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Overweight and obesity are key risk factors for gout, and weight 
loss has been conditionally recommended for gout patients who 
are overweight or obese.  Anti-obesity medications, such as orli-
stat, may be an alternative to lifestyle interventions to achieve 
long-term weight loss. Wei et al emulated a hypothetical target 
trial using a “cloning, censoring, and weighting” approach to evalu-
ate the effects of weight loss within one year of orlistat initiation 

Participants were “cloned” (i.e., replicated) into four groups, 
each assigned to one of four weight loss interventions: weight 
gain/stable (<2%), slow (2–5%), moderate (5–10%), or fast ( 10%) 
weight loss within one year after orlistat initiation. Cloning mim-
icked the randomization process of a hypothetical randomized 
controlled trial, ensuring that all confounders were evenly distrib-
uted among intervention groups. Follow-up began at the time of 
orlistat initiation, avoiding immortal time bias. “Censoring” 
ensured that replicates adhered to assigned strategies during the 

their assigned group during the grace period. 

Replicates who adhered to their assigned strategies and did 
not develop incident gout during the grace period were fol-
lowed for an additional four years. Replicates who experienced 
gout, loss to follow-up, or death during the grace period were 
considered adherent across all assigned groups. 

Inverse probability weighting (IPW) was used to address 
selection bias due to censoring. IPW up-weighted replicates 
who adhered to their assigned intervention, estimated through 
logistic regression, incorporating baseline and time-varying 
covariates from the index date to the censoring date. The 
study followed the protocol of a hypothetical clinical trial, 
including eligibility criteria, intervention strategies, interven-
tion assignments, follow-up time, and outcome assessment. 
Results showed that faster weight loss within one year of orli-
stat initiation was associated with lower risks of incident gout 

adjusting for known confounders. 

Questions

1. What are challenges to intensive lifestyle intervention 
for weight loss in individuals with gout who are obese or 
overweight? 

2. What was the purpose of cloning in the cloning, 
censoring, and weighting approach? 

3. How did the study manage incident gout, loss to follow-
up, or death during the grace period?

4. Why was IPW used in the study analysis? Can IPW 
eliminate selection bias from censoring? 

Weight Loss After Initiating Anti-Obesity Medications and Gout 
Among Overweight and Obese Individuals

-

-

-

-

-

-
-

-

  

Journal Club

Wei et al, Arthritis Rheumatol. 2025;77:335–345.

A monthly feature designed to facilitate discussion on research methods in rheumatology.
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CORRESPONDENCE 
Diane van der Woude, MD, PhD: dvanderwoude@lumc.nl

KEY POINTS  

•  

•  

•  

SUMMARY  
A hallmark of seropositive rheumatoid arthritis 

antibodies (AMPA), of which antibodies against 
citrullinated (ACPA), carbamylated (anti-CarP) 
and acetylated (AAPA) proteins are generally 

response. The mucosal immune system may be 
involved in the development of the AMPA 
response.  ACPAs have been detected in sputum 
and saliva, indicating that (at least some) AMPAs 
can be produced at mucosal sites in RA patients. 
However, the body’s  lar gest  mucosa l 
compar tment, the gut, has not yet been 
examined. To investigate intestinal involvement, 
Derksen et al collected material from feces / 
ileal wash, saliva, and serum of RA patients and 
healthy volunteers in three cohorts (MUCOSA, 
IntestRA, and Plants for Joints), and looked for 
the presence of AMPAs. 

ACPA, anti-CarP, and AAPA IgA were all 
measurable in saliva of seropositive RA patients 
(prevalence 9-40%). However, in feces, no AMPAs 
could be detected in any of the cohorts, while total 
IgA and anti–E. coli IgA antibodies were detectable 
in feces. Results were confirmed in ileal wash 
samples collected by colonoscopy. These data 
suggest that mucosal autoantibody secretion may 
occur in the oral mucosa of RA patients, while no 
evidence could be found for this process in the 
lower gastrointestinal tract, thus indicating that the 
gut may be a less likely origin of the autoimmune 
response underlying RA.
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CORRESPONDENCE 
Wayne Yuk Wai Lee, PhD: waynelee@cuhk.edu.hk

KEY POINTS  

•  

•  

•  

•  

SUMMARY  
Subchondral bone remodeling is considered an aberrant mechanosensitive response to injury during osteoarthritis 
(OA) progression. Osteocytes play a major role in sensing and transmitting mechanical stimulation due to their wide 
distribution throughout the bone matrix, their complex interconnected lacunocanalicular network, and their secretion 
of various mechanoresponsive biomolecules. By investigating samples collected from OA patients undergoing knee 
replacement surgery and a destabilization of the medial meniscus (DMM)-induced mouse OA model, Wang et al 
demonstrated that long noncoding RNA H19 was highly expressed in subchondral bone osteocytes. In transgenic mice, 

Furthermore, cellular experiments showed that H19 appears to enhance osteocyte cell response to mechanical 
stimulation through PI3K/AKT/GSK3 signal activation, which was partly attributed to protein phosphatase 2A inhibition.

To illustrate its translational potential, antisense oligonucleotide (ASO)-loaded magnetic metal–organic frameworks 
(MMOFs) were used to silence H19 in subchondral bone osteocytes in the mouse OA model. MMOFs were 
employed to facilitate more precise delivery of the anti-H19 ASO to the subchondral bone during treatment. This 

translational potential for OA clinical applications by targeting subchondral bone osteocytes.
A14



E D I T O R I A L

JAK Inhibitors Versus Biologic Disease-Modifying
Antirheumatic Drugs: Which Is More Effective for
Rheumatoid Arthritis Pain?

Abigail Weiland and Yvonne C. Lee

Pain is a near universal feature of patients with rheumatoid

arthritis (RA). Although inflammation contributes to pain, it is not

the only etiology, and pain often persists despite treatment of

inflammation. Treatment with a disease-modifying antirheumatic

drug (DMARD) is associated with improvements in pain intensity

and pain interference in patients with RA, but improvements are

often small in magnitude and may not be clinically meaningful.1

The lack of resolution of pain may be due to multiple factors,

including continued inflammation and abnormalities in central

nervous system regulation of pain.2 As a result, many patients

with RA turn to other treatments, such as long-term opioids,

which are not effective for chronic pain and are also associated

with significant safety concerns.3

Given the unmet need for alleviating pain in patients with RA,

there is considerable interest in identifying new treatment strate-

gies. In recent years, JAK inhibitors have garnered attention for

their potential in treating pain. Preclinical studies suggest that the

JAK-STAT3 pathway is involved in nociceptive networks both

peripherally (ie, at the joint level) and centrally (ie, in the spinal cord

and brain). For example, in the collagen antibody-induced mouse

model of arthritis (CAIA), inhibition of the JAK-STAT3 pathway

was associated with decreased expression of colony-stimulating

factor 1 in the dorsal root ganglion and inhibition of CAIA-induced

microglial proliferation in the spinal dorsal horn, along with

increases in paw withdrawal times (allodynia).4

In humans, data from phase 3 randomized controlled trials

(RCTs) suggested that JAK inhibitors may be more effective for

reducing pain than tumor necrosis factor (TNF) inhibitors. An early

signal came from RA-BEAM, a phase 3 RCT of the JAK inhibitor

baricitinib versus the TNF inhibitor adalimumab, which showed

that patients randomized to receive baricitinib reported signifi-

cantly less intense joint pain than those randomized to adalimu-

mab.5 This difference was evident two weeks after initiation of

treatment. Similar results were seen in phase 3 RCTs of upadacitinib

(SELECT-CHOICE, SELECT-COMPARE).6,7 However, a secondary

analysis of the ORAL Strategy trial showed no superiority for

tofacitinib over adalimumab.8 Similarly, a network meta-analysis of

data fromORAL Strategy and ORAL Standard demonstrated no dif-

ference in the effect of tofacitinib versus adalimumab on residual

pain (pain despite swollen joint count = 0 and C-reactive protein

[CRP] < 6 mg/L).9 In addition, there is a dearth of data on pain

outcomes comparing JAK inhibitors to non-TNF DMARDs.
In this issue of Arthritis & Rheumatology, Eberhard and

colleagues compared the treatment effect of JAK inhibitors and

biologic DMARDs on pain among patients with RA using data

from linked Swedish national registries.10 At three months,

patients initiating JAK inhibitors reported 4 mm (out of 100 mm)

greater decreases in visual analog scale (VAS) pain scores,

compared with patients initiating TNF inhibitors and rituximab in

adjusted analyses. No increased benefit was noted compared to

abatacept or interleukin-6 (IL-6) inhibitors. At 12 months, only

68% of patients remained on the drug that was initiated at base-

line. Thus, the primary outcome at 12 months was designated

as the proportion of patients who remained on the initiated drug

and achieved low pain, defined as a VAS < 20. In adjusted

analyses, a higher proportion of patients who initiated JAK inhibi-

tors achieved low pain and remained on therapy, compared to

those who initiated TNF and IL-6 inhibitors, but this did not reach

statistical significance. Subgroup analyses suggested that

patients who had been treated with at least two prior DMARDs

had greater reductions in pain when treated with a JAK inhibitor

versus a TNF inhibitor.
Notable strengths of this study are the use of data from the

Swedish national registries, which yielded a large sample size of

patients who are representative of routine clinical practice in

Sweden. Limitations include potential confounding associated
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with the observational design of the study, as well as a large
amount of missing data. More than 50% of the patients were
missing a VAS pain score at 12 months. In the primary analyses,
these data were imputed using multiple imputation to minimize
selection bias. However, there remains the potential for bias
because of unmeasured factors. Thus, no definitive conclusions
regarding the 12-month impact of JAK inhibitors on pain can
be made.

What can we take away from this study? First, these data
confirm that the initiation of a JAK inhibitor is associated with
larger short-term (three month) reductions in pain compared
with TNF inhibitors in the real-world setting. However, the magni-
tude of difference in pain reduction was small and did not meet
published thresholds for clinically important differences (>1 cm
or 15%).11 Additionally, the small difference in pain reduction
was found only in the adjusted analyses but not in the unadjusted
analyses, calling to attention the potential issue of confounding. It
should be emphasized that, in observational studies, the careful
selection of covariates is key and may have a significant impact
on results.

The particularly novel part of this study lies in the subgroup
analyses in which Eberhard and colleagues examined relation-
ships between the treatment and pain response in groups
stratified by line of treatment. The superiority of JAK inhibitors
over TNF inhibitors for reducing pain was only evident among
patients starting second or later line DMARDs, not those start-
ing first-line therapy after a conventional DMARD.10 This
observation could be consistent with these patients having
noninflammatory pain mechanisms that are not targeted by
first-line biologic DMARD treatment directed at inflammatory
pathways. In line with this, Taylor, et al found that baricitinib
had a greater effect on pain relief over placebo than adalimu-
mab, and changes in objective markers of inflammation
(measured by CRP, erythrocyte sedimentation rate, and swol-
len joint count) accounted for only 40% of the pain relief with
baricitinib,12 suggesting that 60% of pain improvement
occurred via noninflammatory pathways.

In fact, several studies have reported that pain in patients
with RA is likely multifactorial, including potential contributions
of nociceptive pain from inflammation and active tissue
destruction, neuropathic pain from peripheral nervous system
processes (eg, carpal tunnel syndrome), and/or nociplastic
pain from peripheral and/or central nervous system dysregula-
tion.13 Using data from the Accelerating Medicines Partnership
RA/Systemic Lupus Erythematosus Network, Bai et al recently
identified an 815-gene expression module that was associated
with pain in patients with RA but minimal histologic evidence of
inflammation on synovial biopsy.14 This module includes
NTN4, which encodes netrin-4, a secreted protein that
increases branching of pain-sensitive dorsal root ganglion
neurons into areas of synovial hypertrophy. These results sup-
port the existence of noninflammatory pathways of joint pain in

RA. Future studies examining the effects of JAK inhibitors on
these pain pathways would be of great interest.

Alternatively, the “noninflammatory” pathways through
which JAK inhibitors work may not be noninflammatory at all.
Instead, the findings could be a result of imperfect measures of
inflammation. Typical measures of inflammation used in RCTs
and clinical practice include swollen and tender joint counts, sed-
imentation rate, and CRP, but these measures may not provide a
nuanced enough picture of local processes. The incorporation of
synovial biopsies and/or musculoskeletal ultrasound in future
studies would provide valuable information to help delineate dif-
ferent potential mechanisms of pain.

Ultimately, the holy grail is a precision-based medicine
approach to managing pain in patients with RA. To move
toward this goal, we provide a few high-level recommenda-
tions for investigators designing these research studies and
clinicians caring for these patients. One, it is of critical impor-
tance to understand patient experiences and priorities when
it comes to goals of treatment. Although some patients speak
of inflammation, it is our experience that more patients report
pain, and, when they do speak of inflammation, further probing
often reveals pain to be the underlying symptom. However, not
all pain is inflammatory. Two, given that patients with RA expe-
rience pain from many causes and can subsequently have dif-
ferential responses to treatment, it is important to
comprehensively phenotype pain, with the goal of identifying
underlying etiological pathways. The unidimensional VAS pain
rating, used in most of the existing literature, evaluates only
the severity of pain but does not measure other domains such
as pain quality or quality of life. We suggest that investigators
use additional validated measurement tools, such as those
recommended by the NIH HEAL Initiative’s Common Data Ele-
ments Program,15 as well other assessments, such as quanti-
tative sensory testing, depending on the specific study
question.

In conclusion, pain remains a critical problem for many
patients with RA. This study by Eberhard and colleagues, in con-
junction with existing clinical trial data, suggests that JAK inhibi-
tors yield slightly better pain outcomes than TNF inhibitors.10

The magnitude of these effects is unlikely to be clinically meaning-
ful in unselected groups of patients with RA. However, this study
showed that specific subgroups, such as those who have tried
at least two DMARDs, may experience greater effects. To better
delineate these subgroups, it is critically important to comprehen-
sively phenotype pain in research studies and go beyond the sim-
ple VAS pain scale.
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E D I T O R I A L

Urinary Biomarkers: Toward a Liquid Biopsy
for Lupus Nephritis

Andrea Fava

The suboptimal response rates in lupus nephritis (LN)1,2

underscore the urgency for better management strategies.

Among an ever-impressive pipeline of novel treatments on the

horizon, we are still confronted with significant limitations in our

ability to promptly diagnose, accurately classify, and adequately

monitor treatment response in LN. LN is asymptomatic in most

patients,3 and thus, the current strategy relies on serial screening

of patients with systemic lupus erythematosus, triggering a kidney

biopsy when elevated proteinuria or unexplained decline of

kidney function are detected.4,5 However, proteinuria is an unreli-

able indicator; it cannot differentiate between histologic classes

(including membranous vs proliferative6), correlates poorly with

histologic activity, and may increase in cases of renal damage

devoid of intrarenal inflammation.
Kidney biopsies remain the cornerstone for guiding LN treat-

ment, providing insight into LN histologic class, presence of high-

risk features, and the degree of inflammatory activity as well as

chronicity (damage). Yet, treatment response is assessed mostly

by proteinuria reduction,4,5 an imperfect surrogate. Multiple stud-

ies on repeat biopsies revealed that up to half of patients who

achieve remission-range proteinuria (<0.5 g/24 h) continue to

exhibit histologic activity, and conversely, over half of those with

complete histologic remission still have proteinuria exceeding 0.5

g/24 h.7,8 Although the clinical impact of protocolized repeat

biopsies is under formal investigation,9 the urgency for frequent,

accurate assessments of disease activity in LN—especially in the

early months, when irreversible damage accrues10—is clear. As

such, there is a pressing need for noninvasive biomarkers that

can accurately reflect intrarenal disease activity within the hetero-

geneity of LN, enabling real-time therapeutic adjustments and

preventing progression to renal fibrosis.
The recent study by Hiramoto et al, published in Arthritis &

Rheumatology, tackles this challenge, focusing on urinary bio-

markers that reflect histologic findings in LN.11 The authors

extended the evaluation beyond the 10 components of the NIH

Activity and Chronicity Indices commonly used in practice,

quantifying 20 histologic features and identifying four main clus-

ters of co-correlated lesions based on location: extracapillary,

endocapillary, mesangial/membranous, and tubulointerstitial.

This clustering approach provides a nuanced view of LN pathol-

ogy, offering a simpler potential framework for understanding dis-

ease heterogeneity.
Urine, by capturing the byproducts of intrarenal pathobiology

in real time, serves as an ideal specimen for developing noninva-

sive biomarkers of LN and providing insight into disease patho-

genesis. Hiramoto et al used a 1,305-plex urine proteomic assay

to identify shared and distinct molecular signatures associated

with each histologic cluster. A granulocyte signature was linked

to multiple lesions, whereas fibrosis-related signatures were pre-

dominantly seen in tubulointerstitial lesions—consistent with the

fact that this region is where most fibrosis and inflammation coa-

lesce in LN.
Shifting the focus to biomarker discovery, the authors

highlighted three key urinary proteins: calgranulin B (S100

calcium-binding protein A9), a clinically used biomarker for intesti-

nal inflammation, which best correlated with intraglomerular

inflammation; monocyte chemotactic protein 1, a well-established

marker of active LN, which correlated with interstitial inflamma-

tion; and insulin-like growth factor binding protein 5 (IGFBP-5), a

profibrotic molecule previously associated with chronic kidney

disease, which correlated with interstitial fibrosis.
Although this study involved a relatively small sample size, it

lays promising groundwork for the conceptualization of a liquid

biopsy in LN. Biomarkers, by definition, provide a more conve-

nient or noninvasive way to reflect biologic states or predict out-

comes. In LN, kidney pathology remains the gold standard for

assessing treatable inflammation and damage, but it is not yet

clear how to optimally use this information to guide treatment.

The framework proposed by this study, with its focus on principal

histologic components and their relative biomarkers, might, if val-

idated, refine the current prognostic limitations of renal biopsies
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by introducing a granular, longitudinal perspective through nonin-

vasive biomarkers.
Histologic fibrosis, as quantified by the NIH Chronicity Index

or interstitial fibrosis and tubular atrophy (IFTA), is one of the best
predictors of nonresponse (based on proteinuria) and progres-
sion to end-stage kidney disease. But the degree of histologic
activity in the diagnostic biopsy has not been shown to predict
clinical response. The persistence of histologic activity, revealed
through repeat biopsy, has demonstrated prognostic value.
Therefore, a noninvasive biomarker capable of longitudinally
tracking the evolution of specific lesions could provide critical
insights into treatment efficacy, offering a much-needed tool for
real-time therapeutic adjustments.

This exciting framework requires further validation. The novel
histologic scoring and clustering systems introduced by Hiramoto
et al must be tested in larger and more diverse cohorts and
against meaningful outcomes to ensure clinical utility.11 Moreover,
the predictive power of these biomarkers in assessing long-term
disease progression and treatment response needs confirmation
through longitudinal studies.

This work contributes to the growing body of research on uri-
nary biomarkers in LN12–16 and underscores the power of multi-
modal analyses. We are now witnessing the early outcomes of
large, ambitious collaborative projects that are dissecting the his-
tologic, cellular, and molecular features of kidney disease with

unprecedented depth, aiming to redefine the pathologically and
clinically relevant features of these diseases.17–19 The potential
to integrate newly discovered pathologic, molecular, and clinically
relevant endotypes through multiomic approaches and link them
to noninvasive biomarkers is particularly exciting. With the current
technological and computational explosive advancements, we
are experiencing a 21st-century renaissance in the redefinition of
anatomy—one that could revolutionize our understanding of dis-
ease groups, facilitate the identification of relevant biomarkers,
and ultimately guide precise, individualized treatments.

However, the roadmap to the translation of candidate bio-
markers to clinical application is long and winding (Figure 1).
Biomarkers are often discovered through expensive and techni-
cally demanding platforms that are impractical for large-scale clin-
ical use. The initial “discovery” phase involves selecting
biomarkers and developing assays that are technologically feasi-
ble, reproducible, and scalable for clinical laboratories. This is fol-
lowed by “validation,” in which assays undergo technical and
analytical testing to confirm they can replicate initial findings. In
the subsequent “development” phase, external clinical validation
and demonstration of clinical utility are essential.

Biomarkers are tested across diverse populations to ensure
generalizability and, most importantly, must offer a meaningful
improvement over the existing clinical standard. For instance,
whereas a biomarker that predicts LN activity as defined by

Figure 1. The pathway from biomarker discovery to clinical implementation: The process begins with identifying candidate biomarkers and
developing the concept and feasibility for clinical assays (“Discovery”). The transition to commercial-grade assays and rigorous analytical and clin-
ical validation steps ensures reproducibility and reliability. Most importantly, biomarkers must demonstrate clinical utility (“Development”). Each
stage requires meticulous testing and validation across diverse cohorts to ensure efficacy and generalizability for each context of use. Finally, reg-
ulatory steps according to local guidelines are required to enable widespread clinical implementation (“Commercialization”).
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concurrent proteinuria offers little new value, one that noninva-
sively detects histologically active proliferative LN could revolu-
tionize clinical practice by providing information currently
accessible only through biopsy. To establish clinical utility, bio-
markers need to be validated for specific contexts of use, such
as predicting disease susceptibility, actionable histologic features,
treatment response, or prognosis. Some may even redefine
response criteria and primary outcomes in clinical trials. This
phase of validation may require prospective trials, and regulatory
approval is necessary for commercialization and reimbursement.
Despite the challenges, several biomarkers are progressing
through this pipeline, bringing us closer to personalized manage-
ment of LN. As candidate urinary biomarkers for LN continue to
undergo validation, the possibility of a reliable, noninvasive
method for monitoring disease activity becomes increasingly tan-
gible, offering the potential to transform management strategies
and outcomes in LN.
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R E V I EW

Exploring the Role of Neutrophil Extracellular Traps in
Systemic Lupus Erythematosus: A Clinical Case Study
and Comprehensive Review

Mariana J. Kaplan

Introduction

Systemic lupus erythematosus (SLE) is a complex autoim-

mune syndrome characterized by a dysregulated immune

response, leading to widespread inflammation and tissue dam-

age. In recent years, research has highlighted the involvement of

neutrophil extracellular traps (NETs) in the pathogenesis of lupus.1

This case study aims to illustrate the clinical manifestations of

lupus and explore the role of NETs in disease pathogenesis, diag-

nosis, and treatment.

