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

Epitope Spreading in Systemic Sclerosis May Serve as Biomarker
Previous studies have found that immunologic 
abnormalities, especially B cell abnormalities, 
are pivotal in patients with systemic sclerosis 
(SSc). Investigating this association requires 

accurate and reproducible 
antibody assays, however. 
In this issue, Kotani et al 

(p. 67) report a correlation between epitope 
spreading (ES) levels and the severity of skin 
sclerosis or the risk of other complications in 

ES in SSc may serve as a novel biomarker for 
disease activity.

In their retrospective study of patients 
with SSc, the researchers measured autoanti-
bodies against various subunits of the RNA 
polymerase III (RNAP III) complex using an 
approach that allowed for enhanced sensitivity 

in detecting anti-RNAP III antibodies (ARA). 
They found that ARA-positive patients with 
SSc had autoantibodies against different 
RNAP III complex subunits. Intermolecular 

p.  67

Targeting CD13/Aminopeptidase N as a Novel Therapeutic 
Approach for Scleroderma
Previous studies demonstrated that matrix 
metalloproteinase 14 (MMP14) generates the 
soluble form of CD13 (sCD13) in synoviocytes 
and that sCD13 can then induce the phosphor-

ylation of extracellular 
signal-regulated kinases 
(ERK1/2) in various cell 

types. In this issue, Muraoka et al (p. 80) 

sCD13 plays a critical role in systemic scle-

that targeting the sCD13-bradykinin receptor 
B1 (B1R) signaling axis may be a promising 
novel therapeutic approach for SSc.

The investigators designed their study to 
determine the expression and role of the widely 
expressed aminopeptidase CD13 in patients 
with SSc and focused their experiments on 

-
tome data set generated from skin biopsies of 

signaling axis. Quantitative polymerase chain 

isolated from skin biopsies of healthy controls 
and patients with dcSSc revealed high levels of 
expression of ANPEP, MMP14, and BDKRB1 

-

cell analysis on skin biopsies from 22 patients 
with SSc and 18 healthy adults, the team found 
the highest BDKRB1 expression in COL8A1-

-
sively seen in SSc. 

-
sion of BDKRB1 and the production of sCD13. 

proliferation, migration, and gel contraction. The 
researchers then tested whether the sCD13 and 

Turning to animal models, the researchers 
found that intracutaneous injection of bleo-
mycin or PBS into Cd13-/-, Bdkrb1-/- and sex- 
and age-matched wild-type mice revealed that 
mice lacking Cd13 or Bdkrb1 were resistant to 

-
mation. Moreover, pharmacological B1R inhi-

wild-type mice. The authors conclude that since 
sCD13 activates the ERK signaling pathway via 

axis may also be mediated via the ERK pathway.

p.  80

ES occurred with RNAP III complex subunits, 
and intramolecular ES occurred within RNA 
polymerase III subunit A (RPC1).

The investigators reported that ES levels 
correlated with complication severity. The 

thickness score (mRSS) and surfactant protein-
D, a biomarker of interstitial lung disease. 
Intermolecular ES indicators did not correlate 
with the extent of disease on high-resolution 
computed tomography or pulmonary function 
tests. Intramolecular ES indicators against 

renal crisis. Moreover, longitudinal assessment 
of ES in RNAP III complex subunits correlated 
with mRSS, thereby exhibiting potential as a 
disease activity biomarker.

Figure 1. Serial measurements of the intermolecular 
ES levels and skin thickness score in a 68-year-old 
woman with SSc, myositis, RA, and SLE.
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The HORIZON–Pivotal Fracture Trial (PFT) is a randomized, dou-
-
-

menopausal women with osteoporosis. The results indicated a 
41% reduction in hip fracture risk in the zoledronic acid group 
compared to placebo. Adherence to the treatment schedule 

-

HORIZON–PFT using claims-based databases to evaluate the 
effectiveness of zoledronic acid in preventing hip fractures in clini-
cal settings, where poor adherence is common. 

-
ducted using two large U.S. claims databases. Raloxifene served as a 

approach reduced the risk of major biases that could invalidate the 
-

confounding. Zoledronic acid initiators were 1:1 matched to raloxifene 

infusions of zoledronic acid had a 28% lower risk of hip fractures  
vs. raloxifene recipients.  Although the preventive benefits were  

 

Questions

1. What is currently known about the adherence in clinical 
practice to osteoporosis therapies and its impact on the 
effectiveness of treatments for osteoporosis, such as 
zoledronic acid?

2. Why did the effectiveness of zoledronic acid in reducing 

results observed in HORIZON–PFT?

3. How did use of an active comparator (raloxifene as a 
placebo proxy) and inclusion of new treatment initiators only 
(incident users) increase the validity of the study results?

4. What other statistical methods beside propensity score 
matching could be used to minimize confounding?

5. What implications do the differences in adherence rates 
and treatment duration between clinical trials and real-
world settings have for future research and clinical practice?

Relationship Between Ultrasound and Physical Examination in 
Assessing Enthesitis
Rheumatologists lack a gold standard for 
evaluating enthesitis in patients with spon-
dyloarthritis (SpA). While ultrasound has an 
advantage over clinical examination in that 

it can assess the extent 
of active inflammation 
and structural damage in 

the affected enthesis, previous studies have 
-

ment between ultrasound and physical exami-
nation in evaluating enthesitis. In this issue, 
Di Matteo et al (p. 22) report results from a 
multicenter study that underscore the need 
for a comprehensive tool that integrates ultra-
sound and physical examination in assessing 
enthesitis in patients with SpA. They write that 

combining clinical and imaging modalities 
would allow clinicians to evaluate enthesitis 
and better tailor treatment strategies.

The investigators examined the agree-
ment between ultrasound and physical exami-
nation in assessing enthesitis and explored the 
prevalence of subclinical enthesitis in patients 
with SpA. The study included 413 patients 
with SpA from 20 rheumatology centers in 11 
countries. Across all ultrasound lesions, the 
highest levels of agreement between ultra-
sound and physical examination occurred in 

they found that approximately 20% of patients 

-
ciated with local structural damage.

The researchers found that the variability in 
the agreement between ultrasound and physical 

The Achilles tendon enthesis, for example, exhib-
ited the lowest agreement values for all ultra-
sound lesions and clinical signs of enthesitis. 
The fact that the demographic, serological, and 

from those without SpA led the researchers to 
conclude that ultrasound subclinical enthesitis 

entheseal level rather than systemic ones.

p.  22

Journal Club

Arthritis Rheumatol.

A monthly feature designed to facilitate discussion on research methods in rheumatology.
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Clinical Connections
Enhanced Type 1 IFN Signature in AxSpA 
Patients Unresponsive to Secukinumab 
Treatment
Pacheco et al,  Arthritis Rheumatol. 2025;77:34–46

CORRESPONDENCE
Robert Inman, MD: robert.inman@uhn.ca

KEY POINTS

•  AxSpA patients unresponsive to 
secukinumab treatment have a distinctive 

before treatment.  

•  At baseline, secukinumab nonresponders 
have an increased frequency of TH1, TH1.17 
and IL17A+ CD4+ T cells compared to 
secukinumab responders. 

•  Secukinumab nonresponders demonstrate 
enhancement of genes associated with type 
1 IFN after treatment.  

•  Type 1 IFN may contribute to the 

patients, raising the possibility of new 
targeted therapeutics.

SUMMARY 

H H
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Clinical Connections

Muscle Tissue Transcriptome of Idiopathic 

Damage Process and Presence of Skin Lesions
Izuka et al,  Arthritis Rheumatol. 2025;77:99–106

CORRESPONDENCE 
Shinji Izuka, MD: izukas-int@h.u-tokyo.ac.jp

Toshihiko Komai, MD, PhD: komait-int@h.u-tokyo.ac.jp

Keishi Fujio, MD, PhD: fujiok-int@h.u-tokyo.ac.jp

KEY POINTS  

•  Muscle tissue 

clinical manifestations 
in IIM.

•  
monocytes appear to 
play a crucial role in 
muscle damage and 
delineate pathological 
processes in IIM.

•  Dermatomyositis 
is characterized by 
complement systems 
and interferon signaling, 
while antisynthetase 
syndrome is associated 
with oxidative 
phosphorylation.

SUMMARY  

A12



R E V I EW

Understanding the Role of Type I Interferons in Cutaneous
Lupus and Dermatomyositis: Toward Better Therapeutics

Grace A. Hile1 and Victoria P. Werth2

A 29-year-old female presented to a rheumatology-dermatology clinic with a pruritic rash that began 6 months prior,
after a viral illness. She had previously been diagnosed with eczema and treated with antihistamines and topical ste-
roids without improvement. She also noted fatigue, hair loss, and severe scalp pruritus. Physical examination was
notable for violaceous periorbital edema, scaly erythematous papules on the metacarpophalangeal joints of bilateral
hands, dilated capillaries of the proximal nail folds, scaly plaques on bilateral elbows, and excoriated erythematous pla-
ques on upper chest, back and hips. The patient reported no muscle weakness, and strength testing and creatinine
phosphokinase were normal. Magnetic resonance imaging of the thigh showed no evidence of inflammation or edema.
Antibody testing was negative. A diagnosis of clinically amyopathic dermatomyositis was made. Computed tomogra-
phy scans of the chest, abdomen and pelvis, colonoscopy, and mammogram showed no evidence of cancer. The
patient was initiated on methotrexate. Her cutaneous manifestations persisted with debilitating intractable pruritus,
and thus, she was transitioned to mycophenolate mofetil, again with minimal improvement. Intravenous immunoglob-
ulin was not approved by insurance given the lack of muscle involvement in her disease. This patient’s case highlights a
common clinical scenario in rheumatology and dermatology and raises several important issues related to the immuno-
logic underpinnings of cutaneous lupus erythematosus (CLE) and dermatomyositis (DM): What is the role of type I inter-
feron (IFN) in triggering skin disease in CLE and DM?What is the role of IFN in the pathogenesis of skin inflammation in
CLE and DM? Can we apply what we know about IFN-targeted therapeutics in CLE and DM to develop better treat-
ments for skin disease?

Introduction

Dermatomyositis (DM) is a chronic autoimmune disease with

characteristic skin findings and often affects the muscles, heart,

gastrointestinal, joints, and lungs but can also occur only

or predominantly on the skin. Patients with amyopathic or

hypomyopathic DM demonstrate absent or clinically insignifi-

cant muscle findings. In the absence of myopathy, the diagno-

sis of DM is often delayed. Studies suggest that the clinically

amyopathic DM subphenotype is more common than previ-

ously thought, and such patients comprise up to 60% of

patients with DM in dermatology clinics.1 Skin disease in DM

is often relapsing and recalcitrant to therapy, even when

systemic disease is well controlled. Importantly, DM skin activ-

ity correlates with a poorer quality of life, even compared with

other chronic diseases.2

Lack of knowledge regarding the pathogenesis of DM

and drivers that instigate skin disease has delayed effective

therapy development. To date, there are no US Food and Drug

Administration (FDA)–approved therapies for the treatment of

cutaneous lupus erythematosus (CLE) or skin disease in DM. As

in our case, many patients have refractory skin lesions and pruri-

tus. Additionally, a lack of inclusion criteria for skin disease activity

and damage in ongoing clinical trials limit therapeutic options.

Current therapies are broadly immunosuppressive, often ineffec-

tive, and cause significant morbidity.
DM rashes appear similar clinically and histologically to those

seen in CLE and can be challenging to differentiate, particularly if

disease is limited to the skin (Figure 1). Like in CLE, type I inter-

ferons (IFNs) are highly up-regulated in DM blood, muscle, and

skin and correlate with disease activity.3 Additionally, both CLE

and DM skin are thought to be induced or “triggered” by
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heightened IFN exposure, such as after sunlight, medications

such as hydroxyurea and immune checkpoint inhibitors,

and immune-stimulating supplements or infections such as

COVID-19 in genetically predisposed individuals (Figure 2A).

Although DM and CLE share common triggers, the type I IFN sub-

type and efficacy of current therapeutics differ and may indicate

key differences in disease pathogenesis, such as CLE being IFNα

driven, whereas IFNβmay play a dominant role in DM (Figure 2B).

A number of novel therapeutics are emerging that act on the IFN

system and the type I IFN receptor–associated JAK/STAT signal-

ing pathway (Figure 2A). In this review, we will discuss our current

understanding of the role of type I IFN in the immunopathogenesis

of CLE and DM skin inflammation. Furthermore, we will discuss

emerging IFN-targeted therapies used in ongoing trials in

systemic lupus erythematosus (SLE) and how they may be appli-

cable and efficacious in the treatment of DM skin disease.

Type I IFNs

Type I IFNs are an immunomodulatory class of cytokines that
are involved in the innate and adaptive immune system and
serve to protect against viral infection and provide cancer
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Figure 1. IFN-driven cutaneous manifestations of dermatomyositis (A–D) and cutaneous lupus erythematosus (E–H) are pictured:
(A) widespread erythematous to violaceous papules and plaques on extensor surfaces; (B) heliotrope sign; (C) poikilodermatous erythema on
anterior neck in “V” distribution; (D) Gottron’s papules overlying joints; (E) psoriasiform SCLE; (F) malar erythema of acute LE; (G) annular erythem-
atous plaques of SCLE; (H) dorsal hand erythema sparing joints of LE. IFN, interferon; LE, lupus erythematosus; SCLE, subacute cutaneous lupus
erythematosus.
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Figure 2. (A) Summary of the type I IFN pathway, potential disease triggers, and mechanisms of new therapeutics is given. (B) Similarities and
differences between CLE and DM are shown. BDCA2, blood DC antigen 2; cGAS, Cyclic GMP-AMP synthase; CLE, cutaneous lupus erythema-
tosus; DM, dermatomyositis; dsRNA, double-stranded RNA; HCQ, hydroxychloroquine; IFN, interferon; IFNAR, IFNα receptor; IMO, Isomalto-oli-
gosaccharide; IRF, IFN response factor; IRG, IFN response gene; ISGF3, IFN-stimulated gene factor 3; ISRE, IFN-stimulated response element;
LPS, Lipopolysaccharide; mAb, monoclonal antibody; MDA5, melanoma differentation-associated protein 5; pDC, plasmacytoid dendritic cell;
RIG-I, retinoic acid–iducible gene I; ST2825, small molecule inhibitor of MyD88; STING, stimulator of IFN genes; TLR, Toll-like receptor; TNF, tumor
necrosis factor; TYK2, Tyrosine Kinase 2.
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immunosurveillance.4 Mounting evidence suggests that type I
IFNs are important to the initiation and maintenance of autoim-
mune and inflammatory skin diseases, such as CLE and DM
(Figure 2A). IFNs promote antigen presentation and natural killer
cell function, regulate inflammatory pathways, and activate the
adaptive immune system to form immunologic memory.5 The
type I IFN family of cytokines is composed of 17 members:
13 subtypes of IFNα, IFNβ, IFNε, IFNκ, and IFNω.6,7 All type I IFNs
signal through the same heterodimeric transmembrane receptor,
the IFNα receptor (IFNAR), which is composed of two subunits:
IFNAR1 and IFNAR2. The IFNAR is expressed in nearly all cell
types. Activation of JAK1 and Tyrosine Kinase 2 (TYK2) result in
the tyrosine phosphorylation and activation of several STAT family
members. Activation of STAT1 and STAT2 lead to the recruitment
of IFN response factor 9 (IRF9) and the formation of the STAT1–
STAT2–IRF9 complex, which is known as the IFN-stimulated
gene factor (ISGF3) complex. This complex then migrates to the
nucleus and binds to IFN-stimulated response elements in the
promoters of ISGs to initiate gene transcription. Activated genes
include up-regulation of IFN signaling components, IFN genes
themselves, and effector genes for antiviral responses. A number
of therapies that target type I IFN and downstream signaling are
emerging and are exciting avenues of interest in the treatment of
autoimmune skin disease, as discussed below.

Most cell types can produce type I IFNs (leukocytes, fibro-
blasts, endothelial cells, keratinocytes), but the primary producers
of IFNs may be context and disease dependent. The dominant
cytokine profile and inflammatory cell populations of CLE lesions
are heterogeneous and have been shown to reflect different
responsiveness to antimalarials.8 Hydroxychloroquine (HCQ)–
responsive patients had significantly higher type I IFN–regulated
transcripts and lower tumor necrosis factor α (TNFα) levels than
HCQ-refractory patients.8 In contrast, patients who were refrac-
tory to HCQ, thus needing addition of quinacrine, had significantly
up-regulated TNFα expression produced by myeloid dendritic
cells.8

Triggers of skin disease

UV light. Photosensitivity, a sensitivity to UV light whereby
even ambient light can result in inflammatory skin lesions, is a
hallmark of CLE and SLE and occurs in 60% to 80% of patients.9

The exact mechanism of photosensitivity is still unfolding, but
type I IFNs likely play an important role (Figure 2A and B). SLE
keratinocytes (KCs) exhibit a more robust type I IFN response
after UV exposure when compared with healthy controls.10 This
proinflammatory effect of ultraviolet B (UVB) in patients with SLE
with photosensitivity likely stems from the IFN-rich environment.11

UV stimulation likely up-regulates IFN production through
endogenous nucleic acid triggering cyclic GMP-AMP synthase
(cGAS) and the stimulator of IFN genes (STING) pathway. This is
supported by a study showing that UV stimulation of murine skin

results in rapid up-regulation of Ifnb that is blocked by absence
of cGAS.12 UVB has also been noted to induce activation of
human endogenous retroviruses, which leads to production of
double-stranded RNA and activation of retinoic acid–inducible
gene I (RIG-1)/melanoma differentiation-associated protein 5
(MDA5)-mediated type I IFN induction.12 Interestingly, the pres-
ence of enhanced IFN genes in the skin has been translated to
systemic increases in IFN-regulated genes, suggesting that sys-
temic IFN responses can result from skin exposure.12 UVB can
also increase the IFN-stimulating capacity of nucleic acids
because cells exposed to UV-treated DNA have increased IFN
production compared with cells not exposed to UVB-treated
DNA.12,13 Injection of DNA treated with UV light into lupus-prone
mice can induce CLE-like lesions, and deletion of the enzyme that
removes degradation of UV-treated DNA leads to CLE-like lesions
with enhanced IFN production in a STING-dependent manner.14

Together, these data suggest that UV modulation of nucleic acids
and nucleic acid sensing is critical for UV-mediated IFN
responses.

Similar to CLE, cutaneous signs of DM are frequently present
on sun-exposed areas such as the upper neck and back and/or
shoulders. Photosensitivity may be an initial presenting sign of
DM and should prompt consideration of the diagnosis. Photopro-
vocation testing in patients with DM resulted in increased
photosensitivity and inducement of new lesions in �25% of
patients.15 Formal UVB testing of these patients demonstrated a
reduced minimal erythema dose. Certain myositis-specific anti-
bodies have been correlated with increased incidence of
photosensitivity in DM, including anti-Mi2 and anti–transcription
intermediary factor 1γ.16 The role of type I IFNs in the photosensi-
tive response of DM has not been studied.

Medications. Drug-induced lupus erythematosus is a
lupus-like autoimmune disorder that occurs with exposure
to certain medications. Terbinafine (an allylamine derivative) is
one of the most widely prescribed medications associated with
drug-induced subacute CLE, with all studied patients exhibiting
resolution after drug cessation. Although the mechanism of the
terbinafine-induced autoimmune reaction is not entirely clear,
it may be related to the lipophilic and keratinophilic properties
that contribute to altered nuclear antigen configuration,
antinuclear and antihistone antibodies, and enhanced IFN
production.17

Several medications have been linked to DM onset or flare,
including hydroxyurea, TNFα inhibitors, immune checkpoint inhib-
itors (ICIs), penicillamine, and statins.18 Hydroxyurea is a cytotoxic
agent used to treat myeloproliferative disorders and has been
reported as the most common culprit for drug-induced DM,
accounting for 51% of patients (n = 36/70).19 The mechanism of
hydroxyurea-induced DM is not entirely clear but may be due to
the synergistic effects of hydroxyurea blocking DNA site repair
and UV irradiation, causing DNA strand breaks and likely up-
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regulating KC production of type I IFNs.20 TNFα inhibitors have
also been implicated in DM onset or flare.21 This may be explained
by TNF inhibition paradoxically increasing the production of type I
IFN, which activates antigen-presenting cells and stimulates auto-
antigen production.22 Supporting this, in an open pilot study of
infliximab in patients with refractory inflammatory myopathies,
several patients experienced acute worsening, and these flares
were associated with increased type I IFN activity in both blood
and muscle.23

ICIs, which target programmed cell death 1 (PD-1), pro-
grammed cell death ligand (PDL-1) mDC and CTLA-4, are
increasingly being used to treat both solid and hematologic malig-
nancies by harnessing the immune system’s ability to recognize
and destroy malignant cells. ICIs result in a wide range of autoim-
mune skin manifestations, including LE and DM, as a conse-
quence of unleashing immune system regulation.24 The
mechanism underlying ICI induction of autoimmune skin disease
is complex but likely in part due to enhanced CD4+ and CD8+ T
cell activation with subsequent release of cytokines such as type
I IFNs.25

Supplements. Treatment with a number of herbal
supplements, including Spirulina plantensis, Aphanizomenon
flos-aquae, Chlorella, Echinacea, and alfalfa, stimulates the
immune system, and treatment with them has been associated
with autoimmune skin disease onset and exacerbations.26–30

Patients with DM have been reported to have a higher rate of
herbal supplement treatment compared with patients with CLE
or autoimmune blistering diseases and healthy controls.
In vitro testing showed that IsaLean weight loss powder dose-
dependently stimulates peripheral blood mononuclear cell secre-
tion of inflammatory cytokines, including TNFα, IFNα, and IFNβ,
primarily via Toll-like receptor 4 activation.29 Practitioners should
be aware of the potential immunostimulatory effects of herbal
supplements on DM and specifically ask their patients about pos-
sible consumption.

Viral illness. In genetically susceptible individuals, viral
infections have been suspected to induce or exacerbate autoim-
mune skin disease, including LE and DM, through up-regulation
of type I IFN. Recent reports have shown an increased incidence
of disease flares in patients with autoimmune skin disease after
COVID-19 vaccination, with an increased proportion of patients
with DM compared with patients with lupus erythematosus.31 Of
the patients who had autoimmune exacerbations after vaccina-
tion, 20% had symptoms after the first dose, 82% after the sec-
ond dose, and 4% after the third dose.31 The underlying
mechanisms of immune stimulation are believed to be in part be
driven by type I IFN production, which the COVID-19 vaccines
have been shown to up-regulate.32 It is unclear why DM appears
to be disproportionally affected; however, differences in cells and

type of IFN or an increased propensity to flare at any given time
may be contributing factors.31

Role of IFN in the immunopathogenesis of skin
disease

CLE. It has been well-documented that CLE has a strong
type I IFN signature.33–36 Histologically normal skin in patients
with SLE produces type I IFN10,37 with a marked concentration
of type I IFN response in the absence of infiltrating leukocytes.37

In a recent study using single-cell RNA sequencing of paired
lesional and nonlesional skin samples from patients with SLE, an
IFN-rich signature was seen in both lesional and nonlesional KCs
as well as other cell populations, such as fibroblasts and T cells.38

In addition, a proinflammatory cellular communication network
between stromal and inflammatory cells was seen in lesional and
nonlesional skin that supports the role of KCs priming myeloid
recruitment and inflammatory responses.38 Further investigation
into the transcriptional IFN dominant phenotypes and communi-
cation networks may provide targeted therapeutic strategies.

Other cell populations besides KCs likely contribute to
enhanced IFN production in the skin. Most research on type I
IFN production has focused on plasmacytoid dendritic cells
(pDCs). In otherwise healthy individuals, pDCs produce large
amounts of IFN upon recognition of viral antigens via endosomal
Toll-like receptors TLR7 and TLR9.39,40 However, the role of
pDCs in type I IFN production in autoimmune diseases such as
SLE is less clear. Psarras et al show that, in preclinical autoimmu-
nity and in SLE, pDCs are not effector cells, but rather have lost
their capacity for TLR-mediated IFNα and TNFα production and
fail to induce T cell activation, independently of disease activity
and blood IFN signature.37 pDCs in lesional CLE were not major
type I IFN producers.41 This may be in part due to inflammatory
environments with high TNFα production,42 such as can be found
in the skin of patients with SLE.43 Additionally, monocytes exhibit
STING-dependent type I IFN production after UVB stimulation.44

How the inflammatory environment modulates the functional sta-
tus of pDCs and other IFN-producing cells in lupus is still being
uncovered.

DM. Overexpression of type I IFN also has been linked to the
immunopathogenesis of DM. IFN-inducible transcripts and
activated type I IFN signatures are observed in patients with
DM.3 Increased expression of IFNα/β-inducible genes and
proteins induced by type I IFNs such as myxovirus resistance pro-
tein are seen in peripheral blood mononuclear cells and affected
muscle and skin of patients with DM.45–47 Elevated blood IFNβ
protein is seen in DM muscle and blood and correlates with high
blood type I IFN–inducible genes.48 In the skin, IFNβ protein is
highly up-regulated in the T cell, macrophage, dendritic cell, and
endothelial cell populations.41 Additionally, IFN signatures, in
particular IFNβ, closely correlate with cutaneous disease
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activity.49 IFNβ expression is abundant in all cells present in the
epidermis and dermis of DM skin.41 TLR3 has been shown to be
elevated in vascular endothelial cells, myeloid dendritic cells, and
regenerating myofibers in patients with juvenile DM (JDM). Type I
IFN signatures are increased in B cells of patients with JDM, and
the activation of TLR7 and IFNα may lead to expansion of imma-
ture B cell populations.50 In vivo and in vitro studies show that
myogenic precursor cells are a source of type I IFNs.50

Emerging therapies targeting type I IFNs

With mounting evidence suggesting a role of type I IFN sig-
naling in the pathogenesis of autoimmune diseases, an increasing
number of monoclonal antibodies (mAb) and small molecule
inhibitors are being developed to target the type I IFN signaling
pathway (summarized in Figure 2A and Table 1). Therapies target-
ing IFNα or IFNβ, the IFNAR chain, pDCs, TLRs, and their down-
stream IFN signaling pathways, including JAK inhibitors and
TYK2 inhibitors, will be discussed below. We also will discuss
cannabinoid receptor type 2 agonist lenabasum.

Anti-IFNα. A phase Ib clinical trial study (NCT00533091)
observed that the anti-IFNα mAb sifalimumab inhibited type I IFN
signatures in patients with DM.51 Sifalimumab has specificity only
for IFNα, leaving other type I IFNs unaffected and able to bind to
the IFNAR. Given that current data suggest that DM seems
to be predominantly driven by IFNβ compared with IFNα, it is
unclear whether further investigations into IFNα inhibition will yield
efficacy in treating DM skin disease.

Anti-IFNβ. A phase II trial (NCT03181893, Ddzukibart)
tested anti-IFNβ, an immunoglobin G1 neutralizing antibody, in
adults with DM and showed efficacy in skin.52 Clinical end point
Cutaneous Dermatomyositis Disease Area and Severity Index
(CDASI) reduction of <5 points was achieved in 100% and 96%
for the 150-mg and 600-mg doses, respectively. The placebo
response was 35.7%. For the Cutaneous Dermatomyositis Dis-
ease Area and Severity Index CDASI reduction of >40%, the rates
were 80%, 82.1%, and 7.1% for the 150 mg, 600 mg, and pla-
cebo arms, respectively.52

Anti-IFNAR1 mAb. An anti-IFNAR1 mAb, anifrolumab,
showed significant effects in decreasing the disease activity of
SLE in phase II trials, and another phase IIb study in patients with
moderate to severe SLE was considered very successful.53,54

Two phase III trials (known as TULIP-1 and TULIP-2) in patients
with SLE were completed in 2019 and showed promise in treat-
ment of skin disease in lupus erythematosus with a >50% reduc-
tion in CLASI was noted at week 12 in patients with a baseline
CLASI-A >10.55,56 Several recent case series have shown prom-
ise of anifrolumab for the treatment of refractory CLE57,58; further
studies are needed for skin limited disease.

IFNAR blockade blunts the effects of both IFNα and IFNβ and
has been shown to reverse many of the proteomic and cellular
changes of enhanced type I IFN seen in SLE. Given similar
IFN-driven changes in DM, further studies are warranted to deter-
mine if IFNAR blockade may provide clinical benefit.

Inhibition of pDCs. Litifilimab is an mAb that binds to
blood DC antigen 2, an inhibitory receptor on pDCs, and induces
rapid internalization to inhibit the production of type I IFNs.56 Litifi-
limab was beneficial to patients with CLE.59

pDCs have also been implicated in DM, with increased num-
bers noted in DM skin,41,60,61 although there were more pDCs in
CLE than DM.62 Single-cell analysis using mass cytometry of DM
skin supports this, showing increased pDC numbers in DM skin.
However, this study suggests that pDCs may not be the main
drivers of type I IFN production. Monocyte and/or macrophages,
monocytoid dendritic cells (mDCs), and T cells were shown to
be main contributors, with mDCs being the main drivers of IFNβ
production. In DM, pDCs were shown to produce high IFNγ,
which activates a receptor complex distinct from that of the type
I interferons. Whether inhibition of pDCs through down-regulation
of IFNγ will result in clinical improvement in DM is not known.

TLR inhibition. HCQ is a TLR7, TLR8, and TLR9 antago-
nist and a conventional antimalarial drug for autoimmune skin dis-
eases, particularly CLE.63 A significant proportion (20%–30%) of
patients with DM develop a cutaneous reaction, most comm-
only a morbilliform rash,64 limiting treatment with HCQ in
DM. Additionally, studies suggest that only 25% of patients with
DM respond to HCQ.65 This may be explained by elevated num-
bers of CD11c+ mDCs, which are important producers of IFNβ,
in HCQ nonresponders compared with HCQ responders in
DM.62 Interestingly, IFNα was lower in HCQ nonresponders, and
there was no difference in IFNβ expression between the two
groups.62 This suggests that HCQ may have effects on high
IFNα–expressing responders, whereas HCQ nonresponders
may not respond due to differences in cell sources such as mDCs
that alter the type I IFN composition.62 It is unknown whether
additional mechanisms of TLR inhibition will be more efficacious
in DM or result in cutaneous adverse events such as occur
with HCQ.

Downstream interferon signaling. JAK inhibitors target
inhibition of cytokine-mediated signaling via the JAK/STAT path-
way, which is important for signaling of inflammatory cytokines,
immunoregulation, and different cell growth factors.66,67 Bariciti-
nib is a selective inhibitor of Janus kinase inhibitor JAK1/JAK2
that has shown significant efficacy in patients with SLE in a phase
II trial but failed in two phase II trials.68 Tofacitinib, an inhibitor of
JAK1/3, is approved by the FDA for the treatment of rheumatoid
arthritis, psoriatic arthritis, and ulcerative colitis.69 Limited reports
have shown that tofacitinib improves recalcitrant cutaneous

HILE AND WERTH6



T
ab

le
1.

Em
er
gi
ng

th
er
ap

ie
s
in
C
LE

an
d
D
M
*

Th
er
ap

y
M
ec

ha
ni
sm

of
ac
tio

n

C
LE

D
M

Le
ve
lo

fe
vi
d
en

ce
C
lin

ic
al

en
d
p
oi
nt
s

fo
r
sk
in

C
om

m
en

ts
R
ef

Le
ve
lo

fe
vi
d
en

ce
C
lin

ic
al

en
d
p
oi
nt
s

fo
r
sk
in

C
om

m
en

ts
R
ef

Ta
rg
et
in
g
IF
N

Si
fa
lim

um
ab

A
nt
i-I
FN

α
m
A
b

Ph
as
e
IIb

,
ra
nd

om
iz
ed

,
d
ou

b
le
-m

as
ke

d
,

p
la
ce

b
o-
co

nt
ro
lle
d

st
ud

y

≥
4-
p
oi
nt

re
d
uc

tio
n

in
C
LA

SI
Sl
ig
ht

re
d
uc

tio
n
in

C
LA

SI
su

b
se
t
of

p
at
ie
nt
s
w
ith

C
LA

SI
ac
tiv

ity
sc
or
e
≥
10

,
af
te
r
w
ee

k
28

8
2

Ph
as
e
Ib
,

ra
nd

om
iz
ed

,
d
ou

b
le
-m

as
ke

d
p
la
ce

b
o-

co
nt
ro
lle
d
tr
ia
l

15
%

re
d
uc

tio
n
in

M
M
T8

,n
o
sk
in
-

sp
ec

ifi
c
en

d
p
oi
nt
s

In
hi
b
ite

d
IS
G
in

sk
in

(a
nd

m
us

cl
e)

52

F-
06

82
38

59
(d
az
uk

ib
ar
t)

A
nt
i-I
FN

β
Ig
G
1

ne
ut
ra
liz
in
g
A
b

Ph
as
e
II,
d
ou

b
le
-

m
as
ke

d
,

p
la
ce

b
o-

co
nt
ro
lle
d
tr
ia
l

>5
-p
oi
nt

re
d
uc

tio
n

in
C
D
A
SI

sc
or
e
or

>4
0%

C
D
A
SI

im
p
ro
ve
m
en

t
fr
om

b
as
el
in
e
at

12
w
ee

ks

>5
-p
oi
nt

re
d
uc

tio
n
in

10
0%

an
d
95

%
of

15
0
m
g
an

d
60

0
m
g

d
os

es
vs
.p

la
ce

b
o

of
35

.7
%

R
>4

0%
re
d
uc

tio
n
in

C
D
A
SI

sh
ow

n
in

80
%
,

82
.1
%

an
d
7.
1%

fo
r

th
e
15

0
m
g,
60

0
m
g

an
d
p
la
ce

b
o
gr
ou

p
s

8
3

A
ni
fr
ol
um

ab
A
nt
i-I
FN

A
R
1
m
A
b

Ph
as
e
IIb

(m
od

er
at
e

to
se
ve
re

SL
E)
;

p
ha

se
III

tr
ia
l

(T
U
LI
P-
Ia

nd
TU

LI
P-
II)

≥
50

%
im

p
ro
ve
m
en

t
in

C
LA

SI
;

re
d
uc

tio
n
of

50
%

or
m
or
e
in

C
LA

SI

Ph
as
e
IIb

an
d
TU

LI
P-
II

m
et

p
ri
m
ar
y

en
d
p
oi
nt
;5

0%
re
d
uc

tio
n
in

C
LA

SI
w
as

no
te
d
at

w
ee

k
12

in
p
at
ie
nt
s
w
ith

b
as
el
in
e
C
LA

SI
-A
>1

0

53
,5

5,
56

In
hi
b
iti
on

of
p
D
C
s

Li
tifi

lim
ab

R
an

d
om

iz
ed

,d
ou

b
le
-

b
lin

d
,p

la
ce

b
o-

co
nt
ro
lle
d
tr
ia
l

C
LA

SI
-A

Th
e
d
iff
er
en

ce
fr
om

p
la
ce

b
o
in

th
e

ch
an

ge
fr
om

b
as
el
in
e

in
C
LA

SI
-A

sc
or
e
at

w
ee

k
16

w
as

–
33

.4
p
er
ce

nt
ag

e
p
oi
nt
s
in

th
e
15

0-
m
g
gr
ou

p
,

an
d
–
28

.0
p
er
ce

nt
ag

e
p
oi
nt
s
in

th
e
45

0-
m
g
gr
ou

p
.

59

D
ow

ns
tr
ea

m
IF
N

si
gn

al
in
g

D
eu

cr
av
ac
iti
ni
b
TY

K2
in
hi
b
ito

r
Ph

as
e
II,
R
an

d
om

iz
ed

,
D
ou

b
le
-m

as
ke

d
,

p
la
ce

b
o-
co

nt
ro
lle
d

tr
ia
l

C
LA

SI
-5
0
at

52
w
ee

ks
C
LA

SI
-5
0
w
as

si
gn

ifi
ca
nt

in
p
at
ie
nt
s
w
ith

b
as
el
in
e
C
LA

SI
-A

sc
or
e
≥
10

78

(C
on

tin
ue

d
)

ROLE OF INTERFERONS IN CLE AND DERMATOMYOSITIS THERAPEUTICS 7



lupus.70 In a recent phase I double-masked randomized safety
trial of tofacitinib, authors suggest that inhibition of aberrant IFN
signaling results in improvement of cardiometabolic and immuno-
logic parameters associated with the premature atherosclerosis in
SLE,71 the results of which will need to be followed up with long-
term studies. Clinical trials of tofacitinib for SLE and CLE are still
in progress.69 Filgotinib, a highly selective JAK1 inhibitor, failed in
a phase II clinical trial.69,72

A few studies have reported a positive response to JAK
inhibitors in DM73,74 as well as in a subset of patients with
refractory JDM.74 In a recent systematic review, 38 female
patients and 15 male patients with DM had been treated with
JAK inhibition without serious side effects.75 Tofacitinib was the
most frequently prescribed, followed by ruxolitinib (inhibitor of
JAK1/2).75 Improvement of CDASI was reported in most of the
studies; however, the duration of follow-up was limited to 1 to
15 months.75 The first prospective, open-label clinical trial of
tofacitinib in 10 patients with DM was recently published and
showed promising efficacy and decreased STAT1 signaling and
IFN gene expression in the skin.73 Further studies are warranted
to determine the long-term safety and efficacy of JAK inhibitors
to treat DM skin disease.

TYK2 inhibition. Ducravacitinib is an oral, selective, allo-
steric inhibitor of TYK2 that binds the regulatory domain and
locks the enzyme in an inactive state, distinguishing it from
inhibitors of JAK1, JAK2, and/or JAK3 that bind the highly con-
served active domains.76 Ducravacitinib is FDA approved for
the treatment of adults with moderate to severe plaque psoria-
sis.77 A recent phase II randomized, double-masked, placebo-
controlled trial suggests higher response, including for CLASI-
50, in patients with SLE compared with placebo, with accept-
able safety profile.78

Cannabinoid receptor type 2 agonist. The endocan-
nabinoid system can modulate inflammatory and fibrotic
responses.79 Cannabinoid receptor type 2 (CB2) is mainly
expressed on immune cells and plays a role in returning an
activated immune response to homeostasis through modula-
tion of inflammation,80 leading to reductions in type I IFNs.
Lenabasum is a selective CB2 agonist. A recent phase II ran-
domized, placebo-controlled clinical trial study showed that
lenabasum treatment was well tolerated and associated with
improvement of CDASI and multiple efficacy outcomes in
patients with moderate to severe skin involvement.81 Addition-
ally, lenabasum had a significant effect on IFNβ gene expres-
sion in the skin and reduced interleukin-31 protein, a cytokine
associated with itching of the skin.81 The degree and consis-
tency of clinical benefit, combined with a favorable safety pro-
file, warrant further evaluation of lenabasum for skin
predominant DM.T
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Conclusion

There is a critical need for better treatments for dermatomyo-
sitis, particularly skin disease. Understanding the pathogenesis of
skin diseases and drivers that instigate disease, in particular the
role of type I IFNs, is key to propel effective therapy development.
Skin only, skin predominant, and postmyopathic skin disease are
more common than previously reported. As for our patient, skin
disease is often refractory to current systemic directed therapies
and results in debilitating pruritus and increased morbidity.
Current and ongoing trial data mostly require active myositis,
excluding patients with predominantly skin disease, and this often
limits clinicians’ ability to get medications covered by insurance
companies for skin disease. Novel therapeutics are emerging that
act on the IFN system and associated signaling and are promising
new avenues for treatment (Table 1). To expand use of this
armamentarium for refractory skin disease in DM, validated dis-
ease severity scores need to be accepted by the FDA and used
as primary outcomes. Given the effectiveness of intravenous
immunoglobulin (IVIg) and the likelihood of success with IVIg in
this case, it is essential that DM trials include patients with
amyopathic DM so that they can access appropriate therapies.
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Efficacy Versus Effectiveness: The HORIZON-Pivotal Fracture
Trial and Its Emulation in Claims Data

Elvira D’Andrea, Sebastian Schneeweiss, Jessica M. Franklin, Seoyoung C. Kim, Robert J. Glynn, Su Been Lee,
and Shirley V. Wang

Objective. The objective of this study is to evaluate the concordance of results between the Health Outcomes and
Reduced Incidence with Zoledronic Acid Once Yearly (HORIZON)–Pivotal Fracture Trial (PFT) and a nonrandomized
database study designed to emulate the trial.

Methods. HORIZON-PFT evaluated the efficacy of zoledronic acid versus placebo in reducing the risk of hip frac-
tures and found a 41% risk reduction over a three-year treatment period (hazard ratio [HR] = 0.59; 95% confidence
interval [95% CI] 0.42–0.83). Using two US claims databases from August 2007 to December 2020 or June 2021, we
applied eligibility criteria from HORIZON-PFT and identified women with osteoporosis who initiated zoledronic acid
or raloxifene as a proxy for placebo. The study protocol was registered on ClinicalTrials.gov (NCT04736693) before
inferential analyses. We compared HORIZON-PFT and database study results using prespecified metrics.

Results. Because of low adherence in clinical practice, on-treatment follow-up was truncated at 18 months in the
database study. The hip fracture risk after 18 months was 9.3 in 1,000 in the trial and 8.3 in 1,000 in the database anal-
ysis. In the database study, zoledronic acid was associated with a 28% reduction in hip fractures risk compared with
raloxifene (HR = 0.72; 95% CI 0.51–0.92). The attenuated effect of zoledronic acid in the database study may be
explained by its shorter follow-up, because the interpolated estimate of the effect in HORIZON-PFT at 18 months
was HRRCT (randomized controlled trial), 0.74, nearly identical to the observational estimate HRdatabase 0.72.

Conclusion. Real-world emulation of the HORIZON-PFT found that zoledronic acid reduced hip fractures risk over
an 18-month follow-up period. Limited adherence in clinical practice diminished the magnitude of its preventive effect
and precluded long-term estimation of effectiveness in this setting.

INTRODUCTION

The Health Outcomes and Reduced Incidence with Zoledronic

Acid Once Yearly (HORIZON)–Pivotal Fracture Trial (PFT) was a

randomized double-blinded, placebo-controlled trial conducted

in postmenopausal women with osteoporosis to investigate the

efficacy of zoledronic acid in reducing the risk of hip and vertebral

fractures.1 Participants were randomly assigned to receive either

a once-yearly intravenous administration of zoledronic acid

(5 mg) or placebo for three years and were monitored periodically

with telephone interviews and clinic visits for 36 months.

HORIZON-PFT found that zoledronic acid reduced the risk of

hip fractures by 41% compared with placebo over a three-year

study period.1

Over 80% of participants were adherent to the annual infu-

sion schedule over the three-year follow-up for HORIZON-PFT.1

However, in clinical practice, adherence to pharmacotherapies

for osteoporosis is less than ideal.2–5 Only about half of patients

continue oral bisphosphonate treatment after one year.2–4

Although the availability of parenteral preparations, which

circumvented the gastrointestinal effects of early oral formula-

tions, and the introduction of agents with extended intervals of
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administration, such as once-yearly infusions of zoledronic acid,
improved adherence rates, those rates are still suboptimal.
Among US Medicare beneficiaries, 32% of zoledronic acid initia-
tors did not receive their second annual doses.5 Poor adherence
limits the effectiveness of the treatment against fractures.6–8

We emulated the design of the HORIZON-PFT using obser-
vational analogs in claims-based databases to define key study
parameters, including the population, intervention, comparator,
and outcome. Our goal was to compare the results between the
trial and the database study and to understand how differences
in adherence affect concordance in results. The study methodol-
ogy has been described and discussed as part of the RCT-
DUPLICATE initiative.9–14

MATERIALS AND METHODS

Study design and data source. To emulate HORIZON-
PFT, we performed an active comparator, incident user cohort
study using real-world data from two US claims databases
(Optum’s de-identified Clinformatics Data Mart Database and
Merative MarketScan Research Database) derived from data-
bases of administrative health claims for members of large com-
mercial and Medicare Advantage health plans. The data sets
contain demographic information, health plan enrollment status,
longitudinal patient-level information on all reimbursed medical
services, inpatient and outpatient diagnoses and procedures,
and pharmacy dispensing records. The Mass General Brigham
Institutional Review Board provided ethics approval, and data
use agreements were in place. The protocol was registered
before the inferential analysis of study outcomes was started
(NCT04736693).

Study patients and treatment. Within the two US real-
world data sources, we identified a cohort of women with oste-
oporosis, between 65 and 89 years of age, who had their first
annual infusion of zoledronic acid or started daily oral raloxifene
from August 21, 2007 (when the US Food and Drug Administra-
tion approved zoledronic acid for the treatment of osteoporosis
in postmenopausal women) to the end of available data (through
2020 for MarketScan and through March 2022 for CDM). To
mimic the placebo arm of HORIZON-PFT, we selected women
initiating raloxifene as a placebo-proxy comparator group. Ral-
oxifene is similarly indicated for the treatment of postmeno-
pausal osteoporosis; however, high-quality evidence has
found that it is not effective at preventing hip fractures.15 The
advantages of such a new-user active-comparator cohort
design are well described.16–18 The cohort entry date was the
day of the first infusion of zoledronic acid or the first filled pre-
scription of raloxifene after at least 15 months of continuous
enrollment within the database. To this cohort, we applied eligi-
bility criteria analogs to the HORIZON-PFT using claims data
(Supplementary Table 1). Like HORIZON-PFT, we allowed

patients who initiated zoledronic acid to be exposed to raloxi-
fene before cohort entry.

Study eligibility was limited to women with a recorded
diagnosis of osteoporosis before drug initiation or a previous
prescription for oral bisphosphonates with a required washout
period of two years before cohort entry. Patients were excluded
if they had a life expectancy shorter than six months; lower
extremity amputations; use of parathyroid hormone, bisphos-
phonates, denosumab, or romosozumab; or a recorded
diagnosis of glucocorticoid-induced osteoporosis or Paget
syndrome within two years before cohort entry. We also
excluded patients with a diagnosis of malignancy, bone metab-
olism diseases, end-stage renal disease, end-stage liver dis-
ease, blindness, noncompliance with medical treatment,
substance use disorder within 12 months before cohort
entry, or with a recent use of anabolic steroids or growth hor-
mone or systemic glucocorticoids (Supplementary Table 1
and Supplementary Figure 1).

Outcome and follow-up. The primary outcome was hip
fracture, which was defined using a validated claims-based algo-
rithm with a positive predictive value (PPV) of 95%.19 Contrary to
HORIZON-PFT, we did not pursue the evaluation of vertebral frac-
tures over concerns of the substantial misclassification of incident
vertebral fractures in claims data.20 However, we did evaluate
nonvertebral fractures as a secondary outcome, as reported in
the HORIZON-PFT (see Supplementary Table 2 for outcome def-
initions and PPVs).1,19

Follow-up started one day after cohort entry and continued
for up to 18 months, censoring at the occurrence of an outcome
event, nursing home admission, disenrollment from the insurance
plan, death, or end of the study period, whichever came first.
Because HORIZON-PFT participants were largely adherent to
treatment during follow-up, ie, received an infusion at 12 and
24 months, the trial’s intention-to-treat estimates were closely
reflective of a “on-treatment” estimand. However, only �30% of
patients in our clinical practice cohort received a second annual
infusion of zoledronic acid within 18 months after the first infusion,
prompting the need for a shorter follow-up period in our study to
estimate an analog of the intention-to-treat effect over a time
frame for which we could emulate the high adherence to treat-
ment observed in HORIZON-PFT. Given the demonstrated pre-
ventive effects of zoledronic acid against osteoporotic fractures
for at least 18 months after the initial infusion,21 we limited the
study period to 18 months. This included a 12-month treatment
duration and a 6-month grace period to account for the lingering
effects of zoledronic acid among patients who discontinued treat-
ment and the ongoing effects in those who continued. By observ-
ing patients for 18 months, we maintained statistical power to
detect meaningful differences in hip fracture events and sample
size consistency until the end of follow-up, similar to the
HORIZON trial. As a result, the 18-month analog of the intention-
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to-treat analysis was also reflective of an “on-treatment” estimand
because it censored patients after the hypothesized window for
biologic effect of therapy had passed.

We also conducted analogs of the intention-to-treat analyses
for follow-up periods of 12, 15, and 21 months, as well as an anal-
ysis for up to 3 years (36 months) after treatment initiation, similar
to the HORIZON trial. These analyses evaluated the effect of start-
ing therapy, regardless of whether patients continued to receive it.

Statistical analysis. Separately within each database,
propensity score (PS) matching was used to balance 85 prespeci-
fied covariates between treatment arms, in which zoledronic acid
initiators were 1:1 matched to raloxifene initiators without replace-
ment on their estimated PS using a nearest-neighbor approach
with a caliper width of 0.01 on the PS scale. Covariates were
measured within 15 months before cohort entry and included
demographics (age, sex, geographic region, metropolitan area),
calendar time of drug initiation, indexes of the overall health state
such as combined comorbidity score and claims-based frailty
index,22,23 conditions that may alter bone metabolism (disorders
of the digestive system, premature menopause, vitamin D defi-
ciency, oophorectomy, osteopenia, previous fractures), other
comorbidities, use of medications, and indicators of health care
use as a proxy for overall disease state, care intensity, and surveil-
lance (Supplementary Tables 3 and 4).

Before registering the protocol, we conducted several fea-
sibility and validity checks. First, we estimated the expected
power for detecting superiority of the primary endpoint at an
α level of 0.05 using outcome counts unstratified by exposure.
Second, we assessed the post-matching covariate balance
between treatment groups by calculating standardized differ-
ences (values lower than 10% indicating balance), overlap in
the PS distributions of the treatment groups, and C-statistics
before and after matching, expecting a value close to
0.5 indicating multivariate balance. The primary analysis was
conducted first in early 2020 using data available at that time.9

We conducted the same analysis in late 2022 with updated data
that are presented here.

For the primary analysis, we tabulated numbers of events,
incidence risks (intention-to-treat estimand, comparable with
interpolated incidence of events in the trial at 18 months) and
rates (on-treatment estimand), and rate differences (RDs) per
1,000 person-years (PY). Hazard ratios (HRs) and 95% confi-
dence intervals (95% CIs) were estimated by Cox regression
models. Using Kaplan–Meier methods, we plotted the cumulative
incidence of hip fractures and estimated the number needed to
treat by inverting the difference in cumulative incidence between
the two groups at 18 months of follow-up.24,25 We also per-
formed log-rank tests to compare hazard rates between the two
drugs over the same period. We conducted a sensitivity analysis
to account for the competing risk of death by using Fine and
Gray’s proportional subhazards model.26–28 Analyses were

conducted in each data source separately and results pooled
using a fixed-effects meta-analysis. All analyses were performed
using Aetion Evidence Platform (Aetion Inc.) and STATA 15.1 sta-
tistical software (StataCorp LLC).

Agreement assessment. The concordance of the effect
estimates between HORIZON-PFT and the database study emu-
lating the trial was measured using three prespecified binary
agreement metrics: the “statistical significance agreement,”
which is met when statistical significance at an alpha level of
0.05 agrees; the “estimate agreement,” which is reached when
the database study effect estimate is within the 95% CI of the pri-
mary trial effect estimate of 0.42 to 0.831; and the “standardized
difference agreement,” which is met when the absolute standard-
ized difference between the treatment effect estimates between
the trial and emulation are less than 1.96.

Given the different lengths of follow-up between the
HORIZON-PFT and database study, we also estimated the con-
cordance of the effect estimates over an aligned follow-up win-
dow of 18 months. To estimate the HR of HORIZON-PFT at
18 months, we extracted the cumulative incidence of hip fracture
at 18 months for both zoledronic acid and placebo from the
Kaplan–Meier curves observed in HORIZON-PFT by using
the Graph Grabber 2.0.2 data retrieval software (Quintessa
Limited).29

Data availability. Individual patient-level data cannot be
shared with third parties based on the Data Use Agreement in
place between the Division of Pharmacoepidemiology and
Pharmacoeconomics of Mass General Brigham and Optum
and between the Division of Pharmacoepidemiology and
Pharmacoeconomics of Mass General Brigham and Merative
MarketScan.

RESULTS

We identified 52,631 eligible postmenopausal women with
osteoporosis, of whom 38,107 initiated zoledronic acid and
14,524 initiated raloxifene (Figure 1). Compared with those who
initiated raloxifene, those who initiated zoledronic acid were older,
had a greater burden of comorbidities (including coronary artery
diseases, atrial fibrillation, chronic obstructive pulmonary disease,
obstructive sleep apnea, and osteoarthrosis), were frailer, and
had a higher number of recorded falls, gait abnormalities, history
of hospitalizations and emergency department admissions, out-
patient visits, flu and pneumococcal vaccines, and screening
tests such as regular blood tests and bone density examinations.
Women initiating zoledronic acid were more likely to receive multi-
ple drug prescriptions and to contribute with a smaller copay to
the overall medication costs than women initiating raloxifene
(Table 1 and Supplementary Table 3). A small number of patients
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initiating zoledronic acid also received a prescription for raloxifene
at baseline (264 patients, 2.1%) because of the new-user design.

