All patients signed an informed consent form.

Data collection

All study participants were reassessed annually by a rheumatol-
ogist who determined whether PsA had developed since the last
study visit and to collect information on potential risk factors for
PsA. Information was collected using standard protocols that record
information about lifestyle habits, medical family history, musculoskel-
etal symptoms, comorbidities, medications, and skin examination
findings. The presence of musculoskeletal symptoms was recorded
by the rheumatologist at each visit. Physical examination included
the evaluation of their height and weight, and skin assessment for
psoriasis type, location, and activity (using psoriasis area and severity
index [PASI]). The presence of psoriatic nail lesions was also docu-
mented. The rheumatologist also examined 66 and 68 joints for
swelling and tenderness, respectively, and evaluated 18 entheseal
sites for tenderness, and assessed for signs of dactylitis.

Musculoskeletal symptom severity was recorded using self-
reported questionnaires. Stiffness level was measured on a 0- to
10-cm visual analogue scale. Pain level wasmeasured on a numeric
rating scale ranging from 0 (no pain) to 10 (severe pain). Current pain
severity was also measured on a five-category Likert scale ranging
from 1 = none to 5 = very severe. Fatigue was measured by func-
tional assessment of chronic illness therapy–fatigue (FACIT-F), with
lower scores indicating higher level of fatigue. The subject’s self-
reported global health status was measured on a five-category
Likert scale ranging from 1 = very good to 5 = Vvry poor. Ability to
function compared with 1 year ago was also assessed on a Likert
scale ranging from 1 = much better to 5 = much worse. The pres-
ence of human leukocyte antigen (HLA)-B*27 allele was assessed.
See Supplementary Information 1, available on the Arthritis & Rheu-
matology website at http://onlinelibrary.wiley.com/doi/10.1002/art,
for detailed information on collection of study variables.

Case definition

A comprehensive assessment of symptoms and signs of
PsA was performed at each study visit by a rheumatologist
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experienced in assessing patients with PsA. The diagnosis of PsA
was based on clinical findings, as described above. Imaging
modalities were ordered only if clinically indicated to investigate
abnormalities that may suggest PsA. The diagnosis of PsA was
determined after reviewing the clinical, laboratory, and imaging
data (if available). Information on HLA-B*27 status was not con-
sidered as part of the diagnostic process.

To address the issue of lost to follow-up, we contacted
patients who failed to return for their yearly follow-up (missed two
or more consecutive annual visits) to determine if they are alive
and whether they have seen a physician for musculoskeletal symp-
toms. We also reviewed all relevant medical records from rheuma-
tologists and other specialists outside of our research group to
determine whether they received a new diagnosis of PsA.

Statistical analysis

We calculated descriptive statistics, including mean (SD) for
continuous variables and frequencies (percentages) for categori-
cal variables. Data on up to 10% of patient-reported outcome var-
iables and body mass index (BMI) were missing. We used multiple
imputation to handle missing data (via proc MI in SAS) based in
predictive mean matching using full conditional specification; five
complete data sets were generated by imputation.

The time at risk was the time from clinic entry to the develop-
ment of PsA or, for those not developing PsA, to the earliest of
the dates of death, moving out of province, or loss to follow-up.
For the development of the PRESTO predictive tool, the risk of
developing PsA was estimated over 1- and 5-year moving, over-
lapping time windows (see Supplementary Information 2, available
on the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art). That is, baseline covariates were used
separately to predict the development of PsA within 1 and 5 years.
Information on baseline covariates was updated in subsequent
visits along with an update of the prediction windows. For the
5-year prediction model, this update often resulted in overlapping
prediction windows. Thus, individual patients can contribute multi-
ple observation windows with different index dates to the analysis,
depending on their length of follow-up and number of visits. Based
on our prior studies that showed an increase in nonspecific muscu-
loskeletal symptoms closer to the time of diagnosis (11), we
hypothesized that different variables would predict PsA at each of
these two time windows. Therefore, we aimed to develop two sep-
arate prediction models to estimate the shorter- and longer- term
PsA risk within two clinically meaningful time periods.

We selected 29 variables as potential predictors for the mod-
els based on existing literature on risk factors for the development
of PsA in psoriasis patients. Additional guiding principles for the
selection of potential predictors were availability of information in
our cohort and their typical availability in routine clinical practice.
The following time-varying covariates were considered as possi-
ble prognostic variables for PsA: age, sex, family history of

psoriasis, family history of PsA or ankylosing spondylitis, arthral-
gia, morning joint stiffness, heel pain, back pain, morning back
stiffness, BMI, flexural psoriasis, pustular psoriasis, palmoplantar
psoriasis, PASI score, psoriasis body surface area, psoriatic nail
lesions, pitting, onycholysis, iritis, inflammatory bowel disease
(IBD), joint stiffness severity, FACIT-F, patient global health, cur-
rent pain severity, ability to function compared with 1 year ago,
and pain level (numeric rating scale [NRS]), HLA-B*27, photother-
apy or use of nonbiologic systemic therapy, and use of biologic
therapy. Because of software limitations for the handling of multi-
level categorical variables, all covariates measured on Likert
scales were converted to binary variables (see Supplementary
Information 1, available on the Arthritis & Rheumatology website
at http://onlinelibrary.wiley.com/doi/10.1002/art).

To avoid sparse data situations arising from covariates with
low frequencies, the baseline distribution of all potential binary
predictors by PsA conversion status were examined using 2 × 2
contingency tables. Predictors with less than five cell counts for
at least one of the imputed data sets were excluded from the anal-
ysis prior to fitting the regression models.

We fitted multivariable logistic regression models adjusting
for covariates, the duration of psoriasis, and the log duration at
risk to estimate the probability of developing PsA within each of
1-year and 5-year time windows from consecutive study visits. If
an individual considered at risk of PsA did not develop PsA before
their next study visit, the covariates were updated and used to
predict PsA onset within the next future time window. Individuals
not observed to develop PsA over the entire duration of follow-
up gave censored conversion times.

The penalized regression method using weighted stacked
objective function and least absolute shrinkage and selection
operator penalty function for binary response with 5-fold cross-
validation is used for variable selection and to minimize overfitting
(17). Because we have five imputed data sets, and each imputed
data set may lead to different sets of selected predictors, the
stacked approach was applied to pool the objective functions
across imputations. This is a way to pool the penalized regression
estimates across imputed data sets. Because stacking five
imputed data sets can be viewed as artificially increasing the sam-
ple size by five times, a weight is added to each subject to
address the increase in sample size. We assign an observation
weight of 1/5 to a visit that has some missing covariates; other-
wise, the observation weight is 1. The models were internally vali-
dated by 5-fold cross-validation.

We assessed model performance using metrics for discrimi-
nation and calibration, including the area under the curve (AUC)
and calibration plots, respectively. To calculate AUC and its confi-
dence interval, we used Rubin’s combining rule to aggregate esti-
mates on five imputed data sets (18). Two hundred bootstrap
samples were used, sampling individuals’ entire courses, to obtain
a nonparametric bootstrap standard error of the aggregate AUC. A
priori, we considered an AUC of greater than 70% acceptable. We
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calculated sensitivity and specificity for varying cutoff values for
each model based on averages of five imputed data sets.

RESULTS

A total of 786 patients with psoriasis were screened. Of
those, 84 patients were excluded because of the presence
of PsA and other rheumatic conditions at baseline. A total of

702 patients with psoriasis without clinical evidence of
musculoskeletal inflammatory disease enrolled in the Toronto
Psoriasis Cohort were followed from January 1, 2006 to
December 31, 2019. Of these patients, 67 patients were
excluded from the analysis because they only had a single visit
and did not contribute any follow-up data. Of 635 patients
included in the analysis, 51 and 71 patients developed PsA within
the 1-year and 5-year time windows, respectively (Table 1).

Table 1. Baseline characteristics of study participants*

All
participants
(N = 635)

Participants with PsA in
1-year window (N = 51)

Participants with PsA in
5-year window (N = 71)

Age (years) 47.0 (13.5) 47.6 (11.7) 46.8 (12.4)
Sex: male 360 (56.7%) 31 (60.8%) 43 (60.6%)
Race and ethnicity
White 483 (76.1%) 41 (80.4%) 53 (74.6%)
South Asian 45 (7.1%) 3 (5.9%) 6 (8.5%)
Chinese 28 (4.4%) 2 (3.9%) 3 (4.2%)
Filipino 18 (2.8%) 1 (2.0%) 2 (2.8%)
Middle Eastern 14 (2.2%) 0 (0.0%) 2 (2.8%)
Black 11 (1.7%) 1 (2.0%) 2 (2.8%)
Southeast Asian 11 (1.7%) 0 (0.0%) 0 (0.0%)
Other 25 (3.9%) 3 (5.9%) 3 (4.2%)

Psoriasis duration (years) 16.0 (14.3) 20.3 (16.2) 17.6 (15.1)
Family history of psoriasis 268 (42.2%) 24 (47.1%) 33 (46.5%)
Family history of PsA 24 (3.8%) 3 (5.9%) 3 (4.2%)
Arthralgia 165 (26.0%) 7 (13.7%) 15 (21.1%)
Morning stiffness 66 (10.4%) 4 (7.8%) 6 (8.5%)
Heel pain 10 (1.6%) 1 (2.0%) 2 (2.8%)
Back pain 275 (43.3%) 23 (45.1%) 32 (45.1%)
Back stiffness 52 (8.1%) 2 (3.9%) 3 (4.2%)
BMI 28.0 (5.9) 28.5 (5.6) 28.6 (5.7)
Flexural psoriasis 14 (2.2%) 2 (3.9%) 3 (4.2%)
Pustular psoriasis 12 (1.9%) 0 (0%) 1 (1.4%)
Palmoplantar psoriasis 27 (4.3%) 0 (0%) 2 (2.8%)
PASI score 5.3 (6.0) 6.0 (5.9) 6.5 (6.3)
BSA (%) 8.6 (11.7) 7.1 (5.8) 9.7 (9.8)
Nail lesions 303 (47.7%) 29 (56.9%) 42 (59.2%)
Pitting 231 (36.4%) 23 (45.1%) 33 (46.5%)
Onycholysis 200 (31.5%) 20 (39.2%) 31 (43.7%)
Iritis 4 (0.6%) 1 (2.0%) 1 (1.4%)
IBD 2 (0.3%) 0 (0%) 0 (0%)
Stiffness level (VAS in mm) 18.3 (34.9) 23.0 (29.4) 20.1 (27.0)
FACIT-F 44.7 (7.2) 41.5 (7.8) 41.1 (7.7)
HLA-B*27 22 (3.5%) 0 (0%) 2 (2.8%)
Use of nonbiologic systemic therapies
or phototherapy for psoriasisa

447 (70.4%) 41 (80.4%) 58 (81.7%)

Use of systemic biologic therapies for psoriasisb 32 (5.0%) 2 (3.9%) 2 (2.8%)
Patient’s global health: very good or good vs.
fair/poor/very poor

365 (79.2%) 31 (79.5%) 35 (72.9%)

Current pain severity: Any level of painc 223 (48.5%) 27 (69.2%) 33 (68.8%)
Ability to function compared with previous year:
much better or somewhat betterd

94 (20.5%) 12 (30.8%) 13 (27.1%)

Pain level (NRS, 0–10) 1.5 (2.2) 1.9 (2.2) 2.0 (2.3)

* BMI = body mass index; BSA = body surface area; FACIT-F = functional assessment of chronic illness therapy—fatigue; HLA =
human leukocyte antigen; IBD = inflammatory bowel disease; IL = interleukin; NRS = numeric rating scale; PASI = psoriasis area
and severity index; TNF = tumor necrosis factor; VAS = visual analogue scale.
a Methotrexate, apremilast, cyclosporine, soriatane.
b IL-17, IL-12/23, IL-23, or TNF inhibitors.
c Current pain (Likert) very severe/severe/moderate/mild vs. none.
d Ability to function compared with previous year: much better or somewhat better vs. about the same/somewhat worse/
much worse.

PREDICTION OF PSORIATIC ARTHRITIS IN PSORIASIS 689



Of the 29 prespecified potential predictors, the following pre-
dictors were excluded because of low prevalence: family history
of PsA, heel pain, flexural psoriasis, pustular psoriasis, iritis, IBD,
and HLA-B*27. Use of biologic systemic therapy was excluded
only for the 5-year prediction model.

One-year prediction model

The following variables were selected for the 1-year prediction
model: age, male sex, family history of psoriasis, morning back stiff-
ness, nail pitting, stiffness level, use of biologic systemic medications,
patient global health, and pain (any level vs. none). These variables
were associated with a higher risk of developing PsA except for age
and patients’ global health, whichwere associatedwith a reduced risk
(see Figure 1A). The discriminatory ability of themodel was acceptable
with an AUC of 72.3% (95% confidence interval [95% CI] 65.5–79.1).
Model calibration, qualitatively assessed by reviewing the calibration
plot, was excellent with an almost perfect agreement between the
observed versus predicted cases (Figure 2A and B). Sensitivity and
specificity for various cutoff levels are shown in Figure 3.

Five-year prediction model

The following variables were selected for the 5-year prediction
model: presence of morning joint stiffness, PASI, psoriatic nail

lesions, FACIT-F, use of nonbiologic systemic medications/
phototherapy, and pain (any level vs. none). The discriminatory
ability of the model was acceptable with an AUC of 74.9% (95%
CI 69.3–80.5; Figure 1B). Model calibration showed reasonable
agreement between observed versus predicted cases in the first
to fourth lower quantiles of predicted probability but more substan-
tial disagreement in the fifth quantile, with underestimation of the
actual risk by the prediction model (Figure 2C and D). Sensitivity
and specificity for various cutoff levels are shown in Figure 3.

DISCUSSION

We derived and internally validated a novel risk prediction
tool for PsA: PRESTO. PRESTO estimates PsA risk within shorter
and longer time horizons using easily collected information,
including many variables that were previously reported as risk fac-
tors for PsA. PRESTO has demonstrated good model fit metrics,
including discrimination and calibration, and its threshold could
be adjusted depending on the purpose of its use (eg, higher sen-
sitivity for screening, higher specificity for enrichment with high-
risk patients for interventional studies). Accurate estimation of
PsA risk using PRESTO among patients with psoriasis has impor-
tant potential applications in clinical care, such as promoting early
diagnosis and interventions to prevent progression from psoriasis
to PsA.

Figure 1. Prediction models for the development of PsA in psoriasis within 1-year period (A) and within 5-year period (B). Abbreviations: AUC =
area under the curve; FACIT = functional assessment chronic illness therapy; PASI = psoriasis area and severity index; PsA = psoriatic arthritis;
VAS = visual analogue scale. *Biologic systemic therapy includes current use of inhibitors of TNF, IL-17, IL-12/23 or IL-23. **Nonbiologic systemic
therapies include current use of acitretin, apremilast, methotrexate, or cyclosporine.
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PRESTO uses a mathematical model to estimate PsA risk.
To facilitate its use, we developed a webpage with a PRESTO
calculator (http://sharpmindtill120.x10host.com/PRESTO-
PsA; see Supplementary Information 3, available on the Arthri-
tis & Rheumatology website at http://onlinelibrary.wiley.com/
doi/10.1002/art, for a calculator). We also created risk tables
for various patient profiles (Figure 4). PRESTO builds upon
existing literature on clinical risk factors for PsA. We purposely
focused on assessing risk factors that are simple to measure
in clinic setting via patient interview or physical examination.
Our prediction tool includes many variables that have been pre-
viously associated with a higher risk of developing PsA, such as
extensive psoriasis, psoriatic nail lesions, and nonspecific mus-
culoskeletal symptoms (4,6,11,19,20). The inclusion of these

variables in PRESTO strengthens its face validity. Interestingly,
several previously reported risk factors for PsA, such as HLA-
B*27, family history of PsA, uveitis, and flexural psoriasis, were
not included in the risk prediction model because of their scar-
city in our cohort. This finding may be due to immortal time bias,
which can complicate the development of risk prediction mod-
els for PsA. Genetic factors or their surrogates (eg, family history
of PsA) are associated with the development of PsA concur-
rently or shortly after the onset of psoriasis (21). Thus, our pop-
ulation of patients with longstanding psoriasis may have been
depleted of patients carrying these risk factors, rendering these
factors less useful for prediction of PsA among patients with
longstanding psoriasis who are commonly seen in dermatology
clinics.

Figure 2. Calibration plots by quintile of predicted vs. observed probabilities for 1-year (A and B) and 5-year periods (C and D). Abbreviation:
PsA = psoriatic arthritis.
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We have described a prodrome of nonspecific musculoskel-
etal symptoms occurring up to 5 years before the development of
overt PsA (11,22). We found that the prevalence and severity
of these symptoms increase closer to the diagnosis of PsA, which
may lead to time-dependent effect sizes associated with these
predictors. This result influenced our decision to develop two

separate prediction models, one for estimating the short-term risk
(within 1 year) and the other for longer-term risk estimation (within
5 years). Indeed, the composition of the two risk models differ,
although both include a combination of patient-reported muscu-
loskeletal symptoms and psoriasis features and therapies. An
important strength of our study is the availability of prospectively

Figure 3. Sensitivity and Specificity of the model by selected cutoff point. (A) PRESTO score for 1 year window. (B) PRESTO score for 5-year
window. The X axis in each graph depicts the probability of developing PsA for each model. The Y axis depicts the sensitivity and specificity (%)
for each cut point. Abbreviations: PRESTO = Psoriatic Arthritis Risk Estimation Tool; PsA = psoriatic arthritis.
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collected, time-varying information that estimated PsA risk within
prespecified time frames, reflecting the dynamic nature of these
factors in a real-life setting.

The relationship between the use of systemic therapies for
psoriasis and future risk of PsA remains controversial. Use of bio-
logic therapies and nonbiologic therapies or phototherapy were
included in the 1-year and 5-year risk prediction models, respec-
tively, both being associated with a higher risk of PsA. We
showed that use of acitretin was associated with a higher risk of
developing incident PsA among psoriasis patients (4). Similarly,
Lindberg et al reported that use of systemic therapies or photo-
therapy was associated with an increased incidence rate of PsA
among psoriasis patients (23). Studies that specifically assessed
the question of whether use of biologic medications for psoriasis

lowers the risk of developing PsA, showed conflicting results
(24–26). It is important to note that our study was not designed
to assess whether the use of systemic therapy modifies PsA risk;
thus, interpretation of the direction of association between medi-
cation use and PsA risk in the context of a multivariable prediction
model should be performed with great caution. The use of sys-
temic therapy as a variable in a prediction model can be viewed
as a surrogate for psoriasis severity, which has been associated
with a higher risk of developing PsA.

Screening for at-risk individuals is an important part of pre-
ventive medicine. The rationale is to identify disease during an
early and preclinical stage. Early disease may be easier and less
expensive to treat, which positions screening strategies as poten-
tially sound investments for health care systems. Risk estimation

Figure 4. Estimated probability of developing PsA for six patient profiles based on the 5-year model. Abbreviations: FACIT = functional assess-
ment of chronic illness therapy; PRESTO = Psoriatic Arthritis Risk Estimation Tool; PsA = psoriatic arthritis.
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using prediction tools plays an important role in tailoring treat-
ment plans to fit the patient’s individual risk factors. The assess-
ment of a patient’s absolute risk is integral to the assessment of
major prevention and treatment targets in various medical fields,
such as cardiology (Framingham Risk Score). In rheumatology,
risk prediction tools have been developed to estimate the risk
of developing rheumatoid arthritis (RA) in high-risk populations,
such as family members. They combine clinical, serologic, and
genetic data to provide an absolute risk estimation of developing
RA with generally good predictive ability (AUC of 0.70 to 0.85)
(27,28). These tools have been implemented in clinical and
research settings as educational tools for high-risk populations
and for selection of high-risk individuals for prevention trials
(29,30). In PsA, a strong rationale exists for using a risk predic-
tion tool, possibly more so than in RA, given the easily identifi-
able target population of patients with psoriasis. Indeed, the
Preventing Arthritis in a Multicentre Psoriasis At-Risk cohort trial
(NCT05004727) is the first randomized controlled prevention
trial, aimed to assess the efficacy of guselkumab versus placebo
for reducing rate of progression from psoriasis to PsA. The study
uses some clinical and ultrasound parameters to enrich features
associated with high risk of PsA. Future studies could use the
PRESTO score to accurately estimate PsA risk for enrichment
of prevention trials with at-risk patients and to inform sample
size calculation. With more treatment options for both psoriasis
and PsA combined with a better understanding of PsA patho-
physiology, prevention trials using either targeted therapies or
nonpharmaceutical interventions become more relevant.

This study has several limitations. First, the relatively small
sample size may have reduced the precision of the model and
prevented the inclusion of previously reported risk factors that
were present in only a few patients but may have had a strong
effect size. The small sample size also prevented analysis by sex
and race and ethnic group. Second, the generalizability of the
study may be somewhat limited because most of the patients
were recruited from dermatology clinics, leading to overrepresen-
tation of moderate-severe psoriasis. Therefore, PRESTO will
require an external validation to assess its performance in other
populations of psoriasis patients with different characteristics.
Thirdly, because of the study design, patients who developed
PsA prior or concurrently to psoriasis were excluded. Therefore,
our incident cases of PsA may overrepresent certain subtypes of
PsA that are associated with longer duration between the onset
of psoriasis and PsA.

In summary, we derived and internally validated a novel risk
prediction tool for PsA in patients with psoriasis. PRESTO has
good model performance and can provide estimated risk of
developing PsA within shorter and longer time periods that are rel-
evant for both clinical and research purposes. If further validated,
we anticipate that PRESTO may facilitate efforts to improve early
detection of at-risk populations enabling opportunities for
early interventions that may halt progression to PsA.
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Outcome of Patients With Lupus Nephritis Treated With
an Anti-CD40 Monoclonal Antibody According to
Kidney Biopsy Features

Martina Uzzo,1 Helmut Schumacher,2 Juergen Steffgen,3 Simone Deutschel,4 David Jayne,5

and Ingeborg Bajema6

Objective. A phase 2 trial tested different doses of the anti-CD40 monoclonal antibody BI 655064 as an add-on
therapy to the standard of care in patients with class III or IV lupus nephritis (LN) with active disease. A post hoc anal-
ysis showed a potential benefit of the higher tested doses (180 and 240 mg) versus a low dose (120 mg) or placebo.
We investigated whether the treatment effect of BI 655064 on kidney outcomes may be modified by the presence of
glomerular monocytes, a target for this drug with a well-known role in LN pathogenesis.

Methods. One hundred one renal biopsies of patients with LN enrolled in the BI 655064 trial were scored centrally.
The estimated glomerular filtration rate (eGFR), spot urine protein/urine creatinine ratio (UP/UC), and complete renal
response (CRR) were evaluated over 52 weeks. Patients were divided according to a “better” or “worse” performance
than the average of all patients in the cohort, predicted by a mixed model for repeated measurements. Logistic regres-
sion models adjusted for potential confounders were used to assess the association between different treatment doses
and outcomes according to the presence or absence of monocytes.

Results. A higher BI 655064 dose (180 or 240 mg) was associated with better outcomes of UP/UC and CRR when
glomerular monocytes were present in kidney biopsy samples (odds ratio [OR] 3.66 [95% confidence interval (CI)
1.09–12.3], P = 0.04; OR 4.58 [95%CI 1.24–16.9], P = 0.02). A trend toward improved eGFRwas also observed in these
patients (at 52 weeks, P = 0.08).

Conclusion. In LN kidney biopsy samples with glomerular monocytes, high-dose BI 655064 treatment improved
proteinuria at 52 weeks and resulted in a higher CRR compared to biopsy samples without glomerular monocytes.
Histologic features may guide the choice of treatment for individual patients with LN.

INTRODUCTION

Lupus nephritis (LN) is a common and serious manifestation

of systemic lupus erythematosus (SLE). About one-third of

patients with SLE develop LN within five years from disease

onset, and kidney involvement is responsible for an increase in

SLE-related mortality and morbidity.1,2 Particularly, kidney biopsy

samples identified as International Society of Nephrology/Renal

Pathology Society (ISN/RPS) class III or IV LN are associated with

a worse renal outcome, causing irreversible kidney damage.3–5

A deeper insight into the pathogenesis of the disease and the

introduction of new treatment options changed LN management

over the last decades4,6–8; however, the risk of end-stage kidney

disease (ESKD) in LN is still 5% to 30% at 10 years.2,9,10 A recent

randomized, double-blind, placebo-controlled, phase 2 trial

tested different doses of the anti-CD40 monoclonal antibody BI

655064 as an add-on therapy to standard of care (SoC) (myco-

phenolate mofetil plus glucocorticoids) in LN patients with active

renal disease (protein level in urine i1 g/day) and ISN/RPS 2003

class III or IV LN at kidney biopsy.11

Presented in part at the European Renal Association Congress 2023 and
as a poster at the American Society of Nephrology Kidney Week 2023.

Supported by Boehringer Ingelheim.
1Martina Uzzo, MD: University of Milano-Bicocca, Monza, Italy, and Uni-

versity of Groningen, University Medical Center, Groningen, The
Netherlands; 2Helmut Schumacher, PhD: Statistical Consultant, Ingelheim,
Germany; 3Juergen Steffgen, MD, PhD: Boehringer Ingelheim International,
Biberach, Germany; 4Simone Deutschel, MSc: Boehringer Ingelheim RCV,
Vienna, Austria; 5David Jayne, MD: University of Cambridge, Cambridge,
United Kingdom; 6Ingeborg Bajema, MD, PhD: University of Groningen, Uni-
versity Medical Center, Groningen, The Netherlands.

Additional supplementary information cited in this article can be found
online in the Supporting Information section (https://acrjournals.
onlinelibrary.wiley.com/doi/10.1002/art.43076).

Author disclosures are available at https://onlinelibrary.wiley.com/doi/10.
1002/art.43076.

Address correspondence via email to Martina Uzzo, MD, at m.
uzzo@campus.unimib.it.

Submitted for publication April 5, 2024; accepted in revised form
November 22, 2024.

696

Arthritis & Rheumatology
Vol. 77, No. 6, June 2025, pp 696–704
DOI 10.1002/art.43076
© 2024 The Author(s). Arthritis & Rheumatology published by Wiley Periodicals LLC on behalf of American College of Rheumatology.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.

https://orcid.org/0009-0004-6046-5501
https://orcid.org/0000-0002-1712-0637
https://doi.org/10.1002/art.43076
https://doi.org/10.1002/art.43076
https://onlinelibrary.wiley.com/doi/10.1002/art.43076
https://onlinelibrary.wiley.com/doi/10.1002/art.43076
mailto:m.uzzo@campus.unimib.it
mailto:m.uzzo@campus.unimib.it
http://creativecommons.org/licenses/by-nc/4.0/


The pathway leading to both physiologic and pathologic anti-
body production requires lymphocyte activation through paired
costimulatory signals, such as CD40–CD40L. CD40 is a trans-
membrane receptor belonging to the tumor necrosis factor
superfamily, expressed on antigen-presenting cells (APCs).
CD40–CD40L interaction plays a key role in LN pathogenesis,
and, in patients with SLE, CD40L is overexpressed in various cell
types, such as B and T cells, monocytes, and dendritic cells.
Moreover, the infiltration of monocytes in glomeruli affected by
LN is a CD40–CD40L mediated process.4,12

In 2003, a trial tested the efficacy of BG9588, a humanized
anti-CD40L antibody, in patients with class III or IV LN; although
serologic markers improved, a higher incidence of thrombotic
events occurred in the treatment cohort, and the trial was sus-
pended.13 Two mutations in the fragment crystallizable domain
prevented complement and platelet activation in the second-
generation anti-CD40 antibody BI 655064. Although the BI
655064 phase 2 trial failed to demonstrate a dose–response rela-
tionship for complete renal response (CRR) at 52 weeks
(a composite outcome based on proteinuria and the estimated
glomerular filtration rate [eGFR]), a post hoc analysis showed a
benefit of the higher tested doses (180 and 240 mg) versus
a low dose (120 mg) and placebo.11

We investigated whether the add-on therapy with BI 655064
would be of particular benefit for certain patients with a specific
biopsy profile. For this study, we focused on monocytes: APCs
that have a physiologic constitutive expression of CD40 on their
cell membranes, are easily recognizable using light microscopy,
and have a well-known role in LN pathogenesis. The objective of
our study was to examine whether high-dose treatment with BI
655064 showed a higher efficacy on renal outcomes, namely pro-
teinuria and eGFR, in patients with a particular kidney biopsy
profile, thereby focusing in more detail on monocytes.

MATERIALS AND METHODS

Patients and study design. We collected kidney biopsy
samples from patients with LN, classified according to the
ISN/RPS LN classification in a central review, who were enrolled
in the phase 2 BI 655064 trial.11 The study was conducted in
accordance with the principles of the Declaration of Helsinki and
under the guidance of The Strengthening the Reporting of Obser-
vational Studies in Epidemiology cohort reporting guidelines.14

Patients. The multicentric, randomized, double-blind,
placebo-controlled, phase 2 trial evaluated the effect of the anti-
CD40 monoclonal antibody BI 655064 on CRR in patients with
active LN for 52 weeks.11 Patients were randomized to receive a
dose of 120, 180, or 240 mg of BI 655064 or placebo in
a 1:1:2:2 ratio. Patients in both the placebo and the BI 655064
arms were treated with the SoC of LN. Patients between 18 and
70 years of age with an American College of Rheumatology

criteria-based diagnosis of SLE15 and biopsy-proven LN were
enrolled. Active renal disease was defined by a Spot urine pro-
tein/urine creatinine ratio (UP/UC) ≥1 at screening. Patients who
received immunosuppressive induction therapy during the six
months before screening were excluded. Induction therapy for
LN with SoC started within six weeks before randomization was
allowed.

Renal biopsies. Patients with kidney biopsy samples iden-
tified as ISN/RPS 2003 class III or IV LN were included, and the
coexistence of class V was allowed.5 Kidney biopsies had to be
performed within three months before screening. From the initial
trial cohort (n = 121), we received all but four kidney biopsy sam-
ples (n = 117). After central evaluation, we included 101 biopsy
samples in the study, distributed across the control and treatment
groups as per previous randomization. Supplemental Figure 1
shows the biopsy sample selection process.

Renal biopsy assessment. Kidney biopsy samples were
received at Pathan Laboratories in Rotterdam, the Netherlands,
between February 1, 2020, and September 15, 2022, for central
evaluation. Original glass slides of all biopsy samples were pro-
vided and checked for quality. Hematoxylin and eosin, periodic
acid–Schiff, and periodic acid methenamine silver stains were
provided. Immunofluorescence and electron microscopy findings
were provided from the original reports, and whether they were
consistent with a diagnosis of LN was checked. Each biopsy
sample was evaluated by an experienced pathologist (IB), who
was unaware of the actual treatment arm. Agreement between
the eventual classes as defined by the local laboratory and the
central evaluation was determined. Biopsy samples were evalu-
ated according to a previously established scoring form that con-
sisted of two parts: part 1 contained general data, such as
ISN/RPS 2003 LN classification; part 2 contained detailed
histologic parameters scored for each glomerulus separately
(Supplemental Table 1). Inflammatory cells in glomeruli were first
scored as either absent or present, irrespective of their exact
location in the glomerular tuft. Subtypes (lymphocytes, mono-
cytes, neutrophil granulocytes, eosinophilic granulocytes) were
scored as positive in a single glomerulus if there were at least
three cells of a subtype present. The presence or absence of
inflammatory cells was evaluated through direct count using light
microscopy. Immunostaining was not available.

Clinical data. Baseline demographic and clinical data were
provided by the BI 655064 phase 2 trial team. Clinical measure-
ments consisted of the eGFR (Chronic Kidney Disease Epidemiol-
ogy Collaboration equation [CDK-EPI]) and spot UP/UC at
baseline and weeks 1, 2, 4, 6, 8, 12, 16, 21, 26, 30, 35, 40, 46,
and 52. Twenty-four-hour urine was collected at baseline and
weeks 26 and 52.
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Outcome measures. In a first step, we investigated the
association between biopsy sample features and kidney outcomes.
Among the biopsy sample features detailed in Supplemental
Table 1 (part 2), those occurring in fewer than 10 patients were
excluded. Kidney outcomes were CRR at the last available visit, spot
UP/UC, and eGFR in the overall cohort. CRR was defined as both a
urine protein level <0.5 g/g creatinine (derived using spot urine collec-
tions) and either an eGFR (CDK-EPI) ≥90 mL/min/1.73 m2 or a
<20%decrease frombaseline if the eGFRwas <90mL/min/1.73m2.

In a second step, all biopsy sample features that appeared to
be related to clinical outcome in the first step were entered into
one multivariable model. Through a routine model selection pro-
cedure, biopsy sample features predictive of clinical outcome
were identified.

Finally, because monocytes express CD40, which is the tar-
get of BI 655064, we investigated whether high-dose treatment
with BI 655064 (180 and 240 mg) was beneficial when mono-
cytes were present in the biopsy sample. The model used for this
analysis was adjusted for all the predictors identified in the multi-
variable model of the second step.

Data analysis. Categorical data are presented as percent-
ages, and continuous data are presented as means with SDs or
medians with interquartile ranges, as appropriate. Because the
distribution of UP/UC is known to be skewed, data were
log-transformed before analysis. Interrater agreement between
central and local biopsy LN classification was tested using McNe-
mar’s test and quantified using the kappa coefficient.

Regarding clinical outcome measures, patients were divided
in “better” or “worse” performers, indicative of their outcome in
comparison to the average performance of all patients in the
cohort for CRR. Patients who met the response criteria belonged
to the “better” group, and those with no response belonged to

the “worse” group. For UP/UC and eGFR, the performance was
evaluated through a mixed model for repeated measurements,
including all available measurements adjusting for baseline. Better
or worse performers were assessed depending on whether the
last observed value of an individual patient was higher or lower
than the value predicted by the model at the respective visit; in this
way, all patients with at least one follow-up measurement were
included in the analysis. For each histopathologic feature, we
tested whether the biopsy values were differently distributed
between the “better” and “worse” groups using the chi-square
test for categorical data and the Wilcoxon rank sum test for count
data. Features with a P value <0.1 were entered into a logistic
regression model with outcome (better or worse) as a response,
and a model selection procedure was used to identify the best
multivariable model for the prediction of clinical outcome based
on biopsy parameters. We applied the forward selection method
with a P value of 0.2 for inclusion into the model. The final model
(also logistic regression) included as main factors the presence
or absence of monocytes, treatment (placebo or 120 mg of BI
655064 vs 180 and 240 mg of BI 655064), and the respective
interaction and was adjusted for the biopsy sample features previ-
ously identified as potentially predictive. Results are expressed as
odds ratios (ORs) with two-sided 95% confidence intervals (CIs) in
the two strata. Two-sided P values <0.05 were considered signif-
icant. Analyses were performed using SAS statistical software
version 9.4 (SAS Institute Inc). The data underlying this article will
be shared on reasonable request to the corresponding author.

RESULTS

Patient selection and characteristics of the study
population. Patient selection is reported in Figure 1. The 101 eli-
gible patients were divided into four groups according to therapy,

LN patients with histologically 
confirmed class III or IV

(N=101)

Placebo
(N=32)

(N=48)

120mg BI 655064 
(N=16)

180mg BI 655064 
(N=18)

(N=53)

240mg BI 655064
(N=35)

Figure 1. Patient selection chart. According to the International Society of Nephrology/Renal Pathology Society 2003 classification, patients with
class III or IV LN were included, and the coexistence of class V was allowed. A cohort of 101 patients was eligible for the study (see text for further
details). Patients had been previously randomized in four groups, as per the BI 655064 phase 2 trial protocol (2:1:1:2): 32 patients were in the pla-
cebo arm, 16 were in the 120-mg BI 655064 arm, 18 were in the 180-mg BI 655064 arm, and 35 were in the 240-mg BI 655064 arm. For analytical
purposes, we combined patients belonging to the placebo and the low-dose 120-mg BI 655064 groups (48 patients) as well as those in the high-
dose 180- and 240-mg BI 655064 groups (53 patients). LN, lupus nephritis.
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as per previous randomization (2:1:1:2): 32 patients were in the
placebo arm, 16 were in the 120-mg BI 655064 arm, 18 were in
the 180-mg BI 655064 arm, and 35 were in the 240-mg BI
655064 arm.

The clinical and demographic characteristics of the total
cohort and the different treatment groups are shown in Table 1.
The mean age of patients enrolled in the total cohort was 34.3
(SD 10.1) years, and there was an expected female predomi-
nance (88%). Of the 101 patients enrolled, 49 (49%) were

diagnosed with SLE more than 24 months before screening. The
mean eGFR (CDK-EPI) at screening in the total cohort was 90.3
(SD 29.5) mL/min/1.73 m2, and the median UP/UC was 2.4 (inter-
quartile range 1.4–4.5). The mean Systemic Lupus Erythemato-
sus Disease Activity Index score at baseline was 11.0 (SD 5.5).

The mean number of glomeruli in the overall cohort was 18.6
(SD 11.7). There was a higher prevalence of the ISN/RPS class IV
SLE renal biopsy results compared to class III (68% vs 32%,
respectively).5 A moderate agreement between local and central

Table 1. Baseline characteristics of a cohort of patients with ISN/RPS class III and class IV LN*

Total

Treatment

Placebo
BI 655064
(120 mg)

BI 655064
(180 mg)

BI 655064
(240mg)

Number of patients 101 32 16 18 35
Age at screening, mean (SD), y 34.3 (10.1) 32.8 (8.5) 36.2 (12.0) 34.9 (10.0) 34.6 (10.8)
Female sex, n (%) 89 (88) 31 (97) 11 (69) 16 (89) 31 (89)
Time since diagnosis, n (%)
<24 mo 52 (52) 18 (56) 7 (44) 9 (50) 18 (51)
≥24 mo 49 (49) 14 (44) 9 (56) 9 (50) 17 (49)

eGFR (CDK-EPI), mean (SD), mL/min/1.73 m2 90.3 (29.5) 88.3 (27.4) 88.1 (32.4) 99.9 (22.2) 88.3 (33.2)
UP/UC (spot urine), median (IQR), g/g 2.8 (1.4–4.6) 2.6 (1.0–3.9) 4.2 (1.5–8.7) 3.0 (2.2–4.3) 2.7 (1.1–3.9)
SLEDAI score, mean (SD) 11.0 (5.5) 10.9 (5.4) 11.0 (5.7) 10.6 (6.5) 11.4 (5.2)
ISN/RPS 2003 LN classification

(central evaluation), n (%)
III 32 (32) 14 (44) 5 (31) 4 (22) 9 (26)
IV 69 (68) 18 (56) 11 (69) 14 (78) 26 (74)

* Data are from the control arm and the different BI 655064 dose groups. For analytical purposes, we combined the
placebo and the 120-mg BI 655064 treatment groups and the 180- and 240-mg BI 655064 treatment groups. Base-
line characteristics refer to the time of screening. Continuous variables are reported as mean (SD) or median (IQR),
and categorical variables are reported as n (%). CDK-EPI, Chronic Kidney Disease Epidemiology Collaboration for-
mula; eGFR, estimated glomerular filtration rate; IQR, interquartile range; ISN, International Society of Nephrology;
LN, lupus nephritis; RPS, Renal Pathology Society; SLEDAI, Systemic Lupus Erythematosus Disease Activity Index;
UP/UC, urine protein/urine creatinine ratio.