Case presentation

The patient, a 31-year-old woman, presents to the rheuma-

tology clinic with a 6-month history of fatigue, joint pain, intermit-

tent fevers, and facial rash exacerbated by sun exposure. These

symptoms were first noticed after the resolution of an upper respi-

ratory tract infection. She also reports experiencing nonpainful

recurrent oral ulcers, Raynaud phenomenon, and hair loss over

the past 3 months. She has taken acetaminophen for the joint

pain and has tried to stay away from the sun, but her symptoms

have persisted. On physical examination, she displays an

erythematous macular malar rash that spares the nasolabial folds,

oral ulcers, and tenderness and swelling in multiple joints in hands

and feet as well as in her knees. There is a maculopapular

erythematous rash in her upper arms. Laboratory tests reveal

leukopenia, lymphopenia, mild neutropenia, elevated erythrocyte

sedimentation rate, normal C-reactive protein levels, increased

levels of antinuclear antibodies (homogenous pattern), anti–

double-stranded DNA (anti-dsDNA) and anti-Ro antibodies,

and decreased C3 and C4 levels. Her renal function test

results are normal and there is no proteinuria. The lipoprotein

profile reveals low high-density lipoprotein (HDL) and elevated

low-density lipoprotein and total cholesterol. A carotid ultrasound

scan, done for research purposes as part of a lupus cardiovascular

cohort assessment, reveals a significant increase in carotid intimal

media thickness bilaterally. An evaluation of HDL function reveals

impaired cholesterol efflux capacity. A plasma sample sent to a

research laboratory reveals elevated myeloperoxidase (MPO):DNA

remnants and citrullinated histone H3:DNA remnants consistent

with NETs, and a flow cytometry analysis of peripheral blood

mononuclear cells reveals the presence of low-density granulo-

cytes (LDGs).
Given the clinical presentation and laboratory findings, the

patient would be diagnosed as having SLE, preclinical atheroscle-

rosis, and dyslipidemia and started on an antimalarial, a statin,

and low-dose prednisone. The patient would also be advised

regarding sun protection, vitamin D intake, warranted vaccinations,

and other general preventive measures for SLE comorbidities.

SLE, neutrophil dysregulation, and NETs

The patient’s case illustrates the classic presentation of SLE,

characterized by a constellation of constitutional symptoms,

mucocutaneous manifestations, and multisystem involvement, in

association with evidence of cardiometabolic dysfunction. The

pathogenesis of SLE involves a complex interplay between innate

and adaptive immune responses. Although neutrophils have been

proposed to play fundamental roles in the pathogenesis of SLE,

including previous descriptions of aberrant clearance of apoptotic

neutrophils and the LE cell phenomenon, recent discoveries over

the past 15 years have highlighted and identified novel mecha-

nisms by which these cells may play fundamental roles in the initi-

ation and perpetuation of a variety of systemic autoimmune

diseases, including SLE, antineutrophil cytoplasmic antibody–

associated vasculitis, rheumatoid arthritis, and idiopathic inflam-

matory myopathies.2–5
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One of the neutrophil features that has been identified by
various research groups as becoming dysregulated in autoimmu-
nity is the formation of NETs.6 These are web-like structures
composed of DNA, RNA, histones, and various antimicrobial pro-
teins, which are released to the extracellular space by activated
neutrophils in response to a variety of microbial and sterile inflam-
matory stimuli. In SLE, dysregulated NET formation and impaired
clearance of these structures have been reported to lead to their
accumulation within tissues and to their extended half-life in circu-
lation, potentially contributing to perpetuating autoantigen gener-
ation and modification, inflammation, and tissue damage.6,7

NETs may contribute to the pathogenesis of lupus nephritis,
lupus-associated skin disease, thrombosis, vascular damage,
and tissue injury in various organs, including pregnancy complica-
tions such as preeclampsia.6,8,9

The aberrant exposure within NETs of modified autoanti-
gens, including oxidized nucleic acids and posttranslationally
modified histones,10 may contribute to triggering the production
of autoantibodies, including anti-dsDNA and antinucleosome
antibodies, perpetuating the autoimmune responses in SLE.
Furthermore, NETs promote the in vitro activation of plasmacytoid
dendritic cells (DCs) and the production of type I interferons
(IFNs), driving systemic inflammation and amplifying immune
dysregulation in this disease.6

Mechanism of NET formation and triggers in SLE

NETosis is a unique form of cell death distinct from apoptosis
and necrosis. It involves the release of neutrophil chromatin
bound with various antimicrobial proteins, such as MPO and neu-
trophil elastase. NET formation can occur via several pathways.
The classic pathway involves reactive oxygen species (ROS) gen-
eration by the NADPH oxidase pathway. This leads to the activa-
tion of protein-arginine deiminase 4 (PAD4), which catalyzes the
conversion of arginine residues to citrulline in histones, resulting
in chromatin decondensation. Subsequently, the nuclear enve-
lope and granule membranes disintegrate, allowing the release
of chromatin fibers decorated with antimicrobial proteins. The
presence of citrullinated histones is a hallmark of NETs, distin-
guishing them from other extracellular DNA structures (reviewed
in Wigerblad and Kaplan1).

In the context of SLE, several factors contribute to the
enhanced formation and defective clearance of NETs. These
include oxidative stress, autoantibodies, immune complexes,
autoimmunity-inducing drugs, and proinflammatory cytokines.10

Various genetic polymorphisms that confer risk for SLE, including
IRF-5, STAT-4, and PTPN22, are also associated to enhanced
NET formation.11,12 As mentioned above, ROS play a crucial role
in NET formation, and patients with lupus exhibit elevated levels
of oxidative stress, which correlates with increased NETosis.
Furthermore, lupus autoantibodies, particularly those targeting
nuclear antigens, such as anti-RNP immune complexes, can

directly induce NET formation.3 These autoantibodies and
immune complexes bind to neutrophil surface receptors, trigger-
ing intracellular signaling cascades that lead to NET release.

A putative link between infections and lupus flares has been
reported.13 It is possible that innate immune activation following
some infections, including the formation of NETs, could link
microbial exposure to disease flares. Furthermore, UV light (also
linked with disease flares), has been associated with the formation
of NETs.14 As such, factors well-known to be associated with
exacerbations of lupus symptoms may do so, in part, by inducing
neutrophil dysregulation leading to NET formation and extrusion
of autoantigens, alarmins, and other signals associated with
innate and adaptive immune activation.

In the case of this patient, she had noticed that her symp-
toms had appeared and were exacerbated during sun exposure
and following an upper respiratory tract infection. One can posit
that these triggers may have promoted flares, at least in part,
through the induction of NETs in skin, mucosal sites, and other
organs. Furthermore, the mild neutropenia observed in this
patient may be secondary to enhanced NET formation leading to
neutrophil cell death; this is supported by the finding of elevated
NET remnants in her plasma.

LDGs in SLE

LDGs have garnered significant attention in the context of
SLE because of their distinctive characteristics and potential
implications in disease pathogenesis. These cells, which are
found in circulation at increased levels in a significant proportion
of patients SLE and are typically purified from the mononuclear
cell layer after density centrifugation (hence, their name because
of having lower density than regular neutrophils), exhibit unique
phenotypic and functional properties when compared with their
higher-density counterparts.15 These properties include altered
cytokine production, enhanced ability to form NETs in the
absence of added stimulation, exacerbated ability to synthesize
ROS, and enhanced ability to damage the endothelium through
matrix-metalloproteinases.6,15 The increased prevalence of LDGs
in patients with SLE, coupled with their potential to contribute to
disease pathology through the release of inflammatory mediators
and autoantigens, makes them a subject of interest for under-
standing disease mechanisms and progression in SLE.

Clinically, LDGs have emerged as potential biomarkers for
SLE owing to their association with disease activity and
flares.16,17 Elevated levels of LDGs have been observed in
patients with SLE during active disease phases, and their counts
correlate with disease severity, coronary plaque severity, and vas-
cular wall inflammation, as assessed by coronary computed
tomography and fluorodeoxyglucose positron emission tomogra-
phy, respectively.16,17 Furthermore, LDGs have been associated
with impaired lipoprotein (HDL) function, because they promote
a loss of its atheroprotective function through oxidation during
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NET formation.18 As such, measuring LDG levels could provide
valuable insights into disease activity, helping clinicians to monitor
and potentially predict flares or response to therapy. These studies
require large cohorts and further validation before deciding whether
LDGs add additional value in the management of SLE. The identifi-
cation of specific markers or functional characteristics of LDGs
could facilitate more targeted therapeutic approaches, aiming to
modulate the inflammatory responses mediated by these cells.
Monitoring LDG levels could therefore provide insights into ongoing
vascular damage and the efficacy of therapeutic interventions
aimed at reducing inflammation and protecting vascular health.

In the case of this patient, there was evidence of accelerated
vascular damage as assessed by carotid intima-media thickness,
as well as dysregulated lipoprotein panel with impaired HDL func-
tion, elevated LDGs, and NET remnants in circulation. It is possible
that these abnormalities were triggered, at least in part, by LDGs
and associated NET formation, although such measurements were
not readily available.

NETs and autoantigen exposure

One of the central pathogenic features of lupus is the gener-
ation of autoantibodies against nuclear components such as
DNA, histones, and other chromatin-associated proteins. NETs
expose these nuclear antigens to the immune system in an immu-
nogenic context. During NET formation, neutrophils release vari-
ous nuclear proteins, including modified histones, high-mobility
group box 1, LL37, which can act as autoantigens, and DAMPs6

(reviewed in Wigerblad and Kaplan1). The release of these nuclear
proteins in the form of NETs provides a rich source of modified
autoantigens that can stimulate the production of autoantibodies.
This process is further amplified by the presence of DCs, macro-
phages, nonprofessional antigen-presenting cells, and various
stromal cells that can take up NET components, process them,
and present them to autoreactive T and B cells.19,20 This
phenomenon leads to a vicious cycle of autoantigen exposure
and autoantibody production, perpetuating the autoimmune
response. In addition, NET formation leads to enhanced oxidation
of nucleic acids (genomic and mitochondrial DNA and RNA). The
oxidation of nucleic acids enhances the half-life of these struc-
tures by making their degradation by nucleases more cumber-
some. This increases the sensing by intracellular sensors of
nucleic acids, including the cyclic GMP-AMP synthase (cGAS)-
stimulator of interferon genes (STING) and endosomal toll-like
receptor pathways, promoting the synthesis of type I IFN
responses, a hallmark of lupus pathogenesis.10,21

Impaired NET clearance

In healthy individuals, NETs are rapidly cleared by nucleases
such as DNases, which degrade the extracellular DNA. However,
patients with lupus often exhibit defects in NET clearance. This

impaired clearance can be attributed to several factors, including
the above-mentioned nucleic acid oxidation, genetically driven
reduced DNase activity, presence of DNase inhibitors, and other
factors that contribute to the formation of DNase-resistant NETs.
Persistent NETs in the circulation or those deposited in tissues
can serve as a continuous source of autoantigens and proinflam-
matory stimuli.7,10 Various studies have shown that a significant
proportion of patients with lupus have elevated levels of circulat-
ing NETs and that these NETs are often resistant to degradation.

NETs and inflammation

NETs are not only a source of autoantigens but also potent
inducers of inflammation (Figure 1). The components of NETs,
including histones, proteases, and antimicrobial peptides, can act
as DAMPs that trigger the release of proinflammatory cytokines
and chemokines. These inflammatory mediators recruit and acti-
vate other immune cells, amplifying the inflammatory response.

In lupus, the chronic presence of NETs can lead to sustained
inflammation in various tissues, including the skin, kidneys, pla-
centa, and blood vessels.6,8 This persistent inflammation is a hall-
mark of lupus and may contribute to the clinical manifestations of
the disease, such as nephritis, vasculitis, and skin rash. Moreover,
the inflammatory milieu created and exacerbated by NETs can
promote further NETosis, creating a feedback loop that exacer-
bates tissue damage and autoimmunity.

NETs and organ damage

The deposition of NETs in tissues is associated with organ
damage in lupus. In the kidneys, for example, NETs can accumu-
late in the glomeruli and tubular-interstitial compartment, contribut-
ing to the pathogenesis of lupus glomerulonephritis, a common
and severe manifestation of SLE.6 The presence of NETs in the kid-
neys can induce local inflammation and complement fibroblast
activation and endothelial cell damage, contributing to the pathol-
ogy of lupus nephritis.22 NETs have also been found in lupus skin,
where they are detected in areas of clinical disease.6 It has been
posited that this local NET production may contribute to activating
other cells in the skin, as well as to local type I IFN synthesis. In turn,
type I IFNs may prime neutrophils to synthesize more NETs.3

Similarly, in blood vessels, NETs can contribute to the devel-
opment of vasculitis and atherosclerosis. NETs can activate and
damage endothelial cells and promote the recruitment of inflamma-
tory cells to the vessel wall.3,23 This NET-mediated process can
lead to endothelial dysfunction, increased vascular permeability,
and thrombosis. Patients with lupus have a higher risk of cardio-
vascular disease, and NETs are believed to play a role in this
increased risk by promoting vascular inflammation and injury.24

This patient had evidence of increased carotid intimal media
thickness at a young age, which is unusual and likely related to
vascular damage associated with SLE. She also has evidence of
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dyslipidemia with aberrant HDL levels and function. These
abnormalities have been previously linked to dysregulated
NET formation and to increased LDG levels in circulation. As
such, it is possible that neutrophil dysregulation has played a
prominent role in vascular damage, which has likely preceded
SLE diagnosis.

NETs as biomarkers

Measurement of circulating NET and LDGmarkers may aid in
the diagnosis and monitoring of disease activity in patients with
lupus, providing valuable insights into disease progression and
treatment response. NETs can be detected in blood and tissue

Figure 1. Mechanisms by which NETs promote autoimmunity and organ damage in systemic lupus erythematosus. A variety of stimuli (microbial
and sterile inflammatory) can induce NET formation. NETs externalize several alarmins, native and oxidized nucleic acids, and modified histones
that can activate many immune and stromal cells to promote inflammation and tissue damage. If NET formation is enhanced or clearance mech-
anisms of these structures are impaired, the enhanced half-life of the NETs can exacerbate the deleterious role of these structures regarding immu-
nogenicity and inflammatory potential. IFN, interferon; IL, interleukin; MMP-9, matrix metalloproteinase-9; MPO, myeloperoxidase; NET, neutrophil
extracellular trap; OX, oxidized; PDC, plasmacytoid dendritic cells.
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samples using various techniques, such as immunofluorescence
microscopy, enzyme-linked immunosorbent assay, and semiau-
tomated live-cell analysis.10 Markers used to identify NETs include
citrullinated histone:DNA complexes, DNA-MPO or DNA-
neutrophil and elastase complexes.25 The use of cell-free DNA is
not a specific marker of NET formation and should be avoided
as a sole marker. Several studies have demonstrated a correlation
among elevated NET levels, LDGs, and increased disease activity
in patients with SLE.17,24 High levels of NETs are associated with
active disease, renal involvement, and increased risk of flares. It
is possible that, once properly validated, monitoring NET levels
could provide valuable information for assessing disease progres-
sion and treatment response. It is possible that NETs could be
used to identify patients at risk of relapse and guide preemptive
therapeutic interventions. Furthermore, anti-NET antibodies tar-
geting NET components, such as citrullinated histones and
MPO, have emerged as potential biomarkers for lupus diagnosis
and stratification but require further validation. Finally, previous
studies have linked levels of LDGs to vascular damage as men-
tioned above.

Although NETs and LDGs are not currently used as clinical
biomarkers of vascular risk, it is possible that they will be incorpo-
rated in the future in the clinical decision-making of patients with
SLE. In the case of this patient, her active disease was associated
with the presence of elevated LDGs and NETs. It is possible that
these NETs have contributed to her active skin and joint disease,
although tissue biopsies would have been needed to document
their involvement.

Therapeutic implications

Understanding the role of NETs in the pathogenesis of lupus
opens new therapeutic avenues. Targeting NET formation, pro-
moting NET clearance, or neutralizing NET components could
potentially mitigate the harmful effects of NETs in lupus. Several
strategies are being explored in this regard. Current therapies for
SLE include immunosuppressive drugs, such as corticosteroids,
antimalarials, and biologics targeting B cells and cytokines. Some
of these therapies, such as hydroxychloroquine, JAK inhibitors
(tofacitinib),12 some anti–B cell therapies,26 and the type I IFN
receptor blocker anifrolumab,24 have been reported to reduce
NET formation and/or LDG numbers and the deleterious effects
of NETs. However, there is a need for more targeted therapies
specifically designed to inhibit NETosis and LDGs, to suppress
their deleterious effects in a more specific manner (reviewed in
Wigerblad and Kaplan1).

Several potential therapeutic agents targeting NETs are
under investigation, including the following. (1) PAD4 inhibitors,
which can prevent histone citrullination and NET formation, but
their clinical applicability remains to be determined. (2) NADPH
oxidase inhibitors and/or inhibitors of mitochondrial ROS, which
can reduce ROS production and inhibit NETosis; however, clinical

strategies for this pathway remain to be systematically studied. Of
note, the antioxidant N-acetyl-cysteine, a compound that can
inhibit NET formation in vitro, has shown potential efficacy in
SLE.27,28 (3) DNase therapy, specifically with DNase I and
DNase1L3, can degrade DNA in NETs, reducing their proinflam-
matory effects.29 (4) Anti-IFN therapy targeting type I IFNs can
reduce NET-induced inflammation and autoimmunity, and the
role of this approach in inhibiting vascular disease in SLE is cur-
rently being tested (NCT05440422).

In the patient’s case, antimalarial use may have multiprong
beneficial effects, including resolution/control of clinical symp-
toms and cardiovascular prevention and direct effects on the dys-
regulation of NET formation. Whether adding other drugs or
biologics will further prevent damage mediated by innate immune
dysregulation will have to be determined by the patient’s
response to treatment.

Future research should focus on identifying additional targets
for NET inhibition and developing combination therapies to
enhance treatment efficacy. Overall, accumulating evidence indi-
cates that NETs play a significant role in the pathogenesis of
SLE by promoting autoimmunity and inflammation. It remains to
be further characterized whether they serve as valuable bio-
markers for disease activity and flares and whether targeting
NET formation may be a promising therapeutic strategy. In this
clinical case, it is possible that in the future, measurements of
NETs and LDGs will add clinical information regarding diagnosis,
prognosis, and disease severity and contribute to further under-
standing mechanisms of flares following infections and UV light
exposure.

Conclusions

This case study underscores the critical role of NETs in the
pathogenesis of SLE and highlights the clinical implications of
NET biomarkers in disease diagnosis and management. By eluci-
dating the mechanisms underlying NET-mediated inflammation,
clinicians can develop targeted therapies to mitigate disease
activity and improve outcomes in patients with lupus. Further
research is needed to validate the diagnostic and therapeutic util-
ity of NET-targeted interventions and optimize their integration
into clinical practice.

AUTHOR CONTRIBUTIONS

Dr Kaplan contributed to at least one of the following manuscript
preparation roles: conceptualization AND/OR methodology, software,
investigation, formal analysis, data curation, visualization, and vali-
dation AND drafting or reviewing/editing the final draft. As corresponding
author, Dr Kaplan provided the final approval of the version to be pub-
lished, and takes responsibility for the affirmations regarding article
submission (eg, not under consideration by another journal), the integrity
of the data presented, and the statements regarding compliance with
institutional review board/Declaration of Helsinki requirements.

NEUTROPHIL EXTRACELLULAR TRAPS IN SLE 251



REFERENCES

1. Wigerblad G, Kaplan MJ. Neutrophil extracellular traps in systemic
autoimmune and autoinflammatory diseases. Nat Rev Immunol
2023;23(5):274–288.

2. Liu Y, Kaplan MJ. Neutrophil dysregulation in the pathogenesis of
systemic lupus erythematosus. Rheum Dis Clin North Am 2021;
47(3):317–333.

3. Nakabo S, Romo-Tena J, Kaplan MJ. Neutrophils as drivers of
immune dysregulation in autoimmune diseases with skin manifesta-
tions. J Invest Dermatol 2022;142(3)(3 Pt B):823–833.

4. Khandpur R, Carmona-Rivera C, Vivekanandan-Giri A, et al. NETs are
a source of citrullinated autoantigens and stimulate inflammatory
responses in rheumatoid arthritis. Sci Transl Med 2013;5(178):
178ra40.

5. Seto N, Torres-Ruiz JJ, Carmona-Rivera C, et al. Neutrophil dysregu-
lation is pathogenic in idiopathic inflammatory myopathies. JCI Insight
2020;5(3):e134189.

6. Villanueva E, Yalavarthi S, Berthier CC, et al. Netting neutrophils
induce endothelial damage, infiltrate tissues, and expose immuno-
stimulatory molecules in systemic lupus erythematosus. J Immunol
2011;187(1):538–552.

7. Hakkim A, Fürnrohr BG, Amann K, et al. Impairment of neutrophil
extracellular trap degradation is associated with lupus nephritis. Proc
Natl Acad Sci U S A 2010;107(21):9813–9818.

8. Marder W, Knight JS, Kaplan MJ, et al. Placental histology and neu-
trophil extracellular traps in lupus and pre-eclampsia pregnancies.
Lupus Sci Med 2016;3(1):e000134.

9. Knight JS, Subramanian V, O’Dell AA, et al. Peptidylarginine deimi-
nase inhibition disrupts NET formation and protects against kidney,
skin and vascular disease in lupus-prone MRL/lpr mice. Ann Rheum
Dis 2015;74(12):2199–2206.

10. Lood C, Blanco LP, Purmalek MM, et al. Neutrophil extracellular traps
enriched in oxidized mitochondrial DNA are interferogenic and con-
tribute to lupus-like disease. Nat Med 2016;22(2):146–153.

11. Li D, Matta B, Song S, et al. IRF5 genetic risk variants drive myeloid-
specific IRF5 hyperactivation and presymptomatic SLE. JCI Insight
2020;5(2):e124020.

12. Hasni SA, Gupta S, Davis M, et al. Phase 1 double-blind randomized
safety trial of the Janus kinase inhibitor tofacitinib in systemic lupus
erythematosus. Nat Commun 2021;12(1):3391.

13. Fernandez D, Kirou KA. What causes lupus flares? Curr Rheumatol
Rep 2016;18(3):14.

14. Zawrotniak M, Bartnicka D, Rapala-Kozik M. UVA and UVB radiation
induce the formation of neutrophil extracellular traps by human poly-
morphonuclear cells. J Photochem Photobiol B 2019;196:111511.

15. Denny MF, Yalavarthi S, Zhao W, et al. A distinct subset of proinflam-
matory neutrophils isolated from patients with systemic lupus erythe-
matosus induces vascular damage and synthesizes type I IFNs.
J Immunol 2010;184(6):3284–3297.

16. Carlucci PM, Purmalek MM, Dey AK, et al. Neutrophil subsets and
their gene signature associate with vascular inflammation and coro-
nary atherosclerosis in lupus. JCI Insight 2018;3(8):e99276.