After PS matching, we retained 25,302 eligible women initiat-
ing zoledronic acid or raloxifene (12,651 in each cohort) with well-
balanced baseline characteristics (Table 1, Supplementary

Table 4, and Figure 2) and identical PS distributions
(Supplementary Figure 2). Compared with the HORIZON-PFT,
patients included in the database analysis were slightly older
(mean age of 73.1 versus 73.9).1 The estimated power for the
primary analysis exceeded 99% for superiority, and the post-

Abbreviations: PS, propensity score. 

245,398 patients initiating zoledronic acid or 
raloxifene between August 2007 and Mar 2022 
with ≥ 450 days of continuous plan enrollment 

prior to cohort entry date 

192,767 patients excluded: 
- 98,686 aged ≤ 65 years or ≥ 89 years at cohort entry  
- 25,014 males or missing sex information 
- 14,843 with no recorded diagnosis of osteoporosis   
- 22,586 prior use of bisphosphonates  
- 1,460 prior use of teriparatide or analogue 
- 55 prior use of anabolic-androgenic steroids and growth 
hormones 
- 6,131 prior use of systemic corticosteroids 
- 947 life expectancy < 1 year 
- 12,843 with malignancy (except non-melanoma) 
- 6,981 with disorders that influence bone metabolism 
- 68 with glucocorticoid-Induced Osteoporosis 
- 285 with Paget’s disease 
- 831 Alcohol abuse, drug addiction or non-compliance 
- 4 pregnancies 
- 132 lower extremity amputations 
- 384 prior use of denosumab  
- 3 prior use of romosozumab  
- 793 prior use of zoledronic acid 
- 36 with end-stage renal disease, dialysis, or renal 
transplant 
- 321 with end stage liver disease  
- 182 with blindness or low vision 

52,631 eligible postmenopausal women with 
osteoporosis initiating zoledronic acid (n = 38,107) 

or raloxifene (n = 14,524)  

12,651 1:1 PS-matched 
postmenopausal women with 

osteoporosis initiating zoledronic acid 

12,651 1:1 PS-matched 
postmenopausal women with 

osteoporosis initiating raloxifene 

Figure 1. Study flowchart: Eligible population included in the study cohort initiating zoledronic acid or raloxifene between August 2007 and
March 2022 before and after matching. PS, propensity score. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.42968/abstract.
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Table 1. Selected baseline characteristics of patients initiating treatment with zoledronic acid versus raloxifene after 1:1 PS matching*

Baseline characteristics

Before 1:1 PS matching After 1:1 PS matching

Raloxifene,
n = 14,524

Zoledronic acid,
n = 38,107

Standardized
difference

Raloxifene,
n = 12,651

Zoledronic acid,
n = 12,651

Standardized
difference

Demographics
Age of patients, mean ± SD, y 73.67 ± 6.46 74.78 ± 6.46 −0.17 73.89 ± 6.49 73.86 ± 6.39 0.00
Age categories, n (%)
<70 4,779 (32.9) 9,852 (25.9) 0.15 3,958 (31.3) 3,998 (31.6) −0.01
70–74 3,704 (25.5) 9,674 (25.4) 0.00 3,244 (25.6) 3,326 (26.3) −0.02
≥75 6,041 (41.6) 18,581 (48.8) −0.15 5,449 (43.1) 5,327 (42.1) 0.02

Calendar time, n (%)
August 2007–December
2010

4,315 (29.7) 6,471 (17.0) 0.30 3,280 (25.9) 3,338 (26.4) −0.01

January 2011–December
2013

3,536 (24.3) 9,333 (24.5) 0.00 3,320 (26.2) 3,342 (26.4) 0.00

January 2014–December
2016

2,902 (20.0) 6,594 (17.3) 0.07 2,553 (20.2) 2,565 (20.3) 0.00

January 2017–June 2021 3,771 (26.0) 15,709 (41.2) −0.33 3,498 (27.6) 3,406 (26.9) 0.02
Lifestyle factors, n (%)
Smoking 944 (6.5) 4,474 (11.7) −0.18 895 (7.1) 915 (7.2) 0.00
Obesity or overweight 1,372 (9.4) 4,668 (12.2) −0.09 1,259 (10.0) 1,261 (10.0) 0.00

Burden of comorbidities
Combined comorbidity
index, mean ± SD

0.54 ± 1.60 0.89 ± 1.83 −0.20 0.59 ± 1.62 0.61 ± 1.63 −0.01

Frailty score, n (%)
Robust 11,289 (77.7) 27,401 (71.9) 0.13 9,606 (75.9) 9,567 (75.6) 0.01
Prefrail 2,932 (20.2) 9,238 (24.2) −0.10 2,761 (21.8) 2,765 (21.9) 0.00
Mildly to severely frail 303 (2.1) 1,468 (3.9) −0.11 284 (2.2) 319 (2.5) −0.02

Cardiovascular and metabolic conditions, n (%)
Hypertension 8,221 (56.6) 23,025 (60.4) −0.08 7,290 (57.6) 7,313 (57.8) 0.00
Hyperlipidemia 8,476 (58.4) 22,917 (60.1) −0.03 7,504 (59.3) 7,527 (59.5) 0.00
Atherosclerotic
cardiovascular diseasea

1,755 (12.1) 6,149 (16.1) −0.12 1,613 (12.7) 1,646 (13.0) −0.01

Cerebrovascular diseaseb 534 (3.7) 2,132 (5.6) −0.09 493 (3.9) 492 (3.9) 0.00
Heart failure 394 (2.7) 1,181 (3.1) −0.02 351 (2.8) 361 (2.9) −0.01
PVD or PVD surgery 913 (6.3) 2,735 (7.2) −0.04 830 (6.6) 820 (6.5) 0.00
Atrial fibrillation or other
cardiac dysrhythmia

1,647 (11.3) 6,336 (16.6) −0.15 1,520 (12.0) 1,583 (12.5) −0.02

Diabetes with or without
complications

2,518 (17.3) 6,599 (17.3) 0.00 2,232 (17.6) 2,270 (17.9) −0.01

Gastrointestinal conditions, n (%)
Malabsorption disordersc 1,307 (9.0) 4,295 (11.3) −0.08 1,191 (9.4) 1,214 (9.6) −0.01
Disorders of esophagus,
stomach, and duodenum

819 (5.6) 2,638 (6.9) −0.05 753 (6.0) 741 (5.9) 0.00

Gastrointestinal bleeding 537 (3.7) 1,654 (4.3) −0.03 485 (3.8) 504 (4.0) −0.01
Disorders of gallbladder,
biliary tract, and pancreas

414 (2.9) 1,384 (3.6) −0.04 374 (3.0) 370 (2.9) 0.01

Other conditions, n (%)
Osteoarthrosis 4,096 (28.2) 14,754 (38.7) −0.22 3,823 (30.2) 3,772 (29.8) 0.01
Alzheimer disease and other
forms of dementia

681 (4.7) 2,588 (6.8) −0.09 623 (4.9) 620 (4.9) 0.00

Hypothyroidism 3,422 (23.6) 10,513 (27.6) −0.09 3,106 (24.6) 3,109 (24.6) 0.00
Liver disease 591 (4.1) 1,646 (4.3) −0.01 514 (4.1) 483 (3.8) 0.02
Chronic kidney disease
stages I–III

1,150 (7.9) 2,769 (7.3) 0.02 992 (7.8) 968 (7.7) 0.00

Chronic kidney disease
stages IV or V

303 (2.1) 421 (1.1) 0.08 257 (2.0) 164 (1.3) 0.05

Premature menopause 14 (0.1) 94 (0.2) −0.03 13 (0.1) 18 (0.1) 0.00
Oophorectomy 14 (0.1) 51 (0.1) 0.00 11 (0.1) 9 (0.1) 0.00
COPD 1,372 (9.4) 5,027 (13.2) −0.12 1,261 (10.0) 1,306 (10.3) −0.01
Asthma 1,157 (8.0) 3,834 (10.1) −0.07 1,060 (8.4) 1,073 (8.5) 0.00
Obstructive sleep apnea 475 (3.3) 2,471 (6.5) −0.15 454 (3.6) 455 (3.6) 0.00
Syncope 517 (3.6) 1,918 (5.0) −0.07 478 (3.8) 477 (3.8) 0.00

(Continued)
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Table 1. (Cont’d)

Baseline characteristics

Before 1:1 PS matching After 1:1 PS matching

Raloxifene,
n = 14,524

Zoledronic acid,
n = 38,107

Standardized
difference

Raloxifene,
n = 12,651

Zoledronic acid,
n = 12,651

Standardized
difference

Falls 825 (5.7) 3,665 (9.6) −0.15 770 (6.1) 755 (6.0) 0.00
VTE 183 (1.3) 1,023 (2.7) −0.10 179 (1.4) 236 (1.9) −0.04
Gait abnormality 1,080 (7.4) 4,617 (12.1) −0.16 1,002 (7.9) 1,011 (8.0) 0.00
Osteopenia 4,797 (33.0) 13,153 (34.5) −0.03 4,229 (33.4) 4,134 (32.7) 0.01
Hip and femur fractures 286 (2.0) 1,295 (3.4) −0.09 266 (2.1) 287 (2.3) −0.01
Vertebral fractures 1,037 (7.1) 4,201 (11.0) −0.14 976 (7.7) 965 (7.6) 0.00
Other fractures 522 (3.6) 2,141 (5.6) −0.10 482 (3.8) 509 (4.0) −0.01

Medication use, n (%)
Calcitonin 257 (1.8) 487 (1.3) 0.00 238 (1.9) 217 (1.7) 0.00
Oral glucocorticoids 3,443 (23.7) 10,203 (26.8) −0.07 3,189 (25.2) 3,196 (25.3) 0.00
Antidepressants 3,409 (23.5) 11,364 (29.8) −0.14 3,232 (25.5) 3,194 (25.2) 0.01
Anticonvulsants 1,490 (10.3) 5,579 (14.6) −0.13 1,408 (11.1) 1,483 (11.7) −0.02
Beta blocker or calcium
channel blockers

4,209 (29.0) 10,574 (27.7) 0.03 3,761 (29.7) 3,748 (29.6) 0.00

PPIs 3,973 (27.4) 11,972 (31.4) −0.09 3,705 (29.3) 3,632 (28.7) 0.01
Opioids 4,160 (28.6) 12,718 (33.4) −0.10 3,932 (31.1) 3,919 (31.0) 0.00
Antipsychotics 233 (1.6) 708 (1.9) −0.02 214 (1.7) 210 (1.7) 0.00
Anxiolytics/hypnotics 1,279 (8.8) 3,265 (8.6) 0.01 1,158 (9.2) 1,206 (9.5) −0.01
Dementia medications 425 (2.9) 1,375 (3.6) −0.04 400 (3.2) 393 (3.1) 0.01
Antiparkinsonian
medications

350 (2.4) 1,304 (3.4) −0.06 333 (2.6) 343 (2.7) −0.01

Benzodiazepine 2,283 (15.7) 6,249 (16.4) −0.02 2,116 (16.7) 2,155 (17.0) −0.01
Glucose-lowering
medications

1,499 (10.3) 3,561 (9.3) 0.03 1,329 (10.5) 1,331 (10.5) 0.00

ACEi/ARBs 5,493 (37.8) 12,859 (33.7) 0.09 4,840 (38.3) 4,818 (38.1) 0.00
Anticoagulants 629 (4.3) 2,800 (7.3) −0.13 598 (4.7) 647 (5.1) −0.02
Diuretics 4,198 (28.9) 10,120 (26.6) 0.05 3,729 (29.5) 3,711 (29.3) 0.00
NSAIDs 2,884 (19.9) 7,334 (19.2) 0.02 2,661 (21.0) 2,459 (19.4) 0.04
Hormone replacement
therapy

1,456 (10.0) 3,446 (9.0) 0.03 1,305 (10.3) 1,343 (10.6) −0.01

Statins 6,430 (44.3) 16,170 (42.4) 0.04 5,804 (45.9) 5,817 (46.0) 0.00
Previous use of
bisphosphonatesd

4,198 (28.9) 10,467 (27.5) 0.03 3,697 (29.2) 3,986 (31.5) −0.05

Measures of health care use
No. of prescribed
medications, mean ± SD

18.84 ± 16.04 21.39 ± 18.67 −0.15 20.01 ± 16.32 20.22 ± 15.25 −0.01

No. of hospitalizations, mean
± SD

0.38 ± 1.85 0.53 ± 2.19 −0.07 0.40 ± 1.94 0.41 ± 1.94 −0.01

No. of ED visits, mean ± SD 0.32 ± 0.80 0.47 ± 1.02 −0.16 0.34 ± 0.82 0.35 ± 0.82 −0.01
No. of office visits,
mean ± SD

10.53 ± 8.09 13.64 ± 9.51 −0.35 11.08 ± 8.24 11.18 ± 7.56 −0.01

No. of bone density test,
mean ± SD

0.60 ± 0.56 0.69 ± 0.58 −0.16 0.62 ± 0.56 0.62 ± 0.54 0.00

Metabolic blood chemistry
test, n (%)

8,244 (56.8) 27,974 (73.4) −0.35 7,698 (60.8) 7,661 (60.6) 0.00

Flexible sigmoidoscopy,
colonoscopy or CT virtual
colonoscopy, n (%)

1,752 (12.1) 4,917 (12.9) −0.02 1,569 (12.4) 1,556 (12.3) 0.00

Mammograms, n (%) 8,840 (60.9) 22,873 (60.0) 0.02 7,656 (60.5) 7,769 (61.4) −0.02
Pap smear, n (%) 3,327 (22.9) 5,793 (15.2) 0.20 2,652 (21.0) 2,772 (21.9) −0.02
Flu vaccine, n (%) 4,648 (32.0) 14,345 (37.6) −0.12 4,182 (33.1) 4,143 (32.7) 0.01
Pneumococcal vaccine, n (%) 3,009 (20.7) 11,378 (29.9) −0.21 2,767 (21.9) 2,734 (21.6) 0.01
Copay for pharmacy cost
(USD)

28.05 (33.64) 22.63 (26.67) 0.18 25.43 (26.75) 25.44 (33.07) 0.00

* ACEi, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; COPD, chronic obstructive pulmonary disease; CT, computerized
tomography; ED, emergency department; NSAID, nonsteroidal anti-inflammatory drugs; PPIs, proton-pump inhibitors; PS, propensity score;
PVD, peripheral vascular disease; TIA, transient ischemic attack; VTE, venous thromboembolism.
a Myocardial infarction, stable or unstable angina, coronary atherosclerosis, history of cardiovascular procedures.
b Ischemic or hemorrhagic stroke, TIA, late effects of cerebrovascular disease.
c Noninfective enteritis and colitis, other intestinal malabsorption, intraoperative and postprocedural complications and disorders of lower
digestive system.
d Measured from the time of insurance enrollment to 730 days (2 years) before the day of treatment initiation.
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matching C-statistic was about 0.53 (Supplementary Figure 3).
The mean and median follow-up time were 435 and 540 days
(Supplementary Table 5).

Overall, the hip fracture risk after 18 months was 8.3 in 1,000
(zoledronic acid: 6.9 in 1,000 events, raloxifene: 9.7 in
1,000 events), which was similar to the interpolated incidence at
18 months of 9.3 in 1,000 (zoledronic acid: 7.9 in 1,000 events,
placebo: 10.6 in 1,000 events) found in the HORIZON-PFT. The
incidence rate was 5.8 in 1,000 (87 events) among those who ini-
tiated zoledronic acid and 8.1 in 1,000 (123 events) among those
who initiated raloxifene. This resulted in a 28% decreased risk
(HR = 0.72; 95% CI 0.51–0.92) or two fewer events (RD −2.3;
95% CI −4.10 to −0.56) per 1,000 PY of zoledronic acid use ver-
sus raloxifene (Figures 2 and 3). Findings were consistent across

the individual databases; specifically, the risk reduction of hip frac-
ture varied little between the two databases: HR = 0.73 (95% CI
0.50–1.06) and HR = 0.70 (95% CI 0.47–1.05) (Figure 2). The
cumulative incidence of hip fracture among those who initiated
zoledronic acid versus raloxifene began to diverge after about five
months (Figure 3). The number needed to treat with zoledronic
acid to prevent hip fractures in one patient was 286 at 18 months.
Results remained consistent when we performed the competing
risk regression analysis (HR = 0.71; 95% CI 0.54–0.94).

All three prespecified binary agreement metrics were met.
The “statistical significance agreement” was satisfied because
the upper limit of the 95% CI in the database analysis did not
cross the null, which was consistent with the results from the trial.
The “estimate agreement” was satisfied because the effect

Figure 2. Number of events, person-time, and incidence rates for the outcome hip fractures in 1:1 propensity score–matched initiators of zole-
dronic acid versus raloxifene: Number of events and incidence rates by treatment group and point estimates of the effect sizes are presented over-
all (pooled) and for individual databases. Estimates of the effect sizes were pooled using a fixed-effects meta-analysis. HRs and RDs for individual
databases are indicated by circles, whereas pooled estimates are indicated by squares; 95% CIs are indicated by horizontal lines. 95% CI, 95%
confidence interval; CDM, Clinformatics® Data Mart Database; HR, hazard ratio; IR, incidence rate; PY, person-years; RD, rate difference.

Figure 3. Cumulative incidence for hip fracture comparing zoledronic acid versus placebo in the HORIZON-PFT and PS-matched zoledronic acid ver-
sus raloxifene initiators in the RWE emulation trial: Cumulative incidence for hip fracture during 18 and 36 months in the HORIZON-PFT (A) and cumula-
tive incidence for hip fracture during 18 months in the RWE emulation of the HORIZON-PFT (B). To estimate the hazard ratio of HORIZON-PFT at
18 months, we extracted the cumulative incidence of hip fracture for both zoledronic acid and placebo from the Kaplan–Meier curves observed in
HORIZON-PFT, using by the Graph Grabber 2.0.2 data retrieval software (Quintessa Limited).27 95% CI, 95% confidence interval; HORIZON-PFT,
Health Outcomes and Reduced Incidence with Zoledronic Acid Once Yearly–Pivotal Fracture Trial; HR, hazard ratio; PS, propensity score; RWE, real-
world evidence. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42968/abstract.

D’ANDREA ET AL18

http://onlinelibrary.wiley.com/doi/10.1002/art.42968/abstract


estimate from the database study (ie, 0.72) was within the 95% CI
of the HORIZON-PFT effect estimate (ie, 95% CI 0.42–0.83). The
“standardized difference agreement” was also met (standardized
difference = −0.90).

Although the comparison of estimates for HORIZON-PFT at
36 months to the database study emulation at 18 months met
the three binary agreement metrics, the results were more closely
aligned when follow-up time for the HORIZON-PFT trial was trun-
cated to 18 months. If the trial had evaluated the efficacy of zole-
dronic acid versus placebo at 18 months, the effect estimate
would have been almost identical to the one calculated in our
database study (HRdatabase = 0.72 versus HRRCT [randomized
control trial] = 0.74).

The sensitivity analyses conducted over different follow-up
windows showed a gradually increasing effect of zoledronic acid
in preventing hip fractures from 12 to 18 months of follow-up,
along with a stable effect between 18 and 21 months
(Supplementary Table 6). In the analog of the intention-to-treat
analysis that observed patients for up to three years, only 40%
of patients completed three years of follow-up due to disenroll-
ment from the insurance plan, death, and end of data availability.
The estimated effect from the three-year analysis was consistent
with the primary “on-treatment” database study analysis up to
18 months (HR = 0.74; 95% CI 0.58–0.91) (Supplementary
Table 6). The stable effect observed in clinical practice at
18 months and 3 years is in line with some evidence that the ben-
eficial effect of zoledronic may increase with cumulative dosing
over multiple years.1 Unlike the HORIZON trial, there was low
adherence to annual infusions in clinical practice, and about
30% had a second infusion within 18 months.

A similar pattern was observed for nonvertebral fractures,
with the preventive effect of zoledronic acid increasing up to
18 months and subsequently reaching a plateau or even declining
(Supplementary Table 6). The analysis conducted over 18 months
of follow-up showed an attenuated effect of zoledronic acid in
preventing nonvertebral fractures (HR = 0.92, 95% CI 0.74 to
1.06) compared with the effect shown in the HORIZON-PFT over
a three-year follow-up (HR = 0.75, 95% CI 0.64 to 0.87), which is
consistent with the attenuated database study results for hip
fractures.

DISCUSSION

We emulated the randomized placebo-controlled trial
HORIZON-PFT using claims-based databases to evaluate the
effectiveness of zoledronic acid in preventing hip fracture in a clin-
ical setting in which poor adherence to pharmacotherapies for
osteoporosis after one year is the norm. We identified a large
population-based cohort of 25,302 postmenopausal women with
osteoporosis, about 6.5 times the size of the sample recruited by
the HORIZON-PFT, and observed them for a year and a half when
most women failed to receive a second infusion. In contrast, the

strict trial protocol and procedures that were part of HORIZON-
PFT resulted in over 80% adherence over three years of follow-
up. We observed that women initiating once-yearly infusions of
zoledronic acid in clinical practice had a 28% lower risk of hip frac-
tures than those receiving raloxifene, a drug that is also indicated
for osteoporosis but that has been shown not to affect risk of hip
fracture. In contrast, HORIZON-PFT showed a 41% reduced risk
over three years.

Although the prespecified binary concordance metrics were
met, the effectiveness of zoledronic acid on preventing hip frac-
tures was attenuated in the clinical practice setting compared with
the efficacy shown in the trial. The trial results suggested that the
beneficial effect of zoledronic acid on reducing risk of hip fractures
increased with subsequent infusions over the three years of
follow-up.1,30,31 The diminished effect found in the database
study may be explained by shorter time on therapy in clinical prac-
tice coupled with the increasing beneficial effect with longer treat-
ment in the trial.1

The findings also indicate that the preventive effect of zoledro-
nic acid on hip fractures may extend beyond the recommended
annual administration interval, persisting for at least 18 months
after the initial infusion. These results align with the results from
other studies and contribute to evaluating the appropriate dosing
interval of zoledronic acid.21,32 Additionally, given the association
between nonadherence and frailty and history of fragility fractures,
it is crucial not to overlook the long-lasting effectiveness of a single
dose, particularly for individuals at a high risk of fractures.32,33

Randomized controlled trials (RCTs) often evaluate the effi-
cacy of medications for osteoporosis or other diseases with histor-
ically suboptimal or poor adherence rates in clinical practice. Our
results highlight the importance of generating evidence that is com-
plementary to trials, which can inform key stakeholders about the
anticipated benefits of a considered therapy under clinical practice
conditions. Real-world data can be used in different ways to sup-
port the evaluation of drug effectiveness. First, such data can pro-
vide evidence of utilization patterns and adherence in clinical
practice. This data can be used to inform secondary analyses of tri-
als that truncate follow-up at intermediate time intervals that are
reflective of the anticipated duration of treatment in practice. Alter-
natively, real-world data can be used to emulate a target trial’s
design and directly generate estimates of effectiveness in popula-
tions analogous to the trial population, as well as in different popu-
lations in which, for various reasons, a trial cannot be conducted.
Such estimates of effectiveness would supply clinicians with evi-
dence that can be more precisely translated into a clinical setting.
They could also be highly informative for regulatory and coverage
decisions. Such evidencemay also be useful to inform identification
of effective interventions to improve adherence to antiosteoporosis
medications, which remains a major goal in clinical practice.34

The likelihood of claims-based database studies closely repli-
cating the results of RCTs increases when the study design and
measurements can be emulated well. This includes having a
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real-world patient population similar to the trial population; accu-
rately measuring exposure, outcomes, and population defining
characteristics; emulating a placebo control arm with an active-
comparator proxy for placebo; and addressing confounding
factors.9,35 Another challenge in replicating trial results, as
highlighted by the HORIZON-PFT real-world evidence (RWE) emu-
lation, is the potential for a delayed effect of medication over a long
follow-up period. Differences in results may stem from divergence
in follow-up time and adherence between RCTs and database
studies. These design differences reflect differences in the
research questions that can be asked with a trial versus a data-
base study, also described as the efficacy-effectiveness gap.36

This study includes several limitations. In the database study,
we could not use placebo as a comparator group; however, the
placebo comparator was emulated by raloxifene, which is an
alternative medication very unlikely to have a direct effect on the
endpoint of interest (hip fractures) and used in patients with similar
characteristics, as shown in the baseline covariate balance of
zoledronic acid versus raloxifene.

Second, there are differences in measurement and ascertain-
ment of key study parameters between the primary data collection
for the trial versus the definitions applied in the database study. For
example, unlike the HORIZON-PFT, which required eligible partic-
ipants to have evidence of osteoporosis based on bone mineral
density T scores of −2.5 or less at the femoral neck or −1.5 or less
with radiologic evidence of at least two mild or one moderate ver-
tebral fractures, the database emulation selected patients solely
based on international classification for diseases codes of osteo-
porosis (70%) and/or previous use of bisphosphonates (30%).
Moreover, less than half of the clinical practice patients had evi-
dence of a bone density test at baseline in their claims, potentially
limiting the accuracy of their osteoporosis diagnosis and selecting
those at a lower risk for fractures than the trial participants. This
could have contributed to the smaller risk reduction of hip fractures
observed in the database study compared with the HORIZON trial.
However, patients included in the database analysis were of similar
age, and the different proportion of vertebral fractures at baseline
(4% of the database study patients had a claim for history of verte-
bral fractures in contrast to 63% of the HORIZON trial participants
with a radiographic diagnosis of vertebral fracture) does not nec-
essarily indicate a lower fracture risk among clinical practice
patients than trial participants because 65% to 75% of vertebral
fractures in real-world settings among postmenopausal women
with osteoporosis are clinically silent and do not come to medical
attention.37 Furthermore, underdiagnosis of vertebral fractures
limits our ability to accurately stratify patients into subgroups of
higher versus lower risk of fractures using claims data, preventing
exploration of whether patients at higher risk have greater benefits
from treatment with zoledronic acid than those at lower risk over a
short period of time.32

Third, because residual confounding for unmeasured char-
acteristics, such as bone mineral density score or body mass

index, cannot be entirely ruled out, we balanced 85 baseline
covariates between treatment groups through PS matching to
minimize any potential imbalances in such factors. Including a
large number of covariates ascertained from patients’ health care
claims data improves control of confounding, as those variables
may collectively be proxy for unobserved factors.27,38

Fourth, this study was not designed to evaluate whether the
beneficial effect of zoledronic acid on preventing hip fractures
increases with cumulative dosing over time. Although 30% of the
zoledronic acid cohort received a second infusion, the short time
of observation from the second infusion to the end of the study,
the consequent limited number of outcome events, and the lin-
gering effect of zoledronic acid for at least 18 months (end of
study period) after the initial infusion prevented us from assessing
the difference in hip fracture risk between patients who received
one infusion versus two infusions. Further investigation, with more
data and appropriate design, is needed to determine whether a
cumulative dosing effect of zoledronic acid on preventing the risk
of hip fractures could be observed in claims-database studies.32

To our knowledge, this study is the first to directly compare an
existing RCT with a corresponding database study designed to
emulate it in postmenopausal women with osteoporosis. Our
study shows how differences in adherence influences the magni-
tude of effects observed in a clinical setting versus a trial setting.
It follows a rigorous methodology with a prespecified protocol,
including validity checks, and was publicly registered before imple-
menting inferential analyses. Like the HORIZON-PFT trial, we
observed that zoledronic acid reduced the risk of hip fracture com-
pared with raloxifene. However, given low adherence in clinical
practice, the anticipated effectiveness of zoledronic acid in clinical
practice was attenuated compared with the efficacy estimated in
HORIZON-PFT. RWE provides important complementary evi-
dence to inform clinicians about the effect of drugs in their practice.
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Relationship Between Ultrasound and Physical Examination
in the Assessment of Enthesitis in Patients With
Spondyloarthritis: Results From the DEUS Multicenter Study
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Objective. The study objectives were (i) to explore the agreement between the Outcome Measures in Rheumatology
(OMERACT) ultrasound lesions of enthesitis and physical examination in assessing enthesitis in patients with spondyloar-
thritis (SpA) and (ii) to investigate the prevalence and clinical relevance of subclinical enthesitis in this population.

Methods. Twenty rheumatologycentersparticipated in thiscross-sectional study.PatientswithSpA, includingaxial spon-
dyloarthritis (axSpA) andpsoriatic arthritis (PsA), underwent both ultrasoundscanandphysical examinationof large lower limb
entheses.TheOMERACTultrasound lesionsofenthesitiswereconsidered,alongwitha recentlyproposeddefinition for“active
enthesitis”byourgroup.Subclinical enthesitiswasdefinedas thepresenceof “activeenthesitis” in≥1enthesis inpatientswith
SpAwithout clinical enthesitis (ie, number of positive entheses on physical examination and Leeds Enthesitis Index score = 0).

Results. A total of 4,130 entheses in 413 patients with SpA (224 with axSpA and 189 with PsA) were evaluated
through ultrasound and physical examination. Agreement between ultrasound and physical examination ranged from
moderate (ie, enthesophytes) to almost perfect (ie, power Doppler and “active enthesitis”). Patellar tendon entheses
demonstrated the highest agreement, whereas Achilles tendon insertion showed the lowest. Among 158 (38.3%) of
413 patients with SpA with clinical enthesitis, 108 (68.4%) exhibited no “active enthesitis” on ultrasound. Conversely,
of those 255 without clinical enthesitis, 39 (15.3%) showed subclinical enthesitis. Subclinical enthesitis was strongly
associated with local structural damage. However, no differences were observed regarding the demographic and clin-
ical profiles of patients with SpA with and without subclinical enthesitis.

Conclusion. Our study underscores the need for a comprehensive tool integrating ultrasound and physical exam-
ination for assessing enthesitis in patients with SpA.

INTRODUCTION

Enthesitis, inflammation at the sites where tendons, liga-

ments, and joint capsules insert into bone, is regarded as the

hallmark feature of spondyloarthritis (SpA).1 Enthesitis plays a

key role in the diagnosis and management of patients with SpA.

It is part of the Classification Criteria for Psoriatic Arthritis and the
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classification criteria for axial spondyloarthritis (axSpA).2–4 In addi-
tion, according to EULAR, patients with psoriatic arthritis (PsA)
who show unequivocal signs of enthesitis and insufficient
response to nonsteroidal anti-inflammatory drugs (NSAIDs)
(or local glucocorticoid injections) should be considered for treat-
ment escalation to a biologic disease-modifying antirheumatic
drug (DMARD).5

Physical examination is the reference method for assessing
enthesitis, relying on tenderness, swelling, warmth, and restricted
movement at entheseal sites. However, this approach may show
low sensitivity due to the often absence of objective findings of
inflammation at the entheseal level, such as specificity (ie, chronic
pain, mechanical enthesitis) and swelling.6 Various clinical scoring
systems have been developed to evaluate enthesitis in SpA.7

These include the Leeds Enthesitis Index (LEI), the Spondyloar-
thritis Research Consortium of Canada (SPARCC) Enthesitis
Index, the Maastricht Ankylosing Spondylitis Enthesitis Score
(MASES), the University of California, San Francisco (UCSF) index,
and the Berlin index. These scores are commonly employed in
both clinical practice and research trials to assess enthesis dis-
ease activity and response to treatment.8–12

Ultrasound has emerged as a valuable tool for detecting
enthesitis, offering real-time imaging assessment of entheseal
pathologic abnormalities indicative of inflammation and structural
damage.13–15 Recently, the Outcome Measures in Rheumatology
(OMERACT) ultrasound task force has defined six elementary
lesions of enthesitis, categorizing them into “inflammatory”
lesions (ie, entheseal thickening, hypoechoic areas, and power
Doppler [PD] signal at the enthesis) and “structural damage”
lesions (ie, calcifications, enthesophytes, and bone erosions).16,17

Some studies have demonstrated the ability of imaging, par-
ticularly ultrasound, to identify subclinical enthesitis, which refers
to the presence of inflammatory findings at the enthesis not
apparent during physical examination.18,19 However, there are
instances in which painful entheses during physical examination

do not show signs of inflammation on ultrasound, especially in
patients with diffuse pain or fibromyalgia (FBM).20

In patients with SpA, the relationships between the different
ultrasound lesions of enthesitis (ie, inflammatory lesions and struc-
tural damage lesions) and physical examination findings in the
assessment of enthesitis, and how these relationships vary across
individual entheses, remain incompletely understood. Importantly,
existing studies on this subject have not adopted the latest OMER-
ACT definitions of enthesitis.16,17 Furthermore, within the population
with SpA, the prevalence, clinical associations, and correlations with
local factors (such as structural damage at the enthesis) of ultra-
sound subclinical enthesitis have been scarcely explored.

Clarifying these aspects is crucial for understanding the reli-
ability and role of ultrasound, as a complementary tool to physical
examination, in the assessment of enthesitis in patients with SpA.
Therefore, the objectives of this study were three-fold: (1) to exam-
ine the agreement between the OMERACT ultrasound lesions of
enthesitis and physical examination findings in the assessment of
enthesitis in patients with SpA; (2) to explore, in patients with SpA
without clinical enthesitis, the prevalence of ultrasound-detected
inflammation at the enthesis (ie, subclinical enthesitis); and (3) to
investigate, in patients with SpA without clinical enthesitis, the rela-
tionships between subclinical enthesitis and patients’ demographic
factors, clinical characteristics, and local structural damage at the
enthesis (ie, bone erosions, calcifications, and/or enthesophytes).

MATERIALS AND METHODS

The Defining Enthesitis on Ultrasound in Spondyloarthritis
(DEUS) study adopted an observational, cross-sectional, multi-
centric approach. The details of the DEUS study have been previ-
ously reported.21 Briefly, consecutive patients with SpA, including
axSpA and PsA, were recruited from 20 different rheumatology
centers across 11 countries based on their respective classifica-
tion criteria.2–4 The following exclusion criteria were used: being
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aged less than 18 years, having a history of major knee or ankle sur-
gery or trauma, performing intense physical activity in the 2 weeks
preceding the clinical evaluation, and having a concomitant diagnosis
of FBM. The following clinical data were collected in patients with
SpA: age, sex, weight, height, bodymass index (BMI), physical activ-
ity, presence of cardiovascular disease, erythrocyte sedimentation
rate, C-reactive protein, current use of DMARD therapy, and use of
NSAIDs or steroidal anti-inflammatory drugs. Additional information
collected included disease duration, previous enthesitis episodes,
presence of psoriasis or inflammatory bowel disease, and HLA-B27
status (when clinically indicated).

The following disease activity indices were also recorded: the
LEI score in both patients with axSpA and patients with PsA8; ten-
der joint count (0–68) and swollen joint count (0–66) in both patients
with axSpA and patients with PsA; the Disease Activity in Psoriatic
Arthritis score in patients with PsA22; the Ankylosing Spondylitis Dis-
ease Activity Score, Bath Ankylosing Spondylitis Disease Activity
Index, Bath Ankylosing Spondylitis Functional Index, and Bath
Ankylosing Spondylitis Metrology Index in patients with axSpA23–26;
26; and the Health Assessment Questionnaire Disability Index in
both patients with axSpA and patients with PsA.27

A rheumatologist conducted a physical examination, diag-
nosing enthesitis in the presence of tenderness upon pressure,
mobilization or contraction against resistance, with or without
swelling at the enthesis.28 Both the physical evaluation and ultra-
sound were conducted on the same day, with a specific focus
on the following lower limb entheses: patellar insertion of the
quadriceps tendon, patellar (proximal) insertion of the patellar ten-
don, tibial (distal) insertion of the patellar tendon, calcaneal inser-
tions of the Achilles tendon, and calcaneal insertion of the
plantar fascia.

The ultrasound scan, conducted by a blinded rheumatolo-
gist, assessed the elementary lesions of enthesitis as recently
defined by the OMERACT ultrasound task force, including enthe-
seal thickening, hypoechoic areas, PD signal, enthesophytes, cal-
cifications, and bone erosions,16,17 as follows:

• Entheseal thickening increased thickness of the tendon
insertion into the bone (<2 mm from the cortical bone) as
compared with the body of the tendon, with or without
blurring of the tendon margins

• Hypoechogenicity at the enthesis: lack of the homoge-
neous fibrillar pattern in the enthesis (<2 mm from the cor-
tical bone) with loss of the tightly packed echogenic lines
after correcting for anisotropy

• Doppler signal at enthesis: Doppler signal seen at bone
insertion (<2 mm from the cortical bone), different from
reflecting surface artifact or nutrition vessel signal, with or
without cortical irregularities, erosions, or enthesophytes

• Enthesophytes: step-up of bony prominence, seen in two
perpendicular planes at the end of the bone contour of the
enthesis

• Calcifications: hyperechoic foci, with or without acoustic
shadow, detected at the enthesis (<2 mm from the corti-
cal bone)

• Bone erosions: cortical break with a step-down contour
defect, seen in two perpendicular planes, at the insertion
of the enthesis

According to the OMERACT ultrasound task force, entheseal
thickening, hypoechoic areas, and PD signal at the enthesis were
considered inflammatory lesions. On the other hand, bone ero-
sions, enthesophytes, and calcifications were considered struc-
tural damage lesions.16,17

The ultrasound assessment of each enthesis was conducted
according to the EULAR guidelines on the use of musculoskeletal
ultrasound in rheumatology.29 As previously defined by our
group, active enthesitis was considered as having either PD at
the enthesis Grade ≥1 plus entheseal thickening and/or hypoe-
choic areas or PD at the enthesis Grade >1 (independent of the
presence of entheseal thickening or hypoechoic areas).21,30,31

PD signal was scored semiquantitatively from 0 to 3, where
Grade 0 = absent (ie, no PD signal); Grade 1 = mild (ie, separate
dot signals or short linear signals); Grade 2 = moderate (ie, PD signal
occupying less than half of the enthesis); and Grade 3 = severe (ie,
PD signal occupying more than half of the enthesis).32–34 Prior to
the current study, a web-based inter- and intrareliability exercise
was performed by the current authors to evaluate the agreement
on the OMERACT ultrasound elementary lesions of enthesitis.35

In the current study, subclinical enthesitis was defined as the
presence of ultrasound “active enthesitis” in ≥1 enthesis in
patients with SpA without signs of clinical enthesitis on physical
examination (ie, number of positive entheses on physical exami-
nation = 0, including the quadriceps tendon, proximal and distal
patellar tendon, Achilles tendon, and plantar fascia, and LEI score
= 0). Details regarding the ultrasound machines and settings uti-
lized in the study, as well as information about the PD settings
employed and the level of experience of the sonographers in con-
ducting ultrasound examinations, have been reported in Supple-
mentary Table 1.

Categorical variables were reported as count and percent-
age, and continuous variables were reported as mean and SD
for normally distributed data or median and interquartile range
for non-normally distributed data. Two-group comparisons of
continuous variables were conducted with unpaired Student’s
t-test or Mann-Whitney-Wilcoxon’s test. Comparisons among
categorical variables were performed using chi-square test or
Fisher’s exact test. Data normality was tested with Kolmogorov-
Smirnov’s test and graphically assessed using QQ plots.

To evaluate agreement between the ultrasound OMERACT
elementary lesions of enthesitis (as well as “active enthesitis” as
proposed by our group) and clinical enthesitis findings on physical
examination, we used the prevalence-adjusted bias-adjusted kappa
(PABAK) alongside its 95% confidence interval (CI) for each
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confusion matrix. To estimate the 95% CI for PABAK, we utilized a
bootstrapping approach across each matrix dataset, conducting
1,000 iterations to generate a distribution of PABAK scores; the dis-
tribution was then used to derive the 95% CI, providing a robust sta-
tistical framework to assess the precision of the PABAK estimates.
Kappa coefficients were interpreted according to Landis and
Koch.36

Univariate logistic regressions examined the associations
between the OMERACT ultrasound enthesitis lesions, as well as
“active enthesitis” proposed by our group, and the OMERACT
structural damage lesions (ie, enthesophytes, calcifications, and
bone erosions). Multivariate logistic regressions were built includ-
ing all the ultrasound lesions that showed statistical significance at
univariate analysis. When “active enthesitis” was considered, the
individual ultrasound inflammatory lesions according to OMER-
ACT (ie, entheseal thickening, hypoechoic areas, and PD at the
enthesis) were excluded to avoid collinearity. The multivariate
analyses were adjusted for age and sex.

Data analysis was conducted using R core team software
(https://www.R-project.org) and RStudio (PBC, Boston, MA).
This study was approved by the ethics committees of the partici-
pating centers (leading center Polytechnic University of Marche,

Comitato Etico Regionale delle Marche [CERM n: 50/2021]). All
patients provided written informed consent.

RESULTS

Overall, 413 patients with SpA, of whom 224 had axSpA and
189 had PsA, were included in the current study. The demo-
graphic features, clinical characteristics, and treatment of the
included patients have been reported in Supplementary Table 2.

Agreement between ultrasound and physical
examination for the assessment of enthesitis. A total of
4,130 entheses were assessed by both ultrasound and physical
examination in patients with SpA, of which 2,240 were in patients
with axSpA and 1,890 were in patients with PsA. The prevalence
and distribution of the ultrasound lesions in patients with SpA,
including patients with axSpA and those with PsA, have been
reported in Supplementary Table 3.

As shown in Table 1, the overall agreement between ultra-
sound and physical examination in the assessment of enthesitis
ranged from being moderate for enthesophytes to substantial for
entheseal thickening, hypoechoic areas, calcifications, and bone

Table 1. Relationships and agreement between ultrasound and physical evaluation in the assessment of enthesitis
in patients with SpA (n = 413 patients)*

Negative Positive Total

Clinical enthesitis status: thickening
Negative 3,250 559 3,809
Positive 173 148 321
PABAK 0.65 (0.63–0.67)

Clinical enthesitis status: enthesophytes
Negative 2,758 1,051 3,809
Positive 161 160 321
PABAK 0.41 (0.39–0.44)

Clinical enthesitis status: hypoechoic areas
Negative 3,201 608 3,809
Positive 163 158 321
PABAK 0.63 (0.60–0.65)

Clinical enthesitis status: calcifications
Negative 3,466 343 3,809
Positive 291 30 321
PABAK 0.69 (0.67–0.72)

Clinical enthesitis status: PD at the enthesis
Negative 3,671 138 3,809
Positive 254 67 321
PABAK 0.81 (0.79–0.83)

Clinical enthesitis status: bone erosions
Negative 3,673 136 3,809
Positive 279 42 321
PABAK 0.79 (0.77–0.81)

Clinical enthesitis status: “active enthesitis”
Negative 3,703 106 3,809
Positive 257 64 321
PABAK 0.83 (0.81–0.85)

* “Active enthesitis” was considered as either PD at the enthesis Grade ≥1 + entheseal thickening and/or hypoe-
choic areas or PD at the enthesis Grade >1 (independent of the presence of entheseal thickening or hypoechoic
areas).21 PABAK, prevalence-adjusted bias-adjusted kappa; PD, power Doppler; SpA, spondyloarthritis. PABAK val-
ues are expressed as point estimate with 95% confidence interval.
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erosions, and to almost perfect for PD at the enthesis and “active
enthesitis.” Similar results were observed when patients with SpA
were divided between those taking biologic DMARDs and those
not taking biologic DMARDs (Supplementary Table 4). When consid-
ering the agreement between ultrasound and physical examination in
the single enthesis, the patellar tendon entheses (both proximal and
distal) resulted in the sites with the highest PABAK values of agree-
ment for all ultrasound lesions of enthesitis, except for entheseal
thickening (Table 2). On the other hand, the Achilles tendon insertion
resulted in the entheseal site with the lowest PABAK values for all
ultrasound lesions of enthesitis. Further details regarding the agree-
ment between ultrasound and physical examination in the assess-
ment of enthesitis in the individual entheses have been reported in
Supplementary Tables 5 through 9.

Similar agreement results were observed when axSpA and
PsA were considered independently, with axSpA showing a
slightly higher agreement compared to PsA for all ultrasound
lesions of enthesitis, except for bone erosions (Table 3; Supple-
mentary Tables 10–11).

Ultrasound subclinical enthesitis: prevalence,
association with patient demographic factors, clinical
characteristics, and local structural damage at the
enthesis. Among the 413 included patients, 255 (61.7%) were
classified as not having clinical enthesitis, which was defined as
having zero positive entheses on physical examination and an
LEI score = 0. Of these 255 patients with SpA (140 with axSpA
and 115 with PsA) without clinical enthesitis, 39 (15.3%) showed
subclinical enthesitis in ≥1 enthesis. Conversely, of the
158 (38.3%) of 413 patients with SpA with clinical enthesitis,
108 (68.4%) had no evidence of active enthesitis in any of the
entheses evaluated.

The prevalence and distribution of the ultrasound findings in
the 255 patients with SpA without clinical enthesitis (including
patients with axSpA and those with SpA) have been reported in
Table 4 and Supplementary Table 12. As showed in Table 5, the
demographics and clinical and serological characteristics of
patients with subclinical enthesitis did not differ from those

without subclinical synovitis. A significant association was found
in the univariate and multivariate analysis between the ultrasound
inflammation lesions (ie, entheseal thickening, hypoechoic areas,
PD at the enthesis and “active enthesitis”) and local structural
damage at the enthesis (ie, enthesophytes, calcifications, and
bone erosions), which has been illustrated in Table 6.

DISCUSSION

In this multicenter study, we examined the agreement
between ultrasound and physical examination in the assessment
of enthesitis in a large cohort of patients with SpA. While previous
research has reported on this topic,18,19 our study stands out for
encompassing the largest cohort of patients with SpA to date,
including both patients with axSpA and patients with PsA, and
for providing a detailed analysis based on individual ultrasound
findings and entheses evaluated. In addition, to our knowledge,
this was the first study that used the recently developed

Table 3. Agreement between ultrasound and physical examination
in enthesitis assessment in patients with axSpA and patients with
PsA*

Ultrasound
findings

Agreement (PABAK)

axSpA (n = 224) PsA (n = 119)

Thickening 0.65 (0.62–0.69) 0.64 (0.60–0.67)
Hypoechoic
areas

0.67 (0.64–0.70) 0.58 (0.54–0.61)

PD at the
enthesis

0.82 (0.80–0.84) 0.80 (0.77–0.83)

Enthesophytes 0.47 (0.43–0.50) 0.34 (0.31–0.39)
Calcifications 0.70 (0.67–0.73) 0.68 (0.65–0.71)
Bone erosions 0.79 (0.76–0.81) 0.81 (0.79–0.84)
“Active
enthesitis”

0.83 (0.81–0.86) 0.82 (0.80–0.85)

* “Active enthesitis” was considered as either PD at the enthesis
Grade ≥1 + entheseal thickening and/or hypoechoic areas or PD at
the enthesis Grade >1 (independent of the presence of entheseal
thickening or hypoechoic areas).21 axSpA, axial spondyloarthritis;
PABAK, prevalence-adjusted bias-adjusted kappa; PD, power Dopp-
ler; PsA, psoriatic arthritis; SpA, spondyloarthritis. PABAK values
are expressed as point estimate with 95% confidence interval.

Table 2. Agreement between ultrasound and physical evaluation divided by single entheses in patients with SpA (n = 413)*

Ultrasound
findings

Agreement (PABAK)

Quadriceps tendon Patellar proximal Patellar distal Achilles tendon Plantar fascia

Thickening 0.73 (0.68 to 0.77) 0.71 (0.66 to 0.75) 0.68 (0.62 to 0.72) 0.56 (0.50 to 0.61) 0.54 (0.48 to 0.59)
Hypoechoic areas 0.58 (0.52 to 0.63) 0.72 (0.67 to 0.77) 0.68 (0.63 to 0.73) 0.52 (0.46 to 0.58) 0.60 (0.54 to 0.65)
PD at the enthesis 0.81 (0.77 to 0.85) 0.85 (0.82 to 0.89) 0.85 (0.82 to 0.88) 0.68 (0.63 to 0.73) 0.83 (0.79 to 0.87)
Enthesophytes 0.20 (0.13 to 0.27) 0.60 (0.54 to 0.65) 0.71 (0.66 to 0.75) 0.01 (−0.05 to 0.08) 0.52 (0.46 to 0.58)
Calcifications 0.70 (0.67 to 0.73) 0.79 (0.75 to 0.83) 0.73 (0.67 to 0.77) 0.52 (0.46 to 0.58) 0.72 (0.67 to 0.76)
Bone erosions 0.82 (0.77 to 0.85) 0.86 (0.83 to 0.89) 0.89 (0.86 to 0.92) 0.62 (0.56 to 0.67) 0.79 (0.74 to 0.83)
“Active enthesitis” 0.83 (0.80 to 0.87) 0.86 (0.82 to 0.89) 0.87 (0.84 to 0.91) 0.70 (0.65 to 0.75) 0.84 (0.80 to 0.88)

* “Active enthesitis” was considered as either PD at the enthesis Grade ≥1 + entheseal thickening and/or hypoechoic areas or PD at
the enthesis Grade >1 (independent of the presence of entheseal thickening or hypoechoic areas).21 PABAK, prevalence-adjusted
bias-adjusted kappa; PD, power Doppler; SpA, spondyloarthritis. PABAK values are expressed as point estimate with 95% confidence
interval.

DI MATTEO ET AL26



T
ab

le
4.

P
re
va
le
nc

e
an

d
di
st
rib

ut
io
n
of

th
e
ul
tr
as
ou

nd
fi
nd

in
gs

in
pa

tie
nt
s
w
ith

S
pA

,a
xS

pA
,a

nd
P
sA

w
ith
ou

tc
lin
ic
al
en

th
es
iti
s*

U
ltr
as
ou

nd
fi
nd

in
gs

Q
ua

d
ri
ce

p
s

Pa
te
lla
r
p
ro
xi
m
al

Pa
te
lla
r
d
is
ta
l

A
ch

ill
es

te
nd

on
Pl
an

ta
r
fa
sc
ia

O
ve
ra
ll

ax
Sp

A
n
=
14

0
Ps

A
n
=
11

5
Pa

ax
Sp

A
n
=
14

0
Ps

A
n
=
11

5
Pa

ax
Sp

A
n
=
14

0
Ps

A
n
=
11

5
Pa

ax
Sp

A
n
=
14

0
Ps

A
n
=
11

5
Pa

ax
Sp

A
n
=
14

0
Ps

A
n
=
11

5
Pa

ax
Sp

A
n
=
14

0
Ps

A
n
=
11

5
Pa

Th
ic
ke

ni
ng

19
(1
4.
0)

14
(1
2.
2)

>0
.9

23
(1
6.
4)

17
(1
4.
7)

>0
.9

24
(1
7.
1)

24
(2
0.
9)

>0
.9

25
(1
7.
8)

25
(2
1.
7)

>0
.9

33
(2
3.
6)

29
(2
5.
3)

>0
.9

56
(4
0.
0)

59
(5
1.
3)

0.
14

H
yp

oe
ch

oi
c
ar
ea

26
(1
8.
6)

31
(2
6.
9)

0.
6

15
(1
0.
7)

21
(1
8.
3)

0.
7

18
(1
2.
9)

27
(2
3.
5)

0.
2

31
(2
2.
1)

30
(2
6.
1)

>0
.9

18
(1
2.
9)

29
(2
5.
3)

0.
06

8
47

(3
3.
8)

63
(5
4.
8)

0.
00

3

PD
at

th
e
en

th
es
is

6
(4
.3
)

6
(5
.2
)

>0
.9

6
(4
.3
)

7
(6
.1
)

>0
.9

9
(6
.4
)

10 (8
.7
)

>0
.9

10 (7
.1
)

10 (8
.7
)

>0
.9

0
(0
)

1
(0
.9
)
>0

.9
25

(1
7.
8)

25
(2
1.
7)

0.
6

En
th
es
op

hy
te
s

54
(3
8.
6)

60
(5
2.
4)

0.
2

35
(2
5.
0)

27
(2
3.
5)

>0
.9

21
(1
4.
3)

17
(1
5.
8)

>0
.9

71
(5
0.
7)

76
(6
6.
1)

0.
11

25
(1
7.
8)

41
(3
6.
6)

0.
00

7
91

(6
5.
0)

94
(8
1.
4)

0.
01

2

C
al
ci
fi
ca
tio

ns
19

(1
4.
0)

26
(2
2.
6)

0.
5

13 (9
.3
)

7
(6
.1
)

>0
.9

27
(1
9.
3)

16
(1
3.
9)

>0
.9

23
(1
6.
4)

16
(1
3.
9)

>0
.9

8
(5
.7
)

19
(1
6.
5)

0.
03

2
55

(3
9.
3)

49
(4
2.
6)

0.
7

B
on

e
er
os

io
ns

6
(4
.3
)

3
(2
.6
)

>0
.9

4
(2
.9
)

4
(3
.5
)

>0
.9

4
(2
.9
)

1
(0
.9
)

>0
.9

19
(1
3.
5)

14
(1
2.
2)

>0
.9

10 (7
.1
)

1
(0
.9
)

0.
08

4
34

(2
4.
3)

18
(1
5.
6)

0.
14

“A
ct
iv
e
en

th
es
iti
s”

6
(4
.3
)

6
(5
.2
)

>0
.9

5
(3
.6
)

6
(5
.2
)

>0
.9

7
(5
.0
)

7
(6
.1
)

>0
.9

10 (7
.1
)

6
(5
.2
)

>0
.9

0
(0
)

0
(0
)

N
A

20
(1
4.
3)

19
(1
6.
5)

0.
8

*
“A

ct
iv
e
en

th
es

it
is
”w

as
co

n
si
d
er
ed

as
ei
th
er

P
D
at

th
e
en

th
es

is
G
ra
d
e
≥
1
+
en

th
es

ea
lt
h
ic
ke

n
in
g
an

d
/o
r
h
yp

o
ec

h
o
ic
ar
ea

s
o
r
P
D
at

th
e
en

th
es

is
G
ra
d
e
>1

(in
d
ep

en
d
en

to
ft
h
e
p
re
se

n
ce

o
f

en
th
es

ea
lt
h
ic
ke

n
in
g
o
r
h
yp

o
ec

h
o
ic
ar
ea

s)
.2
1
ax

Sp
A
,a

xi
al

sp
o
n
d
yl
o
ar
th
ri
ti
s;
N
A
,n

o
t
av

ai
la
b
le
;P

D
,p

o
w
er

D
o
p
p
le
r;
P
sA

,p
so

ri
at
ic
ar
th
ri
ti
s;
Sp

A
,s
p
o
n
d
yl
o
ar
th
ri
ti
s.
V
al
u
es

ar
e
th
e
n
u
m
b
er

(%
)u

n
le
ss

o
th
er
w
is
e
in
d
ic
at
ed

.
a
P
ea

rs
o
n
’s
ch

i-s
q
u
ar
e
te
st
;F

is
h
er
’s
ex

ac
t
te
st

w
it
h
B
o
n
fe
rr
o
n
ic
o
rr
ec

ti
o
n
fo
r
m
u
lt
ip
le

te
st
in
g.