Table 2. Baseline characteristics of a cohort of patients with ISN/RPS class III and class IV LN*

Total

Treatment

P valuea
Placebo and

BI 655064 (120 mg)

BI 655064
(180 mg) and

BI 655064 (240 mg)

Number of patients 101 48 53 –

Age at screening, mean (SD), y 34.3 (10.1) 33.9 (9.8) 34.7 (10.4) 0.71
Female sex, n (%) 89 (88) 42 (88) 47 (89) 0.85
Time since diagnosis, n (%) 0.91
<24 mo 52 (52) 25 (52) 27 (51) –

≥24 mo 49 (49) 23 (48) 26 (49) –

eGFR (CDK-EPI), mean (SD), mL/min/1.73 m2 90.3 (29.5) 88.2 (28.8) 92.2 (30.2) 0.50
UP/UC (spot urine), median (IQR), g/g 2.8 (1.4–4.6) 2.9 (1.1–5.4) 2.7 (1.6–4.1) 0.70
SLEDAI score, mean (SD) 11.0 (5.5) 11.0 (5.4) 11.1 (5.6) 0.90
ISN/RPS 2003 LN classification

(central evaluation), n (%)
0.10

III 32 (32) 19 (40) 13 (25) –

IV 69 (68) 29 (60) 40 (76) –

* Data are from the combined placebo and 120-mg BI 655064 treatment groups compared to the combined 180-
and 240-mg BI 655064 treatment groups. Baseline characteristics refer to the time of screening. Continuous vari-
ables are reported as mean (SD) or median (IQR), and categorical variables are reported as n (%). CDK-EPI, Chronic
Kidney Disease Epidemiology Collaboration formula; eGFR, estimated glomerular filtration rate; IQR, interquartile
range; ISN, International Society of Nephrology; LN, lupus nephritis; RPS, Renal Pathology Society; SLEDAI, Systemic
Lupus Erythematosus Disease Activity Index; UP/UC, urine protein/urine creatinine ratio.
a P < 0.05.
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assessment of ISN/RPS classes in LN was shown (simple κ coef-
ficient 0.48, 95%CI 0.29–0.67). A total of 54 (53.5%) patients had
a biopsy sample with monocytes present, whereas 47 (46.5%)
did not.

For this analysis, we combined patients belonging to the
platcebo and the low-dose 120-mg BI 655064 groups as well as
those in the high-dose 180- and 240-mg BI 655064 groups: alto-
gether, there were 48 and 53 patients, respectively. Data of the
two combined groups are reported in Table 2. Clinical and demo-
graphic features at baseline were similar in the two combined
groups. Furthermore, class III and IV were about equally
distributed.

Histologic and clinical parameters association.
Patients were classified in two groups according to a better or

worse performance. At the end of treatment (52 weeks),
78 (77%) and 82 (81%) patients had available UP/UC and eGFR
measurement, respectively. We tested the association between
histologic parameters and better or worse renal outcomes in the
overall cohort; the main results are shown in Table 3 (biopsy sam-
ple features that were not statistically significant at the univariate
analysis are not reported in Table 3). The presence or absence
of monocytes in the glomerular tuft was tested too; no association
with a better or worse outcome was shown in the overall cohort,
irrespective of treatment. The presence of karyorrhexis was asso-
ciated with a better outcome in terms of UP/UC (OR 2.88 [95% CI
1.06–7.83], P = 0.04). The presence of endocapillary hypercellu-
larity in more than 50% of glomeruli was associated with a better
outcome in terms of eGFR when compared to biopsy samples
with endocapillary hypercellularity in less than 20% of glomeruli

Table 3. Univariable and multivariable analysis of correlation between findings in renal biopsy and outcomes in the
total population*

Univariable analysisa Multivariable analysisb

Pc OR (95% CI)d Pc

UP/UC, g/g
LN class (IV vs III) 0.02 – –

Ischemic cells 0.07 – –

Interstitial fibrosis 0.03 0.18
≥5% vs <5% 0.50 (0.19–1.30) –

≥25% vs <5% 0.34 (0.08–1.50) –

Lymphocytes 0.04 – –

Glomerular monocytes 0.09 – –

Crescents, extracapillary proliferation 0.09 – –

Karyorrhexis 0.02 2.88 (1.06–7.83) 0.04
Pseudothrombi 0.03 2.38 (0.83–6.81) 0.10

eGFR (CDK-EPI), mL/min/1.73 m2

Infiltration 0.09 – –

Infiltration neutrophils 0.06 5.08 (0.53–48.4) 0.16
LN class (IV vs III) 0.04 – –

Endocapillary hypercellularity 0.006 0.009
≥20% vs <20% 1.38 (0.40–4.76)
≥50% vs <20% 4.57 (1.38–15.1)

Endothelial swelling 0.007 – –

Influx of inflammatory cells 0.03 – –

Lymphocytes 0.02 – –

Synechia/adhesion 0.07 – –

Pseudothrombi 0.04 – –

CRR at last available visit
Interstitial fibrosis 0.019 0.043
≥5% vs <5% 0.39 (0.15–1.65)
≥25% vs <5% 0.23 (0.06–0.95)

Reabsorption droplets 0.029 2.94 (0.99–8.76) 0.05
Ischemic cells 0.023 – –

Pseudothrombi 0.024 2.97 (1.02–8.65) 0.05

* All the collected biopsy features occurring in at least 10 patients were entered in an univariable analysis
(Supplemental Table 1, part 2). Parameters with a P value <0.1 in the univariable analyses were entered into a mul-
tivariable logistic regression model, and a routine model selection procedure (with P < 0.2) was used to identify
parameters predictive for outcome in the overall cohort. Biopsy features with a P value ≥0.1 at the univariable anal-
ysis were not reported in this table. CDK-EPI, Chronic Kidney Disease Epidemiology Collaboration formula; CI, con-
fidence interval; CRR, complete renal response; eGFR, estimated glomerular filtration rate; LN, lupus nephritis; OR,
odds ratio; UP/UC, urine protein/urine creatinine ratio.
a Chi-square or Wilcoxon test; only parameters with a P value <0.1 are presented.
b Logistic regression; only parameters with a P value <0.2 are presented.
c P < 0.05.
d For “better” outcome.
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(OR 4.57 [95% CI 1.38–15.1], P = 0.01 in global trend test).
Finally, the association between clinical and histologic parameters
was evaluated according to CRR at the last available visit: intersti-
tial fibrosis in more than 25% of the biopsy sample was predictive
of negative outcome when compared to biopsy samples with
interstitial fibrosis in less than 5% of the sample (OR 0.23 [95%
CI 0.06–0.95], P = 0.04 in global trend test). Furthermore, the
presence of pseudothrombi was associated with a better out-
come (OR 2.97 [95% CI 1.02–8.65], P = 0.05).

Treatment efficacy according to the presence of
monocytes. Table 4 describes the effect of high-dose BI
655064 versus low-dose BI 655064 or placebo according to the
presence or absence of monocytes in the kidney biopsy sample.
Dose-dependent treatment efficacy was compared in the two
groups after adjustment for the previously identified potential con-
founders (interstitial fibrosis, karyorrhexis, pseudothrombi for
UP/UC, infiltration of granulocytes, endocapillary hypercellularity
for eGFR, interstitial fibrosis, reabsorption droplets, and pseudo-
thrombi for CRR). A higher treatment dose was associated with a
better UP/UC outcome and a higher CRR in kidney biopsy samples
containing glomerular monocytes (OR 3.66 [95% CI 1.09–12.3],
P = 0.04; OR 4.58 [95% CI 1.24–16.9], P = 0.02, respectively). In
contrast, a higher treatment dose was not predictive of the out-
comes in kidney biopsy samples without glomerular monocytes.

The UP/UC mean profile over time, adjusted for the previously
identified variables, is shown in Figure 2A and B. When we evalu-
ated kidney biopsy samples containing glomerular monocytes, the
UP/UC mean profile over time differed in the high-dose and

low-dose and placebo groups, reaching statistical significance at
the end of follow-up (at 52 weeks, P = 0.057) (Figure 2A). In con-
trast, the UP/UC trend over time was similar in the two treatment
groups when we evaluated biopsy samples without glomerular
monocytes (at 52 weeks, P = 0.92) (Figure 2B).

The same process was used to evaluate the effect of high-
dose treatment with BI 655064 on eGFR. No substantial associa-
tion with the outcome was shown, neither with presence nor with
absence of monocytes in kidney biopsy samples (Table 4). How-
ever, when we evaluated the eGFR mean profile over time, after
adjusting for the previously identified confounders, a benefit of the
higher doses in patients with monocytes in kidney biopsy samples
was suggested at the end of follow-up (at 52 weeks, P = 0.075)
(Figure 2C). Similarly to UP/UC, the eGFR trend over time did not
diverge in the two treatment groups when we evaluated biopsy
samples without glomerular monocytes (at 52 weeks, P = 0.9830)
(Figure 2D).

DISCUSSION

In this post hoc analysis of the BI 655064 phase 2 trial, we
showed that if glomerular monocytes were present in LN kidney
biopsy samples, high-dose treatment with anti-CD40 monoclonal
antibody improved the reduction of proteinuria at 52 weeks and
led to a higher CRR than if monocytes were absent. Our study used
a novel approach to investigate the relationship between specific
features in kidney biopsy samples and treatment outcomes, sug-
gesting that specific renal biopsy sample characteristics could
direct the choice of treatment for individual patients with LN.

Table 4. Treatment effect related to the presence of monocytes*

BI 655064 (180 and 240 mg) vs
placebo/BI 655064 (120 mg)

Presence of monocytes (n = 54) Absence of monocytes (n = 47)

OR (95% CI)a Pb OR (95% CI)a Pb

UP/UC, g/g
Adjusted analysisc 3.66 (1.09–12.3) 0.04 1.36 (0.39–4.72) 0.63
Unadjusted analysis 3.89 (1.25–12.1) 0.02 1.28 (0.40–4.12) 0.42

eGFR (CDK-EPI), mL/min/1.73 m2

Adjusted analysisc 2.41 (0.73–7.98) 0.15 0.69 (0.19–2.48) 0.57
Unadjusted analysis 2.62 (0.85–7.97) 0.09 1.08 (0.34–3.41) 0.89

CRR at last available visit
Adjusted analysisc 4.58 (1.24–16.9) 0.02 0.77 (0.20–2.98) 0.71
Unadjusted analysis 3.33 (1.09–10.2) 0.02 1.29 (0.39–4.24) 0.68

* The effect of high-dose treatment (BI 655064 180 mg plus BI 655064 240 mg) vs low-dose treatment or no treat-
ment (placebo plus BI 655064 120 mg) on outcomes was evaluated according to the presence or absence of mono-
cytes in kidney biopsy samples. A total of 54 (53.5%) biopsy samples contained monocytes, whereas 47 (46.5%) did
not. The model was adjusted for all the significant predictors previously entered in the multivariable regression
model on the overall cohort. The results of both the adjusted and unadjusted analyses are reported. Features
occurring in fewer than 10 patients were excluded. CDK-EPI, Chronic Kidney Disease Epidemiology Collaboration
formula; CI, confidence interval; CRR, complete renal response; eGFR, estimated glomerular filtration rate; OR, odds
ratio; UP/UC urine protein/urine creatinine ratio.
a For “better” outcome.
b P < 0.05.
c The model was adjusted for all the significant predictors previously identified in the multivariable analysis: inter-
stitial fibrosis, karyorrhexis, pseudothrombi for UP/UC, infiltration granulocytes, endocapillary hypercellularity for
eGFR, interstitial fibrosis, reabsorption droplets, and pseudothrombi for CRR.
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The presence or absence of glomerular monocytes may guide the
choice of anti-CD40 treatment use in future decision trees, resulting
in selection of the most appropriate therapy for the most suitable
patient.

Monocytes play a fundamental biologic role in LN and immune-
complex glomerulonephritis, leading to kidney inflammation with dif-
ferent mechanisms: they mediate glomerular inflammation by
patrolling and engaging other effectors, such as neutrophils, lead-
ing to further tissue injury; they may damage kidney tissue by

differentiating into macrophages producing proinflammatory
cytokines16,17; they can also act as APCs, presenting antigens
intravascularly within glomerular capillaries.18

The infiltration of monocytes in glomeruli affected by LN is a
CD40–CD40L mediated process.4,12 Up-regulation of CD40 on
mesangial cells and endothelial cells leads to an increased pro-
duction of monocyte chemoattractant protein 1 and adhesion
molecules, facilitating monocyte adhesion and migration into the
glomeruli.19–21 Previous studies revealed an up-regulated

Figure 2. The impact of different treatment doses on UP/UC and eGFR mean profiles over 52 weeks in patients with (A and C) and without
(B and D) monocytes in kidney biopsy samples. UP/UC and eGFR mean profile over 52 weeks were adjusted for the previously identified variables
(interstitial fibrosis, karyorrhexis, pseudothrombi for UP/UC, infiltration of granulocytes, and endocapillary hypercellularity for eGFR). When we eval-
uated kidney biopsy samples containing glomerular monocytes, the UP/UC mean profile over 52 weeks differed in the high-dose (180 and
240 mg) and low-dose (120 mg) and placebo groups, reaching statistical significance at the end of follow-up (at 52 weeks, P = 0.057) (A). In con-
trast, the UP/UC trend over 52 weeks was similar in the two treatment groups when we evaluated biopsy samples with no glomerular monocytes
(at 52 weeks, P = 0.92) (B). When we evaluated kidney biopsy samples containing glomerular monocytes, the eGFR mean profile over 52 weeks
differed in the high-dose and low-dose and placebo groups. Despite the lack of statistical significance, the trend suggested a benefit of the higher
doses at the end of follow-up (at 52 weeks, P = 0.075) (C). In contrast, the eGFR trend at 52 weeks was similar in the two treatment groups when
we evaluated biopsy samples with no glomerular monocytes (at 52 weeks, P = 0.98) (D). eGFR, estimated glomerular filtration rate; UP/UC, spot
urine protein/urine creatinine ratio.
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expression of CD40 on immune and nonimmune cells in kidney
biopsy samples of patients with proliferative LN; particularly, a
single-cell RNA sequencing technique detected higher CD40
expression on B cells and macrophages of patients with class III
and IV LN compared to healthy controls.19,22–24 Because CD40
is constitutively expressed on monocytes, these cells may be a
particular target of anti-CD40 antibodies.25

In 2004, Ruth et al26 demonstrated the requirement for
CD40–CD40L in delayed-type hypersensitivity crescentic glomeru-
lonephritis, suggesting CD40 as a therapeutic target in humans.
Perper et al27 developed a chimeric anti-mouse CD40 antagonist
monoclonal antibody and evaluated its ability to alleviate murine
lupus. Their results showed reduced proteinuria and kidney inflam-
mation, characterized by less CD3-positive T cells.27 In addition to
local effects, CD40 overexpression in patients with SLE was dem-
onstrated in circulating cells.28 Ideally, we would have liked to do
immunohistochemical staining to evaluate all of the cells expressing
CD40 in the glomeruli; however, unstained biopsy slides were not
available, and we relied on morphologic details.

In the overall cohort, the presence or absence of mono-
cytes in the glomerular tuft was not associated with the out-
come. It was only in our more detailed analysis that we found
that glomerular monocytes were modifying the effect of BI
655064 treatment on kidney outcomes, namely proteinuria
and CRR. Proteinuria is a determinant of renal response in
SLE clinical practice and trials because it is a risk factor for
ESKD.6,29–32 In this analysis, the presence of monocytes in
kidney biopsy samples of patients with LN was predictive of
lower proteinuria and a higher CRR at 52 weeks. Although no
significant effect was shown in terms of eGFR, the mean eGFR
profiles of the two treatment groups diverged over time, show-
ing a potential benefit of the higher doses in patients with
monocytes in their kidney biopsy samples. The lack of statisti-
cal significance may be explained by the small sample size
and original inclusion criteria: patients with an eGFR <30
mL/min/1.73 m2 were excluded from the trial, and active renal
disease was defined on a proteinuria-based cutoff (protein
level in urine ≥ 1.0 g/day or UP/UC ≥ 1).11 The baseline eGFR
in the overall cohort was almost normal, and the time of
follow-up was relatively short (52 weeks). We did not expect
important changes based on eGFR, which may fail to reveal
substantial parenchymal damage for a long time.

We acknowledge that our study has limitations. Although
justified by the results of the phase 2 BI 655064 trial,11 which
demonstrated a beneficial effect of the higher doses of BI
655064 (180 and 240 mg) on kidney outcomes and showed that
the low dose was so low that it had no effect at all, we mixed the
placebo with the low-dose drug arm and compared it with
the higher doses. All histopathological features were evaluated
by a blinded experienced renal pathologist (IB), with no second
opinion. The presence or absence of glomerular monocytes was
evaluated through direct count using light microscopy.

Immunohistochemical staining could not be performed because
of the lack of unstained tissue.

Through a novel reliable statistical approach, we investigated
the predictive role of histologic features on renal outcomes in the
overall cohort. The association of pseudothrombi, karyorrhexis,
and endocapillary hypercellularity with a positive outcome was
indicative of active disease, with a high burden of immunologic
activity in the kidney, which is supposed to respond better to ther-
apy when treated effectively. In line with previous studies,33 reab-
sorption droplets may be indicative of a compensatory
mechanism to adjust for protein loss, which could be related to
the better outcome in terms of CRR.

In conclusion, the quest for the ideal LN regimen is going
toward a more personalized patient-centered approach, looking
for new therapies as well as subgroups of patients who would
respond better to specific therapeutic regimens. Our study deals
with this line of research, showing for the first time that the effect
of a new specific therapy (BI 655064) could be predicted by the
presence of some of its target cells in the kidney biopsy sample.
Further studies are needed to confirm our results in bigger
cohorts and to identify patterns of predictive features in the renal
biopsy sample, making it possible to identify patients who are
more suitable for one drug than another and directing the clini-
cians toward a patient-centered treatment approach.
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Topical Mupirocin Treatment Reduces Interferon and
Myeloid Signatures in Cutaneous Lupus Erythematous
Lesions Through Targeting of Staphylococcus Species

Lisa Abernathy-Close, Joseph Mears, Allison C. Billi, Sirisha Sirobhushanam, Celine Berthier, Annie Lu,
Zeran Zhang, Amy Hurst, Johann E. Gudjonsson, and J. Michelle Kahlenberg

Objective. Cutaneous lupus erythematosus (CLE) is an inflammatory skin manifestation of systemic lupus
erythematosus. Type I interferons (IFNs) promote inflammatory responses and are elevated in CLE lesions. We recently
reported that CLE lesions are frequently colonized with Staphylococcus aureus. Here, we follow up via a proof-of-con-
cept study to investigate whether type I IFN and inflammatory gene signatures in CLE lesions can be modulated with
mupirocin, a topical antibiotic treatment against S aureus–mediated skin infections.

Methods. Participants with active CLE lesions (n = 12) were recruited and randomized into a week of topical treat-
ment with either 2%mupirocin or petroleum jelly vehicle. Paired samples were collected before and after seven days of
treatment to assess microbial lesional skin responses. Microbial samples from nares and lesional skin were used to
determine baseline and posttreatment Staphylococcus abundance andmicrobial community profiles by 16S ribosomal
RNA gene sequencing. Inflammatory responses were evaluated by bulk RNA sequencing of lesional skin biopsies.

Results. We identified 173 differentially expressed genes in CLE lesions after topical mupirocin treatment.
Decreased lesional Staphylococcus burden correlated with decreased IFN pathway signaling and inflammatory gene
expression and barrier dysfunction. Interestingly, mupirocin treatment lowered skin monocyte levels, and this
mupirocin-associated depletion of monocytes correlated with decreased inflammatory gene expression.

Conclusion. Mupirocin treatment decreased lesional Staphylococcus, and this correlated with decreased IFN
signaling and inflammatory gene expression. This study suggests a topical antibiotic could be employed to decrease
lupus skin inflammation and type I IFN responses by reducing Staphylococcus colonization.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a severe autoimmune

disease with pleiotropic manifestations, including disfiguring skin

disease, nephritis, and an increased risk of mortality.1 A total

of 70% of patients with SLE experience specific cutaneous

eruptions grouped under the category of cutaneous lupus erythe-

matosus (CLE).2,3 CLE can also exist in the absence of SLE. No

US Food and Drug Administration–approved therapies

specifically for CLE exist, and CLE can be difficult to treat, leading

to use of treatments with difficult side effects or immunosuppres-

sive features.4 Thus, there is a critical need to uncover effective

and less toxic therapies to improve patient outcomes.
Activation of interferon (IFN) signaling in the skin drives

chemokine production which recruits monocytes and T cells to

skin lesions and promotes the inflammatory process.5–7 Recent

trials that block type I IFN signaling have identified type I IFNs as

a central contributor to cutaneous inflammation in lupus skin8;
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however, global type I IFN blockade increased the rates of herpes
zoster and influenza infections. Cutaneous production of type I
IFNs in CLE may occur by several mechanisms, including
secretion by invading inflammatory cells9 and epidermal
production.10–12 Cytosolic nucleic acid sensors, such as the
cGAS/stimulator of type I IFN gene pathway, also contribute to
type I IFN up-regulation in SLE.13–15

Human data support a link between Staphylococcus aureus
and SLE. S aureus is the most frequent cause of bacteremia in
lupus patients, implying clinically significant exposure.16 Coloniza-
tion data support increased intestinal and nasal carriage of S aureus
in patients with lupus.17 Importantly, S aureus nasal carriagemay be
associated with risk of disease flare and development of lupus
nephritis.18 We and others have recently reported that CLE lesions
are frequently colonized by S aureus.19,20 Furthermore, type I IFNs
contribute to barrier disruption, leading to increased S aureus
adherence in SLE versus healthy control keratinocytes.19 S aureus

is also known to produce mediators that can induce inflammatory
signaling and type I IFN production. Therefore, we hypothesized
that Staphylococcus colonization contributes to a feed forward loop
in which type I IFNs permit colonization and colonization increases
IFN production. We thus tested this in patients with SLE by disrupt-
ing S aureus colonization with topical antibiotic application.

MATERIALS AND METHODS

Study design and patients. Twelve patients with SLE
with active CLE lesions were recruited from the Michigan Lupus
Cohort for this study. Patients were randomly assigned to receive
topical 2%mupirocin treatment (equivalent to 0.2 mM) or a vehicle
control (petroleum jelly) three times per day for seven days. Lupus
is a female-biased disease with a 9:1 female to male ratio. Our
study sought to identify patients with SLE with active skin disease
and did not discriminate based on sex. As a result, we had 1 male
and 11 female patients in the study, in accordance with predicted
ratios (See Supplemental Table 1). This study was approved by
the University of Michigan Institutional Review Board, and all
patients were provided with written informed consent.

CLE lesion analysis. This study was not designed to mea-
sure treatment effect. However, we did score the pre- and posttreat-
ment CLE lesions for scale (0–2 points) and erythema (0–3 points)
based on the Cutaneous Lupus Erythematosus Disease Activity
and Severity Index measures for disease activity.21 Scoring was per-
formed by JMK in an anonymized method using photographs
obtained of designated lesions at the day 0 and day 7 research visits.

Bulk RNA sequencing and gene expression analysis.
Skin biopsies were flash-frozen and stored at −80�C until pro-
cessing. RNA was isolated using Qiagen RNeasy kits. Libraries
were generated with the assistance of the University of Michigan
Advanced Genomics Core, and RNA sequencing was performed

on NovaSeq 6000. Samples passing quality controls were
mapped and analyzed on a transcript level using the tuxedo suite
(tophat/cufflinks/cuffdiff ). Further analyses including batch
correction based on grouped samples, principal component
analysis, variance stabilizing transformation (VST) normalization,
and differential gene expression were conducted using the
DESeq2 package.

Fast gene set enrichment analysis. Starting with
34,839 genes tested for differential gene expression analysis,
removal of genes with null adjusted P values and mapping hgnc
gene symbols to entrez gene identifiers resulted in 15,109 genes
remaining for gene set enrichment analysis. These genes were
sorted according to t-statistic, and the fgsea package (v1.16.0)
was used to run gene set enrichment analysis on the Reactome
pathways with a maximum size of 500 genes, resulting in
185 pathways with Bonferroni-corrected P < 0.05/2,341.22

A similar process with differential gene expression analysis com-
paring petroleum jelly–treated samples with baseline yielded
11 pathways with Bonferroni-corrected P < 0.05/2,341.

Pathway gene score calculations. Genes from the rele-
vant pathway (IFN signaling, dectin-1 signaling, and keratinization)
were extracted from the Reactome pathways in the fsgea pack-
age, resulting in 118, 68, and 60 genes, respectively. Scores were
calculated by taking the VST-normalized expression of each gene
and subtracting the mean of that gene’s expression across all
mupirocin- or vehicle-treated samples before dividing by the SD
of the VST-normalized expression of that gene in the same sam-
ples. Scores for each individual gene were then summed across
all genes in the pathway.

Quantitative polymerase chain reaction of
keratinocytes treated with mupirocin or S aureus. The
immortalized human keratinocyte cell line (N/TERTs)23 was used
to evaluate type I IFN epidermal responses to mupirocin and S

aureus. Keratinocytes were treated in vitro with 0.1 mM or
0.2 mMmupirocin or 107 CFU of S aureus strain USA300 or vehi-
cle as previously described for 24 hours.11,19,24 RNA was isolated
from keratinocytes and converted to complementary DNA (cDNA)
(iScript cDNA Synthesis Kit, BioRad), and quantitative real-time
reverse transcriptase polymerase chain reaction (PCR) was per-
formed using SyBR Green PCR Master Mix (Applied Biosystems,
Thermo Fisher Scientific) and 7900HT Fast Real-Time PCR sys-
tem (Applied Biosystems) with the support of the University of
University of Michigan Advanced Genomics Core. Primers
used for quantification of gene expression are as follows (all
listed 50!30): IFNK GTGGCTTGAGATCCTTATGGGT (forward),
CAGATTTTGCCAGGTGACTCTT (reverse); IFNB GCTTGGATT-
CCTACAAAGAAGCA (forward) and TAGATGGTCAATGCGGC-
GTA (reverse), MX1 TACCAGGACTACGAGATTG (forward),
TGCCAGGAAGGTCTATTAG (reverse).
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16S ribosomal RNA gene sequencing and analysis.
Microbes colonizing CLE lesions were profiled with 16S ribosomal
RNA (rRNA) gene sequencing. One skin lesion per patient was
swabbed before treatment (day 0) and immediately following one
week of treatment (day 7). Genomic DNA was extracted from
lesional swab samples using MagAttract PowerMicrobiome kit
(Qiagen), and the V4 hypervariable region of the 16S rRNA gene
was amplified as previously described.25 Libraries were cleaned
and normalized and underwent quality control before a library was
prepared for sequencing by the Illumina MiSeq platform using
paired end reads, and sequences were processed using mothur
(v.1.44.1).25,26 Operational taxonomic units were curated and con-
verted to relative abundance. Shannon diversity index was used to
show microbial community diversity changes in CLE lesions after
treatment with topical mupirocin or vehicle control.

Digital cytometry. CIBERSORTx was used to infer the
abundance of various immune cell types using bulk skin transcrip-
tomes generated from CLE lesions.27 A matrix of bulk gene
expression for all 24 samples was given to the CIBERSORTx
web interface, and the impute cell fractions function was run map-
ping to the LM22 database, which contains 547 genes from
22 human hematopoietic cell phenotypes.

Correlation analysis. Pearson correlation coefficient
analysis was performed to measure the strength and direction
of the relationship between Staphylococcus abundance and
CLE lesional skin signaling pathways. Correlations between
mupirocin-induced changes in skin monocyte levels and cutane-
ous gene expression were also evaluated.

Immunofluorescence. Immunofluorescence staining of
frozen tissue sections from CLE lesions was performed to probe
for monocytes. CLE lesional biopsies embedded in OCT media
were sectioned and stained with anti-CD14 antibody (B365.1
[B-A8], Invitrogen) and mounted with ProLong Gold Antifade
medium containing DAPI (Invitrogen). CD14+ cells present before
and after mupirocin treatment in a representative CLE lesion were
quantified using ImageJ software (National Institutes of Health)
and normalized to total cell number. Cells with nuclei too dense
to enumerate were excluded.

Statistical analyses. Statistical analyses of pre- and post-
treatment comparisons between Staphylococcus abundance or
changes in monocyte levels generated using a one-tailed paired
t-test (for normally distributed data) or Wilcoxon signed-rank test
(for nonparametric data) with GraphPad Prism software version
10.0.3 unless otherwise noted; P < 0.05 was considered statisti-
cally significant. The Shapiro-Wilk test was used to test for normal
distribution. The Pearson correlation coefficient was calculated to
measure correlations, and statistically significant relationships
were determined by P < 0.05.

Study approval and Data Sharing. The study was
reviewed and approved by the University of Michigan Institutional
Review Boards of the University of Michigan Medical School
under approval number HUM00136167. All patients underwent
written, informed consent according to the Declaration of Helsinki.
Clinical data information can be found in Supplemental Table 1.
Sequence data from this study will be deposited in the GEO data-
base and will be accessed using the accession code 14173587.

RESULTS

Mupirocin treatment reverses lupus-associated
cutaneous gene expression. Patients with SLE with active
CLE lesions were randomly assigned to either 2% mupirocin or
petroleum jelly as a vehicle control. A single, accessible lesion
was selected by investigators for treatment (CLE subtype listed
in Supplemental Table 1). Lesions were assessed after seven
days of topical treatment. No significant change in lesion
erythema or scale was noted for either petroleum jelly or
mupirocin-treated lesions (Supplemental Table 2). Skin biopsies
were collected from the target lesion, and RNA sequencing was
performed. Principle component analysis of these data revealed
transcriptional differences between pre- and posttreatment
samples in participants randomized to 2% mupirocin, whereas
no such differences were observed in participants randomized
to receive vehicle (Figure 1A). We observed 173 genes differen-
tially expressed between paired pretreatment samples and
mupirocin-treated lesions (Supplemental Table 3); importantly,
vehicle treatment induced no significant gene expression
changes (Figure 1B). Differential gene set enrichment analysis
revealed 617 pathways that were significantly altered in lesional
skin after mupirocin treatment. Examination of the top 20 path-
ways showing greatest effect sizes revealed that mupirocin
decreased the expression of genes involved in IFN signaling and
active cellular division in CLE lesions, whereas genes involved in
epithelial barrier function and lipid metabolism were up-regulated
(Figure 1C). In contrast, only 11 pathways were detected to be
significantly modulated in CLE lesions treated with vehicle alone,
and these responses were characterized by up-regulated
homeostatic mitochondrial signaling pathways involved in metab-
olism and down-regulation of genes involved in smooth muscle
contraction (Figure 1D).

As S aureus has been reported to promote type I IFN
production,28 we then tested the ability of S aureus to induce ker-
atinocyte relevant IFN genes in human keratinocytes.23 Indeed,
treatment with heat-killed S aureus significantly up-regulated the
type I IFN genes IFNB (P < 0.0001) and IFNK (P = 0.0067) and
the IFN-stimulated gene MX1 (P < 0.0001), whereas mupirocin
alone had no effect on IFNB, IFNK, or MX1 gene expression
(Figure 2). Taken together, these data show that S aureus induces
type I IFN production and that mupirocin treatment of CLE lesions
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represses IFN signatures, likely through killing of bacteria sensitive
to mupirocin and not through direct effects on keratinocytes.

Mupirocin treatment lowers Staphylococcus burden
on CLE lesional skin.We next determined the impact of mupir-
ocin or vehicle treatment on the microbial diversity and

abundance of Staphylococcus on CLE lesions. Before treatment,
the targeted lesion was swabbed, and a second swab was col-
lected in the same location after one week of vehicle or mupirocin
treatment. Paired nasal swabs were also collected. Staphylococ-
cus abundance and cutaneous and nasal microbial diversity were
assessed before and after topical treatment of the active CLE

A

C

cell proliferation
viral infection

interferon signaling

metabolism (non-lipid)
lipid metabolism

epidermal barrier function

pre-vehicle
post-vehicle

pre-mupirocin
post-mupirocin

vehicle treatment
(0 differentially expression genes = p < 0.05)

2% mupirocin treatment
(173 differentially expression genes = p < 0.05)

●●

●●

●●
●●

●●
●●

●●

●●

●●

●●

●●

●●

−10

−5

0

5

10

−10 0 10
PC1: 37% variance

PC
2:

 2
0%

 v
ar

ia
nc

e

●●
●●

●●
●●

●●

●●

●●

●●

●●

●●

●●

●●
−10

0

10

−20 0 20
PC1: 54% variance

PC
2:

 1
8%

 v
ar

ia
nc

e

●●
●●

−5

5
●●
●●

Pathway type

Cho
les

ter
ol 

bio
sy

nth
es

is

Pero
xis

om
al 

lip
id 

meta
bo

lism

Acy
l c

ha
in 

rem
od

eli
ng

 of
 D

AG an
d T

AG

ChR
EBP ac

tiv
ate

s m
eta

bo
lic 

ge
ne

 ex
pre

ss
ion

Bran
ch

ed
-ch

ain
 am

ino
 ac

id 
ca

tab
oli

sm

Rev
ers

ibl
e h

yd
rat

ion
 of

 ca
rbo

n d
iox

ide

ABC tra
ns

po
rte

rs 
in 

lip
id 

ho
meo

sta
sis

Form
ati

on
 of

 th
e c

orn
ifie

d e
nv

elo
pe

Kera
tin

iza
tio

n

Tig
ht 

jun
cti

on
 in

ter
ac

tio
ns

Int
erf

ero
n S

ign
ali

ng

Int
erf

ero
n a

lph
a/b

eta
 si

gn
ali

ng

Mito
tic

 Ana
ph

as
e

Mito
tic

 M
eta

ph
as

e a
nd

 Ana
ph

as
e

Sep
ara

tio
n o

f S
ist

er 
Chro

mati
ds

Cell
 C

yc
le 

Che
ck

po
int

s

RHO G
TPas

es
 Acti

va
te 

Form
ins

Res
olu

tio
n o

f S
ist

er 
Chro

mati
d C

oh
es

ion

M Pha
se

Hos
t In

ter
ac

tio
ns

 of
 H

IV fa
cto

rs
-3

-2

-1

0

1

2

3

No
rm

al
iz

ed
 e

nr
ic

hm
en

t s
co

re
s

(2
%

 m
up

rio
ci

n-
tr

ea
te

d 
le

si
on

s)
B

D

-3

-2

-1

0

1

2

3

Mito
ch

on
dri

al 
tra

ns
lat

ion
 te

rm
ina

tio
n

Mito
ch

on
dri

al 
tra

ns
lat

ion

Mito
ch

on
dri

al 
tra

ns
lat

ion
 el

on
ga

tio
n

Mito
ch

on
dri

al 
tra

ns
lat

ion
 in

itia
tio

n

Res
pir

ato
ry 

ele
ctr

on
 tra

ns
po

rt

Res
pir

ato
ry 

ele
ctr

on
 tra

ns
po

rt, 
ATP sy

nth
es

is 
by

 ch
em

ios
moti

c c
ou

pli
ng

,

an
d h

ea
t p

rod
uc

tio
n b

y u
nc

ou
pli

ng
 pr

ote
ins

Com
ple

x I
 bi

og
en

es
is

The
 ci

tric
 ac

id 
(TCA) c

yc
le 

an
d r

es
pir

ato
ry 

ele
ctr

on
 tra

ns
po

rt

Tra
ns

lat
ion

Prot
ein

 lo
ca

liza
tio

n

Smoo
th 

mus
cle

 co
ntr

ac
tio

n

No
rm

al
iz

ed
 e

nr
ic

hm
en

t s
co

re
s

(v
eh

ic
le

-tr
ea

te
d 

le
si

on
s)

other
metabolism
Pathway type

vehicle treatment2% mupirocin treatment

Figure 1. Mupirocin modifies skin gene expression in cutaneous lupus erythematosus lesions. PC analysis plots of (A) mupirocin-treated sam-
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lesion. CLE lesional skin and nasal swab samples were assayed
by 16S rRNA sequencing. The relative abundance of bacterial
genera colonizing CLE lesions were largely unaltered by mupiro-
cin treatment, with the exception of Staphylococcus, whereas
vehicle treatment did not significantly change lesional microbiota
composition (Figure 3A depicts the pre- and posttreatment mean
alpha diversities of each patient; intraindividual diversity is shown
in Supplemental Figure 1A). Mupirocin reduced Staphylococcus

burden on CLE lesions (P = 0.0352; Figure 3B) without altering
overall microbial diversity (P = 0.2812; Figure 3C) or levels of other
Gram-positive bacteria, such as species within the Streptococcus
genus (P = 0.1095; Supplemental Figure 1B). Taken together,
these data demonstrate compliance with topical therapy and the
desired specificity of S aureus as the target microbe for treatment.

Microbial profiling of nasal swabs demonstrated that topical
skin application of mupirocin to CLE lesions also resulted in a
significant decrease of Staphylococcus carriage in the nares
(P = 0.0165; Supplemental Figure 2B), suggesting possible trans-
fer of mupirocin by participants to the nares as well. As expected,
no change was observed in the alpha diversity of microbes
detected in nasal samples from participants receiving either treat-
ment (Supplemental Figure 2C).