17. Mistry P, Nakabo S, O’Neil L, et al. Transcriptomic, epigenetic, and
functional analyses implicate neutrophil diversity in the pathogenesis
of systemic lupus erythematosus. Proc Natl Acad Sci U S A. 2019;
116(50):25222–25228.

18. Smith CK, Vivekanandan-Giri A, Tang C, et al. Neutrophil extracellular
trap-derived enzymes oxidize high-density lipoprotein: an additional
proatherogenic mechanism in systemic lupus erythematosus. Arthritis
Rheumatol 2014;66(9):2532–2544.

19. Kahlenberg JM, Carmona-Rivera C, Smith CK, et al. Neutrophil extra-
cellular trap-associated protein activation of the NLRP3 inflamma-
some is enhanced in lupus macrophages. J Immunol 2013;190(3):
1217–1226.

20. Carmona-Rivera C, Carlucci PM, Moore E, et al. Synovial fibroblast-
neutrophil interactions promote pathogenic adaptive immunity in
rheumatoid arthritis. Sci Immunol 2017;2(10):eaag3358.

21. Blanco LP,Wang X, Carlucci PM, et al. RNA externalized by neutrophil
extracellular traps promotes inflammatory pathways in endothelial
cells. Arthritis Rheumatol 2021;73(12):2282–2292.

22. Frangou E, Chrysanthopoulou A, Mitsios A, et al. REDD1/autophagy
pathway promotes thromboinflammation and fibrosis in human
systemic lupus erythematosus (SLE) through NETs decorated with
tissue factor (TF) and interleukin-17A (IL-17A). Ann Rheum Dis 2019;
78(2):238–248.

23. Carmona-Rivera C, Zhao W, Yalavarthi S, et al. Neutrophil extracellu-
lar traps induce endothelial dysfunction in systemic lupus erythemato-
sus through the activation of matrix metalloproteinase-2. Ann Rheum
Dis 2015;74(7):1417–1424.

24. Casey KA, Smith MA, Sinibaldi D, et al. Modulation of cardiometabolic
disease markers by type I interferon inhibition in systemic lupus ery-
thematosus. Arthritis Rheumatol 2021;73(3):459–471.

25. Whittall-Garcia LP, Naderinabi F, Gladman DD, et al. Circulating
neutrophil extracellular trap remnants as a biomarker to predict
outcomes in lupus nephritis. Lupus Sci Med 2024;11(1):e001038.

26. Kraaij T, Kamerling SWA, de Rooij ENM, et al. The NET-effect of
combining rituximab with belimumab in severe systemic lupus erythe-
matosus. J Autoimmun 2018;91:45–54.

27. Lai ZW, Hanczko R, Bonilla E, et al. N-acetylcysteine reduces disease
activity by blockingmammalian target of rapamycin in T cells from sys-
temic lupus erythematosus patients: a randomized, double-blind,
placebo-controlled trial. Arthritis Rheum 2012;64(9):2937–2946.

28. Muñoz-S�anchez G, Godínez-Méndez LA, Fafutis-Morris M, et al.
Effect of antioxidant supplementation on NET formation induced by
LPS in vitro; the roles of vitamins E and C, glutathione, and N-acetyl
cysteine. Int J Mol Sci 2023;24(17):13162.

29. Stabach PR, Sims D, Gomez-Bañuelos E, et al. A dual-acting DNA-
SE1/DNASE1L3 biologic prevents autoimmunity and death in genetic
and induced lupus models. JCI Insight 2024;9(14):e177003.

KAPLAN252



Effectiveness of JAK Inhibitors Compared With Biologic
Disease-Modifying Antirheumatic Drugs on Pain Reduction
in Rheumatoid Arthritis: Results From a Nationwide
Swedish Cohort Study

Anna Eberhard,1 Daniela Di Giuseppe,2 Johan Askling,2 Stefan Bergman,3 Hannah Bower,2

Katerina Chatzidionysiou,4 Helena Forsblad-d’Elia,5 Alf Kastbom,6 Tor Olofsson,7 Thomas Frisell,2

and Carl Turesson1

Objective. To compare the effectiveness of JAK inhibitors (JAKis) and biologic disease-modifying antirheumatic
drugs (bDMARDs) on pain in patients with rheumatoid arthritis.

Methods. In this retrospective study, we investigated patients with a diagnosis of rheumatoid arthritis, starting
treatment with a JAKi (n = 1,827), a tumor necrosis factor inhibitor (TNFi; n = 6,422), an interleukin-6 inhibitor
(n = 887), abatacept (n = 1,102), or rituximab (n = 1,149) in 2017 to 2019, using data from several linked Swedish
national registers. Differences in change in pain, assessed with a visual analog scale (0–100 mm), from baseline to
3 months, as well as proportions of patients remaining on initial treatment with low pain (visual analog scale pain <20)
at 12 months, were compared between treatments. Comparisons of treatment responses between JAKis and
bDMARDs were evaluated using multivariable linear regression, adjusted for patient characteristics, comorbidities,
current comedication, and previous treatment.

Results. JAKi treatment was associated with a greater decrease in pain at 3 months compared with TNFi treatment
(adjusted mean additional decrease 4.0 mm; 95% confidence interval 1.6–6.3), with similar trends in comparisons with
non-TNFi bDMARDs. More patients achieved low pain at 12 months on JAKis compared with TNFis, in particular
among those previously treated with at least two bDMARDs (adjusted change contrast 5.3 percentage points; 95%
confidence interval 1.0–9.6).

Conclusion. JAKis had a slightly better effect on pain outcomes at 3 and 12 months compared with TNFis, with
significantly greater differences in patients previously treated with at least two bDMARDs. The effect of JAKis on pain
reduction was at least similar to that of non-TNFi bDMARDs.

INTRODUCTION

JAK inhibitors (JAKis) have been used for treating rheumatoid

arthritis (RA) in the European Union since 2017. Several random-

ized clinical trials (RCTs) have compared the efficacy of biologic

disease-modifying antirheumatic drugs (bDMARDs) and targeted

synthetic (ts)DMARDs (ie, JAKis) as add-on treatments after

inadequate response to methotrexate (MTX). Better or equivalent

effect on disease activity was found for the JAKis baricitinib and

upadacitinib compared with the tumor necrosis factor inhibitor

(TNFi) adalimumab,1–3 whereas tofacitinib and filgotinib were

reported as noninferior to adalimumab.4,5 In particular, it has

been reported that JAKis may have a special impact on pain.6

Specifically, in the RA-BEAM and SELECT-COMPARE trials,
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treatment with baricitinib and upadacitinib, respectively, resulted in

greater pain reduction compared with adalimumab.2,7 In a system-

atic review and meta-analysis of clinical trials, the authors con-

cluded that pain reduction was significantly greater for JAKis

compared with bDMARDs.8 Furthermore, baricitinib has been

associated with a greater pain improvement compared with adali-

mumab also in a subanalysis of patients with well-controlled RA.9

This suggests that JAKis may have direct analgesic effects beyond

its antiinflammatory properties.
In a previous Swedish study, one-third of patients with RA

had unacceptably high pain levels (visual analog scale [VAS] pain
>40) up to 2 years after diagnosis.10 Pain has also been shown
to persist in patients with well-controlled disease. Several studies
have supported that noninflammatory pain, presumably because
of central sensitization, is a cause for remaining pain in RA.11–13

Furthermore, pain relief has been identified as the most important
goal for a substantial proportion of patients.14,15 This taken
together points to a need for improvement in pain manage-
ment in RA.

So far, only limited results are available from observational
studies comparing the effectiveness of JAKis and bDMARDs on
pain reduction in clinical practice, especially when it comes to
non-TNFi bDMARDs. In one large observational cohort study
from the United States, no difference in mean pain at 6 months
were observed between patients initiating treatment with third/
fourth line of TNFi combination therapy and third/fourth line of
tofacitinib combination therapy.16 However, the reduction in pain
from baseline was not evaluated. Furthermore, although the
study16 used propensity score matching to ensure comparable
groups, it did not consider differences in patient characteristics
such as comorbidities and previous conventional treatments.
The aim of this study was therefore to compare the effect of JAKis
and each class of bDMARDs on pain in patients with RA seen in
clinical practice, treated according to standard of care.

MATERIALS AND METHODS

Patients. The present cohort study, using Swedish national
register data, is similar in design (but not in outcome) to a previous
report.17 Patients with a diagnosis of RA, starting treatment in
2017 to 2019 with a TNFi, rituximab, abatacept, interleukin-6
inhibitor (IL-6i), or a JAKi, regardless of previous treatment, with
data in the Swedish Rheumatology Quality Register (SRQ), were
included in this study. The SRQ is a national clinical register of
patients with rheumatic disorders, where data have been pro-
spectively registered by the treating physician at visits in standard
clinical care. The register has an estimated national coverage of
95% for patients with RA treated with bDMARD.18 The study
was approved by the Ethical Review Board in Stockholm (DNR:
2016/1986-32).

Data sources and data assessment. Data on patient
characteristics, disease activity measures, and patient-reported
outcomes (PROs) were retrieved from the SRQ at baseline, and
at 3 and 12 months following treatment start, with time-windows
defined as 90 days before to 30 days after treatment start for
baseline measurements, 60 days to 183 days after treatment start
for 3-month measurements, and 275 to 455 days after treatment
start for the 12-month measurements, consistent with those used
previously.17 If there were more than one visit in each window, the
measurement closest to the selected follow-up time point (0, 3,
and 12 months) was used. Data retrieved from the SRQ included
the patient’s assessment of pain using a VAS (0–100 mm), Health
Assessment Questionnaire Disability Index (HAQ-DI), Disease
Activity Score in 28 joints (DAS28) measured with erythrocyte
sedimentation rate, Clinical Disease Activity Index (CDAI), and
serologic status (rheumatoid factor [RF] and anticitrullinated pep-
tide antibodies).

Dates of initiation and discontinuation of bDMARD or JAKi
therapy were also extracted from the SRQ. One patient could par-
ticipate with more than one treatment episode, including several
episodes of the same drug and class. If a patient restarted the
same drug within 90 days (or 270 days for rituximab) of a previous
stop, the two episodes were counted as one. Data on cotreat-
ment with conventional synthetic (cs)DMARDs, glucocorticoster-
oids, and nonsteroidal anti-inflammatory drugs (NSAIDs), as well
as previous csDMARD treatment and other prescribed drugs
were retrieved from the SRQ and/or from the Prescribed Drug
Register— a national register covering dispensations from com-
munity pharmacies. Cotreatment with a csDMARD was defined
as at least one prescription from 180 days before to 30 days after
treatment start of the b/tsDMARD.

History of joint surgeries and days of hospitalization were
retrieved from the National Patient Register, covering all inpatient
care and a vast majority of specialized outpatient care since
2001. Data on demographics were obtained from registers at
Statistics Sweden. Comorbidity data were retrieved from the
National Patient Register, the Swedish Cancer Register, and/or
from the Prescribed Drug Register, and was defined based on
International Classification of Diseases tenth revision, and/or Ana-
tomic Theraputic Chemical (ATC) classification system-codes.

Outcomes. Pain responses were evaluated at 3 and
12 months from treatment initiation. Drug survival was assessed
throughout the follow-up. Start of a new bDMARD or tsDMARD
was counted as discontinuation, if earlier than a recorded stop.
A switch between originator and biosimilar was not considered
discontinuation. Patients discontinuing therapy because of remis-
sion were considered on therapy until the start of another
b/tsDMARD. Patients were excluded in the case of death, emigra-
tion from Sweden, or discontinuation because of pregnancy.

Treatment response at 3 months. The change in pain from
baseline was evaluated at 3 months, assuming that the
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proportion who discontinued therapy because of lack of effective-
ness before the follow-up visit was low. Treatment episodes that
were discontinued before the defined window for the evaluation
visit were excluded.

Treatment response at 12 months. The response measure at
12 months was the proportion of patients attaining low pain,
defined as VAS pain less than 20 mm, in accordance with the
cutoff used in definitions of minimal disease activity in RA.19,20

However, because excluding patients who discontinued therapy
before the evaluation visit could lead to a selection bias, the
response measure at 12 months was defined as the proportion
attaining low pain and remaining on therapy (LUNDEX corrected
response).21

Additional analyses. In addition, treatment responses at
3 months and at 12 months were evaluated in patients stratified
by monotherapy or combination therapy with csDMARDs, and
by line of treatment with b/tsDMARDs (first line, second line,
and third line or later, respectively). In exploratory analyses, we
calculated the proportions of patients in each treatment group
that, at 12 months, were in remission, low disease activity, and
moderate/high disease activity, based on their CDAI (ie, CDAI
≤2.8, CDAI >2.8 and ≤10 and CDAI >10, respectively), among
those with 12-month VAS pain less than 20 mm.

Covariates.Confounders accounted for in the models were
selected as in previous studies, taking into account factors that
have been described to influence treatment in Swedish patients
with RA.22 The baseline covariates included demographics (ie,
age, sex, health care region, year of treatment start, smoking,
education level, and country of origin), disease history (days of
hospitalization during the last 5 years, number of drug classes
prescribed during the last year, and comorbidities), previous and
current RA treatment (line of treatment with b/tsDMARD, cotreat-
ment with csDMARDs, glucocorticosteroids, or NSAIDs, previous
treatment with csDMARDs and b/tsDMARDs, and average daily
dose of glucocorticosteroid use), and RA characteristics (symp-
tom duration, RF, joint surgeries, baseline DAS28, CDAI, HAQ-
DI, and VAS pain). All baseline covariate definitions can be found
in Supplementary Table 1. Among the comorbidities that were
adjusted for, we included disorders that may have a special
impact on pain (ie, pain-related and psychiatric comorbidities)
(Supplementary Table 2).

Statistics. Comparisons between treatment arms for differ-
ences in mean change in pain at 3 months and in proportions
attaining low pain at 12 months were evaluated with crude and
adjusted linear regression models with Huber-White standard
errors. All models were adjusted for potential baseline confound-
ers. Multiple imputation with the fully conditional specification
method23 was used to account for missing data for covariates
and pain at baseline, and for the outcome measures at 3 and
12 months, with 25 imputed datasets, to ensure that results were

not biased by nonrandom missingness linked to measured vari-
ables. Imputation models included all variables included in the
analysis models. Nonresponder imputation for the 12-month out-
come was applied after multiple imputation. Treatment outcome
at 3 and 12 months and corresponding standard errors were cal-
culated from each imputed data set and pooled using Rubin’s
rules. Separate imputation models were used for analyses strati-
fied by monotherapy or combination therapy, and by line of treat-
ment. In supplementary analyses, outcomes among patients on
drug at 12 months were evaluated (without LUNDEX corrected
response), and separate analyses were performed, including only
complete cases (without multiple imputation for missing data).

The individual patient data comes entirely from national
Swedish registers. According to Swedish law, access to
national register data is granted on a restrictive basis and may
not be shared without additional specific permissions from the
Swedish register-holding authorities.

RESULTS

Patients. A total of 8,430 patients were included in this
study, with a total of 11,387 treatment episodes (1,102 with aba-
tacept, 887 with an IL-6i, 1,827 with a JAKi [82% baricitinib],
1,149 with rituximab, and 6,422 with a TNFi) (Table 1). The distri-
bution of treatment starts with different IL-6is, JAKis and TNFis
are listed in Supplementary Table 3. TNFis and rituximab were
more frequently used as first or second line of b/tsDMARD treat-
ment, whereas abatacept, IL-6is, and JAKis were primarily used
as third/fourth line of treatment. Demographics were similar
between treatment groups. Disease duration and disease activ-
ity/severity measures at baseline (ie, DAS28, HAQ-DI, CDAI, and
pain) were slightly lower in patients starting treatment with a TNFi
compared with patients starting treatment with any other
b/tsDMARD, and combination therapy with a csDMARD was
somewhat more frequent among those starting TNFi. The propor-
tion of patients initiating treatment as monotherapy but who
started csDMARD treatment within 12 months were as follows:
13% for abatacept, 8% for IL-6is, 9% for JAKis, 21% for rituxi-
mab, and 16% for TNFis. Conversely, the proportion of patients
starting treatment at baseline as combination therapy but who
discontinued csDMARD treatment during the 12-month follow-
up were 21% for abatacept, 35% for IL-6is, 21% for JAKis, 16%
for rituximab, and 20% for TNFis. Pain values were missing for
about 30% of the patients at baseline and for 50% to 60% at
12 months (amount of missing data are shown in Supplementary
Table 4). Sixty-seven percent of the patients initiating a JAKi were
still on this treatment at 12 months from baseline; for other treat-
ments, this proportion ranged from 58% for IL-6is to 80% for
rituximab (Supplementary Table 5).

Crude and adjusted differences in Δ pain between
baseline and 3 months. Overall, pain scores improved from
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baseline to 3 months in all treatment arms—with mean changes
ranging from −20.1 mm (95% confidence interval [95% CI] –23.1
to –17.2) for IL-6is to –16.6 mm (95% CI –19.1 to –14.0) for ritux-
imab (Table 2). In patients treated with a JAKi, the mean change in
pain at 3 months was –18.3 mm (95%CI –20.2 to –16.5). The dis-
tribution of changes in pain per treatment arm is presented in
Supplementary Figure 1. In all groups, pain was reduced for most
patients, but a small subset experienced increased pain. In analy-
sis of differences in change in pain between JAKis and bDMARDs

adjusted for demographics, RA characteristics and for current
comedication and previous b/tsDMARD treatment, JAKis
decreased pain scores by 4.0 mm (95% CI 1.7–6.3) more than
TNFis, and by 3.9 mm (95% CI 0.9–6.9) more than rituximab, at
3 months (Table 2). Further adjustment for comorbidities did not
have a major impact on the results (Figure 1). There was no statis-
tically significant difference in change in VAS pain at 3 months
when comparing JAKis with abatacept or IL-6is (Table 2,
Figure 1).

Table 1. Patient characteristics at baseline between treatment arms*

Variable Abatacept IL-6 inhibitor JAK inhibitor Rituximab TNF inhibitor

n 1,102 887 1,827 1,149 6,422
Sex, female, n (%) 873 (79.2) 722 (81.4) 1,496 (81.9) 869 (75.6) 5,013 (78.1)
Age 63 (53–72) 59 (49–70) 61 (52–71) 64 (54–73) 59 (47–69)
RA characteristics
Symptom duration, years 12.8 (5.4–22.1) 10.3 (4.7–18.5) 13.2 (6.8–22.7) 12.8 (6.2–22.3) 8.1 (2.9–16.3)
RF seropositivity, n (%) 835 (77.9) 649 (74.4) 1,353 (75.6) 968 (86.0) 4,429 (70.3)
MTX, n (%) 546 (49.5) 401 (45.2) 792 (43.3) 585 (50.9) 4,092 (63.7)
Non-MTX csDMARD n (%) 220 (20.0) 152 (17.1) 356 (19.5) 277 (24.1) 1,572 (24.5)
Glucocorticoids, n (%) 775 (70.3) 631 (71.1) 1,282 (70.2) 879 (76.5) 4,104 (63.9)
NSAID, n (%) 204 (24.6) 193 (26.9) 447 (30.9) 213 (24.3) 1,037 (20.6)
Joint surgeries, n (%) 187 (17.0) 135 (15.2) 344 (18.8) 191 (16.6) 677 (10.5)
Treatment line 3 (2–4) 3 (2–5) 4 (2–5) 2 (1–4) 1 (1–2)
DAS28 4.8 (3.9–5.6) 4.9 (4.0–5.7) 4.7 (3.8–5.6) 4.8 (3.9–5.6) 4.4 (3.4–5.2)
SJC 4 (2–7) 4 (2–7) 4 (2–7) 4 (2–7) 3 (1–6)
TJC 5 (2–9) 6 (3–10) 5 (2–10) 5 (2–9) 4 (2–8)
CDAI 21 (15–28) 22 (15–29.5) 20 (14–28) 21 (14–28.5) 18 (12–25)
HAQ-DI 1.1 (0.8–1.6) 1.1 (0.8–1.6) 1.3 (0.8–1.6) 1.1 (0.8–1.6) 0.9 (0.5–1.4)
VAS pain 63 (42–77) 65 (44–80) 61 (40–76) 60.5 (38–76) 56 (34–73)

General health
Never smoker, n (%) 325 (37.3) 313 (42.6) 601 (39.8) 334 (35.6) 2,041 (42.9)
Previous smoker, n (%) 458 (52.6) 339 (46.1) 736 (48.8) 488 (52.0) 2,141 (45.0)
Current smoker, n (%) 88 (10.1) 83 (11.3) 172 (11.4) 117 (12.5) 572 (12.0)
Days in hospital 3 (0–11) 1 (0–7) 2 (0–8) 3 (0–10) 0 (0–5)

Education level, years, n (%)
≤9 248 (22.6) 165 (18.8) 363 (19.9) 251 (22.1) 1,173 (18.4)
10–12 507 (46.2) 447 (51.0) 885 (48.5) 548 (48.2) 2,977 (46.7)
>12 342 (31.2) 265 (30.2) 575 (31.5) 337 (29.7) 2,219 (34.8)

Country of birth, n (%)
Swedish 953 (86.5) 754 (85.0) 1,573 (86.1) 954 (83.0) 5,474 (85.2)
Scandinavian, non-Swedish 60 (5.4) 48 (5.4) 82 (4.5) 67 (5.8) 282 (4.4)
Other 89 (8.1) 85 (9.6) 172 (9.4) 128 (11.1) 666 (10.4)

Comorbidities, n (%)
Cancer 105 (9.5) 53 (6.0) 134 (7.3) 192 (16.7) 396 (6.2)
Acute coronary syndrome 35 (3.2) 12 (1.4) 41 (2.2) 30 (2.6) 92 (1.4)
Congestive heart failure 43 (3.9) 14 (1.6) 38 (2.1) 40 (3.5) 73 (1.1)
Stroke 39 (3.5) 20 (2.3) 33 (1.8) 27 (2.3) 118 (1.8)
Diabetes 145 (13.2) 87 (9.8) 187 (10.2) 130 (11.3) 585 (9.1)
Liver disease 17 (1.5) 14 (1.6) 22 (1.2) 23 (2.0) 67 (1.0)
Kidney disease 24 (2.2) 16 (1.8) 28 (1.5) 23 (2.0) 82 (1.3)
Obstructive pulmonary disease 83 (7.5) 33 (3.7) 91 (5.0) 67 (5.8) 186 (2.9)
Interstitial lung disease 52 (4.7) 21 (2.4) 40 (2.2) 77 (6.7) 44 (0.7)
Severe infection 103 (9.3) 23 (2.6) 95 (5.2) 73 (6.4) 178 (2.8)
Herpes 49 (4.4) 37 (4.2) 64 (3.5) 46 (4.0) 203 (3.2)
Venous thromboembolism 35 (3.2) 21 (2.4) 58 (3.2) 38 (3.3) 102 (1.6)
Pain-related comorbidities 522 (47.4) 418 (47.1) 892 (48.8) 520 (45.3) 2,508 (39.1)
Psychiatric comorbidities 334 (30.3) 250 (28.2) 550 (30.1) 365 (31.8) 1,683 (26.2)

* Values are median (interquartile range) unless otherwise indicated. Only observed values are shown (not imputed values). CDAI, clinical dis-
ease activity index; csDMARD, conventional synthetic disease-modifying antirheumatic drug; DAS28, disease activity score in 28 joints; HAQ-DI,
Health Assessment Questionnaire Disability Index; IL-6, interleukin-6; MTX, methotrexate; NSAID, nonsteroidal antiinflammatory drug; RA,
rheumatoid arthritis; RF, rheumatoid factor; SJC, swollen joint count; TJC, tender joint count; TNF, tumor necrosis factor; VAS, visual analog
scale.
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The proportion of patients who discontinued treatment
before the 3-month time frame, and therefore were excluded from
this analysis, were 6% for abatacept, 7% for IL-6is, 4% for rituxi-
mab, 5% for TNFis, and 7% for JAKis. The mean change in pain
from baseline to 3 months was missing for 57% of patients
treated with a JAKi. For bDMARDs, this ranged from 56% for
IL-6is to 67% for rituximab (Supplementary Table 4).