ROLE OF ULTRASOUND AND PHYSICAL EXAMINATION IN ENTHESITIS ASSESSMENT 27



OMERACT ultrasound definitions of enthesitis.16,17 Following the
publication of the OMERACT elementary lesions of enthesitis in
SpA,16,17 several studies have demonstrated that some of these
lesions can also be detected in non-inflammatory conditions,
including metabolic or mechanical enthesopathy, as well as in
healthy individuals. This finding raises questions about the speci-
ficity and clinical relevance of these ultrasound features.14,15

Therefore, clarifying the agreement between different ultrasound
lesions of enthesitis and physical examination findings in patients
with SpA, along with assessing whether this agreement varies
based on the entheseal site being evaluated, is crucial for a better
understanding of their accuracy for detecting enthesitis and their

potential implications for the diagnosis and management of
patients with SpA.

Our results revealed variability in the agreement between
ultrasound and physical examination in the assessment of enthe-
sitis, depending on the specific ultrasound finding considered
and, to a lesser extent, the entheseal site being evaluated. PD at
the enthesis and “active enthesitis” resulted in the ultrasound
findings showing the highest agreement with the physical exami-
nation across all entheseal sites included in the study. This obser-
vation could arguably be explained by considering PD at the
enthesis (which represents the main component of “active enthe-
sitis”) as the “most inflammatory” lesion among those defined by

Table 5. Demographic features and clinical characteristics of patients with SpA without clinical enthesitis (N = 255) with or without subclinical
enthesitis*

Overall
N = 255

Subclinical
enthesitis n = 39

No subclinical
enthesitis n = 216 Pa

Age (y), mean (SD) 47.0 (14.3) 48.0 (14.7) 46.8 (14.2) 0.9
Female gender, n (%) 69 (27.1) 7 (17.9) 62 (28.7) 0.7
BMI (kg/m2), median (IQR) 26.4 (23.6–29.2) 27.0 (24.6–29.3) 26.4 (23.5–29.1) 0.9
Physical activity (times/wk), median (IQR) 2 (0–3) 1 (0–3) 2 (0–3) 0.7
Disease duration (mo), median (IQR) 89 (36–180) 120 (54–245) 84 (28–166) 0.7
CRP (mg/L), mean (SD) 1.3 (2.7) 1.9 (4.0) 1.2 (2.4) 0.9
ESR (mm/h), mean (SD) 17.8 (17.9) 26.9 (32.0) 16.2 (13.6) 0.9
Metabolic syndrome, n (%) 42 (16.5) 9 (23.1) 33 (15.3) 0.7
Diabetes, n (%) 17 (6.7) 1 (2.6) 16 (7.4) 0.9
Dyslipidemia, n (%) 61 (23.9) 11 (28.2) 50 (23.1) 0.9
Hypertension, n (%) 62 (24.3) 10 (25.6) 52 (24.1) >0.9
Psoriasis (previous/current), n (%) 104 (40.8) 17 (43.6) 87 (40.2) 0.9
IBD, n (%) 4 (1.6) 2 (5.1) 2 (0.9) 0.7
Previous enthesitis, n (%) 67 (26.3) 15 (38.5) 52 (24.1) 0.7
HLA-B27b, n (%) 109 (73.6) 16 (72.7) 93 (73.8) >0.9
Nonradiographic axSpA, n (%) 36 (24.5) 3 (14.3) 33 (26.2) 0.7
Disease activity indices in patients with SpA
TJC, median (IQR) 0 (0–1) 0 (0–1) 0 (0–1) NA
TJC, mean (SD) 1.0 (2.5) 0.7 (1.3) 1.1 (2.7) >0.9
SJC, median (IQR) 0 (0–1) 0 (0–1) 0 (0–0) NA
SJC, mean (SD) 0.8 (2.1) 0.7 (1.5) 0.8 (2.2) 0.9
DAPSA, median (IQR) (patients with PsA) 8 (2–16) 6 (2–15) 8 (3–16) 0.9
ASDAS, median (IQR) (patients with axSpA) 1.4 (1.0–2.2) 1.8 (1.3–2.2) 1.4 (1.0–2.2) 0.4
BASMI, median (IQR) (patients with axSpA) 1.8 (0.8–3.0) 1.6 (1.0–2.9) 1.8 (0.7–3.0) >0.9
BASFI, median (IQR) (patients with axSpA) 0.6 (0.0–3.7) 1.4 (0.0–5.6) 0.5 (0.0–3.2) 0.8
BASDAI, median (IQR) (patients with axSpA) 1.4 (0.4–3.6) 2.1 (0.7–4.7) 1.3 (0.4–3.5) 0.7
HAQ, median (IQR) 0.1 (0.0–0.5) 0.0 (0.0–0.5) 0.1 (0.0–0.5) >0.9

Treatment of patients with SpA
NSAIDs, n (%) 63 (24.7) 8 (20.5) 55 (25.4) >0.9
GCs (≥5 mg prednisolone), n (%) 26 (10.2) 4 (10.3) 22 (10.2) >0.9
cs-DMARDs, n (%) 95 (37.3) 18 (46.2) 77 (35.7) 0.7
b-DMARDs, n (%) 142 (55.7) 21 (53.8) 121 (56.0) 0.7
TNFi, (%) 113 (79.6) 15 (71.4) 98 (81.0)
Anti-IL12/23, n (%) 4 (2.8) 2 (9.5) 2 (1.7)
Anti-IL17, n (%) 23 (16.2) 4 (19.0) 19 (15.7)
JAKi, n (%) 0 0 0
Others (apremilast), n (%) 2 (0.7) 0 (0.0) 2 (0.9)

* ASDAS, Ankylosing Spondylitis Disease Activity Score; axSpA, axial spondyloarthritis; b-DMARD, biologic disease-modifying antirheumatic
drug; BASDAI, Bath Ankylosing Spondylitis Disease Activity Index; BASFI, Bath Ankylosing Spondylitis Functional Index; BASMI, Bath Ankylosing
Spondylitis Metrology Index; BMI, body mass index; CRP, C-reactive protein; cs-DMARD, conventional synthetic disease-modifying antirheu-
matic drug; DAPSA, Disease Activity in Psoriatic Arthritis; ESR, erythrocyte sedimentation rate; GC, glucocorticoid; HAQ, Health Assessment
Questionnaire Disability Index; IBD, inflammatory bowel disease; IL, interleukin; IQR, interquartile range; JAKi, Janus kinase inhibitor; NA, not
available; NSAID, nonsteroidal anti-inflammatory drug; PsA, psoriatic arthritis; SJC, swollen joint count; SpA, spondyloarthritis; TJC, tender joint
count; TNFi, tumor necrosis factor-α inhibitor.
a Between patients with and without subclinical enthesitis, false discovery rate correction for multiple testing.
b Available in 148 patients with SpA (22 subclinical enthesitis, 126 no subclinical enthesitis).
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OMERACT (ie, entheseal thickening, hypoechoic areas, and PD
signal), making it potentially more closely linked to signs or symp-
toms of entheseal inflammation, especially pain. It is important to
note, however, that our study examines the agreement between
ultrasound and physical examination findings rather than implying
causation.

In the present study, we observed that, across all ultrasound
lesions, the highest levels of agreement between ultrasound and
physical examination occurred in the presence of a negative find-
ing. However, discrepancies between the two methods emerged
when either ultrasound or physical examination detected enthesi-
tis. Due to the notable discrepancy between the positive and neg-
ative detections of enthesitis through ultrasound and physical
examination, with the latter significantly outnumbering the former,
we employed PABAK. This approach adjusts for bias arising from
differences in prevalence when calculating kappa values.

Interestingly, among the included entheses, the Achilles ten-
don enthesis exhibited the lowest agreement values for all ultra-
sound lesions and clinical signs of enthesitis. The Achilles tendon
is traditionally regarded as a key site for the evaluation of enthesi-
tis in patients with SpA.37,38 However, it is recognized that an
accurate assessment of this area through physical examination
can pose challenges.39 These often arise from the frequent
absence of obvious signs of inflammation, such as pain, redness,
warmth, or swelling. Additionally, distinguishing genuine enthesitis
from tendinitis or tendinopathy presents further difficulty. In a
recent study of our group, the Achilles tendon enthesis emerged
as a key site for differentiating SpA-related “inflammatory enthesi-
tis” from “mechanical enthesitis.”21 Therefore, these findings
underscore the importance of employing ultrasound alongside
physical examination to improve assessment of this area.

Prior studies have explored the relationship between ultra-
sound and physical examination in the assessment of enthesitis,
yielding conflicting findings. Fiorenza et al compared clinical and
ultrasound enthesitis in patients with PsA and patients with FBM
using MASES, the LEI, and the Glasgow Ultrasound Enthesitis
Scoring System (GUESS).40 The authors found a lack of correla-
tion between GUESS and MASES, and a weak correlation with
LEI score in patients with PsA and patients with FBM. Aydin et al
studied ultrasound and physical examination of enthesitis in PsA
and psoriasis, noting a strong correlation between the two
methods at Achilles tendon and proximal patellar tendon levels
but not at other sites.41 Sapsford et al found a moderate associa-
tion between ultrasound-detected enthesitis and clinical indices in
patients with PsA, while cautioning interpretation in patients with
FBM patients.42 Michelsen et al detected no association between
clinical and ultrasound findings of enthesitis at the level of the
Achilles tendon in patients with PsA.43 In this study, an associa-
tion between ultrasound lesions indicative of structural damage
and age, BMI, exercise, and biologic DMARD use was found.43

Another important objective of the current study was to
explore the prevalence of subclinical enthesitis in patients with

SpA. Despite employing stringent criteria for defining absence of
clinical enthesitis, which included having no clinical enthesitis on
physical examination (using the entheses that were also evaluated
through ultrasound) and a LEI score of 0, we observed a relatively
high proportion of patients with SpA exhibiting PD signal at the
enthesis and “active enthesitis” at the patient level (19.6% and
15.3%, respectively). When considering axSpA and PsA groups
separately, hypoechoic areas and enthesophytes were generally
more common in patients with PsA compared to those with
axSpA, although variations were observed at the level of the indi-
vidual entheses.

The demographic, serological, and clinical profiles (including
disease activity indices) of the patients with SpA with subclinical
enthesitis did not significantly differ from those without SpA, sug-
gesting that ultrasound subclinical enthesitis predominantly
reflects localized changes at the entheseal level rather than sys-
temic ones. In support of this hypothesis, we found a significant
association between the OMERACT ultrasound inflammatory
lesions (ie, entheseal thickening, hypoechoic areas, and PD sig-
nal), particularly “active enthesitis,” and local structural damage
(ie, enthesophytes, calcifications, and bone erosions). However,
an important aspect to consider in interpreting these findings is
the significant asymmetry between the subclinical enthesitis
group (39 patients) and the group without subclinical
enthesitis (216 patients). In addition, the cross-sectional design
of the current study does not allow us to establish whether the
presence of subclinical inflammation had a causative role in the
development of structural damage or whether entheseal damage,
combined with mechanical factors, could perpetuate inflamma-
tion at the enthesis. Longitudinal research is needed to investigate
this aspect further. Interestingly, in patients with rheumatoid
arthritis, subclinical synovitis on ultrasound has been observed
to precede the development of radiographic bone erosions, even
in those in clinical remission.44

The results of the current study indicate that, in patients with
SpA with normal clinical and serological findings, evidence of
entheseal inflammation detected through imaging persists, albeit
in a minority of patients. This underscores a limitation to relying
solely on physical examination for the assessment of entheseal
involvement in patients with SpA, as it may not fully capture clini-
cally relevant levels of inflammation. Conversely, more than two-
thirds of patients with SpA with clinical enthesitis showed no
“active enthesitis” on ultrasound, indicating the potential risk of
overestimating enthesitis through physical examination alone.

These discrepancies underscore the importance of integrat-
ing clinical and imaging approaches for a comprehensive evaluation
of enthesitis in clinical practice. In addition, by combining clinical
and imaging modalities, clinicians can better evaluate enthesitis and
tailor treatment strategies accordingly, leading to a clearer under-
standing of the disease process and identification of subtle manifes-
tations missed by either ultrasound or physical examination alone.
Most trials assessing the effectiveness of drugs targeting the enthesis
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have primarily relied on clinical physical evaluation,45 focusing on out-
comes such as pain reduction as the primary measure. On the other
hand, only a minority of studies have incorporated ultrasound
assessment to evaluate treatment response.46–48

One of the advantages of ultrasound over clinical examina-
tion is its ability to assess the extent of both active inflammation
and structural damage in the affected enthesis, an aspect that
would not be achievable through clinical examination alone. On
the other hand, physical examination is relatively quick and can
be conducted bedside without the necessity for specialized
equipment. Compared to other imaging techniques, such as
magnetic resonance imaging (MRI), ultrasound presents superior
feasibility, availability, costs, and scanning time.49,50 However,
operator dependency, time, and variability among the different
ultrasound machines represent limitations to the routine use of
this imaging tool in routine clinical practice.

A strength of our study is the participation of a large number
of rheumatology centers, with ultrasound experts participating
from multiple countries worldwide. All investigators were involved
in a web-based reliability exercise on the OMERACT ultrasound
lesions of enthesitis in SpA aimed to calibrate the different opera-
tors and in the standardization of ultrasound assessments before
study recruitment.35

The lack of a gold standard for the evaluation of enthesitis,
such as MRI or histology, represents the main limitation of the cur-
rent study. The sensitivity of MRI for detecting bone marrow
edema below the enthesis could potentially explain why some
clinically active entheses might appear negative on ultrasound.
However, a previous study showed good agreement between
ultrasound and MRI in the detection of findings of enthesopathy
in patients with SpA at the level of the Achilles tendon.51 Another
important limitation is the absence of evaluation for ultrasound
synovitis adjacent to the entheses under investigation. Previous
research has suggested that entheseal pain in the heel region
could derive from subtalar synovitis (or tenosynovitis of the poste-
rior tibialis tendon) rather than enthesitis. This could explain at
least in part the lack of agreement between ultrasound and phys-
ical examination, which was observed in the current study.52

Additionally, we did not assess the correlation between ultra-
sound findings and radiographic damage at the entheseal level,
which could have further supported the clinical relevance of our
results, particularly concerning subclinical enthesitis.53,54 The
decision to exclude tendinitis (ie, PD signal >2 mm from the bone)
and bursitis was made to align with the recent OMERACT defini-
tions of enthesitis, which do not include these findings as part of
the enthesitis definition.16,17 Instead, OMERACT defines enthesi-
tis more narrowly, excluding these separate pathologic findings,
even though they could also represent sources of pain. Further-
more, our study’s “real world” approach spanning various coun-
tries and incorporating broad inclusion criteria aimed to replicate
typical clinical settings. As a result, the included populations
exhibited considerable heterogeneity from a clinical perspective,

particularly among patients with SpA who presented with varying
disease durations, activity status, and treatment regimens. Finally,
although a web-based reliability test was conducted initially, no
further reliability assessments, including central reading, were
implemented during the study period, which we acknowledge as
a limitation of the study.

Future research should aim to investigate the link between
clinical versus subclinical/ultrasound-detected enthesitis and their
respective impacts on long-term outcomes. Longitudinal studies
comparing both methods can provide insights into the progres-
sion of enthesitis in SpA. Ultrasound might detect early changes
that physical examination cannot, allowing for earlier diagnosis
and potentially intervention. This remains an essential next step
for a comprehensive understanding of this important SpA
domain.

Our study revealed varying agreement between ultrasound
and physical examination in the assessment of enthesitis,
depending on individual ultrasound lesions and the entheseal site
evaluated. PD signal at the enthesis and “active enthesitis”
showed the highest agreement values with physical examination
across all ultrasound findings, reflecting the inflammatory nature
of these ultrasound lesions. On the other hand, the Achilles ten-
don insertion, which is traditionally regarded as a key area in the
assessment of enthesitis in patients with SpA, showed the lowest
agreement among the entheseal sites evaluated, regardless of the
ultrasound finding being considered.

Up to 20% of patients with SpA without clinical enthesitis
exhibited active inflammation on ultrasound, often accompanied
by local structural damage. Conversely, more than two-thirds of
patients with SpA with clinical enthesitis had no evidence of ultra-
sound inflammation at the enthesis, suggesting potential overesti-
mation via physical examination. Our results underscore the
importance of developing a comprehensive tool that integrates
both methods to ensure a more precise evaluation of this crucial
aspect of SpA, applicable in both clinical practice and research
settings.
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Enhanced Type 1 Interferon Signature in Axial
Spondyloarthritis Patients Unresponsive to
Secukinumab Treatment

Addison Pacheco,1 Sinead Maguire,2 Zoya Qaiyum,3 Michael Tang,3 Adam Bridger,3 Melissa Lim,3

Fataneh Tavasolian,3 Enoch Yau,3 Sarah Q. Crome,4 Nigil Haroon,5 and Robert D. Inman6

Objective. Axial spondyloarthritis (axSpA) is an inflammatory disease in which overactive interleukin (IL)-17A–producing
cells are implicated in a central role. Therapeutically, biologics that target IL-17A, such as secukinumab, have demon-
strated improved clinical outcomes. Despite this translational success, there is a gap in understanding why some
patients with axSpA do not respond to IL-17A–blocking therapy. Our study aims to discriminate immune profiles
between secukinumab responders (SEC-R) and nonresponders (SEC-NR).

Methods. Peripheral blood mononuclear cells were collected from 30 patients with axSpA before and 24 weeks
after secukinumab treatment. Frequency of CD4+ subsets were compared between SEC-R and SEC-NR using flow
cytometry. Mature CD45RO+CD45RA-CD4+ T cells were fluorescent-activated cell sorting sorted, and RNA was mea-
sured using NanoString analysis.

Results. SEC-NR had an increased frequency of IL-17A–producing RORγt+CD4+ T cells compared to healthy con-
trols before secukinumab treatment (P < 0.01). SEC-NR had a significant increase of CXCR3+ CD4+ T cells before
secukinumab treatment compared to SEC-R (P < 0.01). Differentially expressed gene analysis revealed up-regulation
of type 1 interferon (IFN)-regulated genes in SEC-NR patients compared to SEC-R patients after receiving the biologic.
SEC-R patients had an up-regulated cytotoxic CD4+ T cell gene signature before receiving secukinumab treatment
compared to SEC-NR patients.

Conclusion. The increased frequency of IL-17A–producing cells in SEC-NR patients suggests a larger inflamma-
tory burden than SEC-R patients. With treatment, SEC-NR patients have a more pronounced type 1 IFN signature than
SEC-R patients, suggesting a mechanism contributing to this larger inflammatory burden. The results point toward
more immune heterogeneity in axSpA than has been recognized and highlights the need for precision therapeutics in
this disease.

INTRODUCTION

Axial spondyloarthritis (axSpA) is a chronic inflammatory

disease characterized by back pain, spinal ankylosis, and extra-

articular manifestations.1 The subsets of axSpA include radiographic

axSpA (r-axSpA or AS), which is characterized by radiographic

structural damage to the sacroiliac joints,2 and nonradiographic

axSpA (nr-axSpA), in which there is an absence of significant sacro-

iliitis on x-ray.3 The burden of symptoms for the two forms of axSpA

are similar, but patients with nr-axSpA are often younger and have

shorter disease duration.4 Current European and American guide-

lines recommend similar treatment for r- and nr-axSpA.5,6
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Many of the other known single nucleotide polymorphisms
associated with axSpA are genes involved in type 3 immunity,
specifically the interleukin (IL)-23/IL-17A pathway. This pathway
contributes to overactivated cells driving the joint inflammation
that underlies both pain and spinal ankylosis in axSpA.7 The phys-
iological control of type 3 immunity involves the balance between
T helper 17 (TH17) cells, which are proinflammatory, and regula-
tory T cells (Treg cells), which are anti-inflammatory. TH17 cells
are commonly defined as CD4+ T cells that co-express CCR6
and RORγt and lack CXCR3 expression. It is important to note,
however, that CCR6 and CXCR3 are chemokine receptors and
that some TH17 have been documented to express CXCR3.8,9

The CXCR3 receptor binds to three interferon (IFN)-inducing che-
mokines: CXCL9 (MIG), CXCL10 (IP-10), and CXCL11 (IP-9).10 In
contrast, CCR6 binds to only one known ligand, CCL20, and
directs the cell to the site of inflammation.11 Previously, it has
been demonstrated that TH17 cells are elevated in male
patients with axSpA, but not female patients with axSpA,
whereas alterations in the T helper 1 axis was independent of
a patient’s sex.12 Other proinflammatory IL-17A producing
cells such as mucosal-associated invariant T (MAIT) cells,13

innate lymphoid cells (ILCs),14 and γδ T cells15 have also been
shown to be elevated in axSpA peripheral blood.

Treg cells are defined as CD4+ T cells with high expression of
IL-2 Receptor (CD25) and stable expression of FOXP3, which are
capable of suppressing effector cell proliferation and functionality.
Treg cells acquire an effector phenotype similar to the cells they
are suppressing, reflected in their acquiring of CCR6, RORγt,
and STAT3 expression for the suppression of TH17.

16 The role
of Treg cells in axSpA pathobiology is not well defined to date.
The frequency of Treg cells in axSpA peripheral blood is debated
and is in part dependent on how the Treg cells are defined.17 Cer-
tain effector Treg populations have been described to be reduced
and have greater methylation in the CNS2 region of FOXP3 in
axSpA compared to healthy controls (HCs).18,19 We also have
recently demonstrated that exosome-mediated signals in AS
could change Treg suppressive ligands and cytokines in vitro,
hinting at a possible mechanism of how inflammation remains
uncontrolled in axSpA.20 The role Tregs have in modulating IL-
17A in axSpA remains unknown.

Biologics are commonly employed to reduce inflammation
and pain in patients with axSpA. Secukinumab is a monoclonal
antibody that targets the cytokine IL-17A and is an approved bio-
logic for the treatment of axSpA.21 Secukinumab is approved to
be dosed at 150 mg every four weeks usually after a loading dose
of 150 mg weekly for the first five doses.21 The efficacy and safety
of secukinumab has been demonstrated in nine randomized con-
trolled phase III trials: the MEASURE studies,22–26 MAXIMISE
study,27 PREVENT study,28 SKIPPAIN study,29 and the SUR-
PASS study.30 Approximately 60% of patients met the Assess-
ment of Spondyloarthritis International Society criteria for 20%
improvement (ASAS20) and showed significant improvement in

secondary endpoints of disease activity such as C-reactive pro-
tein (CRP) levels, Ankylosing Spondylitis Disease Activity Score
(ASDAS), and Bath Ankylosing Spondylitis Disease Activity Index
(BASDAI).5,22–25 Although this therapeutic advance has led to a
significant improvement in the symptoms of axSpA, it is currently
unknown why approximately 40% of patients do not respond to
secukinumab. Our study aimed to distinguish clinical and immune
cellular profiles between secukinumab treatment responders
(SEC-R) and nonresponders (SEC-NR). We further aim to deter-
mine transcriptional changes that occur in SEC-R and SEC-NR
patients.

MATERIALS AND METHODS

Patient and public involvement. A longitudinal axSpA
cohort was used for the study with the approval of the University
Health Network research ethics board (REB# 20-5095) along with
HCs recruited under an ongoing axSpA cohort biobank
(REB#21-5565). All patients and HCs provided written consent
to participate. Patients with AS fulfilled the modified New York
AS criteria and nr-axSpA patients fulfilled ASAS classification cri-
teria for nr-axSpA.31,32 Patients, aged 18 to 65 years old, were
recruited to the study from 2020 to 2023 if unresponsive to prior
treatment with nonsteroidal anti-inflammatory drugs and received
fewer than two tumor necrosis factor inhibitors (TNFi) previously,
with a median biologic washout period of two months
(Figure 1A, Supplementary Figure S1A). Inadequate response to
previous biologics was determined when a patient’s BASDAI
exceeded 4 and the shared decision between physician and
patient recommended a switch in biologics. Patients who had
not used any biologic for more than five years were considered
biologic naive. Patient response to secukinumab treatment was
defined by a BASDAI reduction >2 or by a reduction >1.1 in BAS-
DAI-based Ankylosing Spondylitis Disease Activity Score
(BASDAS), a surrogate score for ASDAS-CRP.33,34 Supplemen-
tary Table S1 provides characteristics of all study participants.

Peripheral blood mononuclear cells isolation.
Peripheral blood mononuclear cells (PBMCs) were isolated from
venous blood using Ficoll-Paque Plus (GE Healthcare,
cat#17-1440-02) and were frozen in 50% DMSO and 50% com-
plete media (RPMI+L-Glu [Gibco, cat#11875-093], 10% fetal
bovine serum [FBS, Gibco, cat#12483-020], 10% P/S, 2 μL/500
mL β-mercaptoethanol) in liquid nitrogen. Blood samples were
collected between 9:00 AM and 5:00 PM.

Flow cytometry. Isolated frozen PBMCs were thawed and
were rested in complete media for four hours before staining for
flow cytometry experiment. Cells were first stained with live/dead
(BD, cat#564402, lot#2221729) for 20 minutes at 4�C, then were
blocked for 10 minutes with human TruStain FcX (Biolegend,
cat#422302). After blocking, cells were stained with pretitrated
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surface antibodies for 30 minutes at 4�C. CXCR3 and CCR6 were
stained for 30 minutes at 37�C before the staining of other surface
staining antibodies. Cells were fixed with FOXP3 Transcription
Factor Staining Buffer Set (eBioscience, cat#00-5523-00) for intra-
cellular staining of FOXP3. Cells were fixed for one hour and were
permeabilized for one hour before intracellular staining for
30 minutes at room temperature. When RORγt was in the panel,
intracellular staining was done overnight at room temperature. In
intracellular cytokine analysis, cells were stimulated with phorbol
myristate acetate (PMA) and ionomycin (BioLegend, cat#423302,
lot#B352056) four hours before staining, and GolgiPlug (BD,
cat#51-2301K7, lot#0227731) was supplemented 30 minutes
after the addition of PMA and ionomycin. Data were acquired using
a BD Canto flow cytometry (BD Biosciences) or BD Symphony A3
(BD Biosciences). Acquired data were analyzed using FlowJo soft-
ware version 10.8.0. Antibodies used are listed in Supplementary
Table S2.

Fluorescent-activated cell sorting. Isolated frozen
PBMCs were thawed and were rested overnight in complete
media at 37�C. Cells were stained with live/dead, blocked with
FcX, and stained for surface markers as described in flow cytom-
etry methods. Cells were sorted into a 2 mL DNA LoBind tube
(Eppendorf cat#022431048, lot#L2064210) containing 50%
FBS complete media using a BD Aria (BD Biosciences). Antibod-
ies used are listed in Supplementary Table S2.

RNA extraction and NanoString Analysis. Using the
PicoPure RNA Isolation Kit (Invitrogen, cat#12204-01,
lot#01340972), total RNA was extracted from CD45RO
+CD45RA− CD4+ T cells according to the manufacturer’s

instructions. Two hundred nanograms of RNA was hybridized
for 12 to 30 hours at 65�C using an nCounter messenger
RNA assay for the nCounter Autoimmune Profiling Panel
version 2 (Human) (NanoString Technologies) at the Princess
Margaret Genomics Centre. Posthybridization was performed
using nCounter Prep Station, and Digital Analyzer was used
for data collection. Raw RNA transcript counts were assessed
for quality control and normalized using the nSolver version
4 software. Normalized RNA transcripts were converted into
log2 values for statistical analysis.

Functional pathway analysis and statistical
assessment. Differentially expressed genes (DEGs) with a fold
change ≥ 1 and unadjusted P < 0.05 were run on gene ontology
(GO) enrichment analysis and visualized using G:Profiler. In
the case of categorical variables, data were presented as odds
ratio (OR) and 95% confidence interval (CI). Univariate clinical
characteristics were analyzed using Fischer’s exact test. In
the case of continuous variables, data were presented as
mean ± SD. The pre-secukinumab flow cytometry analyses
were compared using multiple nonparametric Mann-Whitney
U tests. Paired analyses were analyzed using two-tailed
Wilcoxon signed rank test with P = 0.05 used as threshold. A
multivariate logistic regression analysis was performed using
R version 4.3.1 to calculate the likelihood of responding to
secukinumab, expressed as the odds ratio.

RESULTS

Biologic-naive patients more likely to respond to
secukinumab. We were first interested if any clinical

Figure 1. (A) Patient recruitment for the observational one-arm study with secukinumab. All active patients (n = 44) received secukinumab
at 150 mg monthly after five weekly loading doses in which biologic response was determined after 24 weeks of treatment. Response was
determined by a reduction in BASDAI scoring >2 or by a BASDAS reduction >1.1. Characteristic averages are listed for age, BASDAI pre-
secukinumab, and BASDAS pre-secukinumab for secukinumab treatment responders and nonresponders. Characteristic tally and per-
centages are listed for other characteristics. (B) Forest plot shows odd ratio value with upper and lower 95% confidence intervals. axSpA,
axial spondyloarthritis; BASDAI, Bath Ankylosing Spondylitis Disease Activity Index; BASDAS, BASDAI-based Ankylosing Spondylitis Dis-
ease Activity Score; IBD, inflammatory bowel disease; nr-axSpA, nonradiographic axial spondyloarthritis; NSAIDs, nonsteroidal anti-
inflammatory drugs; TNF, tumor necrosis factor.
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characteristic increased the odds of responding to secukinumab.
Patient characteristics did not differ significantly between SEC-R
and SEC-NR patients, with the exception of previous biologic
treatment. Biologic-naive patients were significantly more likely
to respond to secukinumab (Figure 1B) (OR = 10.82, 95% CI =
2.05–52.17; P < 0.01). The association between clinical variables
and secukinumab response were then investigated using a logis-
tic regression model (Table 1). Previous biologic treatment (OR =
0.03, 95% CI = 0.0–0.29; P < 0.05) was associated with secuki-
numab response, whereas other clinical variables had no associ-
ation with secukinumab response. In summary, we found
patients that had inadequate response to previous biologics were
more likely to also have inadequate response to secukinumab.

Higher frequency of IL-17A producing CD4+ T cells in
SEC-NR patients. To start immune profiling SEC-R and SEC-
NR patients, we observed IL-17A production in stimulated CD4+
T cells from patient PBMCs at different secukinumab treatment
timepoints (Supplementary Figure S1A and B, Supplementary
Figure S2A). IL-17A+ CD4+ T cells frequency was significantly
higher in SEC-NR patients (mean 1.63%) compared to SEC-R
patients (mean 0.60%, P < 0.01) and HCs (mean 0.53%, P <
0.01) (Supplementary Figure S2B). Interestingly, the frequency
of FOXP3+CD4+ T cells that produce IL-17A was significantly
higher in SEC-NR patients (mean 1.68%) compared to HCs
(mean 0.98%, P < 0.05) (Supplementary Figure S2C). The fre-
quency of IL-17A+ FOXP3+ CD4+ T cells in SEC-NR patients

trended higher than in SEC-R patients (mean 0.98%, P =
0.06) (Supplementary Figure S2C). This subpopulation was
not CD25+ and therefore not reflective of Treg cells nor did the
frequency change post-secukinumab treatment (Supplementary
Figure S2D). IL-17A+ RORγt+ CD4+ T cell frequency was signifi-
cantly higher in SEC-NR patients (mean 11.4%) compared to
HCs (mean 4.66%, P < 0.01) and trended toward a higher fre-
quency compared to SEC-R patients before secukinumab treat-
ment (mean 6.26%, Figure 2A and B). The frequency of this
subset did not change after 24 weeks of secukinumab treatment
for SEC-R and SEC-NR patients (Figure 2C). To measure the
amount of IL-17A being produced by RORγt+ CD4+ T cells, the
median fluorescence intensity of IL-17A wasmultiplied by the pro-
portion of IL17A+RORγt+ CD4+ T cells. This value was consistent
between HC, SEC-R, and SEC-NR patients at the pre-secukinu-
mab timepoint (Figure 2D). This value did not decrease signifi-
cantly for SEC-R patients after secukinumab treatment, but
there was a decreasing trend in the SEC-NR patients after
24 weeks of treatment (P = 0.06) (Figure 2E). Taken together,
we found SEC-NR patients have significantly more IL-17A pro-
ducing cells, and response to secukinumab does not require a
reduction of IL-17A production from CD4+ T cells.

Increased CXCR3 expressing cells pre-secukinumab
treatment in SEC-NR patients. Because SEC-NR patients
demonstrate a decrease in IL-17A production in CD4+ T cells,
we investigated whether the frequency of different CD4+ T cell
subsets change at the different treatment time points, without
in vitro stimulation (Supplementary Figure S3A). The frequency
of Treg cells (CD25+CD127−FOXP3+CD4+ T cells) and TH17
(CCR6+CXCR3−RORγt+CD4+ T cells) did not differ significantly
between HCs and patients with axSpA pre-secukinumab,
regardless of secukinumab response (Supplementary
Figure S3B and D). The frequency of these subsets did not
change with secukinumab treatment (Supplementary Figure S3C
and E). The frequency of RORγt+ Treg cells relative to total Treg
cells was significantly reduced in patients with axSpA pre-secuki-
numab (mean 6.38%) compared to HCs (mean 9.87%, P < 0.05)
(Figure 3A). There was no significant difference between SEC-R
and SEC-NR patients pre-secukinumab (Figure 3B) nor did the
frequency significantly change post-secukinumab treatment (data
not shown). However, CXCR3+ cell frequency was higher in SEC-
NR patients pre-secukinumab compared to SEC-R patients and
HCs (Figure 3C). TH17 (CXCR3−CCR6+ CD4+ T cells) (16.58%
vs 12.84%, P = 0.0575) trend toward a higher frequency in
SEC-NR patients compared to SEC-R patients (Figure 3D). TH1
(CXCR3+CCR6− CD4+ T cells) (14.21% vs 9.85%) and TH1.17
cells (CXCR3+CCR6+ CD4+ T cells) showed significantly ele-
vated frequencies in SEC-NR patients compared to SEC-R
patients (Figure 3F and H). These subset frequencies did not
change for SEC-NR patients after treatment (Figure 3E, G, and I)
but SEC-R patients did trend toward an increase of TH1 cell

Table 1. Logistic regression model of response to secukinumab
treatment*

Patient characteristic Odds ratio (95% CI) P value

Age 0.99 (0.92–1.05) 0.7
Sex
Female (Reference)
Male 0.86 (0.16–4.26) 0.9

Previous Biologic
No (Reference)
Yes 0.03 (0.0–0.29) 0.015

B27 Status
Negative (Reference)
Positive 7.20 (0.30–391) 0.3

Radiographic
No (Reference)
Yes 1.33 (0.16–11.9) 0.8

Psoriasis
No (Reference)
Yes 0.10 (0.0–1.23) 0.11

Uveitis
No (Reference)
Yes 0.84 (0.14–5.00) 0.8

Inflammatorya

CXCR3+CCR6+ 0.36 (0.06–0.72) 0.052
CXCR3+CCR6− 0.52 (0.24–0.82) 0.028

* Bolded P values are considered statistically significant differences.
CI, confidence interval.
a Adjusted for age, sex, previous biologic, B27 status, radiographic,
psoriasis, and uveitis.
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frequency post-treatment (from 9.69% to 12.35%, Figure 3G).
Interestingly Tbet+ CD4+ T cells and Tbet-BV605 median fluores-
cence intensity (MFI) of these positive cells did not differ signifi-
cantly among all groups (Supplementary Figure S3F and G).
When adjusted for the clinical variables listed in Table 1, the fre-
quency of TH1.17 cells (OR 0.36, 95%CI 0.06–0.72; P = 0.052)
trended toward associating with secukinumab response,

whereas TH1 cell frequency (OR 0.52, 95% CI 0.24–0.82;
P = 0.028) was significantly associated with secukinumab
response. Both subsets appeared to decrease the odds of a
patient responding to secukinumab treatment. In summary, we
observed increased CXCR3+ CD4+ T cell frequency in SEC-NR
patients, and this frequency appeared to decrease the odds of
responding to secukinumab treatment.

Figure 2. (A) Representative frequency of IL-17A producing RORγt+ CD4s T cells from HC and SEC-R and SEC-NR. (B) Dot plot represent fre-
quencies of IL-17A producing RORγt+ CD4 T cells from PBMCs of HCs and patients with axSpA before secukinumab treatment. (C) Paired anal-
ysis of IL17-producing RORγt+ CD4 T cells frequency in responders and nonresponders. (D) Dot plot represent median of IL-17 APC MFI from
IL17+ producing RORγt+ CD4 T cells (multiplied by proportion of IL17+ RORγt+ CD4+ T cells) collected from the PBMCs of HCs and patients with
axSpA before secukinumab treatment. (E) Paired analysis of IL-17 APC MFI × proportion of IL17+ RORγt+ CD4+ T cells in responders and non-
responders. Data represent 21 HCs, 16 secukinumab responders (blue squares), and 14 nonresponders (red triangles). **P < 0.01 significant
by Mann-Whitney U test for dot plot analysis and two-tailed Wilcoxon signed rank test for paired analysis. APC, allophycocyanin; axSpA, axial
spondyloarthritis; HC, healthy control; IL, interleukin; MFI, mean fluorescence intensity; PBMC, peripheral blood mononuclear cell; SEC-NR, secu-
kinumab treatment nonresponders; SEC-R, secukinumab treatment responders.
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Figure 3. (A) Dot plot representing frequency of RORγt+ Treg frequency relative to total Treg from HCs (n = 21) and patients with axSpA pre-
secukinumab (n = 30). (B) Dot plot representing frequency of RORγt+ Treg frequency relative to total Treg between SEC-R (n = 16) and SEC-NR
(n = 14) before secukinumab is taken. (C) Representative plot of CXCR3 and CCR6 of CD4+ T cells from HCs (n = 21) and SEC-R (n = 16) and
SEC-NR (n = 14). Dot plot represents frequency of CXCR3+ CD4+ T cells in SEC-R and SEC-NR before secukinumab is taken. Dot plot represents
frequencies of (D) CCR6+CXCR3−CD4+ T cells, (F) CCR6−CXCR3+ CD4+ T cells, and (H) CCR6+CXCR3+ CD4+ T cells from PBMCs of HCs and
patients with axSpA before secukinumab treatment. Paired analysis of frequency in (E) CCR6+CXCR3−CD4+ T cells, (G) CCR6−CXCR3+ CD4+ T
cells, and (I) CCR6+CXCR3+ CD4+ T cells in responders and nonresponders. *P < 0.05, **P < 0.01 significant by Mann-Whitney U test for dot plot
analysis and two-tailed Wilcoxon signed rank test for paired analysis. axSpA, axial spondyloarthritis; HC, healthy control; PBMC, peripheral blood
mononuclear cell; SEC-NR, secukinumab treatment nonresponders; SEC-R, secukinumab treatment responders; Treg, regulatory T cell.
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Transcripts associated with type 1 IFN pathways
reflect SEC-NR. Resting mature CD45RO+CD45RA-CD4+ T
cells were fluorescent-activated cell sorting (FACS)–sorted to
determine transcriptional differences between SEC-R patients (n =
11) and SEC-NR patients (n = 11) before and after treatment
(Figure 4A, Supplementary Figure S1A,C, Supplementary
Table S3). DEGs are displayed for SEC-R and SEC-NR patients
pre-secukinumab (Figure 4B, Supplementary Table S4) and at 24-
week post-treatment (Figure 4C, Supplementary Table S5). DEGs
before and after secukinumab treatment are also shown for
SEC-R patients (Figure 4D, Supplementary Table S6) and SEC-
NR patients (Figure 4E, Supplementary Table S7). At the pre-secu-
kinumab timepoint, CD83 and TP53INP2 were significantly down-
regulated in SEC-R patients compared to SEC-NR patients. Inter-
estingly, CD83 was a transcript that significantly increased in
SEC-R patients post-secukinumab. Genes involved in positive
regulation of programmed cell death (PRF1, CCL5, GZMA) and
granzyme-mediated programmed cell death (PRF1, GZMA) were
elevated in SEC-R compared to SEC-NR patients (Figure 4F,
Supplementary Figure S4C, Supplementary Table S8). Secukinu-
mab treatment did not significantly alter the transcriptome of
SEC-NR patients; however, some patients demonstrated ele-
vated IFIT1, IFI44L, OAS1, and RSAD2 transcript expression
(Supplementary Figure S4A, Figure 4E). These genes were also
found down-regulated when comparing SEC-R patients to SEC-
NR patients post-treatment (Figure 4C). GO enrichment deter-
mined these genes were associated with type 1 IFN response
pathways and response to virus (Figure 4G, Supplementary
Table S9). SEC-R patients displayed an altered transcriptome
post-treatment (Supplementary Figure S4B, Figure 4D, Supple-
mentary Table S6). Significantly up-regulated transcripts in
SEC-R patients post-treatment associated with IL-18 signaling
pathway (CD83, ICAM1, JUN, TNFAIP3, NFKBIA), IL-24 signaling
(CD83, CDKNIA, ICAM1, JUN, NFKBIA), and tumor necrosis fac-
tor (TNF) signaling (ICAM1, JUN, TNFAIP3, NFKBIA) (Figure 4H,
Supplementary Table S10). Together, our data indicate the
down-regulation of type 1 IFN response genes is important for
patients to respond to secukinumab.

Patients switching biologics and respond have a
cytotoxic CD4+ T cell signature. Because previous biologic
treatment was more common in SEC-NR patients, we assessed
whether the frequencies of the different immune subsets studied
were different between biologic-naive and biologic-switching
patients at the pre-secukinumab treatment timepoint. We found
no significant difference in the frequency or MFI of IL17A+ RORγt
+ CD4 T cells (Supplementary Figure S5A), in the frequency of
RORγt+ Treg cells (Supplementary Figure S5B), or in the fre-
quency of the different T helper subsets (Supplementary
Figure S5C). We also found that biologic-naive and biologic-
switching patients were transcriptionally similar before secukinu-
mab treatment (Supplementary Figure S5D).

We therefore reanalyzed transcriptional differences only in
patients switching biologics to investigate why some patients
improved after secukinumab administration after inadequate
response with previous biologics (Figure 5). SEC-R patients were
transcriptionally different compared to SEC-NR patients at the
pre-secukinumab timepoint (Figure 5A, Supplementary
Table S11). Interestingly, ICOSLG and ALOX5 were transcripts
up-regulated in SEC-R biologic-naive patients compared to SEC-
R biologic-switching patients at the pre-secukinumab timepoint
(Supplementary Figure S5E, Supplementary Tables S12–13). At
the post-secukinumab timepoint, cytotoxic transcripts PRF1 and
GZMA remain up-regulated. Biologic-switching SEC-R patients
transcriptionally differed to SEC-NR patients at the post-secuki-
numab timepoint (Figure 5B, Supplementary Table S14). Impor-
tant Treg genes FOXP3 and IL2RA were also down-regulated
post-secukinumab in SEC-R patients compared to SEC-NR
patients (Figure 5B). Up-regulated genes in SEC-R patients com-
pared to SEC-NR patients post-secukinumab treatment associ-
ated with granzyme-mediated programmed cell death signaling
(NKG7, PRF1, GZMA) and cell killing (NKG7, PRF1, GZMA,
HLA-DPB1, HLA-DRA) (Figure 5C, Supplementary Table S15).
Down-regulated genes associated with response to type 1 IFN
(ISG15, MX1, OAS1, IFIT1, IFIH1) and IFN alpha/beta signaling
(SOCS3, ISG15, MX1, OAS1, RSAD2, IFIT1) (Figure 5D, Supple-
mentary Table S16). To confirm if cytotoxic enzymes were
increased pre-secukinumab in SEC-R patients who switched bio-
logics, we measured intracellular GZMA and PRF1 in CD45RO
+CD45RA- CD4+ T cells using flow cytometry. SEC-R patients
demonstrate an increased frequency of GZMA+ CD45RO
+CD45RA- CD4+ T cells before secukinumab treatment com-
pared to SEC-NR patients (mean 4.48%, Figure 5E–G). The fre-
quency of PRF1+ CD45RO+CD45RA- CD4+ T cells in SEC-R
patients did not significantly differ from SEC-NR patients at pre-
secukinumab timepoint (Supplementary Figure S5F and G). There
also was no significant difference in the frequency of GZMA+ and
PRF1+ CD45RO+CD45RA- CD8 T cells (Supplementary
Figure S5H–K).

To investigate the role patient sex has on secukinumab
treatment response, transcriptome data was also stratified
based on sex (Supplementary Figure S6A and B, Supplemen-
tary Tables S17–22). Male patients pre-secukinumab had no
significant transcripts discriminating SEC-R from SEC-NR
(Supplementary Figure S6C, Supplementary Table S23). After
secukinumab, male SEC-R and SEC-NR patients’ transcrip-
tome differed (Supplementary Figure S6D, Supplementary
Table S24), in which increased transcripts associated with IL-
24 signaling (CD83, CDKN1A, JUN, NFKBIA, NFKB1, TGFB1,

ICAM1), IL-18 signaling (CD83, JUN, TNFAIP3, NFKBIA,
NFKB1, ICAM1), and Th17 cell differentiation (JUN, NFKBIA,
NFKB1, TGFB1, HLA-DMA, HLA-DRA) (Supplementary
Figure S6E and C, Supplementary Table S25). Transcripts with
decreased expression associated with response to type 1 IFN
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Figure 4. (A) Gating strategy for sorting mature CD45RO+CD45RA- CD4+ T cells from secukinumab responders’ and nonresponders’ PBMCs
pre-secukinumab treatment and week 24 post-treatment. Volcano plot represents differentially regulated genes quantified by NanoString analysis
that are unique to secukinumab responder/nonresponder at (B) pre-treatment and (C) 24 weeks post-treatment bleed. Volcano plot also repre-
sents differentially regulated genes that are unique to 24-week post-treatment/pre-treatment for (D) SEC-R and (E) SEC-NR. Large-colored dots
represent genes with a log2 fold change above 1 and a –log10(unadjusted P value) of 1.3. Small-colored dots represent genes with a log2 fold
change above 1. Pathway analysis is displayed for top 10 relevant pathways for (F) SEC-R/SEC-NR patients at baseline, (G) SEC-NR patients fol-
low-up/pre-treatment, and (H) SEC-R patients follow-up/pre-treatment. APC, allophycocyanin; ATM, ataxia telangiectasia mutated protein; FSC-
A, forward scatter area; FSC-H, forward scatter height; FITC, fluorescein isothiocyanate; IFN, interferon; IL, interleukin; miR, microRNA; PBMC,
peripheral blood mononuclear cell; SSC-A, side scatter area; SSC-H, side scatter height; SEC-NR, secukinumab treatment nonresponders;
SEC-R, secukinumab treatment responders; TNF, tumor necrosis factor.
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Figure 5. Volcano plot represents differentially regulated genes quantified by NanoString analysis that are unique to patients switching biologics
classified as secukinumab responder/nonresponder at (A) pre-secukinumab bleed and (B) 24-week post-secukinumab bleed. Top 10 (C) up-reg-
ulated and (D) down-regulated pathways for SEC-R patients post-secukinumab displayed. (E) Representative plot of measured intracellular GZMA
in CD4+CD45RO+CD45RA- T cells. Dot plot represents (F) the frequency of GZMA+ relative to CD45RO+ CD4+ T cells and (G) the median fluo-
rescence intensity of GZMA-Pacific Blue multiplied by the proportion of GZMA+ CD45RO+CD4+ T cells in SEC-R (n = 9) and SEC-NR (n = 12)
before treatment. *P < 0.05 significant by Mann-Whitney U test for dot plot analysis. GZMA, granzyme A; miR, microRNA; SEC-NR, secukinumab
treatment nonresponders; SEC-R, secukinumab treatment responders.
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(ISG15, OAS1, MX1, OAS2, IFIT1) and IFN alpha/beta signaling
(IFI35, ISG15, OAS2, MX1, OAS1, IFIT1) (Supplementary
Figure S6F, Supplementary Table S26). SEC-R female patients
had a different transcriptome than SEC-NR female patients at the
pre-secukinumab timepoint (Supplementary Figure S6G, Supple-
mentary Table S27) that remained post-secukinumab treatment
(Supplementary Figure S6H, Supplementary Table S28). Tran-
scripts increased in SEC-R female patients compared to SEC-NR
female patients associated with granzyme-mediated programmed
cell death (NKG7, PRF1, GZMA) (Supplementary Figure S6I, Sup-
plementary Table S29). In all, a cytotoxic CD4+ T cell signature at
the pre-secukinumab timepoint can distinguish patients who will
respond to secukinumab when switching biologics.

DISCUSSION

Current biologics approved for management of axSpA target
IL-17A/F, tumor necrosis factor alpha (TNFα) and JAK1. Although
these treatments have improved pain management for majority of
patients with axSpA, it is currently unknown why approximately
40% of patients do not respond to available biologic treatments.
A better understanding of immune signatures in these nonre-
sponders could provide new therapeutic targets or provide pre-
dictors to inadequate treatment response.

Our study of patients with axSpA receiving IL-17A blocking
therapy demonstrates that nonresponders have higher CXCR3+
CD4+ T cells pre-secukinumab and an up-regulation of type 1
IFN response genes in mature CD4+ T cells following treatment.
This up-regulation of type 1 IFN response genes was found pre-
dominantly in male SEC-NR patients and patients who remained
unresponsive after switching biologics. These patients also had
increased IL-17A+ CD4 T cells pre-secukinumab compared to
responders, which did not decrease in frequency after treatment.
The CXCR3 receptor binds to CXCL9, IP-10, and IP-9 to induce
IFNγ signaling10 but can also be up-regulated when a cell is stim-
ulated with type 1 IFNs.35 It has been demonstrated that serum
levels of IP-10 and CXCL9 are elevated in axSpA compared to
HCs,36 whereas the decrease of CXCL9 occurs with TNFα inhib-
itor treatment.37 This chemokine therefore likely plays a role in
both TNFi and secukinumab response through the reduction of
type 1 IFN signaling and therefore the reduction of IFNγ
production.