Staphylococcus burden on CLE lesions correlates
with cutaneous inflammation and barrier dysfunction.
Gene enrichment analysis was performed on CLE lesions to eval-
uate treatment-induced changes and determine whether they are
associated with abundance in Staphylococcus species. Mupiro-
cin treatment, but not vehicle control, resulted in decreased
expression of genes involved in IFN signaling, the predominant
dysregulated pathway in CLE lesions29 (Figure 4A left panel;
Supplemental Table 3). Similarly, mupirocin treatment also

resulted in reduced expression of genes associated with signaling
of dectin-1 (Figure 4A, center panel), a receptor expressed on
monocytes, macrophages, and dendritic cells, all important cell
populations in CLE lesions.30,31 Genes involved in keratinization
were enriched in CLE lesions after topical mupirocin (Figure 4A
right). Critically, a reduction in Staphylococcus abundance was
associated with decreased IFN and dectin-1 signaling and
improved keratinization pathway scores (Figure 4B). No relation-
ship was observed between the relative abundance of Staphylo-
coccus nasal colonization of patients with CLE and alterations in
these lesional skin pathways (Supplemental Figure 3A). Similarly,
there was no relationship noted between Staphylococcus
abundance and IFN or dectin-1 signaling before treatment
(Supplemental Figure 3B). These data indicate that mupirocin
reduces CLE lesional Staphylococcus colonization burden,
and this reduction correlates with reduced signaling in CLE-
associated IFN and dectin-1 signaling.

Mupirocin treatment lowers skin monocyte and
activated dendritic cell levels in CLE lesions. Given that
we consistently observed a reduction in signaling pathways com-
monly associated with immune cells following 2%mupirocin treat-
ment, we then used CIBERSORTx to deconvolute the RNA
sequencing data into predicted cell populations impacted by
treatment. Mupirocin treatment specifically reduced genes
predicted to represent monocyte contributions to CLE lesions
(P = 0.0104; Figure 5A upper panels), whereas significant shifts
in other major immune cell populations were not observed after
seven days of application (Figure 5B). We then validated this using
immunofluorescent staining against the monocyte marker CD14.
In vivo comparison in a single patient revealed a five–percentage
point decrease in the proportion of lesional cells expressing the
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monocyte marker CD14 after mupirocin treatment (Supplemental
Figure 4). Genes predicted to represent activated dendritic cells in
CLE lesions were also significantly decreased by mupirocin treat-
ment (P = 0.0443; Figure 5A lower panels). These data show top-
ical mupirocin treatment is associated with a reduction of
monocytes and activated dendritic cells in CLE lesions.

Mupirocin-associated loss ofmonocytes and activated
dendritic cells correlates with decreased expression of
genes involved in cutaneous inflammation and skin
homeostasis. We then correlated predicted monocyte and
activated dendritic cell abundance based on digital cytometry
with all genes differentially expressed after mupirocin treat-
ment. Of 174 differentially expressed genes, 7 genes were sig-
nificantly associated with a change in monocytes, and 4 genes
were significantly associated with a change in activated den-
dritic cells (Table 1). Reduced monocyte scores were associ-
ated with diminished expression of PLSCR1, a gene encoding
the IFN-inducible protein phospholipid scramblase 1 (PLSCR1)
(r = 0.8368; P = 0.0380) associated with lipid metabolism.

CASP7 and PLEKHA4 expression also decreased with larger
reductions in monocyte scores. Decreased activated dendritic cell
scores were associated with several type I IFN–responsive den-
dritic cell genes including AQP7 (r = 0.4956; P = 0.3174), CILP
(r = 0.4078; P = 0.4222), IFIT3 (r = 0.2020; P = 0.7011), and
THY1 (r = 0.1122; P = 0.8323). No relationship was observed
between predicted gene expression in vehicle-treated CLE lesions
and monocyte or activated dendritic cell scores (Supplemental
Figure 5).

Taken together, our data indicate that reductions in Staphy-

lococcus burden on cutaneous lupus lesions result in decreased
IFN signaling and a reduction in innate inflammatory cell infiltrates.

DISCUSSION

S aureus is a dynamic colonizer of 30% of the US popula-
tion32 and has been shown to promote SLE-like autoimmune
inflammation.33 Patients with SLE have a distinct skin microbiota
compared with healthy controls,34 and recent studies have
reported increased S aureus colonization on CLE lesions, which
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is facilitated by the high type I IFN environment of SLE skin.19,20

Here, we have now shown that elimination of S aureus through
the use of a topical antibiotic provides a targeted reduction in

staphylococcal burden and attenuates the inflammatory signature
within CLE lesions, including a reduction in type I IFN and innate
immune signaling profiles and an increase in skin barrier genes.
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The links between SLE and S aureus have been suggested
for more than a decade. Prolonged exposure to S aureus via
repeated injection of S aureus proteins induces development of
lupus-like disease in wild-type mice.35 Colonization of murine
bladder catheters with S aureus results in sterile inflammatory cell
infiltration of organs as diverse as the kidney and lung in the
absence of bacteremia.36 Intriguingly, recent data have sug-
gested that penetration of the epidermis by S aureus regularly
occurs, even in normal skin,37 and this is exaggerated in the pres-
ence of dysfunctional or absent skin barrier proteins, such as
filaggrin.38 This suggests that ongoing colonization may provide
exposure to S aureus inflammatory triggers. Intriguingly, known
CLE triggers such as UV light39 and smoking40 also have negative
effects on skin barrier function.41,42

Further study on the relationship between CLE triggers and S
aureus colonization is warranted. Similarly, understanding CLE
lesional factors influencing colonization by (or selection for) staph-
ylococcal species may be required to develop precise and effec-
tive CLE-specific treatments.

Topical mupirocin treatment up-regulated the expression of
key skin barrier pathways. This effect cannot be sufficiently
explained by moisturization from treatment as use of petrolatum
as a vehicle did not modify skin barrier gene expression. This is
in contrast to a previous report in which treatment with petrolatum
for 48 hours resulted in up-regulation of barrier genes and antimi-
crobial peptides.43 This discrepancy may be related to differences
in treatment protocol as we used petroleum jelly applied twice
daily with nonocclusive bandages for 7 days, whereas the study
by Czarnowicki et al used Finn chambers for full occlusion for
48 hours followed by 24 hours of no treatment before biopsy.43

Petrolatum also did not result in major shifts in microbial composi-
tion in our study.

Treatment with mupirocin resulted in down-regulation of
pathways involved in mitosis and cell division. This could reflect
normalization of keratinocyte proliferation. The presence of epi-
dermal scale is considered an indicator of disease in CLE. Discoid
lupus erythematosus lesions in particular show hyperproliferation
and abnormal differentiation of keratinocytes, manifesting clini-
cally as hyperkeratosis and follicular plugging from keratin.44

Here, treatment with mupirocin resulted in down-regulation of
pathways involved in mitosis and cell division and increased
keratinization, which could reflect normalization of keratinocyte
maturation. Thus, mupirocin treatment may offer benefit in this
regard. Longer-term studies are needed to assess the clinical
response.

Type I IFN–related gene changes were observed to be corre-
lated with decreased monocytes and activated dendritic cells
after mupirocin treatment. PLSCR1 is an IFN-inducible phospho-
lipid scramblase family member known to be involved in immune
responses and antiviral activity.45 Monocytes in patients with
SLE have enhanced PLSCR1 gene expression.46 PLSCRs are
important for lipid metabolism and contribute to inflammation,
which is also modulated by mupirocin treatment. PLSCR1 nega-
tively regulates Fc receptor–mediated phagocytosis during mac-
rophage differentiation from precursors such as monocytes.47

Furthermore, PLSCR1 may play a role in the antiviral response of
IFN by amplifying and enhancing the IFN response through
increased expression of select subset of potent antiviral genes.48

Similarly, we also found repression of IFN-activated genes associ-
ated with an activated epidermal dendritic cell signature (AQP7,
CILP, IFIT3, THY1).49 Thus, mupirocin treatment may promote a
switch from interferonogenic to tolerogenic myeloid phenotypes
in the skin.

Thus, the data reported here raise the question of whether
mupirocin, or other medications that target S aureus on the skin,
could benefit CLE either as a primary treatment or as an adjunct
therapy. A case report of lupus profundus showed benefit of
mupirocin in combination with hydroxychloroquine and predni-
sone, but the effects of mupirocin alone were not assessed.50

Typically, few side effects from mupirocin use are reported; how-
ever, the risk of antibacterial resistance remains a concern, with
up to 80% resistance reported in countries where mupirocin is
available over the counter.51 Thus, application of mupirocin in clin-
ical practice would likely need defined periods of use and a strong
risk-to-benefit ratio. Larger trials with clinical response datapoints
are needed to understand whether mupirocin should be incorpo-
rated into clinical practice.

Limitations to our study include the low number of study par-
ticipants and the short time frame of treatment. We did not see a
change in clinical phenotype of the lesions; however, one week
of treatment is unlikely to provide significant clinical change given
drugs with successful track record for CLE, such as anifrolumab,

Table 1. Mupirocin-induced monocyte and activated DC depletion
is associated with the expression of 11 genes in cutaneous lupus ery-
thematosus lesions*

Differentially
expressed gene

Pearson
correlation (r) P value

Δmonocytes
IGLV3–19 0.9885 0.0002
TEAD4 0.9722 0.0011
PLEKHA4 0.96 0.0024
CASP7 0.8997 0.0146
AP001528.3 0.8733 0.023
PLSCR1 0.8363 0.038
DDX21 −0.8399 0.0364

Δactivated DCs
AQP7 −0.8307 0.0406
CILP −0.8750 0.0225
IFIT3 −0.8985 0.0149
THY1 −0.8699 0.0243

* Significant correlations between the change in predicted mono-
cyte and activated DC scores and differentially expressed genes
observed after mupirocin treatment are shown. Relationships were
measured by Pearson correlation coefficient. All statistically signifi-
cant correlations of the 173 differentially expressed genes from
Supplemental Table 3 are shown. DC, dendritic cell.
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can take up to 12 weeks to show improvement in lesions.52 In
addition, secondary to a tragic freezer accident that left us with
only one paired pre- and postmupirocin biopsy sample available
for confirmatory immunostaining, we were limited in our ability to
validate the changes identified by RNA sequencing. These limita-
tions notwithstanding, this study showed that in addition to direct
antimicrobial properties, mupirocin improved CLE lesional inflam-
matory phenotypes. Lowering the burden of Staphylococcuswas
associated with reductions in IFN signaling and decreased mono-
cyte infiltration. Thus, targeting staphylococcal skin colonization is
an approach worth additional consideration and study for optimal
management of CLE flares.
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Atherosclerotic Plaque Progression and Incident
Cardiovascular Events in a 10-Year Prospective Study
of Patients With Systemic Lupus Erythematosus: The Impact
of Persistent Cardiovascular Risk Factor Target Attainment
and Sustained DORIS Remission

Nikolaos Papazoglou, Petros P. Sfikakis, and Maria G. Tektonidou

Objective. Cardiovascular disease (CVD) is a leading cause of death in individuals with systemic lupus erythemato-
sus (SLE). We assessed atherosclerotic plaque progression and incident cardiovascular events in patients with SLE
over a 10-year follow-up.

Methods. We prospectively analyzed 738 carotid ultrasound measurements (413 in patients with SLE and 325 in
age/sex-matched healthy controls [HCs]) to assess new plaque development from baseline to 3-, 7-, and 10-year
follow-up. Multivariate mixed-effects Poisson regression models examined potential predictors of plaque progression,
including patient characteristics, Systemic Coronary Risk Evaluation, traditional cardiovascular risk factor (CVRF) tar-
get attainment, Definition of Remission in SLE (DORIS), medications, and persistent triple anti-phospholipid antibody
(aPL) positivity during follow-up. Ten-year incident cardiovascular events were recorded, and univariate Cox regression
analysis assessed potential associations.

Results. Patients with SLE had a 2.3-fold higher risk of carotid plaque progression than HCs (incidence rate ratio
[IRR] 2.26, P = 0.002). Plaque progression risk in patients with SLE was reduced by 32% (IRR 0.68, P = 0.004) per each
sustainedly attained CVRF target during follow-up, including blood pressure, lipids, smoking, body weight, and physi-
cal activity. DORIS achievement ≥75% of follow-up was associated with a 43% decrease in atherosclerosis progres-
sion risk (IRR 0.57, P = 0.033). Ten-year risk of incident cardiovascular events was higher in individuals with SLE than
HCs (eight versus one event, permutation-based log-rank P = 0.036) and was associated with persistent triple aPL
positivity.

Conclusion. Patients with SLE experience a 2.3-fold higher 10-year atherosclerosis progression risk than HCs,
mitigated by sustained CVRF control and prolonged clinical remission. Persistent triple aPL positivity is associated with
increased incidence of CVD events.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a systemic autoim-
mune disorder with an increased risk of premature atherosclero-
sis and cardiovascular disease (CVD) events.1–4 Despite
advances in management, patients with SLE still bear a substan-
tial death risk, primarily due to CVD complications, although the
majority of patients are young adult women.5 Large cohort stud-
ies and systematic literature reviews have revealed a two to five

times greater risk of CVD events in patients with SLE than in the
general population, which is disproportionately magnified among
younger individuals.6–10

Subclinical atherosclerosis, recognized as an independent
predictor of CVD events, is more prevalent and progresses more
rapidly in patients with SLE than in the general population or other
high CVD risk disorders.1,11 Few prospective studies examining
the progression of atherosclerotic plaques in a three- to five-year
follow-up period showed a two- to three-fold heightened risk for
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new plaque development in patients with SLE versus age- and

sex-matched healthy controls (HCs).11,12 However, there is no

evidence about plaque progression and incident CVD events in

patients with SLE compared to HCs during a 10-year follow-up.
Both traditional cardiovascular risk factors (CVRFs) and SLE-

related parameters, including disease activity, disease duration,
lupus nephritis, glucocorticoids, and anti-phospholipid antibodies
(aPLs), have been identified as major predictors of clinical and
subclinical CVD in patients with SLE.1,13 The 2022 EULAR recom-
mendations for cardiovascular risk management in individuals
with rheumatic and musculoskeletal disorders including SLE and
antiphospholipid syndrome (APS), highlighted meticulous assess-
ment and control of modifiable CVRFs, along with minimal dis-
ease activity.14 Traditional CVRF target attainment, as defined by
the 2016 European Society of Cardiology (ESC) guidelines based
on 10-year CVD risk classification,15 can reduce CVD events in
the general population. The impact of sustained traditional CVRF
control and clinical remission in reducing the risk of accelerated
atherosclerosis in individuals with SLE has not been previously
evaluated in a 10-year timeframe.

Herein, we aimed to assess the progression of subclinical
atherosclerosis and the development of cardiovascular events in
patients with SLE versus age- and sex-matched HCs over a
10-year follow-up period. We investigated determinants of ath-
erosclerotic plaque progression, including disease-related and
traditional CVRFs, CVRF target attainment, and different dura-
tions of Lupus Low Disease Activity State (LLDAS)16 and sus-
tained Definition of Remission in SLE (DORIS).17

PATIENTS AND METHODS

Study design and population. This is a 10-year vascular
ultrasound follow-up study of patients fulfilling the 2012 classifica-
tion criteria for SLE18 and HCs initially examined at our cardiovas-
cular research laboratory in 2012 to 2013. At baseline
assessment, 115 patients with SLE and 115 age- and sex-
matched HCs without prior atherosclerotic CVD (ASCVD), active
malignancy, pregnancy, or diabetes mellitus (DM) underwent a
carotid ultrasound assessment. ASCVD included acute myocar-
dial infarction, acute coronary syndrome, coronary or other arte-
rial revascularization procedures, stroke, transient ischemic
attack, aortic aneurysm, and peripheral artery disease.

After the baseline evaluation, all participants were invited for a
3-, 7-, and 10-year ultrasound evaluation of new carotid plaque
development. Incident CVD events were also assessed during
follow-up. Follow-up duration was defined as the time between
the baseline assessment and the first CVD event, death, or loss
to follow-up, whichever occurred first. For those who missed a
10-year carotid ultrasound but had completed a 10-year follow-
up visit, incident CVD events were recorded from their medical
files. All participants gave written informed consent according to
the Declaration of Helsinki principles, and our study received

approval from our hospital’s institutional review board (Laiko Gen-
eral Hospital Scientific Council number 16506).

Recorded parameters. CVRFs. We recorded the tradi-
tional CVRFs at baseline and at 3-, 7-, and 10-year follow-up
visits: systolic and diastolic blood pressure, smoking (current sta-
tus and pack-years), lipid profile (total cholesterol, low-density
lipoprotein [LDL] cholesterol, high-density lipoprotein [HDL] cho-
lesterol, and triglycerides), estimated glomerular filtration rate
(eGFR), physical activity in weekly exercise minutes, family history
of coronary artery disease, body mass index (BMI; weight/
height2), waist circumference, and CVD-related medications (anti-
hypertensives, lipid-lowering agents, antiplatelets, and antidia-
betic drugs for patients diagnosed with DM during follow-up).
We assessed individuals’ CVD risk using the ESC-endorsed Sys-
temic Coronary Risk Evaluation (SCORE) prediction tool,19 which
estimates the 10-year risk of fatal CVD in individuals 40 to 69 years
old with no previous ASCVD or type II DM.

Individuals aged <40 years were classified as “low risk”
unless a modifier was present. We evaluated the CVRF target
attainment based on individual CVD risk classified by the SCORE
(low–moderate, high, and very high) and additional CVD risk mod-
ifiers (Supplementary Table 1) following the 2016 ESC guide-
lines15: systolic blood pressure <140 mm Hg and diastolic blood
pressure <90 mm Hg; LDL <115 mg/dL in patients who were at
low–moderate risk without CVD events (primary prevention), LDL
<100 mg/dL or a reduction of at least 50% if the baseline LDL is
between 100 and 200 mg/dL in patients who were at high risk
without CVD events (primary prevention), and LDL <70 mg/dL or
a reduction of at least 50% if the baseline LDL is between
70 and 135 mg/dL in patients classified as having very high CVD
risk based on SCORE and CVD risk modifiers (primary prevention)
or after the development of CVD events during the follow-up (sec-
ondary prevention); no target HDL, but >40 mg/dL in men and
>45 mg/dL in women indicate lower risk; no target triglycerides,
but <150 mg/dL indicates lower risk; no current smoking; BMI
20–25 kg/m2 and waist circumference ≤94 cm in men and
≤80 cm in women; and ≥150 minutes per week of moderate aer-
obic physical activity (30 minutes for 5 days per week) or
75 minutes per week of vigorous aerobic physical activity
(15 minutes for 5 days per week) or a combination thereof. In inci-
dent CVD event analysis, apart from SCORE, we also included
the SCORE2 risk prediction model20 endorsed by the 2021 ESC
guidelines,21 which incorporates LDL, HDL, and triglycerides in
addition to SCORE parameters. SCORE2 estimates both nonfatal
myocardial infarction or stroke risk and the cardiovascular death
risk, providing a more comprehensive evaluation.

SLE-related features. Laboratory tests were performed semi-
annually, including complete blood count, erythrocyte sedimenta-
tion rate, serum creatinine, urinalysis, anti–double-stranded DNA
antibodies, and C3 and C4 levels. The aPLs, including IgG and
IgM anti-cardiolipin antibodies (aCLs) and anti-beta-2
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glycoprotein I antibodies, and lupus anticoagulant (LA) were con-
sidered positive according to the Sydney APS classification cri-
teria.22 Persistent triple aPL positivity was defined as positivity of
all three aPLs at all four timepoints throughout follow-up (baseline
and 3-, 7-, and 10-year follow-up).

The Systemic Lupus Erythematosus Disease Activity Index
2000 (SLEDAI-2K),23 Physician Global Assessment (PGA; scale
0–3), Systemic Lupus International Collaborating Clinics (SLICC)
American College of Rheumatology Damage Index,24 LLDAS,
and DORIS remission measures were assessed semiannually.
LLDAS was defined as SLEDAI-2K ≤4 without significant organ
involvement, absence of new disease activity, PGA ≤1, predni-
sone dosage ≤7.5 mg/day, and standard maintenance doses of
immunosuppressives and/or biologics.16 For clinical remission,
we used the DORIS definition: clinical SLEDAI-2K score of 0,
PGA <0.5, prednisolone dosage ≤5 mg/day, and stable antima-
larials, immunosuppressives, and/or biologics.17 At each semian-
nual assessment during 10-year follow-up, LLDAS and DORIS
were considered attained if their criteria were fulfilled over the
preceding six-month period. For the initial years of our study,
we retrospectively applied the LLDAS and DORIS criteria from
medical files until 2016, when these definitions were
introduced.16,25 LLDAS achievement throughout 100%
(LLDAS100), 75% (LLDAS75), and 50% (LLDAS50) of the fol-
low-up period, and DORIS remission achievement throughout
100% (DORIS100), 75% (DORIS75), and 50% (DORIS50) of
the follow-up period were also assessed. Disease-related med-
ications were recorded at the baseline, and follow-up ultra-
sound assessments: cumulative dose of glucocorticoids (sum
of dose before the baseline examination and during the
10-year follow-up), consistent reception of hydroxychloroquine
(over the entire follow-up period), immunosuppressives (cyclo-
phosphamide, azathioprine, mycophenolate mofetil, cyclospor-
ine, methotrexate, leflunomide), and biologics (rituximab,
belimumab).

Vascular ultrasound. All ultrasonographic assessments were
conducted in our cardiovascular research laboratory by the same
blinded, experienced operator. Healthy participants were
recruited through flyers in the local community. Atherosclerotic
plaques were assessed using a 14.0-MHz multifrequency linear
array probe on a high-resolution ultrasound machine (Vivid
7 Pro; GE HealthCare). Measurements were performed bilaterally
in the near and far walls of the common carotid artery, carotid
bulb, and internal carotid artery. According to Mannheim
consensus,26 plaques were defined as focal structures encroach-
ing ≥0.5 mm into the lumen or ≥50% compared with the sur-
rounding intima-media thickness of the adjacent vascular wall or
demonstrating an intima-media thickness ≥1.5 mm.

Statistical analysis. Qualitative variables were presented
as frequencies and percentages and quantitative variables as
median (interquartile range). The Shapiro–Wilk test was applied

to assess the normality of data distributions. To evaluate differ-
ences between groups, we employed the Mann–Whitney U test
for quantitative variables and the Pearson’s chi-square or Fisher’s
exact tests for qualitative variables. To assess carotid plaque pro-
gression during 10-year follow-up in patients with SLE versus HC
individuals, and within the group with SLE, we applied multivariate
mixed-effects Poisson regression models with a random intercept
to account for the within-person repeated measurements. Mod-
els were adjusted for the timepoints of carotid ultrasound mea-
surements (as a qualitative covariate with three levels: 3, 7, and
10 years) and CVRFs. To account for the time needed for carotid
plaque development between different vascular ultrasound mea-
surements, the natural logarithm (ln) of the difference between
two consecutive measurement times was used as an offset.
Regarding missing ultrasound data, we examined the differences
in baseline characteristics among individuals followed over the
study period and those lost to follow-up. We also examined the
differential impact of CVRF target attainment on carotid plaque
progression between patients with SLE and HCs using multivari-
able Poisson mixed-effects regression models, which additionally
included the interaction of patients with SLE and HCs with the
sum of CVRF targets. Due to 21.8%, 31.3%, 18.5%, 18.5%,
and 18.5% missing data over different follow-up timepoints (3, 7,
or 10 years) for blood pressure, LDL cholesterol, smoking status,
body weight, and physical activity, respectively, in the HC group,
we employed multiple imputation by chained equations27 and
conducted the analysis following Rubin’s rules.28

In the group with SLE, models included patients’ age, the
sum of sustainedly attained CVRF targets during follow-up for
blood pressure, LDL, smoking, body weight, and physical activity,
as per the 2016 ESC guidelines,15 DORIS75 (≥75% of follow-up),
and medications (antihypertensives, lipid-lowering agents, and
antiplatelets) at baseline. For patients for whom CVRF-related
medication reception differed significantly between baseline and
10-year assessments, we controlled for their reception at 100%
and ≥75% of follow-up. For LDL target, considering the 2019
American College of Cardiology/American Heart Association
guidelines,29 which included inflammatory disorders among
ASCVD risk enhancers, and the 2021 ESC guidelines,21 which
stated that inflammatory conditions should be treated as in high-
risk groups in the general population, we conducted a sensitivity
analysis using the following LDL level goals: LDL <100 mg/dL for
patients with SLE without CVD events (high risk/primary preven-
tion) and <70 mg/dL for those developing CVD events during the
10-year follow-up (very high risk/secondary prevention).

We further assessed the 10-year incidence of CVD events
using a permutation-based log-rank test to compare patients with
SLE versus HCs, and we performed a univariate Cox regression
analysis of CVD events to identify potential associations in the
cohort with SLE. Covariates included in all analyses were selected
either based on significant associations in the univariate analyses
or were predetermined as clinically significant based on the
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relevant literature.1,11–13,30–34 Statistical analyses were performed
using STATA (version 12.0; College Station) and R (version 4.3.1;
R Core Team, 2023).

Data availability. Individual participant data from this study
can be obtained from the corresponding author after deidentifica-
tion upon reasonable request. Requests should be directed to
mtektonidou@gmail.com or mtektonidou@med.uoa.gr.

RESULTS

After a baseline vascular ultrasound assessment of 230 indi-
viduals (115 patients with SLE and 115 age- and sex-matched
HCs), data from 205 of 230 participants (89.1%; 111 patients with
SLE and 94 HCs) were included in our analysis involving
738 carotid ultrasound measurements (413 from patients with
SLE and 325 from HCs) at four timepoints (baseline and 3-, 7-,
and 10-year follow-up; Supplementary Figure 1, flowchart). Base-
line characteristics of patients with SLE and HCs are presented in
Table 1. All individuals were White Europeans, representing local
demographic characteristics. At baseline, patients with SLE had
a higher prevalence of pack-years smoking; antihypertensive,
antiplatelet, and anticoagulant treatment reception; and carotid

plaque presence compared to HCs. Eight individuals (three
patients with SLE and five HCs) were diagnosed and started
receiving antidiabetic drugs during follow-up, maintaining good
control (median hemoglobin A1c 6.6). CVRF-related medication
reception at baseline and 10-year follow-up is shown in Supple-
mentary Table 2. Each attained CVRF target per assessment
and the sum of attained targets per assessment and throughout
follow-up in the cohort with SLE are presented in Supplementary
Table 3.

Disease-related parameters are shown in Table 2. In total,
85 of 111 patients (76.6%) maintained LLDAS ≥75% of their
follow-up duration, whereas 53 of 111 patients (47.7%) achieved
DORIS remission status ≥75% of follow-up. LLDAS and DORIS
criteria at each semiannual assessment, along with annual SLICC
scores, are displayed in Supplementary Tables 4 and 5, respec-
tively. A total of 31 patients (27.9%) had a history of lupus nephri-
tis at baseline, and 6 experienced a renal flare during the 10-year
follow-up. No new patients with lupus nephritis were observed.
At baseline, 34.2% of patients were aPL positive and 18.0% had
coexistent APS. During follow-up, 25.2% had persistent aPL pos-
itivity and 4.5% had persistent triple aPL positivity. A total of
25 individuals (10.9%) were lost to follow-up (4 patients with SLE
and 21 HCs). Their baseline CVRF characteristics did not differ

Table 1. Baseline demographic characteristics, cardiovascular risk parameters, and medications in the entire cohort*

Characteristic Overall (n = 205) SLE (n = 111) Healthy controls (n = 94) P value

White participants, n (%) 205 (100) 111 (100) 94 (100) NA
Age, y 43.0 (35.1–53.0) 43.0 (36.0–52.0) 43.0 (34.5–52.8) 0.683
Female, n (%) 187 (91.2) 101 (91.0) 86 (91.5) 0.900
Systolic blood pressure, mm Hg 118.0 (110.0–128.0) 116.0 (109.0–124.0) 120.0 (111.0–133.8) 0.075
Diastolic blood pressure, mm Hg 72.5 (66.0–79.0) 71.0 (66.0–75.2) 76.0 (66.2–84.0) 0.014
Smoking, pack-years 1.4 (0.0–16.0) 6.0 (0.0–20.0) 0.0 (0.0–12.9) <0.001
Smoking current, n (%) 76 (37.1) 45 (40.5) 31 (33.0) 0.264
Family history of CAD, n (%) 27 (13.2) 16 (14.4) 11 (11.7) 0.567
Total cholesterol, mg/dL 198.0 (175.0–226.0) 188.5 (170.8–223.8) 200.0 (181.0–228.0) 0.070
LDL, mg/dL 115.0 (96.0–137.0) 107.5 (92.0–132.5) 121.0 (101.0–139.0) 0.027
HDL, mg/dL 59.5 (49.0–70.0) 59.0 (49.0–71.2) 60.0 (48.0–67.0) 0.662
Triglycerides, mg/dL 86.0 (64.0–126.0) 93.0 (63.0–125.2) 79.0 (65.0–129.0) 0.645
BMI, kg/m2 24.4 (21.5–28.1) 24.6 (21.3–28.4) 24.2 (21.8–28.0) 0.801
eGFR, mL/min/1.73 m2 111 (102–117) 111 (102–116) 110 (101–117) 0.894
Exercise, min/wk 90.0 (0.0–210.0) 60.0 (0.0–210.0) 90.0 (0.0–210.0) 0.527
Antihypertensives, n (%) 56 (27.3) 40 (36.0) 16 (17.0) 0.002
Lipid-lowering agents, n (%) 17 (8.3) 10 (9.0) 7 (7.4) 0.686
Antiplatelets, n (%) 34 (16.6) 34 (30.6) 0 (0.0) <0.001
Anticoagulants, n (%) 28 (13.7) 26 (23.4) 2 (2.1) <0.001
Antidiabetic drugs, n (%)a 8 (3.9) 3 (2.7) 5 (5.3) 0.474
HbA1c, %a 6.6 (6.4–6.8) 6.6 (6.5–6.6) 6.7 (6.2–6.9) 0.764
SCORE 0.1 (0.0–0.6) 0.1 (0.0–0.7) 0.1 (0.0–0.5) 0.582
SCORE2 1.2 (0.0–3.1) 1.2 (0.0–3.1) 1.2 (0.0–3.2) 0.926

* Baseline demographic characteristics, cardiovascular risk parameters, andmedications refer to baseline unless stated otherwise. Values rep-
resent median (interquartile range) unless alternately specified. SCORE: prediction of 10-year fatal cardiovascular disease corresponding to the
2016 ESC guidelines in low-risk countries. SCORE2: prediction of both the 10-year nonfatal myocardial infarction or stroke risk and 10-year car-
diovascular death risk corresponding to the 2021 ESC guidelines in moderate-risk countries. P values represent differences between patients
with SLE and controls at baseline assessment unless stated otherwise. P-values in bold indicate statistically significant differences (P < 0.05).
BMI, body mass index; CAD, coronary artery disease; eGFR, estimated glomerular filtration rate; ESC, European Society of Cardiology; HbA1c,
hemoglobin A1c; HDL, high-density lipoprotein; LDL, low-density lipoprotein; NA, not applicable; SCORE, Systemic Coronary Risk Evaluation;
SLE, systemic lupus erythematosus.
a The antidiabetic drugs and HbA1c values at 10-year follow-up among participants diagnosed with diabetes mellitus between baseline and
10-year follow-up were evaluated: three patients with SLE and five healthy controls.
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from those of study participants, except for higher systolic blood
pressure and BMI in the excluded individuals (Supplementary
Table 6).

Carotid plaque progression in patients with SLE
versus controls. Carotid plaque presence was significantly
higher in patients with SLE versus HC individuals at all carotid

ultrasound timepoints (Table 3). Univariate analysis of plaque pro-
gression in patients with SLE versus HCs is presented in Supple-
mentary Table 7. In Table 4, multivariate analysis model 4A
revealed a 2.3-fold higher risk of plaque progression in patients
with SLE versus controls (incidence rate ratio [IRR] 2.26, 95%
confidence interval [CI] 1.34–3.81, P = 0.002) after controlling for
baseline SCORE; eGFR; antihypertensive, lipid-lowering, and
antiplatelet agents; and the number of carotid plaques at baseline.
Based on this model, the expected 10-year evolution of the num-
ber of carotid plaques in patients with SLE versus HCs is shown in
Figure 1A. In model 4B, which includes CVRFs not incorporated
in SCORE, the incidence rate for carotid plaque progression
remained significantly higher in patients with SLE versus HCs
(IRR 2.20, 95% CI 1.33–3.64, P = 0.002), adjusting for age,
smoking, eGFR, medications, and the number of carotid plaques
at baseline. Because antihypertensive and lipid-lowering agent
reception was higher at 10-year follow-up compared to baseline
assessment (P < 0.001 for both; Supplementary Table 2), we also
adjusted for their reception at 100% and ≥75% of follow-up;
carotid plaque progression remained significantly higher in
patients with SLE versus HCs (Table 4, models C, D, E, and F).

Multivariable analysis showed that sustained CVRF target
attainment was significantly associated with reduced carotid pla-
que progression risk among patients with SLE. A protective but
not statistically significant effect was observed in the HC group
(Supplementary Table 8, models A, B, and C). The interaction of
patients with SLE and HCs with the sum of CVRF targets did not
reach statistical significance (for interaction, P > 0.692 in all mod-
els), suggesting a beneficial effect of CVRF target attainment in
both groups.

Carotid plaque progression among patients with
SLE. Α significant increase in plaque prevalence was observed
from baseline to 3-, 7-, and 10-year follow-up among patients
with SLE (21.6%, 31.2%, 42.9%, and 54.7%, respectively, P <
0.001; Table 3). Univariate analysis of CVRFs and disease-related
variables for carotid plaque progression in the cohort with SLE is
presented in Supplementary Table 9. In multivariate analysis, pla-
que progression risk was reduced by 32% for each CVRF sus-
tainedly on target (IRR 0.68, 95% CI 0.53–0.89, P = 0.004) after
controlling for age and reception of antihypertensives, lipid-
lowering agents, and antiplatelets at baseline (Table 5, model A).
Figure 1B shows the expected 10-year evolution of the number
of carotid plaques in patients with SLE with varying numbers of
CVRF targets sustainedly attained during the 10-year follow-up.
A prolonged remission status, ≥75% of follow-up (DORIS75),
was associated with a 43% decrease in atherosclerosis progres-
sion risk (IRR 0.57, 95% CI 0.34–0.95, P = 0.033; Table 5, model
A). Figure 1C shows the expected 10-year evolution of the num-
ber of carotid plaques in patients with DORIS remission ≥75% of
follow-up versus those without. Sensitivity analysis of carotid

Table 2. Disease-related characteristics in patients with SLE*

Characteristic SLE (n = 111), n (%)

Disease duration, median (IQR), y 7.0 (1.5–14.0)
Cumulative prednisone dose, median
(IQR), ga

12.6 (2.8–27.5)

Prednisone daily dose during follow-up,
median (IQR), mg

0.3 (0.0–4.4)

Consistent hydroxychloroquine
receptionb

60 (54.1)

Immunosuppressive reception at
baseline

44 (39.6)

SLEDAI-2K at baseline, median (IQR) 0.0 (0.0–4.0)
SLICC at baseline, median (IQR) 0.0 (0.0–1.0)
LLDAS50 97 (87.4)
LLDAS75 85 (76.6)
LLDAS100 43 (38.7)
DORIS50 76 (68.5)
DORIS75 53 (47.7)
DORIS100 25 (22.5)
Antiphospholipid syndrome at baseline 20 (18.0)
aPL positivity at baseline 38 (34.2)
Persistent aPL positivity 28 (25.2)
Persistently high aPL titers 13 (11.7)
Persistent triple aPL positivity 5 (4.5)
Persistent LA positivity 6 (5.4)
Persistent aCL (IgM or IgG) positivity 21 (18.9)
Persistent anti-β2 GPΙ (IgM or IgG)
positivity

20 (18.0)

History of major SLE manifestations at
baseline

Lupus nephritis 31 (27.9)
Central nervous system involvement 12 (10.8)
Pericarditis 20 (18.0)
Pleuritis 12 (10.8)
Alopecia 13 (11.7)
Severe cytopenia 8 (7.2)
Pneumonitis 1 (0.9)

* Clinical characteristics and medications refer to baseline unless
stated otherwise. anti-β2 GPI: anti-beta-2 glycoprotein I antibody;
aCL, anti-cardiolipin antibody; aPL, anti-phospholipid antibody;
DORIS, Definition of Remission in SLE; DORIS50, DORIS remission
achievement ≥50% of the follow-up period; DORIS75, DORIS remis-
sion achievement ≥75% of the follow-up period; DORIS100, DORIS
remission achievement throughout 100% of the follow-up period;
IQR, interquartile range; LA, lupus anticoagulant; LLDAS, Lupus
Low Disease Activity State; LLDAS50, LLDAS achievement ≥50% of
the follow-up period; LLDAS75, LLDAS achievement ≥75% of the fol-
low-up period; LLDAS100, LLDAS achievement throughout 100% of
the follow-up period; SLE, systemic lupus erythematosus; SLEDAI-
2K, Systemic Lupus Erythematosus Disease Activity Index 2000;
SLICC, Systemic Lupus International Collaborating Clinics.
a Cumulative prednisone exposure was evaluated before the base-
line examination and during the 10-year follow-up.
b Consistent hydroxychloroquine reception refers to 100% recep-
tion throughout the follow-up period.
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plaque progression in patients with SLE using revised LDL cutoffs
showed similar results (Supplementary Table 10).

Because lipid-lowering agent reception in patients with SLE
was significantly higher at 10-year follow-up compared to base-
line (P < 0.001; Supplementary Table 2), further adjustment for
their reception at 100% and ≥75% of follow-up was made; sus-
tained CVRF control and DORIS remission ≥75% of follow-up
remained significantly correlated with lower plaque progression
risk (Table 5, models B and C). Although achieving LLDAS
throughout the entire follow-up (LLDAS100) was associated with
reduced plaque progression in univariate analysis, this associa-
tion was not significant in multivariate analysis (Supplementary
Table 11).