Proportions remaining on drug and in low pain at
12 months. Twenty percent of patients treated with a JAKi
remained on drug and reached low pain at 12 months from base-
line (the corresponding proportions for the bDMARDs ranged
from 17% for IL-6is to 26% for rituximab) (Table 3). Adjusted pro-
portions remaining on drug and with low pain were numerically
higher for patients treated with a JAKi compared with patients
treated with a TNFi or an IL-6i, although the differences did not
reach statistical significance (Figure 2). Among those with low
pain at 12 months, the proportion in remission was lower and
the fraction with active disease higher in patients treated with JAKi
compared with the TNFi group (Supplementary Table 6).

VAS pain at 12 months was missing for 62% of patients
treated with a JAKi. For bDMARDs this proportion ranged from
54% for abatacept to 62% for TNFis (Supplementary Table 4).

Pain responses by line of treatment with
b/tsDMARD. Analyses restricted to individuals who started their
first ever b/tsDMARD were affected by the small sample size as
only a limited number of patients were treated with a JAKi as first

b/tsDMARD treatment. In this analysis, the reduction in pain at
3 months was significantly greater for IL-6is compared with JAKis
(Figure 3). By contrast, in the analysis restricted to those starting
their second ever b/tsDMARD, JAKis decreased pain significantly
more at 3 months after full adjustment compared with both TNFis
and rituximab. The same was found when comparing JAKis with
TNFis among patients starting their third or more b/tsDMARD
(Figure 3).

In the analysis of pain response at 12 months (attaining VAS
pain <20) restricted to first line of treatment, the results were
pointing toward higher proportions with low pain for bDMARDs
compared with JAKis, especially for IL-6is and abatacept in which
differences were statistically significant (Supplementary Figure 2).
In the analysis restricted to second line of treatment, there were
no significant differences in fractions reaching low pain at
12 months between treatments. However, in patients treated with
a JAKi as third line of b/tsDMARD or later, proportions with low
pain at 12 months were significantly higher compared with TNFis
and IL-6is, with a similar trend in the comparison with abatacept
(Supplementary Figure 2).

Pain responses by monotherapy or combination
therapywith csDMARDs.When stratifying the b/tsDMARD ini-
tiator cohorts by monotherapy versus combination therapy with
csDMARDs, differences in mean change in pain at 3 months
between JAKis and bDMARDs were similar to the main analysis,
but were in general more prominent when comparing monothera-
pies, with adjusted mean differences for JAKi monotherapy of

Table 2. Differences in mean change in pain from baseline to 3-months follow-up*

Treatment initiation n Baseline mean Mean change Crude change contrast Adj. change contrast

Abatacept 1,040 58.7 (56.7–60.7) –18.3 (–20.5 to –16.1) 0.0 (–2.9 to 3.0) 2.2 (–0.5 to 4.8)
IL-6 inhibitor 821 60.8 (58.9–62.8) –20.1 (–23.1 to –17.2) –1.8 (–5.4 to 1.8) 1.2 (–2.1 to 4.5)
Rituximab 1,101 56.4 (54.6–58.1) –16.6 (–19.1 to –14.0) 1.8 (–1.4 to 4.9) 3.9 (0.9–6.9)
TNF inhibitor 6,118 53.2 (52.4–54.0) –18.1 (–19.2 to –17.1) 0.20 (–2.1 to 2.5) 4.0 (1.7–6.3)
JAK inhibitor 1,699 57.6 (56.2–59.0) –18.3 (–20.2 to –16.5) Ref Ref

* Values are estimates (95% confidence interval) unless otherwise indicated. Univariate and multivariate linear regression with JAK inhibitor as
reference. Adj. for demographics, RA characteristics and previous and current RA treatment. Adj., adjusted; IL-6, interleukin-6; RA, rheumatoid
arthritis; Ref, reference; TNF, tumor necrosis factor.

Figure 1. Fully adjusted differences in mean change in pain from baseline to 3-months follow-up. Multivariate linear regression with JAK inhibitor
as reference. Adj. for demographics, RA characteristics, current and previous RA treatment, and further for comorbidities. Adj., adjusted; IL-6,
interleukin-6; RA, rheumatoid arthritis; TNF, tumor necrosis factor.

JAK INHIBITORS AND PAIN IN RA 257



5.4 mm (95% CI 2.9–8.8) compared with TNFi monotherapy, and
9.7 mm (95% CI 4.1–15.3) compared with rituximab monother-
apy. In those receiving combination therapy, only the difference
between JAKis and TNFis remained statistically significant
(Supplementary Figure 3).

Pain response at 12 months stratified by monotherapy or
combination therapy were also similar to the main analysis, but
fully adjusted differences were again more pronounced in the
analysis restricted to patients on monotherapy, with a 5.5%
(95% CI 0.1–10.8) higher response rate for JAKi monotherapy
compared with TNFi monotherapy. Statistically significant differ-
ences in proportions reaching low pain were also found for JAKi
monotherapy compared with IL-6i monotherapy, but not to ritux-
imab or abatacept monotherapy (Supplementary Figure 4). There
were no statistically significant differences between JAKi combi-
nation therapy and bDMARD combination therapy in proportions
with low pain at 12 months.

Supplementary analyses. Restriction to patients on drug
at 12 months. When restricting the analysis to patients still on
drug at 12 months, crude proportions for low pain at 12 months
increased for all treatment groups, which could be anticipated as
the nonresponder imputation was not applied. In this analysis,
there were no differences in treatment responses at 12 months
between JAKis and bDMARDs (Supplementary Figure 5).

Complete case analysis. In the complete case analysis, the
difference in the reduction of pain at 3 months were similar to

the main analysis, although slightly more pronounced
(Supplementary Figure 6). Pain response at 12 months, including
only complete cases, also supported the main analysis results
(Supplementary Figure 7).

DISCUSSION

In this observational retrospective study, comparing the
effectiveness of JAKis and bDMARDs while taking patient charac-
teristics and treatment history into account, JAKis had a signifi-
cantly better effect on the 3-month pain outcome. Although
there were major improvements in pain with all treatments, only
a minority of patients achieved a pain score of less than 20 at
12 months. The effect of JAKis was numerically better also
regarding the pain outcome at 12 months compared with TNFis.
The superior effect of JAKis was more pronounced for monother-
apy and when used as third line of treatment with b/tsDMARD or
later. Moreover, the effect of JAKis on pain was at least similar
compared with non-TNFi bDMARDs.

Superior effectiveness of JAKis on pain compared with TNFis
has also been found in clinical trials. In the RA-BEAM study, signif-
icantly greater improvements in pain were seen for patients
treated with baricitinib compared with adalimumab, already at
weeks 2 to 4.1 In the SELECT-COMPARE trial, upadacitinib was
superior to adalimumab regarding pain improvement from base-
line to week 12, and also at the 3-year follow-up.24,25 However,
results from ORAL Strategy showed similar efficacy in pain

Table 3. Differences in proportions attaining low pain score at 12 months*

Treatment initiation n Crude proportion Crude contrast Adj. contrast

Abatacept 1,102 20.3 (17.0–23.6) 0.8 (–3.2 to 4.8) –0.3 (–4.4 to 3.8)
IL-6 inhibitor 887 17.0 (13.8–20.1) –2.6 (–6.8 to 1.7) –3.3 (–7.4 to 0.8)
Rituximab 1,149 26.3 (21.9–30.6) 6.7 (1.8–11.7) 3.7 (–1.7 to 8.1)
TNF inhibitor 6,422 25.7 (24.1–27.3) 6.2 (2.7–9.7) –3.4 (–7.2 to 0.3)
JAK inhibitor 1,827 19.5 (16.7–22.3) Ref Ref

* Values are estimates (95% confidence interval) unless otherwise indicated. Univariate and multivariate linear
regression with JAK inhibitor as reference. Adj. for demographics, RA characteristics and previous and current RA
treatment. Low pain: visual analog scale pain <20. Adj., adjusted; IL-6, interleukin-6; RA, rheumatoid arthritis;
TNF, tumor necrosis factor.

Figure 2. Fully adjusted differences in proportions attaining low pain score at 12 months. Multivariate linear regression with JAK inhibitor as ref-
erence. Adj. for demographics, RA characteristics, current and previous RA treatment, and further for comorbidities. Low pain: visual analog scale
pain <20. Adj., adjusted; IL-6, interleukin-6; RA, rheumatoid arthritis; TNF, tumor necrosis factor.
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improvement at 12 weeks for tofacitinib and adalimumab, and
similar proportions with low pain at 12 months.26 In our study,
the adjusted mean difference in VAS pain from baseline to
3 months between JAKis and TNFis was 4.0 mm, which is slightly
lower than that found in SELECT-COMPARE (mean difference
6.5mm for upadacitinib comparedwith adalimumab) at 12weeks,
and to RA-BEAM (mean pain reduction at week 12: −31.5 mm
and −26.4 mm for baricitinib and adalimumab, respectively).1,24

Because baricitinib and upadacitinib were found to be supe-
rior to adalimumab in the RA-BEAM and SELECT-COMPARE tri-
als respectively, although no such superiority was found for
tofacitinib vs adalimumab in ORAL Strategy, it is possible that
the effect on pain reduction differs between the different classes
of JAKis. In the present study, more than 80% of the patients
were treated with baricitinib, and the remainder with tofacitinib.

Although statistically significant differences in pain reduction
at 3 months between JAKis and TNFis were found in our study,
and in the above mentioned RCTs, it could be debated whether
the estimated difference is of clinical relevance. The minimal clini-
cally important difference for improvement or worsening of pain
has been reported as somewhere between 5 and 11 mm,20 or a
15% relative change.27 Yet, with a mean difference in pain of
3 to 4 mm for JAKis compared with TNFis in the whole cohort, it

is plausible that JAKis could entail a clinically relevant advantage
regarding pain in certain subgroups.

The line of treatment with b/tsDMARD had a considerable
impact on the results in this study. As first line treatment, all thera-
pies were numerically better regarding pain reduction compared
with being given as a later treatment line, with no superiority for
JAKis, suggesting that the first advanced therapy is clinically
effective in most patients. By contrast, in the stratified analysis,
pain improvement at 3 months and fraction of patients with low
pain at 12 months were significantly greater for JAKis compared
with TNFis when given as third line with b/tsDMARD or later. This
is compatible with the known efficacy of JAKis in bDMARD refrac-
tory patients.28,29 It could also imply that JAKis are particularly
effective in reducing pain in patients that are more resistant to
therapy. It has been reported that JAKis may have analgesic
effects beyond antiinflammatory properties,9 which could possi-
bly explain the better effect of JAKis compared with TNFis in the
more treatment refractory patients observed in this study,
because a higher share of patients with pain causes other than
nociceptive could be expected in this group. In an experimental
rat model, JAK/signal transducer and activator of transcription
signaling has been suggested to increase mechanical pain sensi-
tivity, and subsequent blocking of that pathway, to reduce

Figure 3. Differences in mean change in pain from baseline to 3 months, stratified by line of treatment. Univariate and multivariate linear regres-
sion with JAK inhibitor as reference. Adjustment for demographics, RA characteristics, current and previous RA treatment, and further for comor-
bidities. Adj., adjusted; b/tsDMARD, biologic/targeted synthetic disease-modifying antirheumatic drug; IL-6, interleukin-6; RA, rheumatoid
arthritis; Ref, reference; TNF, tumor necrosis factor.
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mechanical allodynia, suggesting a role for JAKis in modulating
central pain processing pathways.30,31 The higher proportion with
low pain on JAKi despite active disease in this study is in line
with this concept.

In this study, we found better pain responses at 3 and
12 months with JAKi monotherapy than with TNFi monotherapy,
with numerically greater differences in pain responses for JAKi
monotherapy vs TNFi monotherapy compared with JAKi combi-
nation therapy vs TNFi combination therapy. This is compatible
with previous studies that found JAKi monotherapy to be effective
in reducing signs and symptoms of RA, including pain.32,33 Fur-
thermore, JAKi monotherapy appears to be more effective than
MTX in reducing PROs.34 As TNFis in monotherapy were shown
to have similar effects as MTX on PROs,35,36 it could be expected
that when it comes to monotherapy, JAKis are more efficient for
reducing pain than TNFis. Greater pain reduction for baricitinib
monotherapy than with adalimumab monotherapy was also
found in a matching-adjusted indirect comparison from a prior
systematic literature review.37

Only a limited number of studies have compared the overall
effectiveness of JAKis and non-TNFi bDMARDs. In a previous
analysis of a partly overlapping sample, we found overall equiva-
lent or better treatment responses with baricitinib compared with
both TNFis and non-TNFi bDMARDs when analyzing the out-
come measures HAQ-DI, CDAI, and DAS28 at 3 and
12 months.17 In the SELECT-CHOICE trial, in which patients with
inadequate response to TNFi treatment were randomized to
either upadacitinib or abatacept, greater improvements in pain at
12 weeks were observed in the upadacitinib-treated patients,38

while at the same time, there were no differences in the number
of swollen joints between the treatment groups.39 Taken
together, this suggests that the observed superior effect of JAKis
on composite outcomes17 is partly driven by a greater reduction
in pain.

Regarding comparisons with non-TNFi bDMARDs, the pro-
portion of patients with low pain at 12 months in the current study
were numerically higher for JAKis compared with abatacept when
initiated as third treatment line or later, but the difference was not
statistically significant. However, when compared with IL-6i
monotherapy, a significantly larger fraction of patients treated with
JAKi monotherapy achieved low pain at 12 months. In line with
this, greater improvements in pain at 6 months were observed
for patients treated with baricitinib compared with tocilizumab in
indirect comparisons based on a systematic literature review.37

In the present study, the share of patients with low pain at
12 months was also greater for JAKis compared with IL-6is when
comparing patients receiving treatment as third line or later with
b/tsDMARD. Overall, JAKis were at least as effective as non-TNFi
bDMARDs for pain outcomes at 3 and 12 months.

Several limitations of this study should be mentioned. The
majority of patients were treated with baricitinib, potentially limiting
generalizability to other JAKis. Although we adjusted for multiple

relevant patient characteristics, residual confounding cannot be
excluded. Because of a significant amount of missing data, in par-
ticular for the follow-up evaluations, we used multiple imputation
to avoid selection bias from potential factors influencing missing-
ness. However, additional bias is possible if factors not accounted
for in the model correlated with missingness, and if data were
complete, one cannot exclude that the results could have been
somewhat different. Nevertheless, the analysis restricted to com-
plete cases supported the main results.

We defined all patients discontinuing treatment as nonre-
sponders in regard to reaching low pain at 12 months, irrespec-
tive of the cause of termination, presumably leading to an
underestimation of the proportion of responders. However,
restricting the analysis to patients on drug would have favored
treatments with high discontinuation rates. Notably, the sensitivity
analysis, including only patients on drug at 12 months, favored
abatacept and IL-6is, which had somewhat higher discontinua-
tion rates, whereas rituximab was disadvantaged.

Finally, the classifications of monotherapy and combination
therapy with csDMARD may not always be correct, as some
patients could have stopped csDMARD treatment during the first
year. Nevertheless, between 65% and 80% of the patients in the
different treatment groups that were classified as comedicating
were still on csDMARD treatment at 12 months, and 79% to
92% of patients starting treatment as monotherapy had no regis-
tered concurrent csDMARD at 12 months.

The strengths of this study include the real-world setting for
the evaluation of the effectiveness of JAKis on pain compared
with various bDMARDs, through the use of a nationwide register
in which patients have been observed and treated according to
usual care, and hence corresponding to patients seen in daily clin-
ical practice. The main novelty that emerged from this study is the
structured estimation of the efficacy of JAKis on pain in patients
with RA treated in usual clinical care.

In conclusion, although differences were modest, JAKis had
a slightly better effect on pain outcomes at 3 and 12 months in
this study compared with TNFis, particularly in patients previously
treated with at least two bDMARDs and when given as monother-
apy. In addition, JAKis were at least as effective in reducing pain
as non-TNFi bDMARDs.
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Metabolic Syndrome, Adipokines, and Response to
Advanced Therapies in Rheumatoid Arthritis

Joshua F. Baker,1 George Reed,2 Ted R. Mikuls,3 Geoffrey M. Thiele,3 Dimitrios A. Pappas,4

Christina Charles-Schoeman,5 Monica Guma,6 Leslie R. Harrold,7 Jeffrey R. Curtis,8 and Joel M. Kremer9

Objective. We determined if metabolic syndrome, its components, and adipokines (adiponectin, leptin, and
fibroblast growth factor-21) were associated with response to advanced therapies among patients with rheumatoid
arthritis (RA).

Methods. This study included participants with RA initiating either tumor necrosis factor inhibitor (TNFi) or non-
TNFi biologic therapies from the Comparative Effectiveness Registry to study Therapies for Arthritis and Inflammatory
Conditions (CERTAIN) cohort within the CorEvitas registry. Metabolic syndrome was defined according to the National
Cholesterol Education Program Adult Treatment Panel III definition. Adipokines were assessed on stored samples from
a subsample of responders and nonresponders (n = 200). The primary outcome was the achievement of a change as
large as the minimal clinically important difference (MCID) for the Clinical Disease Activity Index (CDAI) at 6 months.

Results. Among 2,368 participants, 687 (29%) had metabolic syndrome. Metabolic syndrome was associated with
lower odds of achieving CDAI MCID (odds ratio [OR] 0.69, 95% confidence interval [CI] 0.56–0.86, P = 0.001) with a
dose-dependent decrease in response rate according to the number of components present. Model fit was superior
for metabolic syndrome compared with body mass index. Associations between metabolic syndrome and MCID
achievement were similar between patients receiving TNFi (OR 0.65, 95% CI 0.49–0.87, P = 0.003) versus non-TNF
therapies (OR 0.76, 95% CI 0.55–1.04, P = 0.08 [P for interaction = 0.49]). Adipokines were not associated with MCID
achievement.

Conclusion. Metabolic syndrome is associated with lower response rates with the initiation of an advanced therapy
in RA, with similar effects for both TNFi and non-TNFi agents. Adipokines were strongly associated with metabolic
syndrome but were not associated with clinical response.

INTRODUCTION

In current practice in rheumatoid arthritis (RA), it is difficult for

physicians to predict who will have refractory disease and demon-

strate a poor response to the initiation of therapy. We recently

demonstrated that patients with abnormally low weight (body

mass index [BMI] < 18.5) as well as patients with obesity and

RA were less likely to achieve a meaningful clinical response to
biologic disease-modifying therapies from the CorEvitas clinical
registry.1 In fact, a number of prior studies have identified

reduced response rates among patients with BMI in the obese
range.2–4
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Although obesity and underweight have been associated
with poor response to advanced therapies, our prior study found
that BMI did not distinguish those that were more likely to benefit
from a tumor necrosis factor inhibitor (TNFi) versus a non-TNFi
advanced therapy. In other words, there was no evidence that
one treatment would work better than the other in the context of
obesity or underweight BMI ranges. In contrast, we recently
showed that a low or normal BMI was associated with greater
response to TNFi compared with conventional therapies, specifi-
cally “triple therapy,”5 suggesting that BMI may be informative
as part of a precision medicine approach because it may differen-
tially predict responses among different therapies in RA. Although
BMI has been associated with clinical response to therapy in sev-
eral studies, it is not a comprehensive measure of the metabolic
consequences of obesity, and few RA studies to our knowledge
have evaluated metabolic syndrome itself (central adiposity, hyper-
tension, lipid abnormalities, and insulin resistance), its individual
components, and their independent effects on disease activity.6–9

Adipokines are produced in adipose tissue and serve as
metabolic regulators that are strongly associated with obesity
and its metabolic complications. The systemic and immune
effects of adipokines are not completely understood, but they
have been shown to significantly influence the metabolic activities
of tissues, including regulating insulin sensitivity.10 In addition, adi-
pokines have been shown to play a role in regulating adaptive and
innate immune cells and have been postulated to mediate the
inflammatory features of obesity along with circulating cytokines,
such as TNF and interleukin-6.11

In a previous study we showed that high levels of adiponectin
and leptin predicted a lower likelihood of achieving low disease
activity (LDA) over time in a clinical registry independent of
BMI.12 Adipokines also differentiated those that were most likely
to benefit from a TNFi over triple therapy in one study,5 although
we are not aware of studies evaluating adipokines as predictors
of response to one advanced therapy over another. These prior
observations suggest that adipokines are informative of disease
phenotype, although whether these associations are independent
of metabolic syndrome is not known.

In this study, we aimed to determine if metabolic syndrome,
and high levels of adiponectin, leptin, and fibroblast growth factor
(FGF) 21 are associated with a lower likelihood of achieving a clin-
ical response to therapy among patients with RA from the Com-
parative Effectiveness Registry to study Therapies for Arthritis
and Inflammatory Conditions (CERTAIN) cohort. We also aimed
to evaluate whether metabolic syndrome and adipokines can
identify patients who are more likely to respond to a TNFi over a
non-TNFi biologic.

PATIENTS AND METHODS

We used data from the CERTAIN comparative effectiveness
study, which was a prospective, protocolized 12-month

observational cohort study of adult patients and was conducted
as an ancillary study and nested within the CorEvitas (formerly
known as Corrona) RA registry.13,14 Data were collected using
structured case report forms that include medication use and
dose, height, weight, RA clinical disease activity, function, comor-
bid illnesses, and adverse events.15 CERTAIN initiations occurred
between November 2010 and April 2014. We included partici-
pants with a diagnosis of RA initiating either TNFi or non-TNFi bio-
logic therapies within CERTAIN (JAK inhibitors were not included
in CERTAIN).