Serum levels of IFNα and IFNγ also demonstrate a reduction
in TNFi treatment responders but not in nonresponders, highlight-
ing a potential indicator for unresponsiveness to TNFi.38 IFN
response genes were also found to discriminate patients with
axSpA at pre-biologic and associate with response to TNFi,39

similar to what we find in our cohort following treatment with secu-
kinumab. These findings therefore raise important questions
about the role of type 1 IFNs and CXCR3 with respect to currently
approved biologics for axSpA and its implication in inadequate
treatment response. During unfolded protein response,

macrophages increase production of type 1 IFNs in response to
microbial products such as lipopolysaccharide.40 Both types of
IFNs have been found to activate HLA-B27 at the promoter site,
whereas IFNγ was found to increase the expression of proteins
related to the unfolded protein response in HLA-B27 expression.41

In the HLA-B27 transgenic rat model, HLA-B27 misfolding aug-
ments the induction of IL-23p19 in bone marrow macrophages,
leading to the increase of both TH1 and TH17 responses demon-
strated through the increase of proinflammatory IL-17, IL-1, TNFα,
and IL-6 transcripts.42 Overproduction of type 1 IFN may therefore
increase inflammation by activating this unfolded protein response
to a degree unmanageable by available biologics and must be
reduced for a patient to respond. Alternatively, the unfolded protein
response may activate type 1 IFNs and provide a feedback loop to
exacerbate the release of inflammatory cytokines that are not tar-
geted by currently approved biologic therapies for themanagement
of axSpA. Whether the increased CXCR3+ CD4+ T cell frequency
found in this study is a response to increased type 1 IFN signaling
or causes increased IFNγ signaling remains unanswered at
present.

The cytotoxic genes up-regulated in SEC-R patients at the
pre-secukinumab timepoint, predominantly in female and
biologic-switching patients (CCL5, PRF1, GZMA, NKG7, FASLG,
TBX21), has recently been a signature identified for a Treg subset
that lost suppressive capabilities (exTregs).43 This is of interest
because we identified that an effector Treg subset, RORγt+ Treg,
has a reduced frequency in axSpA compared to HCs. We also
found transcripts FOXP3 and IL2RA to be down-regulated in
SEC-R patients post-secukinumab. It is possible that these Treg
cells are losing their suppressive capabilities leading to the con-
version of cytotoxic CD4+ T cells and the aberrant control of IL-
17A signaling found in patients with axSpA. Because our sorting
strategy encompasses all mature CD4+ T cells, future studies
should investigate the role of Treg cells in axSpA and validate if
this exTreg profile, CD56+CD16+ cytotoxic CD4+ T cells, is
indeed expanded in a larger cohort of patients with axSpA. Inter-
estingly, this signature is persistent in SEC-R patients at the
post-secukinumab timepoint. Cytotoxic CD4+ T cells have been
described in many autoimmune diseases, including axSpA44

and is a subset that dampens Treg suppressive capabilities and
shifts T helper cells toward a TH17 phenotype in vitro.45 CD4+ T
cells in the intestine demonstrate plasticity between a cytotoxic
profile and IL-17 production (TH17 phenotype) dependent on
RUNX3 and ThPOK expression. ThPOK expression drives CD4+
T cells to a cytotoxic profile that are still able to secrete IL-17 while
RUNX3 at increased expression limits the production of IL-17
while maintaining the cytotoxic phenotype that induces less tissue
damage and inflammation.46 Whether a similar mechanism is
occurring in patients with axSpA, particularly those that benefit
from biologics that target IL-17, remains unknown.

Clinically, SEC-R patients were more likely to be biologic
naive. Another prospective observational study on an Italian

TYPE 1 INTERFERON IN PATIENTS WITH axSpA UNRESPONSIVE TO IL-17i 43



cohort found biologic-naive patients displayed better physical
functioning and lower disease activity when taking secukinumab
compared to biologic inadequate responder patients.47 Interest-
ingly, their cohort showed no difference in drug retention between
r-axSpA and nr-axSpA. HLA-B27 positivity also did not appear to
be a predictive variable for secukinumab withdrawal but other
studies have suggested that HLA-B27 positive patients were sig-
nificantly more likely to respond to secukinumab.48,49 Our study
indicates HLA-B27 positivity is not associated with secukinumab
response. HLA-B27 negativity was found to be related to poorer
response to TNFi, but its relation to secukinumab response
requires further investigation.50 Our prospective study allowed
for the tracking of clinical and immune profiles of patients during
secukinumab treatment. A larger prospective cohort would be
necessary to confirm if any of the immune differences found in
our study could serve as a biomarker to predict secukinumab
response. The role that the CXCR3-IFN pathway plays in persis-
tent joint inflammation for SEC-NR patients remains unknown.
Ideally, this would be studied using synovial fluid samples, but
these are rarely accessible in patients with axSpA. Another
limitation was the number of peripheral blood samples on the
biologic-naive patients. Additional recruitment would be required
for confirmatory analyses pre-secukinumab treatment. Other IL-
17A-producing cells and cells that respond to IL-17A require fur-
ther study and would provide a comprehensive understanding of
what is occurring immunologically during secukinumab treatment
in SEC-R patients. Although IL-17A–producing CD4+ T cells did
not decrease in frequency or in MFI for SEC-R patients, it is possi-
ble that secukinumab neutralized IL-17A from circulation before
reaching target cells and therefore changing the phenotype of
the target cell. Alternatively, other IL-17A-producing cells such
as MAIT or ILCs may be the cells targeted during secukinumab
treatment.

In conclusion, patients with axSpA have a dysregulated IL-
17A response, which is reflected in a reduction of RORγt+ Treg
cells frequency. Secukinumab targeting IL-17A can effectively
improve symptoms for approximately 60% of patients. Female
SEC-R patients and SEC-R patients who switch biologics have
a cytotoxic CD4+ T cell profile pre-secukinumab that remains
high after secukinumab treatment. Male SEC-NR patients
appear to have a greater type 1 IFN gene signature accompa-
nied by increased CXCR3+ CD4+ T cells. This phenotype likely
exacerbates the inflammatory response through IFN signaling,
which is not modifiable by IL-17A blockade. These findings
require validation with a larger cohort to create a predictive
algorithm for patient stratification during the prediction of secu-
kinumab response.
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Features of Axial Spondyloarthritis in Two Multicenter
Cohorts of Patients with Psoriasis, Uveitis, and Colitis
Presenting with Undiagnosed Back Pain

Walter P. Maksymowych,1 Raj Carmona,2 Ulrich Weber,3 Sibel Zehra Aydin,4 James Yeung,5 Jodie Reis,6

Ariel Masetto,7 Sherry Rohekar,8 Dianne Mosher,9 Olga Zouzina,9 Liam Martin,9 Stephanie O. Keeling,10

Joel Paschke,11 Rana Dadashova,11 Amanda Carapellucci,11 Stephanie Wichuk,10 Robert G. Lambert,10

and Jonathan Chan12

Objective. We aimed to assess the following: (1) the frequency of axial spondyloarthritis (axSpA) according to
extra-articular presentation and HLA-B27 status, (2) clinical and imaging features that distinguish axSpA from non-
axSpA, and (3) the impact of magnetic resonance imaging (MRI) on diagnosis and classification of axSpA.

Methods. The Screening for Axial Spondyloarthritis in Psoriasis, Iritis, and Colitis (SASPIC) study enrolled patients
in two multicenter cohorts. Consecutive patients with undiagnosed chronic back pain attending dermatology, ophthal-
mology, and gastroenterology clinics with psoriasis (PsO), acute anterior uveitis (AAU), or inflammatory bowel disease
(IBD) were referred to a local rheumatologist with special expertise in axSpA for a structured diagnostic evaluation. The
primary outcome was the proportion of patients diagnosed with axSpA by the final global evaluation.

Results. Frequency of axSpA was 46.7%, 61.6%, and 46.8% in patients in SASPIC-1 (n = 212) and 23.5%, 57.9%,
and 23.3% in patients in SASPIC-2 (n = 151) with PsO, AAU, or IBD, respectively. Among those who were B27 positive,
axSpA was diagnosed in 70%, 74.5%, and 66.7% of patients in SASPIC-1 and in 71.4%, 87.8%, and 55.6% of
patients in SASPIC-2 with PsO, AAU, or IBD, respectively. All musculoskeletal clinical features were nondiscriminatory.
MRI was indicative of axSpA in 60% to 80% of patients and MRI in all patients (SASPIC-2) versus on-demand
(SASPIC-1) led to 25% fewer diagnoses of axSpA in patients who were HLA-B27 negative with PsO or IBD. Perfor-
mance of the Assessment of SpondyloArthritis International Society classification criteria was greater with routine
MRI (SASPIC-2), though sensitivity was lower than previously reported.

Conclusion. Optimal management of patients presenting with PsO, AAU, IBD, and undiagnosed chronic back pain
should include referral to a rheumatologist. Conducting MRI in all patients enhances diagnostic accuracy.

INTRODUCTION

Diagnosis of axial spondyloarthritis (axSpA) is delayed for

almost a decade, leading to a substantial burden of illness and a

risk of irreversible spinal damage.1 Patients with back pain who

concomitantly have psoriasis (PsO), acute anterior uveitis (AAU),

or inflammatory bowel disease (IBD) may initially present to

dermatology, ophthalmology, or gastroenterology clinics, respectively,
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when there may be an opportunity to diagnose the condition much
sooner. Earlier diagnosis and treatment might not only alleviate spinal
symptoms earlier in the disease course but also help to make more
informed decisions aimed at therapeutics that are effective for both
axSpA and the comorbid condition. Recent referral recommendations
advocate referral to a rheumatologist of patients with chronic back
pain, symptom onset at less than 45 years of age, and extra-articular
features related to axSpA.2 However, nonspecific back disorders are
common, and access to a rheumatologist is limited in many parts of
the world. Moreover, features indicating inflammatory back pain (IBP)
are relatively nonspecific, and HLA-B27 appears to be less strongly
associated with axSpA in patients with PsO and IBD.3–5 Previous
reports evaluating the prevalence of axSpA, distinguishing clinical fea-
tures, and associations with HLA-B27 have been largely retrospective
case studies of selected populations.6–14 There are limited prospective
studies in which the Assessment of Spondyloarthritis International
Society (ASAS) classification criteria15 have been used to identify
patientswith axSpA, butmagnetic resonance imaging (MRI) evaluation
of the sacroiliac joints (SIJs) was only conductedwhen considered clin-
ically indicated as opposed to being done routinely for all patients.16,17

However, the performance of the ASAS criteria has not been
assessed in these disease subgroups andmay be adversely impacted
by the lack of association with HLA-B27. Moreover, MRI findings in
the SIJs that are indicative of axSpA do not correlate well with clinical
features of IBP and may be present even in asymptomatic patients
with AAU, PsO, or IBD.18,19

We conducted two multicenter studies (Screening for Axial
Spondyloarthritis in Psoriasis, Iritis, and Colitis [SASPIC] cohorts
1 and 2) in which consecutive patients with undiagnosed chronic
back pain attending dermatology, ophthalmology, and gastroen-
terology clinics with PsO, AAU, and IBD, respectively, were
referred to a local rheumatologist with special expertise in axSpA
for a structured clinical evaluation and imaging. Our aims were
threefold: (1) to establish the frequency of axSpA according to
extra-articular presentation and HLA-B27 status; (2) to identify
the clinical, laboratory, and imaging features that distinguish
patients with axSpA from those with nonspecific back pain; and
(3) to assess the impact of MRI evaluation on diagnosis and clas-
sification of axSpA. In SASPIC cohort 1 (SASPIC-1), MRI evalua-
tion was conducted only if deemed necessary by the local
rheumatologist and the findings used to inform the diagnosis, as
routinely performed in a real-world setting. In SASPIC cohort
2 (SASPIC-2), all patients had MRI of the SIJs, and scans were
evaluated first by local radiologists and then by central readers.
The reports were provided to local rheumatologists to aid in
establishing the final diagnosis.

PATIENTS AND METHODS

Study design and patient eligibility. The SASPIC study
enrolled patients in two cohorts, first SASPIC-1 and then
SASPIC-2. The two multicenter studies were conducted in

Canada at 10 sites in SASPIC-1 and at 8 sites in SASPIC-2, with
7 sites contributing patients to both cohorts. Consecutive adult
patients ≤45 years of age diagnosed with PsO, AAU, or IBD
attending dermatology, ophthalmology, or gastroenterology
practices, respectively, were recruited if they presented with
chronic undiagnosed back and/or buttock pain of three months’
duration or longer and signed consent forms. Exclusion criteria
were absence of chronic back pain, rheumatologist-established
diagnosis of axSpA, history of recent spinal trauma, contraindica-
tion to or inability to have MRI evaluation, and treatment with any
biologic or targeted synthetic disease-modifying antirheumatic
drug (DMARD) within 12 weeks before screening.

Eligible patients were assessed by local rheumatologists with
special expertise in spondyloarthritis (SpA). This consisted of a
history, physical examination, C-reactive protein (CRP), HLA-
B27, and an anteroposterior pelvic radiograph done within the
last six months. MRI of the SIJs (oblique coronal STIR and
T1-weighted spine echo [T1W SE]) and spine (sagittal STIR
and T1W SE of thoracolumbar and cervicothoracic halves) was
ordered as deemed appropriate by the rheumatologist in
SASPIC-1, whereas all patients in SASPIC-2 had MRI evaluation
of the SIJs within four weeks of the clinical evaluation of the
patient. After clinical assessment, the rheumatologist determined
whether the patient’s back and/or buttock pain was consistent
with IBP (yes/no and numerical rating scale [NRS; 0–10] with
anchors: 0 being no probability of IBP and 10 being definite IBP).
The rheumatologist also completed an electronic case report form
that included all the clinical axSpA variables in the 2009 ASAS
classification criteria.15 The diagnostic conclusion and level of
confidence in the diagnosis was assessed at each stage of the
diagnostic process by the following question: this patient’s clinical
presentation indicates a diagnosis of axSpA (yes/no and the
degree of confidence on a −10 to +10 NRS, with −10 being defi-
nitely not axSpA, 0 being I cannot decide if the patient has axSpA
or not, and +10 being definitely has axSpA). In SASPIC-1, this
question was addressed after the following evaluations:
stage 1 after completion of the history and physical examination;
stage 2 after review of the CRP, HLA-B27, and pelvic radiograph;
and Stage 3 after review of the MRI and local radiologist report in
those patients who had this evaluation (Supplementary Figure 1).
In SASPIC-2, the diagnostic global question was addressed after
the same three sequential steps as in SASPIC-1 but also included
a fourth stage in which the rheumatologist completed the ques-
tion after receiving central reader evaluations of the pelvic radio-
graph and MRI scan. All patients provided informed consent.
The study was approved by an institutional review board or ethics
committee at each study site and conducted according to the
Declaration of Helsinki and the International Council for Harmoni-
sation guidelines.

Central reader imaging evaluation. Images were inde-
pendently evaluated by two experienced readers (rheumatologist
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[WPM] and a musculoskeletal radiologist [RGL]) for the presence
or absence of radiographic sacroiliitis according to the modified
New York (mNY) criteria.20 Once radiographs had been
assessed, readers could evaluate the presence or absence of
active inflammatory and structural changes on MRI indicative of
axSpA. Discrepancies in these assessments were independently
evaluated by an experienced adjudicator (rheumatologist [UW]).
Readers also provided a standard narrative report to local
rheumatologists for patients recruited to SASPIC-2. Patients
and/or public were not involved in any steps of the design, con-
duct, analysis, and results dissemination of this study.

Outcomes. The primary outcome of the study was the
proportion of patients diagnosed with axSpA among the three
groups of patients after final global evaluation. Secondary out-
comes included proportions of patients with a diagnosis of axSpA
stratified by the presence/absence of HLA-B27, clinical and imag-
ing variables that distinguished axSpA from non-axSpA among
the three groups, impact of on-demand versus systematic MRI
evaluation on diagnosis and classification of axSpA, and the pro-
portion of patients fulfilling the ASAS 2009 classification criteria
for axSpA.

Statistical analysis. The proportion of patients diagnosed
and classified with axSpA was calculated out of the total number
of patients evaluated at each of the rheumatology sites. Descrip-
tive analysis of demographic variables, clinical features of axSpA,
and imaging and laboratory variables were tabulated and summa-
rized by means, SD, medians, interquartile ranges, and by num-
bers and percentages for categorical variables. Statistically
significant differences between patients diagnosed with and with-
out axSpA were determined by using Mann–Whitney U test for
continuous variables and χ2 test for categorical variables. Signifi-
cance tests were conducted at significance level α = 0.05. All
statistical analyses were conducted in SAS Studio version
9.4 (SAS Institute).

RESULTS

A total of 212 patients (10 sites) were recruited to SASPIC-1
between February 22, 2013, and March 5, 2018, of whom
45 (21.2%) had PsO, 73 (34.4%) had AAU, and 94 (44.3%) had
IBD. For SASPIC-2, 151 patients (eight sites, seven sites partici-
pated in SASPIC-2) were recruited between May 28, 2018, and
September 27, 2022, of whom 51 (33.8%) had PsO, 57 (37.7%)
had AAU, and 43 (28.5%) had IBD. The percentage per site diag-
nosed with axSpA varied from 15.8% to 100% in SASPIC-1 and
from 20% to 71.4% in SASPIC-2 (Supplementary Table 1).

Demographic and clinical characteristics. The pro-
portions of patients diagnosed with axSpA were 46.7%, 61.6%,
and 46.8% for those with PsO, AAU, and IBD, respectively, in

SASPIC-1, whereas the respective proportions were 23.5%,
57.9%, and 23.3% for SASPIC-2 (Tables 1 and 2; Supplementary
Tables 2 and 3). A higher proportion of male patients was evident
among all groups in patients diagnosed with axSpA, and this was
particularly notable in SASPIC-2. In both cohorts, having PsO and
IBD preceded back symptoms (76.2% and 68.2%, respectively,
of patients with axSpA in SASPIC-1, and 91.7% and 70%,
respectively, of patients with axSpA in SASPIC-2), whereas the
opposite was evident for having AAU (35.6% and 18.2% of
patients with axSpA in SASPIC-1 and -2, respectively). Mean
duration of back symptoms before a diagnosis of axSpA was sim-
ilar in both cohorts and varied from six to nine years among the
subgroups. This delay in diagnosis was shortest in patients with
IBD in both cohorts and was longest in those with PsO in
SASPIC-1 and in those with AAU in SASPIC-2. The majority of
patients diagnosed with axSpA in all groups and in both cohorts
reported back pain severity >5 on a 0 to 10 scale. The mean per-
centage of patients receiving nonsteroidal anti-inflammatory
drugs (NSAIDs) and reporting back pain severity >5 was 76.6%
and ranged from 66.7% to 87.5% of the three subgroups in
SASPIC-1 and -2.

More patients with axSpA in the groups with AAU and IBD
were deemed to have IBP with a probability >5 on a 0 to 10 scale,
and this was particularly evident in SASPIC-1 (Supplementary
Data). This was not consistently evident in those with PsO, and
the proportion with high probability of IBP was even greater in
those diagnosed with non-axSpA in the group with PsO of
SASPIC-2. Only a minority of patients reported a complete or very
good response to NSAIDs, and this did not differ significantly
according to diagnosis. For patients with PsO in both cohorts, a
complete or very good NSAID response was even reported more
frequently in those diagnosed with non-axSpA.

Physical examination did not reveal any significant differ-
ences in frequencies of patients with axSpA on the basis of Spon-
dyloarthritis Research Consortium of Canada entheseal tender
points, peripheral arthritis, or hip involvement between those with
and without axSpA in any group (Tables 1 and 2). There were
numerically more patients with enthesitis on physical examination
in patients with non-axSpA than those with axSpA, with the sole
exception of the subgroup with PsO in SASPIC-2, in which more
patients and a higher mean enthesitis count were evident in those
diagnosed with axSpA. Peripheral arthritis was more frequent on
physical examination in the group with PsO, especially in
SASPIC-2, though without significant differences between those
diagnosed with and without axSpA. Dactylitis was more frequent
in patients with PsO diagnosed with axSpA in SASPIC-2 but not
in SASPIC-1. Overall, musculoskeletal physical examination find-
ings were not helpful in differentiating patients with axSpA versus
non-axSpA.

HLA-B27 was present in 33.3%, 84.4%, and 37.2% of
patients diagnosed with axSpA who had PsO, AAU, and IBD,
respectively, in SASPIC-1, whereas the respective frequencies
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Table 1. Demographic and clinical disease characteristics of patients presenting with undiagnosed back pain in an inception cohort of patients
with PsO, AAU, and IBD recruited to SASPIC-1 according to final local rheumatologist diagnosis of axSpA versus non-axSpA*

Feature

Patients with PsO Patients with AAU Patients with IBD

axSpA
(n = 21)

Non-axSpA
(n = 24) P value

axSpA
(n = 45)

Non-axSpA
(n = 28) P value

axSpA
(n = 44)

Non-axSpA
(n = 50) P value

Male, n (%) 15 (71.4) 9 (37.5) 0.04 28 (62.2) 13 (46.4) 0.23 23 (52.3) 20 (40) 0.30
Age, mean (±SD), y 36.3 (±6.2) 36.7 (±5.8) 0.84 33.4 (±5.3) 35.0 (±6.5) 0.24 34.0 (±7.6) 35.9 (±7.0) 0.22
Age at onset of back symptoms,

mean (±SD), y
27.2 (±9.2) 30.0 (±8.6) 0.29 25.0 (±7.4) 25.8 (±7.7) 0.67 27.4 (±8.6) 28.9 (±7.3) 0.36

Symptom duration, mean (±SD), y 9.2 (±7.9) 6.7 (±7.5) 0.28 8.4 (±6.1) 9.3 (±7.6) 0.59 6.6 (±5.6) 6.9 (±6.3) 0.80
Age at onset of extra-articular symptoms

(PsO, AAU, and IBD), mean (±SD), y
19.7 (±7.4) 20.3 (±7.9) 0.80 28.2 (±6.0) 32.0 (±7.3) 0.021 25.7 (±8.6) 23.4 (±8.8) 0.20

Family history of SpA, n (%)a

AS 1 (4.8) 2 (8.3) 1.00 6 (13.3) 2 (7.1) 0.70 0 1 (2) 1.00
PsO 10 (47.6) 15 (62.5) 0.38 5 (11.1) 8 (28.6) 0.07 9 (20.4) 4 (8) 0.13
IBD 3 (14.3) 2 (8.3) 0.65 5 (11.1) 3 (10.7) 1.00 15 (34.1) 10 (20) 0.16
AAU 0 0 na 9 (20.0) 5 (17.9) 1.00 2 (4.5) 2 (4) 1.00

Back pain characteristics
Severity of current back pain,

(0–10 NRS), mean (±SD)b
6.6 (±2.3) 5.2 (±2.4) 0.04 5.1 (±2.9) 4.9 (±2.4) 0.78 6.0 (±2.6) 5.3 (±4.0) 0.11

Current back pain >5 (0–10 NRS), n (%) 15 (71.4) 11 (45.8) 0.13 24 (53.3) 14 (50) 0.81 26 (59.1) 24 (48) 0.31
Inflammatory back pain, n (%) 18 (85.7) 17 (70.8) 0.30 40 (88.9) 17 (60.7) 0.008 40 (90.9) 25 (50) <0.001
Respond to NSAIDs within 48 hours, n (%)
Yes 11 (64.7) 15 (75) 0.72 26 (81.3) 15 (78.9) 1.00 17 (58.6) 21 (58.3) 1.00
Mostly complete 0 1 (5) 1.00 3 (9.4) 3 (15.8) 0.66 1 (3.4) 0 0.45
Very good (>50% relief ) 4 (23.5) 6 (30) 0.73 11 (34.4) 4 (21.1) 0.36 8 (27.6) 5 (13.9) 0.22
Some benefit (20%–50% relief) 7 (41.2) 6 (30) 0.51 8 (25) 7 (36.8) 0.53 5 (17.2) 12 (33.3) 0.17
Minimal (<20% relief) 0 2 (10) 0.49 4 (12.5) 1 (5.3) 0.64 3 (10.3) 4 (11.1) 1.00
No response 6 (35.3) 5 (25) 0.72 6 (18.8) 4 (21.1) 1.00 12 (41.4) 15 (41.7) 1.00

Treatment, n (%)
Currently receiving NSAIDs 14 (66.7) 11 (45.8) 0.23 23 (51.1) 5 (17.8) 0.006 9 (20.5) 9 (18) 0.80
Currently receiving csDMARDsc 2 (9.5) 2 (8.3) 1.00 0 0 (0) na 2 (4.5) 5 (10) 0.44
Previously received bioDMARDsd 1 (4.8) 3 (12.5) 0.61 0 0 (0) na 4 (9.1) 9 (18) 0.25

Peripheral and extra-articular symptoms, n (%)
Heel pain 8 (38.1) 8 (33.3) 0.77 6 (13.3) 5 (17.9) 0.74 7 (15.9) 6 (12) 0.77
History of enthesitis 5 (23.8) 7 (29.2) 0.75 7 (15.6) 5 (17.9) 1.00 3 (6.8) 14 (28) 0.01
History of peripheral arthritis 9 (42.9) 10 (41.7) 1.00 9 (20) 2 (7.1) 0.19 9 (20.5) 8 (16) 0.60
History of extra-articular symptoms
AAU 2 (9.5) 0 0.21 45 (100) 28 (100) na 1 (2.3) 0 0.47
Crohn disease colitis 0 0 na 1 (2.2) 0 1.00 25 (56.8) 28 (56) 1.00
Ulcerative colitis 0 0 na 1 (2.2) 0 1.00 19 (43.2) 22 (41) 1.00
PsO 21 (100) 24 (100) na 0 0 na 3 (6.8) 1 (2) 0.34
Dactylitis 1 (4.8) 0 0.47 1 (2.2) 0 1.00 0 2 (4) 0.50

Physical examination
Enthesitis, n (%) 6 (28.6) 7 (29.2) 0.23 9 (20) 6 (21.4) 0.26 12 (27.3) 20 (40) 0.28
Number of SPARCC

enthesitis points, mean (±SD)
1.2 (±1.7) 0.6 (±1.2) 0.17 0.3 (±1.0) 0.8 (±1.6) 0.22 0.5 (±1.3) 1.0 (±1.6) 0.05

Dactylitis, n (%) 1 (4.8) 2 (8.3) 1.00 2 (4.4) 0 0.52 1 (2.3) 1 (2) 1.00
Hip involvement, n (%)e 2 (9.5) 2 (8.3) 1.00 3 (6.7) 1 (3.6) 1.00 7 (15.9) 6 (12) 0.77
PsO, n (%) 21 (100) 24 (100) na 0 1 (3.6) 0.38 6 (13.6) 1 (2) 0.05
Peripheral arthritis, n (%) 7 (33.3) 6 (25) 1.00 2 (4.4) 0 0.52 3 (6.8) 3 (6) 1.00
Number of swollen joints, mean (±SD) 1.0 (±2.1) 0.9 (±2.0) 0.83 0.6 (±0.9) 0.0 (±0.0) na 0.05 (±0.2) 0.1 (±0.3) 0.55
BASMI, mean (±SD) 2.7 (±0.8) 2.1 (±0.7) 0.001 2.4 (±1.0) 2.0 (±0.7) 0.05 2.5 (±1.3) 2.2 (±0.8) 0.23
EDASMI, mean (±SD) 2.3 (±1.4) 2.0 (±0.9) 0.34 2.1 (±1.4) 1.8 (±1.0) 0.24 2.0 (±1.5) 1.9 (±0.9) 0.78

Laboratory
B27 positive, n (%)f 7 (33.3) 3 (13.0) 0.16 38 (84.4) 13 (46.4) 0.001 16 (37.2) 8 (16.3) 0.03
CRP abnormal (≥6 mg/L), n (%) 7 (33.3) 7 (29.2) 1.00 16 (35.6) 9 (32.1) 0.81 19 (43.2) 12 (24) 0.05
CRP, mean (±SD) 5.8 (±6.4) 6.7 (±9.6) 0.71 7.1 (±10.7) 3.8 (±3.0) 0.05 11.9 (±20.0) 4.7 (±7.8) 0.03

* AAU, acute anterior uveitis; AS, ankylosing spondylitis; axSpA, axial spondyloarthritis; BASMI, Bath Ankylosing Spondylitis Metrology Index;
bioDMARD, biologic disease-modifying antirheumatic drug; CRP, C-reactive protein; csDMARD, conventional synthetic disease-modifying anti-
rheumatic drug; EDASMI, Edmonton Ankylosing Spondylitis Metrology Index; IBD, inflammatory bowel disease; na, not applicable; NRS, numer-
ical rating scale; NSAID, nonsteroidal anti-inflammatory drug; PsO, psoriasis; SASPIC-1, Screening for Axial Spondyloarthritis in Psoriasis, Iritis,
and Colitis cohort 1; SpA, spondyloarthritis; SPARCC, Spondyloarthritis Research Consortium of Canada.
a AS, PsO, AAU, and IBD are included.
b Severity of current back pain is measured as the amount of back and/or hip pain during the last week on a 0 to 10 (most severe) NRS.
c csDMARDs include methotrexate and salazopyrin.
d bioDMARDs include etanercept, golimumab, adalimumab, infliximab, and certolizumab.
e Hip involvement is defined as groin pain and/or restricted range of internal rotation.
f One and two patients were missing HLA-B27 data in the cohorts with PsO and IBD, respectively.
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Table 2. Demographic and clinical disease characteristics of patients presenting with undiagnosed back pain in an inception cohort of patients
with PsO, AAU, and IBD recruited to SASPIC-2 according to final local rheumatologist diagnosis of axSpA versus non-axSpA*

Feature

Patients with PsO Patients with AAU Patients with IBD

axSpA
(n = 12)

Non-axSpA
(n = 39) P value

axSpA
(n = 33)

Non-axSpA
(n = 24) P value

axSpA
(n = 10)

Non-axSpA
(n = 33) P value

Male, n (%) 8 (67) 18 (46) 0.32 25 (76) 6 (25) <0.001 6 (60) 12 (36) 0.28
Age, mean (±SD), y 36.3 (±6.5) 35.4 (±7.2) 0.71 34.8 (±6.4) 35.2 (±6.9) 0.84 30.6 (±7.8) 34.0 (±9.0) 0.28
Age at onset of back symptoms,

mean (±SD), y
28.7 (±8.1) 28.4 (±7.6) 0.91 25.3 (±8.2) 27.1 (±6.9) 0.40 24.2 (±25.6) 28.1 (±9.9) 0.10

Symptom duration, mean (±SD), y 7.6 (±9.9) 7.0 (±5.8) 0.85 9.5 (±7.3) 8.1 (±7.7) 0.50 6.4 (±38.9) 6.0 (±7.0) 0.86
Age at onset of extra-articular symptoms

(PsO, AAU, and IBD), mean (±SD), y
20.5 (±6.8) 20.9 (±9.3) 0.88 32.5 (±7.4) 29.5 (±8.1) 0.16 20.4 (±8.4) 23.4 (±9.6) 0.38

Family history of SpA, n (%)a

AS 1 (8.3) 1 (2.6) 0.42 6 (18.2) 1 (4.2) 0.22 0 4 (12.1) 0.56
PsO 5 (41.7) 21 (53.8) 0.52 5 (15.2) 6 (25.0) 0.50 2 (20.0) 9 (27.3) 1.00
IBD 1 (8.3) 7 (17.9) 0.66 4 (12.1) 2 (8.3) 1.00 4 (12.1) 7 (21.2) 1.00
AAU 3 (25.0) 2 (5.1) 0.08 2 (6.1) 2 (8.3) 1.00 1 (10.0) 0 0.23

Back pain characteristics
Severity of current back pain,

(0–10 NRS), mean (±SD)b
6.4 (±2.2) 5.6 (±2.3) 0.30 4.9 (±2.8) 5.0 (±2.3) 0.88 5.8 (±2.8) 5.4 (±1.9) 0.57

Current back pain >5 (0–10 NRS), n (%) 8 (66.7) 22 (56.4) 0.74 16 (48.5) 12 (50.0) 1.00 6 (60) 16 (48.5) 0.72
Inflammatory back pain, n (%) 9 (75) 27 (69.2) 1.00 28 (84.8) 19 (79.2) 0.73 8 (80) 22 (66.7) 0.70
Respond to NSAIDs within 48 hours, n (%)
Yes 9 (81.8) 21 (75.0) 1.00 20 (87.0) 11 (73.3) 0.40 7 (100) 9 (64.3) 0.12
Mostly complete 1 (9.1) 0 (0) 0.28 4 (17.4) 2 (13.3) 1.00 2 (28.6) 0 0.10
Very good (>50% relief) 1 (9.1) 10 (35.7) 0.13 7 (30.4) 3 (20.0) 0.71 2 (28.6) 4 (28.6) 1.00
Some benefit (20%–50% relief) 3 (27.3) 5 (17.9) 1.00 7 (30.4) 2 (13.3) 0.27 3 (42.9) 4 (28.6) 1.00
Minimal (<20% relief) 4 (36.4) 6 (21.4) 1.00 2 (8.7) 4 (26.7) 0.19 0 1 (7.1) 1.00
No response 2 (18.2) 7 (25.5) 1.00 3 (13.0) 4 (26.7) 0.40 0 (0) 5 (35.7) 0.12

Treatment, n (%)
Currently receiving NSAIDs 5 (41.7) 20 (51.3) 0.74 18 (54.5) 9 (37.5) 0.28 4 (40) 6 (18.2) 0.21
Currently receiving csDMARDsc 0 2 (5.1) 1.00 0 0 (0) na 0 5 (15.2) 0.32
Previously received bioDMARDsd 1 (8.3) 2 (5.1) 0.56 1 (3.0) 0 (0) 1.00 5 (50) 6 (18.2) 0.09

Peripheral and extra-articular symptoms, n (%)
Heel pain 1 (8.3) 8 (20.5) 0.67 3 (6.1) 6 (25.0) 0.06 0 (0) 5 (15.2) 0.32
History of enthesitis 1 (8.3) 11 (28.2) 0.25 5 (15.2) 3 (12.5) 1.00 1 (10) 4 (12.1) 1.00
History of peripheral arthritis 3 (25) 14 (25.9) 0.73 2 (6.1) 3 (12.5) 0.64 0 (0) 5 (15.2) 0.32
History of extra-articular symptoms
AAU 0 2 (5.1) 1.00 33 (100) 24 (100) na 2 (20) 1 (3) 0.13
Crohn disease colitis 0 0 na 1 (3.0) 0 1.00 4 (40.0) 19 (57.6) 0.47
Ulcerative colitis 0 0 na 0 0 na 7 (70) 14 (42.4) 0.16
PsO 12 (100) 39 (100) na 1 (3) 1 (4.2) 1.00 0 1 (3) 1.00
Dactylitis 0 1 (2.6) 1.00 0 0 na 1 (10) 0 0.23

Physical examination
Enthesitis, n (%) 5 (41.7) 14 (35.9) 0.74 4 (12.1) 8 (33.3) 0.10 0 (0) 8 (24.2) 0.17
Number of SPARCC enthesitis

points, mean (±SD)
1.4 (±2.9) 0.9 (±1.4) 0.22 0.4 (±1.2) 1.0 (±1.5) 0.047 0 (±0) 0.7 (±1.6) 0.02

Dactylitis, n (%) 3 (25) 1 (2.6) 0.04 0 0 na 0 0 na
Hip involvement, n (%)e 3 (25) 4 (10.3) 0.33 5 (15.2) 1 (4.2) 0.38 1 (10) 4 (12.1) 1.00
PsO, n (%) 11 (91.7) 34 (87.2) 1.00 0 (0) 1 (4.2) 0.42 1 (10) 1 (3) 0.42
Peripheral arthritis, n (%) 4 (33.3) 6 (15.4) 0.22 1 (3.0) 2 (8.3) 0.57 0 0 na
Number of swollen joints, mean (±SD) 1.1 (±1.7) 0.3 (±0.8) 0.15 0.1 (±0.3) 0.1 (±0.3) 0.79 0 (±0) 0 (±0) na
BASMI, mean (±SD) 2.4 (±1.0) 2.1 (±0.9) 0.36 2.2 (±1.0) 1.9 (±0.9) 0.35 3.0 (±1.2) 2.1 (±0.9) 0.009
EDASMI, mean (±SD) 2.8 (±1.1) 2.1 (±1.3) 0.08 1.9 (±1.2) 1.9 (±0.9) 0.85 2.7 (±1.4) 2.0 (±1.2) 0.15

Laboratory
B27 positive, n (%) 5 (41.7) 2 (5.1) 0.005 26 (78.8) 15 (62.5) 0.24 5 (50) 4 (12.1) 0.02
CRP abnormal (≥6 mg/L), n (%) 3 (25.0) 2 (5.1) 0.08 8 (24.2) 1 (4.2) 0.06 7 (70) 5 (15.2) 0.002
CRP, mean (±SD) 7.9 (±11.8) 2.2 (±2.6) 0.13 6.9 (±11.5) 2.1 (±3.3) 0.03 25.7 (±32.0) 4.1 (±8.3) 0.06

* AAU, acute anterior uveitis; AS, ankylosing spondylitis; axSpA, axial spondyloarthritis; BASMI, Bath Ankylosing Spondylitis Metrology Index;
bioDMARD, biologic disease-modifying antirheumatic drug; CRP, C-reactive protein; csDMARD, conventional synthetic disease-modifying anti-
rheumatic drug; EDASMI, Edmonton Ankylosing Spondylitis Metrology Index; IBD, inflammatory bowel disease; na, not applicable; NRS, numer-
ical rating scale; NSAID, nonsteroidal anti-inflammatory drug; PsO, psoriasis; SASPIC-2, Screening for Axial Spondyloarthritis in Psoriasis, Iritis,
and Colitis cohort 2; SpA, spondyloarthritis; SPARCC, Spondyloarthritis Research Consortium of Canada.
a AS, PsO, AAU, and IBD are included.
b Severity of current back pain is measured as the amount of back and/or hip pain during the last week on a 0 to 10 (most severe) NRS.
c csDMARDs include methotrexate and salazopyrin.
d bioDMARDs include etanercept, golimumab, adalimumab, infliximab, and certolizumab.
e Hip involvement is defined as groin pain and/or restricted range of internal rotation.
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were 41.7%, 78.8%, and 50% in SASPIC-2 (Tables 1 and 2). It
was significantly more frequent in patients with axSpA versus
non-axSpA among those with AAU (84.4% vs 46.4%) and IBD
(37.2% vs 16.3%) in SASPIC-1 and among those with PsO
(41.7% vs 5.1%) and IBD (50% vs 12.1%) in SASPIC-2. CRP
was mostly higher in patients with axSpA versus non-axSpA,
this being more evident in SASPIC-2, although only a minority
of patients with axSpA had a level greater than normal.
Among patients with IBD, there were 52 (55.3%) with Crohn
disease and 42 (44.7%) with ulcerative colitis in SASPIC-1
(Supplementary Table 4) and 23 (53.5%) with Crohn disease and
20 (46.5%) with ulcerative colitis in SASPIC-2 (Supplementary
Table 5). There were few differences among these subgroups
according to diagnosis of axSpA, except for the level of CRP,
which was significantly higher between patients with Crohn
disease diagnosed with axSpA versus non-axSpA.

Imaging characteristics. Radiographic sacroiliitis meet-
ing the mNY criteria was recorded by local readers in 42.9%,
57.8%, and 56.8% of patients diagnosed with axSpA who had
PsO, AAU, or IBD, respectively, in SASPIC-1 (Table 3). The corre-
sponding percentages in SASPIC-2 were 33.3%, 42.4%, and
60%. Values for patients with non-axSpA were <5% in
SASPIC-1 and 7.7%, 16.7%, and 6.1% for patients with PsO,
AAU, and IBD, respectively, in SASPIC-2. Radiographic sacroiliitis
in patients with axSpA was recorded less frequently by central
readers, especially in SASPIC-1 (PsO, AAU, and IBD: 15%,
33.3%, and 25.6% for SASPIC-1 and 41.7%, 36.4%, and 50%
for SASPIC-2). Only two patients with non-axSpA were recorded
by central readers with radiographic sacroiliitis, both being in the
AAU group of SASPIC-1.

MRI of the SIJs was conducted in 132 patients (62.3%) in
SASPIC-1 and in all patients of SASPIC-2 (Table 3). MRI

Table 3. Imaging features of patients presenting with undiagnosed back pain in two inception cohorts of patients recruited to SASPIC-1 and -2
according to final local rheumatologist diagnosis of axSpA versus non-axSpA*

Imaging variable

Patients with PsO Patients with AAU Patients with IBD

axSpA Non-axSpA P value axSpA Non-axSpA P value axSpA Non-axSpA P value

SASPIC-1 (n = 212)
Radiography
Total 21 (46.7) 24 (53.3) – 45 (61.6) 28 (38.4) – 44 (46.8) 50 (53.2) –

Radiographic sacroiliitis by local readersa 9 (42.9) 1 (4.2) 0.003 26 (57.8) 1 (3.6) <0.001 25 (56.8) 2 (4.1) <0.001
Radiographic sacroiliitis by central readersb 3 (15) 0 (0) 0.086 15 (33.3) 2 (7.1) 0.010 11 (25.6) 0 (0) <0.001
Unilateral grade 2 sacroiliitis by central
readersc

1 (5) 2 (8.3) 1.0 9 (20) 1 (3.6) 0.078 6 (14.3) 2 (4.2) 0.139

MRI of SIJs (n = 132)
Total 14 (43.8) 18 (56.3) – 29 (63.0) 17 (37.0) – 23 (42.6) 31 (57.4) –

MRI of SIJs indicative of axSpA by central
readersd

6 (42.9) 1 (5.6) 0.027 18 (62.1) 1 (5.9) <0.001 9 (39.1) 0 (0) <0.001

MRI positive by ASAS definition by central
readerse

4 (28.6) 1 (5.6) 0.14 13 (44.8) 0 (0) <0.001 7 (30.4) 0 (0) 0.001

MRI of the spine (n = 84)
Total 9 (47.4) 10 (52.6) – 17 (58.6) 12 (41.4) – 14 (38.9) 22 (61.1) –

MRI of the spine indicative of axSpA by
central readersf

2 (22.2) 1 (10) 0.58 9 (52.9) 0 (0) 0.003 4 (28.6) 0 (0) 0.017

SASPIC-2 (n = 151)
Total 12 (23.5) 39 (76.5) – 33 (57.9) 24 (42.1) – 10 (23.3) 33 (76.7) –

Radiographic sacroiliitis by local readersg 4 (33.3) 3 (7.7) 0.044 14 (42.4) 4 (16.7) 0.039 6 (60) 2 (6.1) <0.001
Radiographic sacroiliitis by central readersc,h 5 (41.7) 0 (0) <0.001 12 (36.4) 0 (0) 0.001 5 (50) 0 (0) <0.001
Unilateral grade 2 sacroiliitis by central readersc 1 (8.3) 1 (2.6) 1.0 3 (9.4) 1 (4.3) 0.632 1 (10) 1 (3) 1.0
MRI of SIJs indicative of axSpA by central readersi 9 (75) 0 (0) <0.001 21 (63.6) 0 (0) <0.001 8 (80) 0 (0) <0.001
MRI positive by ASAS definition by central readersj 5 (41.7) 0 (0) <0.001 17 (51.5) 0 (0) <0.001 5 (50) 1 (3) 0.001

* Values are n (%) unless indicated otherwise. AAU, acute anterior uveitis; ASAS, Assessment of Spondyloarthritis International Society; axSpA,
axial spondyloarthritis; CT, computed tomography; IBD, inflammatory bowel disease; MRI, magnetic resonance imaging; PsO, psoriasis;
SASPIC-1, Screening for Axial Spondyloarthritis in Psoriasis, Iritis, and Colitis cohort 1; SASPIC-2, Screening for Axial Spondyloarthritis in Psori-
asis, Iritis, and Colitis cohort 2; SIJ, sacroiliac joint.
a Included are four patients who had CT, of whom one had radiographic sacroiliitis.
b A total of 17 patients were adjudicated for radiographic sacroiliitis by a third central reader.
c Excluded are four and one patients, respectively, for whom neither CT nor x-ray were provided for central review for SASPIC-1 and SASPIC-2,
respectively.
d Nine patients were adjudicated for MRI indicative of axSpA by a third central reader.
e A total of 22 patients were adjudicated for ASAS positive MRI by a third central reader.
f Five patients were adjudicated for MRI of the spine indicative of axSpA by a third central reader.
g Included are three patients who had CT, of whom two had radiographic sacroiliitis.
h Eight patients were adjudicated for radiographic sacroiliitis by a third central reader.
i Eight patients were adjudicated for MRI indicative of axSpA by a third central reader.
j A total of 12 patients were adjudicated for ASAS positive MRI by a third central reader.
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evaluation in SASPIC-1 was conducted mostly in patients who
were negative for radiographic sacroiliitis (76.7%). Central readers
considered the MRI indicative of axSpA in the SIJs of 42.9%,
62.1%, and 39.1% patients diagnosed with axSpA and PsO,
AAU, IBD, respectively, in SASPIC-1. The corresponding percent-
ages in patients in SASPIC-2 diagnosed with axSpA were 75%,
63.6%, and 80%.

MRI of the spine was conducted in 84 patients (39.6%) in
SASPIC-1, all of whom also had MRI of the SIJs (Table 3). Spinal

MRI was considered indicative of axSpA in 22.1%, 52.9%, and
28.6% of patients diagnosed with axSpA who had PsO, AAU, or
IBD, respectively, and in one patient (10%) diagnosed with non-
axSpA who had PsO. There were no patients with MRI indicative
of axSpA confined to the spine, 11 patients for whom only the
SIJs were positive, and 16 for whom both the SIJs and spine were
positive. There were few differences in radiographic or MRI find-
ings when patients with axSpA with Crohn disease and ulcerative
colitis were compared (Supplementary Table 6).

Figure 1. Diagnosis of axSpA by local rheumatologists according to referral source and HLA-B27 positivity at sequential stages of evaluation of
patients presenting with undiagnosed back pain in two inception cohorts of patients recruited to the Screening for Axial Spondyloarthritis in Pso-
riasis, Iritis, and Colitis co. (A) SASPIC 1 (all patients). (B) SASPIC 1 patients with MRI scan. (C) SASPIC 2. axSpA, axial spondyloarthritis; IBD,
inflammatory bowel disease; MRI, magnetic resonance imaging; SASPIC 1, Screening for Axial Spondyloarthritis in Psoriasis, Iritis, and Colitis
cohort 1; SASPIC 2, Screening for Axial Spondyloarthritis in Psoriasis, Iritis, and Colitis cohort 2. Color figure can be viewed in the online issue,
which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42967/abstract.
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Diagnosis of axSpA at sequential stages of
evaluation. For patients presenting with undiagnosed back pain
who were HLA-B27 positive, axSpA was diagnosed in 70%,
74.5%, and 66.7% after final diagnostic evaluation in patients with
PsO, AAU, and IBD, respectively, in SASPIC-1, and in 71.4%,
87.8%, and 55.6% after final diagnostic evaluation in patients with
PsO, AAU, and IBD, respectively, in SASPIC-2 (Figure 1). The final
diagnoses of axSpA in patients who were HLA-B27 negative were
made in 41.2%, 31.8%, and 39.7% of patients with PsO, AAU,
and IBD, respectively, in SASPIC-1, and in 15.9%, 43.8%, and
14.7% of patients with PsO, AAU, and IBD in SASPIC-2. Diagnos-
tic ascertainment of axSpA decreased with successive stages of
evaluation irrespective of referral group or B27 positivity
(Figure 1). This was particularly evident in SASPIC-2 after diagnos-
tic evaluation with MRI by local readers and in patients who were
HLA-B27 negative. The frequency of patients who were positive
for axSpA always decreased after local reader MRI evaluation in
SASPIC-1 and -2, and a further relatively minor decrease was evi-
dent in some subgroups of SASPIC-2 after central reader evalua-
tion, particularly patients with PsO or IBD who were HLA-B27
negative. The local rheumatologist level of confidence in ruling in
and ruling out the diagnosis increased primarily after MRI evalua-
tion (Supplementary Figure 2).

Performance of the 2009 ASAS classification criteria
in SASPIC-1 and -2. Sensitivity and specificity of the ASAS clas-
sification criteria using the final rheumatologist evaluation as gold
standard were 66.4% and 79.4% in SASPIC-1, and performance
was somewhat better in analyses of patients with high diagnostic
confidence and those with symptom duration of five years or lon-
ger (Table 4). Performance was comparable in male and female
patients for the overall criteria and for the clinical arm. For the
imaging arm, sensitivity in male patients (50%) was almost double
that in female patients (27.3%) at the expense of slightly lower
specificity (92% in male patients vs 100% in female patients).
When only the subset of patients in SASPIC-1 who had MRI were
analyzed, the performance of the criteria was similar to the entire
SASPIC-1.

Using the final rheumatologist diagnostic evaluation after
receipt of central reader imaging data as gold standard, sensitivity
and specificity of the ASAS criteria were 85.5% and 82.3%,
respectively, in SASPIC-2, and thereby higher than in SASPIC-1.
This was mainly due to higher sensitivity, which was also evident
for patients diagnosed with axSpA with high confidence
(Table 4). The greatest beneficial impact of the availability of cen-
tral reader imaging data was observed in female patients and the
subset with symptom duration of shorter than five years. The

Table 4. Performance of the 2009 ASAS classification criteria in patients presenting with undiagnosed back pain recruited to SASPIC-1 and -2
with the final diagnosis of the rheumatologist as gold standard*

Patient categorya Number

Overall ASAS criteriaa Imaging arma Clinical arm

Sen Spec Sen Spec Sens Spec

SASPIC-1
All patients 212 66.4 79.4 40.9 97.1 53.6 81.4
Patients diagnosed with confidence >7 for axSpA and
<−4 for non-axSpA (−10 to +10 scale)

163 75 82.8 51.3 97.7 59.2 85.1

Patients with symptom duration of five years or longer 132 71.8 83.6 40.8 98.4 57.7 83.6
Patients with symptom duration under five years 80 56.4 73.2 41 95.1 46.2 78
Male 108 69.7 78.6 50 92.9 53 83.3
Female 104 61.4 80 27.3 100 54.5 80

Patients with MRI in SASPIC-1
All patients 132 65.2 75.8 43.9 98.5 48.5 77.3
Patients diagnosed with confidence >7 for axSpA and
<−4 for non-axSpA (−10 to +10 scale)

99 75.6 81 58.5 98.3 53.7 82.8

Patients with symptom duration of five years or longer 78 70.7 78.4 43.9 100 51.2 78.4
Patients with symptom duration under five years 54 56 72.4 44 96.6 44 75.9
Male 66 65 76.9 55 96.2 42.5 80.8
Female 66 65.4 75 26.9 100 57.7 75

SASPIC-2
All patients 151 85.5 82.3 69.1 99 61.8 83.3
Patients diagnosed with confidence >7 for axSpA yes
and <−4 for non-axSpA (−10 to +10 scale)

126 92.3 81.6 87.2 98.9 66.7 82.8

Patients with symptom duration of five years or longer 84 90.3 75.5 67.7 98.1 80.6 77.4
Patients with symptom duration under five years 67 79.2 90.7 70.8 100 37.5 90.7
Male 75 82.1 88.9 69.2 100 59 88.9
Female 76 93.8 78.3 68.8 98.3 68.8 80

* ASAS, Assessment of Spondyloarthritis International Society; axSpA, axial spondyloarthritis; MRI, magnetic resonance imaging; SASPIC-1,
Screening for Axial Spondyloarthritis in Psoriasis, Iritis, and Colitis cohort 1; SASPIC-2, Screening for Axial Spondyloarthritis in Psoriasis, Iritis,
and Colitis cohort 2; Sen, Sensitivity; Spec, Specificity.
a Central reader assessment of radiographic sacroiliitis and ASAS positive MRI were used for the analysis of the performance of the ASAS
classification criteria and clinical and imaging arms.
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performance of the criteria varied somewhat between subgroups
according to the referral source, but sensitivity was comparatively
low in all three subgroups, especially in patients with IBD, and in
both SASPIC-1 and -2 (Table 5). Both sensitivity and specificity
were greater in SASPIC-2 for all subgroups, especially for patients
with PsO, but sensitivity remained comparatively low.