Cardiovascular events in patients with SLE versus
controls. During the 10-year follow-up, eight CVD events
occurred in patients with SLE (two sudden cardiac deaths due
to cardiac arrest, two acute coronary syndromes, two transient
ischemic attacks, and two peripheral artery disease events) ver-
sus one CVD event (transient ischemic attack) among HCs. The
incidence of CVD events was significantly higher in patients with
SLE than HC individuals (permutation-based log-rank P = 0.036).

Cardiovascular events among patients with SLE. In
exploratory univariate Cox regression analysis of incident CVD
events, persistent aCL, LA, and triple aPL positivity over the
10-year follow-up, and antiplatelet reception at baseline, were
associated with CVD events in patients with SLE
(Supplementary Table 12), but these results should be interpreted
with caution due to wide CIs. Baseline SCORE2 had a marginal
statistical significance (hazard ratio [HR] 1.17, 95% CI 1.00–
1.36, P = 0.048), whereas SCORE showed a trend toward signif-
icance for CVD events (HR 1.26, 95% CI 0.99–1.60, P = 0.050).
However, in seven of eight patients who developed CVD events,
the estimated 10-year risk of developing CVD according to both
SCORE and SCORE2 predictions at baseline was low to moder-
ate. The incorporation of carotid ultrasound at baseline

assessment enhanced the ability to predict the 10-year risk for
CVD events from 12.5% (using only SCORE/SCORE2) to
37.5%, representing a three-fold increase in the detection rate
(Supplementary Table 13). Given that disease activity is a major
predictor of CVD events in patients with SLE,14 we examined the
impact of DORIS75 in multivariate models (Supplementary
Table 14). No association was found, but the low statistical power
to perform a multivariate analysis given the low CVD event rates
should be considered.

DISCUSSION

This study examines, for the first time to our knowledge, the
progression of carotid atherosclerotic plaques in patients with
SLE versus age- and sex-matched HCs over four serial timepoints
in a 10-year follow-up period and the impact of sustained CVRF con-
trol and clinical remission. We found a 2.3-fold increased risk of new
atherosclerotic plaques in patients with SLE versus HC individuals,
mitigated by sustained CVRF target attainment and prolonged dis-
ease remission. We also observed a significantly higher incidence of
CVD events in patients with SLE versus HCs, associated with persis-
tent aCL, LA, and triple aPL positivity.

Only sporadic longitudinal studies have examined athero-
sclerotic plaque progression in patients with SLE versus
HCs.11,12,31 In a previous three-year follow-up study from our
group, the risk of plaque progression in patients with SLE (includ-
ing both men and women) was significantly higher in patients with
SLE (OR 2.81) than age- and sex-matched HCs but not in
patients with rheumatoid arthritis versus HCs.11 A five-year
follow-up study showed a two-fold increased risk for plaque pro-
gression in women with SLE versus controls, associated with
larger waist circumference and no reception of hydroxychloro-
quine.12 In another study of White British women with SLE with a
median five-year follow-up, new plaques were developed in 26%
of patients.30

Guidelines for CVD prevention in the general population
defined specific treatment goals for each of CVRFs and

Table 3. Carotid plaque presence and number of plaques in patients with SLE and HCs*

Characteristic

Baseline 3-Year follow-up 7-Year follow-up 10-Year follow-up

Patients
with SLE
(n = 111)

HCs
(n = 94) P valuea

Patients
with SLE
(n = 109)

HCs
(n = 91) P valuea

Patients
with SLE
(n = 98)

HCs
(n = 69) P valuea

Patients
with SLE
(n = 95)

HCs
(n = 71) P valuea

Carotid plaque
presence, n (%)

24 (21.6) 7 (7.4) 0.005 34 (31.2) 10 (11.0) 0.001 42 (42.9) 9 (13.0) <0.001 52 (54.7) 21 (29.6) 0.001

Number of carotid
plaques,
median (IQR)

0 (0–0) 0 (0–0) 0.004 0 (0–1) 0 (0–0) <0.001 0 (0–2) 0 (0–0) <0.001 1 (0–2) 0 (0–1) <0.001

* Carotid plaque presence and the number of plaques in patients with SLE and HCs at baseline and follow-up assessments. The total numbers
of individuals for each timepoint correspond to participants with carotid ultrasound measurements at baseline and 3-, 7-, and 10-year assess-
ments (Supplementary Figure 1, flowchart). HC, healthy control; IQR, interquartile range; SLE, systemic lupus erythematosus.
a P values represent the difference in carotid plaque presence and in the number of plaques in patients with SLE versus HCs at different assess-
ments (baseline and 3, 7, and 10 years). P values in bold indicate statistically significant differences (P < 0.05).
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highlighted the importance of their attainment.15 Importantly, a
suboptimal CVRF control was recently shown in a multicenter
cross-sectional study of 3,401 patients with SLE from

24 countries and across 4 continents.35 Although previous publi-
cations identified hypertension,36 dyslipidemia,36 increased waist
circumference,12 and SCORE11 as predictors of intima-media

Table 4. Multivariate mixed-effects Poisson regression models of carotid plaque progression in patients with SLE
versus healthy controls*

Characteristic IRR (95% CI) P value

Model A (including SCORE)
Patients with SLE vs healthy controls 2.26 (1.34–3.81) 0.002
Antihypertensives 1.02 (0.61–1.71) 0.938
Lipid-lowering agents 1.64 (0.77–3.48) 0.198
Antiplatelets 0.99 (0.55–1.78) 0.971
SCORE 1.16 (0.96–1.42) 0.132
eGFR 0.80 (0.63–1.01) 0.059
Number of carotid plaques 0.88 (0.60–1.29) 0.520

Model B
Patients with SLE vs healthy controls 2.20 (1.33–3.64) 0.002
Age, y 1.06 (1.03–1.08) <0.001
Smoking 2.12 (1.36–3.30) <0.001
Antihypertensives 1.05 (0.64–1.73) 0.851
Lipid-lowering agents 1.21 (0.60–2.41) 0.594
Antiplatelets 1.16 (0.67–2.02) 0.601
eGFR 0.84 (0.67–1.05) 0.128
Number of carotid plaques 0.71 (0.50–1.02) 0.064

Model C (including SCORE)
Patients with SLE vs healthy controls 2.25 (1.32–3.82) 0.003
Antihypertensive reception ≥75% of the follow-up period 1.18 (0.73–1.91) 0.744
Lipid-lowering agent reception ≥75% of the follow-up period 1.10 (0.63–1.91) 0.744
Antiplatelets 1.00 (0.56–1.82) 0.982
SCORE 1.21 (1.02–1.45) 0.034
eGFR 0.82 (0.65–1.04) 0.106
Number of carotid plaques 0.87 (0.59–1.26) 0.455

Model D
Patients with SLE vs healthy controls 2.22 (1.33–3.71) 0.002
Age, y 1.06 (1.04–1.09) <0.001
Smoking 2.08 (1.33–3.23) 0.001
Antihypertensive reception ≥75% of the follow-up period 0.93 (0.59–1.47) 0.754
Lipid-lowering agent reception ≥75% of the follow-up period 0.95 (0.56–1.61) 0.855
Antiplatelets 1.15 (0.66–2.02) 0.620
eGFR 0.85 (0.68–1.06) 0.160
Number of carotid plaques 0.74 (0.52–1.04) 0.081

Model E (including SCORE)
Patients with SLE vs healthy controls 2.32 (1.37–3.93) 0.002
Antihypertensive reception 100% of the follow-up period 0.97 (0.55–1.72) 0.916
Lipid-lowering agent reception 100% of the follow-up period 1.26 (0.77–3.48) 0.606
Antiplatelets 0.98 (0.54–1.78) 0.957
SCORE 1.22 (1.02–1.47) 0.032
eGFR 0.81 (0.63–1.01) 0.088
Number of carotid plaques 0.89 (0.61–1.30) 0.541

Model F
Patients with SLE vs healthy controls 2.19 (1.32–3.63) 0.002
Age, y 1.06 (1.04–1.09) <0.001
Smoking 2.06 (1.33–3.20) <0.001
Antihypertensive reception 100% of the follow-up period 1.02 (0.59–1.76) 0.944
Lipid-lowering agent reception 100% of the follow-up period 0.79 (0.35–1.81) 0.578
Antiplatelets 1.18 (0.55–1.78) 0.553
eGFR 0.87 (0.69–1.09) 0.232
Number of carotid plaques 0.73 (0.60–1.29) 0.079

* Variables refer to baseline assessment unless specified otherwise. All models are also adjusted for the timepoints
of carotid ultrasound measurements (as a qualitative covariate). SCORE prediction of 10-year fatal cardiovascular
disease corresponding to the 2016 European Society of Cardiology guidelines in low-risk countries. P-values in bold
indicate statistically significant variables (P < 0.05). CI, confidence interval; eGFR, estimated glomerular filtration
rate; IRR, incidence rate ratio; SCORE, Systemic Coronary Risk Evaluation; SLE, systemic lupus erythematosus.
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Figure 1. Expected 10-year evolution of the number of carotid plaques (A) for typical patients with SLE and healthy controls (HCs), (B) for
typical individuals with SLE with varying numbers of cardiovascular risk factor (CVRF) targets sustainedly attained, and (C) for typical individ-
uals with SLE with versus without DORIS remission for ≥75% of follow-up. (A) Typical individuals are patients with SLE or HCs with baseline
characteristic values (included in multivariate model 4A of plaque progression in patients with SLE vs HCs) set at the median for quantitative
and at the mode for qualitative variables: no use of antihypertensives, lipid-lowering agents or antiplatelets, Systemic Coronary Risk Evalu-
ation 0.1, estimated glomerular filtration rate 111 mL/minutes/1.73 m2, and no carotid plaques. (B) Typical individuals with SLE are patients
with baseline characteristic values (included in multivariate model 5A of plaque progression in patients with SLE) set at the median for quan-
titative and at the mode for qualitative variables: 43 years old; no reception of antihypertensives, lipid-lowering agents, or antiplatelets; and
no DORIS remission ≥75% of follow-up. (C) Typical individuals with SLE are patients with baseline characteristic values (included in multivar-
iate model 5A) set at the median for quantitative and at the mode for qualitative variables: 43 years old; no reception of antihypertensives,
lipid-lowering agents, or antiplatelets; and two CVRF targets sustainedly attained during the follow-up. DORIS, Definition of Remission in
SLE; SLE, systemic lupus erythematosus.
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thickness or plaque acceleration in patients with SLE, no previous
study examined the enduring impact of sustained CVRF target
attainment on preventing plaque progression in a long-term
follow-up. Although LDL and BMI attainment rates were almost
double at each timepoint separately, sustained CVRF target
attainment over the entire follow-up was only 22.5%, 23.4%,
and 18.0% for LDL, body weight, and physical activity, respec-
tively. The lower sustained target rates emphasize the need for
consistent efforts to manage CVRFs in patients with SLE by
encouraging lifestyle changes including healthy diet, regular exer-
cise, and early initiation of lipid-lowering medications after appro-
priate CVD risk stratification.14

Regarding disease-related predictors of plaque progression
in patients with SLE, previous studies were mainly focused on
the baseline disease activity status overlooking the dynamic
nature of disease activity over time.12,30 Our study uniquely tracks

multiple durations of LLDAS and DORIS throughout the entire
follow-up period. The 2022 EULAR recommendations for CVD
risk management in rheumatic diseases state that low disease
activity should be maintained in patients with SLE to also reduce
cardiovascular risk.14 Interestingly, our results showed that none
of the examined LLDAS durations (LLDAS50, LLDAS75, or
LLDAS100) prevented plaque progression in multivariate analysis.
In contrast, maintaining DORIS ≥75% of follow-up correlated with
a 43% reduction in plaque progression risk. These findings sup-
port the importance of prioritizing a sustained remission rather
than a low disease activity state for the prevention of atherosclero-
sis development and progression in patients with SLE.

We also examined incident CVD events during the 10-year
follow-up in association with disease-related risk factors, the
ESC-endorsed risk prediction tools SCORE/SCORE2, and CVRF
targets. CVD events in patients with SLE are linked to both tradi-
tional CVRFs and disease-related features.32,33 We found that
persistent aCL, LA, and triple aPL positivity were associated with
incident CVD events in patients with SLE in univariate analysis.
Positive aPLs have been described as independent predictors of
subsequent CVD events in patients with SLE,14,37 but the impact
of persistent triple aPL positivity in multiple measures over a
10-year follow-up is described for the first time. Two events in
the group with SLE occurred in patients with positive aPLs who
were subsequently diagnosed with APS. The distinction between
atherothrombotic events attributable to APS and those due to
atherosclerosis remains unclear. Evidence has also shown that
aPL-mediated oxidative stress, endothelial dysfunction, and the
oxidized LDL/β2 glycoprotein I complex–induced differentiation
of macrophages to foam cells promote atherogenesis.38

Although the results of our analysis reached statistical signifi-
cance, they should be validated by multivariate analyses in larger
prospective studies with higher incidence rates.

Although long-term hydroxychloroquine exposure has been
associated with reduced CVD risk in patients with SLE,34 consis-
tent hydroxychloroquine reception was not found to protect
against plaque progression or CVD events in our cohort, possibly
due to its reception by most patients throughout follow-up. Glu-
cocorticoid reception, although a well-established predictor of
CVD events,39 was not correlated with atherosclerosis progres-
sion or CVD event occurrence in our study, probably due to low
doses received (median daily prednisone dose 0.3 mg). Lack of
associations between the above medications and incident CVD
events may also be explained by their small numbers.

Regarding the generic CVD risk prediction tools, although
there was a marginally significant association between SCORE2
and CVD events and a trend toward significance between SCORE
and CVD events in univariate analysis, both tools had limitations in
their predictive ability. Median baseline SCORE2 (1.2%) failed to
predict seven of eight CVD events, and SCORE (0.1%) did not pre-
dict any of the two CVD deaths in the cohort with SLE. This obser-
vation aligns with recent studies, including those conducted by our

Table 5. Multivariate mixed-effects Poisson regression analysis of
carotid plaque progression in patients with SLE*

Characteristic IRR (95% CI) P value

Model A
Age, y 1.03 (1.01–1.06) 0.010
Antihypertensives 0.64 (0.37–1.09) 0.100
Lipid-lowering agents 1.11 (0.50–2.46) 0.800
Antiplatelets 0.89 (0.51–1.55) 0.671
Sum of CVRF targets consistently
attained throughout the
follow-up period

0.68 (0.53–0.89) 0.004

DORIS75 0.57 (0.34–0.95) 0.033
Model B
Age, y 1.04 (1.02–1.06) 0.001
Antihypertensives 0.70 (0.41–1.19) 0.187
Lipid-lowering agent reception
≥75% of the follow-up period

0.66 (0.36–1.20) 0.174

Antiplatelets 0.82 (0.47–1.44) 0.482
Sum of CVRF targets consistently
attained throughout the
follow-up period

0.67 (0.51–0.87) 0.003

DORIS75 0.56 (0.33–0.94) 0.028
Model C
Age, y 1.04 (1.01–1.07) 0.002
Antihypertensives 0.68 (0.40–1.16) 0.158
Lipid-lowering agent reception
100% of the follow-up period

0.60 (0.23–1.59) 0.306

Antiplatelets 0.87 (0.50–1.51) 0.616
Sum of CVRF targets consistently
attained throughout the
follow-up period

0.67 (0.52–0.88) 0.003

DORIS75 0.57 (0.34–0.96) 0.035

* Variables refer to baseline assessment unless specified otherwise.
CVRF targets attained throughout the follow-up period represented
targets consistently attained by the last follow-up assessment (at 3,
7, or 10 years) according to the 2016 European Society of Cardiology
guidelines concerning blood pressure, low-density lipoprotein,
smoking, body weight (body mass index and waist circumference),
and physical activity. All models are also adjusted for the timepoints
of carotid ultrasound measurements (as a qualitative covariate).
P-values in bold indicate statistically significant variables (P < 0.05).
CI, confidence interval; CVRF, cardiovascular risk factor; DORIS75,
Definition of Remission in SLE remission achievement ≥75% of the
follow-up period; IRR, incidence rate ratio; SLE, systemic lupus
erythematosus.
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group, suggesting that generic CVD prediction tools, such as Fra-
mingham and SCORE, may underestimate CVD risk in patients with
SLE.40–42 However, data from various cohorts have shown that
SCORE may perform better than Framingham in predicting plaque
progression, the extent and severity of coronary artery disease,
and CVD deaths.41,43,44 In the present study, the incorporation of
baseline carotid ultrasound resulted in a three-fold increase in
detection rate compared to generic SCORE/SCORE2 tools, sug-
gesting its additive role in CVD risk assessment.

The strengths of the study include the following assessments
for the first time: (a) 10-year atherosclerotic plaque progression in
patients with SLE versus age- and sex-matched HC individuals,
(b) predictive role of the sustained target attainment for each CVRF
as defined by the ESC and two generic prediction scores, and
(c) impact of LLDAS and DORIS at multiple time periods (50%,
75%, and 100% of the entire follow-up time) given that disease
activity fluctuates over time and the assessment at only one time-
point would lead to underestimations. All ultrasound examinations,
from baseline to the last assessment, were performed by the same
blinded assessor who has performed >2,000 ultrasounds in our
cardiovascular research laboratory since 2010.11,31 There was a
relatively small loss to follow-up (10.9%) considering the duration
of follow-up (10 years) that was more pronounced in the HC group,
reflecting the challenges of long-term evaluations in healthy popula-
tions. We also assessed for the first time the impact of persistent
triple aPL positivity on incident CVD events. A limitation of the study
is the lack of statistical power to perform a multivariate analysis of
incident CVD events for all potential predictors due to low event
rates; however, these rates are similar to those reported in recent
prospective studies.45,46 Additionally, our cohort consisted solely of
White Europeans, limiting the generalizability of our findings to more
ethnically diverse populations. Given that aPLs have been
associated with CVD events in the general population,47,48 lack of
testing for aPL positivity in HCs might be an additional limitation.

Our findings showed that sustained CVRF control and pro-
longed clinical remission can substantially reduce atherosclerosis
progression risk in patients with SLE, highlighting the need for
consistent efforts to achieve both targets in this young adult pop-
ulation at high risk. Additionally, persistent triple aPL positivity was
associated with incident CVD events, supporting the importance
of their early identification and appropriate management.14 Fur-
ther research should validate these findings in larger and more
diverse cohorts with SLE.
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Cross-Phenotype Genome-Wide Association Study on the
Shared Genetic Susceptibility to Systemic Sclerosis and
Primary Biliary Cholangitis

Yiming Luo,1 Atlas Khan,1 Lili Liu,1 Cue Hyunkyu Lee,1 Gabriel J. Perreault,1 Sydney F. Pomenti,1 Pravitt Gourh,2

Krzysztof Kiryluk,1 and Elana J. Bernstein1

Objective. An increased risk of primary biliary cholangitis (PBC) has been reported in patients with systemic
sclerosis (SSc). Our study aims to investigate the shared genetic susceptibility between the two disorders and
to define candidate causal genes using cross-phenotype genome-wide association study (GWAS) meta-
analysis.

Methods. We performed cross-phenotype GWAS meta-analysis and Bayesian colocalization analysis for patients
with SSc and patients with PBC. We performed both genome-wide and locus-based analysis, including tissue and
pathway enrichment analyses, fine-mapping, Bayesian colocalization analyses with expression quantitative trait loci
and protein quantitative trait loci (pQTL) datasets, and phenome-wide association studies. Finally, we used an integra-
tive approach to prioritize candidate causal genes from the novel loci.

Results. We detected a strong genetic correlation between SSc and PBC (global genetic correlation = 0.84, P =
1.7 × 10−6). In the cross-phenotype GWAS meta-analysis, we identified 44 nonhuman leukocyte antigens loci that
reached genome-wide significance (P < 5 × 10−8). Evidence of shared causal variants between patients with SSc and
patients with PBC was found for nine loci, five of which were novel. Integrating multiple sources of evidence, we prior-
itized CD40, ERAP1, PLD4, SPPL3, and CCDC113 as novel candidate causal genes. The CD40 risk locus colocalized
with trans-pQTLs of multiple plasma proteins involved in B cell function.

Conclusion. Our study supports a strong shared genetic susceptibility between SSc and PBC. Using cross-
phenotype analyses, we have prioritized several novel candidate causal genes and pathways for these disorders.

INTRODUCTION

Systemic sclerosis (SSc) is a multisystem autoimmune dis-

ease characterized by a complex interplay of fibrosis, vasculopa-

thy, and inflammation. Unlike in other systemic autoimmune

rheumatic diseases, the therapeutic response to immunosup-

pressive medications for patients with SSc is organ dependent.

Certain organ involvement, including gastrointestinal tract fibrosis,

has not been found to be responsive to immunosuppressive

therapy.1

Primary biliary cholangitis (PBC) is an autoimmune liver dis-

ease characterized by the inflammation of the intrahepatic bile

ducts, leading to liver fibrosis. Similar to the gastrointestinal

involvement of SSc, the efficacy of immunosuppressive therapies

for patients with PBC have not yet been established.2 The preva-

lence of PBC in patients with SSc is 2% to 2.5%, substantially
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higher than its prevalence of 0.4% in the general population.3,4

Thus, there is likely an overlap of etiopathogenesis between SSc
and PBC.

Genome-wide association studies (GWAS) have been con-
ducted in both patients with SSc and patients with PBC, identify-
ing numerous genomic loci associated with these two
disorders.5,6 Cross-phenotype GWAS analytic approaches that
leverage existing GWAS summary statistics have emerged as a
powerful new strategy for identifying shared mechanisms and
novel risk loci.7 We used this approach to systematically assess
overlapping susceptibility and identify novel candidate causal
genes that contribute to the common etiopathogenesis of the
two disorders.

METHODS

Study design and GWAS summary statistics. An over-
view of the study design is shown in Figure 1. We obtained sum-
mary statistics of patients with SSc and patients with PBC from
their recent GWAS meta-analyses. The GWAS for patients with
SSc was comprised of 26,679 individuals (9,095 patients and
17,584 controls),5 whereas the GWAS for patients with PBC
was comprised of 24,510 individuals (8,021 patients and 16,489
controls).6 For comparison, we also obtained GWAS summary
statistics for rheumatoid arthritis (RA)8 and systemic lupus erythe-
matosus (SLE)9 because both are prevalent in patients with SSc.
We also obtained GWAS summary statistics from expression
quantitative trait locus (eQTL) datasets, including the eQTLGen,
Genotype-Tissue Expression (GTEx, for skin, liver, and lung) and
Correlated Expression and Disease Association Research
(CEDAR), as well as plasma proteomics quantitative trait locus
(pQTL) datasets from the UK Biobank.10–13 The GWAS summary
statistics were harmonized using reference data from the 1000
Genome Project (phase 3) and underwent quality control with
MungeSumstats.14,15 The included GWAS datasets are summa-
rized in Supplementary Table 1.

Genetic correlation analysis. To quantify the degree of
shared genetic susceptibility, we used linkage disequilibrium
score regression (LDSC) to estimate the global genetic correlation
(rg), excluding the HLA region, among each phenotype pair (SSc,
PBC, RA, and SLE).16,17 A Bonferroni-corrected P = of 8.3 × 10−3

was used as the significance threshold.

Cross-phenotype GWAS meta-analysis. We performed
a cross-phenotype GWAS meta-analysis to identify pleiotropic
loci shared between patients with SSc and patients with PBC.
We combined the summary statistics of patients with SSc and
patients with PBC using the fixed-effect model with effect size
estimates and standard errors using METAL.18 Genomic control
correction was applied to the summary statistics of each pheno-
type before the meta-analysis.19 After the meta-analysis, we

excluded single nucleotide polymorphisms (SNPs) in the HLA
region or with evidence of heterogeneity (het; Phet < 0.05). We
used wANNOVAR to annotate the lead SNPs of the significant
loci.20 We defined novel loci as those that were significant in the
cross-phenotype meta-analysis but not significant in either SSc
or PBC input for GWAS. The definitions of loci, lead SNPs, inde-
pendent significant SNPs, and candidate SNPs are provided in
the Supplementary Note. The loci were named based on the
annotation of the lead SNPs from wANNOVAR, which relies on
the distance to nearby genes.20

The fixed-effect model is limited in examining SNPs with het-
erogeneity of effects. Therefore, we performed a sensitivity analy-
sis using the pleiotropic locus exploration and interpretation using
optimal test (PLEIO) method.21 PLEIO is designed for cross-
phenotype meta-analysis and can account for heritability, genetic
correlation, and sample overlap. There is no established method
for extrapolating Z-scores from PLEIO statistics. Therefore, we
used the fixed-effect model statistics for subsequent analyses.

Tissue and pathway enrichment analyses. We used
two methods to prioritize the pathways and tissues that contrib-
ute to the pleiotropy in patients with SSc and patients with PBC:
multi-marker analysis of genomic annotation (MAGMA) and
data-driven expression prioritized integration for complex traits
(DEPICT).22–24 MAGMA and DEPICT perform enrichment analy-
ses at pathway and tissue levels but use different approaches to
associate loci with genes. MAGMA annotates SNPs based on
their locations relative to genic regions (transcription start and
stop sites ± 10 kb window). DEPICT prioritizes genes in a locus
if genes in different loci have similar predicted functions. We
reported the Bonferroni-corrected P values.

eQTL and chromatin interaction mapping. We used
functional mapping and annotation23 to perform eQTL and chro-
matin interaction mapping for candidate SNPs in each locus. For
eQTL mapping, we focused on tissues and cells relevant to
patients with SSc or patients with PBC, including skin, lung, liver,
blood, and immune cells. We reported candidate SNPs with sig-
nificant eQTLs (false discovery rate [FDR] <0.05). For chromatin
interaction mapping, we used high-throughput chromosome
conformation capture (Hi-C) data from lung, liver, GM12878 (lym-
phoblastoid cell line), and IMR90 (lung fibroblast cell line). We
reported genes linked to significant Hi-C element-promoter pairs
(FDR < 1 × 10−6) in which candidate SNPs overlapped with these
elements.

Colocalization between patients with SSc and
patients with PBC. We performed Bayesian colocalization
analyses between patients with SSc and patients with PBC in loci
that are significant in the cross-phenotype meta-analysis with the
fixed-effect model. Bayesian colocalization analyses infer
the probability that a single genetic variant is causal to both traits
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of interest in patients with SSc and patients with PBC. We per-
formed colocalization using the wakefield method from the R
package coloc.25 For loci with independent signals in the condi-
tional analysis (P < 5 × 10−8), we performed additional Bayesian
colocalization analyses using statistics from the conditional analy-
ses. Evidence of colocalization was defined as at least one signal
with a posterior probability of hypothesis four that there is one var-
iant causal to both traits (PP4) above 70%.

Fine-mapping and credible set analyses. We priori-
tized significant loci from the fixed-effect cross-phenotype meta-
analysis that met the following criteria for statistical fine-mapping:
(1) lead SNPs without evidence of heterogeneity (Phet ≥ 0.05);
(2) significant in the fixed-effect cross-phenotype meta-analysis;
and (3) colocalized between patients with SSc and patients with
PBC. We calculated the 99% credible sets using causal robust
mapping method with annotations (CARMA).26 CARMA is a novel

Figure 1. Flowchart for the overview of the study. We performed multiple cross-phenotype GWAS analyses to identify the shared genetic sus-
ceptibility between patients with SSc and patients with PBC. Additionally, we also performed a single-center retrospective chart review to evaluate
the prevalence of PBC, including potentially undiagnosed individuals, in patients with SSc. eQTL, expression quantitative trait loci; GWAS,
genome-wide association study; PBC, primary biliary cholangitis; PheWAS, phenome-wide association study; pQTL, protein quantitative trait loci;
PRS, polygenic risk score; SSc, systemic sclerosis.
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Bayesian model for fine-mapping that can better account for the
uneven measurement of SNPs in each GWAS study of a meta-
analysis, as well as the discrepancies between summary statistics
and linkage disequilibrium (LD) data from external reference
panels. A 99% credible set represents the smallest set of SNPs
with the probability of including the causal variant exceeding
99%. This approach allows us to narrow down the list of potential
causal SNPs within each locus. We incorporated functional anno-
tation into CARMA using the prior causal probabilities based on
the meta-analysis of 15 UK Biobank traits from polygenic
functionally-informed fine-mapping (PolyFun). We annotated
SNPs in the credible sets using data from the registry of candidate
cis-regulatory elements from the Encyclopedia of DNA Elements
(ENCODE) Project.27

Colocalization betweenmeta-analysis statistics and
eQTL or pQTL datasets. For the loci showing colocalization
between patients with SSc and patients with PBC without hetero-
geneity, we performed Bayesian colocalization analyses between
the SSc–PBC meta-analysis statistics and eQTL or pQTL data-
sets. This approach aimed to infer causal transcripts or proteins
associated with the shared genomic signals in patients with SSc
and patients with PBC. For the eQTL Bayesian colocalization
analyses, we included relevant tissues and cells, including blood,
skin, lung, liver, and immune cells. We first screened genes using
SNPs in the 99% credible set of a locus to query the eQTL data-
bases. Next, we selected genes with significant eQTL signals for
the Bayesian colocalization analyses. For loci that colocalized with
a cis-pQTL signal, we performed additional Bayesian colocaliza-
tion analyses between the meta-analysis statistics and trans-
pQTLs measured at that locus to investigate the downstream
effects of the candidate causal gene. A colocalization probability
(PP4) above 70% was used as the significance threshold and
50% as the suggestive threshold.

Phenome-wide association studies. We performed
phenome-wide association studies (PheWAS) for the lead SNP
for each novel locus that colocalized between patients with SSc
and patients with PBC. The PheWAS was performed within three
biobanks: the Electronic Medical Records and Genomics III
(eMERGE-III), All of Us, and the UK Biobank. Meta-PheWAS sta-
tistics were then calculated by fixed-effect meta-analysis of Phe-
WAS results across the three biobanks.28–30 The details of the
genotyping methods, imputation, quality control, ancestry infer-
ence, covariate adjustment, and phenotype identification were
described in our previous studies.31–33

To further explore pleiotropic associations, we performed
meta-PheWAS analyses on the polygenic risk scores (PRS) of
the cross-phenotype meta-analysis (PRS–meta-PheWAS). We
used PRS continuous shrinkage, a method based on high-
dimensional Bayesian regression, to generate the weights for
PRS.34 The HLA region was excluded. We set the Bonferroni-

corrected statistical significance threshold for phenome-wide sig-
nificance at P = 2.75 × 10−5 (0.05 of 1,817 phecodes tested).
Lastly, we manually queried the top SNPs using PheWAS results
from the Open Targets Genetics webpage,35,36 which includes
data from the GWAS Catalog, UK Biobank, and FinnGen. We
designated the effect allele as the GWAS risk allele in SSc–PBC
cross-phenotype analysis.

Integrative prioritization of novel candidate causal
genes. For each novel locus, we prioritized the candidate
causal gene using a consensus-based approach, selecting the
gene with the highest number of supporting evidence across nine
predictors: (1) genes most proximal to the lead SNP at the locus,
(2) genes colocalizing with the locus in the examined cis-eQTL
datasets, (3) genes colocalizing with the locus in the examined
cis-pQTL datasets, (4) genes with a nonsynonymous coding var-
iant in the credible set, (5) genes prioritized by MAGMA (FDR q
value < 0.05),22 (6) genes prioritized by DEPICT (FDR q value
<0.05),24 (7) genes receiving the top score from the variant-
to-gene pipeline on the Open Targets Genetics webpage35,36

using the fine-mapped SNPs (posterior inclusion probability [PIP]
> 10%), (8) genes whose predicted regulatory elements from the
ENCODE-rE2G model37 intersected with the fine-mapped SNPs
(PIP > 10%), and (9) genes prioritized by the large language model
GPT-4, which was recently suggested as a systematic way to
mine literature for candidate causal gene prioritization (input
described in the Supplementary Note).38 We prioritized the genes
with the highest priority scores within each locus.

Patients or the public were not involved in the design, or con-
duct, or reporting, or dissemination plans of our research. The
cross-phenotype meta-analysis summary statistics are available
under reasonable request to the corresponding author.

RESULTS

Global genetic correlation. There was a strong global
genetic correlation between patients with SSc and patients with
PBC (rg = 0.84, P = 1.7 × 10−5), in which the effect estimate is
comparable to the genetic correlation between patients with
SSc and patients with SLE (rg = 0.84, P = 1.6 × 10−15). The pair-
wise comparison of global genetic correlation in patients with
SSc, patients with PBC, patients with RA, and patients with SLE
is shown in Supplementary Figure 1.

Cross-phenotype GWAS meta-analysis. We performed
a cross-phenotype meta-analysis for SSc and PBC using the
fixed-effect model. The Manhattan plot is shown in Figure 2.
There were 44 non-HLA loci that reached genome-wide signifi-
cance (P < 5 × 10−8, Supplementary Table 2). The genomic infla-
tion factor (λ) was 1.065, and the LDSC intercept was 1.010
(SE 0.012). In 16 out of the 44 significant loci (36%), there was evi-
dence of heterogeneity in the lead SNPs (Phet < 0.05). However,
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these loci remained significant after removing SNPs with
heterogeneity.

Given the high proportion of loci with evidence of heteroge-
neity, we performed another cross-phenotype meta-analysis
between SSc and PBC using PLEIO as a sensitivity analysis.
There were 58 non-HLA loci that reached genome-wide signifi-
cance (P < 5 × 10−8, Supplementary Table 3). The genomic infla-
tion factor (λ) was 1.091. Forty-one of the 44 loci (93%) that were
significant in the fixed-effect model were also significant in PLEIO.
Regarding the novel loci, five out of the seven (71%) identified in
the fixed-effect model were also significant in PLEIO. The two
novel loci that were only significant in the fixed-effect model,
CD40 and AHNAK2, had P values of 7.37 × 10−8 and 3.37 ×
10−7 in PLEIO. Two novel loci, NDFIP1 and PPHLN1, were signif-
icant only in PLEIO but not in the fixed-effect model. However, the
evidence for the association of these loci with SSc was insufficient
(lead SNP P values 3.93 × 10−2 and 1.33 × 10−2, respectively).
Thus, no further analyses were performed for these loci.

Tissue and pathway enrichment analyses. We used
two data-driven genome-wide methods, MAGMA and DEPICT,
to explore pathway and tissue enrichment across SSc and
PBC. Tissue enrichment analysis using MAGMA-prioritized

spleen (P = 1.21 × 10−6), whole blood (P = 1.59 × 10−6),
Epstein-Barr virus-transformed lymphocytes (P = 4.16 × 10−4),
lung (P = 2.81 × 10−3), and terminal ileum (P = 4.63 × 10−3)
(Figure 3A, Supplementary Table 4). Concurrently, the DEPICT
method significantly enriched 20 tissues and cells, most related
to the immune system or respiratory tract. The top-ranked tissues
and cells were mononuclear leukocytes (P = 2.95 × 10−5), oro-
pharynx (P = 3.80 × 10−5), palatine tonsil (P = 3.80 × 10−5), and
synovial fluid (P = 2.63 × 10−4) (Figure 3B, Supplementary
Table 5).

Pathway enrichment analysis using MAGMA revealed signifi-
cant enrichment in 73 gene sets (Figure 3C, Supplementary
Table 6). The top-ranked gene sets were the Th1/Th2 pathway
(P = 4.92 × 10−12), positive regulation of immune system process
(P = 3.67 × 10−9), IL-27 pathway (P = 5.60 × 10−9) and IL-35
pathway (P = 7.63 × 10−9). A separate pathway enrichment anal-
ysis using DEPICT revealed significant enrichment in 263 gene
sets, which similarly involved multiple aspects of the human
immune system (Supplementary Table 7).

eQTL and chromatin interaction mapping. We identi-
fied a total of 1,604 candidate SNPs from the 44 significant loci.
These SNPs were mapped to 521 genes from eQTL and

Figure 2. Manhattan plot of the cross-phenotype GWASmeta-analysis in patients with SSc and patients with PBC using the fixed-effect model.
We performed a cross-phenotype GWAS meta-analysis in patients with SSc and patients with PBC using the fixed-effect model. We identified
44 significant genomic loci (P < 5 × 10−8). We found nine loci that colocalized between patients with SSc and patients with PBC and did not show
evidence of heterogeneity (indicated in red), among which five were novel (indicated with a star). SNPs with evidence of heterogeneity (Phet < 0.05)
were excluded. For better visualization, we omitted three locus labels: DPEP2/LOC100131303, CD226, and ITGB8. het, heterogeneity; GWAS,
genome-wide association study; PBC, primary biliary cholangitis; SNP, single nucleotide polymorphism; SSc, systemic sclerosis. Color figure
can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43081/abstract.
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367 genes from Hi-C. Notably, 126 genes were concordant,
appearing in both the eQTL and Hi-C analyses (Supplementary
Table 8). Comprehensive results from the eQTL and chromatin
interaction mapping are provided in Supplementary Tables 9
and 10, respectively.

Colocalization between SSc and PBC. Because of LD,
significant SNPs within genomic loci may not necessarily be
causal for the associated trait. Therefore, we conducted Bayesian
colocalization analyses to determine whether there was at least
one shared causal variant between SSc and PBC in loci signifi-
cant in the cross-phenotype meta-analysis. We identified nine loci
that colocalized between SSc and PBC (PP4 >70%) and did not
have evidence of heterogeneity (Phet ≥ 0.05), as detailed in
Table 1 and Supplementary Figure 2. Notably, five were novel:
CSNK2A2/CCDC113, SPPL3, CAST/ERAP1, AHNAK2,
and CD40.

Fine-mapping and credible set analyses. We per-
formed fine-mapping and generated 99% credible sets for the
nine loci that were significant in the cross-phenotype meta-
analysis, showed no evidence of heterogeneity, and colocalized
between SSc and PBC. These analyses yielded 118 SNPs from
10 credible sets across the nine significant loci. Notably, none of
the credible sets contained nonsynonymous coding variants. In
seven of the nine loci (78%), at least one SNP from the corre-
sponding credible set was located within a cis-regulatory ele-
ment. Supplementary Table 11 summarizes the credible SNP
sets for each locus.