CERTAIN used the CorEvitas network of participating private
and academic sites to recruit patients fulfilling the 1987 American
College of Rheumatology criteria that had at least moderate dis-
ease activity.16 Patients starting or switching biologic agents,
either a TNFi or a non-TNFi biologic, were eligible for enrollment.
Patient visits and all laboratory blood work, performed centrally
in all patients, were mandated every 3 months for 1 year or until
discontinuation of the initiated drug. Safety data were collected
through 1 year and beyond.

This study was conducted in accordance with the Declara-
tion of Helsinki, and all patients were required to provide written
informed consent and authorization before participating. All par-
ticipating investigators were required to obtain full institutional
review board (IRB) approval for conducting noninterventional
research involving human subjects. Sponsor approval and con-
tinuing review was obtained through a central IRB (the New
England Independent Review Board, NEIRB No. 120160610).
For academic investigative sites that did not receive a waiver to
use the central IRB, full approval was obtained from the respec-
tive governing IRBs and documentation was submitted to CorEvi-
tas, LLC, before initiating any study procedures. Patients were not
involved in the design, conduct, reporting, or dissemination plans
of this research. Data from the CorEvitas RA Registry are available
from CorEvitas, LLC, through a commercial subscription agree-
ment and are not publicly available.

Definition of metabolic syndrome. Waist circumfer-
ence and blood pressure were measured as part of a standard
clinical protocol at participating sites. Standard laboratory
assessments (glucose and lipid profiles) were performed centrally
on stored samples from enrollment (stored for <1 week). Meta-
bolic syndrome was defined according to the National Cholesterol
Education Program Adult Treatment Panel III definition, which
requires that three of the following criteria be met: (1) waist cir-
cumference >40 inches (men) or >35 inches (women), (2) blood
pressure >130/85 mm Hg or a diagnosis of hypertension, (3) fast-
ing triglyceride level >150 mg/dl, (4) nonfasting high-density lipo-
protein cholesterol level <40 mg/dL (men) or <50 mg/dL
(women), and (5) fasting blood glucose level >100 mg/dL or a his-
tory of diabetes. Because the fasting glucose level was not avail-
able, we used a threshold of 140 mg/dL.17 For analyses that
dichotomized metabolic syndrome, we included participants with
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missing data for one or more of the above if the missing data
would not be expected to change the categorization (eg, they
met the criteria already with only four of the components avail-
able). For BMI, we used the World Health Organization guidelines
to categorize BMI as underweight (<18.5 kg/m2), normal weight
(≥18.5–25 kg/m2), overweight (≥25–30 kg/m2), obese (≥30–35
kg/m2), and severely obese (≥35 kg/m2).

Adipokine assessments. Adipokines (adiponectin, leptin,
and FGF-21) were measured on stored samples in 100 biologic-
naive TNFi and 100 biologic-experienced non-TNFi users (pow-
ered to detect a moderate effect size [d] of 0.40 between
responders and nonresponders). For each therapy, the best
50 responders and worst 50 nonresponders (based on the
change in Clinical Disease Activity Index [CDAI]) of those who
had remained on therapy at 6 months and had sufficient blood
samples were selected. The CDAI minimal clinically important dif-
ference (MCID) was used to categorize initiators as responders or
nonresponders. The relative decrease (or increase) was used to
rank patients within responder/nonresponder groups. Samples
were collected at enrollment, using a multianalyte panel from
Meso Scale Discovery (Rockville, MD). Adipokine values were
log-transformed and standardized so that a 1-unit difference in
the value represented a 1 SD difference for all individual analytes.
An adipokine score was also generated to reflect the number of
adipokines above/below the median in a pattern consistent with
metabolic obesity as previously described.5 Thus, the range is
from 1 to 4, wherein 1 is the lowest score possible with one addi-
tional point given for each of the following: an adiponectin level
below the median, a leptin level above the median, and/or an
FGF-21 level above the median.

Response outcomes. The primary clinical outcome was
the achievement of a change at least as large as the MCID for
the CDAI at 6 months.18 The MCID cut points for improvement
have been previously described as 12 for patients starting with a
high CDAI, 6 for those in moderate CDAI, and 1 for those with
low CDAI. The main secondary outcome was the achievement
of LDA (CDAI ≤ 10). We also explored associations with the
achievement of low individual components of disease activity
including pain, patient global scores, evaluator global scores, ten-
der joint counts, and swollen joint counts as defined by Boolean
2.0 criteria.19

For the primary analysis, we imputed or replaced the out-
come as nonresponse for binary outcomes if the initiator switched
to an alternative therapy before 6 months. This approach
assumes that those who did not continue the therapy did not
have a meaningful clinical response. If the initiator discontinued
therapy but did not start another biologic therapy by 6 months,
we used the actual response at 6 months.

Covariable assessments. Several covariables were col-
lected at each visit. We evaluated factors prehypothesized to rep-
resent important predictors of response to therapy and included
age; sex; race; comorbidities including an adapted Charlson
Comorbidity Index, smoking, and CDAI; and the use of other RA
therapies, including prednisone, prior biologic experience, and
disease duration. Levels of C-reactive protein, anticitrullinated
protein antibody (ACPA), and rheumatoid factor were available at
baseline.

Statistical analysis. Characteristics of participants strati-
fied by metabolic syndrome status were described and standard-
ized differences presented to assess group differences. The
primary analysis used mixed effect logistic regression models to
evaluate the association between metabolic syndrome at baseline
and the odds of achieving the primary outcome of a change at
least as large as the MCID for CDAI. Random effects were used
for patients who could contribute more than one initiation and for
patients nested within provider. For initial models, we adjusted
for prehypothesized factors (age, sex, race, baseline disease
activity, and prior biologic experience) as well as characteristics
that were significantly different at enrollment between those with
and without metabolic syndrome and were not considered likely
to be in the causal pathway (comorbidity score).

Secondary analyses evaluated individual components of the
metabolic syndrome, evaluated the number of components of
metabolic syndrome (to assess dose dependency), and explored
model fit compared with BMI alone. Model fit was explored using
the Akaike Information Criterion (AIC) and the Bayesian Informa-
tion Criterion and by testing for additive effects through likelihood
ratio testing.

To determine if the effect of metabolic syndrome on clinical
response varied by therapeutic mechanism of action, the signifi-
cance of multiplicative interaction terms between treatment (TNFi
vs non-TNFi) and metabolic syndrome was evaluated in regres-
sion models. We also tested for interaction by sex and ACPA/
rheumatoid factor status.

Associations between adipokines and clinical response were
assessed in multivariable logistic regression models adjusting for
age, sex, BMI, metabolic syndrome, TNFi (biologic naive) versus
non-TNFi (biologic experienced), combination versus monother-
apy use, ACPA serostatus, and baseline CDAI. We also explored
testing the significance of multiplicative interactions terms
between each adipokine and type of therapy (TNFi versus non-
TNFi) within these models to assess whether adipokine levels
were associated with a superior response to one therapy over
another. Because all TNFi initiators were biologic naive and all
non-TNFi initiators were bio-experienced within the adipokine
subcohort, it was not possible to include both line of therapy
and type of therapy in regression models because of collinearity.
Analyses were performed using STATA version 18 (College
Station, TX).
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RESULTS

A total of 2,368 participants in CERTAIN were eligible for the
analysis (Supplementary Figure 1; Table 1). Among these,
687 (29%) had metabolic syndrome at enrollment. The compo-
nents that were most frequently present were a high waist circum-
ference (53%) and high blood pressure (56%) (Supplementary
Table 1). Among those with metabolic syndrome, most had three
components (61%) (Supplementary Table 2).

Several covariates were significantly different between
groups (P < 0.05). Participants with metabolic syndrome were
slightly older, were more likely to have obesity, had higher overall
comorbidity, had higher rates of diabetes and cardiovascular dis-
ease, had higher CDAI, had higher C-reactive protein levels, and
were somewhat more likely to have previously received an
advanced therapy (biologic experienced) (Table 1). Patients
receiving a TNFi were also more likely to be using the therapy as
a first-line advanced therapy (55%) compared with those receiv-
ing a non-TNFi (13%). Non-TNFi biologics included tocilizumab
(38%), rituximab (15%), and abatacept (47%).

Metabolic syndrome was associated with a lower rate of
MCID achievement as well as a lower rate of achieving LDA in all
models (Table 2). For example, in the fully adjusted model, the

odds ratio (OR) for MCID achievement was 0.70 (95% confidence
interval [CI] 0.56–0.87) for those with metabolic syndrome. The
unadjusted rates of achieving MCID at 6 months were 56% for
those without and 48% for those with metabolic syndrome. In
addition, the OR for LDA achievement was 0.56 (95% CI 0.43–
0.74) for those with metabolic syndrome.

When the individual components of metabolic syndrome
were explored separately in regression models, each was associ-
ated with lower response (all P < 0.05) with the exception of a
diagnosis of hypertension (OR 0.92, 95% CI 0.76–1.13)
(Table 2). When all components were included in a single model,
high waist circumference (OR 0.80, 95% CI 0.64–0.98) and low
high-density lipoprotein were independently associated
(OR 0.75, 95% CI 0.58–0.97) (Supplementary Table 3). There
was a dose-dependent relationship such that the odds of
response were lower when a greater number of components
of metabolic syndrome were present (Figure 1).

A regression model including the metabolic syndrome vari-
able had better model fit compared with a model that included
BMI category (AIC 3,127 vs AIC 3,135; Bayesian Information Cri-
terion 3,202 vs 3,222). Further, the addition of metabolic syn-
drome to a regression model that included BMI category
significantly improved model fit (likelihood ratio test P = 0.008).

Table 1. Patient characteristics at initiation of therapy*

Characteristic

Metabolic syndrome
Standardized
differenceNo Yes

N 1,681 687 –

Age, mean (SD), years 56.0 (0.33) 57.4 (0.44) −0.11
Female, n (%) 1,348 (80) 325 (77) 0.07
White, n (%) 1,386 (82) 561 (82) 0.02
BMI, mean (SD), kg/m2 28.6 (0.16) 34.5 (0.28) −0.85
BMI categories, n (%) 0.91
Underweight 16 (1.0) 2 (0.3) –

Normal 509 (30.3) 41 (6.0) –

Overweight 607 (36.1) 163 (23.7) –

Obese I 287 (17.1) 191 (27.8) –

Obese II 262 (15.6) 290 (42.2) –

Smoking, n (%) 16 (1.0) – –

Never 792 (48) 313 (46) 0.06
Past 530 (32) 239 (35) –

Current 325 (20) 127 (19) –

Comorbidity score, mean (SD)a 1.18 (0.01) 1.48 (0.03) −0.51
Cancer, n (%) 97 (6) 51 (7.4) −0.07
Diabetes, n (%) 90 (5) 292 (43) −0.97
Cardiovascular disease, n (%) 129 (8) 98 (14) −0.21
Disease duration, mean (SD), years 8.33 (0.21) 9.15 (0.37) −0.09
ACPA or RF positive, n (%) 1,207 (72) 487 (71) 0.02
CDAI, mean (SD) 29.2 (0.32) 30.3 (0.48) −0.09
Log(CRP), mean (SD) 0.55 (0.63) 0.70 (0.55) −0.25
CRP, mean (SD) 10.1 (19.0) 10.4 (15.2) −0.02
Biologic experienced, n (%) 1,034 (62) 453 (66) −0.09
TNFi initiation, n (%) 986 (59) 383 (56) 0.06
Non-TNFi initiation, n (%) 695 (41) 304 (44) –

* ACPA, anticitrullinated peptide antibody; BMI, body mass index; CDAI, Clinical Disease Activity Index; CRP,
C-reactive protein; RF, rheumatoid factor; TNFi, tumor necrosis factor inhibitor.
a Modified Charlson Comorbidity score.
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In this model, underweight BMI was independently associated
with a lower odds of response compared with normal BMI
(OR 0.24, 95% CI 0.075–0.77; P = 0.02) whereas obesity catego-
ries showed lower efficacy although these differences did not
achieve significance with the exception of severe obesity (BMI ≥
35: OR 0.72, 95% CI 0.53–0.98) (Table 3).

The association between metabolic syndrome and MCID
was similar between those patients receiving TNFi and non-TNFi
advanced therapies (P for interaction = 0.49) (Figure 2). Similarly,
there was no difference in the effect of metabolic syndrome on
achieving LDA among those receiving TNFi or non-TNFi
advanced therapies (P for interaction = 0.26). In stratified analy-
ses, metabolic syndrome was only significantly associated with
response among the larger seropositive subgroup, although the
association between metabolic syndrome and response was not
statistically different in seropositive and seronegative patients
(Supplementary Table 4).

Metabolic syndrome was associated with a lower likelihood
of achieving low individual components of disease activity, includ-
ing a lower odds of achieving a low patient global score, low eval-
uator global score, low swollen joint count, and low pain score
(Supplementary Table 5). Although the odds of achieving a low
tender joint count was lower among those with metabolic syn-
drome, this was not statistically significant (OR 0.81, 95% CI
0.61–1.06).

Adipokines and response. Compared with individuals
without metabolic syndrome, those with metabolic syndrome
also had lower levels of adiponectin (median 14.2, interquartile
range [IQR] 10.0–20.0 vs median 24.1, IQR 14.2–37.5 ug/mL;
P < 0.001), higher levels of leptin (median 10,014, IQR
4,585–25,435 vs median 5,725, IQR 1,656–11,808 pg/mL;
P = 0.01), and higher levels of FGF-21 (median 262, IQR 83–
1,162.1 vs median 138 IQR 64–350 pg/mL; P = 0.009)

Table 2. Adjusted OR for achieving CDAI MCID at 6 months for metabolic syndrome and its individual components.
Each variable is evaluated in a separate model adjusting for the covariates below*

CDAI MCID CDAI LDA

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

Metabolic syndrome 0.70 (0.56–0.87) 0.001 0.56 (0.43–0.74) <0.001
Components
Hypertension 0.92 (0.76–1.13) 0.43 0.74 (0.57–0.94) 0.02
Diabetes 0.76 (0.59–0.99) 0.04 0.66 (0.48–0.92) 0.01
High triglycerides 0.80 (0.66–0.97) 0.03 0.74 (0.58–0.94) 0.01
Low HDL 0.71 (0.56–0.90) 0.004 0.66 (0.49–0.88) 0.004
High waist circumference 0.75 (0.61–0.92) 0.006 0.59 (0.46–0.77) <0.001

* Adjusted for age, sex, CDAI, biologic naive versus experienced, tumor necrosis factor inhibitor versus non–tumor
necrosis factor inhibitor, anticitrullinated peptide antibody/rheumatoid factor serostatus, disease duration, and
baseline C-reactive protein level. CDAI, Clinical Disease Activity Index; CI, confidence interval; HDL, high-density lipo-
protein; LDA, low disease activity; MCID, minimal clinically important difference; OR, odds ratio.

Figure 1. Odds of response by the number of components of metabolic syndrome present. (A) The results of a model with the variable included
as a categorical variable, whereas (B) shows it included as an ordinal variable (assuming linearity of effect).
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(Supplementary Table 6). Similarly, higher BMI was correlated
with lower adiponectin levels (ρ = −0.28, P < 0.001), higher
leptin levels (ρ = 0.43, P < 0.001), and higher FGF-21 levels
(ρ = 0.15, P = 0.04).

In multivariable models, there was not an association
between any of the adipokines and achievement of the MCID for
CDAI independent of other clinical measures, such as BMI and
metabolic syndrome (Table 4). In these models, those with meta-
bolic syndrome had lower response rates, but this was not statis-
tically significant (OR range 0.53–0.61; P range 0.09–0.19). There
was no significant interaction by therapeutic mechanism of action
(TNFi-naive vs biologic-experienced non-TNFi; all P > 0.05)
(Supplementary Table S2). Those with higher adiponectin levels
had a numerically greater likelihood of response among patients
who were seronegative (hazard ratio [HR] 2.07, 95% CI 0.82–
5.19; P = 0.12), a finding that was significantly different from that
observed in seropositive patients (HR 0.95, 95% CI 0.67–1.36;
P = 0.78) (P for interaction = 0.04). There was not a significant
association between leptin and FGF-21 levels among seronega-
tive patients (Supplementary Table 4).

DISCUSSION

This study demonstrated a strong association between the
presence of metabolic syndrome and lower responses to
advanced therapies among patients with RA. On the whole, the
rate of response was 56% among those without metabolic syn-
drome, but this was reduced to 48% among those with metabolic
syndrome. Model fit was better for metabolic syndrome than that
of BMI alone, suggesting that metabolic syndrome is more infor-
mative to clinical response than a simple assessment of weight
or BMI. Importantly, there was no difference in the association
observed according to whether the participants received a TNFi
or non-TNFi biologic therapy, suggesting that the observation is
common to multiple treatment pathways and not specific to those
receiving TNFi therapies. The primary takeaway from this study is
to further our understanding of prior work that has suggested an

association between obesity and treatment response and to sug-
gest that metabolic factors play an important role.

We observed no significant associations between adipo-
kines and clinical response, although adipokines were associated
with metabolic syndrome. In a prior observational study, high adi-
pokine levels were associated with lower rates of remission and
LDA over time in a longitudinal cohort.12 In contrast to the current
report, the prior study was performed in a larger sample of >1,200
older adults, was conducted over a longer period of follow-up,
and was not limited to initiators of new therapies. The current
study does not support the hypothesis that adipokines play a
causal role in affecting response to therapy that is independent
of metabolic syndrome itself. In the current study, we also found
that adipokines did not differentiate the likely responders to TNFi
versus non-TNFi in this subsample. Although we are not aware
of prior studies evaluating adipokines as predictors of response to
two different classes of advanced therapies, prior work has shown
that BMI and adipokines can help identify those who are most likely
to respond to the initiation of a TNFi over conventional therapies (ie,
triple therapy).5 A comparisonwith conventional therapies, as previ-
ously studied, was not possible within the CERTAIN data.

A number of prior studies have evaluated obesity and clinical
response, summarized in several reviews and meta-analyses.2–4

Our study confirms prior studies and advances the literature by
illustrating that this effect is stronger when considering the meta-
bolic implications of obesity, including changes in lipids, blood
pressure, insulin resistance, and fat distribution. Few studies have
evaluated the impact of metabolic syndrome on disease out-
comes in RA, although some observational studies have
observed an association between higher disease activity scores
and features of metabolic obesity.6,7

The mechanisms by which metabolic syndrome lowers the
likelihood of clinical response are unknown. Some have sug-
gested that obesity (and metabolic syndrome) may drive

Figure 2. Odds of response for patients with metabolic syndrome
compared with those without, stratified by initiators of either TNFi or
non-TNFi biologics. CDAI, Clinical Disease Activity Index; LDA, low
disease activity; MCID, minimal clinically important difference; TNFi,
tumor necrosis factor inhibitor.

Table 3. Independent associations between BMI and metabolic
syndrome with MCID responder status (all tested within the same
model)*

Odds of CDAI MCID

OR (95% CI) P

Metabolic syndrome 0.74 (0.59–0.93) 0.009
BMI category
Underweight 0.25 (0.08–0.79) 0.02
Normal weight 1 (reference) –

Overweight 0.82 (0.63–1.07) 0.14
Obese 0.80 (0.53–1.08) 0.14
Severely obese 0.72 (0.53–0.98) 0.04

* BMI, body mass index; CDAI, Clinical Disease Activity Index; CI,
confidence interval; MCID, minimal clinically important difference;
OR, odds ratio.
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inflammatory processes that may lead to more resistant disease.
However, studies have also shown reduced rates of inflammation
detected with advanced imaging and lower rates of radiographic
damage among those with obese BMI and, in some studies,
among those with greater visceral fat.20–23 Metabolic syndrome
is also strongly associated with osteoarthritis, sleep disturbance,
and chronic pain syndromes.24–26 Thus, poor response among
patients with metabolic syndrome may represent refractory
symptoms because of competing comorbid conditions like oste-
oarthritis that would be unlikely to improve with RA therapies.
Indeed, one study showed that low clinical response rates in
patients with obesity were not mirrored by similarly poor response
rates on imaging,27 suggesting that lower response rates in the
context of obesity are driven by factors other than refractory artic-
ular inflammation. Although this prior work puts the current obser-
vations in context, it is difficult to establish from the current
analysis alone whether persistence of subjective symptoms or
refractory joint inflammation drive the observed associations, par-
ticularly because all components of disease activity appeared to
be affected by the presence of metabolic syndrome. Differences
in response among those with metabolic syndrome may also
reflect differences in disease phenotype. For example, the link
between metabolic obesity and psoriatic disease is well estab-
lished.28 Thus, further study is needed to understand the biologic
mechanisms at play.

We are aware of one prior study evaluating the effect of obe-
sity on clinical response across advanced therapies with different
mechanisms of action. In that study, also from the CorEvitas reg-
istry, the lower response rates for patients with obesity were sim-
ilarly observed for both TNFi and non-TNFi biologics, suggesting
that low response rates for obesity were not specific to drugs with
a particular mechanism of action.1 In the current study, there was
again no clear benefit of one class of biologic over another in the
context of metabolic syndrome or among those with higher/lower
levels of adipokines. This observation perhaps supports the

concept that comorbidity and chronic pain, rather than more
aggressive RA-related inflammation, drive the reduction in
response, because such an effect would not be likely to vary
across treatments.

This study also confirmed a prior study in the CorEvitas
registry that having an underweight BMI is associated with
poor clinical response at 6 months.1 It is perhaps not surprising
that the current study continues to observe this relationship
independent of the presence of metabolic syndrome because
metabolic syndrome would be highly unlikely to be observed
in this group. Although the effects of obesity on clinical
response seem to be at least partially explained by metabolic
syndrome, the lower response seen among those with low
BMI is not. Patients with RA who have a low BMI are observed
to have greater synovitis and osteitis and adverse long-term
outcomes, such as radiographic progression.22,29,30 Low BMI
likely develops over time in the context of more severe and
refractory inflammatory disease (ie, cachexia). Thus, low BMI
and poor response to therapy may be associated with each
other through their shared etiology (ie, an association with a
severe disease phenotype).