DISCUSSION

Data from these two cohorts include the first data incorporat-
ing systematic evaluation using MRI, have significant implications
for clinical practice, and emphasize the crucial role of MRI. First,
the frequency of axSpA was about 25% in those presenting with
PsO or IBD and 60% in those with AAU. Second, diagnosis was
delayed by up to nine years, this being comparable to the delay
reported in other cohorts of patients with axSpA1 despite the
known association with extra-articular features and the severity
of back pain. These two observations support recent referral rec-
ommendations that advocate referral to a rheumatologist of
patients with chronic back pain, symptom onset at younger than
45 years of age, and extra-articular features related to axSpA.2,16

Third, musculoskeletal clinical features largely failed to discrimi-
nate between axSpA and non-axSpA, and some SpA features,
such as enthesitis, were even more common in non-axSpA. IBP
in patients with PsO was more common in those diagnosed
without axSpA. Fourth, good response to NSAIDs did not dis-
criminate between axSpA and non-axSpA, consistent with a
recent report.21 Fifth, family history was nondiscriminatory, a his-
tory of PsO even being higher in patients with non-axSpA. Sixth,
the frequency of HLA-B27 was only 30% to 50% in patients with
PsO or IBD diagnosed with axSpA, being closer to 50% of
patients in SASPIC-2 with axSpA for whom MRI of the SIJs
was conducted in all patients. Conversely, being positive for
HLA-B27 was associated with axSpA in 56% to 88% of patients,
the highest figure being evident in patients in SASPIC-2 with AAU.
Seventh, MRI was almost twice as sensitive as radiography in
detecting axSpA lesions in the SIJs, being positive in 60% to
80% of patients. Spine MRI was indicative of axSpA in a substan-
tial minority, though there were no patients with only spinal

involvement. MRI was especially helpful in ruling out a diagnosis
of axSpA raised on clinical grounds because the frequency of
axSpA diagnoses declined after MRI in both cohorts and in all
subgroups. Finally, sensitivity and specificity of the ASAS
classification criteria was impacted by systematic MRI
assessment, and sensitivity was comparatively low in all three
subgroups, consistent with the relatively low frequency of HLA-
B27 in patients who were axSpA positive with concomitant PsO
and IBD.

We designed this unique study to reproduce the sequential
process of diagnostic decision-making in clinical practice and to
document and weigh the contribution of each assessment at
sequential stages in the process. The use of MRI appears to
impact diagnostic decision-making for these patients in two pri-
mary ways. The majority of patients were considered to have
axSpA after clinical evaluation, especially if they were HLA-B27
positive, and rheumatologists primarily ordered MRI evaluation in
radiograph negative/equivocal patients in SASPIC-1.22 In patients
in SASPIC-2, a negative MRI also appeared to provide the confi-
dence to rule out axSpA, and this is most likely the reason for
the lower frequency of axSpA after MRI evaluation, especially
for patients with PsO and IBD. The concept that MRI contributes
to an accurate diagnosis is supported by the enhanced perfor-
mance of the ASAS criteria in SASPIC-2 for which MRI was a
required evaluation, especially in patients with PsO and IBD.

Two recent reports have assessed the frequency of axSpA in
patients presenting with AAU, included MRI per clinical need, and
stated that the ASAS criteria were used to diagnose axSpA. In the
Spanish Sentinel study, 50.2% of all patients with AAU and 71.2%
of patients who were HLA-B27 positive presented with axSpA.17

The frequency of axSpA was lower than in the SASPIC cohorts,
but only 44% had IBP in the Sentinel study given that all patients
presenting with AAU were evaluated. The Irish Dublin Uveitis Eval-
uation Tool (DUET) study recruited discovery and validation
cohorts for the development of a screening strategy for axSpA in
patients presenting with AAU.16 The frequency of axSpA was
38.5% and 37.8% in the discovery and validation cohorts,
respectively. MRI was conducted according to clinical need,
although it was not stated how many patients had MRI or what

Table 5. Performance of the 2009 ASAS classification criteria in three groups of patients presenting with undiag-
nosed back pain recruited to SASPIC-1 and -2 with the final diagnosis of the rheumatologist as gold standard*

Patient categorya

Patients with psoriasis Patients with AAU Patients with IBD

Total Sen Spec Total Sen Spec Total Sens Spec

All patients of SASPIC-1 45 42.9 83.3 73 51.1 92.9 94 36.4 90
Patients with MRI in SASPIC-1 32 42.9 77.8 46 55.2 100 54 30.4 87.1
SASPIC-2 51 75 94.9 57 66.7 100 43 50 90.9

* AAU, acute anterior uveitis; ASAS, Assessment of Spondyloarthritis International Society; IBD, inflammatory bowel
disease; MRI, magnetic resonance imaging; SASPIC-1, Screening for Axial Spondyloarthritis in Psoriasis, Iritis, and
Colitis cohort 1; SASPIC-2, Screening for Axial Spondyloarthritis in Psoriasis, Iritis, and Colitis cohort 2; Sen, Sensitiv-
ity; Spec, Specificity.
a Central reader assessment of radiographic sacroiliitis and ASAS positive MRI were used for the analysis of the
performance of the 2009 ASAS classification criteria.
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the MRI findings were. The frequency of axSpA was lower in the
DUET study versus SASPIC, but only two-thirds of patients in
the DUET study had back pain. Neither of these nor additional
studies evaluating axSpA in patients with AAU23,24 systematically
compared patients with back pain diagnosed with or without
axSpA for discriminatory features, and none conducted
systematic MRI.

A recent prospective, multicenter study conducted in Berlin
applied a dermatologist-centered screening/referral tool focusing
on detecting axial involvement in patients with PsO and undiag-
nosed chronic back pain.25 The diagnosis of axial psoriatic arthritis
(axPsA) was made in 14 of 100 patients (14%) evaluated by a rheu-
matologist and 9 patients (64.3%) fulfilled the ASAS classification
criteria for axSpA. HLA-B27 was present in 28.6% of those diag-
nosed with axPsA versus 14.8% in those without axPsA. The
somewhat higher frequency of axPsA in SASPIC-2 (23.5%) versus
Berlin (14%) cohorts may reflect differences between Canadian
and German rheumatologists in the perceived importance of a pos-
itive MRI for diagnosis (75% vs 100% in SASPIC vs Berlin cohorts,
respectively). These reports are consistent with the prevalence of
5% to 28% for axPsA reported in patients with early-stage dis-
ease.26–34 An important argument in favor of systematic MRI evalu-
ation is that only 25% to 45% of patients with radiographic axPsA
have been reported to have IBP, whereas axSpA-based IBP criteria
have been shown to lack specificity for axPsA.35–40

There are several study limitations. First, there is no interna-
tional consensus on a case definition of axPsA and little information
on the sensitivity and specificity of MRI lesions in the axial skeleton.
Consequently, MRI readers relied on their expertise in deciding as
to the presence of a positive MRI. Second, MRI evaluation for spinal
lesions was only conducted on an as-required basis by local rheu-
matologists in SASPIC-1, and only MRI of the SIJs was required in
SASPIC-2. Third, we confined systematic radiographic assessment
to the SIJs, consistent with many prior studies that have relied on
defining axPsA according to the mNY criteria. It is possible that
radiographic findings in the spine, particularly new bone formation,
may have captured additional patients with axial disease. Fourth,
our conclusions are based on patients presenting with undiagnosed
back pain, and we acknowledge that prospective follow-up is likely
to demonstrate higher numbers of patients diagnosed with axial
inflammation. Fifth, we confined our analysis to patients presenting
with back and/or buttock pain, and we acknowledge that patients
who were asymptomatic may not have been detected. However, it
is unclear how this might have impacted management. We also
excluded patients receiving biologic DMARD for their extra-articular
disease because this could obscure clinical and imaging features of
axSpA, especially inflammation. However, our findings regarding
the value of MRI may be further reinforced because MRI is the most
sensitive means to detect structural lesions in the SIJs, which may
be the only feature pointing to axSpA in such patients. In view of
the importance that rheumatologists attach to MRI, particularly cen-
tral reader evaluations, there could be concern regarding circular

reasoning in formulating the diagnostic conclusion that a patient
has axSpA. However, it is noteworthy that rheumatologists diag-
nosed axSpA despite negative imaging by central readers in 20%
to 36% of patients diagnosed with axSpA in SASPIC-2, the cohort
in which all patients had central MRI evaluation. Furthermore, the
major change in local rheumatologist diagnostic conclusion
occurred after local radiologist assessment of the MRI scan and
not central reader evaluation. The impact of MRI assessment was
mainly observed in patients who were HLA-B27 negative, and this
was aimed at ruling out the diagnosis. A major strength of our study
is the unique study design based on a stepwise diagnostic process
that enabled evaluation of the contribution of clinical and laboratory
features to diagnosis independently of information provided by
imaging. We observed that the performance of the ASAS classifica-
tion criteria improved in SASPIC-2, the cohort in which MRI evalua-
tion was conducted in every patient, supporting the argument that
systematic assessment of SIJs by MRI in all patients helps to cor-
rectly identify the patient with axSpA.

In conclusion, our multicenter stepwise evaluation of two
Canadian cohorts of patients presenting with undiagnosed back
pain and PsO, IBD, or AAU culminated in a diagnosis of axSpA
in 25% of patients with PsO or IBD and 60% in patients with
AAU. Diagnostic ascertainment of axSpA decreased with succes-
sive stages of evaluation irrespective of referral group or B27 sta-
tus, especially after diagnostic evaluation with MRI by local
readers and in patients who were HLA-B27 negative. Our data
support the benefit of recent referral recommendations that advo-
cate referral to a rheumatologist of patients with chronic back pain
and extra-articular features related to axSpA. Our data also dem-
onstrate that MRI evaluation of all patients contributes to accuracy
of diagnosis and the performance of classification criteria because
clinical features are not helpful in identification of axSpA, and fre-
quency of HLA-B27 is lower than in axSpA without these features.
Finally, these findings have significant implications for clinical trials
that recruit patients on the basis of rheumatologist opinions that
do not incorporate evaluation of MRI scans.
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B R I E F R E P O R T

Toll-Like Receptor 8 is Expressed inMonocytes in Contrast to
Plasmacytoid Dendritic Cells and Mediates Aberrant
Interleukin-10 Responses in Patients With Systemic Sclerosis

Christine Ehlers,1 Thea Thiele,2 Hannah Biermann,3 Stephan Traidl,4 Luzia Bruns,2 Annett Ziegler,5

Matthias Schefzyk,4 Lea M. Bartsch,6 Ulrich Kalinke,5 Torsten Witte,2 and Theresa Graalmann7

Objective. Systemic sclerosis (SSc) is a severe rheumatic disease causing fibrotic tissue rearrangement. Aberrant
toll-like receptor (TLR) 8 transcripts in plasmacytoid dendritic cells (pDCs) were recently linked to SSc pathogenesis,
which is at least partially mediated by increased type I interferon (IFN-I) responses. Here, we addressed the functional
role of TLR8 signaling in different immune cell subsets of patients with SSc.

Methods. Monocytes, conventional dendritic cells (cDCs), and pDCs from the blood and skin of patients with SSc
were analyzed for TLR8 protein expression. To assess TLR function, cytokine responses upon TLR7 and TLR8 stimu-
lation were studied. To identify relevant alterations specific for patients with SSc (n = 16), patients with primary Sjögren
disease (pSS; n = 10) and healthy controls (HCs; n = 13) were included into the study.

Results. In all individuals, TLR8 was expressed in monocytes and cDCs but not in pDCs. The TLR8 expression
levels were overall similar in patients with SSc and pSS and HCs. Additionally, in all study participants, TLR8 stimula-
tion of pDCs did not induce IFN-I expression. In contrast, monocytes from patients with SSc revealed increased inter-
leukin (IL)-10 responses upon TLR8 (patients with SSc vs HCs, P = 0.0126) and TLR7/8 stimulation (patients with SSc
vs HCs, P = 0.0170).

Conclusion. TLR8 protein is not expressed in pDCs of patients with SSc. Accordingly, they do not respond to TLR8
stimulation. In contrast, monocytes of patients with SSc respond to TLR8 stimulation with increased IL-10 responses.
Therefore, TLR8 signaling in monocytes participates in SSc pathogenesis by conferring aberrant IL-10 expression.

INTRODUCTION

Systemic sclerosis (SSc) is a complex rheumatic disease

within the group of connective tissue diseases (CTDs) that is

associated with high morbidity and mortality rates. The disease

progression is characterized by inflammation, microvascular

injury, and fibrotic tissue rearrangement of skin and internal

organs such as the lungs and heart.1 Although the complete

pathomechanism of SSc remains elusive, the contribution of

innate immunity to disease progression is postulated. Previous
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studies reported a monocytosis in blood, accumulation of
plasmacytoid dendritic cells (pDCs) in skin, and an increased
type I interferon (IFN-I) signature in patients with SSc.2–4 More
specifically, increased IFN-I signaling and IFN-I–stimulated gene
expression were described in blood and affected tissue in
patients with SSc.4,5 Accordingly, a clinical trial was initiated aim-
ing at testing the efficacy of IFN-I receptor blockade with the
monoclonal antibody anifrolumab in patients with SSc.

In most infections, pDCs are the main IFN-I–producing cell
type in vivo with the ability of systemic IFN-I responses even with-
out self-enhancing positive IFN-I receptor feedback loop.6 They
are equipped with several toll-like receptors (TLRs), such as
TLR7, for endosomal single-stranded RNA (ssRNA) detection.7

In contrast, TLR8, which is recognizing ssRNA as well, is not
expressed in human pDCs of healthy individuals.7–10 TLR8 is
rather thought to crucially equip monocytes and conventional
dendritic cells (cDCs).7–10 Interestingly, pDCs isolated from the
blood of patients with SSc were recently shown to express
aberrant TLR8 transcripts.3 Thus, IFN-I responses in patients with
SSc are postulated to be at least partially derived from pDCs,
expressing increased TLR8 levels.3,4 Furthermore, increased
TLR8 expression was observed in skin tissue and isolated myofi-
broblasts, indicating a pivotal role for TLR8 signaling in patients
with SSc.11 In this study, we aimed to precise the role of TLR8
protein expression and function in blood- and skin-derived
immune cell subsets from patients with SSc.

PATIENTS AND METHODS

Patientswith SSc and primary Sjögren disease. Blood
samples of patients were obtained from inpatients and outpa-
tients of the Department for Rheumatology and Immunology from
Hannover Medical School after obtaining informed written con-
sent. The study was approved by the local ethics committee (eth-
ical approval 5582, 9700, 09_566, and 03_3362). Patients with
SSc and primary Sjögren’s syndrome (pSS) fulfilled EULAR dis-
ease classification criteria (detailed patient characteristics in Sup-
plementary Table 1).16,17

Skin punch biopsies of patients with SSc (n = 3) were taken
in local anesthesia within three months after SSc diagnosis and
within six months of symptom onset. Two of three patients never
had immunomodulatory therapy; one patient started mycopheno-
late mofetil (2 g/day) three weeks earlier. Control samples of
healthy skin (n = 4) were obtained from anonymous donors from
dermatological surgeries.

Flow cytometry. Peripheral blood mononuclear cells
(PBMCs) were isolated from heparinized blood using density-
gradient centrifugation (Histopaque-1077, Merck). For quantifica-
tion of cell subsets, 1 × 106 fresh PBMCs were directly stained; for
further experiments, the remaining cells were frozen in fetal bovine
serum (FBS) superior (Biochrom) containing 10% DMSO and

stored at −150�C. Dead cells were identified using the live/dead
stain Zombie Aqua or Zombie NIR (BioLegend). Fc receptors
were blocked with human polyglobulin and PBMCs were labeled
with fluorochrome-conjugated monoclonal antibodies against
human CD45 Phycoerythrin (PE)-Cyanine (Cy)5.5 (Thermo Fisher
Scientific); CD45 Peridinin-Chlorophyll-protein (PerCP)-Cy5.5
(Invitrogen); CD14 Brilliant Ultra Violett™ (BUV)563, CD19
BUV805, and CD123 RealBlue™ (RB)780 (all BD Biosciences);
and human leucocyte antigen-DR (HLA-DR) Allophycocyanine
(APC)-Cy7, CD3 Spark near-infrared (NIR CD11b Brilliant Vio-
lett™ (BV)570, CD11c BV421, CD303 PE-Cy7, and CD123 PE-
Cy5 (all BioLegend).

For intracellular TLR8 protein labeling and cytokine
detection after stimulation, 1 × 106 PBMCs were stained with
fluorochrome-conjugated monoclonal antibodies as described
above. Subsequently, cells were washed, fixed, and permeabi-
lized with Cytofix/Cytoperm (BD Biosciences). Monoclonal anti-
human TLR8 fluorescein isothiocyanate (BioLegend) was used
to detect intracellular TLR8 expression. Labeling of intracellular
cytokines after stimulation was performed using fluorochrome-
conjugated monoclonal antibodies against interferon (IFN)-α
APC (Miltenyi Biotec) and interleukin (IL)-10 BV421 and IL-6
PerCP-Cy5.5 (both BioLegend). Spectral flow cytometry was per-
formed using the ID7000 spectral analyzer (Sony Biotechnology).
Flow cytometry data were analyzed with FlowJo version 10.10.0.
Data were visualized as t-Distributed Stochastic Neighbor
Embedding (t-SNE) plots after dimensionality reduction based
on lineage marker or cytokine expression.

TLR stimulation of human PBMCs. PBMCs were
seeded in a concentration of 1 × 106 cells/mL in RPMI 1640
(Capricorn Scientific) containing 1% GlutaMax (Thermo Fisher Sci-
entific), 10% FBS superior (volume/volume [v/v]; Biochrom), and
penicillin/streptomycin (Capricorn Scientific) in 24-well plates.
PBMCs were stimulated for seven hours with different TLR ago-
nists: TLR7, 5 μg/mL imiquimod (R837); TLR7/8, 5 μg/mL resiqui-
mod (R848); TLR8, 50 ng/mL TL8-506 and 1.5 μg/mL ssRNA
40/LyoVec (ssRNA40; InvivoGen). For Golgi blocking, 2 μL/mL
brefeldin A (BD Biosciences) was added after one hour. After
harvesting, PBMCswere stained and analyzed as described above.

Skin cell isolation. Skin punch biopsies (diameter 4 mm)
were incubated in RPMI 1640 (Capricorn Scientific) containing
1% GlutaMax (Thermo Fisher Scientific), 10% FBS superior (v/v;
Biochrom), penicillin/streptomycin (Capricorn Scientific), and
320 U/mL collagenase type IV (Gibco) for 18 hours. A single-cell
suspension was obtained by mechanical dissociation of remain-
ing tissue followed by filtration of the complete suspension
(100 μm). Skin cells were stained and analyzed by spectral flow
cytometry as described above with the additional use of monoclo-
nal antibodies against CD1a VioBlue (Miltenyi Biotec) and CD141
BV711, IL-10 BV785, and CD1c BV605 (all BioLegend).
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TLR stimulation of skin cells. For stimulation of skin
cells, the TLR8 agonist 250 ng/mL TL8-506 was added during
the 18-hour incubation. For Golgi blocking 0.5 μl/mL brefeldin A
(BD Biosciences) was added after two hours. After harvesting,
skin cells were stained and analyzed as described above.

Statistical analysis. Statistical tests were performed in
GraphPad Prism version 10.1.0 (GraphPad Software) as indi-
cated in the figure legends. Differences were considered statisti-
cally significant at P values less than 0.05.

RESULTS

TLR8 is expressed in monocytes and cDCs but not
pDCs of patients with SSc. In this study, we aimed at
assessing the functional role of TLR8 expression in patients with
SSc. Using spectral flow cytometry, intracellular TLR8 protein
expression was measured in different immune cell subsets within
PBMCs. Besides patients with SSc, patients with pSS and
healthy controls (HCs) were analyzed as controls (detailed patient
characteristics in Supplementary Table 1). Based on their surface
marker distribution, different immune cell subsets were identified

Figure 1. TLR8 is expressed in monocytes and cDCs but not pDCs of patients with systemic sclerosis (SSc). Peripheral bloodmononuclear cells
(PBMCs) from patients with SSc and primary Sjögren’s syndrome (pSS) and healthy controls (HCs) were analyzed for lineage marker and intracel-
lular toll-like receptor (TLR) 8 expression by spectral flow cytometry. (A) The clustering upon t-SNE-based dimensionality reduction of several
immune cell subsets is shown for one representative HC (left plot). TLR8 protein expression is detected in monocytes and cDCs, as indicated
as a heat map (right plot). (B) Histograms of labeling controls (isotype control, fluorescence minus one [FMO], and unstained control) are shown
for one representative HC (left plot). Histograms of TLR8 protein expression in indicated cell subsets are shown for one representative HC (right
plot). (C) pDCs, (D) monocytes, and (E) cDCs were quantified within PBMCs (HCs n = 6, patients with pSS n = 7, patients with SSc n = 7). *P <
0.05, **P < 0.01, by one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test. Geometric mean of fluorescence inten-
sity (gMFI) of TLR8 expression is quantified in (F) pDCs, (G) monocytes, and (H) cDCs (HCs n = 9, patients with pSS n = 9, patients with SSc n = 9).
cDC, conventional dendritic cell; ns, not significant; pDC, plasmacytoid dendritic cell; t-SNE, t-Distributed Stochastic Neighbor Embedding.

TLR8 SIGNALING IN SYSTEMIC SCLEROSIS 61



(Figure 1A; Supplementary Figure 1A), and intracellular TLR8 pro-
tein expression was assessed (Figure 1B). Similar percentages of
pDCs and cDCs were observed within PBMCs of all study groups
(Figure 1C and E). Interestingly, monocytes were significantly
enriched in patients with SSc (mean SSc 25.36%, patients with
SSc vs HCs, P = 0.0376) and with pSS (mean 28.57%, patients
with pSS vs HCs, P = 0.0059) compared with HCs (mean HCs
15.60%; Figure 1D). The intracellular TLR8 protein expression
was subsequently assessed within the identified immune cell
populations. TLR8 was expressed in monocytes and cDCs but
not in pDCs of all tested individuals (Figure 1F–H). In addition,
basophils, B cells, and T cells did not mount TLR8 protein expres-
sion (Supplementary Figure 1B–D). Besides the distribution, the
level of TLR8 expression was also very similar in patients with
SSc and pSS and HCs. In summary, TLR8 protein expression
was not altered in different immune cell subsets and was particu-
larly absent in the pDCs of patients with SSc.

TLR8 stimulation induces aberrant IL-10 expression
inmonocytes of patients with SSc. To analyze TLR function,
PBMCs were stimulated with agonists for TLR7 (R837), TLR7/8
(R848), or TLR8 (TL8-506), respectively. Intracellular cytokine
responses of individual cell subsets were measured by spectral
flow cytometry (Supplementary Figure 2A–C). Upon selective
TLR7 and simultaneous TLR7 and TLR8 stimulation, but not upon
selective TLR8 stimulation, pDCs mounted robust IFN-I
responses. IFN-I expression upon TLR7 stimulation was signifi-
cantly increased in the pDCs of patients with SSc, whereas upon
simultaneous TLR7/TLR8 stimulation, IFN-I was significantly
expressed in all study groups (Figure 2A and B). Moreover, upon
simultaneous TLR7/TLR8 stimulation, low levels of IL-6 were
detected in pDCs derived from patients with SSc (Figure 2C).
The frequencies of IFN-I– and IL-6–expressing pDCs were overall
similar in patients with SSc and pSS and HCs (Figure 2B and C).
Also, of note, the human TLR8–specific ssRNA oligonucleotide
ssRNA40 did not induce either IFN-vα or IL-6 expression in the
pDCs of all study groups (Supplementary Figure 3A and B). In
the cDCs, simultaneous TLR7 and TLR8 stimulation induced only
minor amounts of IFN-I and IL-6 responses, whereas IL-10
expression was absent (Supplementary Figure 2D–G). Mono-
cytes did not mount IFN-I responses upon either stimulation
(Figure 2D). However, upon TLR8 and TLR7/8, but not upon
TLR7 stimulation alone, monocytes mounted significant amounts
of IL-6 and IL-10 (Figure 2D–F). Both cytokines were expressed in
two distinct monocyte subsets (Figure 2D). Most interestingly,
although IL-6 levels were similar, IL-10 responses were signifi-
cantly increased upon TLR8 (SSc vs HC, P = 0.0126) or com-
bined TLR7/8 (SSc vs HC, P = 0.0170) stimulation in monocytes
of patients with SSc but not pSS when compared with HCs
(Figure 2E and F). Because the expression level of certain TLRs
can be induced during stimulation, the TLR8 protein expression
in monocytes and pDCs was monitored upon stimulation

(Supplementary Figure 3C and D). Neither in HCs nor in patients
with SSc did the expression of TLR8 in pDCs change upon
TLR7 or TLR8 stimulation. In contrast, in monocytes, selective
TLR8 and simultaneous TLR7/8 but not selective TLR7 stimula-
tion induced a slight increase of TLR8 protein expression.

Thus, in line with the finding that TLR8 protein is absent in the
pDCs of patients with SSc, TLR8 stimulation did not induce IFN-I
or other cytokine responses in the pDCs of patients with SSc.
Most interestingly, TLR8 stimulation induces aberrant IL-10
expression in the monocytes of patients with SSc, indicating an
important role for TLR8 in SSc pathogenesis.

Skin-isolated pDCs of patients with SSc do not
express TLR8. SSc is a systemic disease; however, the vast
majority of inflammation occurs inside affected tissue. Conse-
quently, we further investigated the expression and function of
TLR8 in the affected skin of patients with SSc and HC skin
samples. Upon flow cytometry of isolated immune cells,
tissue-resident pDCs; CD1a+, CD1c+, or CD141+ cDC subsets;
and CD11b+HLA-DR+CD14+ macrophages could be identified,
and their expression level of TLR8 protein was analyzed
(Figure 3A and B). Similar frequencies of pDCs, cDC subsets,
and macrophages (Figure 3C–G) as well as similar levels or
TLR8 protein were detected when comparing skin samples from
controls and patients with SSc (Figure 3H–L). Importantly, no
TLR8 protein was detectable in pDCs, albeit the cell counts of
such rare cell subsets are very small. Upon stimulation of skin
punch biopsies with the selective TLR8 agonist TL8-506 macro-
phages but not pDCs showed a robust IL-6 response. Except
for one healthy donor, this effect was similar between patients
with SSc and HCs (Figure 3M and N). Only low IL-10 expression
was detectable in skin cell subsets before and after TLR8 stimula-
tion (Figure 3O). Interestingly, one patient with SSc showed a high
frequency of IL-10–expressing macrophages already before stim-
ulation (Figure 3O). In conclusion, TLR8 protein is absent in blood-
and skin-homing pDCs of patients with SSc and therefore does
not contribute to aberrant IFN-I expression. In contrast, the role
of TLR8-induced aberrant IL-10 expression in monocytes and dif-
ferentiated tissue macrophages definitely needs further attention.

DISCUSSION

In this study, we aimed at assessing the functional role of
TLR8 expression in patients with SSc. TLR8 protein expression
was not detected in the blood-derived pDCs of patients with
SSc or pSS or HCs or in the skin-derived pDCs of patients
with SSc or HCs. Accordingly, TLR8 stimulation did not induce
IFN-I or IL-6 responses in the pDCs derived from blood or skin,
suggesting that TLR8 does not contribute to aberrant systemic
or local IFN-I responses in patients with SSc. This finding is in
contrast to the well cited study performed by Ah Kioon et al3 that
reported TLR8 messenger RNA expression in isolated pDCs from
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Figure 2. TLR8 stimulation induces aberrant IL-10 expression in monocytes of patients with systemic sclerosis (SSc). Peripheral blood mononu-
clear cells from patients with SSc and primary Sjögren disease (pSS) and healthy controls (HCs) were stimulated with specific agonists for TLR7
(R837), TLR7/8 (R848), and TLR8 (TL8-506), respectively. Percentages of cell subsets expressing IFN-α, IL-10, and IL-6 were quantified by spec-
tral flow cytometry. (A) Pooled pDCs from all stimulation conditions and all donors are shown as t-SNE plots in dimensionality reduction based on
their cytokine expression. Percentages of (B) IFNα- and (C) IL-6–expressing pDCs are depicted. *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001, by two-way analysis of variance followed by Tukey’s multiple comparisons test. (D) Pooled monocytes from all stimulation conditions
and all donors are shown as t-SNE plots in dimensionality reduction based on their cytokine expression. Percentages of (E) IL-6– and (F) IL-10–
expressing monocytes are depicted (HCs n = 10, patients with pSS n = 10, patients with SSc n = 10). *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001, by two-way analysis of variance followed by Tukey’s multiple comparisons test. solid line indicates gate for IL-10 expressing cells,
dotted line indicates gate for IL-6 expressing cells. IFN, interferon; IL, interleukin; ns, not significant; pDC, plasmacytoid dendritic cell; TLR, toll-like
receptor; t-SNE, t-Distributed Stochastic Neighbor Embedding; unstim, unstimulated.
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Figure 3. TLR8 is expressed in skin-derived conventional DC subsets and macrophages but not skin-derived pDCs of patients with systemic
sclerosis (SSc). Skin punch biopsies from patients with SSc and healthy controls (HCs) were analyzed for lineage marker and intracellular
toll-like receptor (TLR) 8 expression by spectral flow cytometry. (A) Clustering upon tSNE-based dimensionality reduction of immune cell
subsets is shown for one representative HC (left plot). The orange pDC cluster and the blue cluster of macrophages are marked by a black
arrow. TLR8 protein expression is detected in conventional skin DC subsets and macrophages, as indicated as a heat map (right plot).
(B) Histograms of TLR8 protein expression in indicated cell subsets are shown for one representative HC. (C) pDCs, (D) CD1c+ DCs,
(E) CD141+ DCs, (F) CD1a+ DCs, and (G) HLA-DR+CD14+CD11b+ macrophages were quantified within isolated CD45+ skin cells. Geometric
mean of fluorescence intensity (gMFI) of TLR8 expression is quantified in (H) pDCs, (I) CD1c+ DCs, (J) CD141+ DCs, (K) CD1a+ DCs, and
(L) macrophages (HCs n = 4, patients with SSc n = 3) Mann–Whitney test was performed. Skin punch biopsies from patients with SSc
and HCs were stimulated with specific agonists for TLR8 (TL8-506). Percentages of cell subsets expressing IL-6 were quantified by spectral
flow cytometry. Percentages of (M) IL-6–expressing pDCs, (N) IL-6–expressing macrophages, and (O) IL-10–expressing macrophages
are depicted (HCs n = 4, patients with SSc n = 3). *P < 0.05, by paired t-test. DC, dendritic cell; HLA-DR, human leucocyte antigen-DR; IL, inter-
leukin; ns, not significant; pDC, plasmacytoid DC; tSNE, t-Distributed Stochastic Neighbor Embedding; unstim, unstimulated.
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patients with SSc.5 However, it is in accordance with the majority
of previous reports, showing that human pDCs of healthy individ-
uals do not express TLR8. In those reports, no significant levels of
TLR8 transcripts were detected in blood-derived pDCs obtained
via enrichment of BDCA4+ cells from healthy individuals.7–9,12

The isolation of pDCs in the study performed by Ah Kioon et al3

was performed via sorting of HLA-DR+, CD123+, and BDCA4+

cells, followed by bulk RNA sequencing. All three individual
markers can also be expressed by other cell types. The authors
showed that the sorted pDCs express the rather specific
marker BDCA2+, which makes cross-contamination with other
TLR8-expressing cells unlikely but not impossible. In fact, expres-
sion of some TLR8 transcript might even be possible in the pDCs
of patients with SSc; however, our study suggests that translated
protein is still absent and is also not increased in blood- or skin-
derived pDCs upon stimulation. In a second study analyzing
RNA expression in whole blood, no TLR8 transcripts were
detected in patients with SSc.7–9,12 All studies mentioned above
analyzed TLR8 expression on the RNA level. In contrast, we
analyzed TLR8 protein expression via flow cytometry and function
upon stimulation, which might explain the different results.

We observed a robust IFN-I response upon TLR7 stimulation
in the pDCs of patients with SSc. This is in strong contrast to
patients with systemic lupus erythematosus (SLE) in whom pDCs
are significantly impaired in responding to TLR7 stimulation.13 Inter-
estingly, SLE keratinocytes were shown as the nonhematopoietic
cell type to express the IFN-I subtype IFN-κ.13 The phenotype and
function of pDCs and, probably as a consequence, the primary
source of aberrant IFN-I responses might thus differ significantly
among different CTDs and should be further investigated.

In line with previous literature, monocyte frequency in
patients with SSc was increased in our cohort, which is indicative
for a worse clinical prognosis.2 Most interestingly, TLR8 stimula-
tion induced significantly increased frequencies of IL-10–
expressing monocytes in patients with SSc. This is of utmost
interest because IL-10–expressing M2-like macrophages play a
key role for fibrotic tissue rearrangement in skin as well as for the
establishment of interstitial lung disease (ILD) in patients with
SSc.2,14 Interestingly, treatment with nintedanib, a potent antifi-
brotic drug for ILD, was recently shown to down-modulate the
M2-like phenotype in monocyte-derived macrophages from
patients with SSc.15 Moreover, TLR8 is known to be able to
reverse the immunomodulatory properties of regulatory T cells.8

Within our skin stimulation model, the IL-10 expression in
CD11b+ HLA-DR+ CD14+ macrophages was unclear even
though the analyzed macrophages expressed significantly
increased IL-6 amounts after TLR8 stimulation. Of note, we could
not discriminate between M1- and M2-polarized subpopulations
in our staining. A reason could be that IL-10 is usually expressed
in rather low amounts and our method was not sensitive enough
for tissue macrophages. Indeed, aberrant IL-10 responses
detected in the monocytes of patients with SSc could also

deteriorate upon infiltration and differentiation inside the skin.
The importance of TLR8 in subtypes of tissue macrophages as
well as tissue-infiltrating monocytes should be addressed in future
studies accordingly. In contrast to the previously published
hypothesis of aberrant TLR8 expression in pDCs, we suggest that
in patients with SSc, TLR8 signaling in monocytes results in
increased IL-10 levels and thus contributes to SSc pathogenesis.
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Diversity and Epitope Spreading of Anti–RNA Polymerase III
Antibodies in Systemic Sclerosis: A Potential Biomarker for
Skin and Lung Involvement

Hirohito Kotani,1 Kazuki M. Matsuda,1 Kei Yamaguchi,2 Chihiro Ono,2 Emi Kogo,2 Koji Ogawa,2

Yuki Kobayashi,2 Teruyoshi Hisamoto,1 Ruriko Kawanabe,1 Ai Kuzumi,1 Takemichi Fukasawa,1

Asako Yoshizaki-Ogawa,1 Naoki Goshima,3 Shinichi Sato,1 and Ayumi Yoshizaki1

Objective. Epitope spreading (ES), involving autoantibodies, plays a crucial role in the development and persis-
tence of autoimmune reactions in various autoimmune diseases. This study aimed to investigate the relationship
between ES of anti–RNA polymerase III (RNAP III) antibodies (ARAs) and the clinical manifestations of systemic sclero-
sis (SSc).

Methods. We investigated whether intermolecular ES occurs in the subunits of the RNAP III complex and whether
intramolecular ES targets the major antigen, RNA polymerase III subunit A (RPC1), in patients with SSc. To achieve this,
we synthesized 17 full-length subunit proteins of the RNAP III complex and 5 truncated forms of RPC1 in vitro using a
wheat germ cell-free translation system. Subsequently, we prepared antigen-binding plates and measured autoanti-
bodies in the serum of patients with SSc.

Results. Autoantibodies against different RNAP III complex subunits were found in patients who were ARA-positive
with SSc. The intermolecular ES indicators significantly correlated with the modified Rodnan skin thickness score
(mRSS) and surfactant protein-D, a biomarker of interstitial lung disease. However, the extent of disease on high-
resolution computed tomography or pulmonary function tests did not show any significant correlation. Intramolecular
ES indicator against RPC1 were significantly correlated with mRSS and renal crisis. Furthermore, longitudinal assess-
ment of ES in RNAP III complex subunits correlated with mRSS and exhibited potential as a disease activity biomarker.

Conclusion. Our findings indicate a correlation between ES levels and the severity of skin sclerosis or the risk of
other complications in SSc. This study suggests that measuring ES in SSc serves as a novel biomarker for disease
activity.

INTRODUCTION

Autoimmune diseases are caused by dysregulation of the

immune system, leading to the immune system attacking

the body’s own tissues and organs. In numerous autoimmune con-

ditions, patients’ sera exhibit disease-specific autoantibodies

directed against self-antigens.1 Notably, systemic autoimmune dis-

eases, such as systemic sclerosis (SSc) and systemic lupus erythe-

matosus (SLE), are characterized by the presence of autoantibodies

recognizing nuclear antigens. Consequently, antinuclear antibody

testing (ANA) stands as the gold-standard screening method for

systemic autoimmune diseases.2 The clinical significance of

disease-specific autoantibodies is that they play a pivotal role in

diagnosis, prognostication of complications, and prediction of out-

comes. Despite their clinical relevance, these autoantibodies are

generally considered nonpathogenic because of their inability to

traverse the cell membrane and access the nucleus in vivo. The

persistent challenge lies in reconciling this clinical association with

the purported lack of pathogenicity, hindering a comprehensive

understanding of the pathogenesis of systemic autoimmune
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diseases. In contrast, organ-specific autoimmune diseasesmanifest
autoantibodies against membrane proteins, exemplified by
anti–aquaporin-4 antibodies in neuromyelitis optica and anti–
desmoglein 1 and 3 antibodies in pemphigus, which possess path-
ogenic properties and serve as biomarkers for disease activity.3–5

Epitope spreading (ES) delineates the process of antibody
diversification from an initial dominant epitope to a secondary epi-
tope over time. ES can exhibit within a single antigen (intramolec-
ular) or across different antigens (intermolecular), contributing to
the perpetuation and exacerbation of autoimmune responses in
autoimmune diseases.6 The mechanism of ES in autoimmune
diseases is classified into independent and dependent pro-
cesses.6,7 The independent process is triggered by increased
autoantigen exposure due to tissue damage from chronic inflam-
mation, malignancy, and persistent viral infections, leading to
antigen-presenting cells presenting self-antigens to helper T cells
(Th cells). The dependent process involves the activation of Th
cells and B cells through autoantigen processing and presenta-
tion. Activated autoreactive B cells enhance antibody affinity
through endocytic processing, which involves antigen endocyto-
sis and re-presentation by major histocompatibility complex class
II, and somatic hypermutation (SHM), which induces mutations in
immunoglobulins to select higher affinity antibodies.8–11 In bullous
pemphigoid, an organ-specific autoimmune disease of skin and
mucous, intramolecular ES occurs against BP180, a major auto-
antigen, and intermolecular ES occurs against BP270, located
near BP180.7,12 The extent of ES correlates with the severity
and activity of bullous disease, underscoring its clinical rele-
vance.13 Therefore, unraveling ES in autoimmune diseases is
imperative for developing therapies targeting or modulating these
broader immune responses, with the potential to support the
control or management of autoimmune disease progression.
Long-term observational studies suggest that even in patients
with systemic autoimmune diseases, such as SLE and SSc, the
target antigens of autoantibodies are increasingly diverse as
the disease progresses.14 However, how ES is involved in auto-
antibody diversity in these diseases is largely unknown.

SSc, a refractory autoimmune disease, is characterized by
vasculopathy, fibrosis, and immune abnormalities, leading to skin
sclerosis and diverse organ involvements.15,16 Representative
disease-specific autoantibodies are anti-centromere (ACAs),
anti–topoisomerase I (ATAs), and anti–RNA polymerase III
(RNAP III) antibodies (ARAs). ARAs are the most prevalent antinu-
clear antibodies in SSc after ACAs and ATAs17 and exhibit a prev-
alence of 11% (95% confidence interval [95% CI] 8–14%) in
patients with SSc, influenced significantly by geographic
factors.18 ARA-positive SSc is characterized by rapidly progres-
sive diffuse skin sclerosis and a high incidence of complications
such as synchronous malignancies, renal crisis, and gastric antral
vascular ectasia.19–23 The prevalence of interstitial lung disease
(ILD) in ARA-positive SSc is conflicting, with some cohort
studies reporting a lower frequency and others indicating a

higher prevalence exceeding 50%.18,20,24–26 Generally, ILD in
ARA-positive SSc is considered milder compared with ATA-
positive SSc. However, a single-center prospective study reported
the ILD progression in some patients who are ARA-positive, and
follow-up is necessary.27 The RNAP III complex, comprising
17 subunits with RPC1 as the core subunit,28 is the focus of this
study. Previous research has identified RPC1 as the major antigen
of ARAs and the one used for the diagnosis of ARA-positive
SSc.24,29 Although some studies have shown the detection of
autoantibodies against several RNAP III complex subunits other than
RPC1,30,31 no studies have examined the correlation between ES
against RNAP III complex subunits and the clinical manifestations of
SSc. Hence, we retrospectively analyze patients who are ARA-
positive with SSc and evaluate intermolecular ES for RNAP III com-
plex subunits and intramolecular ES for RPC1 subunits, seeking to
elucidate their relationship with severity and disease activity in SSc.

MATERIALS AND METHODS

Patients. Serum samples were obtained from 75 Japanese
patients with SSc visited at Tokyo University Hospital between
2013 and 2022. Samples were typically collected at the patient’s
first visit and during follow-up as deemed necessary by the physi-
cian. All patients with SSc fulfilled the classification criteria estab-
lished by the American College of Rheumatology and EULAR.32

Patients with SSc were categorized into four groups based on
specific autoantibodies detected using tests covered by
Japanese health insurance: ARA-positive (n = 34), ATA-positive
(n = 13), ACA-positive (n = 7), and specific autoantibodies
unknown (n = 21). The “specific autoantibodies unknown” group
included patients who tested negative for ARAs (MESACUP
Anti-RNA polymerase III; MBL), ATAs (MEBLux Scl-70; MBL),
and ACAs (MEBLux CENP-B; MBL), regardless of their ANA test
results. Additionally, serum samples from nine healthy Japanese
individuals were obtained from BioIVT and used as controls to
determine cut-off values. All serum samples were stored at
−80�C before use. The study was conducted in accordance with
the Declaration of Helsinki and approved by The University of
Tokyo Ethical Committee (approval no. 695). Written informed
consent was obtained from all participants.

Clinical data acquisition. The clinical data of patients
with SSc were collected by a retrospective review of medical
records. All patients received medical histories, physical examina-
tions, and laboratory analyses at their first visit, and follow-up was
continued every one to three months. The severity of skin sclero-
sis was examined by the modified Rodnan skin thickness score
(mRSS).33 ILD was defined as the presence of pulmonary intersti-
tial fibrosis, such as ground-glass opacities, reticular shadows,
and honeycombing, in the bibasilar regions and elsewhere on
high-resolution computed tomography (HRCT). The extent of
ILD lesions was scored as HRCT extent, evaluating HRCT scans
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as previously described.34 Pulmonary function tests, including the
percentage of predicted forced lung vital capacity (%FVC) and
percentage of predicted lung diffusing capacity for carbon mon-
oxide (%DLCO), and serum biomarkers for ILD, including Krebs
von den Lungen-6 (KL-6) and surfactant protein-D (SP-D), were
performed for evaluating lung dysfunction.35,36 Renal crisis was
defined as new onset malignant hypertension with blood pressure
>140/90 mm Hg or a >30 mm Hg rise in blood pressure from
baseline and rising serum creatinine levels.37 Pulmonary hyper-
tension was defined as mean pulmonary artery pressure
≥25 mm Hg on right heart catheterization. Gastroesophageal
manifestations were defined as symptoms caused by upper
gastrointestinal tract disorders such as gastroesophageal reflux,
substernal burning pain, dysphagia and dyspepsia.38,39

Malignancy was diagnosed concurrently with SSc or within the
three years after SSc diagnosis or if a preceding malignancy
occurred within the three years before diagnosis of SSc. We
gathered the patient’s basic information (age, disease duration),
clinical manifestations (Raynaud phenomenon, nail fold bleeding,
pitting scar/digital ulcers, telangiectasia, calcinosis, and gastro-
esophageal manifestations), medication history, and complica-
tions of SSc as of the date of serum collection. Laboratory
findings and mRSS were obtained from the closest point to the
serum collection date.

In vitro protein expression. We synthesized 17 full-
length subunit proteins of RNA polymerase III complex and 5 trun-
cated forms of RPC1 in vitro using a wheat germ cell-free transla-
tion system. Target clones of antigens in the human proteome
expression resource and complete sets of protein-encoding open
reading frames entry clone library (Supplementary Table 1) and
polymerase chain reaction products of truncated forms were
recombined into an expression vector for producing N-terminal
FLAG–glutathione S-transferase (GST)-tag proteins with the
GATEWAY cloning system (Thermo Fisher Scientific).40,41 In vitro
protein translation was performed by reacting the transcripts syn-
thesized from the expression vectors with wheat germ extract
(WEPRO7240G; CellFree Sciences), as previously described.40,41

The synthesized proteins were confirmed to match the target size
by sodium dodecyl sulfate–polyacrylamide gel electrophoresis
and Coomassie Brilliant Blue staining (Supplementary Figure 1).

Antigen-binding plate preparation. Antigen-binding
plates were prepared under wet conditions. The translation reac-
tion solution containing the FLAG-GST–tagged target proteins
was diluted five times with phosphate-buffered saline (PBS) and
attached on 96-well plates coated with 50 mM glutathione
(GSH) via Sulfo-SMPB (22317, Thermo Fisher Scientific) by its
affinity with glutathione S-transferase (GST) tags. The translation
reaction solution was mixed in equal portions when preparing
plates containing the RNAP III complex subunit mixtures. The
plates were incubated at room temperature for 60 minutes

and washed with Tris-buffered saline containing 0.1% Tween
20 (Tris buffered saline–Tween [TBST]; 9997S, Cell Signaling
Technology). The plates were then incubated in blocking buffer
(50 mM HEPES pH 7.5, 200 mM NaCl, 0.08% Triton-X, 25%
Glycerol, 5 mM GSH, 0.3% skim milk, and 1 mM DTT) and stored
at −80�C until use. The antigen binding to the plate was confirmed
by measuring the fluorescence of wells reacted with Alexa Fluor
647-conjugated anti-FLAG Ab (MBL) (Supplementary Figure 2).

Autoantibody detection. The blocking buffer on the
plates was thawed at room temperature and discarded. The
plates were treated with Alexa Fluor 647–conjugated anti-FLAG
Ab diluted 1:3,000 or serum diluted 1:150 in the reaction
buffer, which was PBS containing 0.1% skim milk, 0.1%
Tween 20, and 1× Synthetic Block (PA017, Invitrogen). After the
reaction at room temperature for one hour, the plates were
washed three times with TBST and incubated with the secondary
antibody, which was goat anti-human IgG (H+L) Alexa Flour
647 conjugate (A-21445, Invitrogen) diluted 1:1,000 in the reac-
tion buffer. TBST was added in place of the secondary antibody
to wells reacted with Alexa Fluor 647-conjugated anti-FLAG
Ab. Finally, after the reaction at room temperature for one hour,
the plates were washed three times with TBST, and fluorescence
was measured by a fluorescence imager (Typhoon FLA 9500).
The negative control spots were prepared using the translation
reaction mixture containing distilled water (10977015, Invitrogen)
instead of messenger RNA. The positive control spots were pre-
pared using the human immunoglobulin heavy constant gamma
1 (IGHG1) tagged with FLAG-GST.

Autoantibody quantification. The level of autoantibody
was quantified based on the fluorescent values obtained from
reactions of serum with the protein spots. The level of each auto-
antibody was calculated as below:

Index value=
Fautoantigen − Fnegative control

F flag × Fpositive control − Fnegative control
� � ×105

where Fautoantigen is the fluorescent intensity of autoantigen spot,
Fnegative control is the fluorescence intensity of negative control
spot, Fflag is the fluorescence intensity of anti-FLAG antibody,
and Fpositive control is the fluorescence intensity of positive control
spot. The cut-off value for autoantibody positivity was defined as
an index value of three or higher, above the mean +3 SD for all
antigens in healthy controls.

Harr plot analysis. Harr plot analysis was performed to
evaluate the homology among the subunits of the RNAP III com-
plex. Harr plots of amino acid sequences between all RNAP III
complex subunits were created by Python. A black dot repre-
sents the homology of four amino acids between subunits.
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Statistical analysis. Statistical analyses were performed
by the Mann–Whitney U test for comparison of continuous vari-
ables and Fisher’s exact test for comparing categorical
variables. P values lower than 0.05 were considered statistically
significant. Spearman’s r was calculated to produce the correla-
tion matrix. All the analyses were performed using Prism
10 (GraphPad Software).

RESULTS

Baseline characteristics of ARA-positive patients
with SSc. Clinical characteristics of patients who were
ARA-positive with SSc (6 men and 28 women) are summarized
in Table 1. The median (IQR) age was 69 (61–72), with a female
predominance (28 of 34; 82%). LeRoy’s classification rule
categorized patients into 27 diffuse cutaneous SSc (dcSSc) and
7 limited cutaneous SSc (lcSSc). Consistent with previous stud-
ies, patients with dcSSc exhibited a more frequent presence of
ILD (78% vs 29%, P = 0.02) and gastroesophageal manifesta-
tions (89% vs 43%, P = 0.02) than patients with lcSSc.

Furthermore, only patients with dcSSc exhibited a higher preva-
lence of renal crisis (6 of 27; 22%) and malignancy (5 of 27;
19%), the hallmark feature of ARA-positive patients with SSc.

Autoantibodies against various subunits of the
RNAPIII complex in ARA-positive patients with SSc. We
investigated whether intermolecular ES is observed for the RNAP
III complex subunits and intramolecular ES for the major antigen,
RPC1, in patients with SSc (Figure 1A). To detect autoantibodies
against the target antigen, we prepared antigen-binding plates
and reacted them with patient serum samples, followed by fluo-
rescence measurement using a fluorescence-labeled secondary
antibody (Figure 1B). Amino acid homology was examined by
Harr plot analysis to determine cross-reactivity between subunits
of the RNAP III complex. No homology of >10 amino acids, the
length required for antibody recognition, was observed between
all subunits (Figure 1C). Antigen-binding plates were used to mea-
sure autoantibodies in patients with SSc and healthy controls
(ARA-positive: n = 34, ATA-positive: n = 13, ACA-positive:
n = 7, unknown: n = 21, and healthy control: n = 9). The “unknown”

Table 1. Clinical characteristics of patients who were ARA-positive with SSc*

Basic demographics Total (n = 34) dcSSc (n = 27) lcSSc (n = 7) P values

Age, median (IQR), y 69 (61–72) 69 (61–72) 68 (59–70) 0.81
Female, n (%) 28 (82) 22 (81) 6 (86) >0.99
Disease duration, median (IQR), months 45 (10–171) 45 (10–180) 24 (5–168) 0.88
Disease classification, n (%)
dcSSc 27 (79) – – –

lcSSc 7 (21) – – –

Cutaneous involvement
mRSS, median (IQR) 13 (10–21) 16 (12–24) 8 (2–13) <0.01
Raynaud phenomenon, n (%) 27 (79) 20 (74) 7 (100) 0.3
Nail fold bleeding, n (%) 23 (68) 16 (59) 7 (100) 0.07
Pitting scar/digital ulcers, n (%) 11 (32) 9 (33) 2 (29) >0.99
Telangiectasia, n (%) 12 (35) 10 (37) 2 (29) >0.99
Calcinosis, n (%) 6 (18) 5 (19) 1 (14) >0.99

Lung involvement
ILD, n (%) 23 (68) 21 (78) 2 (29) 0.02
HRCT extent, median (IQR) 6 (3–18) – – –

1%�20%, n (%) 20 (59) 19 (70) 1 (14) 0.01
20%, n (%) 3 (9) 2 (7) 1 (14) 0.51
%FVC, median (IQR) 89 (84–97) 89 (82–93) 106 (86–108) 0.24
%DLco, median (IQR) 96 (81–107) 96 (80–106) 98 (72–118) 0.49
KL-6, U/mL, median (IQR) 396 (278–656) 390 (278–671) 401 (322–536) 0.9
SP-D, ng/mL, median (IQR) 111 (83–253) 111 (85–259) 112 (79–140) 0.64

Other involvement
Gastroesophageal manifestations, n (%) 27 (79) 24 (89) 3 (43) 0.02
Pulmonary hypertension, n (%) 4 (12) 3 (11) 1 (14) >0.99
Renal crisis, n (%) 6 (18) 6 (22) 0 (0) 0.31
Malignancy, n (%) 5 (15) 5 (19) 0 (0) 0.56

Medication history
Oral prednisolone, n (%) 15 (44) 13(48) 2 (29) 0.43
Dose, median (IQR), mg/d 5 (5–8) 5 (5–9) 7 (5–8) 0.89
Immunosuppressive agents, n (%) 2 (6) 2 (7) 0 (0) >0.99
Tocilizumab, n (%) 3 (9) 3 (11) 0 (0) >0.99

* %DLco, percentage of predicted lung diffusing capacity for carbon monoxide; %FVC, percentage of predicted forced lung vital capacity; ARA,
anti-RNA polymerase antibody; dcSSC, diffuse cutaneous systemic sclerosis; HRCT, high-resolution computed tomography; ILD, interstitial lung
disease; IQR, interquartile range; KL-6, Krebs von den Lungen-6; lcSSc, limited cutaneous systemic sclerosis; mRSS, modified Rodnan skin thick-
ness score; SP-D, surfactant protein-D.
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Figure 1. Evaluation of ES of ARAs against RNAP III complex: schematic of human RNAP III complex and truncated forms of RPC1 for evaluation
of ES. (A) Schematic flow chart of autoantibody detection is shown. Antigen proteins were attached to antigen-binding plates via binding of GSH
and GST tags and reacted with patient serum. (B) Autoantibodies bound to the antigen were detected with Alexa Flour 647–labeled secondary
antibodies. (C) Harr plots of the homology of amino acids between the RNAP III complex subunits are shown. The homology of four amino acids
between subunits is represented by a black dot. ARA, anti-RNA polymerase antibody; ES, epitope spreading; GSH, glutathione; GST, glutathione
S-transferase; RNAP III, RNA polymerase III; RPAC, RNA polymerase I and III subunit; RPABC, RNA polymerase I, II, and III subunit; RPC1, RNA
polymerase III subunit A.