Colocalization with tissue- and immune cell-specific
cis-eQTL. In the nine loci that were significant in cross-phenotype
meta-analysis without evidence of heterogeneity and colocalized
with SSc and PBC, we further performed colocalization between
SSc–PBC meta-analysis statistics and eQTL statistics in blood,
skin, lung, liver and immune cells. In seven of the nine loci, the
SSc–PBC meta-analysis statistics colocalized with at least one
transcript in the examined eQTL statistics (PP4 >50%), prioritizing
candidate causal genes at these loci (Figure 4, Supplementary
Table 12). The eQTL colocalized transcripts were IRF5, TNPO3,
ANP32B, IL12RB1, ERAP1, ERAP2, SPPL3, AKT1, PLD4,
LINC00638, and CD40.

Colocalization with plasma cis- and trans-pQTL.
Across the nine loci mentioned above, only the IL12RB1 and
CD40 loci encode secreted proteins previously assessed in blood
pQTL datasets. These plasma proteins include interleukin
12 receptor subunit beta 1 (IL12RB1) and CD40, respectively.
The SSc–PBC meta-analysis statistics colocalized with cis-pQTL
for CD40 protein levels (PP4 = 98%) but not with IL12RB1 protein
levels (PP4 = 0.4%). The SSc–PBC risk allele was associated with
lower plasma CD40 levels. Moreover, the SSc–PBC risk alleles at
the CD40 locus colocalized in trans to reduced BAFF levels (PP4
= 99%) and increased levels of CD40L (PP4 = 99%), FCER2
(PP4 = 99%), CD22 (PP4 = 99%), TRAF2 (PP4 = 97%), FCLR1
(PP4 = 99%), and TCL1A (PP4 = 99%).

PheWAS. We performed a meta-PheWAS for the five novel
loci that colocalized between patients with SSc and patients with
PBC. Three novel loci had significant associations with at least
one phecode (Supplementary Figure 3). Rs10083496-G
(ANNAK2 locus) was associated with SLE (odds ratio [OR] =
1.12, P = 2.05 × 10−7). Rs4810485-T (CD40 locus) was associ-
ated with non-Hodgkins lymphoma (OR = 1.11, P = 1.38 ×
10−6) and anxiety disorders (OR = 1.04, P = 2.86 × 10−6).

We subsequently performed an additional meta-PheWAS
analysis to evaluate phenotypic associations of a genome-wide
PRS based on the SSc–PBC meta-analysis statistics, excluding
the HLA region (SSc–PBCPRS).We identified a total of 134 signif-
icant associations, the majority of which were related to immune
dysregulation. As expected, SSc (OR = 1.78, P = 9.19 × 10−30)
and PBC (OR = 3.01, P = 5.55 × 10−86) were top-ranked in their
effect estimates associated with the SSc–PBC PRS, confirming
that the PRS captures the risk for both diseases in the external
datasets. Moreover, the PRS was associated with systemic auto-
immune rheumatic diseases including RA (OR = 1.24, P = 2.16 ×
10−55), SLE (OR = 1.75, P = 3.34 × 10−64), sicca syndrome (OR =
1.58, P = 9.46 × 10−43), polyarteritis nodosa and allied conditions
(OR = 1.18, P = 6.72 × 10−10), as well as with nonrheumatic auto-
immune diseases including hypothyroidism (OR = 1.12, P = 4.42
× 10−55), multiple sclerosis (OR = 1.30, P = 1.15 × 10−23),
inflammatory bowel disease and other gastroenteritis and colitis
(OR = 1.14, P = 3.23 × 10−21), and idiopathic fibrosing alveolitis
(OR = 1.19, P = 2.00 × 10−8) (Supplementary Figure 4 and Sup-
plementary Table 13).

(Figure legend continued from previous page.)
Figure 3. Tissue and pathway enrichment analyses. (A) Tissue enrichment analysis using MAGMA-prioritized tissues related to the immune sys-
tem (spleen, whole blood, and EBV-transformed lymphocytes), respiratory system (lung), and digestive system (terminal ileum). (B) Tissue enrich-
ment analysis using DEPICT prioritized multiple tissues and cells related to the immune system, respiratory system, and musculoskeletal system.
(C) Significant enrichment of multiple immune-related pathways associated with patients with SSc and patients with PBC using MAGMA. DEPICT,
data-driven expression prioritized integration for complex traits; EBV, Epstein-Barr virus; GO, gene ontology; MAGMA, multi-marker analysis of
genomic annotation; MeSH, medical subject headings; PBC, primary biliary cholangitis; SSc, systemic sclerosis. Color figure can be viewed in
the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43081/abstract.
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Additionally, we manually queried the top SNP from the
novel loci using PheWAS results from the Open Targets Genet-
ics webpage. Rs4810485-T (CD40 locus) was associated with
multiple autoimmune disorders, including RA (OR = 0.85,
P = 5.7 × 10−9), inflammatory bowel disease (OR = 1.08,

P = 4.6 × 10−10), and multiple sclerosis (OR = 1.08, P = 1.8 ×
10−5). Rs27524-G (CAST/ERAP1 locus) was associated
with ankylosing spondylitis (OR = 0.84, P = 5.4 × 10−7),
iridocyclitis (OR = 0.88, P = 6.9 × 10−8), and psoriasis
(OR = 0.85, P = 1.6 × 10−6).

Table 1. Genomic loci significant in the cross-phenotype GWAS, colocalized between patients with SSc and patients with PBC and do not have
evidence of heterogeneity*

Locus Lead SNP CHR BP A1 A2
FE
OR FE P value

PLEIO
P value

Colocalization
PP4, %

Novel
loci

TNPO3 rs17338998 7 128618559 T C 1.52 2.37 × 10−40 4.16 × 10−73 98 No
CSNK2A2/CCDC113 rs2731783 16 58253460 A G 1.15 7.79 × 10−11 1.50 × 10−9 96 Yes
IL12RB1 rs2305743 19 18193191 A G 0.86 1.95 × 10−14 7.42 × 10−14 96 No
LOC100506023 rs2022449 1 173238736 T G 1.12 1.69 × 10−10 2.82 × 10−9 92 No
SPPL3 rs551125 12 121203427 C T 0.91 1.65 × 10−9 2.59 × 10−8 91 Yes
CAST/ERAP1 rs27524 5 96101944 A G 0.9 4.89 × 10−10 6.04 × 10−9 85 Yes
HEMGN/ANP32B rs4743150 9 100740124 T C 0.88 8.29 × 10−11 2.80 × 10−10 85 No
AHNAK2 rs10083496 14 105402786 G A 1.09 2.56 × 10−8 7.37 × 10−8 80 Yes
CD40 rs4810485 20 44747947 T G 1.13 1.44 × 10−8 7.37 × 10−8 73 Yes

* A1, effect allele; A2, noneffect allele; BP, base pair; CHR, chromosome; FE, fixed-effect model; GWAS, genome-wide association study; OR,
odds ratio; PBC, primary biliary cholangitis; PLEIO, pleiotropic locus exploration and interpretation using optimal test; PP4, posterior probability
of hypothesis four that there is one variant causal to both traits; SNP, single nucleotide polymorphism; SSc, systemic sclerosis.

Figure 4. Bayesian colocalization analysis with eQTL in blood, skin, lung, liver, and immune cells. Out of the nine loci that were significant in the
fixed-model cross-phenotype meta-analysis, showed no evidence of heterogeneity, and were colocalized between patients with SSc and patients
with PBC, seven colocalized with expressed genes in at least one of the examined tissues. eQTL, expression quantitative trait loci; PBC, primary
biliary cholangitis; PP4, posterior probability of hypothesis four that there is one variant causal to both traits; SSc, systemic sclerosis.
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Figure 5. Integrative prioritization of novel candidate causal genes. We prioritized five novel candidate causal genes based on a consensus-
based approach integrating nine predictors: CD40, ERAP1, PLD4, SPPL3, and CCDC113. DEPICT, data-driven expression prioritized integration
for complex traits; ENCODE, Encyclopedia of DNA Elements; eQTL, expression quantitative trait loci; LLM, large language model; MAGMA, multi-
marker analysis of genomic annotation; pQTL, protein quantitative trait loci; SNP, single nucleotide polymorphism; V2G, variant-to-gene. Color fig-
ure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43081/abstract.
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Integrative prioritization of novel candidate causal
genes.We prioritized five candidate causal genes from the novel
loci using a scoring approach that integrates nine in silico annota-
tion methods (Figure 5; MAGMA, DEPICT, and ENCODE-rE2G
results in Supplementary Table 14–16; GPT-4 output
described in the Supplementary Note). CD40 received the high-
est priority score of 8, meeting all criteria except for credible
sets containing a nonsynonymous coding variant. ERAP1

received a priority score of 6, followed by PLD4 with a score of
5. SPPL3 and CCDC113 received priority scores of 4 and
3, respectively.

DISCUSSION

Our study demonstrates a strong genetic correlation
between patients with SSc and patients with PBC, with the corre-
lation effect estimate comparable to that between patients with
SSc and patients with SLE. The prevalence of PBC in patients
with SSc was 2% to 2.5%, lower than the 8.4% to 14.7% preva-
lence of SLE in patients with SSc.3,4,39–41 Nevertheless, the prev-
alence of PBC in the general population, ranging from 19 to
402 per million people, was also much lower than that of SLE,
which ranges from 200 to 1,500 per million people.42–46 Conse-
quently, compared to the general population, the relative risk of
PBC and SLE in patients with SSc likely mirrors their genetic cor-
relation. Hence, our genetic correlation results, corroborated by
the extent of phenotypic overlaps, support the existence of
shared genetic susceptibilities and biologic mechanisms between
patients with SSc and patients with PBC.

We identified 44 significant non-HLA genomic loci in the
fixed-model cross-phenotype GWAS meta-analysis. The robust-
ness of our meta-analysis was supported by the PRS–meta-
PheWAS analysis. In this analysis, using independent external
datasets, SSc and PBC ranked among the top hits associated
with the PRS, derived from our SSc–PBCmeta-analysis statistics.
Moreover, the SSc–PBC PRS demonstrated associations with a
broad spectrum of autoimmune disorders, highlighting that the
shared genetic susceptibilities between patients with SSc and
patients with PBC captured by our cross-phenotype meta-
analysis represent pleiotropic genomic regions.

We identified five novel loci that were significant in the cross-
phenotype GWAS meta-analysis and colocalized between SSc
and PBC: CSNK2A2/CCDC113, SPPL3, CAST/ERAP1,
AHNAK2, and CD40. Three of the five loci were independently
confirmed in a GWAS in another population: CD40 and AHANK2
loci were significant in a recent SSc GWAS meta-analysis that
included the Japanese population,47 and the CSNK2A2/
CCDC113 locus was significant in a PBC GWAS from the Chi-
nese population.48 Moreover, we found that the lead SNP in the
CD40, AHNAK2, and CAST/ERAP1 loci was associated with
other autoimmune disorders in PheWAS. The pleiotropic effects
observed at these loci underscore their potential role in promoting

autoimmunity. We subsequently prioritized five novel candidate
causal genes in patients with SSc and patients with PBC using a
consensus-based approach from nine predictors: CD40, ERAP1,
PLD4, SPPL3, and CCDC113.

At the CD40 locus, the SSc–PBC meta-analysis statistics
colocalized with not only the reduced transcript but also reduced
plasma protein levels of CD40. And the lead SNP, rs4810485,
which has the highest PIP in the credible set at 44.2%, has been
experimentally validated to reduce CD40 expression.49 Such
associations with reduced CD40 expression have also been
observed in other autoimmune diseases, including inflammatory
bowel disease and multiple sclerosis, as well as malignancy in
our PheWAS analysis.50,51 This seems paradoxical given the
established role of CD40 in promoting autoimmunity.52 However,
CD40 deficiency, a rare monogenic disorder caused by bi-allelic
loss of function variants in CD40, is characterized not only by
humoral immunodeficiency but also by malignancy and autoim-
munity, including sclerosing cholangitis and colitis.53 Thus, a
causal relationship between reduced CD40 expression because
of polymorphisms and an increased risk of autoimmunity and
malignancy is biologically plausible, mimicking the phenotypic
manifestations of its monogenic disease counterpart. Interest-
ingly, at the CD40 locus, the SSc–PBC meta-analysis statistics
also colocalized with increased levels of multiple plasma proteins
involved in B cell functions, including CD40L, FCER2, CD22,
TRAF2, and TCL1A. This suggests a potential compensatory
response. Soluble CD40L (sCD40L), the circulating form mea-
sured in the proteomics assay, is the ligand of CD40, which also
binds to other receptors on endothelial cells and promotes vascu-
lar pathology.54 Elevated sCD40L levels have been found in
patients with SSc and are associated with its vascular manifesta-
tions.55 Overall, the complex B cell dysregulation mediating
genetically determined reduced CD40 expression in patients with
SSc warrants further investigation.

The novel candidate causal genes prioritized in our study
likely contribute to SSc and PBC development through immune
dysregulation in patients. Phospholipase D4 (PLD4) is predomi-
nantly expressed in multiple immune cells including B cells, mono-
cytes, and dendritic cells.56,57 PLD4+ B cells are expanded in
patients with SLE and likely autoreactive B cells undergoing toll-
like receptor stimulation.58 PLD4 also facilitates kidney fibrosis
by modulating innate and adaptive immune responses resulting
in transforming growth factor β (TGFβ) signaling activation.59

Endoplasmic reticulum aminopeptidase 1 (ERAP1) is a multifunc-
tional enzyme regulating immune responses.60 The SSc–PBC
meta-analysis statistics colocalized with reduced ERAP1 expres-
sion. B cells lacking ERAP1 exhibit impaired proliferation and
increased activation and costimulatory markers.61 Reduced sig-
nal peptide peptidase-like 3 (SPPL3), the effect direction associ-
ated with SSc and PBC, leads to diminished immunosurveillance
from CD8+ T cells and natural killer cells. Both SSc and PBC are
associated with elevated cancer risk, with recent findings
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indicating that SSc carries a higher burden of somatic mutations
and genomic instability.62–65 The function of CCDC113 is poorly
understood, but it has been found to promote cancer develop-
ment via the TGFβ signaling pathway.66

The HLA class II region stands out as the strongest genetic
association in both patients with SSc and patients with PBC,
offering insights into their potential shared mechanisms. Across
multiple populations, SSc has been robustly associated with the
HLA-DRB1*11:04, HLA-DQB1*02:02, and HLA-DPB1*13:01
alleles.67,68 In patients with PBC, the HLA-DRB1*08:01,
HLA-DQA1*04:01, and HLA-DQB1*04:02 haplotype has been
consistently confirmed across different populations.69–71 Notably,
HLA-DRB1*11:04 exhibits opposite effects in patients with SSc
versus patients with PBC, increasing the risk of SSc but protect-
ing against PBC.70 Molecular mimicry has been proposed as a
potential common mechanism driving HLA class II-mediated
autoimmunity, including in patients with SSc and patients with
PBC.67,69 Additionally, the peptide-binding groove of disease-
associated HLA class II molecules might possess structural fea-
tures that favor the binding of specific self-peptides, thereby
shaping the autoreactive T cell repertoire.69 Despite its impor-
tance, the HLA region was excluded from our genetic correlation
analysis and cross-phenotype GWAS because of challenges
from outlier effect, complex LD structures, and population
stratification.

Our study has several limitations. First, we used summary
statistics from published GWAS meta-analyses and were unable
to perform standardized quality control with individual-level geno-
type data. Nevertheless, the GWAS studies included in our study
were recent, comprised of large sample sizes from multiple
cohorts, and led by international experts. Second, our study was
performed in European ancestries; thus, our results may not be
generalizable to other populations. Third, the sample size of
patients with SSc and patients with PBC in our external datasets
was limited, which precluded us from performing a replication
GWAS to validate the newly discovered loci. Instead, we con-
ducted a PRS–meta-PheWAS analysis to confirm that the PRS
derived from our SSc–PBC meta-analysis captures the overall
genetic risk of SSc and PBC in independent electronic health
record (EHR)-based datasets. Fourth, the sample size of GTEx
and CEDAR was smaller than that of eQTLGen, which could limit
statistical power in our eQTL Bayesian colocalization analyses
for the relevant tissues and cells. Fifth, our study evaluated the
likelihood of causality for each candidate gene using diverse
methods and selected genes with the highest number of support-
ing predictors for each locus. Although this approach is employed
in recent studies,32,72 it assumes equal weight for all predictors
and does not account for potential differences in their perfor-
mance. Sixth, we were unable to examine population structure
because individual-level genotype data were not available to us,
although most of the GWAS data used in our study come from
individuals of European ancestry. Finally, for our meta-PheWAS

analyses, the diagnoses in the EHR-based datasets rely on
administrative codes, which may have nonrandom missingness
and low sensitivity for phenotype detection.73

In conclusion, our study revealed a strong genetic correlation
between patients with SSc and patients with PBC and provided
insights into their shared genetic susceptibility. We prioritized five
novel genes that were potentially involved in the common causal
mechanisms between SSc and PBC. These discoveries prioritize
therapeutic targets for both patients with SSc and patients with
PBC. Moreover, our study advocates for heightened awareness
among rheumatologists about the possibility of concurrent PBC
in patients with SSc.
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Disturbed Spatial WNT Activation—A Potential Driver of the
Reticularized Skin Phenotype in Systemic Sclerosis

Sara Chenguiti Fakhouri,1 Honglin Zhu,2 Yi‐Nan Li,3 Moritz Ronicke,4 Aleix Rius Rigau,5 Clara Dees,6

Laura Konstantinidis,7 Ralf Schmid,8 Alexandru‐Emil Matei,9 Markus Eckstein,10 Carol Geppert,11

Ingo Ludolph,12 Alexander Kreuter,13 Michael Sticherling,14 Carola Berking,15 Raymund E. Horch,16

Georg Schett,17 Jörg H. W. Distler,18 and Christina Bergmann19

Objective. Little is known on the mechanisms necessary to maintain the physiologic adult human skin integrity.
This study aims to quantitatively describe anatomic changes in systemic sclerosis (SSc)–skin compared with controls
and investigate the underlying mechanisms.

Methods. Skin morphology was histologically assessed in 23 patients with SSc, 18 controls, and 15 patients with
hypertrophic scars. Spatial WNT/β-catenin-activation was analyzed by RNAscope and immunofluorescence staining.
Enrichment of reticular marker genes in predefined fibroblast subpopulations was done using Gene Ontology (GO)
enrichment and gene set enrichment analysis.

Results. SSc skin showed a decrease in number (P < 0.0001/P = 0.0004), area (P < 0.0001), and height (P < 0.0001)
of papillae compared with controls and hypertrophic scars, respectively. The expression of papillary/reticular marker
genes shifted toward a reticular expression profile in SSc. On the level of previously defined fibroblast populations,
the increase of reticular marker genes was particularly pronounced in the PI16+ and SFRP4+ populations (P <
0.0001, respectively). Mechanistically, the expression of theWNT/β-catenin target AXIN2 and the number of fibroblasts
with nuclear β-catenin-staining-pattern increased in the papillary compared with the reticular dermis in healthy skin.
This polarization was lost in SSc with a two-fold increase in β-catenin-positive fibroblasts and AXIN2-expressing fibro-
blasts throughout the dermis (P = 0.0095). Enrichment of genes related to WNT/β-catenin-regulation was found in the
PI16+ population that also relocates from the reticular to the papillary dermis in SSc.

Conclusion. We demonstrate an association of the “reticularized” skin phenotype in SSc with a profound loss of
physiologic spatial WNT/β-catenin-activation. Rescuing the spatial WNT/β-catenin-activation might help restore the
physiologic skin organization in future therapeutic approaches of fibrosing disorders.

INTRODUCTION

Systemic sclerosis (SSc) is a chronic connective tissue disor-
der that results in progressive fibrotic tissue changes of the skin

and inner organs. The skin is affected in almost all patients starting
from the distal extremities (sclerodactyly) expanding to the proxi-
mal parts of the body during the course of the disease.1 Skin
fibrosis is a major cause of daily life impairment,2 and the extent
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of skin involvement is recognized as risk factor for the progression

of organ fibrosis.3

Healthy human skin forms the interface between the body
and the environment and is characterized by a polarized, layered
structure including the epidermis, the papillary and reticular der-
mis and the subcutaneous fat tissue.4 The papillary dermis is
composed of loose collagen bundles surrounding blood vessels
and nerve endings, whereas the reticular dermis is characterized
by coarse collagen bundles.5 This physiologic skin structure is
disrupted in SSc: the deregulation of fibroblasts and increased
differentiation into myofibroblasts results in the exaggerated
deposition of collagen-rich extracellular matrix throughout the
dermis along with morphologic changes such as flattening of
the rete ridges and loss of functional intradermal structures and
skin appendices.6,7 Previous studies have described a correlation
between histologic changes such as the hyalinized collagen score
and the extent of local skin involvement as assessed by the mod-
ified Rodan skin score.7,8

The mechanisms that are required to maintain the physio-
logic layered organization of healthy skin are largely unknown. Evi-
dence from rodent models of skin morphogenesis suggests that
spatial activation of WNT/β-catenin signaling at the cellular and
tissue level plays a central role in three-dimensional skin pattern-
ing.9 WNT/β-catenin signaling has been characterized as central
profibrotic regulator in fibrosing disorders by several groups.10–15

–15 Activation occurs by overexpression of certain WNT proteins
and by reduced expression of the endogenous WNT antagonist
DKK1 in the skin.13 However, the spatial resolution of WNT activa-
tors and antagonists in adult human skin has not been described.
Moreover, the mechanisms that maintain the polarized structure

of the skin in adults have barely been elucidated. Here we aimed
to characterize the histopathologic changes in SSc skin, investi-
gate the spatial regulation of WNT/β-catenin signaling in normal
human skin compared with SSc skin, and correlate changes in
spatial WNT/β-catenin signaling with histopathological character-
istics in SSc.

PATIENTS AND METHODS

Patients. Skin biopsies from 23 patients with SSc and
18 healthy volunteers were used. All patients with SSc fulfilled
the 2013 American College of Rheumatology/EULAR criteria for
SSc. Twenty-two patients had limited cutaneous SSc and
41 were classified as diffuse cutaneous SSc according to the
LeRoy classification.16 Skin biopsies from patients with SSc were
taken from involved skin on the forearm. In 18 patients with SSc,
skin biopsies were additionally taken from a clinically noninvolved
skin area at the back. Eighteen patients were female, and five
were male. The median age of patients with SSc was 55 years
(range 41–69 years), and themedian disease duration was 5 years
(range 1–12 years). Control skin samples from 18 healthy individ-
uals who underwent either orthopedic or plastic surgery were
included. In addition, 15 samples of patients with hypertrophic
scars were analyzed. The diagnosis of hypertrophic scars was
based on the clinical judgment of two experienced dermatologists
in conjunction with the histopathologic findings. The collection of
biology samples and their analysis in context with clinical informa-
tion were approved by the ethics committee of the Medical Fac-
ulty of the University of Erlangen-Nuremberg. All patients and
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control individuals signed an informed consent form approved by
the local review board.

Histologic analyses. For visualization and quantification of
dermal papillae, trichrome staining of the skin sections was used
as described previously.17–19 Pictures were taken at 200-fold
magnification with a Nanozoomer S60v2MD slide scanner
(Hamamatsu Photonics). Papillae numbers per mm, papillae
heights (defined as the distance between the base and the top
of the papillae as demonstrated in Figure 1) and papillae areas
were quantified at five different sites in one skin section from each
patient in a blinded manner using the NDPView2 software
(Hamamatsu Photonics).

Collagen fiber alignment (from 0� to 180�) and alignment
coefficients were measured using Curvealign V4.0 Beta
(MATLAB). Three regions of interest of 0.02 mm2 were selected
in the reticular dermis of each trichrome-stained skin section.
The coefficient of alignment was calculated for all the collagen
fibers within each region of interest using the Computed
Tomography–Fiber analysis method according to the developer’s
manual (https://eliceirilab.org/software/curvealign/). The align-
ment coefficient was calculated from zero (low parallelism
between collagen fibers) to one (high parallelism between colla-
gen fibers).

Immunofluorescence. Paraffin-embedded skin sections
were fixed with 4% paraformaldehyde.20 Epitope retrieval was
performed using a heat-induced method; sections were incu-
bated with preheated citrate buffer (10 mM sodium citrate, pH
6.0) and Tris-EDTA buffer (10 mM Tris, 1 mM EDTA, 0.05%
Tween 20, pH 9.0). Sections were then blocked with phosphate
buffered saline (PBS) supplemented with 2% Bovine serum albu-
min (BSA) and 5% horse serum. Primary antibodies were incu-
bated overnight at 4�C. After washing, secondary antibodies

were incubated for an hour at room temperature. Next, the sec-
tions were counterstained with 4´,6-diamidino-2-phenylindole
(DAPI) (1:800, #sc-3598 Santa Cruz Biotechnology). Primary anti-
bodies used were directed against β-catenin (1:250, #ab2365;
abcam), prolyl-4-hydroxylase β (P4Hβ) (1:200, #ab2792; abcam),
platelet derived growth factor α (PDGFRα) (1:200, #AF1062; R&D
Systems), PI16 (1/200, #HPA043763; Atlas Antibodies), secreted
frizzeled related protein 4 (SFRP4, 1:20, 15328-1-AP, Protein-
tech), Dickkopf-1 (1:100, #AF1096; R&D Systems), vimentin
(1:1000, NBP1-97515; Novus Biologicals), Fibroblast activation
protein α (FAP) (1:200, #AF3715; R&D Systems), CD90/Thy1
(1:250, #ab133350; abcam). Conjugated secondary antibodies
(1:200, Alexa Fluor, Thermo Fisher Scientific) were used. Nuclei
were stained with DAPI (1:800, #sc-3598, Santa Cruz Biotechnol-
ogy). The staining was analyzed using a Nikon Eclipse 80i micro-
scope (Nikon) and a BZ-X800 microscope (Keyence). Pictures
were taken at 200-fold magnification. Borders of the papillary
and reticular dermis were defined anatomically; we considered
the superficial vascular plexus to be the limit between the papillary
and reticular dermis.21 Thus, the papillary dermis was defined by
the dermal-epidermal junction and the superficial vascular plexus.
The reticular dermis was defined by the superficial vascular plexus
and the beginning of the subcutis. Semiquantitative quantification
of β-catenin-, FAP-, CD90-, Pl16-, and SFRP4-positive cells in the
papillary and reticular dermis was performed at three different
sites of one skin section from each patient or control individual,
in a blinded manner, using the Nikon NIS-Element software plat-
form (Nikon). The β-catenin fluorescence intensity in the papillary
and reticular dermis was quantified at seven different sites in one
skin section from each patient or control using the ImageJ soft-
ware (NIH, version 1.46).

RNAscope assay. Spatial transcriptional activation of the
WNT/β-catenin pathway was assessed through in situ

Figure 1. Visualization of papillary measurements.
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hybridization detection of AXIN2 using an RNAscope Multiplex
Fluorescent Kit V2 (Advanced Cell Diagnostics) combined with
TSA Vivid Fluorophores (Bio-Techne) on paraffin-embedded,
formalin-fixed skin sections according to the manufacturer’s
instructions. Briefly, formalin-fixed, paraffin-embedded skin sec-
tions are permeabilized to allow probe access to the target RNA.
Probes are then hybridized to target RNA and labeled with fluoro-
phores. Finally, the hybridization signal is amplified by sequentially
binding amplifiers and labeled probes and nuclei were stained
with DAPI. Quantification of AXIN2-positive cells in the papillary
and reticular dermis was performed at three different sites of one
skin section from each patient or control, in a blinded manner,
using the Nikon NIS-Element software platform (Nikon). The
AXIN2 fluorescence intensity in the papillary and reticular dermis
was quantified at four to seven different sites in one skin
section from each patient or control using the ImageJ software
(NIH, version 1.46).

Confocal microscopy and analysis. Confocal images of
skin sections were acquired using a Leica Stellaris 8 confocal
microscope (Leica Microsystems) at the Optical Imaging Center
Erlangen. Pictures were taken at 630-fold magnification with a
glycerol immersion lens and a resolution of 1024 × 1024 pixels.
Stacks of images were acquired at 1 μm interval throughout the
cells, in the papillary and the reticular dermis. The fluorescence
intensity of the cytoplasmic and nuclear β-catenin was measured
by creating a mask based on the fluorescent signal of the pan-
fibroblast marker P4Hβ antibody (1:200, #ab2792; abcam) and
DAPI (1:800, #sc-3598 Santa Cruz Biotechnology), respectively.
To this end, the channel containing the DAPI nuclear marker was
converted to a mask, which was applied to the β-catenin signal,
and the fluorescence intensity analysis was performed by thresh-
olding using the MorpholibJ plugin on the ImageJ software (NIH,
version 1.46). The same procedure was conducted for cytoplas-
mic β-catenin with the pan-fibroblast marker P4Hβ signal.

Imaging mass cytometry staining and
measurements. Imaging mass cytometry (IMC) was performed
as described.21 The antibodies were acquired preconjugated
(Standard Biotools) or in purified preparations. All the purified anti-
bodies were first validated by standard immunofluorescence
staining. Purified antibodies were consequently conjugated to
lanthanide metals using the Maxpar X8 antibody labeling kit
(Standard Biotools) following the manufacturer’s instructions.
The full panel was revalidated in IMC, and all antibodies were
titrated in IMC. Paraffin-embedded skin sections (5 μm)
were deparaffinized with xylene for 30 minutes and rehydrated in
a graded series of alcohol (ethanol:deionized water 100:0,
100:0, 90:10, and 80:20 for 5 minutes each). For epitope retrieval,
the slides were incubated for 30 minutes in preheated Tris-EDTA
buffer (10 mM Tris base, 1 mM EDTA, and 0.05% Tween 20, pH
9). After the slides were cooled, they were blocked with 2% BSA

in PBS for one hour at room temperature. Samples were incu-
bated overnight at 4�C with the antibody mix (in 0.5% BSA). Tis-
sue samples were washed once in PBS-T (PBS and 0.2%
Tween 20) and twice in PBS for five minutes each wash. DNA
staining was performed with Iridium-Intercalator (125 μM)
(Standard Biotools) 1/400 for five minutes at room temperature.
Afterward, the samples were washed three times in PBS and
once in deionized water for five minutes each. Finally, the tissue
sections were dried and stored at room temperature.

The area to be ablated was chosen with a hematoxylin-eosin
staining of a consecutive cut. The samples were acquired with the
Hyperion Imaging System (Standard Biotools) coupled to a Helios
mass cytometer (Standard Biotools) after daily calibration, tuning,
and quality control. The laser ablation was done at a resolution of
1 μm2 and a frequency of 200 Hz. All IMC data were stored as
MCD and txt files.

IMC data analysis. First, the quality of the staining was
checked with the software MCD viewer (Standard Biotools). The
MCD files were converted to TIFF format and segmented into sin-
gle cells using a publicly available analysis pipeline (https://
zenodo.org/record/3841961). The single-cell data (mean expres-
sion of all pixels being the same cell and the spatial coordinates)
were extracted as fcs and csv files, arcsinh normalized (cofactor
1), and rescaled between 0 and 1 with the R package Spectre.21

The populations of interest were selected by manual gating and
spatial reference using the FlowJo software (fibroblasts were
defined as Ecadherin-CD45-CD31-; afterward skin fibroblast
subsets were selected: fibroblast FAP+CD90+, FAP+CD90−,
FAP-CD90+.). The spatial representation of the different cell
populations was done with the R package Cytomapper.22,23

Gene set enrichment analyses. Gene set enrichment
analyses (GSEA) were performed using the R packages cluster-
Profiler (3.18.0) and GSVA (V1.38.0). Reticular and papillary gene
signature24 scores in the Prospective Registry for Early Systemic
Sclerosis (PRESS) cohort25 (GSE130955) and the Genes versus
Environment in Scleroderma Outcome Study (GENISOS) cohort
(GSE58095)26 were obtained through single-sample gene set
enrichment analysis using gene lists from Solé-Boldo et al.24

GSEA was used to analyze WNT3A-regulated gene signatures in
relation to reticular and papillary marker genes,24 the enrichment
of reticular and papillary marker genes24 in predefined fibroblast
subsets,27,28 and the enrichment of WNT3A-regulated genes in
the Pl16+/− fibroblast population.

Statistical analysis. All data are presented as median with
interquartile range with individual datapoints displayed as dots.
Comparisons between experimental groups were analyzed with
nonparametric Mann-Whitney-U-test using GraphPad Prism
8.3.0. In analysis including multiple tests, the P value of each test
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(pi) was adjusted using the Bonferroni correction (pi = p/n, n =
number of tests, p = overall significance level).

RESULTS

Assessment of structural changes in fibrotic skin in
SSc compared with nondiseased control skin and
hypertrophic scars. Quantitative assessments of changes in
the papillary dermis in SSc have not been described so far. Here,
we analyzed the number of papillae per millimeter, papillae length,
and area in trichrome-stained skin sections of healthy individuals,
involved skin of patients with SSc (forearm), clinically noninvolved
skin of patients with SSc (back), and of patients with hypertrophic
scars as a second type of fibrosing skin disorder. In SSc-involved
skin, dermal papillae were markedly decreased in number, area,
and height compared with controls (Figure 2A and B).

Noninvolved SSc skin showed higher papillary content
(papillae per mm, papillae length and papillae area) compared
with clinically involved skin in SSc (Figure 2A and B), albeit below

the level of nondiseased controls. In contrast, number, area, and
height of papillae in hypertrophic scars did not significantly differ
from healthy controls, suggesting that papillary loss is a phenom-
enon specific to SSc rather than a general feature of fibrosing der-
mal disorders (Figure 2A and B). The papillae measurements
including papillae number per mm, height, and area did not signif-
icantly differ between patients with limited cutaneous SSc (lcSSc)
compared with diffuse cutaneous SSc (dcSSc) (Supplementary
Figure 1).

As additional readout, we analyzed the orientation of colla-
gen fibers using trichrome staining in skin sections of healthy
donors, involved skin of patients with SSc, noninvolved skin of
SSc, and hypertrophic scars. SSc skin and hypertrophic scar
sections showed a higher alignment coefficient than healthy con-
trols in the reticular dermis and ameasurable alignment coefficient
in the papillary dermis, consistent with the increased extracellular
matrix deposition and the “reticularization” of the papillary dermis
(Figure 2A and B). In healthy skin, the loose structure of the extra-
cellular matrix in the papillary layer did not allow for a specific
detection of individual collagen fibers and an alignment coefficient
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Figure 2. Morphology of the dermal papillae in SSc compared with nondiseased skin and hypertrophic scars. (A) Trichrome staining of skin sec-
tions of nondiseased control individuals (n = 18), involved (forearm) and noninvolved (back) skin of patients with SSc (n = 23), patients with hyper-
trophic scars (n = 15), and corresponding histograms representing collagen fiber orientation in angle frequency of individual collagen fibers.
Representative images are shown at 200-, 400-, and 1,200-fold magnification. (B) Quantification of papillae/mm, papillary area/high-power field,
papillary height/high-power field and collagen fiber alignment coefficient of skin sections of control individuals (n = 18), patients with SSc (n =
23), and patients with hypertrophic scars (n = 15) quantified from trichrome staining images. (C) Papillary and reticular gene scores in Prospective
Registry for Early Systemic Sclerosis cohort (GSE130955) (Gene set list from Solé-Boldo et al24). Data are presented as median ± interquartile
range. Statistical significance for each comparison was determined by Mann-Whitney U-test. P < 0.0125 was considered significant after Bonfer-
roni correction. hypertr., hypertrophic; p, papillary; r, reticular; SSc, systemic sclerosis. Color figure can be viewed in the online issue, which is avail-
able at http://onlinelibrary.wiley.com/doi/10.1002/art.43094/abstract.
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could not be calculated. When comparing lcSSc and dcSSc skin
sections, we measured similar levels of collagen alignment
between the two subtypes, confirming a shared structural remod-
eling (Supplementary Figure 1).

To confirm these histologic observations with another
approach, we compared published datasets of papillary and
reticular marker genes24 with differentially regulated genes in
SSc compared with healthy controls described in the PRESS
cohort.25 Consistent with the morphologic changes, we observed
that the expression of papillary versus reticular marker genes is
shifted toward a reticular gene expression profile in SSc skin sam-
ples (Figure 2C). This is also reflected by the reduction of the ratio
of mean papillary gene expression/mean reticular papillary gene
expression in SSc compared with controls. Because the PRESS
cohort mainly includes patients with early diffused disease and
to confirm our results in another cohort dataset, we next analyzed
the enrichment of papillary and reticular marker sets in a published
dataset of the GENISOS cohort.26 The GENISOS cohort includes
patients with both lcSSc and dcSSc and with variable disease
duration ranging from 0.5 to 20 years since the first onset of first
non-Raynaud symptom. Analyzing the whole cohort, we
observed a tendency of reduction of the papillary/reticular gene
ratio, which was not significant (Supplementary Figure 2). Next,
we analyzed patients with relatively low disease duration (≤4 years)
and compared them with patients with a longer disease duration

(>4 years). Similar to our results obtained in the PRESS cohort,
we observed a significant reduction of papillary/reticular marker
genes in patients with less than or equal to four years disease
duration. The majority of patients in this subgroup suffered from
dcSSc, and no significant difference was observed between
lcSSc and dcSSc. Reduction of the papillary/reticular score was
less pronounced in patients with longer disease duration
(>4 years) and was not statistically significant (Supplementary Fig-
ure 2).