The primary limitation of the current study is the potential for
residual confounding from other exposures that are correlated
with metabolic syndrome. Although we assessed and adjusted
for a number of potential confounders, unmeasured confounding
may be present. Although we used a validated outcome for clini-
cal response, our study did not have imaging outcomes to directly
assess the extent of inflammatory arthritis at the articular level.
The presence of comorbid diseases in patients with metabolic
syndrome might also affect response rates. Patients with meta-
bolic syndrome are more likely to have other comorbidities,
including noninflammatory joint conditions. Finally, the subsample
evaluating adipokines was smaller, and we may have been under-
powered to identify small effects of adipokines on clinical
response. Although the cohort was smaller, it was selected

Table 4. Association between adipokines (log-adjusted) and Clinical Disease Activity Index minimal clinically impor-
tant difference achievement at 6 months*

Unadjusted (n = 190) Adjusted (n = 190)

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

Adiponectin (per 1 SD) 1.04 (0.78–1.47) 0.81 1.08 (0.76–1.52) 0.67
Leptin (per 1 SD) 0.92 (0.69–1.23) 0.58 1.09 (0.77–1.55) 0.62
FGF-21 (per 1 SD) 0.86 (0.78–1.39) 0.30 0.89 (0.65–1.23) 0.49
Adipokine score (v. 1)
2 0.57 (0.25–1.31) 0.19 0.60 (0.24–1.46) 0.26
3 0.63 (0.27–1.49) 0.29 0.82 (0.31–2.15) 0.68
4 0.49 (0.20–1.24) 0.13 0.55 (0.19–1.63) 0.28

* Each exposure (on the left) is evaluated in its own model adjusted for the below covariates. Two patients were
missing data on anticitrullinated peptide antibody/rheumatoid factor serostatus and one was missing disease
duration. Adjusted for treatment (tumor necrosis factor inhibitor vs non–tumor necrosis factor inhibitor), age,
sex, baseline Clinical Disease Activity Index, metabolic syndrome, body mass index, anticitrullinated peptide anti-
body/rheumatoid factor serostatus, C-reactive protein level, and disease duration. CI, confidence interval; FGF,
fibroblast growth factor; OR, odds ratio.
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carefully from the best and worst responders, suggesting that we
might expect a larger effect size in this subcohort. Thus, the lack
of association may not be adequately explained by somewhat
diminished study power alone.

In conclusion, metabolic syndrome and its components
are associated with lower clinical response rates in patients
with RA after the initiation of a new advanced therapy; an asso-
ciation that is independent of BMI and increased with the num-
ber of components present for the syndrome. Although
adipokines were strongly associated with metabolic syn-
drome, the lack of an independent association with clinical
response suggests that they do not drive the relationship
between metabolic syndrome and poor response. These
observations have implications for clinical practice as well as
clinical trial design. Future study may help to determine
whether low response rates are caused by refractory inflam-
matory arthritis versus poor improvement in symptoms
because of chronic pain and comorbidity.
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Evidence of Site-Specific Mucosal Autoantibody Secretion in
Rheumatoid Arthritis

Veerle F. A. M. Derksen,1 Klara Martinsson,2 Anouk G. van Mourik,1 Carlijn A. Wagenaar,3

René E. M. Toes,1 Wendy Walrabenstein,4 Daniel Sjöberg,5 Dirkjan van Schaardenburg,3 Tom W. J. Huizinga,1

Alf Kastbom,2 Anna Svärd,6 and Diane van der Woude1

Objective. Anti–citrullinated protein antibodies (ACPA) have been detected in sputum and saliva, indicating that
anti–modified protein antibodies (AMPA) can be produced at mucosal sites in patients with rheumatoid arthritis (RA).
However, the body’s largest mucosal compartment, the gut, has not yet been examined. We therefore investigated
the presence of several AMPA (ACPA, anti–carbamylated protein antibodies [anti-CarP], and anti–acetylated protein
antibodies [AAPA]) at different mucosal sites, including the intestinal tract.

Methods. Paired fecal/ileal wash, saliva, and serum samples of patients with RA and healthy volunteers were col-
lected in two independent cohorts. Data involving feces were replicated in a third cohort. In these secretions, AMPA
were analyzed using in-house enzyme-linked immunosorbent assay with unmodified peptides as control. In fecal sam-
ples, total IgA and anti–Escherichia coli IgA were measured.

Results. ACPA, anti-CarP, and AAPA IgA were measurable in saliva of seropositive patients with RA (prevalence
9%–40%). No AMPA could be detected in feces. IgA was present because total IgA and anti–E. coli IgA were detect-
able in feces of ACPA-positive patients with RA and healthy donors. Results were confirmed in another cohort using
colonoscopically collected ileal wash samples.

Conclusion. Our study shows the presence of ACPA, anti-CarP, and AAPA IgA in saliva of ACPA-seropositive
patients with RA. However, no AMPA could be detected in feces/ileal wash samples of these patients, although our
assays were able to measure other antigen-specific antibodies. These data suggest that mucosal autoantibody secre-
tion may occur in the oral mucosa of patients with RA, whereas no evidence could be found for this process in the lower
gastrointestinal tract.

INTRODUCTION

The presence of anti–modified protein antibodies (AMPA)

directed against post-translational modified proteins (PTMs) is a

hallmark of seropositive rheumatoid arthritis (RA). The most

well-known and clinically important AMPA are anti–citrullinated

protein antibodies (ACPA), whereas other AMPA recognize anti–

carbamylated protein antibodies (anti-CarP) or anti–acetylated

protein antibodies (AAPA). The processes leading to the break of

tolerance against PTMs, to the maturation of the AMPA response,

and eventually to the development of seropositive RA are not fully

understood. One of the hypotheses gaining increased attention is

that mucosal surfaces play a role in AMPA formation.1–3 Inflam-

mation at mucosal surfaces, triggered by environmental factors

and microbiome–host interactions in combination with the local
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presence of PTMs, might create conditions in which tolerance to
PTMs is broken.1,2,4,5

There is accumulating evidence that the airway mucosa is
involved in seropositive RA. Smoking, along with exposure to sil-
ica dust and other inhalants, is a major risk factor for the develop-
ment of seropositive RA and the concurrent presence of multiple
RA-associated antibodies.6–8 It is hypothesized that these envi-
ronmental factors induce airway inflammation, which can contrib-
ute to autoantibody formation.9 However, the lungs are not the
only mucosal sites that may be involved in RA development.
The epidemiologic association between RA and periodontitis
was already reported years ago.10 Oral and intestinal microbiome
disturbances have been described in patients with RA and people
at risk of developing RA.11–14 Novel research shows that patients
with RA with ongoing periodontitis experience repeated bacter-
emia with oral bacteria. Bacteria can be citrullinated, and citrulli-
nated bacterial epitopes can be recognized by ACPAs. These
findings provide an interesting potential link between physiologic
antibacterial responses and autoimmunity in RA.15 The associa-
tion between the lung and oral mucosa and RA is further substan-
tiated by the discovery that ACPA can be present in sputum,
bronchoalveolar fluid, and saliva of patients with RA.16–18 Rheu-
matoid factor can also be present in the saliva of those patients.19

However, the largest mucosal site in the body, the intestine,
has received less attention over the years compared to the lung
and mouth. Lately, this has changed with the finding that monoclo-
nals derived from circulating plasmablasts in individuals at risk of
RA can bind both RA-associated citrullinated autoantigens and
bacteria in feces.20 These findings suggest that the intestinal
mucosa might also be involved in the pathophysiology of RA. The
presence of other AMPA (besides ACPA) at mucosal sites has not
yet been investigated, although this could provide new information
on the development of the AMPA response in RA, especially in the
gut. AAPA might provide an interesting angle when it comes to
mucosal microbial exposures as a potential trigger for autoimmu-
nity because various bacterial species use acetylation of self-
proteins to regulate cell processes.21,22 Anti-CarP responses may
also have an intestinal origin because carbamylation has been
shown to occur in the human gastrointestinal tract.23 It therefore
appears plausible that anti-CarP and AAPA could be produced at
mucosal sites and that local availability of specific post-translational
modifications, as a product of microbiome, food constituents, and
host cell interactions, might diversify and broaden the AMPA
response in RA. Nevertheless, whether AMPAs are secreted in
the intestinal tract is currently unknown.

Hence, we investigated whether ACPA, anti-CarP, and
AAPA can all be detected in mucosal secretions, with emphasis
on material derived from the intestinal tract of patients with
RA. To this end, we collected paired serum, saliva, and feces of
patients with RA and healthy donors and tested these samples
for the presence of ACPA, anti-CarP, and AAPA. Two other inde-
pendent cohorts were used to replicate our findings.

PATIENTS AND METHODS

Cohorts. In the Dutch MUCosal Origin of Serum Autoanti-
bodies in rheumatoid arthritis (MUCOSA) study, paired serum,
saliva, and feces samples were collected cross-sectionally from
47 patients with RA visiting the outpatient clinic (of whom 36 were
ACPA seropositive) and from 21 healthy controls. Saliva was col-
lected by passive drooling, and feces were collected by partici-
pants themselves and immediately frozen. One patient had
severe hyposalivation precluding the collection of saliva. Details
are provided in Supplementary Data 1.

To substantiate our findings, we made use of samples from
another independent study. The Swedish IntestRA study included
20 ACPA-seropositive patients with RA, 10 healthy donors, and
9 patients with inflammatory bowel disease (IBD) as additional
controls. Serum and saliva samples were collected in a similar
method. However, to investigate the presence of autoantibodies
in the gut, ileal wash fluid was collected via colonoscopy instead.
Details are provided in Supplementary Data 2.

Feces samples from a third cohort, the Dutch Plants for
Joints (PFJ) trial,24,25 were examined to corroborate the results
regarding AMPA in feces. Baseline feces samples of 42 ACPA-
seropositive patients with RA and 10 patients with osteoarthritis
as control were investigated. Feces were collected by participants
themselves at home and sent by mail, after which samples were
stored at −80�C.

In all three studies, all patients fulfilled the 2010 American
College of Rheumatology/EULAR criteria for RA, and most had
longstanding disease. Throughout this manuscript, ACPA sero-
positive refers to ACPA IgG seropositivity. All studies were per-
formed in concordance with the Declaration of Helsinki,
approved by the relevant local medical ethical committees, and
all participants provided written informed consent.

Measurements. The presence of AMPAs and rheumatoid
factor (RF) in serum, saliva, and feces in the MUCOSA study was
tested by in-house enzyme-linked immunosorbent assay (ELISA)
using peptides containing different modifications on a Cyclic
Citrullinated Peptide 2 backbone. Measurements in the PFJ trial
were performed in accordance with the protocols used for feces
samples in the MUCOSA study. In the IntestRA study, modified
commercial anti-CCP assays (CCPlus Immunoscan, Svar Life
Science) were used to measure ACPA IgA in ileal wash and saliva
samples. Autoantibody analyses in the IntestRA study focused on
ACPA only. Total IgA levels and anti–Escherichia coli antibodies
were also measured in mucosal secretions by ELISA. For anti–
E. coli, ELISA plates were coated with E. coli lysates. After block-
ing and adding undiluted fecal extracts, horseradish peroxidase-
labeled detection antibodies were used stepwise before visuali-
zation with ABTS (Supplementary Data 1). Furthermore, analysis
of markers of inflammation in saliva (total protein and matrix
metalloproteinase-8 [MMP-8] levels) and feces (calprotectin)
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was performed in the MUCOSA study using ELISA kits (Total
MMP-8 ELISA kit, R&D systems, DMP800B; and Calprotectin
ELISA kit, Orgentec, ORG580) according to manufacturer’s
instruction.

Saliva samples were homogenized and centrifugated before
use to remove any debris. To be able to detect autoantibodies in
fecal matter, protein fractions were prepared by diluting the feces
1:5 in feces dilution buffer (phosphate-buffered saline + 0.05 M
ethylenediaminetetraacetic acid + 1.66 mM phenylmethylsulfonyl
fluoride + 0.1 mg/mL soybean trypsin inhibitor [Sigma]). Samples
were mixed vigorously for 10 to 20 minutes until homogeneous
and spun down. Ileal wash samples were centrifuged and frozen
within one hour after collection.

When testing for AMPA positivity, all samples were also mea-
sured simultaneously on the unmodified control peptide to inves-
tigate whether binding was specific for the post-translational
modification. In the MUCOSA study and PFJ trial, a sample was
considered AMPA positive when both of the following criteria
were met: 1) The value measured on the modified peptide was
higher than the cut-off based on the mean plus two times the
SD of the signal of healthy controls on that peptide, and 2)
the optical density (OD) of the signal measured on the modified
peptide was >2 times higher than the OD of the same sample
measured on the unmodified peptide. In the IntestRA study, OD
signals on the arginine control were first subtracted from the
ACPA OD values. Thereafter, a cut-off was calculated in a similar
manner.

More information about sample processing and autoanti-
body detection can be found in Supplementary Data 1

(MUCOSA and PFJ) and 2 (IntestRA). Mann-Whitney U tests,
chi-square tests, or Fisher’s exact tests, as appropriate depend-
ing on the kind of data, were performed to compare antibody
positivity and markers of inflammation among groups.

RESULTS

AMPAs in saliva. Mucosal autoantibodies were investi-
gated in three independent cohorts, of which the clinical charac-
teristics are listed in Table 1. First, autoantibodies were
measured in serum and saliva of participants in the MUCOSA
study. Seventeen percent of ACPA-seropositive patients with RA
in the MUCOSA study had detectable ACPA IgA in saliva,
whereas ACPA could not be detected in the saliva of patients
who were ACPA seronegative or healthy donors (Figure 1A) (not
significant [ns]). In the Swedish IntestRA study, ACPA IgA was
found in saliva of 40% of the patients who were ACPA seroposi-
tive (Figure 1B), whereas none of the patients with IBD or healthy
controls were positive (P = 0.03 compared with healthy controls).
However, the presence of AMPA was not limited to ACPA IgA.
Also, anti-CarP IgA and AAPA IgA could be detected in
saliva of seropositive patients with RA in the MUCOSA study
(Figure 1C and D), although the number of patients positive for
salivary autoantibodies was low (9%) for both autoantibodies. RF
IgA could be found in saliva 46% of ACPA-seropositive patients
with RA (Figure 1E) (P = 0.001 compared with healthy controls)
and was present more frequently compared with salivary
ACPA IgA.

Table 1. Patient characteristics of all cohorts*

Characteristics

MUCOSA IntestRA Plants for Joints

RA,
n = 47

Healthy,
n = 21

RA,
n = 20

Healthy,
n = 10

IBD,
n = 9

RA,
n = 42

OA,
n = 10

Age, y, mean ± SD 59 ± 13 48 ± 16 61 ± 9 62 ± 9 30 ± 8 55 ± 12 62 ± 6
Female, n (%) 37 (79) 13 (62) 15 (75) 7 (70) 6 (67) 36 (86) 10 (100)
Disease duration, years,
median (IQR)

14 (8–16) – 0.7 (0–12) – – 6.5 (3–15) –

Smoking ever, n (%) 26 (55) 6 (29) 12 (60) 4 (44) (n = 9) 3 (33) – –

ESR, mm/h, median (IQR) 9 (2–34) – 13 (8–20) 6 (4–24) 8 (4–15) 15 (8–32) –

DAS28, median (IQR) 2.6 (1.7–3.6)
(n = 45)

– 3.0 (2.0–4.0)
(n = 10)

– – 3.9 (3.2–4.5) –

Serum antibody positivitya

ACPA IgG, n (%) 36 (77) 0 (0) 20 (100) 0 (0) 0 (0) 42 (100) –

Anti-CarP IgG, n (%) 21 (45) 0 (0) – – – – –

AAPA IgG, n (%) 21 (45) 0 (0) – – – – –

ACPA IgA, n (%) 18 (38) 0 (0) 20 (100) 0 (0) 0 (0) – –

Anti-CarP IgA, n (%) 4 (9) 0 (0) – – – – –

AAPA IgA, n (%) 5 (11) 0 (0) – – – – –

RF IgM n (%) 34 (72) 3 (14) – – – – –

RF IgA, n (%) 21 (45) 1 (5) – – – – –

* Characteristics of all cohorts at inclusion. AAPA, anti–acetylated protein antibodies; ACPA, anti–citrullinated protein antibod-
ies; CarP, carbamylated protein antibodies; DAS28, Disease Activity Score in 28 joints; ELISA, enzyme-linked immunosorbent
assay; ESR, erythrocyte sedimentation rate; IBD, inflammatory bowel disease; IQR, interquartile range; OA, osteoarthritis; RA,
rheumatoid arthritis; RF, rheumatoid factor.
a All serum autoantibody measurements in the MUCOSA study are done with in-house ELISAs.
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Notably, when examining reactivity to the modified peptides
(citrulline, homocitrulline, and acetylated lysine) and unmodified
peptides (arginine and lysine, respectively) in saliva in more detail,
a substantial number of seropositive patients with RA, but not
seronegative patients or healthy controls, had high reactivity to
the modified peptide but also showed a similarly high degree of
reactivity to the unmodified peptide (Figure 2A–C). When the reac-
tivity to the modified and unmodified peptide was similar, antibody
binding was not specific for the PTM, and samples were consid-
ered AMPA negative. The high signal measured on the unmodi-
fied peptide in saliva samples is markedly different from serum,
where background signals are usually very low (Figure 2D–F). In
the IntestRA study, unmodified peptide signals were more equally
distributed between patients with RA and controls
(Figure 2G) (ns).

Next, we investigated whether the presence of autoanti-
bodies in saliva was related to the amount of total IgA in these

samples, as salivary IgA levels can differ among individuals and
over time.27 There was no significant difference in salivary total
IgA between seropositive patients with RA who were positive for
AMPA in their saliva and those who were negative
(Supplementary Figure 1). Therefore, it seems that prevalence of
IgA AMPA in saliva cannot solely be attributed to differences in
salivary total IgA levels, but may rather point to inherent differ-
ences among patients.

AMPA profile in saliva and serum. Different types of
AMPA in saliva tend to co-occur. Among the seven patients with
AMPA-positive saliva in the MUCOSA study, two were triple pos-
itive for ACPA, anti-CarP, and AAPA, and one patient was anti-
CarP and AAPA double positive (Figure 3). Furthermore, six
patients with AMPA-positive saliva were also saliva RF IgA posi-
tive. The presence of an AMPA in saliva always coincided with
the presence of that specific AMPA in serum, although the isotype

Figure 1. Autoantibody measurements in saliva. (A) ACPA IgA in saliva in the MUCOSA study, (B) ACPA IgA in saliva in the IntestRA study, and
(C) anti-CarP IgA, (D) AAPA IgA, and (E) RF IgA in saliva in the MUCOSA study are shown. Delta OD (difference in OD between modified peptide
and unmodified peptide) for AMPAs and aU/mL (arbitrary units per milliliter) for RF are depicted. Groups on x axis are based on diagnosis and sero-
positivity (panel E uses RF IgM seropositivity to define groups). The number (%) of positive patients for that specific autoantibody is given. AAPA,
anti–acetylated protein antibody; ACPA, anti–citrullinated protein antibody; AMPA, anti–modified protein antibody; CarP, carbamylated protein;
IBD, inflammatory bowel disease; MUCOSA, MUCosal Origin of Serum Autoantibodies in rheumatoid arthritis; OD, optical density; RA, rheumatoid
arthritis; RF, rheumatoid factor.
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could differ (Figure 3). For example, one patient was positive for
AAPA IgA in saliva, whereas AAPA IgG, but no AAPA IgA, could
be detected in serum. Similar findings were made for

RF. However, three patients with RA who tested positive for RF
IgA in saliva tested negative for both RF IgM and IgA in serum.
This suggests a local origin and subsequent secretion of

Figure 2. PairedOD values on the modified and unmodified peptide for each AMPA in saliva (A–C) and serum (D–F) of patients and healthy donors in
the MUCOSA study and in saliva (G) of patients and controls in the IntestRA study. (A–C) First group of each graph shows all seropositive patients with
RA who tested positive for that specific AMPA in saliva, and the second group depicts all seropositive patients with RA who tested negative for that
specific AMPA in saliva. (D–F) First group shows patients who were positive for that specific AMPA IgA in serum, and the second group shows patients
negative for that specific AMPA IgA in serum. AAPA, anti–acetylated protein antibody; ACPA, anti–citrullinated protein antibody; AMPA, anti–modified
protein antibody; CarP, carbamylated protein; IBD, inflammatory bowel disorder; MUCOSA, MUCosal Origin of Serum Autoantibodies in rheumatoid
arthritis; OD, optical density; RA, rheumatoid arthritis.

Figure 3. Autoantibody profile in serum (S) and saliva (Sa) in the MUCOSA study. Positivity for autoantibodies in serum and saliva is shown. Each
row depicts a study participant. Black field indicates no saliva available due to hyposalivation. AAPA, anti–acetylated protein antibody; ACPA, anti–
citrullinated protein antibody; CarP, carbamylated protein; MUCOSA, MUCosal Origin of Serum Autoantibodies in rheumatoid arthritis; RA, rheu-
matoid arthritis; RF, rheumatoid factor.

DERKSEN ET AL276



autoantibodies rather than leakage from serum antibodies to the
saliva. Furthermore, the amount of IgG measured in these saliva
samples is, on average ± SD, 9 ± 8 μg/mL, a thousandfold lower
than serum IgG (reference levels 7–16 g/L), making contamination
of saliva samples with serum autoantibodies in measurable
amounts less likely. Thus, the saliva autoantibody profile displays
similarity to, but does not necessarily originate from, the serum
autoantibody profile.

Saliva AMPAs and local inflammation. Next, we inves-
tigated whether the presence of salivary autoantibodies was
associated with oral inflammation. Total protein content, MMP-8
levels, and total IgA levels in saliva have been determined as
markers of local inflammation.27,28 In the MUCOSA study,
patients with RA in general had slightly lower total IgA levels in
saliva compared to healthy donors, whereas there was a nonsig-
nificant trend toward higher MMP-8 and total protein values in
patients with RA. There were no significant differences in all three
salivary markers of inflammation between patients with RA who
were positive for ACPA in their saliva (median [interquartile range,
IQR]: total protein 1,380 μg/mL [1,057–1,747], total IgA 343 μg/
mL [253–562], MMP-8 123 ng/mL [33–150]) and those who were
not (median [IQR]: total protein 1,411 μg/mL [1,040–1,621], total
IgA 259 μg/mL [169–386], MMP-8 83 ng/mL [26–138])
(Supplementary Figure 2A–C). Because the number of patients
who were ACPA saliva positive is small, salivary markers of inflam-
mation were also compared among ACPA-seropositive patients
with RA, ACPA-seronegative patients with RA, and healthy
donors (Supplementary Figure 2D–F), which showed similar
results. Because smoking directly affects the oral mucosa, the
relation between autoantibody positivity in saliva and smoking
was examined. No significant relation between smoking and the
presence of autoantibodies was seen in saliva (Supplementary
Table 1), despite the significant association between RF IgM sero-
positivity and smoking in the MUCOSA study (P = 0.04) and a
similar trend for ACPA seropositivity (Supplementary Table 1).