EPITOPE SPREADING OF ANTI-RNA POLYMERASE III ANTIBODIES IN SSC 71



group is patients with SSc who tested negative for ARAs, ATAs,
and ACAs, regardless of their ANA test results. All ARA-positive
patients with SSc had autoantibodies to RPC1_4, including the
epitope used in the current test, indicating the validity of our
methods. Interestingly, various autoantibodies were detected
with high frequency against subunits of the RNAP III complex
other than RPC1_4 (Figure 2A–C). In contrast, ATA-positive and
ACA-positive patients with SSc and healthy controls were
negative for all other autoantibodies against subunits of the
RNAP III complex, except for autoantibodies against RPC4
(Figure 2B and C). Moreover, one patient with SSc with unknown
specific antibodies showed autoantibodies with higher index val-
ues against several subunits of the RNAP III complex than RPC1
(Figure 2D). This patient’s ANA patterns by indirect immunofluo-
rescence on Hep-2 cells were Speckled pattern (1:320), but
ARAs, ATAs, and ACAs were negative on current testing. These
results suggest that some patients who were ARA-negative by
the current test may include some ARA-positive individuals
by evaluating autoantibodies against the RNAP III complex
subunits.

Clinical correlation between ES levels and
symptoms of SSc. The positivity rate of anti-RPC4 antibodies
was almost the same among patients who were ARA-positive
with SSc, other patients with SSc, and healthy controls. There
was no significant difference in the indicators of ES of autoanti-
bodies against the other subunits in patients who were ARA-
positive with SSc with or without anti-RPC4 antibodies
(Supplementary Figure 3). Therefore, we evaluated the intermo-
lecular ES against 16 subunit antigens of the RNAP III complex,
excluding RPC4. First, we defined the number of autoantibodies
and the sum of the index as the indicators of intermolecular ES,
then analyzed the correlations with skin sclerosis, ILD, renal crisis,
and malignancy in ARA-positive SSc. Interestingly, both the num-
ber of autoantibodies and the sum of the index showed a signifi-
cant positive correlation with mRSS (number of autoantibodies,
r = 0.44, P = 0.012; sum of the index, r = 0.49, P = 0.005)
(Figure 3A and B). No significant correlation was observed with
HRCT extent, %FVC, %DLco, or KL-6, but a significant positive
correlation was recognized with SP-D (number of autoantibodies,
r = 0.34, P = 0.049; sum of the index, r = 0.43, P = 0.011)
(Figure 3A and B). Moreover, the number of autoantibodies and
the sum of the index showed no significant differences between
patients with or without renal crisis and malignancy (Figure 3A
and B). Next, we analyzed the correlation among intramolecular
ES against RPC1, the major antigen of the RNAPIII complex,
and the clinical findings. Most patients had autoantibodies only
to RPC1_4, the major epitope of RPC1, but those with autoanti-
bodies to regions other than RPC1_4 showed significantly higher
mRSS (median [IQR], 12 [8–17] vs 18 [14.5–34]; P = 0.007)
(Figure 3C). On the other hand, there were no significant differ-
ences in ILD-related laboratory findings. Intriguingly, the number

of autoantibodies (RPC1_1–5) was significantly increased in
patients with SSc with renal crisis compared with patients without
a renal crisis (median [IQR], 2 [1–3.5] vs 1 [1–1]; P = 0.014)
(Figure 3C). The intermolecular/intramolecular ES indicators were
not significantly associated with or without other clinical manifes-
tations of SSc (Supplementary Figure 4). These findings suggest
that the severity of SSc can be predicted by evaluating intermo-
lecular ES for the RNAP III complex and intramolecular ES
for RPC1.

Correlation with clinical course of SSc and
longitudinal changes in ES levels.We investigated the corre-
lation between disease duration and ES at the time of blood col-
lection in patients who were ARA-positive. Although ES
indicators tended to decrease as disease duration increased, no
significant correlation was observed in patients who were ARA-
positive with SSc (Supplementary Figure 5). These results might
be due to individual differences in ES indicators among patients
with early-stage SSc and the fact that each patient was evaluated
only once. Therefore, we examined the clinical course and ES in a
patient who was ARA-positive with SSc. This 68-year-old female
patient was diagnosed with SLE and rheumatoid arthritis (RA) at
age 36 and was under long-term control with oral prednisolone
at 6 mg/day. During follow-up, she developed skin sclerosis and
muscle weakness, leading to a diagnosis of SSc-myositis overlap.
Throughout the course of her disease, there were no signs of SLE
or RA relapse. Autoantibodies against RNAP III complex subunits
were found before the onset of SSc. After onset, the number of
autoantibodies and the sum of the index increased along with
worsening mRSS. However, immunosuppressive therapy
with tocilizumab improved the mRSS and tended to decrease
the number of autoantibodies and the sum of the index
(Figure 4A). Interestingly, the index values of autoantibodies to
most individual subunits changed in parallel with the sum of index,
whereas those to RPC3 and RPC9 showed a decreasing trend
over time (Figure 4B). Next, a longitudinal analysis was performed
between intermolecular ES and skin sclerosis. Longitudinal data
were available for 12 patients with SSc who were ARA-positive.
The median (IQR) follow-up duration among these patients was
21 (8–39) months. We examined the correlation between change
in mRSS (ΔmRSS) and change in intermolecular ES levels (Δnum-
ber of autoantibodies and Δsum of the index). Correlation analy-
ses showed that ΔmRSS was not significantly positively
correlated with Δnumber of antibody, but only with Δsum of the
index (Δnumber of autoantibodies, r = 0.45, P = 0.14; Δsum of
the index, r = 0.66, P = 0.022) (Figure 4C). These findings suggest
that the longitudinal change in indicators of intermolecular ES is
useful as disease biomarkers for SSc.

Correlation of individual autoantibodies against the
subunits of RNAPIII complex with clinical findings. To
investigate the correlation between individual autoantibodies
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Figure 2. Detection of various autoantibodies against the RNAP III complex subunits in patients who are ARA-positive with SSc. Heatmap
(A) and dot plots (B) of autoantibody index against RNAP III complex subunits and truncated forms of RPC1 in individual serum of SSc and healthy
controls are shown. Patients with SSc were divided into ARA-positive, ATA-positive, ACA-positive, and specific antibodies unknown patients.
(C) Autoantibody positivity rate against RNAP III complex subunits and truncated forms of RPC1 in SSc (ARA-, ATA-, and ACA-positive and spe-
cific antibodies unknown patients) and healthy controls is shown. (D) Autoantibody index against RNAP III complex subunits and truncated forms
of RPC1 in one patient with SSc (U7) with unknown specific antibodies is shown. ACA, anti-centromere antibody; ARA, anti-RNA polymerase anti-
body; ATA, anti-Topoisomerase I antibody; RNAP III, RNA polymerase III; RPC1, RNA polymerase III subunit A; SSc, systemic sclerosis. Color fig-
ure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42975/abstract.
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Figure 3. Levels of intermolecular/intramolecular ES and clinical findings in patients who are ARA-positive with SSc. Correlation between the
number of autoantibodies (A) or the sum of the index and mRSS, HRCT extent, PFTs, and ILD markers (B) is shown. P values were calculated
by estimating r. The solid line shows regression lines. The number of autoantibodies (A) or the sum of the index (B) were compared between
patients with or without renal crisis and malignancy. P values were calculated by Mann–Whitney U test. (C) mRSS, HRCT extent, PFTs, and
ILD markers were compared between patients with 1 or ≥2 of the number of autoantibodies (RPC1_1–5). The number of autoantibodies
(RPC1_1–5) were compared between patients with or without renal crisis and malignancy. P values were calculated by Mann–Whitney U test.
Error bars indicate SD, and longer horizontal lines in the middle of the bars indicate mean values. *P < 0.05, **P < 0.01. ARA, anti-RNA polymerase
antibody; ES, epitope spreading; HRCT, high-resolution computed tomography; ILD, interstitial lung disease; mRSS, modified Rodnan skin
thickness score; ns, not significant; PFT, pulmonary function tests; r, Spearman’s correlation coefficient; RPC, RNA polymerase C subunit 1;
SP-D, surfactant protein-D; SSc, systemic sclerosis. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.
com/doi/10.1002/art.42975/abstract.
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against the RNAP III complex subunits and clinical findings of
SSc, we created a heatmap by dividing patients into two groups:
lcSSc, a mild type of skin sclerosis, and dcSSc, a severe type of
sclerosis. Patients with dcSSc had higher positivity and index val-
ues against more subunits of RNAP III complex than lcSSc. How-
ever, there was significant variation in the combinations of
autoantibodies, even among patients with the same disease type
(Figure 5A). Next, we selected the top eight autoantibodies
against the RNAP III complex subunit at a positive rate and inves-
tigated the correlation between these individual autoantibodies
and mRSS and laboratory findings of ILD. Interestingly, the corre-
lation with clinical findings varied for each individual autoantibody
(Figure 5B). To determine which autoantibodies correlate best
with clinical findings of skin and lung involvements, the absolute
value of Spearman’s correlation coefficient for mRSS, %FVC,
and SP-D was defined as the sum of Spearman’s r (mRSS, %
FVC, SP-D). The sum of Spearman’s r (mRSS, %FVC, SP-D) for
anti-RPC8 antibody was the highest rank (Supplementary
Figure 6A). Subsequently, the top six autoantibodies (anti-
RPC1_4, RPC5, RPC8, RPC10, RPAC1, and RPABC1) of the

sum of Spearman’s r (mRSS, %FVC, SP-D) were selected.
The sum of the index (the selected six autoantibodies) was defined
and correlated with clinical findings in ARA-positive SSc. As we
expected, the sum of the index (the selected six autoantibodies)
showed a significant correlation with mRSS, %FVC, and SP-D
(mRSS, r = 0.57, P < 0.001; %FVC, r = −0.40, P = 0.039; SP-D,
r = 0.45, P = 0.007) (Supplementary Figure 6B). These results sug-
gested that the correlation with clinical findings differs depending
on the autoantibodies against the subunits of RNAP IIII complex,
and the accuracy of ES as a biomarker may be enhanced by focus-
ing on autoantibodies that have a strong correlation.

The mixture of RNAP III complex subunit antigens
enhanced the sensitivity for detection of ARAs.We exam-
ined the possibility of improving the detection sensitivity of ARAs
by mixing RNAP III complex subunit antigens and reacting them
with patient serum samples. Antigen mixtures of eight antigens
with a positive rate of over 70% (RPC1_4, RPC3, RPC5, RPC6,
RPC8, RPC10, RPAC1, RPABC1) or five antigens, specific sub-
units of the RNAPIII complex with a positive rate of over 90%
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Figure 5. Individual autoantibodies against the RNAP III complex subunits and clinical findings in patients who are ARA-positive with SSc.
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SSc is shown. Patients with SSc were divided into lcSSc and dcSSc. (B) Heatmap of Spearman’s correlation coefficient between each autoanti-
body index of the top eight positive rate and skin score, pulmonary function, and ILD markers is given. (C) Heatmap of autoantibodies index against
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(RPC1_4, RPC3, RPC5, RPC8, RPC10), were prepared and
reacted with patient with SSc serum samples found to be
ARA-positive in this study with low levels of autoantibodies
against RPC1_4. Interestingly, the index values of autoantibodies
against mixtures of eight antigens or five antigens were markedly
increased compared with autoantibodies against RPC1_4
(Figure 5C and D). This result suggested that the detection sensi-
tivity of ARAs is improved by examining autoantibodies against a
mixture of RNAP III complex subunits. These findings suggest
that examining autoantibodies against each RNAP III complex
subunit can improve the detection sensitivity of ARAs and predict
the severity and risk of complications in patients who are ARA-
positive with SSc. Moreover, the longitudinal assessment of ES
in RNAP III complex subunits showed potential to be used as a
biomarker of disease activity (Figure 5E).

DISCUSSION

In this study, we demonstrated the occurrence of intermolec-
ular ES among RNAP III complex subunits and intramolecular ES
within RPC1. Subsequently, we observed a correlation between
ES levels and the severity of skin sclerosis and serum biomarker
of ILD in patients who were ARA-positive with SSc (Figures 2–4).
Furthermore, longitudinal assessment revealed a correlation
between intermolecular ES levels and skin score (Figure 4C).
These findings propose that ES mechanisms in ARAs are intri-
cately linked to the development of SSc and reflect disease activ-
ity. In a previous study, an enzyme-linked immunosorbent assay
(ELISA) using the major epitope antigen of RPC1 indicated that
skin sclerosis was more severe in patients with higher levels of
ARAs and that changes in ARA levels correlated with changes in
skin score.24,42 Consistent with previous studies, we observed a
strong correlation between the levels of autoantibodies against
RPC1_4 and the severity of skin score (Figure 5B). Additionally,
we found that patients with intramolecular ES within RPC1 not
only had more severe skin sclerosis but also a higher risk of renal
crisis (Figure 3C). These findings indicate that autoreactive B cells
are highly activated in patients with severe SSc, potentially leading
to SHM and endocytic processing, which contribute to intramo-
lecular ES. Although it is generally acknowledged that an indepen-
dent process governs intermolecular ES and a dependent
process underlies intramolecular ES, recent research indicates
that bridging autoreactive B cells with distinct Th cells can enable
intermolecular ES for various antigens.43 Consequently, intermo-
lecular ES may also involve dependent processes such as intra-
molecular ES, possibly reflecting B cell activity in SSc.

Previous studies have emphasized the pivotal role of
immunologic abnormalities, particularly in B cells, in SSc
pathogenesis.44,45 Recently, rituximab, a B cell elimination
therapy, demonstrated significant improvement in skin sclerosis
and lung vital capacity reduction in SSc due to ILD, affirming
the importance of B cells.46 Autoreactive B cells with high-
affinity B cell receptors produce inflammatory cytokines such

as interleukin-6 (IL-6), which has been implicated in SSc
pathogenesis.47 IL-6 has been shown to enormously enhance
ES via SHM and disruption of immune tolerance in germinal
center B cells.10,48,49 In our study, a patient with SSc who
was treated with tocilizumab, an IL-6 inhibitor, showed that
the number of autoantibodies and the sum of the index decreased
parallel with mRSS improvement (Figure 4A). Further studies are
required to confirm whether inflammatory cytokines such as IL-6
are involved in the mechanism by which affinity maturation of auto-
reactive B cells and ES occur in SSc. These findings suggest that
the correlation between the degree of ES and clinical findings such
as mRSS in ARA-positive SSc may be because ES reflects the
activity of B cells, which are considered crucial in the pathogenesis
of SSc, and consequently linked to the disease activity of SSc.
Interestingly, autoantibodies targeting nuclear antigens, previously
thought to be nonpathogenic, have recently been reported to be
internalized into the nucleus. In patients with anti–PM-Scl antibod-
ies, known to be specific for SSc-myositis overlap syndrome, it is
suggested that IgG is internalized into the nucleus of myositis
muscle, causing dysfunction of the nuclear RNA exosome com-
plex.50 If IgG internalizes into the nucleus and inhibits RNA tran-
scription in ARA-positive SSc, thereby exerting pathogenicity,
intermolecular ES may be directly involved in the disease activity
of SSc. Further studies on the pathogenicity of ARAs are needed.

The sensitivity of the detection of ARAs was increased by
measuring autoantibodies against various subunits of the RNAP
III complex. We identified an patient with SSc initially diagnosed
with unknown specific antibodies, later identified as ARA-positive
because of positive autoantibodies against multiple RNAP III com-
plex subunits (Figure 2D). To avoid missing patients with SSc who
were ARA-positive, comprehensive evaluation of autoantibodies
against all RNAP III complex subunits is crucial. However, the
positivity rate of anti-RPC4 antibodies was the same in patients
who were ARA-positive with SSc as well as in other SSc ser-
ogroups and healthy controls, raising the possibility of detecting
a nonspecific antigen-antibody reaction, resulting in false positive
results. To ensure the accuracy of this autoantibody detection
system, the homology with other proteins should be evaluated
by epitope analysis of anti-RPC4 antibodies in future studies. In
our cohort, anti-RPC8 antibodies exhibited the strongest correla-
tion with skin sclerosis and ILD, suggesting variable correlations
with clinical findings depending on the autoantibody detected
(Figure 5A and B and Supplementary Figure 6A). Although further
investigations are warranted, a detailed autoantibody assessment
in the RNAP III complex may facilitate the subgrouping of ARA-
positive SSc, enabling tailored treatment and follow-up.

Accurate and reproducible autoantibody assays are essen-
tial for the precise evaluation of ES. Our methods have several
technical advantages compared with conventional ELISA and line
blot methods. First, all processes, from antigen synthesis to auto-
antibody measurement, occur under wet conditions, preserving
protein structure without denaturation by drying, enabling high-
sensitivity autoantibody measurement. Previous studies have
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validated the equivalence of this autoantibody assay technique to
the immunoprecipitation method.51 Second, reproducibility and
quantitativeness are ensured by correcting for antigen content
using an anti-FLAG antibody against the FLAG tag attached to
the antigen and interassay variation correction using positive con-
trol IGHG1. This process allows for an accurate assessment of ES
changes over time. Third, the mixture of RNAP III complex subunit
antigens enhances ARA detection sensitivity in patients with SSc.
Measuring ARAs with antigen mixtures not only improves detec-
tion rates but also allows simultaneous ES evaluation.

The major limitations of the present study include its indistinct
patient selection criteria and retrospective design. In this study, in
addition to the intermolecular ES against the RNAP III complex
correlating with clinical findings (Figure 3A–C), autoantibodies to
individual subunits showed different correlations with complica-
tions (Figure 5A). However, ARA positivity and complication fre-
quency in SSc vary among racial groups, necessitating further
investigation with prospective recruitment across multiple hospitals
and ethnicities to validate these findings. Furthermore, it is essential
to note that the analysis was performed in a patient population with
varying disease durations and treatments at the time the serum
was sampled. Because patients who are ARA-positive with SSc
tend to progress rapidly in the early stages of the disease, it would
be beneficial to prospectively follow them from the early onset to
assess the correlation between ES and disease activity accurately.
Another limitation of this study is that only RNAP III was evaluated
for autoantibodies among the three RNA polymerases (RNAP I, II,
and III). Previous reports indicated autoantibodies against RNAP I
and RNAP II in SSc.31,52 Notably, patients who are ARA-positive
with SSc with autoantibodies against RPA1, a specific RNAP I sub-
unit, were reported to have a lower malignancy complication risk.53

For a more detailed classification of patients who are ARA-positive
with SSc, assessing autoantibodies against RNAP I and RNAP II
specific subunits may be necessary.

In conclusion, we assessed intermolecular ES for RNAP III
complex subunits and intramolecular ES for RPC1 in patients
with SSc. Examining autoantibodies against each RNAP III
complex subunit was found to enhance ARAs detection sensi-
tivity, with ES levels correlating with complication severity in
patients with SSc. Furthermore, subunit antigens could be
made into a mixture and measured autoantibodies by ELISA
or other methods to easily evaluate ES and improve the detec-
tion sensitivity of ARAs, indicating the possibility of immediate
clinical application. Although additional studies are needed for
comprehensive validation, evaluating ES against RNAP III com-
plex subunits holds promise as a biomarker for disease activity
in SSc.
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Targeting CD13/Aminopeptidase N as a Novel Therapeutic
Approach for Scleroderma Fibrosis
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Objective. Systemic sclerosis (SSc) is an autoimmune multisystem disease with poorly understood pathogenesis
and ineffective treatment options. Soluble CD13 (sCD13), generated by the cleavage of cell surface CD13 via matrix
metalloproteinase 14 (MMP14), signals through the bradykinin receptor B1 (B1R) to elicit pro-inflammatory, pro-
arthritic, and pro-angiogenic responses. In this study, we explored the antifibrotic potential of targeting the
sCD13-B1R axis in SSc.

Methods. The expression of CD13, B1R, and MMP14 was examined in SSc skin and explanted dermal fibroblasts.
The efficacy of B1R antagonists in the inhibition on fibrosis was determined in vitro and in vivo.

Results. Expression of the genes for CD13, B1R, and MMP14 was elevated in skin biopsies from patients with dif-
fuse cutaneous (dc) SSc. Notably, single-cell analysis of SSc skin biopsies revealed the highest BDKRB1 expression in
COL8A1-positive myofibroblasts, a population exclusively seen in SSc. Transforming growth factor beta (TGFβ)
induced the expression of BDKRB1 and production of sCD13 by dcSSc skin fibroblasts. Treatment of dcSSc fibro-
blasts with sCD13 promoted fibrotic gene expression, signaling, cell proliferation, migration, and gel contraction. The
pro-fibrotic responses of sCD13 or TGFβ were prevented by a B1R antagonist. Mice lacking Cd13 or Bdkrb1 were
resistant to bleomycin-induced skin fibrosis and inflammation. Pharmacological B1R inhibition had a comparable anti-
fibrotic effect.

Conclusion. These results are the first to demonstrate a key role for sCD13 in SSc skin fibrosis and suggest that
targeting the sCD13-B1R signaling axis is a promising novel therapeutic approach for SSc.

INTRODUCTION

Systemic sclerosis (SSc) is a chronic progressive autoim-

mune disease characterized by microvascular damage and irre-

versible fibrosis of organs including the skin, lungs, heart, kidney,

and gastrointestinal tract.1 Skin fibrosis, a hallmark of SSc, is cor-

related with disease severity and poor quality of life. The etiology

of SSc is unknown, and currently no effective disease-modifying

treatment exists.2 Methotrexate, cyclophosphamide, mycophe-

nolate, and tocilizumab have shown only limited efficacy along
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with various safety concerns.3 There is a need to better elucidate
the pathogenesis of SSc to develop new, targeted, safe, and
effective therapeutic agents.

Aminopeptidase N (CD13) is a ubiquitously expressed metal-
lopeptidase originally described as a myeloid cell marker that
functions as an ectoenzyme with multiple substrates.4,5 Notably,
CD13 can be shed from the cell membrane via its cleavage cata-
lyzed by matrix metalloproteinase 14 (MMP14). Soluble CD13
(sCD13) binds to a G-protein–coupled receptor on activated
T cells, monocytes, endothelial cells, and fibroblasts and acts as
a chemoattractant for monocyte and T cell migration.6–8

Moreover, CD13 acts on endothelial cells to promote angiogene-
sis.8 Very recently, we identified the bradykinin receptor B1 (B1R)
as a surface receptor of sCD13 on a variety of cell types and dem-
onstrated that the sCD13/B1R axis plays a pivotal role in inflamma-
tory arthritis.9 However, the role of CD13 in other inflammatory
diseases remains largely unknown.

Previous studies investigated the expression of CD13 in the
skin. In particular, prominent CD13 expression was demon-
strated on fibroblasts and blood vessels in the papillary dermis in
both healthy and SSc skin.10 Importantly, Dan et al demonstrated
elevated CD13 enzymatic activity in both bronchoalveolar lavage
fluid and sera from patients with SSc compared with healthy con-
trols.11 Moreover, it was shown that blocking CD13 using mono-
clonal anti-CD13 antibodies inhibited skin fibroblast migration.12

We have previously demonstrated that sCD13 signals by
binding to a bradykinin receptor.9 Interestingly, an earlier study
showed reduced levels of bradykinin receptors in SSc skin fibro-
blasts compared with healthy fibroblasts,13 associated with
impaired bradykinin-induced Ca2+ release and defective forma-
tion of inositol 1,4,5-trisphosphate.14,15 Despite these intriguing
observations, the role of sCD13 and B1R in SSc remains
unknown. Notably, inhibiting CD13 using actinonin was shown
to reduce chemokine secretion in the lung and mitigate silica-
induced lung fibrosis.16 Moreover, deletion or inactivation of B1R
in mice reduced the severity of kidney fibrosis.17–19 Taken
together, these studies suggest that the sCD13/B1R signaling
axis might play a pathogenic role in SSc, and its targeting might
have the potential to treat SSc fibrosis. In this study, we sought
to assess the role of the sCD13-B1R axis in SSc fibrosis, focusing
on patient-derived dermal fibroblasts and a mouse model of skin
fibrosis. Our results provide compelling evidence for a previously
unsuspected pathogenic role for CD13 in SSc and identify the
sCD13-B1R axis as a novel target for therapy.

MATERIALS AND METHODS

Animal model, histology, and analysis. All animal pro-
tocols were approved by the Institutional Animal Care & Use Com-
mittee at the University of Michigan. The Cd13 and Bdkrb1
knockout mice were obtained and bred as described in Tsou
et al.9 The bleomycin skin fibrosis model was performed as

previously described.20,21 Briefly, skin fibrosis in both C57BL/6
mice (Jackson Laboratory) and Cd13 or Bdkrb1 knockout mice
was induced by intracutaneous injection of bleomycin (0.5 mg/mL
in phosphate buffered saline [PBS], Hospira) in a defined area on
the upper back daily for 2 weeks. PBS injections were used as neg-
ative controls. In experiments evaluating the antifibrotic properties
of the B1R inhibitor SSR240612 in C57BL/6 mice, one group of
mice received intracutaneous PBS injections alone, one group
was challenged with bleomycin via intracutaneous injections on
the back in conjunction with intraperitoneal (IP) injections of
SSR240612 (2 mg/kg, Cayman Chemical), and the third group
received bleomycin injections with IP injections of vehicle control
(2.2% DMSO/97.8% PBS). After 2 weeks, skin tissues from the
defined areas were harvested for histology, hydroxyproline analy-
sis, and messenger RNA (mRNA) extraction. To evaluate the effect
of B1R blockade in established fibrosis, in a separate experiment,
fibrosis in C57BL/6 mice was induced first by repeated intracuta-
neous injections of bleomycin for 2 weeks followed by IP injections
of SSR240612 (2 mg/kg) for another 2 weeks.

For histology, paraffin-embedded tissues were stained with
hemtoxylin and eosin and Masson’s trichrome. Dermal thickness
was determined using ImageJ.22 To measure monocytes and
macrophages in the skin, immunofluorescence was performed
after antigen retrieval using rat antimouse F4/80 (Thermo Fisher
Scientific) antibody followed by Alexa Fluor 488–tagged antibod-
ies (Thermo Fisher Scientific). The quantification of F4/80-positive
cells was done using ImageJ. To measure hydroxyproline content
in the skin, weighed skin sections were hydrolyzed in concen-
trated HCl at 120�C for 3 hours. A hydroxyproline analysis kit
(Abcam) was then used to measure hydroxyproline. The resultant
absorbance at 560 nm was assayed using a Synergy HT micro-
plate reader. Tissue weight was used to normalize the hydroxy-
proline values, which are presented as μg/mg tissue weight.

Human subjects. All protocols involving human subjects
were approved by the University of Michigan Institutional Review
Board and performed upon obtaining written informed consents.
Patients fulfilling the American College of Rheumatology classifi-
cation for SSc23 and age-, sex-, and ethnicity-matched healthy
controls were recruited. Patient characteristics are summarized
in Supplementary Table 1.

Cell culture. Punch biopsies were obtained from the dorsal
forearm from all enrolled subjects. Dermal fibroblasts were iso-
lated from skin biopsies from healthy volunteers and patients with
diffuse cutaneous (dc) SSc as previously described.20,21 Isolated
dermal fibroblasts were cultured in RPMI1640 supplemented with
10% fetal bovine serum (FBS), L-glutamine, and antibiotics. Cells
between passages 3 and 6 were used in all experiments. In some
experiments, fibroblasts from healthy subjects were treated with
10 ng/mL transforming growth factor (TGF) β1 (Cell Signaling) for
up to 72 hours in RPMI1640 with 1% FBS. Dermal fibroblasts from
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patients with dcSSc were treated with various concentrations of
sCD13 (R&D Systems) for 72 hours in the presence or absence of
B1R inhibitor SSR240612 (Cayman Chemical). For signaling exper-
iments, healthy or dcSSc dermal fibroblasts were serum starved
overnight in RPMI1640 media with 1% FBS then incubated with
10 ng/mL TGFβ1 for 60 min, or 500 ng/mL of sCD13 for 25 min,
with or without pretreatment of the cells with B1R inhibitor
SSR240612 for 60 min. Knockdown of MMP14 or B1R in dermal
fibroblasts was done by Accell siRNA reagents from Horizon Dis-
covery (Cambridge, United Kingdom).

GEO, RNA, and single-cell transcriptome analysis. To
determine the expression of the genes of interest, publicly avail-
able data sets (GEO GSE58095 and GSE130955) generated
from skin biopsies of healthy controls and patients with SSc were
analyzed. To quantitatively evaluate the expression of the genes of
interest, real-time polymerase chain reaction was performed, as
described.24

To examine the expression of ANPEP (gene encoding
CD13), MMP14, and BDKRB1 at a single-cell scale, single-cell
RNA sequencing (RNA-seq) results previously generated from
skin biopsies from 18 healthy controls and 22 patients with early
dcSSc25,26 were analyzed.

Immunolabelling and immunofluorescence. After
treatments, fibroblasts were fixed in formalin and blocked. The
cells were then immunolabelled with antibodies to p-ERK1/2
(Cell Signaling Technology 4376S; clone 20G11) or phosphory-
lated SMAD2 (Cell Signaling Technology 18338S; clone E8F3R)
followed by Alexa Fluor antibodies (Thermo Fisher Scientific).
The slides were mounted with antifade mounting medium with
DAPI (Thermo Fisher Scientific) and visualized under an Olympus
microscope (Olympus, Tokyo, Japan).

Western blotting. Equal amounts of protein were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis then transferred onto a nitrocellulose membrane. The blots
were probed with antibodies against B1R (LS Bio; clone 3A2),
collagen I (Abcam ab138492; clone EPR7785), or α smooth mus-
cle actin (SMA) (Abcam ab5694). Antibodies against β-actin
(Sigma-Aldrich A2066) or GAPDH (Cell Signaling Technology
2118; clone 14C10) were used as loading controls.

Myofibroblast functional analysis and sCD13
quantification. To evaluate the myofibroblast phenotype of
dcSSc fibroblasts, the following endpoints were examined: cell
proliferation, migration, and gel contraction, as previously
described.20 The sCD13 in culture media was quantified using
the Human Aminopeptidase N/CD13 DuoSet Enzyme-Linked
Immunosorbent Assay (R&D Systems).

Skin immunolabelling. Skin biopsies from patients with
dcSSc and healthy volunteers were embedded in OCT

compound, cryosectioned, and immunolabelled using either
anti-human B1R (LSBio clone 3A2), anti–α-SMA (Abcam
ab5694), anti-COL8A1 antibody (LSBio), or purified IgG (Thermo
Fisher Scientific). Cryosections were incubated with Alexa Fluor
secondary antibodies (Thermo Fisher Scientific) for 1 hour at
37�C. Sections were mounted with antifade mounting medium
with DAPI (Thermo Fisher Scientific) and visualized under an
Olympus microscope (Olympus, Tokyo, Japan).9

Statistical analysis. A normality test was first performed to
determine the distribution of the data. To determine the differences
between groups, Student’s 2-tailed t-test, Mann-Whitney test,
Kruskal-Wallis test, one-way analysis of variance, or two-way anal-
ysis of variance were performed using GraphPad Prism version
10 (GraphPad Software, Inc). The Pearson correlation coefficient
was used for correlation analysis for gene expression andmodified
Rodnan skin score (mRSS) or forced vital capacity (percent pre-
dicted). P values of <0.05 were considered statistically significant.
Unless specified, results were expressed as mean ± SD. The val-
ues underlying graphed data and reported means in this study
are available from the corresponding authors upon request.

RESULTS

Mice lacking Cd13 are protected from bleomycin-
induced skin fibrosis. To test the effect of CD13 on skin fibro-
sis, we intracutaneously injected bleomycin or PBS into Cd13−/−

and sex- and age-matched wildtype mice. After 2 weeks,
Cd13−/− mice injected with bleomycin had reduced dermal thick-
ness (P < 0.001) (Figure 1A and B) and skin hydroxyproline con-
tent (P < 0.01) (Figure 1B) compared with similarly treated
wildtype mice. Because sCD13 induces monocyte migration by
binding to B1R,9 we measured monocyte/macrophage infiltration
in the lesional skin. We found that Cd13−/− mice injected with
bleomycin had lower numbers of F4/80-positive cells in the skin
compared with wildtype mice (P < 0.05) (Figure 1C and Supple-
mentary Figure 1A). We then investigated the effect of Cd13 loss
on the expression of fibrotic and inflammatory genes. In
bleomycin-treated Cd13−/− mice, Col1a1, Col8a1, Acta2, and
Tgfb1 expression were decreased compared with wildtype mice
injected with bleomycin, withCol1a1, Col8a1, and Tgfb1 reaching
statistical significance (Figure 1D). Moreover, Ccl2 and Il6 expres-
sion was significantly elevated in bleomycin-treated wildtype but
not in Cd13−/− mice.

CD13, MMP14, and B1R are abundantly expressed in
the skin. To characterize the sCD13 signaling axis in SSc, we
analyzed a transcriptome data set (GEO GSE58095)27 generated
from skin biopsies. We found significantly higher expression levels
of ANPEP (P < 0.01) and MMP14 (P < 0.05) in SSc compared
with healthy skin biopsies (Figure 2A). Furthermore, the expres-
sion of both ANPEP and MMP14 significantly correlated with
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Figure 1. Cd13 knockout mice are protected from bleomycin-induced skin fibrosis. (A and B)Cd13−/−mice injected with bleomycin showed less
skin thickness than wildtype C57BL/6 mice injected with bleomycin (P < 0.001). Hydroxyproline content in skin tissues was significantly reduced in
bleomycin-injected Cd13−/− mice compared with bleomycin-injected wildtype mice (P < 0.01). Original magnification ×10. (C) Significantly higher
number of F4/80-positive monocytes/macrophages were present in skin sections of bleomycin-injected wildtype mice compared with PBS-
injected mice (P < 0.05); this difference was not observed in Cd13−/− mice. (D) Bleomycin induced significant upregulation of fibrotic and pro-
inflammatory genes in wildtype mice (P < 0.05), whereas inCd13−/−mice bleomycin failed to increase these genes. Results are expressed asmean
± SD. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Significance was determined by (B-D) one-way analysis of variance or (D) Kruskal-Wallis
test. Bleo, bleomycin; H&E, hemtoxylin and eosin; KO, knockout; mRNA, messenger RNA; PBS, phosphate buffered saline.
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mRSS (Figure 2B). In contrast, BDKRB1 expression was compa-
rable between healthy and dcSSc skin biopsies and showed
no significant correlation with mRSS (Figure 2A and B). In an
independent SSc skin biopsy data set (GEO GSE130955),28

we observed significant elevation of MMP14 and BDKRB1
expression in patients with SSc compared with healthy con-
trols (Supplementary Figure 2A). However, the expression

levels for the three genes examined did not corelate with
mRSS. We noted that BDKRB1 expression levels trended with
mRSS at the site of the biopsy (Supplementary Figure 2B).
Importantly, expression levels significantly correlated with
forced vital capacity (percentage predicted).

To gain further insights into cell type–specific gene expres-
sion, single-cell analysis on skin biopsies from 22 patients with

Figure 2. CD13, MMP14, and B1R are abundantly expressed in the skin. (A) Increased expression of ANPEP (P < 0.01) andMMP14 (P < 0.05)
was observed in skin biopsies from patients with SSc compared with healthy controls, and BDKRB1 levels were similar in the two groups. Data
were extracted from GEO GSE58095. (B) Analyzing the same GEO dataset, ANPEP andMMP14 expression correlated significantly with modified
Rodnan skin score (mRSS), and BDKRB1 did not. (C) The expression of ANPEP,MMP14, and BDKRB1 was observed in various cell types in the
skin, analyzing single-cell RNA-seq results generated in 18 healthy controls and 22 patients with diffuse cutaneous SSc. (D) The expression of
ANPEP, MMP14, and BDKRB1 was observed in various fibroblast subsets. (E) Co-expression of B1R (green) and α-SMA (red) was observed in
SSc skin mainly in the reticular dermis, whereas in healthy skin, B1R expression was low, with some staining in the blood vessels. White arrows
point to blood vessels, and yellow arrows point to myofibroblasts. Original magnification ×20–40. Results are expressed as mean ± SD. *P <
0.05; **P < 0.01. Significance was determined by (A) unpaired t-test and (B) Pearson correlation. B1R, bradykinin receptor B1; MMP14, matrix
metalloproteinase 14; SMA, smooth muscle actin; SSc, systemic sclerosis.
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SSc and 18 healthy adults was performed. In this analysis, 12 dis-
tinct cell types were identified in the skin.25,26 Remarkably, the
expression of all three genes involved in the sCD13 signaling axis
was elevated in multiple cell populations in SSc skin biopsies
compared with healthy controls (Figure 2C). ANPEP was abun-
dantly expressed on fibroblasts and myeloid cells and was also
expressed on endothelial cells and pericytes. MMP14 was
expressed on various cell types, most abundantly on fibroblasts,
keratinocytes, endothelial cells, and pericytes. BDKRB1 was
mainly expressed in keratinocytes, fibroblasts, and endothelial
cells. Because we had previously noted multiple distinct subpop-
ulations of fibroblasts in the skin,26 we next sought to identify the
expression of ANPEP, MMP14, and BDKRB1 in fibroblast sub-
populations (Figure 2D). ANPEP and MMP14 were expressed in
all seven fibroblast subpopulations identified in the skin, whereas
the expression of BDKRB1 was most abundantly expressed in
COL8A1+ fibroblasts, a subpopulation exclusively seen in SSc
biopsies,26 and a low-level expression on the SFRP2+ subset.
Furthermore, expression of all the genes in the identified fibroblast
subsets was elevated in patients with SSc compared with con-
trols. Importantly, ANPEP, MMP14, and BDKRB1 were all highly
expressed on SSc-exclusive myofibroblast COL8A1+ fibroblasts.

To validate the findings of the single-cell RNA-seq analysis,
we immunolabelled B1R in skin biopsies. Because BDKRB1 was
abundantly expressed on myofibroblasts (Figure 2D), α-SMA,
which is expressed by vascular smooth muscle cells and myofi-
broblasts, was also included. In skin biopsies from healthy con-
trols, B1R expression was overall low and predominantly seen in
dermal blood vessels (Figure 2E, white arrows). In sharp contrast,
B1R expression was remarkably abundant in SSc skin compared
with healthy skin, specifically in the reticular dermis (Figure 2E, yel-
low arrows). Although B1R was expressed in blood vessels, it
was also frequently observed in α-SMA–positive myofibroblasts.
Here we found that COL8A1 was expressed mainly in the blood
vessels in normal skin but was abundantly expressed in SSc skin,
in both blood vessels (white arrows) and myofibroblasts (yellow
arrows, Supplementary Figure 3). Co-expression of B1R with α-
SMA and COL8A1 in SSc skin biopsies suggests a functional
relationship between myofibroblast differentiation and B1R
expression.

We have previously demonstrated that MMP14 generates
the soluble form of CD13 in fibroblast-like synoviocytes.7 To
determine whether similar CD13 cleavage also occurs in dermal
fibroblasts, we performed MMP14 knockdown in dcSSc dermal
fibroblasts and measured sCD13 levels in the culture media. The
results showed that knocking down MMP14 in dcSSc fibroblasts
significantly reduced sCD13 in the culture media (Supplementary
Figure 4A). These results therefore indicate that MMP14 acts as
the sheddase for sCD13 in skin fibroblasts similar to fibroblast-like
synoviocytes.

To determine the expression of ANPEP, MMP14, and
BDKRB1 in explanted fibroblasts, we performed quantitative

polymerase chain reaction and immunoblotting using fibro-
blasts isolated from skin biopsies of healthy controls and
patients with dcSSc. We found that the expression of BDKRB1
was significantly elevated in dcSSc fibroblasts compared with
those of healthy controls (P < 0.05) (Figure 3A), whereas the
expression of ANPEP and MMP14 was comparable. Elevated
protein levels of B1R in dcSSc dermal fibroblasts were also
observed (Figure 3B).

Because TGFβ plays a key role in SSc fibrosis, we next
sought to determine the effect of TGFβ1 on ANPEP, MMP14,
and BDKRB1 expression in normal fibroblasts. We found that
ANPEP expression was significantly down-regulated by TGFβ1
(Figure 3C). In contrast,MMP14 and BDKRB1 were up-regulated
by TGFβ1, as early as 6 hours for BDKRB1. Next, we determined
the effect of TGFβ1 on the secretion of CD13. sCD13 released
from TGFβ1-treated dcSSc fibroblasts, as measured in the cul-
ture media, was significantly higher compared with cells from
healthy controls (Figure 3D). These results suggest that TGFβ1,
an essential cytokine in this disease, upregulates sCD13 and
B1R in SSc dermal fibroblasts.

Blockade of sCD13 by B1R inhibition or knockdown
alleviates myofibroblast phenotypes and signaling in
dcSSc fibroblasts. Next, we examined how sCD13 and B1R
affect the phenotype of SSc fibroblasts. We investigated whether
sCD13 and the B1R inhibitor SSR240612 affected fibrotic genes,
including COL1A1 and ACTA2. sCD13 increased COL1A1 and
ACTA2 expression and protein production in dcSSc fibroblasts
in a dose-dependent manner. The inhibition of B1R by
SSR240612 down-regulated both gene expression and protein
levels (Figure 4A and B). Furthermore, we observed that cell
proliferation was promoted by sCD13 in a dose-dependent
manner and significantly suppressed by the addition of higher
concentrations of SSR240612 (Figure 4C). Gel contraction by
myofibroblasts was enhanced in dcSSc compared with healthy
controls.29 We determined that gel contraction was enhanced
by sCD13 in dcSSc fibroblasts and inhibited by SSR240612
(Figure 4D). Consistent with these results, fibroblast migration
was enhanced by sCD13 and inhibited by SSR240612
(Figure 4E).

We had previously shown that sCD13 induces the phos-
phorylation of ERK1/2 in various cell types.9 Therefore, we next
investigated whether sCD13 similarly activates this signaling path-
way in SSc dermal fibroblasts. Immunolabelling and immunofluo-
rescence showed that sCD13 stimulation of SSc fibroblasts led to
significant phosphorylation of ERK1/2, which could be blocked by
pretreatment with the B1R inhibitor SSR240612 (Figure 4F).
Notably, sCD13 treatment also induced phosphorylation of
SMAD2 in dcSSc fibroblasts, and this effect was also inhibited
by B1R blockade (Figure 4G). Furthermore, in a separate series
of experiments, we noted that sCD13 failed to stimulate expres-
sion of COL1A1 and ACTA2 in dcSSc dermal fibroblasts with
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B1R knockdown (Figure 4H and Supplementary Figure 4B), and
this effect was consistent at the protein level as well (Figure 4I).
These results suggest that the B1R blockade ameliorates a myo-
fibroblast phenotype that is exacerbated by sCD13.

B1R inhibition mitigates the pro-fibrotic effects of
TGFβ1 in healthy dermal fibroblasts. Treatment with TGFβ1
stimulates the expression of both sCD13 and its receptor B1R in
SSc dermal fibroblasts. Therefore, we next sought to determine if
B1R inhibition could counteract the pro-fibrotic effects of TGFβ1.
Treatment of healthy dermal fibroblasts with TGFβ1 induced robust
fibrotic gene expression at both the mRNA and protein levels; how-
ever, in the presence of the B1R inhibitor SSR240612, the TGFβ1
induction of these genes was substantially attenuated (Figure 5A
and B). Notably, SSR240612 significantly blocked TGFβ1-induced
sCD13 secretion from healthy dermal fibroblasts (Figure 5C).
Moreover, B1R inhibition significantly prevented TGFβ1-induced cell
proliferation and migration in these fibroblasts (Figure 5D and E).
B1R inhibition with SSR240612 also blocked the TGFβ1-induced
phosphorylation of SMAD2 (Figure 5F).

B1R blockade in mice attenuates bleomycin-
induced skin fibrosis. To further determine whether B1R is a
potential therapeutic target for SSc fibrosis, we evaluated the anti-
fibrotic efficacy of B1R inhibitor SSR240612 in a bleomycin skin
fibrosis mice model. In the prevention model in which B1R

inhibition was initiated concurrently with the start of bleomycin
injections, we noted that SSR240612 significantly attenuated
bleomycin-induced skin thickness, including fibrotic area, and
reduced skin hydroxyproline content (Figure 6A and B). We
also observed that the number of F4/80-positive monocytes/
macrophages in the skin was promoted by injection of bleomy-
cin and significantly suppressed by SSR240612 (Figure 6C
and Supplementary Figure 1B). The expression of fibrotic
genes, including Col1a1, Col8a1, Acta2, and Tgfb1 was up-
regulated by bleomycin and significantly down-regulated by
treatment with SSR240612 (Figure 6D). Similar results were
observed for inflammatory genes Ccl2 and Il6. Comparable
results were observed in the therapeutic model, in which fibro-
sis was first established before administering the B1R inhibitor,
with reductions in dermal thickness and hydroxyproline con-
tent (Figure 6E and F).

To confirm the role of B1R in bleomycin-induced fibrosis, we
used Bdkrb1 knockout mice. Consistent with the findings from
SSR240612 treatment, Bdkrb1 knockout mice exhibited reduced
bleomycin-induced skin thickness and lower hydroxyproline
levels (Figure 6G and H). In addition, Bdkrb1 knockout mice
injected with bleomycin had lower numbers of F4/80-positive cells
in the skin compared with wildtype mice injected with bleomycin
(Figure 6I and Supplementary Figure 1C). And finally, fibrotic
genes, including Col1a1, Col8a1, Acta2, and Tgfb1, as well as
inflammatory genes Ccl2 and Il6 were significantly lower in

Figure 3. CD13, MMP14, and B1R are increased in dermal fibroblasts isolated from patients with dcSSc. (A) In cultured dcSSc dermal fibro-
blasts, increased expression of BDKRB1 was detected compared with that from healthy controls (P < 0.05), whereas ANPEP andMMP14 levels
were similar. (B) Increased B1R levels were shown in dermal fibroblasts from patients with dcSSc compared with healthy controls. (C) TGFβ sup-
pressed the expression of ANPEP and increased MMP14 and BDKRB1 mRNA in fibroblasts isolated from healthy controls. (D) TGFβ increased
sCD13 levels in culture media from dcSSc dermal fibroblasts compared with those of healthy controls. Results are expressed as mean ± SD. *P
< 0.05; **P < 0.01; ***P < 0.001. Significance was determined by (A-B) unpaired t-test, (C) Mann-Whitney test, and (D) one-way analysis of vari-
ance. B1R, bradykinin receptor B1; dcSSc, diffuse cutaneous systemic sclerosis; MMP14, matrix metalloproteinase 14; mRNA, messenger
RNA; NT, Not-treated; sCD13, soluble CD13; TGFβ, transforming growth factor β; WB, Western blot.
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Figure 4. sCD13 and B1R promote myofibroblast phenotypes and signaling in dcSSc fibroblasts. (A and B) B1R inhibitor SSR240612
suppressed sCD13-induced both mRNA and protein levels of COL1 and α-SMA in dcSSc fibroblasts. (C–E) SSR240612 inhibited
sCD13-induced cell proliferation, gel contraction, and migration of dcSSc fibroblasts (P < 0.05). (F–G) sCD13 induced phosphorylation of
ERK1/2 (red) or SMAD2 (red) in dcSSc fibroblasts, which were blocked by SSR240612 (P < 0.05). Results were presented as the percent-
age of red-positive cells/DAPI-stained nucleus. (H and I) B1R knockdown suppressed sCD13-induced fibrotic genes in dcSSc fibroblasts.
Results are expressed as mean ± SD or (E) mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Significance was determined by
(A–D, F) Kruskal-Wallis test, (G–I) one-way analysis of variance, and (E) two-way analysis of variance. B1R, bradykinin receptor B1; dcSSc,
diffuse cutaneous systemic sclerosis; mRNA, messenger RNA; NT, not-treated; sCD13, soluble CD13; siRNA, small interfering RNA; SMA,
smooth muscle actin; SSR, SSR240612; WB, Western blot.
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bleomycin-treated Bdkrb1 knockout mice compared with
bleomycin-treated wildtype mice (Figure 6J).

DISCUSSION

In this study, we sought to determine the expression and role
of the widely expressed aminopeptidase CD13 in SSc. CD13 is
increasingly implicated in inflammatory diseases and promotes
inflammatory cell adhesion, migration, and aggregation.4 Previous
studies have demonstrated important roles for CD13 in
rheumatoid arthritis, psoriasis, and connective tissue dis-
eases.11,30,31 We showed that MMP14 cleaves off the soluble
form of CD13 from the cell surface.7 Significantly, using a
series of orthogonal experimental approaches, we recently
identified B1R as the cellular receptor for sCD13.9 These
observations highlight the significance of the sCD13-B1R sig-
naling axis in the pathogenesis of multiple inflammatory condi-
tions. In the present study, we demonstrated, for the first
time, the importance of this pathway in SSc by showing the
antifibrotic efficacy of B1R blockade in vitro and in vivo, com-
plemented with the demonstration that mice lacking either
Cd13 or Bdkrb1 were protected from bleomycin-induced skin
fibrosis. We believe that these results identify a novel and
promising therapeutic target for SSc fibrosis.

We found abundant expression of ANPEP, MMP14, and
BDKRB1 in SSc skin as well as in isolated dermal fibroblasts.
According to our single-cell RNA-seq analysis, ANPEP was highly

expressed on fibroblasts and myeloid cells, whereasMMP14was
widely expressed on various cell types (Figures 2 and 3). Interest-
ingly, BDKRB1 was highly expressed on COL8A1+ fibroblasts.
This subset is the myofibroblast cluster observed exclusively in
dcSSc skin.25,26 Indeed, we confirmed in SSc skin that B1R is
expressed mainly on myofibroblasts in the deep dermis and that
its expression is also significantly elevated in isolated SSc der-
mal fibroblasts. This could possibly explain the discrepancy we
found regarding BDKRB1 expression in whole-skin biopsies
and dermal fibroblasts (Figure 2 and 3). It could also explain
why BDKRB1 expression does not correlate with skin score,
whereas ANPEP and MMP14 correlate significantly in the
GEO data analysis (Figure 2B). Nonetheless, the consistent
observation that B1R is highly expressed on SSc-specific myo-
fibroblasts, and that CD13 and MMP14 are expressed in the
skin, suggest that sCD13, which is shed by MMP14 in SSc
skin, acts on myofibroblasts via B1R locally. This notion sup-
ports our findings that sCD13 is significantly more abundant
in supernatants from SSc fibroblast cultures compared with
healthy fibroblasts (Figure 3D).