Altered spatial activation of WNT signaling in SSc
compared with healthy controls. A tightly regulated spatial
activation of WNT/β-catenin signaling has recently been
described as a core requirement for physiologic skin morphogen-
esis in mice.29 Moreover, WNT/β-catenin signaling has been
described as a central profibrotic mediator.10,30 We thus analyzed
whether a spatial WNT/β-catenin activation is observed in adult
healthy skin and might be perturbed in SSc. First, we analyzed
whether WNT/β-catenin-dependent target genes (GSE120106)
are enriched in the papillary and in the reticular part of healthy
skin.24 We observed an enrichment of WNT3A-regulated genes
in papillary healthy skin, and a tendency toward negative enrich-
ment in reticular gene sets (Supplementary Figure 3A). In contrast
to WNT3A-regulated genes, WNT5A-regulated gene signatures
as markers of noncanonical WNT signaling did not show
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Figure 3. Spatial activation of WNT/β-catenin signaling in healthy and SSc skin. (A) RNAscope in situ hybridization images of COL1A1 (orange)
and AXIN2 (green) on skin sections of healthy individuals and patients with SSc. Representative images are shown at 200- and 400-fold magnifi-
cation. Quantification is shown as bar graph. (B) Immunofluorescence staining and confocal immunofluorescence microscopy for β-catenin (green)
and the pan-fibroblast marker P4Hβ (magenta) of papillary and reticular fibroblasts from nondiseased control individuals (n = 4) and patients with
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online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43094/abstract.
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enrichment with neither papillary nor reticular marker gene lists
(Supplementary Figure 3B), demonstrating that this enrichment
is specific for WNT/β-catenin signaling. To confirm the spatial
transcriptional activity of WNT/β-catenin signaling in human skin
samples, we investigated the spatial expression of the WNT/β-
catenin target gene AXIN2 using the RNAscope in situ hybridiza-
tion technique (Figure 3A). As in previous studies,25 COL1A1
was used to identify dermal fibroblasts. Consistent with the bioin-
formatic analyses aforementioned, we observed significantly
increased numbers of AXIN2, COL1A1-expressing cells in the
papillary dermis compared with the reticular dermis in healthy
skin. In contrast, in SSc skin, almost all COL1A1-expressing
cells also expressed AXIN2, and a difference in the number of
AXIN2, COL1A1 positive cells between reticular and papillary
cells was no longer detectable. The intensity of the AXIN2 sig-
nal also demonstrated a loss of spatial expression gradients
of AXIN2 in SSc skin (Figure 3A). These results were confirmed
on the protein level using immunofluorescence staining of
AXIN2 in combination with the pan-fibroblast marker P4Hβ,
which showed a predominance of AXIN2-positive fibroblasts
in the papillary dermis of control skin. This distribution was
altered in SSc skin, and comparable levels of AXIN2-positive
fibroblasts were measured in both the papillary and the reticu-
lar layer of the dermis, along with a general upregulation of
AXIN2 in SSc (Supplementary Figure 4).

To confirm these observations, we expanded the investiga-
tion of WNT/β-catenin-regulated genes using cyclic in situ hybrid-
ization by COSMx as an additional more comprehensive spatial
transcriptomic approach. This analysis revealed that the papil-
lary to reticular ratio of several WNT-related genes, including
CTNNB1, FZD1, FZD5, FZD7, FZD8, VEGFC, WIF1, WNT11,
WNT7B, and FGF18,31–33 was found to be reduced in SSc skin
fibroblasts compared with controls (Supplementary Figure 5).
We also observed a tendency toward a decrease of the papil-
lary to reticular ratio of noncanonical WNT-related genes in
SSc skin, although this reduction was less pronounced com-
pared with that seen with canonical WNT-related genes (Sup-
plementary Figure 6).

Additionally, a distance profile analysis demonstrated that in
healthy controls, fibroblasts expressing the WNT signature were
located closer to the epidermis and predominantly in the papillary
layer. In contrast, SSc skin showed that the WNT signature-
expressing fibroblasts were more evenly distributed throughout
the dermis, with similar cell densities observed in both the papil-
lary and the reticular layer (Supplementary Figure 7). To a lesser
extent, a similar distribution pattern was observed for noncanoni-
cal WNT-related genes, although the variation in localization was
less pronounced (Supplementary Figure 8).

To analyze the spatial WNT activation by a complementary
approach, we analyzed the spatial distribution of β-catenin
expression in the skin by coimmunofluorescence staining for β-
catenin and the pan-fibroblast marker P4Hβ (Figure 3B). In

healthy skin, fibroblasts with nuclear β-catenin expression were
enriched in the papillary dermis by two-fold compared with the
reticular dermis. In SSc skin, we observed an increase of β-cate-
nin-positive fibroblasts throughout the dermis and a particular
enrichment in the papillary layer was no longer detectable
(Figure 2B), showing a general overexpression of β-catenin in
SSc skin fibroblasts. In noninvolved SSc skin, the distribution of
β-catenin-positive fibroblasts was similar to healthy skin (Supple-
mentary Figure 9), confirming that the disruption of the spatial dis-
tribution is inherent to fibrotic skin changes. The distribution of β-
catenin-positive fibroblasts was comparable between lcSSc and
dcSSc skin sections, indicating a similar pattern of spatial alter-
ation of WNT/β-catenin signaling in both disease subtypes in
involved skin (Supplementary Figure 10).

The physiologic regulation of WNT signaling relies
on a controlled balance of several WNT agonists and
antagonists.9–12,14,32–35 In fact, in addition to an upregulation of
WNT agonists, WNT inhibitors have been shown to be reduced
in SSc skin.14,36 We therefore analyzed the spatial distribution of
the WNT antagonist DKK1 through coimmunofluorescence with
the pan-fibroblast marker P4Hβ. Healthy control skin showed a
predominance of DKK-positive fibroblasts in the reticular dermis.
In SSc skin, we observed a significant downregulation of DKK
throughout the dermis, with no differences of expression between
the papillary and the reticular layer (Supplementary Figure 11).

Spatial distribution of fibroblast populations in SSc
skin compared with controls. A previous study in healthy
skin identified enrichment of FAP+; CD90− fibroblasts in the papil-
lary dermis, whereas FAP−; CD90+ fibroblasts were enriched in
the reticular dermis.37 Thus, we next analyzed whether the distri-
bution of these two fibroblast populations in the papillary versus
reticular dermis is perturbed in SSc. We observed an increase of
both fibroblast populations in SSc compared with healthy con-
trols. As analyzed by IMC and immunofluorescence, both FAP+;
CD90− fibroblasts and FAP−; CD90+ fibroblasts were increased
throughout the dermis, and particular enrichment of the FAP+;
CD90− fibroblasts in the papillary dermis and FAP−; CD90+ fibro-
blasts in the reticular dermis was not detectable (Supplementary
Figure 12).

On the transcriptomic level, fibroblast subpopulations have
recently been identified based on single-cell RNA sequencing
data.27,28 We analyzed whether an enrichment of reticular marker
genes is found in these populations on the transcriptomic level
(Figure 4A). We observed the most pronounced enrichment of
reticular genes in the PI16+ and the SFRP4+ fibroblast subsets
in SSc fibroblasts compared with control fibroblasts. Next, we
analyzed whether the enrichment of reticular marker genes on
the transcriptomic level is also associated with the spatial redistri-
bution of these fibroblast populations in the dermis. As analyzed
by immunofluorescence staining for PI16 and SFRP4 together
with the pan-fibroblast marker P4Hβ, we observed an increased
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ratio of papillary versus reticular PI16+ fibroblasts in SSc skin
compared with controls (Figure 4B). In noninvolved SSc skin, the
distribution of PI16-positive fibroblasts was comparable with
healthy skin (Supplementary Figure 13), indicating that these
changes in spatial distribution are specific to fibrotic skin alter-
ations. The ratio of SFRP4+ fibroblasts in the papillary versus
reticular dermis did not differ in SSc samples compared with
healthy controls (Supplementary Figure 14).

Having demonstrated that PI16+ fibroblasts are character-
ized by the enrichment of reticular marker genes on the transcrip-
tomic level and anatomically relocate to the papillary dermis in
SSc, we next analyzed whether PI16+ fibroblasts also show an
increased activation of WNT/β-catenin signaling. Using GSEA,
we observed that gene sets associated with the regulation of
WNT/β-catenin signaling are enriched in the transcriptomic profile
of the PI16+ fibroblast population (Figure 4C). Similar results were
obtained using Gene Ontology term analysis (Supplementary Fig-
ure 15). Consistently, coimmunofluorescence staining of β-
catenin and PI16 revealed an increase of β-catenin and PI16 colo-
calization levels in SSc skin compared with controls (Supplemen-
tary Figure 16). In summary, these results suggest that the PI16+
fibroblasts show a particular relocation to the papillary dermis in
SSc and are associated with increased WNT/β-catenin signaling.

DISCUSSION

Here we show for the first time that the physiologic gradient of
WNT/β-catenin signaling is perturbed in SSc skin along with ana-
tomic changes of the papillary and reticular dermis and
with changes in the spatial distribution of specific fibroblast subsets.

In human adult healthy skin, the activation of WNT/β-catenin
signaling is spatially distinct with increased activation of
WNT/β-catenin signaling in the papillary dermis compared with
the reticular dermis. In contrast to healthy skin, the activation of
WNT/β-catenin signaling is exaggerated throughout the dermis
in involved skin of patients with SSc, and the gradient of WNT/β-
catenin activation between the papillary and the reticular dermis
is lost. This is paralleled by a reticular skin phenotype in SSc with
reduced number, size, and height of dermal papillae and the pre-
dominance of a reticular gene expression profile. Of note, PI16+
fibroblasts show a particular enrichment for both reticular marker
genes and genes related to the regulation of WNT/β-catenin sig-
naling and they are spatially enriched in the papillary dermis in
SSc. These results suggest that PI16+ fibroblasts might contrib-
ute to the disruption of the skin layers in SSc.

Our findings could have potential implications for future
therapeutic approaches. Dermal papillae contain sensitive skin

Figure 4. Analysisof fibroblast populations in relation to thepapillary and reticular dermis inSSccomparedwithcontrols. (A)Meanexpressionof reticular
marker genes in fibroblast populations definedbasedon small conditional RNA inSSccomparedwith control. AdjustedP values using theBonferroni cor-
rection are shown. (B) Immunofluorescence staining for PI16 (magenta) and thepan-fibroblastmarkerP4Hβ (green) of nondiseasedcontrol individuals (n=
5) and patients with SSc (n = 4). Representative pictures are shown at 200-fold magnification. Data presented as median ± interquartile range. Statistical
significance was determined byMann-Whitney U-test. P < 0.05was considered significant. (C) NES of gene sets in a PI16-positive fibroblast cluster. ctrl,
control; GSEA, gene set enrichment analysis; NES, normalized enrichment score; SSc, systemic sclerosis; UMAP, uniform manifold approximation and
projection. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43094/abstract.
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structures including vessels, nerve endings, mechanosensory
corpuscles, hair bulbs, and skin adnexa. In addition, dermal papil-
lae increase the skin surface and have a function in mechano-
transduction themselves. Loss of the dermal papillae during fibrotic
skin remodeling in SSc is thus not only associated with disrupted
skin anatomy but also skin malfunction. Current state-of-the-art
medications used to treat skin fibrosismostly aim at reduction of pro-
gression of the fibrotic disease burden. Beyond that, future therapeu-
tic approaches could aim at restoration of the normal skin structure in
patients with SSc. This is further supported by a short-term clinical
trial that showed that a topical WNT/β-catenin inhibitor could pro-
mote fat tissue regeneration in SSc skin,38 suggesting that local tar-
geting of WNT/β-catenin signaling may help to recover aspects of
the physiologic tissue structure. The identification of dysregulated
fibroblast populations that could specifically be targeted, whereas
physiologic populations that remain unaffected might contribute to
this approach. Based on our results, targeting PI16+ positive fibro-
blasts could be an interesting target; however, further functional
experiments to better characterize this population would need to be
performed as discussed in the following paragraph. Moreover, our
results underline that the delicate balance of spatially distinct pathway
modulation might be considered for restoring skin integrity in fibrosis
disorders.

Our study has limitations. The human papillary skin structure
is not sufficiently reflected in rodent skin models and advanced
in vitro models showing a papillary dermis structure are not avail-
able at the time of the submission. Thus, functional experiments
are limited and further studies to model the adult human dermal
structure are needed to substantiate our findings.
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Genetic Architecture of Idiopathic Inflammatory
Myopathies From Meta-Analyses
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Objective. Idiopathic inflammatory myopathies (IIMs, myositis) are rare systemic autoimmune disorders that lead
to muscle inflammation, weakness, and extramuscular manifestations, with a strong genetic component influencing
disease development and progression. Previous genome-wide association studies identified loci associated with IIMs.
In this study, we imputed data from two prior genome-wide myositis studies and analyzed the largest myositis data set
to date to identify novel risk loci and susceptibility genes associated with IIMs and its clinical subtypes.

Methods. We performed association analyses on 14,903 individuals (3,206 patients and 11,697 controls) with
genotypes and imputed data from the Trans-Omics for Precision Medicine reference panel. Fine-mapping and expres-
sion quantitative trait locus colocalization analyses in myositis-relevant tissues indicated potential causal variants.
Functional annotation and network analyses using the random walk with restart (RWR) algorithm explored underlying
genetic networks and drug repurposing opportunities.

Results. Our analyses identified novel risk loci and susceptibility genes, such as FCRLA, NFKB1, IRF4, DCAKD,
and ATXN2 in overall IIMs; NEMP2 in polymyositis; ACBC11 in dermatomyositis; and PSD3 in myositis with anti–histi-
dyl–transfer RNA synthetase autoantibodies (anti–Jo-1). We also characterized effects of HLA region variants and the
role of C4. Colocalization analyses suggested putative causal variants in DCAKD in skin and muscle, HCP5 in lung,
and IRF4 in Epstein-Barr virus (EBV)-transformed lymphocytes, lung, and whole blood. RWR further prioritized addi-
tional candidate genes, including APP, CD74, CIITA, NR1H4, and TXNIP, for future investigation.

Conclusion. Our study uncovers novel genetic regions contributing to IIMs, advancing our understanding of myo-
sitis pathogenesis and offering new insights for future research.

INTRODUCTION

Idiopathic inflammatory myopathies (IIMs), characterized by
chronic muscle weakness and muscle inflammation, are rare

heterogeneous autoimmune diseases.1,2 The underlying patho-
genesis of myositis involves genetic components, which increase
susceptibility to environmental insults and can confer an elevated
risk of the disease.3
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Genome-wide association studies (GWAS) have emerged as
powerful tools for elucidating the genetic basis of complex condi-
tions, including myositis. Recent GWAS investigations have
highlighted the involvement of genetic variants within the HLA
region, contributing to the risk of myositis.4 Several alleles
included in the 8.1 extended haplotype, which encompasses loci
in class I, II, and III regions, have been associated not only with
increased susceptibility to IIMs but also with other autoimmune
disorders, such as rheumatoid arthritis, systemic lupus erythema-
tosus, and Hashimoto thyroiditis in populations of European
ancestry. Furthermore, variants in non-HLA loci, such as
PTPN22, STAT4,5 SDK2, LINC00924, NAB1,6 and C4A
deficiency,7,8 have been implicated in the pathogenesis of myosi-
tis; however, the lower number of patients and controls available
in previous studies has limited novel discoveries and our ability
to gain a comprehensive understanding of the genetic architec-
ture of myositis.

To address these limitations and enhance our understanding
of the underlying pathogenesis of myositis, we conducted meta-
analyses, which combined two studies providing a total of 14,903
individuals of European descent, including 3,206 patients with
myositis and 11,697 healthy controls. By integrating data frommul-
tiple cohorts, we confirmed known signals and discovered 10 novel
associations for myositis and its clinical subtypes. Additional anal-
ysis with the complement C4 system provided insights into the
relative impacts of HLA and C4 genes on disease susceptibility.
Fine-mapping and expression quantitative trait locus (eQTL)
colocalization suggested specific disease-associated genetic
variants within the identified risk loci, highlighting their role in
gene expression modulation in myositis-related tissues. We also
constructed multiplex networks based on biologic pathways of
susceptibility markers to explore potential risk candidate genes
by using a random walk with restart (RWR) algorithm, which pro-
vided insights for hypothesis generation in future myositis
research and offered potential avenues for targeted therapies
and precision medicine approaches.

MATERIALS AND METHODS

Study populations. Samples from the Immunochip
data set5 (7,486 controls, 2,688 patients) and an earlier GWAS

data set4 (4,712 controls, 1,710 patients) were obtained from
the Myositis Genetics Consortium (MYOGEN).4–6 Subtypes of
patients included in the overall analyses of the IIM group (total
IIMs) were polymyositis (PM), dermatomyositis (DM), juvenile poly-
myositis, juvenile dermatomyositis (JDM), antisynthetase syn-
drome, inclusion body myositis (IBM), and necrotizing myopathy.
Patients were selected based on the classification criteria in the
previous studies.4–8 Analyses were performed on clinical sub-
types comprising PM, DM, JDM, and myositis with anti–histidyl–
transfer RNA synthetase autoantibodies (anti–Jo-1), which made
up the largest numbers of subsets of patients.

Genotyping, quality control, and imputation. For
each data set, samples without clinical information or misdiagno-
ses were excluded. The genotyping data were converted to
GRCh38 positions using University of California, Santa Cruz’s
(UCSC) liftOver tool. Chromosome X was excluded from the anal-
yses because of its absence in the GWAS data set. Single-
nucleotide polymorphisms (SNPs) with a call rate <95% were
removed. Individuals with >5% missing genotypes were
excluded. Variants deviating from Hardy–Weinberg equilibrium
(HWE) in controls (P < 10−6) and in patients (P < 10−10) were
removed before imputation. Relatedness was checked using the
KING-robust kinship estimator.9 Duplicates or related individuals
(kinship > 0.12) within each data set were excluded to reduce cor-
relations among participants. Principal components analysis
(PCA) in the GWAS data set was performed using PLINK 1.9.10

In the Immunochip data set, PCA was calculated using ancestry
inference using PCA and spatial analysis11 based on the HapMap
III reference panel (Supplementary Information). Outliers identified
based on the PCA were removed from further analyses
(Figures S1 and S2). In the meta-analyses, for closely related indi-
viduals between data sets (kinship > 0.15) and any duplicates
between the two data sets, the data from the Immunochip data
set were retained (Figure S1).

To expand the coverage of our investigation, genotypes from
the arrays were imputed separately against the Trans-Omics for
Precision Medicine reference panel.12 SNPs located within 28 to
34 Mb on chromosome 6 were selected for HLA imputation
against the multiethnic HLA reference panel (version 2.0 2022).13

Variants with imputation quality r2 < 0.6, minor allele frequency
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(MAF) < 0.005, and postimputation HWE P < 10−6 in controls
were excluded from further analyses. C4 alleles were imputed
against the European population from HapMap III, according to
the imputec4 protocol.14 The Supplementary Information pro-
vides further detail on data processing.

Statistical analyses. Association analyses were conducted
on genotyped and imputed data from both controls and myositis
patients, including the total myositis (n=3,206 patients); DM
(n = 1,131 patients), JDM (n = 645 patients), PM (n = 1,094
patients) subtypes, and myositis with anti–Jo-1 (n = 388 patients)
using SNPTEST 2.5.615 (-method expected), with adjustments for
population variation based on the PCAs as described in the
Supplementary Information. Inverse-variance fixed-effects meta-
analyses and sex-stratified analyses for the total IIMs and sub-
types were then performed using METASOFT.16 To identify
independent and secondary signals, we implemented stepwise
conditional and joint association (COJO) analyses using
GCTA v1.94.17 Interaction analyses were performed to assess
potential differences by sex and across subtypes, including
PM, DM, and JDM. In the HLA region, meta-analyses were con-
ducted on the genotyped and imputed HLA data. Additionally,
C4 association analyses, along with COJO analyses of both C4
and HLA variants, were performed using R. Model details and
parameters are provided in the Supplementary Information.

Fine-mapping and colocalization analyses. susieR is a
Bayesian approach that evaluates multiple causal signals in a region
simultaneously based on the Sum of Single Effects (SuSiE) regres-
sion framework. We identified 95% credible sets within the non-
HLA region and 99% credible sets for the HLA region and subse-
quently computed the posterior inclusion probability (SNP.PIP) of
causality. The colocalization analyses of meta-analyzed data and
eQTL studies were performed using the coloc 5.2.1 R package.18

We selected eQTL studies of five myositis-associated tissue types
from the Genotype-Tissue Expression v8,19 including Epstein-Barr
virus (EBV)-transformed lymphocytes (n = 147), skin without sun
exposure (n = 517), whole blood (n = 670), lung (n = 515), and
skeletal muscle (n = 706) for 32 myositis-associated SNP signals.
Specifically, we studied 60 analyses for the total IIM group, 25 for
the PM group, 35 for the DM group, 15 for the JDM group, and
25 for the anti–Jo-1 group. Colocalization in specific tissue
was considered when the posterior probability of shared causal var-
iants in meta-analyzed myositis data and tissue-specific eQTL
(PP.H4) exceeded 80%, with the identified variants residing in
90% credible sets. Details of the fine-mapping and colocalization
analyses are described in the Supplementary Information.

Annotation and enrichment analyses. Significantly
associated variants were annotated using ANNOVAR20 based
on the GRCh38 UCSC refGene and FAVOR.21 For intergenic var-
iants, their corresponding nearest upstream and/or downstream

genes were reported. The RegulomeDB 2.222,23 was used to
annotate variants and assess potential regulatory impact. This
database integrates information such as histone sequencing,
DNase hypersensitivity footprints, transcription factor chromatin
immunoprecipitation followed by sequencing (ChIP-seq), chro-
matin accessibility, and position weight matrix information (motif )
to assign probability scores and rank the variants based on their
likelihood of regulatory significance. The Gene Set Analysis Toolkit
(WebGestaltR)24 was used to perform functional enrichment. We
report the results with false discovery rate (FDR) < 0.05.

RWR on multiplex networks. RWR algorithm. Network
propagation has been widely applied in genetic analyses to priori-
tize potential genes based on biologic networks of risk markers.25

RWR is a network propagation algorithm in which an iterative stim-
ulate starts from seed nodes and traverses the network with a
probability to move to adjacent nodes or back to the seed nodes.
Upon reaching convergence, nodes are ranked based on their level
of connection to the seed nodes (rank scores). Nodes with higher
rank scores indicate stronger connections, suggesting their impor-
tance in the disease-related networks. In our study, genes or pro-
teins represent nodes, and biologic interactions denote edges.
We adapted the RWR algorithm on multiplex networks,26 with the
modifications detailed in the Supplementary Information. Disease
genes reached suggestive significant threshold (P = 1 × 10−5) from
the COJO analyses served as seed nodes, with -log10(P) as the ini-
tial score. We used the default settings for the transition probability
δ, the restart probability 1-α, and the restart probability of a given
layer t. Multiplex network patterns were evaluated by permutation
test. We reported the top 50 candidates with P < 0.05.

Construction of multiplex network. For the total IIMs and
each clinical subgroup, we built their corresponding multiplex net-
works. Each layer of the multiplex network was composed of
genes or proteins from the protein–protein interaction network,
pathways from the KEGG databases, and coexpression RNA
sequencing data. The multiplex network details are available in
the Supplementary Information.

Data and code availability. The data, housed at Baylor
College of Medicine, are part of the MYOGEN consortium and
are available for collaboration through the network. Software,
packages, and code used for the study can be found in the
Supplementary Information.

RESULTS

The heritability of IIMs was estimated at 25% excluding the
major histocompatibility complex (MHC) region and 59% when
including it based on meta-analyzed GWAS and Immunochip
data. This indicates a significant genetic component for myositis.
To identify genetic risk factors, we performed analyses on total
myositis and clinical subtypes, as detailed in Figure 1.
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Novel risk loci in myositis and subtypes identified
by meta-analyses. We conducted meta-analyses for the total
IIMs and subtypes to identify genome-wide significant signals.
Many significant signals within risk loci are highly correlated
because of linkage disequilibrium (LD), which complicates causal
inference and functional interpretation. To elucidate the genetic
pattern between correlated signals and distinguish independent
variants that contribute to myositis, we employed a stepwise
model that executed iterative COJO analyses. This approach
captured the combined effects of multiple conditionally indepen-
dent variants within a risk locus and allowed discoveries of addi-
tional novel variants (detail in Supplementary Information).

Our analyses showed that the majority of genome-wide sig-
nificant signals (P < 5 × 10−8) are within the HLA region, confirm-
ing that HLA alleles are the strongest genetic risk factors for
overall IIM and its subtypes. In addition, we identified several
significant associations outside the HLA region (Figure 2, Table 1,
Table S1).

In the total IIMs (Figure 2A), an intergenic variant near HLA-
DRB1/HLA-DQA1 (rs535777, P = 3.78 × 10−106, odds ratio [OR]
2.327) was the most significant signal within the HLA
(Figures S3A and S4G). Outside the HLA region, we discovered
novel variants within the total IIMs group and its subtypes and
confirmed previously reported associations. STAT4 (rs4853540,
P = 5.93 × 10−9, OR 0.808) showed higher significance in our
analysis compared to previous studies (Figure 3B and
Figure S4B). We also identified a novel intronic locus in NFKB1

(rs230514, P = 3.86 × 10−8, OR 1.185) (Figure 3C and
Figure S4C). An independent signal rs12203592 in IRF4 outside
the HLA region on chromosome 6 was significant for total IIMs
(P = 8.41 × 10−18, OR 1.439) (Figure 3D and Figure S4D). Several
novel variants in the noncoding region showed genome-wide
significant associations with myositis, including signals near
GJA1 and HSF2 (rs7754730, P = 1.47 × 10−9, OR 1.189), PINX1
(rs113538396, P = 1.57 × 10−10, OR 3.081), ATXN2
(rs35350651, P = 3.30 × 10−9, OR 0.843), and DCAKD

Figure 1. Overview of the study. Genotypes from GWAS and Immunochip data sets are imputed after quality control. Meta-analyses are per-
formed. Independent lead variants are then identified using multi-SNP-based COJO analyses on the results of meta-analyses. We also investigate
credible sets of causal variants and prioritize additional candidate genes via RWR on multiplex networks. Each multiplex network integrates three
different biological networks, including coexpression, KEGG pathway, and PPI. Leveraging the results of COJO analyses and RWR, we perform
gene set enrichment analyses and explore potential drug repurposing opportunities. The figure was created with BioRender. GWAS, genome-
wide association studies; nTPM, normalized transcripts per million; SNP, single-nucleotide polymorphism.
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(rs9898793, P = 1.65 × 10−9, OR 1.252) (Figure 3E–H and
Figure S4I–L). Near FCRLA, a novel intergenic locus (rs6668534,
P = 5.39 × 10−8, OR 0.826) (Figure 3A and Figure S4A) was sug-
gestively associated with total IIMs.

In analyses stratified by clinical subtypes, we identified some
subset-specific and novel findings. In the PM subgroup
(Figure 2B), we confirmed a previously identified risk variant of
PTPN22 (rs2476601, P = 5.70 × 10−10, OR 1.503) and identified
a novel risk locus in NEMP2 (rs74925618, P = 4.52 × 10−9, OR
1.804) (Figure 4A and Figure S5B). In the MHC region, the most

significant signal was an intergenic variant near MICA/
LINC01149 (rs3132473, P = 6.88 × 10−68, OR 2.772)
(Figures S5D and S6). For DM (Figure 2C), the strongest signal
came from HCP5/HCG26 (rs3131617, P = 1.56 × 10−44, OR
2.306) (Figures S7D and S8A). Non-HLA intronic variants in
ABCB11 (rs145940036, P = 4.91 × 10−8, OR 3.172) and in PINX1
(rs113538396, P = 5.22 × 10−9, OR 3.868) reached the genome-
wide significance threshold in DM (Figure 4B and D and
Figure S7A and G). Additionally, rs12203592 in IRF4 was also sig-
nificantly associated with both DM (P = 1.69 × 10−9, OR 1.471)

Figure 2. Manhattan plots of the total IIMs and subtypes of myositis. Signals reaching genome-wide significance level (P = 5 × 10−8, red line) are
highlighted in green. The most significant signal at each risk locus is annotated. The locus at chromosome 6 is truncated at -log10(P) = 20. The
arrow points to the most significant signal, with its P value in each plot. (A) Total IIMs: total myositis. (B) PM. (C) DM. (D) JDM. (E) Anti–Jo-1
autoantibody–positive myositis. DM, dermatomyositis; IIMs, idiopathic inflammatory myopathies; JDM, juvenile dermatomyositis; PM, polymyosi-
tis. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43088/abstract.
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Figure 3. Regional plots of the most significant novel signals outside the HLA region in the total IIMs. The purple diamond indicates the index
SNP. Variants imputed in both studies are represented by downward-pointing triangles, whereas those genotyped in at least one study are indi-
cated by upward-pointing triangles. The color of each variant indicates the approximate value of the LD squared coefficient of correlation (r2)
between the index SNP and the corresponding variant. Index SNPs are (A) rs6668534 in FCRLA at chromosome 1; (B) rs4853540 in STAT4 at
chromosome 2; (C) rs230514 in NFKB1 at chromosome 4; (D) rs12203592 in IRF4 at chromosome 6; (E) rs7754730 in GJA1 and HSF2 at chro-
mosome 6; (F) rs113538396 in PINX1 at chromosome 8; (G) rs35350651 in ATXN2 at chromosome 12; and (H) rs9898793 in DCAKD at chromo-
some 17. IIMs, idiopathic inflammatory myopathies; LD, linkage disequilibrium; OR, odds ratio; SNP, single-nucleotide polymorphism. Color figure
can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43088/abstract.
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and JDM (P = 9.58 × 10−9, OR 1.578) (Figure 4C and E). In JDM,
the strongest signal observed was near HLA-DRB5/HLA-DRB6
(rs1894553, P = 2.24 × 10−18, OR 1.894) at the HLA region
(Figure 2D and Figures S7K and S9A).

In the anti–Jo-1 group, in addition to the strongest signal in
HCP5 (rs3132090, P = 1.75 × 10−84, OR 5.643) (Figure 2E and
Figures S5F and S10A) located within the HLA region, a non-
HLA risk locus in PSD3 (rs6991531, P = 5.01 × 10−9, OR 4.229)
was significantly associated with anti–Jo-1 myositis (Figure 4F
and Figure S5J).

Sex-stratified analysis showed similar effect sizes in women
and men, except a slightly stronger effect for IRF4 in men. Formal
analysis of sex interactions did not reveal significant differences in
the identified signals between men and women, except for IRF4
in the DM group, in which the effect was also marginally stronger
in men (Tables S2 and S3). Pairwise interaction analyses among
DM, JDM, and PM suggested that many of the identified variants
have distinct effect sizes across subtypes and contribute to
subtype-specific disease risk (jZweighted j > 1.96) (Table S4). The

variant in PTPN22 was significant in the interaction test across

Figure 4. Regional plots of the most significant novel signals outside the HLA region in PM, DM, and myositis with anti–Jo-1. The purple diamond
indicates the index SNP. Variants imputed in both studies are represented by downward-pointing triangles, whereas those genotyped in at least one
study are indicated by upward-pointing triangles. The color of each variant corresponds to the approximate value of the LD squared coefficient of cor-
relation (r2) between the index SNP and a given variant. Index SNPs are (A) rs74925618 in NEMP2 in PM; (B) rs145940036 in ABCB11 in DM;
(C) rs12203592 in IRF4 in DM; (D) rs113538396 in PINX1 in DM; (E) rs12203592 in IRF4 in JDM; and (F) rs6991531 in PSD3 in anti–Jo-1. DM, der-
matomyositis; JDM, juvenile dermatomyositis; LD, linkage disequilibrium; OR, odds ratio; PM, polymyositis; SNP, single-nucleotide polymorphism.
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43088/abstract.
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different subtypes, with a larger effect or stronger association in
PM compared to JDM and adult-onset DM, consistent with previ-
ous observations.27 IRF4 showed significant differences between
JDM and other subtypes, with a higher OR in JDM compared to
DM and total IIMs in the meta-analysis. This suggested that IRF4
may play a more pivotal role in JDM, contributing to the significant
interaction observed when comparing JDM with other subtypes.
Variants in ABCB11 and PINX1 in the interaction tests between
DM and JDM were not significant. The lack of significance may
be due to low MAF of the variants, which could limit the power
to detect associations and subtle differences in variant effects
between subtypes.

Within the HLA region, an additional variant in the noncoding
RNA locus in TSBP1-AS1 (P = 2.71 × 10−40, conditional P [pC] =
9.06 × 10−9, OR 1.487) was jointly significant within the HLA
region in total IIMs (Table S5 and Figure S3) after conditioning on
top signals. Variants that reached the suggestive threshold (P =
1 × 10−5) in autosomal regions of total IIMs and subtypes were
reported (Table S6).

Roles of HLA variants and C4 as risk factors. To inves-
tigate the genetic architecture of myositis in the HLA region, we
conducted HLA COJO analyses on the imputed HLA data. These
analyses confirmed previously reported signals in the MHC class I
and class II regions (Figure S11) and identified novel associations,
such asHLA-DRB1*16:01 (pC = 1.57 × 10−8) in the DM group after
conditioning on the previously reported HLA-B*08:01 allele. Addi-
tional HLA risk loci rs1265764 in TSBP1-AS1 and rs116312062
in HLA-DRB6 were also genome-wide significant (Table S7). The
list of HLA alleles and HLA amino acids that reached the genome-
wide significant threshold is shown in Table S8. We then further
studied the MHC class III region, calculating the mean and SE of
imputed dosages of C4 genes (C4A, C4B, C4L, and C4S) in both
patients and controls. Patients showed lower levels of C4A and
C4L compared to controls (Table S9). C4A and C4L were strongly
correlated, as wereC4B andC4S (Figure S12). Significant associa-
tions of C4A and C4L with myositis were found across total IIMs
and subtypes (Table S10). Additionally, COJO analyses of HLA var-
iants and C4 genes suggested that HLA-DRB1*03:01 remained
the strongest HLA risk allele in total IIMs, and HLA-B*08:01 with
rs116312062 were significant in PM and anti–Jo-1 groups. After
accounting for effects from C4A or C4L, rs126574 and HLA-
DQA1*05:01 were no longer significant, suggesting these associa-
tions are due to LD with C4A or C4L (Table S11).

Credible sets of causal variants pinpointed by fine-
mapping and eQTL colocalization analyses. Discoveries
from the COJO analyses provided significant insights into the
involvement of novel genetic risk loci in the underlying pathogene-
sis of myositis. To gain more perspective into the causal variants
within the identified risk loci, we employed a Bayesian fine-
mapping approach to identify candidates with potential direct

effects on disease phenotypes. The fine-mapping analyses
yielded multiple 95% credible sets (99% for the HLA region), with
each set containing a distinct group of variants with an assigned
SNP.PIP of causality (Table S12). The SNP.PIP of each variant in
a credible set indicates its likelihood of being causal within a spe-
cific risk locus. We reported candidate variant with the highest PIP
in each credible set from the fine-mapping analyses (Table S13).
Most of the highly probable causal variants were the lead variants
detected from the COJO analyses. Fine-mapping identified
rs535777 near HLA-DRB1 as a top potential variant in causal
credible sets for total IIMs and anti–Jo-1 in the HLA region. This
variant confers a strong regulatory impact in the MHC class II
region according to the RegulomeDB annotation (rank = 1b,
probability = 1).

To assess the likelihood that genetic variants are causally
related to disease phenotypes and gene expression in myositis-
related tissues, we performed colocalization analyses and identi-
fied credible sets of variants (Table S14). The colocalization poste-
rior probability of rs12203592 in the total IIMs, DM, and JDM
indicated plausible shared causality in both the meta-analyzed
myositis data and the expression level of IRF4 in EBV-transformed
lymphocytes (PP.H4 = 0.990, SNP.PIP = 1.000), lung (PP.H4 =
1.000, SNP.PIP = 1.000), and whole blood cells (PP.H4 =
1.000, SNP.PIP = 1.000) (Figure 5A). rs12950988 in DCAKD

was the lead variant in the credible sets of total IIMs colocalization
analysis in skeletal muscle (PP.H4 = 0.984, SNP.PIP = 0.928) and
skin tissue (PP.H4 = 0.970, SNP.PIP = 0.428) (Figure 5B). We
also observed colocalization of eQTLs for HCP5 in lung tissue
with both total myositis and DM. The most likely causal variants
associated with these colocalization credible sets are rs3132090
for the HCP5 eQTL with total myositis (PP.H4 = 0.902, SNP.PIP
= 0.442) and rs3131618 for the HCP5 eQTL with DM (PP.H4 =
0.945, SNP.PIP = 0.651) (Figure 5C).

Candidate genes and potential drug repurposing
targets identified by RWR through biologic networks.
To provide more comprehensive insights into the genetic archi-
tecture of myositis and support future research, we performed
network propagation with the RWR algorithm. This approach pri-
oritizes candidate genes based on the functional connectivity of
disease-associated genes within related biologic pathways.
RWR on multiplex networks that integrate various biologic data
sets (Table S15) enables robust and comprehensive analyses,
capturing the global network topology while preserving individual
network properties. Additional candidate genes were identified
within each clinical group (Table S16 and Figure S13) based on
their strength of connectivity to disease genes.

Notably, several genes belonging to nuclear transcription
factor Y, including NFYA, NFYB, NFYC, RFX, and the transmem-
brane protein family, ranked as top candidates in the overall myositis
group. CIITA, APP, and CD74 were also the leading candidates
across multiple groups. Gene set overrepresentation analyses of
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Figure 5. eQTL colocalization analyses within risk loci in significant tissues. Regional plots and plots of Z-score from eQTL studies versus meta-
analyses of (A) IRF4 in total IIMs, DM, and JDM. eQTL variants from ENSG00000137265.IRF4. circle (right panel): top variant in credible sets of meta-
analyses, eQTL, and colocalization. (B) DCAKD in total IIMs. eQTL variants from ENSG00000172992.DCAKD. circle (right panel): top variant in credible
sets of meta-analyses; triangle (right panel): top variant in credible sets of eQTL and colocalization. (C) HCP5 in total IIMs and DM. eQTL variants from
ENSG00000206337.HCP5. circle (right panel): top variant in credible sets of meta-analyses and DM colocalization; triangle (right panel): top variant in
credible sets of eQTL; square (right panel): top variant in credible sets of total IIMs colocalization. Purple diamond: LD index. SNP.PP.H4: the probability
of colocalization for the credible set. Only common variants between meta-analyses and eQTL are analyzed. DM, dermatomyositis; EBV, Epstein-Barr
virus; eQTL, expression quantitative trait locus; IIMs, idiopathic inflammatory myopathies; JDM, juvenile dermatomyositis; LD, linkage disequilibrium;
SNP, single-nucleotide polymorphism. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/
art.43088/abstract.
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candidate and disease gene sets showed enrichment in immune-
related processes and signaling pathways, prioritized for future inves-
tigation based on statistical significance (Figure S14). To explore the
potential for drug repurposing in myositis, we also investigated if
any disease (Table S6) and additional candidate genes (Table S16)
from RWR were targets of drugs on the market according to the
DrugBank database.28 Potential treatments are listed in Table S17.