AMPA in the intestinal tract. In the MUCOSA study, no
ACPA, anti-CarP, or AAPA were found in feces samples of
patients with RA or healthy controls (Figure 4A–C), as there was
almost no difference between the signals on the modified and
unmodified peptides. Also, in the PFJ trial, no AMPA were found
in feces (Figure 4D–F). Like in saliva, reactivity to the modified
and unmodified peptides was evaluated separately in feces as
well. Multiple ACPA-seropositive patients with RA, ACPA-
seronegative patients with RA, and controls showed an OD >1
to the citrullinated peptide in their stool but also to unmodified
arginine-containing peptide, which was thus considered as non-
specific binding/AMPA negative (Figure 5A and D). Similar results
were found for anti-CarP and AAPA (Figure 5B,C,E,F) in both
cohorts. The high OD signals on the unmodified peptides in feces

are in contrast to saliva, for which only seropositive patients with
RA showed a high background (Supplementary Figure 3).

To determine whether the fecal supernatants contained suffi-
cient amounts of Ig to fall within the detection range of our ELISAs,
total IgA levels were measured. Fecal supernatants in the
MUCOSA study contained a median of 48 μg/mL total IgA, with
no significant differences among seropositive patients with RA,
seronegative patients with RA, and healthy donors (Figure 4G).
Similar results were found in the PFJ trial (Figure 4I). These total
IgA levels are roughly comparable with the amount of total IgA in
the diluted saliva samples used for AMPA ELISA. Furthermore,
anti–E. coli IgA was used as an additional (antigen-specific) con-
trol. High anti–E. coli signals could both be detected in patients
with RA and healthy donors. Interestingly, anti–E. coli reactivity
was significantly higher in seropositive patients with RA compared
with healthy donors in the MUCOSA study (P = 0.04) (Figure 4H),
although the numbers are small. In the PFJ trial, no significant dif-
ference was observed (Figure 4J). These data indicate that the
methods used are able to detect the presence of (antigen-spe-
cific) antibodies in feces samples in general and that the lack of
AMPA signal is not due to the absence of total IgA in these
samples.

To substantiate our findings regarding the intestines, we also
investigated ileal wash samples, collected via colonoscopy in the
independent IntestRA cohort. Antibodies in such samples might
be less prone to degradation compared with feces. However, also
in the ileal wash samples, no ACPA IgA was detected (Figure 4K),
whereas total IgA (median 20.5 μg/mL) (Figure 4L) and anti–E. coli
IgA (Figure 4M) were detectable. ODs for both the modified and
unmodified peptides were overall low (Figure 5G). Total IgA levels
and anti–E. coli antibody signals were also slightly lower com-
pared with the feces samples, possibly due to dilution by the
lavage fluid instilled in the ileum used to collect these samples.

Calprotectin in feces of patients with RA.
Because previous reports have suggested that RA might be
characterized by a leaky intestinal barrier, gut dysbiosis, and
inflammation,3,11,29,30 intestinal inflammation was investigated in
the MUCOSA study. Calprotectin was measured in feces of both
patients with RA and healthy donors by commercial ELISA
(Orgentec) (Supplementary Figure 4A). Values above 200 μg/g
are considered significantly elevated and reflect active inflamma-
tory intestinal disease. Six out of 47 patients with RA and 1 out
of 21 healthy controls had calprotectin values >200 μg/g, and an
additional 7 patients had slightly elevated calprotectin levels
between 100 and 200 μg/g. However, five of seven participants
with strongly elevated calprotectin levels and four out of seven
participants with slightly elevated calprotectin levels reported reg-
ular nonsteroidal anti-inflammatory drug (NSAID) treatment
(Supplementary Figure 4B) (ns, P = 0.07). NSAIDs are known to
cause gastrointestinal mucosal damage,31 and it has been
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reported that two weeks of NSAID treatment in healthy individuals
can lead to significantly elevated fecal calprotectin levels.32

DISCUSSION

This study aimed to examine the RA-associated autoanti-
body profile in various mucosal compartments. In the saliva of
patients with established seropositive RA, we found that ACPA,
anti-CarP, and AAPA IgA antibodies can all be present, although
in modest quantities compared with serum. Differences in the
percentage of patients with ACPA-positive saliva (17%–40% in
ACPA IgG-seropositive RA) among cohorts might reflect the
inclusion of only patients with moderate to high ACPA serum

levels in the IntestRA study. When salivary AMPA are present,
the breadth of the response is similar to the AMPA serum profile.
In contrast, no AMPA were found in feces of the same patients
with RA, although the fecal supernatants did contain total IgA
and anti–E. coli IgA antibodies. These findings were confirmed in
feces and in ileal lavage samples from two independent cohorts
of patients with RA. Our findings suggest that secretion of AMPA
is limited to certain mucosal sites, with local secretion of all AMPA
taking place in the oral cavity, but not to a detectable degree in the
lower intestinal tract.

These observations are in line with previous studies showing
the presence of salivary ACPA IgA in patients with RA.17 ACPA
IgA and IgG were also previously found in sputum of seropositive

Figure 4. AMPA Ig in feces and ileal lavage of patients with RA. (A–C) ACPA, anti-CarP, and AAPA Ig, respectively, in feces from patients and healthy
donors in the MUCOSA study are shown. Groups on x axis are based on diagnosis and seropositivity. (D–F) AMPA Ig in feces of the Plants for Joints
cohort is shown. (G–J) Total IgA levels in μg/mL (G and I) and OD (H and J) on the anti–E. coli IgA ELISA in the same feces samples. (K) ACPA IgA in ileal
lavage samples from the IntestRA study is shown. (L) Total IgA levels and (M) anti–E. coli IgA OD in the same ileal lavage samples are shown. For AMPAs,
the number (%) of positive patients is given. For AMPAs, the y axis depicts difference in OD (delta OD) between the modified and unmodified peptide.
Red bars show the median and interquartile range. *P < 0.05. AAPA, anti–acetylated protein antibody; ACPA, anti–citrullinated protein antibody; AMPA,
anti–modified protein antibody; CarP, carbamylated protein; ELISA, enzyme-linked immunosorbent assay; IBD, inflammatory bowel disease; MUCOSA,
MUCosal Origin of Serum Autoantibodies in rheumatoid arthritis; OA, osteoarthritis; OD, optical density; RA, rheumatoid arthritis. Color figure can be
viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43036/abstract.
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patients with RA and first-degree relatives (FDRs) of patients with
RA.16 Some of the FDRs who were positive for ACPA in their spu-
tum were serum ACPA negative, indicating that sputum ACPAs
are produced locally and can precede or occur independently of
a serological ACPA response. Our findings provide further

evidence that autoantibodies found in mucosal secretions can
be secreted locally at mucosal sites because the AMPA isotype
present in saliva was not always measurable in serum. The low
amount of IgG present in the saliva samples may further support
that both the detected AMPAs and RF originated from the

Figure 5. (A–G) Paired OD values on the modified and unmodified peptide for each AMPA Ig in feces of patients and controls in the MUCOSA
study (A, C, E) and in the Plants for Joints trial (B, D, F) and ACPA IgA in ileal wash in patients and controls in the IntestRA study (G). AAPA,
anti–acetylated protein antibody; ACPA, anti–citrullinated protein antibody; AMPA, anti–modified protein antibody; CarP, carbamylated protein;
IBD, inflammatory bowel disease; MUCOSA, MUCosal Origin of Serum Autoantibodies in rheumatoid arthritis; OA, osteoarthritis; OD, optical den-
sity; RA, rheumatoid arthritis.
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mucosal lining of the oral cavity instead of leaking from serum
because leakage would have led to a higher quantity of IgG as
the most abundant isotype present in serum. Furthermore, mono-
meric IgA from serum cannot be actively transported over the
mucosal epithelium by the polymeric immunoglobulin receptor,
whereas mucosal-derived dimeric IgA can.

These findings raise the question of where the initial activa-
tion of autoreactive B cells in RA can take place and which trig-
gers elicit these anti–modified protein responses. Activated B
cells re-enter the tissue where they were activated based on hom-
ing marker expression, although there probably is some cross-
over to other, often anatomically closely related tissues.26 This
suggests that the cells secreting AMPA in the oral mucosa are
probably derived from B cells activated in local lymphoid tissue.
Our study shows that the salivary AMPA response not only
includes ACPA, but also antibody responses against carbamy-
lated and acetylated proteins, suggesting the local presence of
these antigens. Interestingly, bacteria can acetylate
self-proteins21,22 and thus might evoke an anti–acetylated bacte-
rial protein response, which could be cross-reactive to acetylated
self-proteins. It is hypothesized that, via this mechanism, the anti-
body responses against acetylated bacterial content can contrib-
ute to diversification and epitope spreading of the AMPA
response in RA. Furthermore, in the MUCOSA study, seropositive
patients with RA tended to have a higher reactivity in saliva toward
the unmodified peptides compared with seronegative patients
with RA and healthy donors, although this was not as clear in
the IntestRA cohort. This higher reactivity toward unmodified pep-
tides in seropositive patients with RA could also point to activated
humoral immune responses in general in these patients, for exam-
ple, due to decreased barrier function or local inflammation.

Our study did not include a dental examination to determine
the presence of periodontitis (inflammation of the gums), which
can be caused by bacterial infection. To gather some information
on oral inflammation nonetheless, total protein content, MMP-8
levels, and total IgA were measured in saliva. No association
between these markers of inflammation and ACPA positivity in
saliva was seen. This could be explained in several ways: The
sensitivity of these markers might be more limited than a dental
examination, and gingivitis or periodontitis could have been
missed. Alternatively, a true lack of association could suggest that
oral production of autoantibodies is independent of simulta-
neously occurring mucosal inflammation and would either not
require inflammation at all or could be related to barrier dysfunc-
tion and inflammation in the past.

Not only the oral mucosa, but also the gut could represent a
large source of citrullinated, carbamylated, and acetylated (micro-
bial) proteins. From an immunologic point of view, it appears con-
ceivable that a T cell response against post-translationally
modified bacteria (as foreign/nonself ) may provide the required T
cell help to activate self-reactive AMPA-directed B cells. Reactivity
to intestinal bacteria was found to be a normal property of the

human CD4+ T cell repertoire in healthy individuals.33 Moreover,
it has been described that monoclonal ACPA derived from individ-
uals at risk for RA can bind bacterial isolates from human feces.20

Based on these findings, one would have expected to find
AMPAs in intestinal secretions as well, but we did not find ACPA,
anti-CarP, or AAPA in feces or ileal wash samples. This suggests
that there is no substantial ACPA production in the lower intestinal
tract. Anti–E. coli IgA and total IgA were measurable in these
intestinal samples, indicating that the methodology is adequate
to detect (antigen-specific) antibodies.

Our results suggest that mucosal AMPA production is site
specific, with local secretion of AMPA taking place in the oral
mucosa, but not substantially in the gut. In addition, earlier studies
provide evidence for AMPA responses in the airways.16,18 This
spatial variation might be due to differences in the local microenvi-
ronment, such as antigen availability, and local inflammatory pro-
cesses, such as NETosis (release of Neutrophil Extracellular
Traps). However, there are several other reasons why AMPA
might not be detectable in the gut, for example, due to strong
binding to their antigen, degradation of antibodies by digestive
enzymes, or the amount of AMPA being under the detection limit
of our assays. The facts that total IgA and anti–E. coli IgA were
detectable in feces and that ACPA were also not present in ileal
lavage samples, which might be less prone to degradation, make
it more likely that the gut is not a major site of secretion for AMPA.
Nevertheless, further research on barrier dysfunction and pres-
ence of PTMs in the intestinal tract of seropositive patients with
RA is warranted because there are other potential mechanisms
via which the intestinal mucosal compartment could contribute
to the systemic AMPA response that are beyond the scope of
our study, such as microbiome dysbiosis, decreased intestinal
barrier function, and trafficking of immune cells primed in the
intestine to the systemic circulation. For example, in one cohort,
there was a difference in fecal anti–E. coli reactivity between sero-
positive patients with RA and healthy donors, which could point to
increased interactions between gut bacteria and the immune sys-
tem in RA.

Our study provides new insights in the autoantibody profile at
mucosal surfaces, but it comes with some limitations. Most
patients had longstanding RA and used various immunosuppres-
sive therapies, which could have influenced the results. Previous
studies investigating the effect of antirheumatic treatment on
serologic AMPA responses have revealed that the presence of
AMPA in serum is quite stable under treatment,34 but it is
unknown whether mucosal AMPA responses originate from
antibody-secreting cells with similar (long-lived) characteristics.
Positivity for secretory ACPA in serum declined more strongly
compared with ACPA IgG after initiation of therapy.35 Further-
more, despite the use of three independent cohorts to verify our
findings, the number of patients included is limited. Because of
the COVID-19 pandemic, we were prohibited from collecting
paired sputum samples in the MUCOSA study, as originally
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planned. Therefore, whether anti-CarP and AAPA are also pres-
ent in sputum of patients with RA remains unknown.

To the best of our knowledge, our study nonetheless repre-
sents the most extensive investigation to date of a large variety
of autoantibodies in a diverse array of bodily fluids. Our results
show that ACPA, anti-CarP, and AAPA can be secreted locally
in the oral mucosa. This suggests that local immune responses
against PTMs, for example, in the context of an antibacterial
response, might contribute to the development and diversification
of the AMPA response in patients with RA. No support for local
AMPA secretion in the lower intestinal tract was found. This study,
therefore, for the first time sheds light on one of the possible roles
(or potential lack thereof) of the intestinal mucosa in the onset of
the AMPA responses in RA.
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Targeting Long Noncoding RNA H19 in Subchondral Bone
Osteocytes and the Alleviation of Cartilage Degradation
in Osteoarthritis

Rongliang Wang,1 Babak Mehrjou,2 Dorsa Dehghan-Banian,3 Belle Yu Hsuan Wang,4 Qiangqiang Li,1 Shuai Deng,5

Chuanhai Liu,6 Zhe Zhang,7 Yanlun Zhu,6 Haixing Wang,3 Dan Li,2 Xiaomin Lu,3 Jack Chun Yiu Cheng,8

Michael Tim Yun Ong,9 Hon Fai Chan,6 Gang Li,3 Paul K. Chu,2 and Wayne Yuk Wai Lee10

Objective. Emerging evidence suggests long noncoding RNA H19 is associated with osteoarthritis (OA) pathology.
However, how H19 contributes to OA has not been reported. This study aims to investigate the biologic function of H19
in OA subchondral bone remodeling and OA progression.

Methods. Clinical joint samples and OA animal models induced by surgical destabilization of the medial meniscus
(DMM) were used to verify the causal relationship between osteocyte H19 and OA subchondral bone and cartilage
changes. MLO-Y4 osteocyte cells subjected to fluid shear stress were used to verify the mechanism underlying
H19-mediated mechanoresponse. Finally, the antisense oligonucleotide (ASO) against H19 was delivered to mice knee
joints by magnetic metal–organic framework (MMOF) nanoparticles to develop a site-specific delivery method for tar-
geting osteocyte H19 for OA treatment.

Results. Both clinical OA subchondral bone and wildtype mice with DMM-induced OA exhibit aberrant higher sub-
chondral bone mass, with more H19 mice expressing osteocytes. On the contrary, mice with osteocyte-specific dele-
tion of H19 are less vulnerable to DMM-induced OA phenotype. In MLO-Y4 cells, H19-mediated osteocyte
mechanoresponse through PI3K/AKT/GSK3 signal activation by EZH2-induced H3K27me3 regulation on protein
phosphatase 2A inhibition. Targeted inhibition of H19 (using ASO-loaded MMOF) substantially alleviates subchondral
bone remodeling and OA phenotype.

Conclusion. In summary, our results provide new evidence that the elevated H19 expression in osteocytes may
contribute to aberrant subchondral bone remodeling and OA progression. H19 appears to be required for the osteocyte
response to mechanical stimulation, and targeting H19 represents a new promising approach for OA treatment.

INTRODUCTION

Osteoarthritis (OA) is a common joint disease characterized

by the degradation of articular cartilage, synovial inflammation,

and bone remodeling.1 Many risk factors are reported to incur or

exacerbate OA development, such as aging, sex, obesity, and

inherent genetic alterations; however, its etiology and pathogene-

sis remain elusive, and there is yet no disease-modifying drug
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available to slow or reverse OA progression.2 As one of the critical

factors, mechanical loading was reported to exert anticatabolic

and anabolic effects on cartilage, resulting in abnormal subchon-

dral bone remodeling.3 Therefore, reducing loading and/or block-

ing mechanotransduction in responsive joint tissues has been

postulated to modify OA progression.
Subchondral bone remodeling is an important feature of OA

pathology that is regarded as an aberrant mechanosensitive
response upon injury during OA progression. Such alteration
plays a vital role in cartilage degradation.4 The resultant stiffer
subchondral bone in late-stage OA could transmit more shear
stresses to overlying cartilage, leading to cartilage splitting and
fibrillation.5 As a result, the disintegration of the subchondral bone
physical boundary along OA progression results in more risk
exposure in the cartilage environment, including vasculature, oxy-
gen, nutrients, and cytokines.1 Osteocytes constitute 90% to
95% of the total bone cells and play a major role in sensing
and transmitting mechanical stimulation owing to their wide
distribution throughout the bone matrix and their complex
interconnected lacunocanalicular network.6 Hence, osteo-
cytes can respond to mechanical signals and secret soluble
factors to regulate both osteoclast and osteoblast activities.7

The intercellular communication required for such a feat is
achieved by the production of biomolecules such as prosta-
glandins (produced by cyclooxygenase 2 [COX-2]), osteopro-
tegerin (OPG), RANKL, and dentin matrix protein 1 (DMP1).8

Although some of these biomarkers have been reported to be
associated with OA progression,9–11 the role of osteocytes in
OA subchondral bone remains elusive.

Long noncoding RNAs (lncRNAs) is a type of transcript hav-
ing more than 200 nucleotides without protein encoding func-
tion.12 Several lncRNAs have been found to be associated with
OA severity and influence the functions of cells derived from OA
joint tissues in vitro. The plausible roles of lncRNAs in various

OA phenotypic changes, such as cartilage degradation, synovial
inflammation, dysfunction of subchondral bone homeostasis,
and meniscus injury, are yet to be elucidated.13 lncRNA H19
(H19) is the first reported mammalian lncRNA and has been
widely studied in different human diseases. Recent evidence pri-
marily indicates an association between H19 and the cartilage
and synovium changes in OA without a clear relationship.14,15 In
addition, H19 is involved in maintaining bone quality through reg-
ulation of osteoblast differentiation, bone regeneration, and bone
metabolism.16 Notably, H19 has been shown to influence the
osteogenic differentiation capacity of bone marrow–derived mes-
enchymal stromal cells under tensile stimulation.17 With these, it is
reasonable for us to hypothesize that H19 may be able to influ-
ence subchondral bone remodeling in OA, particularly in
response to altered mechanical alignment, thus potentially con-
tributing to the progression of cartilage erosion and other patho-
logic changes.

Nanoparticles have been extensively used to deliver drugs and
genes to tissue sites of interest for various purposes with no
exemption in the OA research field.18 Recently, the metal–organic
frameworks (MOFs) have emerged as a promising tool for gene
delivery with high loading capacity, good protection against bio-
logic degradation, and excellent biocompatibility.19 Furthermore,
the modification of physiochemical properties on MOFs, for exam-
ple, conjugation with the metallic nodes, organic linkers, and other
compounds, enables their response to exogenous stimuli, such
as a magnetic field for target delivery, thus facilitating localization
at specific sites of interest and prolonged release applications.20

In this study, to explore the translational value of targeting H19 for
OA treatment, we developed a specific gene-delivery system by
combining Fe3O4 nanoparticles andMOFs to formmagnetic MOFs
(MMOFs) and to transport anti-H19 antisense oligonucleotides
(ASOs) to subchondral bone osteocytes in the presence of an
external magnetic field for in vivo functional evaluation.
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MATERIALS AND METHODS

A detailed description of the procedures and specific materi-
als used for micro–computed tomography (micro-CT) analysis,
histology and immunohistochemistry, fluorescence in situ hybrid-
ization (FISH), MLO-Y4 cell culture, fluid shear stress (FSS), RNA
sequencing and analysis, real-time quantitative reverse transcrip-
tion polymerase chain reaction, Western blot, synthesis of MMOF,
in vitro ASO release assay, and in vivo biodistribution is provided
in the Supplementary Methods.

Collection of clinical samples. Recruitment of patients
was under strict guidance of clinical ethics approval from the Joint
Chinese University of Hong Kong-New Territories East Cluster
Clinical Research Ethics Committee (CREC-2013.248) and in
compliance with the Declaration of Helsinki. Informed consent
was obtained before surgery from all patients and their guardians.
The subchondral bone tissue samples used in the study were col-
lected from patients with knee OA undergoing joint replacement
surgery (five women and seven men with an average ± SD age
of 72.75 ± 5.817 years). Then the regions of interest were divided
into different parts with a saw blade and subjected to different
processing procedures to preserve the sample quality for RNA
extraction and histologic and micro-CT analyses. Exclusion cri-
teria were as follows: (1) patients with a history of surgical treat-
ments or severe OA lesions of the lateral compartment or
patellofemoral compartment, metabolic arthritis, joint infections,
or mechanical pain caused by meniscal tears; (2) patients with
malignancy, diabetes, or other severe diseases in the previous five
years; and (3) patients with pathologic fractures, concomitant
polytrauma or high-energy mechanism of injury.

Animals. The animal use and the experimental protocols
were reviewed and approved by the Animal Experimentation
Ethics Committee of The Chinese University of Hong Kong (ethical
approval number 20-268-MIS). Osteocyte-specific deletion of
H19 was obtained by crossing H19fl/fl mice (project number
XM200616, Nanjing Biomedical Research Institute of Nanjing Uni-
versity) with transgenic mice expressing Cre recombinase under
the control of the Dmp1 gene promoter (strain #: 023047, Jack-
son Laboratory). Dmp1-Cre+ H19fl/fl mice (referred to as condi-
tional knockout [cKO] mice) and control Dmp1-Cre− H19fl/fl

(referred to as Flox mice) were used in the subsequent experi-
ments. All mice were on a 100% C57BL/6 background. The
primers for genotyping are listed in Supplementary Table 1.

Male C57BL/6 mice and Flox and cKO mice of around
12 weeks old were subjected to destabilization of the medial
meniscus (DMM) surgery. From day 1 to day 3 post operation,
the mice received buprenorphine (0.3 mg/kg of body weight)
daily. The mice were allowed free to food, water, and cage activi-
ties after the operation.