We further demonstrated that sCD13-treated SSc fibro-

blasts exhibited characteristic myofibroblast features, and myofi-

broblast transition by sCD13 could be suppressed by a B1R

antagonist (Figure 4). Notably, B1R inhibition also blocked the

pro-fibrotic effects of TGFβ1 in healthy dermal fibroblasts

(Figure 5). Furthermore, mice null of Cd13 or B1R, or wildtype

mice treated with SSR240612, were protected from bleomycin-

Figure 5. B1R inhibition alleviates the pro-fibrotic effects of TGFβ1 in dcSSc fibroblasts. (A and B) B1R inhibitor SSR240612 suppressed TGFβ1
induced both mRNA and protein levels of COL1 and α-SMA in dcSSc fibroblasts. (C) SSR240612 inhibited TGFβ-induced sCD13 shedding in
dcSSc fibroblasts (P < 0.05). (D and E) TGFβ1-induced cell proliferation and migration was blocked by B1R inhibitor SSR240612 (P < 0.05).
(F) TGFβ1-induced phosphorylation of SMAD2 (red) in dcSSc fibroblasts was blocked by SSR240612 (P < 0.05). Results are expressed as mean
± SD or (D and E) mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Significance was determined by (A–C, F) one-way analysis of
variance and (D and E) two-way analysis of variance. B1R, bradykinin receptor B1; dcSSc, diffuse cutaneous systemic sclerosis; mRNA, messen-
ger RNA; NT, not-treated; sCD13, soluble CD13; SMA, smooth muscle actin; SSR, SSR240612; TGFβ, transforming growth factor β; WB, West-
ern blot.

MURAOKA ET AL88



induced skin fibrosis, including attenuated induction of Col8a1

and pro-inflammatory genes, indicating that the sCD13-B1R axis

plays a pivotal role in SSc fibrosis and could be a potential thera-

peutic target.
In the present study, we showed that B1R is abundant in

dcSSc skin, specifically in myofibroblasts. We further demon-
strated that this elevation is mediated, at least in part, by TGFβ1.
Although TGFβ1 down-regulated CD13 at the transcriptional level
(Figure 3C), we showed that TGFβ1 significantly promoted sCD13
release from dcSSc fibroblasts. This could be mediated by the

significant increase of MMP14 observed in various stromal cell
populations in dcSSc skin, including various fibroblast subsets
(Figure 2D). The upregulation of MMP14 also appears to be
TGFβ1-dependent (Figure 3C). We also confirmed that MMP14
is the sheddase for generating sCD13 in dermal fibroblasts (Sup-
plementary Figure 4A).

Because sCD13 activates the ERK signaling pathway via
B1R,8,9 we posit that the pro-fibrotic effect of the sCD13-B1R
axis could also be mediated via the ERK pathway. Indeed, we
showed that sCD13 induced significant ERK1/2 phosphorylation

Figure 6. B1R blockade in mice attenuates bleomycin-induced skin fibrosis. (A and B) B1R inhibitor SSR240612 attenuated bleomycin-induced
skin thickness and hydroxyproline content (P < 0.05) in wildtype C57BL/6 mice in the prevention model. (C) SSR240612 reduced bleomycin-
induced F4/80 positive cells in skin tissue (P < 0.0001). (D) SSR240612 decreased bleomycin-induced expression of pro-fibrotic and pro-inflam-
matory genes in mice skin (P < 0.05). (E and F) Significant fibrosis was established by bleomycin injection in mice for 2 weeks, and SSR240612
treatment for the following 2 weeks blocked skin fibrosis significantly. (G and H) Bleomycin-induced skin fibrosis was less prominent in B1R knock-
out mice compared with wildtype mice as shown by significant reduction in skin thickness and hydroxyproline content (P < 0.05). (I) B1R knockout
mice showed fewer F4/80-positive cells in the skin compared with wildtype mice injected with bleomycin (P < 0.0001). (J) B1R knockout mice
showed lower levels of bleomycin-induced fibrotic and inflammatory genes in the skin compared with wildtype mice. Original magnification ×10.
Results are expressed as mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Significance was determined by (B–D, F, H–J) one-
way analysis of variance and (D, F, J) Kruskal-Wallis test. B1R, bradykinin receptor B1; Bleo, bleomycin; H&E, hemtoxylin and eosin; KO, knock-
out; mRNA, messenger RNA; PBS, phosphate buffered saline; SSR, SSR240612.
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in dcSSc dermal fibroblasts (Figure 4F). There is growing evi-
dence that ERK1/2 is involved in fibrosis in SSc. In fact, ERK1/2
has been documented to be involved in fibroblast proliferation,32

and IL11-dependent ERK1/2 signaling is required for TGFβ to
induce a pro-fibrotic response in dermal fibroblasts.33 Interest-
ingly, PTP4A1 is reported to be a key promoter of TGFβ signaling
in primary skin fibroblasts and bleomycin-induced fibrosis in
vivo.34 PTP4A1 promotes TGFβ signaling in human fibroblasts
through enhanced ERK1/2 activity, which stimulates SMAD3
expression and nuclear migration. These findings support the
possibility that the pro-fibrotic effect of sCD13 is mediated in part
by activating ERK1/2 in fibroblasts.

There are some limitations of this study. Although our goal is
to treat systemic fibrosis in SSc, we focused exclusively on skin
fibrosis in this study. Interestingly, B1R expression in various lung
diseases has been reported.35,36 Further investigation is needed
to assess the effect of inhibition of sCD13-B1R in other organs
or fibrotic conditions. Second, we only focused on specimens
from patients with dcSSc. Because B1R expression depends
highly on stimuli such as TGFβ1, the expression pattern of this
receptor on other SSc disease subtypes requires further exami-
nation. B1R could be a potential target for precision medicine
approaches for this disease.

Based on our findings, the role of the sCD13-B1R axis in
dcSSc skin lesions is depicted in Supplementary Figure 5. CD13
is distributed mainly in myeloid cells and fibroblasts in SSc skin.
MMP14 is widely expressed in the skin, including keratinocytes,
endothelial cells, and fibroblasts, and serves to cleave CD13 off
from cell membranes. B1R is specifically expressed on both
SFRP2+ and COL8A1+ fibroblasts. Interestingly, from our pseu-
dotime analysis there is evidence that the SFRP2+ fibroblasts dif-
ferentiate into the COL8A1+ fibroblasts.26 Therefore, it is possible
that the sCD13-B1R pathway on these cells promotes and main-
tains myofibroblast differentiation in the deep dermis. Further-
more, suppression of B1R may indirectly inhibit myofibroblast
transformation by suppressing the migration of monocytes or
macrophages to the cutaneous loci. We have previously shown
that sCD13 induces angiogenesis in endothelial cells.8 Because
B1R is expressed on SSc endothelial cells, yet angiogenesis is
impaired in SSc, this apparent disconnection requires further
investigation and may reflect abnormal responses to angiogenic
stimuli in SSc endothelial cells. Taken together, our results provide
evidence that sCD13 is involved in skin fibrosis via B1R by pro-
moting myofibroblast transformation and that the blockade of
the sCD13-B1R axis warrants evaluation as a potential therapeu-
tic option for SSc fibrosis.
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Mutual Amplification of GLI2/Hedgehog and Transcription
Factor JUN/AP-1 Signaling in Fibroblasts in Systemic
Sclerosis: Potential Implications for Combined Therapies

Christina Bergmann,1 Sara Chenguiti Fakhouri,1 Thuong Trinh-Minh,2 Tim Filla,2 Aleix Rius Rigau,1 Arif B. Ekici,3

Benita Merlevede,1 Ludwig Hallenberger,1 Honglin Zhu,4 Clara Dees,1 Alexandru-Emil Matei,2 Janina Auth,1

Andrea-Hermina Györfi,2 Xiang Zhou,2 Simon Rauber,1 Aline Bozec,1 Nicholas Dickel,5 Chunguang Liang,5

Meik Kunz,6 Georg Schett,1 and Jörg H.W. Distler2

Objective. Deregulation of the cJUN/AP-1 and hedgehog/GLI2 signaling pathways has been implicated in fibro-
blast activation in systemic sclerosis (SSc). However, the consequences of their concomitant up-regulation are
unknown. Here, we tested the hypothesis that mutual amplification of both pathways might drive persistent fibroblast
activation.

Methods. Cultured fibroblasts and skin sections of patients with diffuse SSc and healthy volunteers were analyzed.
cJUN/AP-1 signaling and hedgehog/GLI2 signaling were inhibited using knockdown and pharmacologic approaches.
Hedgehog signaling was activated in mice by fibroblast-specific overexpression of constitutively active Smoothened.

Results. cJUN and GLI2 are concomitantly up-regulated and colocalize in fibroblasts of patients with SSc
compared to healthy controls. Activation of hedgehog/GLI2 signaling induces the expression of cJUN in vitro
and in vivo, whereas inactivation of GLI2 inhibits cJUN expression. Likewise, inactivation of cJUN impairs the
expression of GLI2. This mutual regulation occurs at the level of transcription with binding of cJUN and GLI2
to specific binding motifs. Interference with this mutual amplification of cJUN signaling and GLI2 signaling
inhibits fibroblast activation and collagen release: Inhibition of cJUN/AP-1 signaling ameliorates hedgehog-
induced fibroblast activation and skin fibrosis in SmoACT mice with a reduction of skin thickness of 103% (P =
0.0043) in the treatment group compared to the fibrotic control group. Moreover, combined pharmacologic inhi-
bition of cJUN/AP-1 and hedgehog/GLI2 exerts additive antifibrotic effects in a model of TGFβ-driven experi-
mental fibrosis (TBRACT mice).

Conclusion. The transcription factors cJUN and GLI2 reinforce each other’s activity to promote fibroblast activa-
tion in SSc. Interruption of this crosstalk by combined inhibition of both pathways exerts additive antifibrotic effects
at well-tolerated doses.
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INTRODUCTION

Systemic sclerosis (SSc) is a chronic fibrosing connective
tissue disorder that affects the skin and various inner organs.1,2

A central hallmark of SSc is the uncontrolled and persistent acti-
vation of fibroblasts, which results in the excessive release of
extracellular matrix. Myofibroblasts are key effectors of pathologic
tissue remodeling and tissue fibrosis. In normal wound healing,
myofibroblasts occur transiently to promote repair. In contrast,
myofibroblasts persist in the pathologic context of fibrotic
diseases such as SSc1,2 and promote chronic fibrotic remodeling.
Although the mechanisms of aberrant fibroblast activation are
incompletely understood, several core transcription factors of
fibrotic tissue remodeling, such as the activator protein 1 (AP-1)
member cJUN or the hedgehog transcription factor GLI2, have
been identified. Activation of cJUN and GLI2 are common
denominators of fibrotic diseases: Both pathways have been
shown to be sufficient and required for the development of fibro-
sis in preclinical models.3–10 Thus, both pathways are potential
candidates for targeted antifibrotic therapies. cJUN is centrally
involved in homeostatic functions such as cell proliferation and sur-
vival, while hedgehog signaling plays a critical role for stem cell
revival.11,12 Although small molecule inhibitors are in clinical devel-
opment (for cJUN/AP-1) or are already in clinical use (for hedgehog
signaling), prolonged inhibition of cJUN/AP-1 and hedgehog sig-
naling with higher doses of inhibitors in a chronic disease such as
SSc might be complicated by dose-limiting adverse events.

Combinations of synergistic therapies may enable dose
reduction of individual drugs, resulting in reduced toxicity but
comparable or even improved efficacy. This concept might
be particularly critical for targets with major homeostatic func-
tions such as cJUN and GLI2, as low-grade residual activity is
often sufficient to maintain tissue homeostasis, but the
achieved extent of inhibition might still be effective in breaking
the pathologic signaling output caused by uncontrolled
activation in pathologic conditions. First evidence of the
mutual interaction of cJUN and GLI2 has been described in
keratinocytes,13 and a previous study demonstrated that cJun
induces skin fibrosis through the hedgehog-mediated multipli-
cation of CD26+, Sca− fibroblasts in a murine, cJun-driven
fibrosis model.14

The aim of this study was to characterize the mutual inter-
action of cJUN/AP-1 and hedgehog/GLI2 signaling in human
fibroblasts and different murine models of SSc as a

prototypical chronic fibrosing disorder and to test the hypoth-
esis that combination therapies with lower doses of inhibitors
of cJUN/AP-1 and hedgehog/GLI2 signaling may have addi-
tive antifibrotic effects and better tolerability than high-dose
monotherapies.

MATERIALS AND METHODS

Patients and fibroblasts. Human dermal fibroblasts were
isolated from skin biopsies of 7 patients with SSc and 12 healthy
volunteers. All patients fulfilled the 2013 American College of
Rheumatology/EULAR criteria for SSc.15 Four patients were
female; three were male. The median age of patients with SSc
was 48 years (range: 32–62 years), and their median disease
duration was 6.3 years (range: 0.6–23 years). All patients and vol-
unteers signed a consent form approved by the local institutional
review board. Patients with active and inactive skin disease were
included in the study. Active skin disease was defined as progres-
sion of skin fibrosis (increase of modified Rodnan Skin Score >5
within 12 months).16

Fibroblast-specific overexpression of Smo (SmoACT;
Col1a2-Cre-ER transgenic mice). To analyze the effects of
activated hedgehog signaling in vivo, we generated a mouse
model with fibroblast-specific overexpression of active Smooth-
ened (SmoACT mice). Briefly, Col1a2-Cre-ER mice, expressing a
tamoxifen-sensitive Cre recombinase CreERT under the control
of a 6 kbp, fibroblast-specific Col1a2 promoter fragment,17

were cross-bred with SmoACT mice that harbor a Cre-inducible
SmoACT mutation (W539L point mutation) to generate SmoACT

Col1a2-Cre-ER double transgenic mice. Upon induction of
recombination by tamoxifen at the age of 4 weeks, these mice
overexpress SmoACT selectively in fibroblasts, resulting in
increased dermal thickness, myofibroblast counts, and collagen
content after 8 weeks. Treatment with the cJUN/AP-1 inhibitor
T5224 was performed in a preventive manner and started
1 week after tamoxifen application at the age of 5 weeks.
Control mice were injected with oil, the solvent of T5224.

TBRACT mice. To induce dermal fibrosis by selective activa-
tion of transforming growth factor β (TGFβ) signaling, attenuated
adenoviruses encoding for a constitutively active TGFβ receptor
type I (adTBR) were injected at a concentration of 6.67 ×
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107 infectious units into the upper back of 4-week-old male
C57BL/6 mice. Injections of transgene beta-galactosidase (lacZ)
by replication-deficient adenoviral vectros (adLacZ) served as
controls.18 Injections were performed four times with two weekly
intervals. Mice were treated with T5224 (3 or 30 mg/kg/day, oral
gavage), GANT-61 (2 or 20 mg/kg/day, intraperitoneally) or sol-
vents in a preventive manner. The application of T5224 and
GANT-61 was started in parallel with the first injection of adTBR
or adLacZ.

Fibroblast-specific knockdown of Gli2. Mice with
conditional alleles of GLI2 (GLI2fl/fl) were cross-bred with
Col1a2-Cre-ER mice to generate GLI2fl/fl;Col1a2-Cre-ER mice.
Cre-mediated recombination was induced at the age of
4 weeks by injection of tamoxifen (100 mg/kg for 5 days); oil,
the solvent of tamoxifen, was used for controls. In addition,
GLI2fl/fl;Col1a2-Cre-ER mice were injected with attenuated
adenoviruses encoding for a constitutively active TGFβ recep-
tor type I (adTBR) as described in the previous section.3 Injec-
tions of adLacZ served to control for the adTBR virus
injections.18 Further methods are described in Supplementary
Materials and Methods.

RESULTS

Concurrent up-regulation of cJUN and GLI2 in
fibroblasts in SSc skin. cJUN is the AP-1 family member with
the highest expression levels in SSc fibroblasts, and GLI2 is the
predominant hedgehog transcription factor in SSc.3,5 We thus
analyzed the expression patterns of cJUN and GLI2 as readouts
for activation of both pathways in SSc skin. The expression of
cJUN and GLI2 were both significantly increased in patients with
SSc with progressive skin fibrosis as compared to matched
healthy individuals with increased numbers of cJUN- and
GLI2-positive fibroblasts (Figure 1A). Of particular note, the
numbers of cJUN- and GLI2-double-positive fibroblasts were
highly increased in SSc, with >50% of SSc fibroblasts coexpres-
sing cJUN and GLI2 compared to 27% of fibroblasts in healthy
controls. Confocal microscopy confirmed the concomitant
up-regulation of cJUN and GLI2 in fibroblasts in SSc compared
to normal skin (Figure 1B), confirming simultaneous activation
of cJUN/AP-1 and hedgehog/GLI2 signaling in SSc fibroblasts.
In addition to fibroblasts, we investigated the expression of
cJUN and GLI2 in relation to CD31+ cells and CD45+ cells using
imaging mass cytometry (Supplementary Figure S1). We
observed a tendency of up-regulation of cJUN and GLI2 in both
CD31+ cells and CD45+ cells; however, the differences were not
statically significant and not as pronounced as in fibroblasts.
Although the lack of statistically significant differences in expres-
sion levels does not exclude functional effects, we thus focused
our studies on fibroblasts that demonstrate higher expression

levels and statistically significant differences between patients
and controls.

Mutual induction of cJUN and GLI2 signaling in
fibroblasts. Next, we aimed to analyze whether GLI2 and cJUN
regulate each other. Thus, we overexpressed cJUN and GLI2 in
cultured fibroblasts, respectively, and analyzed the expression of
GLI2 and cJUN by Western blot: Overexpression of cJUN
resulted in the up-regulation of GLI2, and overexpression of
GLI2 induced cJUN expression (Figure 1C). Consistently, we
observed a down-regulation of GLI2 upon knockdown of cJUN
and, vice versa, a down-regulation of cJUN upon GLI2 knock-
down (Figure 1D). These results indicate that cJUN and GLI2
mutually regulate the expression of each other. To confirm the
mutual regulation of cJun and Gli2 in vivo, we analyzed the
expression of cJun and the number of cJun-positive fibroblasts
in a mouse model characterized by the fibroblast-specific overex-
pression of a constitutively active Smoothened mutant (SmoACT):
Messenger RNA (mRNA) levels of cJun and the number of
cJun-positive mesenchymal cells was significantly increased
in SmoACT mice compared to control mice (Figure 1E and Supple-
mentary Figure 2). Other members of the AP-1 family such as
JunB, JunD, FosB, FosC, and Fra2 were not differentially
expressed in SmoACT mice (Supplementary Figure 3), highlighting
the specific interaction of Gli2 with cJun. Consistently, fibroblast-
specific knockout of Gli2 prevented the induction of cJun in
mice overexpressing a constitutively active TGFβ receptor type I
(TBRIACT) (Supplementary Figure 4A). In contrast to cJun knock-
out mice, mice overexpressing cJun under a ubiquitous H2kB

promoter do not demonstrate a clinical phenotype,11 indicating
that the overexpression of cJun can be compensated by endoge-
nous mechanisms. Thus, overexpression models may not be suit-
able options to study the effects of chronic activation of cJun.
However, we have previously shown that TGFβ induces the
expression of cJUN in SSc fibroblasts.3 We thus used mice
with overexpression of a constitutively active TGFβ receptor
1 (TBRACT mice) upon treatment with adTBR virus to activate
cJun/AP-1 signaling. The number of Gli2-positive mesenchymal
cells was increased in TBRACT mice compared to control mice
treated with adLacZ virus (Figure 1F). The inhibition of cJun signal-
ing by the selective AP-1 inhibitor T52246 prevented the increase
in the number of Gli2-positive mesenchymal cells in the skin of
TBRACT mice (Figure 1F). Moreover, treatment with T5224 also
reduced the levels of Ptch2 mRNA, a prototypical GLI-target
gene, in murine skin of SMOACT mice (Supplementary Figure 4B).
These results support the regulatory role of cJun/AP-1 signaling
on Gli2/hedgehog signaling.

Mechanisms of mutual amplification of cJUN and
GLI2. We next tested the hypothesis that cJUN and GLI2 may
activate the transcription of each other by binding to specific bind-
ing motifs in their promoters. We found 12 GLI2 binding sites in
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the cJUN promotor (−1,000 to +5,000 kb) (Supplementary Fig-
ure 4). AP-1-dependent reporter assays experimentally confirmed
an increase in AP-1 reporter activity upon stimulation with sonic
hedgehog cytokine (SHH).

We also identified seven JUN binding sites in the GLI2 promo-
tor. Moreover, inhibition of cJUN signaling by treatment with T5224
prevented the induction of GLI-reporter activity by TGFβ in Light2
reporter cells (Supplementary Figure 5). In extension to these exper-
iments, we analyzed DNA binding of GLI2 upon overexpression of
cJUN with or without TGFβ stimulation using chromatin immuno-
precipitation sequencing (ChIPSeq). We also analyzed DNA binding
of cJUN upon GLI2 overexpression by ChIPSeq. Overexpression of
cJUN resulted in a 4.6-fold increase in DNA binding/gene detection
of GLI2 (Supplementary Figure 6A). Overexpression of GLI2 had
milder effects on DNA binding/gene detection of cJUN, with
1.5-fold increases (Supplementary Figure 6A), which might be due

to higher DNA binding of cJUN in general. Gene ontology term
enrichment analysis indicated that DNA binding occurred at genes
with relevance to fibrotic tissue remodeling, such as “extracellular
matrix organization,” “Notch signaling,” and “vascular smooth
muscle cell differentiation” (upon GLI2 overexpression and precipi-
tation for cJUN) and “cytoskeletal organization” and “cell-cell junc-
tion” (upon cJUN overexpression and precipitation for GLI2;
Supplementary Figure 6B).

Inhibition of cJUN/AP-1 signaling ameliorates
hedgehog-induced fibroblast activation and skin
fibrosis. Overexpression of constitutively active smoothened
(Smo) induced a selective activation of hedgehog signaling with
increased mRNA levels of the hedgehog target gene Ptch2 in
the skin of mice, without effects on other developmental path-
ways such as Wnt signaling with its target genes Axin2 and

Figure 1. cJUN and GLI2 are concomitantly overexpressed in SSc and induce their mutual expression. (A) Concomitant up-regulation of cJUN
and GLI2 in lesional fibroblasts in SSc versus healthy participants. Representative images of immunofluorescence staining for cJUN (red), GLI2
(yellow), and co-staining with P4Hβ (green) and DAPI (blue) in the dermis of healthy donors (n = 5; 1–2 technical replicates) and patients with dcSSc
(n = 5; 1–2 technical replicates) patients at 1,000-fold magnification. Voronoi diagrams and quantification of cJUN-positive fibroblasts,
GLI2-positive fibroblasts, and cJUN/GLI2-double-positive fibroblasts are included as bar graphs. (B) Representative fibroblast at 10,000-fold
magnification using confocal microscopy. Quantification: Dots represent individual cells from a total of four patients and four controls. (C,D) Mutual
regulation of expression levels of cJUN and GLI2 in fibroblasts upon overexpression (panel C; n = 3 per group) or knockdown by siRNA (panel D; n
= 4 per group). (E) Increased expression of cJun in SmoACT mice compared to control mice on mRNA level (n = 5/group) and protein level
as assessed by quantification of cJun,Vim+ mesenchymal cells (n = 6/group). (F) Decreased numbers of Gli2-positive mesenchymal cells in
TBRACT mice upon inhibition of cJun/AP-1 signaling by T5224 (n = 5; 1–2 technical replicates). Data are presented as median with interquartile
range. *P < 0.05; **P < 0.01; ***P < 0.001. ctrl, control; dcSSc, diffuse Systemic Sclerosis; LacZ, transgene beta-galactosidase; mRNA, messen-
ger RNA; nt, nontargeting; siRNA, small interfering RNA; SSc, systemic sclerosis; tamo, tamoxifen; TBR, TGFβ receptor I.
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c-Myc (Figure 2A). The selective activation of hedgehog signaling
in SmoACT mice by tamoxifen was sufficient to induce skin fibrosis
with increased dermal thickness, accumulation of myofibroblasts,
and higher hydroxyproline content compared to control litter-
mates injected with corn oil (Figure 2A) 8 weeks after the applica-
tion of tamoxifen. Of note, the concomitant inhibition of cJun/
AP-1 signaling using the cJun/AP-1 inhibitor T5224, which was
applied daily starting from the day of the first application of
tamoxifen, completely prevented SmoACT-induced skin fibrosis
with dermal thickness, myofibroblast counts, and hydroxyproline
content comparable to those in nonfibrotic control mice
(Figure 2A). Skin thickening was reduced by 103% (p=0.0043) in

SmoACT mice treated with T5224 compared to SmoACT mice
treated with corn oil.

Inhibition of cJUN/AP-1 signaling also blocked GLI2-induced
fibroblast activation and collagen release in human dermal fibro-
blasts. Incubation of cultured human fibroblasts with recombinant
SHH increased the levels of COL1A1mRNA and the release of col-
lagen protein and induced fibroblast-to-myofibroblast transition with
increased expression of αSmooth Muscle Actin (αSMA) and of
stress fibers (Figure 2B and 2C). These profibrotic effects of SHH
were blocked by treatment with cJUN/AP-1 inhibitor T5224, which
returned the levels of collagen and the expression of myofibroblast
markers to those of resting fibroblasts (Figure 2B and 2C).

Figure 2. Pharmacologic inhibition of cJUN/AP-1 ameliorates hedgehog-induced fibroblast activation and skin fibrosis. (A) Increased
mRNA levels of the hedgehog target gene Ptch2 compared to other target genes (n = 4–5, technical duplicates) in SmoACT mice. Effects of
treatment with the cJun/AP-1 inhibitor T5224 on dermal thickness (n = 7/group), dermal hydroxyproline content (n = 7/group; 1–2 technical
duplicates), and dermal myofibroblast counts (n = 7/group) in SmoACT mice. Representative images (200-fold magnification; staining:
Masson-Trichrome) are shown. (B) Treatment with T5224 reduces the release of soluble collagen and the mRNA levels of COL1A1 in cul-
tured fibroblasts stimulated with SHH (n = 4, technical duplicates). (C): T5224 ameliorates the formation of stress fibers in SHH-stimulated
fibroblasts (n = 3 cell lines with 10 random high-power fields quantified each). Representative images of stress fibers visualized by
rhodamine-phalloidin staining (red), α-smooth muscle actin (green), and DAPI (blue) are shown at 2,000-fold magnification. Data are pre-
sented as median with interquartile range. *P < 0.05; **P < 0.01; ***P < 0.001. mRNA, messenger RNA; tamo, tamoxifen; SHH, Sonic Hedge-
hog; αSMA, αSmooth Muscle Actin. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.
1002/art.42979/abstract.
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Effects of combined inhibition of cJUN and GLI2
signaling in experimentalfibrosis. Selective inhibitorsofcJUN
and of GLI2 are in advanced clinical development3,5; however, long-
term application of these inhibitors, as would be required in chronic
fibrotic diseases such as SSc, may be complicated by adverse
events.19,20 We thus evaluated whether the combined inhibition of
cJun/AP-1 and Gli2/hedgehog at lower doses may exert additive
antifibrotic effects and better tolerability as compared to monothera-
pieswith higher doses of cJun/AP-1 orGli2/hedgehog inhibitors.

Treatment with T5224 ameliorated adTBR-induced fibrosis
in a dose-dependent manner. Dose-dependent antifibrotic effects
were also observed for the Gli2 inhibitor GANT61 (Figure 3). Com-
bination therapy with lower doses of T5224 and of GANT61 were
more effective than monotherapies, with the same doses of
T5224 or GANT61 with more pronounced reductions in dermal
thickening, in myofibroblast counts, and in hydroxyproline content
(Figure 3). The antifibrotic effect of the combination therapy of low
doses of T5224 and GANT61 was comparable to that of higher
doses of T5224 or GANT-61 (Figure 3).

DISCUSSION

Our study demonstrates that simultaneous induction and
amplification of two core pathways of fibrotic tissue remodeling,
cJUN/AP-1 and GLI2/hedgehog signaling, enables fibroblasts to
escape their physiologic regulation.

The mutual activation of cJUN/AP-1 signaling and GLI2/
hedgehog signaling is of direct relevance for fibroblast activat-
ion and tissue fibrosis. We show that breaking the mutual
activation loop by inhibition of cJun in SmoACT mice with hyperac-
tive hedgehog/Gli2 signaling normalizes Gli2/hedgehog-induced
fibroblast activation and tissue fibrosis. Moreover, we also demon-
strate that the combined pharmacologic inhibition of cJun and of
Gli2 exerts additive antifibrotic effects. Combination therapies are
standard regimens in numerous diseases, including rheumatic dis-
eases, as they offer potential for additive efficacy or for dose reduc-
tion of individual drugs to allow better tolerability.21,22 However,
despite those potential advantages and their widespread use in
other diseases, combination therapies are not yet part of the clinical
concept in fibrotic disorders. Our study provides first evidence for
positive effects of a combination of cJun/AP-1 inhibitors with Gli2/
hedgehog inhibitors in a preclinical model of SSc. Combined inhibi-
tion of both pathways demonstrated more potent antifibrotic
effects than application of individual inhibitors. The antifibrotic
effects of combination therapies with lower doses of inhibitors are
comparable to higher doses of monotherapies, but they may not
be complicated by their potential adverse events such as increased
apoptosis and stem cell depletion, even upon long-term treatment,
as is required for antifibrotic treatment. Indeed, combination thera-
pies of T5224 and GANT-61 were well-tolerated in our study, with-
out clinical or histopathologic evidence of obvious toxicity in the
preclinical model.

Figure 3. Combined inhibition of cJun/AP-1 and Gli2/hedgehog signaling exerts additive antifibrotic effects. Treatment of TBRACT mice with
T5224 high (30 mg/kg), T5224 low (3 mg/kg), GANT61 high (20 mg/kg), GANT61 low (2 mg/kg/d), or a combination of T5224 low and GANT61
low (n = 3-6 per group). Representative images of trichrome staining at 200-fold magnification are shown. Quantification of dermal thickness,
hydroxyproline content, and myofibroblasts are shown as bar graphs. Data are presented as median with interquartile range. *P < 0.05;
**P < 0.01; ***P < 0.001. LacZ, transgene beta-galactosidase; αSMA, αSmooth Muscle Actin; TBR, TGFβ receptor I. Color figure can be viewed
in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42979/abstract.
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Our study has some limitations: SSc is a complex and heter-
ogenous disease, which is difficult to model in preclinical models.
Here, we analyzed the antifibrotic effects of combined inhibition of
Gli2/hedgehog signaling and cJun/AP-1 signaling in a mouse
model characterized by the constitutive activation of TGFβ signal-
ing, a central mediator of fibrotic disease. However, other features
of SSc such as autoimmunity or inflammation are not predomi-
nantly reflected by this model. To address potential additive
effects of combined inhibition of Gli2/hedgehog signaling
and cJun/AP-1 signaling on these disease characteristics
would require additional models. Moreover, advanced humanized
in vitro models such as three-dimensional vascularized skin grafts
have recently become available that may allow us to characterize
the combined inhibition of cJUN/AP-1 and GLI2/hedgehog sig-
naling in an additional setting23 in the future. Despite these limita-
tions, the concept of mutual dependence of profibrotic pathways
and the rationale of their combined inhibition is clearly supported
by our study.

In summary, our findings of the mutual activation and pertur-
bation of cJUN/AP-1 signaling and GLI2/hedgehog in SSc, its role
in fibroblast activation and tissue fibrosis, and the demonstration
of additive antifibrotic effects of combined inhibition of cJun/
AP-1 signaling and Gli2/hedgehog signaling may have transla-
tional implications, as cJUN/AP-1-inhibiting drugs are in clinical
testing and hedgehog inhibitors are already in clinical use.
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Muscle Tissue Transcriptome of Idiopathic Inflammatory
Myopathy Reflects the Muscle Damage Process
by Monocytes and Presence of Skin Lesions

Shinji Izuka,1 Natsuka Umezawa,2 Toshihiko Komai,1 Yusuke Sugimori,1 Naoki Kimura,2 Fumitaka Mizoguchi,2

Yuichiro Fujieda,3 Keita Ninagawa,3 Takeshi Iwasaki,4 Katsuya Suzuki,5 Tsutomu Takeuchi,5

Koichiro Ohmura,4 Tsuneyo Mimori,4,6 Tatsuya Atsumi,3 Eiryo Kawakami,7 Akari Suzuki,7 Yuta Kochi,7

Kazuhiko Yamamoto,1,7 Shinsuke Yasuda,2 Tomohisa Okamura,1,8 Mineto Ota,1,8 and Keishi Fujio1

Objective. We aim to investigate transcriptomic and immunophenotypic features of muscle specimens from
patients with idiopathic inflammatory myopathy (IIM).

Methods. Bulk RNA-sequencing was performed on muscle biopsy samples from 16 patients with dermatomyositis
(DM) and 9 patients with polymyositis (PM). Seven tested positive for anti-aminoacyl transfer RNA synthetase antibod-
ies in the patients with DM (ARS-DM). We conducted weighted gene coexpression network analysis (WGCNA), differ-
entially expressed gene (DEG) analysis, and gene set variation analysis to assess contributions of specific pathways.
Cell proportions in muscle specimens were estimated using a deconvolution approach.

Results. WGCNA revealed significant positive correlations between serum creatine kinase (CK) levels and gene
modules involved in cellular respiration, phagocytosis, and oxidative phosphorylation (OXPHOS). Significant positive
correlations were also observed between CK levels and proportions of CD16-positive and negative monocytes and
myeloid dendritic cells. Notably, patients with DM demonstrated enrichment of complement and interferon-α and γ
pathway genes compared with those with PM. Furthermore, ARS-DM demonstrated a higher proportion of Th1 cells
and DEGs related to OXPHOS. Additionally, serum Krebs von den Lungen-6 levels correlated with gene modules asso-
ciated with extracellular matrix and the transforming growth factor-β signaling pathway.

Conclusion. Our study highlights a significant involvement of monocytes in muscle damage and delineates patho-
logic differences among IIM subtypes. DM was characterized by complement and interferon-α and γ signaling,
whereas ARS-DM was associated with OXPHOS. Distinctive gene expression variations in muscle specimens suggest
that different pathologic mechanisms underlie muscle damage in each IIM phenotype.

Supported by the Japan Agency for Medical Research and Development
(grant 19ek0410047).

1Shinji Izuka, MD, Toshihiko Komai, MD, PhD, Yusuke Sugimori, MD, PhD,
Kazuhiko Yamamoto, MD, PhD, Tomohisa Okamura, MD, PhD, Mineto Ota,
MD, PhD, Keishi Fujio, MD, PhD: Department of Allergy and Rheumatology,
Graduate School of Medicine, The University of Tokyo, Tokyo, Japan; 2Natsuka
Umezawa, MD, PhD, Naoki Kimura, MD, PhD, Fumitaka Mizoguchi, MD, PhD,
Shinsuke Yasuda, MD, PhD: Department of Rheumatology, Graduate School
of Medical and Dental Sciences, Tokyo Medical and Dental University (TMDU),
Tokyo, Japan; 3Yuichiro Fujieda, MD, PhD, Keita Ninagawa, MD, PhD, Tatsuya
Atsumi, MD, PhD: Department of Rheumatology, Endocrinology and Nephrol-
ogy, Graduate School of Medicine and Faculty of Medicine, Hokkaido Univer-
sity, Sapporo, Japan; 4Takeshi Iwasaki, MD, PhD, Tsuneyo Mimori, MD, PhD,
Department of Rheumatology and Clinical Immunology, Graduate School of
Medicine, Koichiro Ohmura, MD, PhD: Kyoto University, Kyoto, Japan;
5Katsuya Suzuki, MD, PhD, Tsutomu Takeuchi, MD, PhD: Division of Rheuma-
tology, Department of Internal Medicine, Keio University School of Medicine,

Tokyo, Japan; 6Tsuneyo Mimori, MD, PhD: Takeda Clinic for Rheumatic Dis-
eases, Kyoto, Japan; 7Eiryo Kawakami, MD, PhD, Akari Suzuki, PhD, Yuta Kochi,
MD, PhD, Kazuhiko Yamamoto, MD, PhD: Center for Integrative Medical Sci-
ences, the Institute of Physical and Chemical Research (RIKEN), Yokohama
City, Kanagawa, Japan; 8 Tomohisa Okamura, MD, PhD, Mineto Ota, MD,
PhD: Department of Functional Genomics and Immunological Diseases,
Graduate School of Medicine, The University of Tokyo, Tokyo, Japan.

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.42972).

Author disclosures and graphical abstract are available at https://
onlinelibrary.wiley.com/doi/10.1002/art.42972.

Address correspondence via email to Toshihiko Komai, MD, PhD, at
KOMAIT-INT@h.u-tokyo.ac.jp; or to Keishi Fujio, MD, PhD, at FUJIOK-INT@h.
u-tokyo.ac.jp.

Submitted for publication April 30, 2024; accepted in revised form August
8, 2024.

99

Arthritis & Rheumatology
Vol. 77, No. 1, January 2025, pp 99–106
DOI 10.1002/art.42972
© 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/0000-0002-9724-4911
https://orcid.org/0000-0003-4705-341X
https://orcid.org/0000-0001-8082-1009
https://orcid.org/0000-0003-1111-8218
https://orcid.org/0000-0001-6171-2077
https://orcid.org/0000-0001-7276-5254
https://doi.org/10.1002/art.42972
https://doi.org/10.1002/art.42972
https://onlinelibrary.wiley.com/doi/10.1002/art.42972
https://onlinelibrary.wiley.com/doi/10.1002/art.42972
mailto:KOMAIT-INT@h.u-tokyo.ac.jp
mailto:FUJIOK-INT@h.u-tokyo.ac.jp
mailto:FUJIOK-INT@h.u-tokyo.ac.jp
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.42972&domain=pdf&date_stamp=2024-09-03


INTRODUCTION

Idiopathic inflammatory myopathy (IIM) encompasses sev-
eral heterogeneous phenotypes, including polymyositis (PM), der-
matomyositis (DM), and antisynthetase syndrome (ASyS). The
underlying mechanisms of muscle damage remain poorly under-
stood. Although IIM can present with extramuscular symptoms,
such as skin rash, interstitial lung disease (ILD), and arthritis, mus-
cle damage is the major problem and impairs patients’ quality of
life.1 Because of its clinical and pathologic heterogeneity, muscle
biopsy has been used to differentiate the phenotypes of IIM based
on distinct histologic findings. For instance, the histologic features
of DM include infiltrations of CD4+ T cells, B cells, major histocom-
patibility complex class I expression on muscle fibers, and mem-
brane attack complex depositions in capillaries. In contrast, the
histologic features of PM are characterized by the infiltration of
CD8+ T cells.1

Recent transcriptomic studies of muscle biopsies have pro-
vided invaluable insights into the inflammatory milieu of IIM,2

revealing distinct expression of type I interferon (IFN)-inducible
genes, particularly in DM and, to a lesser extent, in ASyS.3 Fur-
thermore, application of machine learning analysis to muscle
biopsy transcriptomics has yielded diagnostic models for the dis-
ease phenotypes with high predictive accuracy, delineating the
unique pathophysiologic signatures of each myositis phenotype.4

Recently, single-cell RNA-sequencing (RNA-seq) analysis of mus-
cle biopsies focused on muscle-infiltrating T cells. The study iden-
tified a distinct subset of tissue-resident memory T cells
characterized by the expression of HOBIT, XCL1, and CXCR6.5

Nonetheless, single-cell data on myositis are limited within T-cell
subsets. It is of great importance to elucidate the association
between immune cells not limited to T cells and muscle damage.
Moreover, an association between transcriptomic features and
clinical parameters is still under exploration.

Especially, the association between the complication of skin
lesions and the inflammatory process in muscles remains a signif-
icant unresolved issue. Myxovirus-resistant protein A (MxA), a
type I IFN surrogate marker, is now one of the definite DM muscle
biopsy criteria in the new 2018 European Neuromuscular Centre
classification of DM.6 Given the strong link between myxovirus-
resistant protein A positivity and perifascicular atrophy, it was pro-
posed that the sarcoplasmic expression of a type I IFN surrogate
marker, in conjunction with the presence of myositis-specific anti-
bodies, supports the diagnosis of DM even when skin manifesta-
tions are absent. Considering this, it is possible that processes
other than type I IFN may be related to the presence or absence
of skin lesions, that is, the difference between classic DM and
PM. To address these challenges, we conducted bulk RNA-seq,
a more cost-effective yet robust approach that permits the analysis
of gene expression across an entire tissue sample. Moreover, we
used a deconvolution approach to estimate cell proportions from
bulk RNA-seq data,7 a strategic method that approximates the res-
olution of single-cell RNA-seq, enabling the identification of immune

cell subsets infiltrating the muscle tissue in IIM. These data also
elucidated clinical relevance and provided transcriptomic data.

MATERIALS AND METHODS

Detailed materials and methods are provided in the Sup-
plementary Methods section. Briefly, muscle biopsies were
obtained from patients with IIM. We performed RNA-seq, and
infiltrated cell proportions were estimated by a deconvolution
approach. Because of the lack of publicly available single-cell
RNA-seq data on muscle tissue from patients with IIM that are
applicable to deconvolution analysis, we conducted deconvolu-
tion analysis using data from lymphocytes and myeloid cells from
patients with immune-mediated diseases, including IIM, and
healthy human peripheral blood mononuclear cells (PBMCs) from
the Immune Cell Gene Expression Atlas from the University of
Tokyo.8 Additionally, we included age-associated helper T cells,
specifically the CXCR3midCD4+ T-cell subset, which we recently
identified and found to be associated with humoral immunity in
IIM,9 as well as myocytes from the Genotype-Tissue Expression
(GTEx) database.10 We then performed weighted gene coexpres-
sion network analysis (WGCNA), differentially expressed gene
(DEG) analysis, enrichment analysis of gene ontology terms, and
gene set variation analysis (GSVA) to identify the differences in
individual IIM phenotypes. This study was approved by the ethics
committees of the University of Tokyo (approval number:
G10137), and written informed consent was obtained from all
enrolled patients.

RESULTS

Patient characteristics.We enrolled a total of 25 patients
with IIM. Within that cohort, 16 patients were diagnosed with DM,
and 9 patients were diagnosedwith PM. Themedian levels of serum
creatine kinase (CK) were 1,291.5 U/L (interquartile range [IQR]
123.8–4,187.3) in DM and 710.0 IU/mL (IQR 406.0–806.0) in
PM. Among the patients with DM, 62.5% (10 of 16) showed positiv-
ity for myositis specific autoantibodies (MSAs); these patients
included seven with anti-aminoacyl transfer RNA synthetase (ARS)
antibody, one with the anti-Mi-2 antibody, one with the anti–tran-
scriptional intermediary factor 1-γ antibody, and one with the anti–
signal recognition particle antibody (Supplementary Table 1). Only
one patient with PM showed positivity for the anti-ARS antibody.
Muscle biopsies from these patients were subjected to RNA-seq.

WGCNA of muscle biopsies of patients with IIM. We
investigated possible correlations between gene expression pro-
files in muscle biopsies and clinical biomarkers of muscle dam-
age, such as CK and aldolase. Thus, we applied WGCNA to
analyze the RNA-seq of muscle biopsies from patients with IIM.
We discerned 24 distinct modules of co-expressed genes
(Figure 1A; Supplementary Table 2). Notably, five modules
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Figure 1. Relationships between clinical parameters and the transcriptome in muscle biopsies. (A) Heatmap of weighted gene correlation net-
work analysis showing the Pearson correlation coefficient matrix among MEs and clinical parameters. (B) Gene ontology enrichment analysis of
biologic process terms in MEblue modules correlated with CK and aldolase. (C) Gene ontology enrichment analysis of biologic process terms in
MEturquois modules correlated with CK and aldolase. (D) Gene ontology enrichment analysis of biologic process terms in MEgrey60 modules cor-
related with KL-6 levels, %FVC, and %DLCO. (E) Heatmap showing the Spearman correlation coefficients between estimated cell proportions and
clinical parameters. Statistically significant correlations are marked with an asterisk (*P < 0.05; **P < 0.01). CK, creatine kinase; CRP, C-reactive
protein; DLCO, diffusing capacity of the lung for carbon monoxide; DN B, double negative B cells; EM CD8, effector memory CD8 T cells; FVC,
forced vital capacity; KL-6, Krebs von den Lungen-6; LDG, low-density granulocytes; mDC, myeloid dendritic cells; ME, module eigengene; NK,
natural killer; pDC, plasmacytoid dendritic cells; SM B, switched memory B cells ; TEMRA CD8, T effector memory CD45RA+ CD8 T cells; Th,
T helper cell; USM B, unswitched memory B cells; WBC, white blood cell.
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exhibited significant positive correlations with serum CK levels,
and four modules paralleled aldolase levels.

The module eigengene ME blue module, which was highly
correlated with CK, was enriched for genes implicated in cellular
respiration, mitochondrial function, and mitochondrial gene
expression (Figure 1B). Concurrently, the MEturquoise module,
which was correlated with both CK and aldolase, was associated
with genes involved in immune effector processes, phagocytosis,
and cytokine production (Figure 1C). Moreover, MEmidnightblue
and MEpurple, which also correlated with CK, were linked to
muscle contraction and oxidative phosphorylation, respectively
(Supplementary Figure 1). These positive correlations indicate
that muscle damage in IIM may have both immunologic and met-
abolic underpinnings. We also identified three specific gene
modules—MEroyalblue, MEgrey60, and MEsalmon—that showed

a positive correlation with serum Krebs von den Lungen-6 (KL-6)
levels and an inverse relationship with the percentage forced vital
capacity and percentage diffusing capacity of the lung for carbon
monoxide (Figure 1D; Supplementary Figure 2). Notably, the
MEgrey60 module included genes pivotal in extracellular matrix
organization and the transforming growth factor-β (TGF-β)
response pathway (Figure 1D).

Correlations between immunophenotypes and
clinical features. Next, we used the bulk RNA-seq data to pre-
dict the proportions of cell types infiltrating the muscle tissue.
This analysis used a deconvolution approach. These data
predicted the infiltrated immune cell subsets and their poten-
tial association with clinical manifestations of IIM. We found
that serum CK and aldolase levels were positively correlated

Figure 2. Transcriptomic features in muscle specimens of DM and PM. (A) Volcano plot representing differences in gene expression between
PM and DM. Genes to the left are more expressed in PM, and genes to the right are more expressed in DM, with an FDR of <0.05 set as the thresh-
old for statistical significance. (Β) Gene ontology enrichment analysis of biologic process terms in differentially expressed genes of DM. (C) Box
plots comparing GSVA scores between two phenotypes in DM versus PM. Statistically significant differences between conditions are denoted
by asterisks (*P < 0.05; **P < 0.01; ***P < 0.001). DM, dermatomyositis; FDR, false discovery rate; GSVA, gene set variation analysis; IFN, inter-
feron; IL, interleukin; ns, not significant; PM, polymyositis; STAT5, signal transducer and activator of transcription 5. Color figure can be viewed
in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42972/abstract.
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with the proportions of CD16-negative monocytes (CD16n
Mono) (ρ = 0.357, P < 0.001 and ρ = 0.342, P < 0.001),
CD16-positive monocytes (CD16p Mono) (ρ = 0.564, P <
0.001 and ρ = 0.545, P = 0.001), and myeloid dendritic cells
(mDC) (ρ = 0.166, P = 0.023 and ρ = 0.01, P = 0.030), sug-
gesting a link between myeloid cell infiltration and muscle
damage (Figure 1E). Additionally, neutrophils and low-density
granulocytes (LDG) showed positive correlations with serum
C-reactive protein levels (ρ = 0.213, P < 0.001 and ρ =
0.168, P < 0.001, respectively) (Figure 1E), suggesting their
involvement in muscle and systemic inflammation.

Transcriptomic and immunophenotypic features
differ between PM and DM. We then explored the transcrip-
tomic characteristics in IIM, distinguishing between those with
and without skin rash by comparing DM and PM. To address
the differences depending on the presence of a skin rash, we con-
ducted a DEG analysis of DM versus PM, indicating that patients
with DM exhibited greater enrichment of several IFN-related
genes (IFIT2, OASL, and BST2) and innate immunity-related
genes (IL18RAP, APOBEC3A, and LYN) (Figure 2A and B),
whereas patients with PM demonstrated increased expression
of genes associated with oxidative stress pathways, such as
MMP3 and FOS. To delve further into potential pathogenic

processes, we performed GSVA and revealed that DM had sig-
nificantly higher scores for complement, IFN-α response, IFN-γ
response, and interleukin-2 signal transducer and activator of
transcription 5 signaling pathways compared with PM
(Figure 2C). In contrast, GSVA scores for myogenesis showed
a trend toward higher values in PM, although this did not reach
statistical significance (P = 0.11; Figure 2C). There were no sig-
nificantly different estimated cell proportions between PM and
DM (Supplementary Figure 3; Supplementary Table 3).
The proportions of CD16n Mono, CD16p Mono, and mDC
were positively correlated with CK, even for patients with DM
(Supplementary Figure 4).

Difference of immunophenotypes and
transcriptomic features between non–ARS-DM and
ARS-DM. Finally, in delineating the immunopathological features
of ASyS, which is often differentiated from other DM subtypes,1

we contrasted patients with anti–ARS antibody-positive DM
(ARS-DM; n = 7) and patients with anti–ARS antibody–negative
DM (non–ARS-DM; n = 9) (Supplementary Tables 4 and 5). DEG
analysis between these subgroups unveiled a pronounced
expression of IFN-associated genes, such as ISG15, CXCL10,
and IFI6, in the non–ARS-DM group (Figure 3A), suggesting a pre-
dominant role of IFN pathways in non–ARS-DM pathogenesis.

Figure 3. Transcriptomic features in muscle specimens of ARS-DM. (A). Volcano plot representing differential gene expression between non–
ARS-DM and ARS-DM. Genes to the left are more expressed in non–ARS-DM, and genes to the right are more expressed in ARS-DM, with an
FDR of <0.05 set as the threshold for statistical significance. (B) Gene ontology enrichment analysis of biologic process terms in differentially
expressed genes of ARS-DM. (C) Gene ontology enrichment analysis of biologic process terms in differentially expressed genes of non–ARS-
DM. ARS-DM, anti-aminoacyl transfer RNA synthetase antibody-positive dermatomyositis; DM, dermatomyositis; FDR, false discovery rate. Color
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42972/abstract.
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Enrichment analysis of the DEGs underscored the predomi-
nance of oxidative phosphorylation and ATPmetabolic processes
in ARS-DM (Figure 3B), whereas non–ARS-DM exhibited enhan-
ced adaptive immune responses and immune effector processes
(Figure 3C). Cell proportion analysis revealed a greater presence
of Th1 cells in ARS-DM (0.0576 [IQR 0.0561–0.0589] vs 0.0533
[IQR 0.0479–0.0562]; P = 0.039), whereas non–ARS-DM was
characterized by an increased proportion of CD16p Mono
(0.0267 [IQR 0.0245–0.0296] vs 0.0200 [IQR 0.0193–0.0207];
P = 0.013) (Supplementary Figure 5; Supplementary Table 5).
Despite not being significantly different, follicular helper T cells
and age-associated helper T cells were also increased in ARS-
DM (0.0461 [IQR 0.0459–0.0469] vs 0.0443 [IQR 0.0426–
0.0452]; P = 0.0502 and 0.0572 [IQR 0.0558–0.0587] vs 0.0545
[IQR 0.0489–0.0564]; P = 0.0502, respectively) (Supplementary Fig-
ure 5; Supplementary Table 5). Notably, CD16n Mono levels were
positively correlated with CK for all examined IIM phenotypes, as well
as within non–ARS-DM and ARS-DM (Figure 1C; Supplementary
Figure 6).

DISCUSSION

We used muscle biopsies in IIM to study transcriptomic and
immunophenotypic alterations associated with muscle damage.
They revealed complex interplays between metabolic and immu-
nologic pathways. Consistent with prior research, our findings
underscore the heterogeneity of IIM and offer novel insights into
its pathogenesis.

There is relatively little information regarding the specific
immune cell subsets infiltrating the muscles in patients with myo-
sitis. In fact, existing data rely on histologic studies. Currently,
there is only one study employing single-cell RNA-seq analysis
of muscle tissue and it focused on T cells.5 Our application using
cell-type deconvolution demonstrated that CD16p and CD16n
Mono, as well as mDC, were positively correlated with serum CK
levels. Previously, histopathological examination of muscle tissue
has revealed the associations between immune cell infiltration
and muscle damage, and our findings supplement those studies.
For instance, it has been postulated that the macrophages that
infiltrate injured tissue originate from circulating monocytes.11

Moreover, the infiltration of CD68+ macrophages within the endo-
mysium was identified in anti-Mi2 antibody-positive DM and
immune-mediated necrotizing myopathy. Both of these showed
higher serum CK levels.12 Also, DCs that differentiate from mono-
cytes promote myoblast proliferation and migration as well as
enhance the expression of HLA-ABC, DR, VLA-5, and VLA-6 by
myoblasts.13 Given that mDCs are a primary source of type I IFN
within muscle tissues, particularly in DM, and considering the role
of type I IFN in promoting the differentiation of monocytes into
macrophages,14 these observations and our studies suggest that
monocytes and mDCs synergistically contribute to muscle
damage.