DISCUSSION

In our study, we explored the genetic architecture underlying
myositis to gain a deeper insight into the genetic basis of IIMs. Our
meta-analyses on 15,350 individuals of European descent identi-
fied novel genetic risk loci within and outside the HLA region in
overall IIMs and subtypes.

In the total IIMs group, the OR of minor alleles in FCRLA,
STAT4, and ATXN2 suggested their protective effects against
myositis. rs4853540 in STAT4, which targets the interferon regu-
latory factor 7 motif, may enhance transcription activity, as indi-
cated by H3K4me1 and H3K27ac, in both T cells and B cells,
suggesting its critical role in modulating immune responses
(Figure S15A). rs35350651 within the 30-untranslated region (30-
UTR) of ATXN2 potentially regulates the highly conserved DNA-
binding motif in the AT-rich interaction domain subfamily ARID3A,
which is associated with autoimmune diseases29,30 and neuro-
muscular diseases, including diseases with similarities to IBM
(eg, amyotrophic lateral sclerosis [ALS]),31 possibly through his-
tone modification (Figure S15B). Future studies are needed to fur-
ther understand mechanisms by which these variants may
influence risk for IIMs development.

Through COJO analyses, rs12203592 in IRF4, genotyped in
the Immunochip data set, was significant in the association study
of the Immunochip data set and the meta-analyses of total, DM,
and JDM groups, but not in the GWAS, where it was imputed.
IRF4 is associated with pigmentation, and its allele prevalence varies
across European populations.32 Based on fine-mapping and colo-
calization analyses, rs12203592 might contribute to both the risk of
myositis and gene expression levels in EBV-transformed lympho-
cytes, lung, andwhole blood cells, but further studies in more homo-
geneous populations would be helpful. The novel genetic locus
around DCAKD, rs9898793, with high posterior probability and in
LD with the additional putative causal variant rs12950988, might
modify regulatory elements, influencing DCAKD expression in skele-
tal muscle and skin tissue. rs3132090 near the HCP5 locus was
identified as the top variants in the colocalized credible sets for lung
tissue in total myositis, and rs3131618 was the top variant in the
colocalized credible sets in DM. Variants in the 30-UTR proximal to
the HCP5 loci have been associated with myositis.33 The novel vari-
ant rs3132090, upstreamof the transcription start site ofHCP5, may
influence DNA-binding motifs in the TFAP2 members, including
TFAP2A, TFAP2B, and TFAP2C, potentially modulating the expres-
sion of multiple targets (Figure S15C). Fine-mapping analyses also

identified rs535777, a putative causal variant with regulatory impacts
on nuclear receptor NR1H3 and SIX1 in various immune cell types,
such as CD4+ T cells (Figure S15D), which are related to autoim-
mune diseases and inflammatory processes.34,35

When conducting stratified analysis based on clinical sub-
types, we revealed distinct risk loci specifically associated with
each subtype. In the PM group, rs74925618 in NEMP2 was sig-
nificant. NEMP2 encodes a nuclear envelope integral membrane
protein, suggesting a potential role in signaling pathways that
might influence PM risk. PINX1, associated with total IIMs and
DM, has also been linked to other autoimmune diseases in
European ancestry.36 In addition to subtype analyses, we investi-
gated myositis with anti–Jo-1, the most common myositis-
specific autoantibody. Despite the limited sample size in the
anti–Jo-1 myositis group, rs3132090 near HCP5 showed
the strongest association among the subtype-specific signals.
Outside the HLA region, PSD3 had broader OR ranges, likely
due to the small anti–Jo-1 sample size and low allele frequencies.
Larger patient cohorts or combining with other anti-aminoacyl
transfer-RNA-synthetases (anti-tRNA) autoantibodies could pro-
vide more compelling evidence for these novel signals. Certain
subgroups, such as IBM, had insufficient sample sizes to support
genetic analyses. Future studies with expanded cohorts are nec-
essary to investigate these important but rarer subtypes. Another
limitation of the study is the limited density of genotypes available
in the arrays that we studied. In particular, three SNPs had limited
support from nearby genotyped SNPs. The PINX1 variant
(rs113538396) was imputed in both data sets, and the IRF4
(rs12203592) and GJA1 (rs7754730) variants were genotyped
only on the Immunochip data set. Further studies that directly
genotype additional SNPs around these variants will help to vali-
date these findings.

By exploring the impact of C4 located within the MHC class
III region, we showed that patients had fewer copies of C4A and
C4L than controls, with reduced copy numbers significantly asso-
ciated with total IIMs and subtypes. These observations are con-
sistent with previous studies linking lower copy number
variations of C4A andC4L to increased risks of myositis and other
autoimmune diseases.37,38

The relative contributions of C4 isotypes and HLA variants as
risk factors were also investigated, in addition to the analyses on
HLA-imputed data. COJO analyses were performed, with copy
numbers of each C4 isotype included as predictors to assess
their impact on HLA associations. The strongest HLA alleles,
HLA-DRB1*03:01 in total IIMs and HLA-B*08:01 in PM and anti–
Jo-1, retained statistical significance, indicating their indepen-
dence from C4 as risk factors in myositis. rs1265764 in
TSBP1-AS1, which showed joint significance with other HLA var-
iants in nearly all subtypes, was not significant after conditioning
on C4, suggesting its dependence on C4.

To expand our understanding of the genetic network of myo-
sitis, we prioritized additional candidate genes based on the
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biologic networks of risk markers using RWR. Several RFX genes,
such as RFX5, ranked highly across groups. RFX5 is evolutionary
conservative, and its mutation can disrupt HLA expression, lead-
ing to immunodeficiency.39 CIITA was also among the top candi-
dates, playing an essential role in regulating transcriptional
activity of the HLA class II promoter and, together with NFY and
RFX, affecting the function of the immune system.40–42 CD74
ranked at the top across multiple groups and has been previously
suggested in animal models as a key regulator, binding to migra-
tion inhibitory factor, and a potential therapeutic target in
alphavirus-induced myositis, in addition to its intracellular role
in MHC class II antigen-presenting.43 Another candidate, APP, is
associated with neurodegenerative and neuroinflammatory con-
ditions similar to IBM, such as ALS and multiple sclerosis.44

NR1H4 (FXR) was one of the leading candidates in
DM. Experiments have shown that overexpression of NR1H4
inhibits expression of proinflammatory cytokine in inflammatory
bowel diseases,45 which are associated with DM and possibly
share similar immunopathogenesis.46 TXNIP, a top candidate in
JDM, interacts with the NLRP3 inflammasome, which has been
suggested to be associated with myositis.47 The discoveries from
RWR suggest new avenues for exploration and provide a founda-
tion for future research hypothesis generation. Further investiga-
tions are helpful to understand the contribution and underlying
pathogenicity of these candidate genes in myositis.

Because of the absence of standardized therapeutic guide-
lines for the treatment of IIM, the current therapeutic interventions
for myositis are mainly guided by expert experience, case reports,
and small clinical trials. Medications for myositis primarily consist
of drugs that have received approval for other conditions and are
used off-label in myositis.48 To explore the potential for drug
repurposing in myositis, we investigated if any disease and addi-
tional candidate genes from RWR were targets of drugs on the
market. Current medications for myositis, such as human Ig and
rituximab,48 were confirmed in the analyses (Table S17). Antithy-
mocyte Ig (rabbit) and valproic acid have also been investigated
to treat certain autoimmune conditions.49,50 Other medications
targeting the B lymphocyte antigen CD20, serine/threonine-
protein kinase, and dipeptidyl peptidase 4 could also be consid-
ered for potential relevance to myositis treatment. Although our
initial findings suggested possible opportunities for drug repur-
posing in myositis, further investigations and validations are nec-
essary to provide more evidence, ultimately improving patient
outcomes.

Overall, our study has identified novel genetic associations,
providing valuable insights into the genetic architecture underlying
myositis and its clinical subtypes. A limitation of our study is the
variable spacing of SNP data across the genome. Because data
were derived, in part, from the Immunochip data set, which
focused on loci known to influence autoimmune conditions, there
are regions where there are highly significant signals but for which
further studies are needed to identify the most likely locus. Future

studies using denser genotyping or whole-genome sequencing
would help to refine signals in these loci. Nevertheless, integrating
results from the current GWAS studies not only contributes to our
understanding of disease etiology but also helps guide future
investigations and facilitate the development of more efficient
and effective interventions and treatments for these complex
autoimmune disorders.
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Efficacy and Safety of Subcutaneous Abatacept Plus
Standard Treatment for Active Idiopathic Inflammatory
Myopathy: Phase 3 Randomized Controlled Trial

Rohit Aggarwal,1 Ingrid E. Lundberg,2 Yeong-Wook Song,3 Aziz Shaibani,4 Victoria P. Werth,5

and Michael A. Maldonado6

Objective. Our objective was to evaluate the efficacy and safety of subcutaneous (SC) abatacept and standard of
care (SOC) for the treatment of idiopathic inflammatory myopathy (IIM) over 52 weeks.

Methods. In this randomized, double-blind, placebo-controlled phase III trial, patients with treatment-refractory IIM
received SC abatacept (at 125 mg weekly) with SOC (abatacept group) or a placebo with SOC (placebo group). A
24-week double-blind period was followed by an open-label period to assess outcomes from continued therapy with
abatacept and initiation with abatacept (placebo-to-abatacept switch group) from 24 to 52 weeks. The primary end
point was International Myositis Assessment and Clinical Studies definition of improvement (IMACS DOI) at week 24.
Secondary efficacy and safety end points were assessed.

Results. Overall, 148 (double-blind) and 133 (open-label) patients were treated. Baseline demographics were well-
balanced between treatment groups and disease subtypes. At 24 weeks, improvement per IMACS DOI was 56.0% for
the abatacept group and 42.5% for the placebo group (P = 0.083); at 52 weeks, improvement was 69.8% (continued
abatacept) and 69.0% (placebo-to-abatacept switch). The IMACS DOI rate at 24 weeks was greater in the nonderma-
tomyositis (non-DM) group (abatacept: 57.1%; placebo: 32.3%; P = 0.040) than the DM group (abatacept: 55.0%; pla-
cebo: 50.0%; P = 0.679). The observed safety profile was similar in both groups.

Conclusion. The proportion of patients who met improvement criteria after 24 weeks was similar between abatac-
ept and placebo groups. However, analysis by IIM subtype suggested there may be a sustained benefit of SC abatac-
ept for patients with non-DM subtypes.

INTRODUCTION

Idiopathic inflammatory myopathy (IIM) comprises a group of

chronic, systemic autoimmune inflammatory diseases of unknown

etiology that primarily affect skeletal muscle with or without

cutaneous involvement and clinically manifest as muscle weakness

with or without characteristic rashes.1,2 Other organs, such as the

lungs, joints, vasculature, and gastrointestinal tract, are commonly

involved.3 Polymyositis (PM), dermatomyositis (DM), antisynthetase

syndrome, and immune-mediated necrotizing myopathy (IMNM)
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are among the most common subtypes of IIM.2,4,5 Disease-specific
autoantibodies can be detected in approximately 60% of patients
with IIM and are highly specific for subtypes, possibly even predict-
ing clinical and histologic features of the disease.6 The long-term
effects of IIM can lead to significant physical disabilities, organ dam-
age, and increased mortality.7

Treatment for most subtypes of IIM is anchored on the
administration of systemic immunotherapies.8–10 Glucocorticoid
treatment is commonly used as first-line therapy; however,
because of the requirement of high doses and long-term adminis-
tration, it is associated with significant side effects.11 Additional
therapies include conventional synthetic disease-modifying anti-
rheumatic drugs, such as methotrexate or azathioprine, and
gamma globulin.11 The administration of novel targeted therapies
has been reported, but there have been very few large, prospec-
tive, randomized controlled trials in this field.10 Given the paucity
of available treatments, the toxicity of agents such as immuno-
suppressives, and the chronic, debilitating, and potentially life-
threatening nature of the disease, there is a significant unmet
need for safe and effective new therapies in IIM.

Up-regulation of multiple costimulatory molecules, such as
CTLA-4 and CD28, have been identified in the muscle tissue of
patients with IIM.12,13 Along with the expression of major
histocompatibility complex molecules, this aberrant expression
appears to impact normal immunoregulation in muscle and is
associated with dysregulated T cell activity. Abatacept is a recom-
binant fusion protein consisting of the extracellular domain of
human CTLA-4 and a fragment of the Fc domain of human Ig
G1. Native CTLA-4 is a naturally occurring regulatory molecule
that acts as a selective T cell costimulation modulator by binding
to CD80 and CD86 on antigen-presenting cells. The CTLA-4
domain of abatacept blocks CD28 engagement with T cells,
thereby inhibiting full activation of T cells.14 Abatacept has a
well-established history of safety and efficacy in the treatment of
autoimmune diseases, such as rheumatoid arthritis.15,16

Multiple case reports and a small open-label controlled trial
have suggested that abatacept may be effective for the treatment
of patients with refractory IIM.17–22 The Abatacept Treatment in
Polymyositis and Dermatomyositis study (ClinicalTrials.gov:
NCT01315938) demonstrated efficacy of intravenous abatacept
in patients with DM and PM IIM subtypes.23 In this “delayed-start”
study, at the three-month time point after study start, 5 of
10 patients treated with abatacept were responders, compared
with 1 of 7 patients treated with conventional background immu-
notherapies only. The current study evaluated the efficacy and
safety of subcutaneous (SC) abatacept (at 125 mg weekly) in
combination with standard treatment compared to placebo with
standard treatment in patients with active refractory IIM.

PATIENTS AND METHODS

Study design. This was a randomized, double-blind,
placebo-controlled phase III trial (ClinicalTrials.gov: NCT02971683)

of SC abatacept for patients with active, treatment-refractory IIM
(patients for whom standard immunosuppression did not work
in the past). SC abatacept (at 125 mg once weekly) plus standard
of care (SOC) was compared with SOC alone for patients with DM
and non-DM IIM. The study was conducted from May 4, 2017, to
February 8, 2021, at 58 clinical sites in 11 countries.

Here, we report data from the two main periods of the study
(Figure S1). Candidate screening could last up to 28 days. The
24-week double-blind period began when patients were random-
ized (via automated interactive voice response system) in a 1:1
ratio to either abatacept (at 125 mg weekly) with SOC (abatacept
group) or placebo with SOC (placebo group). Study drug admin-
istration was initiated at the time of randomization. At the discre-
tion of the investigator, patients in either treatment group with
worsening disease between weeks 12 and 24 were permitted to
initiate rescue therapy if criteria for worsening disease were met.
Worsening disease was defined as follows: (1) increase of ≥2 cm
on visual analog scale (VAS) for physician global assessment of
disease activity (PhGA), and either a ≥20% worsening in Manual
Muscle Test-8 (MMT-8) score or an increase of ≥2 cm on VAS
for extramuscular global activity assessed on the Myositis Disease
Activity Assessment Tool (MDAAT) compared with baseline; or
(2) any three of the six International Myositis Assessment and Clin-
ical Studies (IMACS) core set measures worsening by ≥30%
compared with baseline on two consecutive visits. IMACS defini-
tion of improvement (DOI) was based on six core measures
(PhGA, patient global assessment of disease activity, MMT-8,
Health Assessment Questionnaire-Disability Index [HAQ-DI],
muscle enzyme levels, and extramuscular global disease activity
as defined by MDAAT extramuscular global activity VAS).24 Res-
cue therapy was given at the discretion of the clinician and
included an increase in dose of current SOC therapy, addition of
a new therapy or change in therapy. Rescue therapy was
restricted to allowable concomitant medication per protocol: glu-
cocorticoids alone, an immunosuppressant (methotrexate, aza-
thioprine, mycophenolate, tacrolimus, or cyclosporine), or a
combination of glucocorticoids and one of the listed immunosup-
pressants. Patients requiring rescue therapy remained anon-
ymized to medication through week 24 and were able to enter
the open-label period.

The open-label period consisted of an additional 28 weeks
(weeks 24–52; Figure S1). At completion of the last double-blind
visit, all patients in the placebo group were eligible to switch to
SC abatacept (at 125 mg weekly) treatment in combination with
SOC for the open-label period. The results summarized here for
the open-label period are presented based on patients’ original
treatment group assignments during the double-blind period
(abatacept or placebo).

This study was conducted in accordance with the ethical
principles originating in the Declaration of Helsinki. The study
received appropriate approval by a central institutional review
board (IRB)/independent ethics committee before initiation. Addi-
tionally, full board approval was obtained from the respective
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governing IRBs and documentation of approval was submitted to
the sponsor before initiating any study procedures. All patients or
their legal representative provided written informed consent.

Consideration was given to the potential impact of the
COVID-19 pandemic to study analyses and interpretations.
Although the pandemic impacted key study visits for some partic-
ipants, no adjustment to the analyses was considered necessary.

Study population. Patients with IIM including DM, PM,
IMNM, juvenile myositis (JM), or overlap myositis subtypes were
eligible for enrollment. Diagnosis was based on the Bohan and
Peter classification criteria.25 A diagnosis of DM required a con-
firmed characteristic rash. PM, IMNM, JM, or overlap myositis
diagnoses had to be confirmed by previous muscle biopsy or a
positive test for ≥1 myositis-specific autoantibody, available from
either previous testing or testing at screening. Inclusion criteria
were age ≥18 years, active treatment-refractory disease with
muscle weakness, and taking background SOC (see Supplemen-
tary Methods).

Active IIM was determined by one of two approaches.
Patient clinical history, clinical evaluation and testing (laboratories
and studies) were reviewed by an independent expert adjudica-
tion committee who were asked to ascertain whether the patient
had clearly active disease. Candidates could meet activity criteria
without committee review if they met any one of these criteria:
currently active myositis-associated rash, recent (within three
months) muscle biopsy, magnetic resonance imaging, or electro-
myogram demonstrating active disease or creatine kinase more
than five times the upper limit of normal (ULN) at screening.
Patients were required to present with muscle weakness defined
as an MMT-8 score ≤135 units at the time of screening. Addition-
ally, eligibility required three of the six IMACS core set measures to
be abnormal according to the following thresholds: MMT-8 ≤125
units; PhGA, or patient global assessment VAS ≥2; HAQ-DI
≥0.5; one or more muscle enzyme ≥1.3 times the ULN; or MDAAT
extramuscular global activity VAS ≥2. Overall eligibility of patients
including diagnosis and disease activity was determined by an
adjudication committee composed of IIM experts who evaluated
patient medical records and adjudication forms submitted by
study sites.

Patients were required to be started on SOC for IIM, defined
as treatment with glucocorticoids and/or one of the following
immunosuppressants: methotrexate, azathioprine, mycopheno-
late, tacrolimus, or cyclosporine. Dosages up to 30 mg/day of
prednisone (or the equivalent) were allowed as SOC. Combina-
tions of nonglucocorticoid immunosuppressants were not permit-
ted during the double-blind period. Patients must have been
taking the same medication(s) for IIM for 12 weeks before ran-
domization (including a stable dosage for at least four weeks
before randomization). Patients receiving azathioprine must have
started at least 24 weeks before randomization (stable dosage
for 12 weeks before randomization). SOC changes were not

allowed in the double-blind phase (except those required for tox-
icity or intolerance) but could be adjusted during the open-label
period. Exclusion criteria are summarized in the Supplementary
Methods; notably, patients with inclusion body myositis, severe
muscle damage, severe pulmonary disease, and administration
of rituximab and Ig within past six and three months, respectively,
were excluded.

Patient and public involvement. Before completing the
protocol, the research team engaged with both patients and
patient advocacy groups for their input on the trial design using
Bristol Myers Squibb’s patient engagement group resources.
Additionally, communications with patient advocacy groups
occurred throughout the study regarding enrollment status. There
was no patient or public involvement in the analysis or reporting of
this study.

Study measures. Efficacy. The primary efficacy end point
was achieving IMACS DOI, based on the six aforementioned core
measures, at week 24 in patients who did not require rescue ther-
apy. Achievement of IMACS DOI was defined as meeting the fol-
lowing criteria: (1) improvement of ≥20% in any three IMACS
core measures, (2) ≤2 IMACS core measure scores worsening
by ≥25%, and (3) MMT-8 score worsening by <25%. All patients
who discontinued study medication before week 24 and/or
received rescue medication at any time during the 24-week
double-blind period (defined as nonresponders) were considered
as not achieving IMACS DOI for the primary analysis.

Secondary end points were mean changes at week 24 in
Myositis Functional Index-2 using three proximal muscle groups
(FI-3, calculated from FI-2 testing), HAQ-DI, extramuscular global
disease activity, and Myositis Response Criteria (MRC) (with Total
Improvement Score [TIS] of ≥20 as minimal improvement).26–28

TIS ranged from 0 to 100, and MRC categories were based on
TIS and categorized per TIS thresholds for minimal, moderate,
and major improvement (≥20, ≥40, and ≥60 points, respectively).

Exploratory end points included IMACS DOI, MRC TIS, mean
changes in FI-3, HAQ-DI, and extramuscular global activity at
week 52. The proportion of patients with minimal, moderate,
and major improvement in disease by MRC score; mean changes
in MMT-8, individual PhGA, and patient global assessment
scores; and Cutaneous Dermatomyositis Disease Area and
Severity Index (CDASI) activity and damage scores were
assessed at weeks 24 and 52.29

Safety. Adverse events (AEs), serious AEs (SAEs), and
deaths were recorded. The safety analyses specified for the week
24 analysis were to be performed for the open-label period.

Statistical analyses. A sample size of 150 patients was
planned based on the primary comparison of the proportion of
patients with IMACS DOI at week 24 between the SC abatacept
and the SC placebo groups on background SOC. With a 1:1
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randomization, this would yield a power of approximately 90% to
detect a treatment difference of 27% in the rate of IMACS DOI
between the treatment groups based on a continuity corrected
chi-square test. Analysis of the primary end point by IIM subtype
(DM vs non-DM) was prespecified.

Efficacy end points were assessed in the intent-to-treat (ITT)
population, which consisted of all patients randomly assigned
and treated (with at least one dose of abatacept or placebo) in
the double-blind period. Efficacy end points were assessed
in the open-label abatacept population, which comprised all
patients treated with at least one dose of abatacept during the
open-label period. Safety end points were assessed in the as-
treated population, which comprised all patients randomly
assigned and treated in the double-blind period or the previously
defined open-label abatacept population. Prespecified analyses
by IIM subtype were performed and reported as overall, DM,
and non-DM (PM and IMNM).

Double-blind period. For the primary end point, the propor-
tion of patients meeting IMACS DOI at week 24 and not requiring
rescue therapy was compared between the abatacept and pla-
cebo groups using a logistic regression model. Point estimates
of the adjusted odds ratios (ORs) of the likelihood of achieving
DOI and not requiring rescue therapy in the abatacept group
compared with the placebo group were calculated with corre-
sponding 95% confidence intervals (CIs) and P values. Secondary
end points were assessed using a longitudinal (repeated mea-
sures) model. Adjusted means, standard errors, and 95% CIs for
the adjusted mean difference between treatment groups were
calculated. Primary end point data for 11 active participants
were not available for week 24. The COVID-19 pandemic

impacted data collection for five patients who were unable to
attend in-person site visits to complete study assessments
because of pandemic-related restrictions; data were missing for
other reasons for six additional patients. No adjustments to the
prespecified analyses were considered necessary.

Open-label period. All patients who were treated during the
open-label period were included in the open-label analysis, which
was performed once all patients completed 52 weeks of study
treatment. No formal statistical testing was conducted for any of
the efficacy analyses. The open-label period analyses were based
on the open-label–treated analysis population and are presented
by patient treatment group during the double-blind period (aba-
tacept or placebo). BMS policy on data sharing may be found at
https://www.bms.com/researchers-and-partners/independent-
research/data-sharing-request-process.html.

RESULTS

Patient disposition, demographics, and disease
characteristics. Overall, 202 patients were enrolled, 149
patients were randomly assigned (75 in the abatacept group and
73 in the placebo group; one patient was randomly assigned
and not treated), and 134 patients (89.9%) completed the
double-blind period and entered the open-label period
(Figure 1). The overall rates of discontinuation were low: 6 patients
(8.0%) and 8 patients (11.0%) in the double-blind period for the
abatacept and placebo groups, respectively (Figure 1). Based
on ITT analysis, these 14 patients were considered nonre-
sponders for the primary end point. None of the enrolled patients

Enrolled
(N=202)

Randomised
(n=149)*

Treated in DB period
(n=148)

Abatacept
(n=75)

Placebo
(n=73)

Completed DB period
and entered OL period

(n=134)

Abatacept
(n=69)

Placebo
(n=65)

Treated in OL period
(n=133)

Abatacept
(n=69)

Placebo-to-abatacept
switch
(n=64)

Completed OL period
(n=116)

Abatacept
(n=58)

Placebo-to-abatacept
switch
(n=58)

Patients not randomised (n=53)
No longer met study criteria, n=46 

Withdrew consent, n=5 

Loss to follow-up, n=1 

Other, n=1 

Patients discontinued DB period (n=14)

Lack of efficacy

Adverse event

Withdrew consent†

Lost to follow-up

Request to discontinue study

Poor/non-compliance

Other

Abatacept Placebo
n=2

n=1

n=1

n=1

n=1

n=2

n=2

n=1

n=1

n=1

n=1

Patients discontinued OL period (n=7)

Lack of efficacy

Withdrew consent †

Lost to follow-up

Request to discontinue study

Abatacept Placebo/abatacept
n=1

n=1

n=1

n=1

n=2

n=1

Figure 1. Patient disposition. *One patient was randomly assigned but not treated, leaving 148 randomly assigned and treated. †Includes
patient request to discontinue treatment and patient withdrew consent. DB, double-blind; OL, open label. Color figure can be viewed in the online
issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43066/abstract.

AGGARWAL ET AL768

https://www.bms.com/researchers-and-partners/independent-research/data-sharing-request-process.html
https://www.bms.com/researchers-and-partners/independent-research/data-sharing-request-process.html
http://onlinelibrary.wiley.com/doi/10.1002/art.43066/abstract


had JM or overlap myositis; therefore, the IIM population only
comprised patients with DM, PM, and IMNM.

The proportions of patients across treatment groups from
each country included in the analysis were similar (Table S1).
Baseline demographics and disease characteristics were similar
across treatment groups (Table 1) and disease subtypes
(Table S2) and were typical for this patient population. Overall,
the mean age of patients was 48.7 (SD ±14.2) years, and the
majority of patients were female (71.6%) and White (56.8%)
(Table 1). Previous and concomitant use of glucocorticoids
and immunosuppressants was comparable between treat-
ment groups; concomitant glucocorticoid and an immunosup-
pressant agent were the most common SOC (Table S3).
Overall, 55.4% of patients in both treatment groups had DM
(Table 1); patients with PM and IMNM comprised the

remainder (abatacept: 25.3% and 21.3%; placebo: 34.2%
and 8.2%, respectively). Patients had significant muscle weak-
ness, with a mean MMT-8 score of 113.0 (SD ±18.1), and
notable active disease indicated by a mean PhGA score of
5.4 (SD ±1.5). However, the mean extramuscular global activity
VAS was low (2.6), and the skin disease activity score was
moderate (mean CDASI activity score 15.5) for both groups.
One patient in each treatment group met the criteria of worsen-
ing disease and received rescue therapy during the double-
blind period; both patients were rescued with an increase in
dose of current therapy and were considered as not achieving
DOI for the primary objective analysis per the protocol.

Open-label period. A total of 133 patients were treated in the
open-label period; 69 patients continued abatacept from the dou-
ble-blind period, and 64 patients switched from a placebo to

Table 1. Baseline demographics and disease characteristics for patients with IIM during the double-blind period
(week 24, intent-to-treat analysis population)*

Characteristic Abatacept (n = 75) Placebo (n = 73) Total (N = 148)

Patients completed treatment, n (%) 69 (92.0) 65 (89.0) 134 (90.5)
Age, mean (SD), yr 49.3 (14.4) 48.1 (14.1) 48.7 (14.2)
Female, n (%) 52 (69.3) 54 (74.0) 106 (71.6)
Hispanic or Latino, n (%) 7 (9.3) 3 (4.1) 10 (6.8)
Not Hispanic or Latino, n (%) 19 (25.3) 19 (26.0) 38 (25.7)
Race, n (%)
White 42 (56.0) 42 (57.5) 84 (56.8)
Black or African American 9 (12.0) 8 (11.0) 17 (11.5)
American Indian or Alaska Native 3 (4.0) 3 (4.1) 6 (4.1)
Asian 10 (13.3) 6 (8.2) 16 (10.8)
Japanese 11 (14.7) 10 (13.7) 21 (14.2)
Other 0 3 (4.1) 3 (2.0)
Unknown 0 1 (1.4) 1 (0.7)

Geographic region, n (%)
North America 26 (34.7) 22 (30.1) 48 (32.4)
South America 18 (24.0) 26 (35.6) 44 (29.7)
Asia 20 (26.7) 16 (21.9) 36 (24.3)
Europe 11 (14.7) 9 (12.3) 20 (13.5)
Others 0 (0) 0 (0) 0 (0)

Disease duration, mean (SD), mo 61.8 (60.2) 58.3 (55.4) 60.1 (57.7)
IIM type, n (%)
DM 40 (53.3) 42 (57.5) 82 (55.4)
PM 19 (25.3) 25 (34.2) 44 (29.7)
IMNM 16 (21.3) 6 (8.2) 22 (14.9)

Disease activity, mean (SD)a

Physician global assessment of disease activityb 5.4 (1.6) 5.4 (1.5) 5.4 (1.5)
Patient global assessment of disease activityb 6.3 (2.1) 6.2 (2.2) 6.2 (2.2)
Extramuscular global activityb 2.4 (2.2) 2.7 (2.4) 2.6 (2.3)

MMT-8 score, mean (SD)a 115.1 (17.1) 110.8 (18.9) 113.0 (18.1)
HAQ-DI score, mean (SD)a 1.5 (0.7) 1.4 (0.7) 1.5 (0.7)
CDASI score, mean (SD)
Activity 15.2 (15.1) 15.8 (13.9) 15.5 (14.4)
Damage 1.8 (3.5) 1.8 (2.9) 1.8 (3.2)

Muscle enzyme, mean (SD), CK (U/L)a 1,301.5 (1,844.0) 1,111.0 (2,024.5) 1,207.5 (1,930.9)
Concomitant medications of special interest, n (%)
Systemic glucocorticoids 66 (88.0) 64 (87.7) 130 (87.8)
Immunosuppressive agents 56 (74.7) 54 (74.0) 110 (74.3)

* CDASI, Cutaneous Dermatomyositis Disease Area and Severity Index; CK, creatinine kinase; DM, dermatomyosi-
tis; HAQ-DI, Health Assessment Questionnaire-Disability Index; IIM, idiopathic inflammatory myopathy; IMNM,
immune-mediated necrotizing myopathy; MMT-8, Manual Muscle Test-8; PM, polymyositis.
a Core set measure.
b 100-mm visual analog scale.
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Table 2. Primary, secondary, and exploratory end points by treatment group and disease comparisons for the double-blind period (24 weeks,
intent-to-treat analysis population)*

Outcome and IIM types Abatacept (n = 75) Placebo (n = 73)

Nominal P value or adjusted
mean difference from
placebo (95% CI)a

Primary end point: IMACS
DOI without requiring
rescue, n/m (%)

All 42/75 (56.0) 31/73 (42.5) 0.083
DM 22/40 (55.0) 21/42 (50.0) 0.679
Non-DM 20/35 (57.1) 10/31 (32.3) 0.040

MRC (mean TIS), adjusted
mean change from
baseline (SE)

All 40.8 (2.9), n = 62 37.2 (3.0), n = 58 3.6 (−2.9 to 10.1)
DM 46.0 (3.2), n = 31 43.6 (3.1), n = 35 2.5 (−6.5 to 11.4)
Non-DM 38.4 (3.2), n = 31 31.7 (3.6), n = 23 6.6 (−3.1 to 16.4)

Patients meeting MRC (TIS),
n/m (%)

All
Moderate + major
response

36/62 (58.1) 29/58 (50.0) N/A

DM
Moderate + major
response

19/31 (61.3) 22/35 (62.9) N/A

Non-DM
Moderate + major
response

17/31 (54.8) 7/23 (30.4) N/A

FI-3, adjusted mean (SE)
change from baseline

All 4.1 (1.3), n = 59 1.2 (1.4), n = 58 2.9 (0 to 5.8)
DM 2.3 (1.6), n = 29 0.3 (1.4), n = 35 1.9 (−2.3 to 6.2)
Non-DM 3.2 (1.4), n = 30 −0.6 (1.5), n = 23 3.7 (−0.3 to 7.8)

HAQ-DI score,b adjusted
mean (SE) change from
baseline

All −0.3 (0.1), n = 66 −0.2 (0.1), n = 62 −0.1 (−0.3 to 0.0)
DM −0.3 (0.1), n = 35 −0.2 (0.1), n = 37 −0.1 (−0.3 to 0.1)
Non-DM −0.3 (0.1), n = 31 −0.1 (0.1), n = 25 −0.2 (−0.4 to 0.1)

Extramuscular global
activity,b adjusted mean
(SE) change from
baseline

All −1.6 (0.2), n = 63 −1.4 (0.2), n = 60 −0.2 (−0.6 to 0.3)
DM −1.9 (0.3), n = 32 −1.9 (0.3), n = 36 −0.1 (−0.8 to 0.7)
Non-DM −1.1 (0.2), n = 31 −0.9 (0.2), n = 24 −0.2 (−0.8 to 0.3)

MMT-8 score,b adjusted
mean (SE) change from
baseline

All 12.9 (1.9), n = 64 11.0 (2.0), n = 59 1.8 (−2.7 to 6.4)
DM 14.4 (2.2), n = 33 14.0 (2.1), n = 35 0.4 (−5.7 to 6.4)
Non-DM 12.1 (2.5), n = 31 7.8 (2.7), n = 24 4.3 (−3.0 to 11.7)

Physician global assessment
of disease activity,b,c

adjusted mean (SE)
change from baseline

All −2.9 (0.3), n = 65 −2.7 (0.3), n = 62 −0.2 (−0.9 to 0.5)
DM −2.8 (0.3), n = 34 −2.4 (0.3), n = 37 −0.4 (−1.2 to 0.5)
Non-DM −2.4 (0.4), n = 31 −2.2 (0.5), n = 25 −0.1 (−1.4 to 1.2)

Patient global assessment of
disease activity,b,c

adjusted mean (SE)
change from baseline

(Continued)
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abatacept. Approximately 95% of patients (n = 126) completed
the open-label period. The overall rates of discontinuation in the
open-label period were low: four patients (5.8%) and three
patients (4.7%) in the abatacept and placebo-to-abatacept
switch groups, respectively. Among the seven patients who dis-
continued the open-label period, the most common reasons for
discontinuing included lack of efficacy, consent withdrawal, and
loss to follow-up. The abatacept and placebo-to-abatacept
switch treatment groups were well-balanced for the proportion
of patients with DM (52.2% vs 60.9%, respectively) and PM
(27.5% vs 31.3%, respectively). The baseline disease characteris-
tics for patients in the open-label period did not differ significantly
from those of patients in the double-blind period.

Primary and secondary efficacy end points. Double-
blind period. The primary end point of proportion of patients
meeting IMACS DOI at week 24 and not requiring rescue therapy
was achieved by 56.0% of the abatacept group and 42.5% of the
placebo group (adjusted OR 1.8, 95% CI 0.9–3.5; P = 0.083)
(Table 2). No significant between-treatment differences were
observed for the primary end point for patients with DM, but the
non-DM (PM and IMNM) subtypes showed higher IMACS DOI
rates in the abatacept group compared with placebo (57.1% vs
32.3%; P = 0.040) (Table 2). Only one patient in each treatment
arm required rescue in the double-blind phase after meeting the
criteria of worsening disease. Rates of achieving secondary end
points, IMACS core measures, and FI-3 were numerically higher
in the abatacept group compared with the placebo group; these
treatment benefits were more notable for the non-DM (PM and
IMNM) than the DM subtypes (Table 2, Table S4).

Overall, MRC categories of minimal, moderate and major
improvement were comparable between the abatacept and pla-
cebo groups (Table 2). It is worth noting that the total number
of patients for mean TIS and TIS categories was reduced from
75 to 62 patients in the abatacept group and from 73 to
58 patients in the placebo group because some core set mea-
sures were missed for some patients due to isolation and social
distancing measures during the COVID-19 pandemic. Post
hoc analysis for the MRC mean TIS category at week
24 showed greater improvement with abatacept versus pla-
cebo in the non-DM subtype (adjusted mean difference from
placebo 6.6, 95% CI −3.1 to 16.4), whereas the difference in
the DM subtype was not as pronounced (2.5, 95% CI −6.5 to
11.4; Figure 2).

Open-label period. In the open-label–treated analysis popu-
lation at week 52, the proportion of patients achieving IMACS
DOI at week 52 demonstrated a sustained benefit in continuing
abatacept and an improvement when switching from a placebo
to abatacept (proportion of patients achieving IMACS DOI:
69.8% [abatacept], 69.0% [placebo-to-abatacept switch];
Table 3, Figure S2A).

Similarly, MRC TIS continued to improve in both groups in
the open-label period (Figures S3 and S2B). The proportion of
patients in IMACS DOI and the MRC TIS over time in the abatac-
ept and placebo groups with non-DM subtype are shown in
Figures S2C and S2D. The proportion of patients without DM
showing moderate-to-major response to abatacept was 54.8%
at week 24 and 67.9% at week 52. For the placebo non-DM sub-
type, the proportion of patients showing moderate-to-major
response was only 30.4%, which increased to 55.6% after

Table 2. (Cont’d)

Outcome and IIM types Abatacept (n = 75) Placebo (n = 73)

Nominal P value or adjusted
mean difference from
placebo (95% CI)a

All −1.4 (0.3), n = 66 −0.1 (0.3), n = 62 −0.4 (−1.1 to 0.4)
DM −1.4 (0.3), n = 35 −1.4 (0.3), n = 37 −0.0 (−0.9 to 0.9)
Non-DM −1.2 (0.4), n = 31 −0.3 (0.5), n = 25 −0.9 (−2.1 to 0.3)

CDASI score, adjusted mean
(SE) change from
baseline

n = 32 n = 34 –

Activity −3.9 (2.8) −4.4 (2.8) 0.5 (−2.7 to 3.7)
Damage −0.2 (0.9) −0.2 (0.9) 0.0 (−1.0 to 0.9)

Muscle enzyme,b CK (U/L),
adjusted mean (SE)
change from baseline

All −390.1 (142.3), n = 67 −63.1 (145.9), n = 61 −327.1 (−684.2 to 30.0)
DM −270.5 (61.1), n = 35 −24.3 (59.4), n = 36 −246.1 (−413.9 to 78.3)
Non-DM −475.8 (239.7), n = 32 −117.3 (264.9), n = 25 −358.5 (−1,074.6 to 357.6)

* CDASI, Cutaneous Dermatomyositis Disease Area and Severity Index; CI, confidence interval; CK, creatine kinase; DM, dermatomyositis; FI-3,
Functional Index-2 using three proximal muscle groups; HAQ-DI, Health Assessment Questionnaire-Disability Index; IIM, idiopathic inflamma-
tory myopathy; IMACS DOI, International Myositis Assessment and Clinical Studies definition of improvement; MMT-8, Manual Muscle Test-8;
MRC, Myositis Response Criteria; N/A, not applicable; n/m, number of patients with response/number of patients in the analysis; TIS, Total
Improvement Score.
a Abatacept vs placebo.
b Core set measure.
c 100-mm visual analog scale.
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switching to abatacept in the open-label period. Other study end
points also showed continued improvement, with a mean
improvement from the baseline of 5.0 and 4.6 for FI-3 and −6.7
and −8.1 for CDASI in abatacept and placebo-to-abatacept
switch groups, respectively, as well as −0.4 for HAQ-DI for both
groups (Table 3).

Safety. Double-blind period. During the double-blind
period, the observed safety end points were similar between the
abatacept and placebo groups (Table 4) and consistent with
the known safety profile of abatacept. The overall frequencies of
AEs, SAEs, and AEs leading to discontinuation were comparable
between the abatacept and placebo groups; four patients experi-
enced SAEs in each treatment group.

Infections were reported in 25.3% of patients in the aba-
tacept group and 42.5% of patients in the placebo group. Most
of the reported infections were mild or moderate in intensity
(17 patients [22.7%] in the abatacept group; 31 patients
[42.4%] in the placebo group). No malignancies were reported
in the abatacept or placebo groups. One death in the placebo
arm was due to an unexplained acute respiratory event. No
new safety concerns were identified during the double-blind
period.

Open-label period. During the open-label period, the obser-
ved safety profile was consistent with that of the double-blind
period and the known safety profile of abatacept (Table 4). SAEs
were reported in 10 patients (14.5%) receiving abatacept and
4 patients (6.3%) in the placebo-to-abatacept switch group; most
were considered unrelated to treatment. A total of four serious
infections were reported, all of which were resolved, and the study
drug was continued. COVID-19 was reported in one patient
receiving abatacept, which led to a brief hospitalization. AEs were
reported in 45 abatacept patients (65.2%) and 37 placebo-to-
abatacept switch patients (57.8%). Infections were reported in
23 patients (33.3%) in the abatacept group and 17 patients
(26.6%) in the placebo-to-abatacept switch group.

DISCUSSION

This was a large, multicenter, global, randomized controlled
trial of 149 patients with IIM. The study failed to meet the primary
objective of having an increase in the proportion of patients who
met the improvement criteria (IMACS DOI) after 24 weeks of treat-
ment with SC abatacept plus SOC compared with patients
treated with placebo plus SOC. The observed responder rate in
the treatment arm (56.0%) was very close to the rate expected
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Figure 2. MRC at week 24 by TIS category (intent-to-treat analysis population). DM, dermatomyositis; IMNM, immune-mediated necrotizing
myopathy; MRC, Myositis Response Criteria; PM, polymyositis; TIS, Total Improvement Score.
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based on previous data. The response rate for the placebo group
(42.5%), however, was higher than expected. Prespecified analy-
sis by IIM subtype showed that the observed differences between

the abatacept and placebo arms were due to the patients with
PM and IMNM. Patients who continued into the open-label period
demonstrated continued benefit up to week 52 regardless of

Table 3. Primary and secondary end points by treatment group and disease category in the open-label period (week 52, open-label–treated
analysis population)*

End point and IIM type Abatacept (n = 69)

Placebo-
to-abatacept
switch (n = 64)

Adjusted mean difference
between groups (95% CI)

Patients with IMACS DOI without rescue medication,
n/m (%)

All 44/63 (69.8) 40/58 (69.0) N/A
DM 25/35 (71.4) 27/39 (69.2) N/A
Non-DM 19/28 (67.9) 13/19 (68.4) N/A

Patients meeting MRC (TIS), n/m (%)
All
Moderate + major response 45/61 (73.8) 37/56 (66.1) N/A

DM
Moderate + major response 26/33 (78.8) 27/38 (71.1) N/A

Non-DM
Moderate + major response 19/28 (67.9) 10/18 (55.6) N/A

FI-3, adjusted mean (SE) change from baseline
All 5.0 (1.7), n = 55 4.6 (1.7), n = 56 0.4 (−3.7 to 4.5)
DM 3.3 (2.3), n = 30 4.9 (2.0), n = 38 −1.6 (−7.7 to 4.4)
Non-DM 4.3 (1.8), n = 25 2.1 (2.0), n = 18 2.2 (−3.2 to 7.6)

HAQ-DI score,a adjusted mean (SE) change from
baseline

All −0.4 (0.1), n = 64 −0.4 (0.1), n = 59 −0.1 (−0.3 to 0.1)
DM −0.4 (0.1), n = 35 −0.4 (0.1), n = 39 −0.1 (−0.3 to 0.1)
Non-DM −0.4 (0.1), n = 29 −0.3 (0.1), n = 20 −0.1 (−0.4 to 0.2)

Extramuscular global activity,a adjusted mean (SE)
change from baseline

All −1.7 (0.2), n = 62 −1.5 (0.2), n = 56 −0.2 (−0.7 to 0.3)
DM −2.0 (0.3), n = 33 −1.9 (0.3), n = 38 −0.1 (−0.9 to 0.7)
Non-DM −1.3 (0.2), n = 29 −1.0 (0.3), n = 18 −0.2 (−0.9 to 0.4)

MMT-8 score,a adjusted mean (SE) change from
baseline

All 14.1 (3.1), n = 63 15.8 (3.2), n = 58 −1.6 (−9.9 to 6.6)
DM 13.9 (4.5), n = 35 18.6 (4.3), n = 39 −4.7 (−17.2 to 7.8)
Non-DM 14.9 (2.6), n = 28 12.1 (3.1), n = 19 2.8 (−5.4 to 11.0)

Physician global assessment of disease activity,a,b

adjusted mean (SE) change from baseline
All −3.7 (0.3), n = 64 −2.9 (0.3), n = 58 −0.7 (−1.4 to 0.0)
DM −3.3 (0.3), n = 35 −2.7 (0.3), n = 39 −0.7 (−1.5 to 0.3)
Non-DM −3.3 (0.4), n = 29 −2.4 (0.5), n = 19 −1.0 (−2.2 to 0.2)

Patient global assessment of disease activity,a,b

adjusted mean (SE) change from baseline
All −2.2 (0.3), n = 64 −1.2 (0.3), n = 59 −1.0 (−1.8 to −0.2)
DM −2.5 (0.4), n = 35 −1.5 (0.4), n = 39 −1.0 (−2.0 to 0.0)
Non-DM −1.8 (0.4), n = 29 −0.9 (0.5), n = 20 −0.9 (−2.2 to 0.5)

CDASI overall score, adjusted mean (SE) change from
baseline

n = 33 n = 36

Activity −6.7 (2.6) −8.1 (2.5) 1.4 (−1.8 to 4.6)
Damage 0.5 (1.0) −0.8 (1.0) 1.2 (0.0 to 2.4)

Muscle enzyme,a CK, adjustedmean (SE) change from
baseline

All −566.3 (110.4), n = 63 −435.9 (114.7), n = 56 −130.3 (−415.2 to 154.5)
DM −314.9 (59.3), n = 35 −174.6 (56.7), n = 38 −140.2 (−303.9 to 23.4)
Non-DM −823.6 (215.6), n = 28 −636.9 (249.0), n = 18 −186.8 (−850.1 to 476.6)

* CDASI, Cutaneous Dermatomyositis Disease Area and Severity Index; CI, confidence interval; CK, creatine kinase; DM, dermatomyositis; FI-3, Func-
tional Index-2 using three proximal muscle groups; HAQ-DI, Health Assessment Questionnaire-Disability Index; IIM, idiopathic inflammatory myopa-
thy; IMACS DOI, International Myositis Assessment and Clinical Studies definition of improvement; MMT-8, Manual Muscle Test-8; MRC, Myositis
Response Criteria; N/A, not applicable; n/m, number of patientsmeeting IMACSDOI/number of patients in the analysis; TIS, Total Improvement Score.
a Core set measure.
b 100-mm visual analog scale.
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original treatment group or IIM subtype. This was significant,
given the patient population was notably weak with moderate-
to-severe disease activity and did not respond to first-line therapy.
Secondary efficacy end points showed a similar pattern.

Abatacept was generally well-tolerated and was relatively
safe when added to concomitant background immunosuppres-
sive drugs. No new safety concerns were identified. Comparable
safety end points were observed between the abatacept and pla-
cebo groups during the double-blind and open-label periods.

This study enrolled patients with three types of IIM: DM, PM,
and IMNM. PM is characterized by cellular infiltrate consisting of
activated CD8+ T lymphocytes and macrophages found in the
endomysium and in the perimysium.8 PM is often a diagnosis of
exclusion and many patients previously diagnosed with PM are
now considered to have antisynthetase syndrome or IMNM;
patients with antisynthetase syndrome were not excluded in this
study.30 The more recently recognized IMNM is histologically
characterized by myofiber necrosis with little or no inflammatory
infiltrate.30 IMNM is associated with antibodies against signal rec-
ognition particle and 3-hydroxy-3-methylglutaryl-coenzyme A
reductase. Despite the clinical and histopathologic differences
between subtypes of IIM, there is little evidence to guide the use
of specific therapies in any given subtype, and treatment
approaches are historically similar across subtypes.

The treatment of IIM subtypes has relied on the utilization of
traditional immunosuppressants or immunomodulatory strate-
gies.10 Therapeutic trials have not always been successful but
have helped to improve study design and outcome
measures.31–33 There is a significant unmet need for alternative,
steroid-sparing therapies that are efficient, well-tolerated, and
subtype specific. The recent successful study of intravenous
immune globulin (Progress in Dermatomyositis [ProDERM] study)
in patients with DM supports this argument.34 Our study suggests
that PM and IMNM subtypes may be more responsive to

treatment with abatacept than DM. In addition to monitoring other
exploratory outcomes of physical activity, an additional analysis of
biomarker samples, including myositis-specific and myositis-
associated autoantibodies, may provide further insights.

The 2016 American College of Rheumatology/EULAR criteria
have progressed study end points for clinical trials with the provi-
sion of a continuous TIS measure within MRC.35,36 This study
design incorporated an escape protocol to identify patients
whose symptoms worsened significantly during the double-blind
period. Only two patients met the escape criteria and required
rescue, suggesting future trial designs may be simplified. More
specialized centers capable of identifying suitable patients and
conducting these studies are needed. This will improve study
recruitment and the reliability of study end points, including the
predicted placebo response rate. Interventions that manage ther-
apeutic expectations and improve patient ability to accurately
report symptom severity have shown the most promise in reduc-
ing placebo response. It is worth assessing expectations of thera-
peutic benefit in clinical trials using these as covariables.37

Studies of patients with IIM are challenging, as evidenced in
this trial. High response rates of placebo patients meeting the
improvement criteria continue to be an issue in IIM trials; possible
explanations for this include concomitant background immuno-
suppressive therapy (especially relatively high doses of steroids),
the subjective nature of various core set measures, and lack of
expert centers and investigators required for a large clinical trial.
The present study had a higher-than-expected placebo response
rate seen in the DM, but not the non-DM, subtype. Moreover, our
study suggests that the protocol for stabilizing background ther-
apy before study entry, particularly surrounding the administration
of systemic glucocorticoids, may have differential effects based
on IIM subtype. As adjustments in concomitant background
immunosuppressive therapy during the double-blind period only
occurred in one patient in each treatment arm, this did not

Table 4. Safety summary of patients with idiopathic inflammatory myopathy during the double-blind (24 weeks, as-
treated analysis population) and open-label periods (52 weeks, as-treated analysis population)*

End point

Double-blind period Open-label period

Abatacept
(n = 75)

Placebo
(n = 73)

Abatacept
(n = 69)

Placebo-to-abatacept
switch (n = 64)

Deaths 0 (0) 1 (1.4) 0 (0) 0 (0)
Serious AEs 4 (5.3) 4 (5.5) 10 (14.5) 4 (6.3)
Related serious AEs 2 (2.7) 0 (0) 2 (2.9) 1 (1.6)
Discontinued due to serious AEs 0 (0) 2 (2.7) 0 (0) 0 (0)
AEs 52 (69.3) 56 (76.7) 45 (65.2) 37 (57.8)
Related AEs 15 (20.0) 18 (24.7) 9 (13.0) 4 (6.3)
Discontinued due to AEs 1 (1.3) 2 (2.7) 0 (0) 0 (0)
Infections and infestations 20 (26.7) 32 (43.8) 23 (33.3) 17 (26.6)
Upper respiratory tract infection 3 (4.0) 3 (4.1) 2 (2.9) 1 (1.6)
Urinary tract infection 4 (5.3) 1 (1.4) 2 (2.9) 1 (1.6)
Herpes zoster 1 (1.3) 3 (4.1) 3 (4.3) 0 (0)

* Values are the number (%). Serious AEs in the abatacept group: cellulitis, gastroenteritis, urinary tract infection,
and renal failure; serious AEs in the placebo group: herpes zoster, vomiting, polymyositis, and acute respiratory fail-
ure. AE, adverse event.
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contribute to differences seen between treatment arms and IIM
subtypes. Studies that include multiple subtypes are conducted
with the expectation that the novel therapy may help all subtypes
based on preliminary data and to improve study feasibility.
Because of the possibility that response rate may differ between
subtypes, statistical plans should allow for prespecified analyses
by subtype, as was done in this study.

This study had a few limitations. First, the patients described
here had limited extramuscular disease at baseline, limiting the
utility of this study to address improvement in nonmuscle organ
systems. In the setting of such clinical variability, more significant
disease manifestations, such as with interstitial lung disease,
may not be suitable for study in this type of trial. Second, distur-
bances associated with the COVID-19 pandemic resulted in
somemissed core set measures for five patients because of isola-
tion and social distancing measures, but data for 68 other
patients were missing for other reasons. In addition, there were
14 patients who discontinued before 24 weeks in the double-
blind period and were considered nonresponders for the primary
end point. Although the missing data due to the pandemic alone
are unlikely to have impacted interpretation of study results, the
combined missing data for �8% of study patients may have
impacted the findings of this study.

This study failed to meet the primary end point, but analysis
by IIM subtype suggested benefit of SC abatacept that was sus-
tained up to one year of treatment when it was added to back-
ground therapy in patients with PM and IMNM. Therapy was
well-tolerated with no new safety concerns identified in this IIM
population.
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Balancing weight reduction benefits and risks:
implications for serum urate management. Comment
on the article by Fukui et al

To the Editor:
We read with interest the article by Fukui et al1 in Arthritis &

Rheumatology titled “Weight Reduction and Target Serum Urate

Level: A Longitudinal Study of Annual Medical Examination,”
which identified that small-weight reductions were associated

with only small changes in serum urate (SU) levels. Some partici-

pants with hyperuricemia could achieve the target SU level with

moderate to large weight reductions. We appreciate the study’s

valuable contributions and suggest areas that need further

exploration.
Firstly, we are intrigued by the impact of the rate and duration

of weight loss on SU levels. Which approach, rapid or gradual

weight reduction, is more effective for the long-term control of

SU levels? How does the maintenance phase after weight loss

affect SU levels in the long term? Additionally, the original text

lacks detailed documentation of the causes of weight loss, hence,

the interpretation of the impact of weight loss on SU levels may

require greater caution. Furthermore, given that gout exhibits a

certain familial aggregation, how does family history influence the

effectiveness of weight loss? Are there certain genetic back-

grounds for which the reduction in SU levels fromweight manage-

ment is more pronounced?
Secondly, from the perspective of socioeconomic factors,

elements such as economic resources, social support, and edu-

cational levels may all influence an individual’s weight manage-

ment strategies.2,3 However, this study appears to have

overlooked the impact of these factors on weight loss and SU

levels. Moreover, what role do psychologic factors play in weight

management and SU level control?4 Do stress and emotional

states affect the outcomes of weight management, thereby

influencing SU levels? Whether the inclusion of psychosocial

support in weight management programs is necessary to achieve

a more comprehensive therapeutic effect warrants further

investigation
Finally, is there a differential impact of sex hormone level fluc-

tuations on SU levels in men and women during weight loss?

Should future research explore the potential effects of sex hor-

mone replacement therapy on uric acid levels, particularly among

postmenopausal women?5 Furthermore, how can we balance

the potential benefits of weight reduction with its possible risks,

such as nutritional deficiencies or the reduction of muscle mass?

These questions warrant thoughtful consideration.
In conclusion, although the study by Fukui et al1 provides

valuable insights into the relationship between weight reduction

and SU levels, it also highlights several critical areas for further

investigation. Future research should delve into the nuances of

weight loss strategies, the influence of socioeconomic and psy-

chologic factors, and the role of sex hormones in uric acid man-

agement. Addressing these questions will enhance our

understanding and improve clinical approaches to managing

hyperuricemia effectively.
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Reply

To the Editor:
We greatly appreciate valuable comments from Liu et al

about our article on weight reduction and target serum urate
(SU) levels using the Japanese annual health checkup database.1

They suggested several essential topics that should be studied in
future research.

First, the cause of weight loss is a meaningful discussion.
Multiple versions of treatment are inevitable in observational stud-
ies examining the effect of weight change.2 As we acknowledged
in our article, our database has no specific information about the
cause of weight loss. However, we tried to examine a more direct
relationship between weight change and SU change by adjusting
for dietary change and excluding patients with several conditions
associated with weight loss, such as cardiovascular and kidney
diseases and malignancies. Furthermore, it should also be noted
that our primary analysis included a nonobese population. Both
overweight and underweight are associated with overall death.3

Obviously, weight reduction recommendations should be person-
alized based on the overall health risks and benefits. We agree
that the speed of weight reduction, family history of gout, and
genetic interaction would be important in determining the associ-
ation between weight reduction and SU. These are outside the
scope of the present study, and our database does not include
the information.

Second, we fully agree with their perspective on social sup-
port for weight reduction. As our study showed the potential
effectiveness of weight reduction in SU management, health care
providers should consider and integrate socioeconomic status
and social support into their daily practice for better weight man-
agement and SU-level control.4 Socioeconomic status, as well
as racial and sexual disparities, are also important in gout.5,6

Finally, we concur that an association of sexual hormone and its
replacement therapy with SU level is a good topic that future
research should investigate.

Dr Solomon’s work was supported by the NIH grant AR-
P3-0072577.
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The oral microbiota in persons at risk for
rheumatoid arthritis: follow-up data for the article
by Kroese et al

To the Editor
Wewould like to inform you about the follow-up results of our

original study, of which the baseline results have been published
in Arthritis & Rheumatology.1 Because it has been suggested that
rheumatoid arthritis (RA) may originate in the oral mucosa, our
original study assessed the oral microbiota, using 16S ribosomal
RNA gene amplicon sequencing, and periodontal condition in
patients with early RA (n = 50) and individuals at risk of developing
RA (patients with arthralgia positive for rheumatoid factor and/or
anti–citrullinated protein antibody; n = 50) compared to healthy
controls (n = 50).

For the periodontal variables—bleeding on probing, pocket
probing depth, and periodontal inflamed surface area—no
significant differences were found among the three groups.
However, the baseline results showed a significant difference in
the oral microbiota of stimulated saliva and tongue coating, with
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the profiles of patients with early RA and at-risk individuals being
characterized by a higher relative abundance of potentially pro-
inflammatory bacterial species when compared to healthy con-
trols, suggesting a possible association between oral bacteria
and the onset of RA.

To further investigate this possible association, the group of
at-risk individuals was observed over time with annual visits for
three years or until RA onset (mean 33 [SD 15.5] months). With

this, we could monitor possible progression to RA and subse-
quently stratify the at-risk group into preclinical patients with
arthritis and patients without arthritis. Follow-up data were available
for 41 of the 50 at-risk individuals, of whom 8 individuals (19.5%)
developed arthritis and were diagnosedwith RA by their rheumatol-
ogist after a mean of 8 (SD 5.5) months following inclusion. When
comparing the patients without arthritis with the preclinical patients
with arthritis on baseline data, no differences were found, neither in
baseline characteristics and periodontal variables (Table 1) nor in
the oral microbial composition (Figure 1).

Thus, the follow-up results do not support our earlier suggestion
of a possible association between the oral microbiota and the onset
of RA. However, we strongly believe in the clinical significance of neg-
ative findings, and we find it of great importance to report these
results to maximize scientific transparency and integrity.

An important limitation of our study is the low number of per-
sons at risk for RA. We therefore argue that our results, although
relevant for the research discussion on the topic, are as of yet
not sufficient to dismiss a possible role of the oral microbiome in
RA development. It is a topic of continuing interest,2 and we sug-
gest that future research on larger populations is needed for fur-
ther clarification.

Author disclosures are available at https://onlinelibrary.wiley.com/doi/
10.1002/art.43090.
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Table 1. Comparison of baseline characteristics and periodontal variables between patients without arthritis and
preclinical patients with arthritis, as determined by arthritis development during follow-up, within a group of individuals
at risk of developing rheumatoid arthritis*

Patients without
arthritis (n = 33)

Preclinical patients
with arthritis (n = 8) P value

Age, mean (SD), yr 54.1 (7.0) 50.9 (10.4) 0.43a

Female, n (%) 25 (76) 6 (75) 0.96b

RF positive, n (%) 30 (91) 8 (100) >0.99c

ACPA positive, n (%) 15 (45) 6 (75) 0.24c

Smoking, yes, n (%) 10 (30) 2 (25) 0.77b

Periodontal assessment, median (IQR)
BOP, percent 13.6 (6.5–32.7) 13.8 (10.6–30.2) 0.96d

PPD (total six sites per tooth) 2.2 (2.0–2.5) 2.1 (2.0–2.4) 0.72d

PISA, mm2 195.7 (67.0–424.5) 174.8 (114.0–412.3) >0.99d

* ACPA, anti–citrullinated protein antibody; BOP, bleeding on probing; IQR, interquartile range; PISA, periodontal
inflamed surface area; PPD, pocket probing depth; RF, rheumatoid factor.
a Independent samples t-test.
b Chi-square test.
c Fisher’s exact test.
d Mann-Whitney U-test.
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Figure 1. Principal components analysis plots, including the PC1
and PC2, displaying baseline microbial composition signatures of
(A) stimulated saliva (F = 1.12; P = 0.28) and (B) tongue coating
(F = 1.26; P = 0.21) of persons at risk for RA, stratified in patients with-
out arthritis (red circles, n = 32; one sample for both sample types had
too little sequencing output) and preclinical arthritis patients (cyan
triangles, n = 8), as determined by RA development during follow-
up. The F and P values were calculated using one-way permutational
multivariate analysis of variance. The microbial compositions showed
no significant differences in Shannon Diversity Index (saliva P = 0.86;
tongue coating P = 0.58) or richness (saliva P = 0.71; tongue coating
P = 0.34). For an extensive description of sample processing and
data analysis methods, see the earlier publication on the baseline
results.1 PC, principal component; RA, rheumatoid arthritis.
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Short-term risk of cardiovascular events in people
newly diagnosed with gout: comment on the article
by Cipolletta et al

To the Editor:
Gout is a common metabolic disease commonly associated

with chronic inflammation, obesity, hypertension, and other
cardiovascular risk factors. However, most of the existing studies
have focused on the long-term cardiovascular risk in patients with
gout, and fewer have assessed the risk of cardiovascular events
in the short term after the first gout attack.1–3 It was with great
interest that we read a recent paper by Cipolletta et al that exam-
ined the association between the first diagnosis of gout and short-
term risk of cardiovascular events, thus filling a knowledge gap
regarding the assessment of cardiovascular risk after an acute
gout attack.4 In contrast to previous cohort and case-control
studies, the study used a self-controlled case series (SCCS)
methodology, which allows for a comparative intra-individual
analysis and thus more accurately captures the direct impact of
a first gout attack on cardiovascular events. In addition, the study

used large-scale national data and combined multiple data
sources to provide greater assurance of the accuracy of the
cardiovascular events in the study. The results of the study
provide clinicians with a new perspective on risk management
and underscore the importance of assessing cardiovascular risk
at the time of initial gout diagnosis.

Limitations of this study should be further clarified. First,
although SCCS methods can reduce individual fixed confounders,
they do not adequately control for variables that change over time
(eg, lifestyle, chronic disease progression, medication use). Particu-
larly in diseases such as cardiovascular disease and gout, the
dynamics of time-related factors such as obesity, blood pressure,
and diabetes may significantly affect study results. Second,
although the sensitivity analyses performed in the study address
the issue of event dependence of exposure, they do not exclude
the possibility that cardiovascular events themselves may influence
gout flares. This bidirectional causality makes simple time series
analysis insufficient to fully capture the complex interaction
between the two. Third, although the study controlled for some
confounders (eg, age, sex, medication prescription, and comor-
bidities), lifestyle factors such as diet, smoking, alcohol intake, and
physical activity, which are strongly associated with cardiovascular
events, were not adequately included in the analysis. Finally,
patients with gout may be more likely to be detected as having car-
diovascular disease due to increased frequency of medical visits for
gouty attacks, and this “health-seeking behavior” may lead to an
overestimation of cardiovascular events. Although negative con-
trols were used in the study to assess this type of bias, the possibil-
ity of such bias could not be completely excluded.

Despite these limitations, this important study provides a com-
pelling rationale for further prospective studies to better understand
the interaction between gouty attacks and cardiovascular disease
risk. Future research directions are obvious. First, the follow-up
period should be extended to assess the incidence of cardiovascu-
lar disease in gout patients over 5, 10, or even more years to clarify
the long-term risk. Second, future studies could include inflamma-
tory markers (eg, interleukin [IL]-1β, IL-6, tumor necrosis factor-α)
or use genomic and metabolomic analyses to further define how
the biological processes involved in a gouty attack contribute to
cardiovascular events, thus providing a basis for personalized inter-
vention strategies. Third, multinational multicenter studies can be
conducted to include data from different ethnicities and regions to
assess global differences in the association between gouty attacks
and cardiovascular events, further enhancing the external validity
and generalizability of the results. Finally, randomized controlled tri-
als could be designed to assess whether intervention strategies
(eg, anti-inflammatory therapy) can reduce the incidence of
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cardiovascular events in gout patients. Such prospective studies
could more directly validate the causal relationship between gout
attacks and cardiovascular disease.

Author disclosures are available at https://onlinelibrary.wiley.com/doi/
10.1002/art.43091.

Zichang Liu, MB
Yanwei Zhu, MM
Hui Zhao, MM
sqsyyzh@126.com
The First People’s Hospital of Shangqiu
Henan, China

1. Mackenzie IS, Ford I, Nuki G, et al; FAST Study Group. Long-term car-
diovascular safety of febuxostat compared with allopurinol in patients
with gout (FAST): a multicentre, prospective, randomised, open-label,
non-inferiority trial. Lancet 2020;396(10264):1745–1757.

2. Mouradjian MT, Plazak ME, Gale SE, et al. Pharmacologic manage-
ment of gout in patients with cardiovascular disease and heart failure.
Am J Cardiovasc Drugs 2020;20(5):431–445.

3. Pagidipati NJ, Clare RM, Keenan RT, et al. Association of gout
with long-term cardiovascular outcomes among patients with
obstructive coronary artery disease. J Am Heart Assoc 2018;
7(16):e009328.

4. Cipolletta E, Nakafero G, Richette P, et al. Short-term risk of cardiovascular
events in people newly diagnosed with gout. Arthritis Rheumatol 2025;
77(2):202–211.

DOI 10.1002/art.43092

Reply

To the Editor:
We thank Dr Liu and colleagues for their interest in our study1

and highlighting its provision of a new perspective on assessing
risk management for cardiovascular risk at the time of initial gout
evaluation. In our reply, we address the limitations they raise to
further clarify the context of our study.

First, we agree with the authors that the self-controlled case-
series analysis did not control for all variables that can change
over time, such as lifestyle or medication use, which we discussed
as a limitation in our original manuscript.1 To minimize potential
confounding due to time-varying covariates, we carried out a sen-
sitivity analysis where we restricted the study period to around
one year after the first gout diagnosis (Supplementary Tables S4
and S6 of our original manuscript).1 We also carried out analyses
stratifying patients by different major cardiovascular risk factors,
including the use of some medications ascertained on or before
the date of the first gout diagnosis (Supplementary Tables S5

and S7 of our original manuscript).1 The consistency of an
increased transient risk across these analyses provides some evi-
dence of minimal effects of any residual confounding. In a self-
controlled case-series analysis, patients contribute time to the
study both before and after the exposure period, so true time-
varying confounders need to change transiently in relation to the
risk-exposure windows, which would not be the case with factors
such as disease progression, obesity, or new diagnoses of diabe-
tes raised by Liu et al.

Second, Liu et al raise that cardiovascular events themselves
may influence gout flares and the potential bidirectional causality.
As they noted, we checked a priori if event-dependent exposure
could be an issue in our self-controlled case-series analysis as
recommended.2 We then performed two sensitivity analyses by
considering an induction period and excluding gout flares with
cardiovascular events recorded on the same date which showed
results consistent with the main analysis (Supplementary
Tables S4 and S6 of our original manuscript).1

Third, Liu and colleagues raise the possibility of confound-
ing by lifestyle factors such as diet, smoking, alcohol intake,
and physical activity, which we fully acknowledge. Transient
changes in these factors could have an impact on both gout
flares and cardiovascular events. However, information
recorded on these factors in the Clinical Practice Research
Datalink is that ascertained during routine clinic appointments
with the general practitioner. As such, these factors are incom-
plete for many patients, and timely information on their
changes is not available at the level required for the analysis
suggested by Liu et al.

Fourth, although the risk of residual confounding and unmea-
surable biases cannot be completely ruled out from any observa-
tional research, the use of a negative control outcome greatly
reduces the risk of a “health-seeking behavior” bias.3 As the
authors have already pointed out, more robust evidence can only
be drawn from randomized controlled trials and mechanistic
observational studies.

We and others have reported an association between gout
flares and cardiovascular events.4,5 Existing evidence from ran-
domized controlled trials suggests that interventions to reduce
vascular inflammation such as colchicine and canakinumab
may reduce the risk of cardiovascular events in patients with
coronary heart disease.6,7 Anti-inflammatory medications such
as canakinumab have also shown to reduce the occurrence of
flares in patients with gout and coexisting coronary heart dis-
ease.8 This provides further empirical evidence of the complex
interplay between gout flares, inflammation, and cardiovascular
events.
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We again thank Dr Liu and colleagues for their interest in
our work.
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Enhancing knee osteoarthritis prediction: comment on
the article by Li et al

To the Editor:
We appreciate the recent work by Li et al, demonstrating the

potential of radiomic features for predicting knee osteoarthritis
(KOA) progression and their clinical relevance.1 However, there

are several aspects that could be further explored to improve the
model’s robustness and clinical applicability.

The study cohort had a significant gender imbalance, with
the majority being women (67.3% in the development set and
70.6% in the test set) and particularly postmenopausal women,
which may introduce bias in the model’s predictions. Postmeno-
pausal women experience hormonal changes that lead to bone
metabolic alterations, reduced bone density, and microstructure
degeneration, decreasing bone strength and resistance, and
increasing fracture and joint damage risk. Reduced synovial
fluid further diminishes joint lubrication, increasing cartilage
wear and accelerating degeneration. Hormone decline also
causes muscle atrophy, especially in thigh muscles supporting
joints, reducing stability.2 These changes collectively increase
joint instability and fragility, accelerating KOA progression. If
the model overlooks these factors, it may overestimate predic-
tions for men or premenopausal women while underestimating
risks for postmenopausal women. Therefore, conducting sub-
group analyses for postmenopausal women, incorporating
bone density, synovial fluid, and muscle mass changes, could
improve the model’s personalization and accuracy for high-risk
groups.

The current model relies only on static magnetic resonance
imaging (MRI) radiomic features, which may not fully capture early
KOA progression. To enhance early prediction, additional key
factors should be incorporated. Biomechanical data like gait anal-
ysis can provide insights into joint loading and stability because
gait abnormalities often precede structural changes, making it a
key predictor of early KOA changes.3 Lifestyle data, including
exercise and diet, relates closely to early KOA progression, with
healthy habits slowing degeneration and poor habits worsening
it, thereby helping assess the impact of nonpharmacologic inter-
ventions. Psychological factors such as depression and anxiety
increase pain sensitivity and exacerbate concerns, worsening
KOA progression.4 Including psychological assessments can
help identify high-risk patients for timely, personalized interven-
tions. Finally, combining serum biomarkers with imaging data
can detect early inflammation, differentiate KOA types, improve
prediction accuracy, and guide targeted interventions like
anti-inflammatory treatments.

Model interpretability is crucial for clinical application.
Although the current model performs well in predictive accu-
racy, its black box nature can create trust issues that limit its
use in clinical decision-making, especially when predictions
influence treatment plans. Adding interpretable analysis helps
clinicians understand the basis for predictions and facilitates
better communication with patients, improving treatment
adherence.5 Tools like Shapley additive explanations or local
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interpretable model-agnostic explanations can clarify each
radiomic feature’s contribution, aiding radiologists and clini-
cians in focusing on key features like cartilage thickness or
meniscus integrity. Additionally, heat maps overlaid on MRI
scans visually highlight influential regions, helping patients
understand their condition and increasing acceptance of treat-
ment plans. In conclusion, subgroup analyses, inclusion of key
factors, and enhanced model interpretability can greatly
improve model accuracy, clinical adaptability, and ultimately
deliver more personalized patient care.
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Reply

To the Editor:

We appreciate the thoughtful feedback from Guo et al
regarding our study on radiographic knee osteoarthritis (KOA)
incidence prediction using magnetic resonance imaging (MRI)
radiomic features and neural networks.1 Their comments have
highlighted important aspects related to model robustness,

cohort composition, and clinical applicability, and we are grateful
for the opportunity to address their insights.

First, Guo et al raised an important point regarding the
gender imbalance in our cohort, particularly the higher represen-
tation of postmenopausal women. This demographic focus was
partly because the higher prevalence of KOA in this group
reflected natural data availability. However, our baseline data
revealed an intriguing outcome: the KOA incidence rates between
postmenopausal women (age >55 years) and nonpostmenopau-
sal women (age <55 years) in our study were not significantly
different (50.6% vs 49.7%, P = 0.848) (Table 1). This lack of signif-
icant difference may suggest that other risk factors beyond men-
opause, such as genetic predisposition or lifestyle factors, could
play an equally important role in KOA development, independent
of menopausal status.2–4 Nonetheless, we agree that broader
applicability would benefit from a more balanced cohort because
hormonal and musculoskeletal differences significantly impact
KOA progression.5 To address this in future studies, we plan to
recruit a more diverse sample and conduct subgroup analyses
to assess model performance across genders and age groups.

Second, we acknowledge the suggestion from Guo et al to
incorporate additional biomechanical, lifestyle, and psychological
factors into our model. Although we recognize these factors’ rele-
vance to KOA, our study focused primarily on the predictive power
of static MRI-based radiomic features as a foundational approach.
Adding biomechanical data such as gait analysis,6 lifestyle factors
such as physical activity, and psychological assessments7 could
indeed enhance predictive accuracy, especially in capturing early
KOA changes. These multimodal data integrations are an exciting
future direction, and we aim to investigate them in subsequent
studies as data availability and technology permit.

Finally, regarding model interpretability, we agree that
increasing transparency is crucial for clinical translation. Our
model, as noted, operates with a black box nature that could limit
its trust and usage in real-world decision-making. In future work,
we plan to integrate explainability methods, such as Shapley
additive explanations and local interpretable model-agnostic
explanations, to better elucidate how specific radiomic features
contribute to predictions.8 Additionally, using heatmaps to visual-
ize influential regions on MRI images may help clinicians and
patients understand the factors underlying risk assessments,
thereby fostering greater acceptance and adherence to recom-
mended interventions.

In conclusion, we thank Guo et al for their constructive
comments. Their recommendations highlight critical areas for
enhancing model accuracy, inclusivity, and interpretability that
we aim to address in our ongoing research. We remain
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committed to advancing KOA predictive modeling to better serve
diverse patient populations and improve clinical decision support.
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Table 1. Baseline characteristics of the cohorts who were nonpostmenopause and postmenopause*

Characteristic
Nonpostmenopause

(n = 170)
Postmenopause

(n = 296)
P

value

Age, mean ± SD, ya 51.2 ± 3.0 64.8 ± 5.9 <0.001
BMI, mean ± SDa 29.1 ± 5.3 27.8 ± 4.4 0.004
Knee injury, n (%)b 45 (26.5) 50 (16.9) 0.014
Treatment with NSAIDs, n (%)b 37 (21.8) 83 (28.0) 0.136
Treatment with glucosamine, n
(%)b

61 (35.9) 109 (36.8) 0.876

Patients with KOA, n (%)b 86 (50.6) 147 (49.7) 0.848

* Bold text represents statistically significant P values. BMI, body mass index, KOA, knee osteoarthritis, NSAID,
nonsteroidal anti-inflammatory drug.
a Unpaired t tests are used for differences between means.
b χ2 tests are used for differences between proportions.
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