Our research has revealed muscle transcriptomic distinc-
tions between patients with and without skin rash by comparing
DM and PM. The well-documented role of complement-mediated
microangiopathy in DM pathogenesis15 is further substantiated
by our findings of a pronounced complement signature at the
transcriptional level. This discovery reinforces the potential thera-
peutic impact of complement inhibitors, as well as that of intrave-
nous Ig, which can bind to C1q, C3, and C4, thereby preventing
the triggering of the complement pathway.15 Moreover, tissue
deposition of the C5b-9 membranolytic attack complex within
endothelial cells of capillaries was observed in DM.15 Such an
activation of the C5b-9 membranolytic attack complex may pre-
cipitate the migration of both macrophages and DCs.15 Conse-
quently, we suggest that the muscle damage observed in DM
could result from the combined effects of an activated system
and the infiltration of monocytes and DCs.

In addition, previous investigations into muscle biopsies of
patients with DM have shown elevated expression of type 1 IFN-
inducible genes, with DM exhibiting more pronounced levels than
ASyS.3 Significant genes, such as ISG15, IFI6, and MX1, previ-
ously identified in DM, were also prominent in our DEG compari-
sons of DM versus PM and non–ARS-DM versus ARS-DM.
These findings suggest exploring the targeting of IFN signaling
as a therapeutic option, particularly for patients with non–ARS-
DM. In addition, chemotaxis pathways were enriched in non–
ARS-DM (Figure 3C). More specifically, the DEGs included in
these pathways were CXCL10, CXCL13, and TNF (Figure 3A).
Furthermore, the DEGs also included many Ig genes, such as
IGHV3-33, IGLV7-46, and IGLV3-21 (Figure 3A). These chemo-
kines and cytokines, possibly produced by monocytes or T cells,
are involved in B cell chemoattraction as well as tissue inflamma-
tion. This suggests a hypothesis for muscle damage in non–
ARS-DM.

ILD is a critical condition for patients with myositis, with KL-6
recognized as a prognostic biomarker for mortality in PM-/DM-
associated ILD.1 Our data revealed a notable positive correlation
between serum KL-6 levels and the expression of genes related
to the extracellular matrix as well as the TGF-β signaling pathway,
including TGFB2, COL11A1, COL6A3, ECM2, and FN1, which
occur concurrently with impaired pulmonary function. The
absence of a correlation between disease duration and serum
KL-6 levels suggests that chronic muscle changes do not
account for this observation. Thus, fibrotic activity likely occurs
simultaneously in muscle and lung tissues. In ASyS, the immune
response against endothelial cells may be a key pathologic pro-
cess that causes damage to both muscle and lung tissues.1,16

Additionally, the MEroyalblue and MEsalmon modules dem-
onstrated significant correlations with KL-6, percentage forced
vital capacity, and percentage diffusing capacity of the lung for
carbon monoxide, showing positive, negative, and negative cor-
relations, respectively (Figure 1A). The MEroyalblue module
included CX3CL1 and CX3CR1, both of which have been
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reported to be associated with ILD.17,18 CX3CL1 is primarily
enriched in inflamed endothelial cells and promotes the recruit-
ment of monocytes and T cells. Notably, CX3CL1 concentrations
in lung tissue were increased in systemic sclerosis–associated
ILD, suggesting that CX3CL1 and its receptor CX3CR1 play sig-
nificant roles in ILD.17 Increased CX3CL1 levels were identified in
both PBMCs and lung tissue in ILD and have been suggested as
a driver of the migration of CX3CR1+ nonclassical monocytes into
lung tissue, leading to fibrotic changes.18 The MEsalmon module
encompassed genes related to oxidative phosphorylation, mam-
mary gland epithelial cell differentiation, and mitochondrial gene
expression (Supplementary Figure 2). Abnormalities in oxidative
phosphorylation have been identified in senescent fibroblasts of
idiopathic pulmonary fibrosis,19 suggesting a potential role of the
MEsalmon module genes in the pathogenesis of pulmonary fibro-
sis in IIM. Although further investigation is needed to fully under-
stand the implications of these novel associations, common
fibrotic pathways in muscle and lung tissues could contribute to
the respective organ damage.

In our analysis of ARS-DM, oxidative phosphorylation path-
ways were notably enriched in muscle biopsy specimens. Given
that CD16n Mono was positively correlated with CK levels both
in ARS-DM and non–ARS-DM, this immune cell subset may be
a key subset being associated with muscle damage. In ARS-
DM, the oxidative phosphorylation pathway was enriched com-
pared with non–ARS-DM (Figure 3B). In tissue-resident macro-
phages, such as alveolar macrophages and adipose tissue
macrophages, oxidative phosphorylation has a significant
homeostatic function by stabilizing lipid-handling capacity.20

Therefore, the enrichment of the oxidative phosphorylation path-
way in the muscles of patients with ARS-DM can explain the
higher activity of monocytes in muscle tissue, which may lead to
muscle damage. In addition, we have previously demonstrated
the upregulation of genes associated with oxidative phosphoryla-
tion in plasmablasts within the peripheral blood of patients with an
active ASyS.21 Interestingly, these mature B cell populations were
reduced in the peripheral blood during the active phase of the dis-
ease.21 Taken together, these data may imply that metabolic
alterations in B cell subsets also contribute to the pathogenesis
of ASyS. Additionally, a pronounced increase in Th1 was
detected in ARS-DM muscle biopsies.

In contrast with these tissue findings, single-cell RNA-seq
of peripheral blood from patients with ASyS indicated a
decreased proportion of Th1 cells.22 Furthermore, bronchoal-
veolar lavage fluid from patients positive for anti-histidyl transfer
RNA synthetase, a specific autoantibody in ASyS, exhibited a
significantly elevated percentage of Th1 (CD4+CD3+CXCR3+

T cells) compared with peripheral blood samples.16 Although
these observations were confirmed in bronchoalveolar lavage
studies, they suggest the possibility that Th1 infiltration in mus-
cular tissues can also contribute to the mechanism of tissue
damage.

The limitations of this study include a modest sample size
and a lack of more precise clinical data, such as manual mus-
cle testing. However, whereas previous studies2–4 included
larger numbers of muscle samples and identified distinct patho-
genesis in each phenotype, we were able to identify biologically
plausible associations between transcriptomic signatures and
clinical features of IIM. We also adhered to the recommended
guidelines for RNA-seq experiment design,23 including the
number of samples, the methods used, and the fold-change
threshold. Furthermore, we conducted a principal component
analysis of gene expression levels, which confirmed the relative
homogeneity within each IIM phenotype (Supplementary
Figure 7), supporting the robustness of the results despite the
small sample sizes. Recent transcriptome analyses of muscles
have elucidated unique signatures using fewer than eight sam-
ples.5,24,25 Our analysis, with a sample size of 25, exceeds
the recommended minimum of 20 for WGCNA,26 potentially
providing more precise analysis than previous muscle transcrip-
tome studies.

Secondly, cell proportions were estimated using the decon-
volution approach, referencing immune cells from PBMCs
obtained from a wide variety of diseases8,9 and myocytes from
the GTEx database.10 Although most deconvolution methods
use data from PBMCs to estimate tissue-infiltrated immune
cells,27,28 it is important to note that these estimations are predic-
tions based on non–single-cell RNA-seq data from IIM muscle.
Therefore, future single-cell RNA-seq, as well as pathologic analy-
ses, such as confocal microscopy, are anticipated to provide a
deeper understanding of the immunophenotyping of muscle
specimens from patients with myositis.

In summary, our findings suggest distinct pathogenic mech-
anisms in subgroups of IIM. Of note, CD16n Mono appears to
play a crucial role in muscle damage in all subgroups of myositis.
Targeting IFN pathways and complement systems may offer via-
ble therapeutic strategies for patients with DM, particularly in
non–ARS-DM, and oxidative phosphorylation may be related to
the pathophysiology of ASyS.
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19. Álvarez D, C�ardenes N, Sellarés J, et al. IPF lung fibroblasts have a
senescent phenotype. Am J Physiol Lung Cell Mol Physiol 2017;
313(6):L1164–L1173.

20. Wculek SK, Heras-Murillo I, Mastrangelo A, et al. Mar Oxidative phos-
phorylation selectively orchestrates tissue macrophage homeostasis.
Immunity 2023;56(3):516–530.

21. Sugimori Y, Iwasaki Y, Takeshima Y, et al. Transcriptome profiling of
immune cell types in peripheral blood reveals common and specific
pathways involved in the pathogenesis of myositis-specific antibody-
positive inflammatory myopathies. ACR Open Rheumatol 2023;5(2):
93–102.

22. Zhu L, Cao Z, Wang S, et al. Single-cell transcriptomics reveals
peripheral immune responses in anti-synthetase syndrome-
associated interstitial lung disease. Front Immunol 2022;13:804034.

23. Schurch NJ, Schofield P, Gierli�nski M, et al. How many biological rep-
licates are needed in an RNA-seq experiment and which differential
expression tool should you use? RNA 2016;22(6):839–851.

24. Ye Y, Chen Z, Jiang S, et al. Single-cell profiling reveals distinct adap-
tive immune hallmarks in MDA5+ dermatomyositis with therapeutic
implications. Nat Commun 2022;13(1):6458.

25. Makinde HM, Dunn JLM, Gadhvi G, et al. Three distinct transcriptional
profiles of monocytes associate with disease activity in scleroderma
patients. Arthritis Rheumatol 2023;75(4):595–608.

26. Langfelder P, Horvath S. WGCNA: an R package for weighted corre-
lation network analysis. BMC Bioinformatics 2008;9(1):559.

27. Pontarini E, Sciacca E, Chowdhury F, et al; Trial for anti–B cell therapy
in patients with primary Sjögren syndrome study research group.
serum and tissue biomarkers associated with composite of relevant
endpoints for Sjögren syndrome (CRESS) and Sjögren tool for
assessing response (STAR) to B cell-targeted therapy in the trial of
anti-B cell therapy in patients with primary Sjögren syndrome
(TRACTISS). Arthritis Rheumatol 2024;76(5):763–776.

28. Aran D, Hu Z, Butte AJ. xCell: digitally portraying the tissue cellular
heterogeneity landscape. Genome Biol 2017;18(1):220.

IZUKA ET AL106



Novel Genetic Loci in Early-Onset Gout Derived From
Whole-Genome Sequencing of an Adolescent Gout Cohort
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Objective. Mechanisms underlying the adolescent-onset and early-onset gout are unclear. This study aimed to
discover variants associated with early-onset gout.

Methods. We conducted whole-genome sequencing in a discovery adolescent-onset gout cohort of 905 individ-
uals (gout onset 12 to 19 years) to discover common and low-frequency single-nucleotide variants (SNVs) associated
with gout. Candidate common SNVs were genotyped in an early-onset gout cohort of 2,834 individuals (gout onset
≤30 years old), and meta-analysis was performed with the discovery and replication cohorts to identify loci associated
with early-onset gout. Transcriptome and epigenomic analyses, quantitative real-time polymerase chain reaction and
RNA sequencing in human peripheral blood leukocytes, and knock-down experiments in human THP-1 macrophage
cells investigated the regulation and function of candidate gene RCOR1.

Results. In addition to ABCG2, a urate transporter previously linked to pediatric-onset and early-onset gout, we
identified two novel loci (Pmeta < 5.0 × 10−8): rs12887440 (RCOR1) and rs35213808 (FSTL5-MIR4454). Additionally,
we found associations at ABCG2 and SLC22A12 that were driven by low-frequency SNVs. SNVs in RCOR1were linked
to elevated blood leukocyte messenger RNA levels. THP-1 macrophage culture studies revealed the potential of
decreased RCOR1 to suppress gouty inflammation.

Conclusion. This is the first comprehensive genetic characterization of adolescent-onset gout. The identified risk
loci of early-onset gout mediate inflammatory responsiveness to crystals that could mediate gouty arthritis. This study
will contribute to risk prediction and therapeutic interventions to prevent adolescent-onset gout.

INTRODUCTION

Gout is a polygenic inflammatory arthritis and mostly occurs

in adult men, with an average age at onset >45 years.1 Although

rare, gout can occur in adolescents and young adults,2,3 and the

mechanism of early-onset gout is still unknown. Adolescents with

gout have higher urate levels and faster development of tophi, and

they are more likely to have a family history of gout compared with
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those who develop disease in adulthood.4,5 The percentage of

patients with adolescent-onset gout and a family history of gout

is 38.7% to 43.8%,4,5 compared with 25.9% to 30% in gout with

onset in early adulthood6–8 and 11% to 23.8% in gout with the

most common pattern of onset later in adulthood.5,6,8 This sup-

ports that the adolescent-onset gout population is more likely to

have a stronger genetic background basis. The early onset of

complex disease is often familial, with genetic risk factors having

a relatively large impact on risk in younger patients.9 Therefore,

genetic studies of adolescent-onset gout can provide novel

insights into the mechanisms of gout and also may allow identifi-

cation of new therapeutic targets for adolescents and adults

with gout.
Most studies of the genetics of gout have focused on adult-

onset disease. Hundreds of genetic variants associated with gout
and serum urate levels have been identified by genome-wide
association studies (GWASs) in adults (mean age 37.6 to
76.4 years old).10–12 Other than rare mutations that cause hypo-
xanthine guanine phosphoribosyltransferase deficiency or phos-
phoribosylpyrophosphate synthetase superactivity and major
perturbations in purine metabolism,13 gene variants previously
associated with gout with adult onset before age 40 have only
been described in ABCG2,14 a high-capacity urate transporter
that promotes intestinal and renal excretion of urate. Moreover,
in a Czechia study of 31 patients with pediatric-onset gout, 2 com-
mon (p.V12M, p.Q141K) and 3 very rare (p.K360del, p.T421A,
p.T434M) allelic ABCG2 variants were detected.15

Routine array-based GWASs are common in adult patients
with gout, usually focusing on common variants, and the imputa-
tion quality to study less common variants depends on the refer-
ence panel size and genetic distance from the target
population.16 Deep whole-genome sequencing (WGS) is the gold
standard to fully capture genetic variation, which provides the
means to comprehensively analyze common variants, uncom-
mon variants, and indels to discover etiological variants associ-
ated with disease.17 Here, we conducted WGS, association
analysis, and replication in an adolescent-onset gout and an
early-onset gout cohort (a total of 3,739 individuals) to discover
loci associated with early-onset gout.

METHODS

Study cohort. Gout onset between the ages of 12 and
19 years old was defined as adolescent-onset gout. The

adolescent-onset gout cohort included 280 individuals diagnosed
with adolescent-onset gout, 191 individuals with hyperuricemia,
and 434 normouricemic individuals. The independent early-onset
gout replication cohort, defined as having gout with onset at
≤30 years of age, comprised 824 individuals with early-onset
gout, 926 who were hyperuricemic, and 1,084 who were nor-
mouricemic. Normouricemic individuals are controls who do not
develop hyperuricemia or gout beyond the period of adoles-
cence. All participants in this study are male because gout rarely
occurs in girls and young premenopausal women in the absence
of monogenic syndromes such as Lesch-Nyhan syndrome. All
participants were recruited from the Affiliated Hospital of Qingdao
University except 332 normouricemic individuals from Beijing
Institute of Genomics, Chinese Academy of Sciences/China
National Center for Bioinformation (BIG). All patients with gout
analyzed in the study were examined by rheumatologists and
met the 2015 American College of Rheumatology/EULAR classifi-
cation criteria for gout.18 Hyperuricemia was defined as serum
urate concentration >7 mg/dL (>420 μmol/L). The normouricemic
control participants were attained via site survey. Practice lists of
normouricemic control participants were screened for potentially
suitable participants by excluding those with hyperuricemia, dia-
betes, cancer, and other arthritis-related illnesses.

Ethics statement. All participants in this study provided
written informed consent. In concordance with the Declaration of
Helsinki, this study was reviewed and approved by the ethics
committee of the Affiliated Hospital of Qingdao University
(QYFYKYLL923011921) and BIG (2015H023).

WGS and data processing. DNA of the GWAS cohort was
extracted from whole blood by the Qiagen Blood Midi Kit (Qiagen,
Hilden, Germany). Qingdao data were generated by BGISEQ-500
WGS library preparation19 and BGISEQ-500 (PE 100) platform.
Data from BIG were generated by NEXTflex Rapid DNA-seq Kit
(catalog no. 5144-08, Bioo Scientific Corporation, Austin, TX)
library preparation and Hi-Seq X Ten, Hi-Seq 3000, and Hi-Seq
4000 platforms. Adapter sequences and low-quality bases were
removed using SOAPnuke (version 1.5.6),20 and filtered reads
were aligned to human reference genome (hg19) using BWA
(Burrows-Wheeler Aligner, version 0.7.12) with default parame-
ters.21 The duplicated reads of polymerase chain reaction (PCR)
amplification were removed using the Picard tool (http://
broadinstitute.github.io/picard/). GATK (version 3.3)22
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Authors A. Ji, Sui, Xue, X. Ji, W. Shi, Y. Shi contributed equally to this work.
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.42969).

Author disclosures are available at https://onlinelibrary.wiley.com/doi/10.
1002/art.42969.

Address correspondence via email to Tony R. Merriman, PhD, at tony.
merriman@otago.ac.nz, Hongzhu Qu, PhD, at quhongzhu@big.ac.cn, Xiang-
dong Fang, MD, PhD, at fangxd@big.ac.cn, or Changgui Li, MD, PhD, at
changguili@vip.163.com.

Submitted for publication June 20, 2024; accepted in revised form August
5, 2024.

JI ET AL108

http://broadinstitute.github.io/picard/
http://broadinstitute.github.io/picard/
https://doi.org/10.1002/art.42969
https://doi.org/10.1002/art.42969
https://onlinelibrary.wiley.com/doi/10.1002/art.42969
https://onlinelibrary.wiley.com/doi/10.1002/art.42969
mailto:tony.merriman@otago.ac.nz
mailto:tony.merriman@otago.ac.nz
mailto:quhongzhu@big.ac.cn
mailto:fangxd@big.ac.cn
mailto:changguili@vip.163.com


HaplotypeCaller was used for variants calling, and variants were
further filtered in confidence level 99.0 with variant quality score
recalibration; then, the variants were annotated with ANNOVAR
(version 2018-04-16).23 The novel single-nucleotide variants
(SNVs) and novel indels were obtained by comparing to other
public data sets, including dbSNP (version 150), ExAC (version
0.3), the gnomAD genome collection (version 2.1.1), the NHLBI
Exome Sequencing Project, and the 1000 Genomes Project.

GWAS. Individuals were first classified into the G-NG group
(individuals with gout vs individuals without gout) and the G-H
group (individuals with gout vs individuals with hyperuricemia).
The GWAS was performed using the PLINK software package
(version 1.9)24 in each group. Individuals with ambiguous sex,
genotype missing rate >0.05, heterozygosity rate exceeding ±3
SDs, and kinship coefficients >0.0884, as well as outliers that
greatly departed from other samples detected by principal com-
ponent analysis, were excluded (Supplementary Figure 1). Vari-
ants with genotype missing rate >0.05, minor allele frequency
(MAF) <0.05, and departures from Hardy-Weinberg equilibrium
(P < 1 × 10−6) were also removed. For principal component
(PC) analysis, we intersected autosomal variants outside the high
linkage disequilibrium (LD) region and pruned variants by PLINK2
software with –indep-pairwise option 1000 100 0.2. Using these
genotypes, we calculated the first 10 PCs by PLINK2 software –

pca option. Multivariable-adjusted logistic regression association
analysis was performed with the first 10 PCs as covariables. To
correct the influence of different sequencing platforms, sequenc-
ing platform batches were also included as covariables. The
online tool LocusZoom (http://locuszoom.sph.umich.edu/)25

was used to visualize specific regions.

Gene-based SKAT. Sequence kernel association test
(SKAT)26 on common and low-frequency variants was performed
using the R-package SKAT (http://www.hsph.harvard.edu/lin-
lab/skat/). SKAT CommonRare methods was used to evaluate
the effect of common (MAF ≥0.05) or low-frequency variants
(MAF <0.05 and minor allele counts ≥ 2) separately.

TWAS. Transcriptome-wide association study (TWAS) was
performed by MetaXcan framework and the GTEx version 0.8
expression quantitative trait locus (eQTL) multivariate adaptive
shrinkage (MASHR) models (https://predictdb.org/).27 In addition,
eQTL data from the ImmuNexUT database built with Japanese
immune cells, combined with Hapmap3 Chinese and
Japanese genotype data, were used for ImmuNexUT eQTL
MASHR model construction.28 GTEx version 0.8 TWAS was per-
formed for data from five tissues implicated in gout and serum
urate,1 including whole blood, kidney cortex, colon sigmoid, colon
transverse, and liver, separately. ImmuNexUT TWAS was per-
formed for data from four types of immune cells, including plas-
macytoid dendritic cells, myeloid dendritic cells, nonclassical

monocytes, and double negative B cells. Finally, meta-analysis
across these different tissues and cell types were performed sep-
arately by S-Multixcan to test the joint effect of genes on pheno-
type under different models.

Replication. Candidate common SNVs for replication were
selected using the following criteria: (1) lead SNVs with a P ≤ 1 ×
10−4 in either the G-NG group or G-H group (LD, r2 < 0.2); (2) four
SNVs, including rs2273406, rs41303970, rs7515191, and
rs6680315, located in the GCLM region from the TWAS analysis,
and three SNVs, including rs8009475, rs35258120, and
rs35785423, in the RCOR1 region from the TWAS analysis. DNA
of the replication cohort was extracted from whole blood by the
Magnetic Whole Blood Genome Extraction Kit (NanoMagBio,
Wuhan, China), and NEXTflex Rapid DNA-seq Kit (catalog
no. 5144-08, Bioo Scientific Corporation, Austin, TX) was used
to prepare libraries. Candidate common SNVs were genotyped
by targeted sequencing using an Illumina Nova seq 6000. Case-
control association analysis of the variants was conducted using
the same model as the GWAS. Cochran’s Q test and the I2 index
were used to quantify the degree of heterogeneity. The meta-
analyses using a fixed-effects model were conducted in METAL
software29 using the standard error SE (STDERR) model, which
takes into account effect size estimate and the association results
for each SNV across GWASs, and replication data sets were
combined.

Functional analysis of RCOR1. Firstly, functional annota-
tion of RCOR1 risk loci was performed using epigenome data
(Supplementary Material). Secondly, quantitative real-time poly-
merase chain reaction (RT-qPCR) and RNA sequencing
(RNA-seq) in peripheral blood leukocytes of patients with gout
were conducted to quantify the relative expression of RCOR1,
and gene ontology (GO; https://geneontology.org/) enrichment
analyses of differentially expressed genes (DEGs) in different
genotypes of the RCOR1 risk loci was performed. The RT-qPCR
primers are in Supplementary Table 1. Thirdly, a humanmonocyte
leukemia cell line (THP-1) was cultured, and the lentiviral knock-
down vector of RCOR1 was produced. Lastly, knock-down
experiments in human THP-1 macrophage cells were performed
and protein concentrations measured byWestern blot for RCOR1
and pro–interleukin-1β (IL-1β), as well as protein concentrations
of IL-1β in supernatants determined by enzyme-linked immuno-
sorbent assay to investigate the regulation and functions of candi-
date gene RCOR1. The Supplementary Methods provide further
details.

Statistical analysis. All experimental data with a normal
distribution were presented as mean ± SD and analyzed with the
aid of SPSS17.0 statistical software. Statistical significance was
determined by one-way analysis of variance (ANOVA). For data
with equal variances assumed, ANOVA followed by the least
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significance difference test was applied. For data with equal vari-
ances not assumed, ANOVA followed by Dunnett’s T3 test was
used. Data in bar graphs are expressed as means ± SEM. A prob-
ability of <0.05 was considered to be statistically significant.

RESULTS

Genomic resource of Chinese adolescent-onset gout
cohort. We enrolled 905 male participants including 280 people
with gout, 191 people with hyperuricemia, and 434 normourice-
mic individuals as the Chinese adolescent-onset gout cohort.
The urate concentration in patients with adolescent-onset gout
was significantly higher than that in individuals with hyperuricemia
and normouricemia (Supplementary Figure 2A). The positive fam-
ily history of gout in adolescents was 40.36%, and 11.28% of indi-
viduals had palpable tophi (Supplementary Table 2). A total of 31.36
million SNVs and 4.22 million indels were obtained after WGS with a
median sequencing coverage of 25× (Supplementary Figure 3) and
quality control on variants. Of them, 11.14million SNVs and 3.47mil-
lion indels were novel (Supplementary Figure 2B). Of the 35.58million
genetic variants, 80.65% were located in intronic and intergenic
regions; only 0.34million SNVswere found in protein-coding regions.
The distributions of the genetic variants were 20.15% common
SNVs (MAF ≥0.05, 7.17 million), 79.85% low-frequency SNVs (MAF
<0.05, 28.41 million), and 72.71% uncommon SNVs (MAF
<0.01, 25.87 million) (Supplementary Figure 2C).

Identification of risk loci from common variants.We
first performed GWAS on common SNVs in the G-NG group
(270 gout vs 608 individuals without gout) and the G-H
group (270 gout vs 183 individuals with hyperuricemia) after the
quality control. A total of 571 and 550 gout-associated SNVs
were identified as putative associations (Pdiscovery < 1.0 × 10−4)
from the G-NG and G-H groups, respectively (Supplementary
Tables 3 and 4). Among these, all SNVs that reached nominal
genome-wide significance (Pdiscovery < 5.0 × 10−8) were located
in the 4q22.1 region (Figure 1A and B), which contains the
ABCG2 locus, also established in adult gout.

We performed both TWAS and gene-based SKAT on com-
mon SNVs to evaluate the joint effect of SNVs at the gene level.
Four genes were all discovered from the results of GTEx version
0.8 TWAS, SKAT, and GWAS (PTWAS < 5 × 10−4, PGWAS < 1 ×
10−4, and PSKAT < 5 × 10−4), including the known genes ABCG2

and PKD2, a novel gene GCLM significant in both the G-NG and
G-H groups (Figure 1C and D), and a novel gene RCOR1 signifi-
cant only in the G-H group (Figure 1D). After further validation by
ImmuNexUT TWAS (East Asian population, PTWAS < 5 × 10−4),
genes PKD2 in the G-NG group and RCOR1 in the G-H group
were still significant (Supplementary Figure 4).

For validation, 166 independent association signals (LD, r2 <
0.2), combined with 7 SNVs in GCLM (rs7515191, rs6680315,
rs2273406, and rs41303970) and RCOR1 (rs8009475,

rs35258120, and rs35785423) included in the TWAS were geno-
typed in an independent Chinese case-control cohort (n = 2,834;
gout = 824, hyperuricemia = 926, and normouricemia = 1,084).
Due to the low prevalence of adolescent-onset gout, we recruited
patients with gout with age at onset ≤30. The ages of participants
in the replication stage were mean ± SD 24.92 ± 4.44, 18.30 ±
0.54, and 16.70 ± 2.23 years for gout, hyperuricemia, and nor-
mouricemia, respectively. The sequencing depths of the 173 vari-
ants were more than 50×, and all variants were detected in the
cohorts (Supplementary Figure 5). Using the same criteria of qual-
ity control as that in discovery stage, a total of 2,417 participants
were included in further analysis, including 699with gout, 802 with
hyperuricemia, and 916 with normouricemia. After conducting
association analysis in the replication data set, we performed
meta-analysis combining the results from the discovery and repli-
cation data sets. At the genome-wide significance level (P < 5.0 ×
10−8), in addition to SNVs that had already been reported for
gout-associated loci (ABCG2 and PKD2, Supplementary Table 5),
we identified three novel associations in the G-H group:
rs35213808 of FSTL5-MIR4454 (Pmeta = 1.99 × 10−11; odds ratio
[OR]meta = 1.92), rs12887440 of RCOR1 (Pmeta = 1.32 × 10−10;
ORmeta = 1.65), and rs8009475 of RCOR1 (Pmeta = 3.43 ×
10−10; ORmeta = 1.63; r2 = 0.90 with rs12887440) (Figure 1E
and F, Table 1). However, the locus GCLM detected in the dis-
covery stage did not reach the genome-wide significance level in
the replication stage (Supplementary Table 6). No significant loci
were identified in the G-NG group. The sequence qualities of the
final three novel associated single-nucleotide polymorphisms in
the discovery and replication data sets are listed in Supplemen-
tary Table 7 and Supplementary Table 8, respectively. Cochran’s
Q test and the I2 index showed that these three loci had no signif-
icant heterogeneity (I2 <75%, Supplementary Table 9).30

Functional regulation of RCOR1 by identified SNVs.
Because RCOR1, identified by the analysis of GWAS, TWAS,
and SKAT in the discovery stage, also reached the genome-wide
significance level after meta-analysis, we functionally annotated
the SNVs in RCOR1. The two maximally associated SNVs were
located in the promoter (rs8009475) and the second intron
(rs12887440) of RCOR1. The region harboring rs12887440 was
enriched with active histone modification markers (H3K4me1
and H3K27ac) in gout-relevant cells and tissues, including E029
(primary monocytes from peripheral blood), E124 (monocytes-
CD14+ RO01746 primary cells), E066 (liver), E062 (primary mono-
nuclear cells from peripheral blood), and E034 (primary T cells
from peripheral blood). Furthermore, Hi-C evidence31 suggested
that this region regulates the promoter (harboring rs8009475) by
a long-range chromatin conformation interaction. In addition, we
observed that rs12887440 associated with 14 DNA methylation
(DNAm) sites (P < 1 × 10−5) in a whole-blood DNA
methylation QTL data set.32 Of the 14 DNAm sites, cg10501036
(511 bp from rs8009475) was located in the RCOR1 promoter
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Figure 1. Manhattan plots and regional association plots for the loci identified from GWAS, SKAT, and TWAS. Manhattan plot of GWAS in the
G-NG group (A) and the G-H group (B) is given. The upper red horizontal line indicates the genome-wide significance threshold (P = 5.0 × 10−8).
The lower blue horizontal line indicates the cut-off level for selecting SNVs for replication (P = 1.0 × 10−4). Gene-level Manhattan plot from SKAT
(upper) and TWAS (lower) of G-NG group (C) and G-H group (D) is given. The blue solid horizontal line indicates the cut-off level for selecting genes
(P = 5.0 × 10−4). Regional association plot is shown for two novel loci identified from meta-analysis: FSTL5-MIR4454 (E) and RCOR1 (F). The ver-
tical axis represents −log10(P value) for the test of SNV association with gout in the GWAS stage. The SNV with the lowest P value is depicted as a
pink diamond, and neighboring SNVs are colored according to the extent of linkage disequilibrium (measured in r2) based on 1000 Genomes
phase 3. Genomic coordinates are based on NCBI human genome reference sequence build 37. AMN, amnion associated transmembrane pro-
tein; ANKRD, ankyrin repeat domain; ASN, asian; chr, chromosome; GWAS, genome-wide association study; G-H, gout vs individuals with hyper-
uricemia; G-NG, gout vs individuals without gout; MIR4309, microRNA 4309; RCOR1, REST corepressor 1; SKAT, sequence kernel association
test; SNP, single-nucleotide polymorphism; SNV, single-nucleotide variant; TECPR2, tectonin beta-propeller repeat containing 2; TRAF3, tnf
receptor associated 3; TWAS, transcriptome-wide association study.

Table 1. Novel SNVs associated with gout at a genome-wide level of significance in G-H group*

rs id Gene A1/A2a Stage (n)

No. of participants A1 frequency

OR (95% CI) P valueCases Controls Cases Controls

rs35213808 FSTL5-MIR4454 T/A Discovery (453) 270 183 0.756 0.623 1.89 (1.38–2.58) 6.59 × 10−5

Replication (1,501) 699 802 0.720 0.658 1.93 (1.52–2.46) 6.97 × 10−8

Meta (1,954) 969 985 1.92 (1.59–2.34) 1.99 × 10−11

rs8009475 RCOR1 G/A Discovery (453) 270 183 0.686 0.544 2.02 (1.49–2.74) 7.31 × 10−6

Replication (1,501) 699 802 0.669 0.600 1.52 (1.27–1.81) 2.96 × 10−6

Meta (1,954) 969 985 1.63 (1.40–1.89) 3.43 × 10−10

rs12887440 RCOR1 A/G Discovery (453) 270 183 0.676 0.530 1.98 (1.47–2.66) 7.00 × 10−6

Replication (1,501) 699 802 0.664 0.594 1.54 (1.29–1.84) 1.57 × 10−6

Meta (1,954) 969 985 1.65 (1.41–1.92) 1.32 × 10−10

* G-H, gout vs individuals with hyperuricemia; OR, odds ratio; SNV, single-nucleotide variant; 95% CI, 95% confidence interval.
a Allele A1 is the risk-associated allele, and allele A2 is the non–risk-associated allele.
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Figure 2. RCOR1 is involved in the immune process of gout. (A) Functional annotation of rs12887440. The locuswhere rs12887440 resides is enriched
with both H3K4me1 (orange) andH3K27ac (brown)modifications, suggesting an enhancer function of this region. The interaction of rs12887440-residing
region with the promoter of RCOR1 where rs8009475 was located as revealed by Hi-C schematic representation (green curve) is shown in 3D Genome
browser. The CpG residing in the promoter of RCOR1 is marked in red. The expression of RCOR1was significantly increased in the rs12887440 AA car-
riers (n = 8) compared with GG carriers (n = 6; P < 0.05) by RT-qPCR (B) and RNA-seq (C). A is the risk allele. Association between serum urate concen-
tration and rs12887440 alleles (D) and rs8009475 alleles (E) is shown. (F) Top 10 biologic process terms enriched by differentially expressed genes in
whole blood of rs12887440-AA carriers comparedwith that of rs12887440-GG carriers are shown. The protein expression of pro–IL-1β viaWestern blot-
ting, using β-actin as an internal control (G) and the levels of IL-1β secretion in the supernatant via ELISA (H) in RCOR1-KD THP-1 cells after MSU crystal
treatment as indicated. −, MSU untreated; +, MSU treated; NC, negative control THP-1 cells without RCOR1 treatment (n = 3). Data are mean ± SEM.
P values were determined by t-test. *P < 0.05; **P < 0.01; ***P < 0.001. ANKRD9, ankyrin repeat domain 9; chr, chromosome; ELISA, enzyme-linked
immunosorbent assay; FDR, false discovery rate; IL, interleukin; KD, knock-down; MIR4309, microRNA 4309; MSU, monosodium urate; RCOR1, REST
corepressor 1; RNA-seq, RNA sequencing; RT-qPCR, quantitative real-time polymerase chain reaction; TECPR2, tectonin beta-propeller repeat contain-
ing 2. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42969/abstract.
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(Figure 2A). These findings suggest that rs12887440 may influ-
ence RCOR1 expression. To confirm this, we measured the
expression of RCOR1 in the whole blood of 32 individuals from
the adolescent gout cohort with the genotype of GG (n = 6), GA
(n = 18), or AA (n = 8) at rs12887440. The homozygous risk allele
carriers (AA allele) displayed significantly higher RCOR1 messen-
ger RNA levels in their whole blood compared with the noncarriers
(GG allele) through both RT-qPCR and RNA-seq (Figure 2B and
C), which suggests that rs12887440 is associated with the
expression of RCOR1.

RCOR1 involvement in the inflammatory process
of gout. Because RCOR1 was identified as being associated
with gout in the G-H group, we hypothesized that its role was in
the immune process and not via urate homeostasis. To confirm
this, we first performed an association analysis between RCOR1
SNVs and serum urate concentrations in all participants included
in the discovery and replication stages, and we found that differ-
ent genotypes of rs12887440 and rs8009475 were not associ-
ated with serum urate concentrations (P > 0.05, Figure 2D and
E). Furthermore, through RNA-seq on individuals with different
genotypes of rs12887440, we identified 404 DEGs in
rs12887440 AA allele carriers compared with the rs12887440
GG carriers. As the top 10 GO biologic process terms showed,
these DEGs were involved in immune-related pathways such as
immune system process, immune response, adaptive immune
response, and regulation of immune response (Figure 2F), sug-
gesting that RCOR1 is possibly involved in the inflammatory pro-
cess of gout.

Monosodium urate (MSU) crystals interact with resident
macrophages to activate the NOD-, LRR-, and pyrin domain-
containing protein 3 (NLRP3) inflammasome, leading to
release of bioactive IL-1β.1 To examine whether RCOR1 sup-
presses or promotes inflammation in gout development, we
used THP-1–derived macrophages in which RCOR1 was
knocked down (RCOR1-KD) to determine the function of
RCOR1 in MSU crystal–induced inflammation. The cells did
not express pro–IL-1β and IL-1β when there was no inflam-
matory stimulus, regardless of the expression level of RCOR1.
However, after exposure to MSU crystals to stimulate the
immune response, the protein levels of intracellular pro–IL-1β
and IL-1β levels in the supernatant were significantly reduced
in RCOR1-KD cells compared with control cells (Figure 2G
and H). These findings demonstrate that RCOR1 could be
actively involved in development of gouty inflammation.

Gene-based SKAT for low-frequency SNVs. To deter-
mine whether low-frequency SNVs (MAF < 0.05) are associated
with gout and hyperuricemia in adolescents, we conducted
gene-based SKAT on low-frequency SNVs with minor allele
counts ≥2. As anticipated, ABCG2 reached the genome-wide
significance level in the G-NG group (PABCG2 = 1.81 × 10−8) after

Bonferroni correction (PBonferroni < 2.09 × 10−6, 23,869 gene
sets). Solute carrier family 22 member 12 (SLC22A12), which is
associated with serum urate levels,33 was also significant in the
G-NG group (PSLC22A12 = 1.06 × 10−8), consistent with multiple
previous reports of association of uncommon variants with
hypouricemia.12,34 There were no genes with significant associa-
tion in the G-H group (Supplementary Table 10).

DISCUSSION

This study comprehensively characterized adolescent-onset
gout genomes. In addition to the gout risk locus ABCG2, which
was previously linked in a small Czech Republic study to
pediatric-onset gout,15 and to ABCG2 and PKD2 identified in pre-
vious GWASs of gout,12 genetic analyses of the WGS data
allowed us to identify two novel common risk loci and two genes
driven by low-frequency variants associated with gout. These
results provide more insights into the genetic basis of gout than
traditional array-based genotyping analyses by using deep
sequencing data in people with early-onset gout, who are
expected to have a stronger genetic contribution to disease.

Genetic variants related to immune response were identified
in the adolescent-onset gout cohort. Regarding common vari-
ants, two novel candidate gout risk loci (RCOR1 and FSTL5-
MIR4454) were identified, of which one (RCOR1) may have a role
in inflammation and immunity. REST corepressor 1 (RCOR1 or
CoREST), which we identified as associated with gout in the
G-H group, is a protein that binds to the C-terminal domain of
repressor element-1 silencing transcription factor (REST) and reg-
ulates diverse immune and inflammatory responses.35 Rcor1

deletion disrupts Foxp3-dependent recruitment of the CoREST
complex to the promoters of T-bet, IL-2, and interferon-γ, leading
to impaired Treg function in vivo and promoting antitumor immu-
nity in mice.36 T-bet deficiency alleviates MSU crystal–induced
inflammatory cell infiltration in peritonitis and air pouch models
in vivo, in addition to reducing the IL-1β levels of air pouch lavage
fluid.37 In our study, the risk allele A of the lead SNV rs12887440
in RCOR1 had a higher allele frequency in patients with gout com-
pared with hyperuricemia, and we observed that the risk allele
increases the expression of RCOR1. The A allele of rs12887440
and the G allele of rs8009475 were not associated with serum
urate levels (Figure 2C and D). Functional experiments in THP-1
macrophage cells indicated that RCOR1 has a role in promoting
gouty inflammation. These findings suggest that the RCOR1
locus is proinflammatory and contributes to the progression from
hyperuricemia to gout. We also identified rs35213808, an SNV in
the intergenic region between FSTL5 and MIR4532. FSTL5
inhibits the Wnt/β-catenin signaling pathway in a hepatocellular
carcinoma cell line.38 In this study, rs35213808 in FSTL5-
MIR4454 was not associated with serum urate levels
(Supplementary Figure 6), suggesting that it may play a role by
affecting inflammation in the development of gout in adolescents.
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Besides common variants, we also found low-frequency
SNVs associated with adolescent gout. Low-frequency SNVs
were associated with adolescent gout at ABCG2 and SLC22A12,
which have previously been reported to be associated with hyper-
uricemia and gout.12,15,39 Our results will improve our under-
standing of the role of uncommon variants in gout progression.

The genetic risk variants in patients with adolescent-onset
gout may contribute to clinical manifestations such as faster
development of tophi and the earlier onset of gout. In this
adolescent-onset gout study, we discovered a novel locus,
RCOR1, involved in immune response. Immune-associated
genetic variants for gout in adolescence may result in individuals
being more sensitive to the inflammatory response to MSU crys-
tals, leading to early onset of gout. Because our experiments
found that the knock-down of RCOR1 caused lower IL-1β levels,
this shows that RCOR1 has a role in promoting gouty inflamma-
tion in THP-1 cells after MSU crystal treatment. Greater sensitivity
to MSU crystal inflammatory responses may be a major cause of
early onset of gout.

However, due to the low prevalence of gout in adolescents,
this study had limitations in discovering more gout-related genes
and uncommon variants in adolescents. Although we used East
Asian immune cell data to construct MASHR models to avoid dif-
ferences in LD structure or variance covariance matrix due to
different ancestry, the lack of available data on gene expression
and genotypes in East Asian gout-related tissues prevented us
from using TWAS to explore additional genes that might be
associated with gout. In addition, our study shows that the newly
discovered adolescent-onset gout risk genes mainly have the
potential to regulate gout inflammation and immunity, but the spe-
cific regulatory mechanisms remain to be elucidated. The func-
tional RCOR1 experiments in THP-1 macrophage cells probed
effects on the inflammatory phenotype of the disease. However,
a much larger scope of studies would be needed to examine the
etiology, once hyperuricemia is achieved, of developing gout,
which requires MSU crystal deposition in the joint. That process
involves the joint surface lubrication by lubricin, collagen II release
from cartilage, and homeostasis of articular cartilage, synovium,
and other tissues in the joint, which is disrupted by several prote-
ases released by inflammatory cells.40 Moreover, there are
16,419 target genes of the RCOR1 transcription factor repressor
in chromatin immunoprecipitation sequencing data sets from the
ENCODE Transcription Factor Targets data set (https://www.
ncbi.nlm.nih.gov/gene/23186). They include not only NLRP3,
IL-1β, and IL-6, but also multiple genes that regulate lubricin pro-
teolytic turnover (ITIH3, THBS1, ELANE, TLR2, SERPINB6).40

Notably, RCOR1 also modulates articular chondrocyte homeo-
stasis and cartilage integrity.41

This is the first report of comprehensive characterization of
adolescent-onset gout genomes, and risk loci of early-onset gout
were identified. Novel loci involved in inflammatory response may
contribute to early-onset gout. This study will contribute to a

better understanding of the mechanisms of adolescent-onset
gout and be helpful for drug development, risk prediction, and
intervention to prevent adolescent-onset gout and early-
onset gout.
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Refining research on systemic lupus erythematosus
with key considerations: comment on the article by
Xing et al

To the Editor:
The study by Xing et al has made a significant contribution to

the understanding of the environmental and genetic factors that

influence the development of systemic lupus erythematosus

(SLE).1 However, it is necessary to emphasize a few points that

warrant further discussion.
Although this study employs a land-use regression model to

estimate air pollution exposure, it could not fully reflect the actual

exposure levels of individuals. Factors such as indoor air pollution,

personal activity patterns, and short-term exposure peaks are not

considered. A representative cohort of participants could be

selected and provided with portable air quality monitoring equip-

ment in a future study. Each participant’s exposure level to spe-

cific pollutants would be recorded at varying times and locations.2

The present study does not provide sufficient detail regard-

ing the various subtypes of SLE. SLE is a highly heterogenous dis-

ease, and the etiology can vary considerably among patients.3

The authors are encouraged to gather multidimensional data

related to the disease, including clinical characteristics, genetic

background, environmental exposure, and so forth. Thereafter, a

hierarchical cluster analysis would be selected for the purpose of

performing cluster analysis, which would facilitate the identifica-

tion of distinct subtypes.4

The authors have not considered the impact of mental health

factors on the development of SLE. Prior research has demon-

strated that individuals with a history of depression are at an ele-

vated risk of subsequently developing SLE.5 The present study

does not address the impact of other physiologic diseases on

the occurrence of SLE. A previous study has identified a total of

38 comorbidities associated with the incidence of SLE.6 The

research fails to account for the participants’ family history of

SLE, which is associated with a markedly elevated risk of devel-

oping SLE.7 It would be beneficial to collect information on partic-

ipants’ mental health, comorbidities, family health history, and

other relevant confounding variables from the UK Biobank, which

could then be incorporated into the statistical model for adjusted

analysis.

Author disclosures are available at https://onlinelibrary.wiley.com/doi/
10.1002/art.42981.
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Reply

To the Editor:
We appreciate the author for his letter to the editor regarding

our recently published article “Air pollution, genetic susceptibility

and risk of incident systemic lupus erythematosus: a prospective

cohort study.”1 The author emphasized several points for further

discussion, and we address them below.
We aimed to explore the associations between long-term

exposure to outdoor air pollution and incidence systemic lupus

erythematosus (SLE), and we applied a land-use regression

model for exposure assessment, which is a mainstream method

in a related field.2–4 In addition, we also estimated air pollution

exposure level at participants’ home addresses using data from

the UK Department for Environment, Food and Rural Affairs in

the sensitivity analysis. Admittedly, considering the precision of

exposure assessment, using portable air quality monitoring

equipment would be a desirable choice in future research.
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Currently, the newly diagnosed patients with SLE in the UK
Biobank (UKB) were derived from hospital inpatient data coding
International Statistical Classification of Diseases and Related
Health Problems, Tenth Revision, and most of them were diag-
nosed with an unspecified form of SLE. Besides, there were no
available data about SLE laboratory values and clinical manifesta-
tions in the UKB, so we could not perform hierarchical cluster
analysis to identify different clusters. Future studies with multidi-
mensional detailed data could incorporate this analysis and fur-
ther compare different characteristics among different clusters.

The covariates adjusted in this analysis were generally in line
with previous studies.5 As you suggested, we added baseline
depression status and several comorbidities into the model for
adjusted analysis, and the results are shown below (Table 1). The
prior research found 38 comorbidities associated with incident SLE,
of which diffuse diseases of connective tissue exhibited the most
robust association.6 We then selected several characteristic dis-
eases among them, including dermatopolymyositis, systemic sclero-
sis, Sjögren disease, and another significantly associated disease
called rheumatoid arthritis as the adjusted comorbidities. We consid-
ered incorporating the family history of SLE as a covariate; however,

the UKB only provides family history data for several main diseases
now. We failed to get this information on SLE for adjusted analysis.
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Table 1. Associations between long-term exposure to air pollutants
and risk of SLE*

Air pollutants

Patients with
SLE/total

participants HR (95% CI)

PM2.5 per IQR
increase

399/459,815 1.16 (1.03–1.30)

PM10 per IQR increase 399/459,815 1.22 (1.09–1.38)
NO2 per IQR increase 399/459,815 1.24 (1.11–1.39)
NOx per IQR increase 399/459,815 1.11 (1.01–1.22)

* Model 3: Adjusted for age, sex, ethnicity, household income,
employment status, smoking status, drinking status, BMI, depres-
sion, rheumatoid arthritis, dermatopolymyositis, systemic sclerosis,
and Sjögren disease. BMI, body mass index; HR, hazard ratio; IQR,
interquartile range; PM, particulate matter; SLE, systemic lupus ery-
thematosus; 95% CI, 95% confidence interval.
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Clinical Images: Painless subcutaneous swellings in a middle-aged man

A 52-year-old man, presented with painless swelling of bilateral submandibular glands and multiple subcutaneous lumps for the last six
years. Examination revealed (A, arrowhead) firm and nontender swellings over the right lower eyelid, left retroauricular area, and right calf;
(A, arrows) enlarged bilateral submandibular glands; and ankle arthritis. Investigations showed raised markers of inflammation, leu-
cocytosis, thrombocytosis, and normal liver and kidney function tests. Ultrasonography of the neck revealed bulky heterogeneous
submandibular glands, an enlarged left parotid gland, and cervical lymphadenopathy. A radiograph of both legs (anteroposterior
view) showed (B, arrowheads) expansile lytic lesions involving the right tibia and fibula. Whole body 18F fluorodeoxyglucose–positron
emission tomography showed (C) hypermetabolism in the bilateral submandibular glands and the left parotid gland, an exophytic
soft tissue mass in the inferior aspect of the right eye, a right sinonasal mass, a left lung consolidatory mass, and (D) focal intense
hypermetabolism in the marrow of the bilateral femora, tibiae, calcaneotalar, and tarsal bones. Histopathologic examination of the
excised lesion from the right lower eyelid showed (E, arrowhead) clusters of histiocytes with emperipolesis on hematoxylin and eosin
staining. On immunohistochemistry (IHC), the lesional histiocytes exhibited (F, arrowhead) strong S100 positivity and CD163 positiv-
ity. The coexpression of (G, arrowhead) OCT2 and cyclin-D1 was suggestive of extranodal Rosai-Dorfman disease (RDD).1 He was
prescribed prednisolone at 1 mg/kg body weight and oral methotrexate at 15 mg/wk, with gradual improvement of his symptoms
over three months. The differentials for histiocytic neoplasms included Langerhans cell histiocytosis, Erdheim-Chester disease,
and RDD. On IHC, positive CD163 and S100 and coexpression of OCT2 and cyclin-D1 on lesional histiocytes differentiate RDD from
other histiocytic neoplasms. The treatment recommendations for RDD include glucocorticoids, cladribine, cytarabine, and oral
methotrexate.2

Author disclosures are available at https://onlinelibrary.wiley.com/doi/10.1002/art.42970.
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Clinical Images: A large disfiguring nasal mass and progressive dyspnea

The patient, a 68-year-old woman, presented to the rheumatology clinic with a nasal mass and dyspnea. Two years ago, the patient
developed (A) a nonpainful nasal mass that gradually increased in size, accompanied by worsening shortness of breath and cough.
She showed no symptoms of arthralgias, palpitations, chest pain, sinus pain, or eye pain or redness, numbness, or weakness. Her
laboratory testing results showed normal angiotensin converting enzyme, electrolyte, liver enzyme, and Ig levels; a normal urinalysis
result; and negative QuantiFERON and HIV test results. Antinuclear antibody, rheumatoid factor, antineutrophil cytoplasmic anti-
body, and myositis-specific antibody panels were also negative. (B) Computerized tomography of her chest showed extensive hon-
eycombing involving all lobes, nodular opacities in bilateral upper lobes, and mediastinal lymphadenopathy. (C) A biopsy of her nose
lesion showed dermatitis with scattered well-formed nonnecrotizing granulomas in the mid and deep dermis composed of epitheli-
oid histiocytes and multinucleated giant cells. Ten years earlier, she was diagnosed with suspected sarcoidosis following an evalu-
ation for dyspnea and cough. Chest imaging at that time revealed mediastinal lymphadenopathy and bilateral interstitial nodular
opacities. She underwent fine-needle aspiration of mediastinal lymphadenopathy, which showed benign respiratory cells and back-
ground lymphocytes with no evidence of granulomas or malignant cells, and subsequently underwent a transbronchial lung biopsy,
which showed similar findings. Her symptoms improved with prednisone, but she was lost to follow-up. Based on her history and
skin biopsy findings, a diagnosis of lupus pernio was made. She was prescribed 40 mg of prednisone daily and 20 mg of methotrex-
ate weekly and received intralesional steroid injections, with improvement of her skin lesion (Supplementary Figure 1). Lupus pernio
is a rare cutaneous manifestation of sarcoidosis that can present as a large exuberant disfiguring lesion.1,2 Systemic glucocorticoids
and immunomodulatory drugs are frequently preferred for these lesions, with up to 40% of patients having resolution of their
lesions.3

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.42977).
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