In vivo therapeutic efficacy. After one week of DMM
surgery, the C57BL/6 mice were randomly divided into six
groups. Over a period of seven consecutive weeks, the mice
received different treatments: ASO, MMOF, ASO-loaded MMOF
at a dosage of 5 mg/kg, or phosphate buffered saline as vehicle
control with concurrent six-hour magnetic field exposure once a
week. Another group with ASO-loaded MMOF administration
without magnetic field exposure served as the control group for
magnetic cotreatment. Mice with a sham operation served as
the positive control. To apply the external magnetic field, a 5 ×
2 × 1–cm magnet was placed beside the targeted knee joint.
Before magnetic field exposure, the mice were anesthetized using
a mixture of ketamine and xylazine and maintained under isoflur-
ane anesthesia throughout the six-hour period to ensure immobil-
ity. Three days after the last administration, the mice were killed to
collect their knee joints and major organs for analysis.

Statistical analysis and data availability statement.
All data are presented as mean ± SD, and n represents the num-
ber of tissue preparations, cells, or animals. In vitro experiments
were performed in triplicates. Paired two-tailed Student’s t-test
was used for comparison between injured and uninjured groups
of human bone samples. Unpaired two-tailed Student’s t-test
was used for comparison between two groups when data were
normally distributed. One-way analysis of variance with relevant
post hoc tests was used for multigroup comparisons. A P value
of 0.05 was considered to be statistically significant using the
GraphPad Prism software. The raw data that support the findings
of this study will be openly available on publication in the GEO
database (GSE254053).

RESULTS

Identification of H19 in subchondral bone
alteration of OA. Subchondral bone tissues were collected
from patients with OA undergoing total knee replacement sur-
gery. The medial condyle side with severe cartilage erosion was
labeled as injured, and the lateral condyle side with relatively intact
cartilage was labeled as uninjured for internal control comparison
(Figure 1A). Micro-CT showed a remarkable increase in the bone
volume fraction in subchondral bone underneath the injured carti-
lage (Figure 1B, Supplementary Figure 1A and B). Notably, the
expression level of the mechanical responsive proteins COX-2,
OPG, and DMP1 in subchondral bone osteocytes was up-
regulated in the injured group (Figure 1B and C). In addition,
FISH staining of H19 indicated a significantly higher ratio of
H19-positive osteocytes in the subchondral bone of the injured
group than that in the uninjured group (Figure 1B and C), which
was further confirmed with a high expression level of H19

observed in the subchondral bone of the injured group
(Figure 1D). In the OA mouse model, OA phenotype was suc-
cessfully developed in the knee joint with the meniscus
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Figure 1. Elevated osteocyte H19 in subchondral bone during OA development. (A) Schematic illustration of the subchondral bone source
from human OA samples. (B) Representative micro-CT 3D reconstruction of human OA subchondral bone; IHC staining for COX-2, OPG, and
DMP1; and FISH staining of osteocytes counterstained with DAPI in human OA subchondral bone from the uninjured and injured groups (scale
bar = 20 μm). (C) Quantification of the number for COX-2, OPG, DMP1, and H19-positive osteocytes in human OA subchondral bone. n = 3 in
each group. (D) The expression of H19 in human OA subchondral bone from the uninjured and injured groups was assessed by qPCR.
n = 12 in each group. (E) Representative S.O. staining of knee joints (scale bar = 100 μm), micro-CT 3D reconstruction of subchondral bone (scale
bar = 200 μm), FISH staining of osteocytes counterstained with DAPI (scale bar = 20 μm) in subchondral bone from C57BL/6 mice subjected to
sham or DMM operation for 8 and 12 weeks. Quantitation of OA severity by (F) OARSI scores, (G) subchondral bone parameter (BV/TV), and
(H) the percentage number for H19-positive osteocytes in subchondral bone for C57BL/6 mice subjected to sham or DMM operation for 8 and
12 weeks. n = 7 in each group. (I) The percentage number for COX-2-, OPG-, and DMP1-positive osteocytes in subchondral bone for C57BL/6
mice subjected to sham or DMM operation for 8 and 12 weeks. n = 7 in each group. (J) Representative IHC staining of subchondral bone for
COX-2, OPG, and DMP1 in osteocytes from C57BL/6 mice subjected to sham or DMM operation for 8 and 12 weeks. n = 7 in each group (scale
bar = 20 μm). *P < 0.05; **P < 0.01. 3D, three-dimensional; BV/TV, bone volume fraction; COX-2, cyclooxygenase 2; DMM, destabilization of the
medial meniscus; DMP1, dentin matrix protein 1; FISH, fluorescence in situ hybridization; IHC, immunohistochemistry; micro-CT, micro–
computed tomography; OA, osteoarthritis; OARSI, Osteoarthritis Research Society International; OPG, osteoprotegerin; qPCR, quantitative
reverse transcription polymerase chain reaction; S.O., safranin O/fast green.
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removed as shown by extensive lesion of articular cartilage and
increased thickness of the subchondral bone at 8 and
12 weeks after DMM surgery (Figure 1E–G and Supplementary
Figure 1C). Similar to human OA specimens, the expression of

H19, COX-2, OPG, and DMP1 was found to be significantly
up-regulated in mice OA joint, particularly in the osteocytes of
the subchondral bone region (Figure 1H–J and Supplementary
Figure 1D and E). These results suggest that osteocyte H19

Figure 2. Mice with H19 deficiency are resistant to OA progression and subchondral bone remodeling. (A) Breeding strategy for gener-
ation of the osteocyte-specific H19 cKO mice. (B) The expression of H19 in osteocyte-rich bone tissues of three-month-old male Flox and cKO
mice was assessed by qPCR. n = 7 in each group. (C) Representative S.O. staining of knee joints (scale bar = 100 μm), micro-CT 3D reconstruc-
tion of subchondral bone (scale bar = 200 μm), and FISH staining of osteocytes counterstained with DAPI (scale bar = 20 μm) in subchondral bone
from Flox and cKO mice subjected to sham or DMM operation for eight weeks. (D) Quantitation of OA severity by OARSI scores for three-
month-old male Flox and cKO mice subjected to sham or DMM operation for eight weeks. n = 7 in each group. (E) Quantitation subchondral bone
parameter (BV/TV) for three-month-old male Flox and cKO mice subjected to sham or DMM operation for eight weeks. n = 7 in each group.
(F) Quantitation of the percentage number for H19-positive osteocytes in subchondral bone from Flox and cKO mice subjected to sham or
DMM operation for eight weeks. n = 7 in each group. (G) The percentage number for COX-2-, OPG-, and DMP1-positive osteocytes in subchon-
dral bone for three-month-old male Flox and cKO mice subjected to sham or DMM operation for eight weeks. n = 7 in each group.
(H) Representative IHC staining of subchondral bone for COX-2, OPG, and DMP1, in osteocytes from Flox and cKO mice subjected to sham or
DMM operation for eight weeks (scale bar = 20 μm). *P < 0.05; **P < 0.01. 3D, three-dimensional; BV/TV, bone volume fraction; cKO, conditional
knockout; COX-2, cyclooxygenase 2; DMM, destabilization of the medial meniscus; DMP1, dentin matrix protein 1; FISH, fluorescence in situ
hybridization; IHC, immunohistochemistry; micro-CT, micro–computed tomography; N.S., no significance; OA, osteoarthritis; OARSI, Osteoarthri-
tis Research Society International; OPG, osteoprotegerin; qPCR, quantitative reverse transcription polymerase chain reaction; S.O., safranin O/
fast green. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43028/abstract.
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expression is up-regulated and associated with abnormal
structural changes in response to mechanical stress in OA
subchondral bone.

cKO of osteocyte H19 in osteocytes mitigates
cartilage damage and subchondral bone sclerosis in OA
mouse model. To investigate the effect of osteocyte H19 on
OA, we generated osteocyte H19 cKO mice by crossing the
H19fl/fl mice (Flox) with the Dmp1-Cre transgenic mice
(Figure 2A), which had significantly lower H19 expression in
osteocyte-enriched bone tissues (Figure 2B). At 12 weeks
old, the H19 cKO mice were comparable to control Flox
mice in terms of size, body weight, and bone quality
(Supplementary Figure 2A–D). The knockout efficiency was
verified by FISH staining in the trabecular and cortical bone tis-
sues (Supplementary Figure 2E). The Flox mice showed
degenerative cartilage damage and subchondral bone sclero-
sis at eight weeks post DMM surgery, whereas the cKO mice
were found nearly invulnerable to DMM-induced cartilage and
subchondral bone changes (Figure 2C and 2D and 2E and
Supplementary Figure 2F). As expected, the degree of H19
up-regulation in subchondral bone osteocytes diminished in
cKO mice (Figure 2C and F), associated with notable
decreased protein expression of COX-2, OPG, and DMP1 in
the subchondral bone osteocytes (Figure 2G and H). These
results provide supporting evidence that H19 up-regulation in
subchondral bone osteocytes can promote OA development
and subchondral bone alteration.

H19-mediatedmechanoresponse inMLO-Y4 cells. To
explore the molecular mechanism underlying H19-mediated oste-
ocyte mechanotransduction in OA, we first employed FSS stimu-
lation on MLO-Y4 cells to mimic the mechanical stimulations that
osteocytes experience in vivo21 (Figure 3A). In line with previous
studies, the application of FSS on MLO-Y4 cells resulted in the
up-regulation of Ptgs2, Tnfrsf11b, the Opg/Rankl ratio, and
Dmp1 Figure 3B. Of note, prior H19 overexpression enhanced
the response of MLO-Y4 cells toward FSS-induced up-
regulations of these mechanoresponsive genes Figure 3B and
Supplementary Figure 3A.22 In contrast, knockdown of H19
by ASO reduced the mechanoresponse of MLO-Y4 cells to
FSS-mediated up-regulation of Ptgs2, Tnfrsf11b, the Opg/Rankl
ratio, and Dmp1 (Figure 3C and Supplementary Figure 3B and
C). Then bulk RNA sequencing analysis was conducted to com-
pare ASO-treated and control MLO-Y4 cells upon FSS stimula-
tion to determine the potential underlying mechanism. In brief,
the 451 differentially expressed genes were found with expres-
sion level change more than 1.5 times in ASO-treated cells upon
FSS stimulation. Twenty-six percent of genes were associated
with environment information processing according to Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway classifi-
cation (Figure 3E). Of note, signal transduction was the most

enriched one (53.8%), and a gene set enrichment analysis identi-
fied that most of the up-regulated genes were related to phos-
phatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) signaling
(Figure 3D and F and Supplementary Figure 3D). Consistent with
previous results and RNA sequencing data in which PI3K/AKT
signaling activation was involved in osteocyte-mediated intracel-
lular mechanotransduction,23 phosphorylation of AKT and glyco-
gen synthase kinase 3 (GSK3) increased significantly upon
concurrent FSS stimulation and H19 overexpression (Figure 3G).
With H19 knockdown, FSS stimulation failed to activate the
AKT/GSK3 signaling pathway in MLO-Y4 cells (Figure 3H and
Supplementary Figure 3E). The pretreatment of LY290042, a
PI3K inhibitor, prevented the up-regulation of H19 on AKT/GSK3
pathway activation and targeted expression of mechanotrans-
duction (Figure 3I and Supplementary Figure 3F). Our data sug-
gest that H19 participates as an enhancer of the PI3K/AKT/
GSK3 signaling pathway in the mechanoresponse of osteocytes.

H19-mediated mechanoresponse and
mechanotransduction via protein phosphatase 2A
regulation. To further investigate the downstream target of
H19 on mechanotransduction in osteocytes, we compared the
differentially expressed genes related to the PI3K/AKT/GSK3 sig-
naling pathway in ASO-treated and control MLO-Y4 cells upon
FSS stimulation. Among the candidate signaling genes dysregu-
lated by H19 reduction, Ppp2r1a and Ppp2r5d belong to the sub-
unit genes of protein phosphatase 2A (PP2A) complex enzymes
(Figure 4A), which is reported to be an important and ubiqui-
tously expressed phosphatase for dephosphorylating AKT.24

H19 overexpression or depletion, independent of FSS stimula-
tion, influenced Ppp2r1a and Ppp2r5d expression in osteocytes
(Figure 4B and C and Supplementary Figure 3G). To elucidate the
role of PP2A in H19-mediated osteocyte mechanotransduction,
the cells were pretreated with either DT-601 (PP2A activator)
or okadaic acid (OKA; PP2A inhibitor) to interfere with PP2A
before FSS stimulation. In the presence of DT-601, the up-
regulated expression of Ptgs2, Tnfrsf11b, the Opg/Rankl ratio,
and Dmp1 in response to FSS stimulation and H19 overex-
pression was abolished (Figure 4D), whereas OKA restored
the down-regulated expression of these marker genes caused
by H19 knockdown despite the FSS stimulation (Figure 4E and
Supplementary Figure 3H). In addition, the AKT/GSK3 signal-
ing pathway activated by H19 overexpression was suppressed
by DT-601 (Figure 4F). In contrast, OKA treatment promoted
activation of the AKT/GSK3 signaling pathway even in H19
deficiency (Figure 4G and Supplementary Figure 3I). These
results indicate that the regulatory effect of H19 on osteocyte
mechanotransduction via the AKT/GSK3 signaling pathway
can be mediated by PP2A.

To explore the interactions between H19 and PP2A, we first
determined the protein expression level of PPP2R1A and
PPP2R5D in osteocytes after overexpression or knockdown of
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Figure 3. H19-mediated osteocyte mechanoresponse via PI3K/AKT/GSK3 signaling. (A) Schematic illustration showing the in vitro FSS
mode. (B) The expression of Ptgs2, Tnfrsf11b, the Opg/Rankl ratio, and Dmp1 was assessed by qPCR in control or H19-overexpressed MLO-
Y4 cells under FSS conditions. n = 3 per group. (C) The expression of Ptgs2, Tnfrsf11b, the Opg/Rankl ratio, and Dmp1 was assessed by qPCR
in control or H19-silenced MLO-Y4 cells under FSS conditions. n = 3 per group. (D) KEGG analysis of the pathway candidate gene number and
(E) classification from DEGs in MLO-Y4 cells transfected with control and ASO after FSS stimulation. n = 4 per group. (F) GSEA showing the enrich-
ment of PI3K/AKT signaling pathways in MLO-Y4 cells transfected with control and ASO after FSS stimulation. n = 4 per group. (G) The protein
levels of AKT/GSK3 signaling in control or H19-overexpressed MLO-Y4 cells were analyzed by Western blot under FSS conditions. n = 3 per
group. (H) The protein levels of AKT/GSK3 signaling in control or H19-silenced MLO-Y4 cells were analyzed byWestern blot under FSS conditions.
n = 3 per group. (I) The protein levels of AKT/GSK3 signaling in H19-overexpressed MLO-Y4 cells were analyzed by Western blot under FSS con-
ditions with or without pretreatment of LY290042 (10 μM) for 30 minutes. n = 3 per group. *P < 0.05; **P < 0.01. AKT, protein kinase B; ASO, anti-
sense oligonucleotide; DEG, differentially expressed gene; ES, enrichment score; FDR, false discovery rate; FSS, fluid shear stress; GSEA, gene
set enrichment analysis; GSK3, glycogen synthase kinase 3; KEGG, Kyoto Encyclopedia of Genes and Genomes; mRNA, messenger RNA;
NES, normalized enrichment score; N.S., no significance; PI3K, phosphatidylinositol 3-kinase; qPCR, quantitative reverse transcription polymer-
ase chain reaction. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43028/
abstract.
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Figure 4. H19-mediated osteocyte mechanoresponse and mechanotransduction via PP2A regulation. (A) Heatmap representing DEGs
of PI3K/AKT signaling pathways in MLO-Y4 cells transfected with control and ASO after FSS stimulation. n = 4 per group. The expression of
Ppp2r1a and Ppp2r5d in (B) H19-overexpressed and (C) H19-silenced MLO-Y4 cells was assessed by qPCR under FSS conditions. n = 3 per
group. (D) The expression of Ptgs2, Tnfrsf11b, theOpg/Rankl ratio, and Dmp1 in H19-overexpressed MLO-Y4 cells was assessed by qPCR under
FSS conditions with or without pretreatment of DT-061 (10 μM) for 30 minutes. n = 3 per group. (E) The expression of Ptgs2, Tnfrsf11b, the Opg/
Rankl ratio, and Dmp1 in H19-silenced MLO-Y4 cells was assessed by qPCR under FSS conditions with or without pretreatment of OKA (10 nM)
for 30 minutes. n = 3 per group. (F) The protein levels of AKT/GSK3 signaling in H19-overexpressed MLO-Y4 cells were analyzed by Western blot
under FSS conditions with or without pretreatment of DT-061 (10 μM) for 30 minutes. n = 3 per group. (G) The protein levels of AKT/GSK3 signal-
ing in H19-silenced MLO-Y4 cells were analyzed by Western blot under FSS conditions with or without pretreatment of OKA (10 nM) for
30 minutes. n = 3 per group. (H) The protein levels of EZH2 and H3K27me3 were analyzed by Western blot in control or H19-overexpressed
MLO-Y4 cells with or without GSK126 (6 μM) treatment for 24 hours. n = 3 per group. (I) The protein levels of PPP2R1A and PPP2R5D were ana-
lyzed by Western blot in control or H19-overexpressed MLO-Y4 cells with or without GSK126 (6 μM) treatment for 24 hours. n = 3 per group. *P <
0.05; **P < 0.01. AKT, protein kinase B; ASO, antisense oligonucleotide; DEG, differentially expressed gene; FSS, fluid shear stress; GSK3, glyco-
gen synthase kinase 3; mRNA, messenger RNA; N.S., no significance; OKA, okadaic acid; PI3K, phosphatidylinositol 3-kinase; PP2A, protein
phosphatase 2A; qPCR, quantitative reverse transcription polymerase chain reaction. Color figure can be viewed in the online issue, which is avail-
able at http://onlinelibrary.wiley.com/doi/10.1002/art.43028/abstract.
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H19. H19 overexpression reduced the protein level of PPP2R1A
and PPP2R5D, whereas H19 knockdown induced their protein
levels (Supplementary Figure 4A and B), indicating that H19 might
be able to negatively regulate the expression of PP2A. Given that
H19 was found predominantly in the nuclei of osteocytes
(Supplementary Figure 4C) and it was previously reported that
EZH2, commonly known as a methyltransferase, could be

recruited by H19 and induce trimethylation of lysine (K) at posi-
tion 27 of histone H3 (H3K27me3),25 we speculated that EZH2
inhibition might be involved in H19-mediated suppression of
PP2A. The inducement of H3K27me3 was confirmed in MLO-
Y4 cells by H19 overexpression, which could be significantly
inhibited by GSK126 (a selective EZH2 methyltransferase
inhibitor) (Figure 4H). Intriguingly, our findings show that EZH2

Figure 5. Characterization of MMOF. (A) Schematic illustration for MMOF synthesis. (B) Representative SEM images of (a) Fe3O4 (scale bar =
500 nm), (b) MOF (scale bar = 2 μm), and (c) MMOF (scale bar = 500 μm). (C) Representative TEM images of MMOF (scale bar = 200 nm and
50 nm). (D) DLS of MOF and MMOF. The size ranges of MOF with two polydispersity indexes were not affected by the addition of Fe3O4.
(E) XRD spectra of Fe3O4, MOF, and MMOF. Characteristic peaks ascribed to Fe3O4 or MOF were marked with blue or black boxes, respectively.
(F) FTIR spectra of Fe3O4, MOF, and MMOF. Characteristic absorption peaks of chemical bonds to Fe3O4 or MOF were marked in blue or black,
respectively. (G) Full XPS spectra of Fe3O4, MOF, and MMOF. Characteristic spectra of O1s, C1s, and Fe2p of the Fe3O4, MOF, and MMOF were
marked in blue, black, or red, respectively. (H) The hysteresis loop of Fe3O4, MOF, and MMOF. MOF exhibited magnetic behavior by the addition of
Fe3O4. (I) DNA gel electrophoresis of ASO-loaded MMOF. The signal of ASO from MMOF (2 mg/mL) was comparable with that from the free ASO
(1 μM). (J) Cumulative in vitro ASO release profile of MMOF. (K) The expression of H19 was assessed by qPCR in MLO-Y4 cells treated with con-
trol, ASO, MMOF, and ASO-loaded MMOF. n = 3 per group. *P < 0.05; **P < 0.01. ASO, antisense oligonucleotide; DLS, dynamic light scattering;
FTIR, Fourier transform infrared spectroscopy; MOF, metal–organic framework; MMOF, magnetic metal–organic framework; N.S., no significance;
qPCR, quantitative reverse transcription polymerase chain reaction; SEM, scanning electron microscope; TEM, transmission electron microsco-
petransmission electron microscope; XPS, x-ray photoelectron spectroscopy; XRD, X-ray diffraction. Color figure can be viewed in the online
issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43028/abstract.
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methyltransferase inhibition increased PPP2R1A and
PPP2R5D expressions in a concentration-dependent manner
(Supplementary Figure 4D). Furthermore, inhibiting EZH2
could suppress the inhibitory effect of H19 on PPP2R1A and
PPP2R5D expressions (Figure 4I). Collectively, our findings
suggest the plausible regulatory role of EZH2 via the PP2A-
associated signaling pathway on H19-mediated osteocyte
mechanotransduction.

Targeting H19 by MMOF nanoparticles. To confirm the
H19 potential as a therapeutic target for OA treatment through
modulation of subchondral bone remodeling, we designed an
MMOF nanoplatform (Figure 5A) to deliver anti-H19 ASO in a con-
trolled manner to the target and to augment its effectiveness
when compared with that of systemic injection of ASO alone.
Scanning Electron Microscope (SEM) and Transmission Electron
Microscope (TEM) were employed to observe the morphology of
the synthesized nanoparticles, and the distribution of Fe3O4 nano-
particles on the MOF surface was observed (Figure 5B and C). The
addition of Fe3O4 did not significantly affect the size range of
MOF nanoparticles (Figure 5D). The synthesized MOF had Bru-
nauer Emmett Teller (BET) and Langmuir surface areas of around
282 m2/g and 635 m2/g, respectively, with a 0.394-cm3/g pore
volume, whereas the presence of iron oxide in MMOF decreased
the BET and Langmuir surface area and pore volume to 25.8
m2/g, 220 m2/g, and 0.098 cm3/g, respectively (Supplementary
Figure 5J and K). Furthermore, the zeta potential of MMOF was
lower (9.7 mV) than that of MOF (around 17 mV) because of the
presence of Fe3O4 (−6.21 mV) on its surface. After introducing
ASO, the zeta potential shifted to a negative value (−3.95 mV)
because the synthesized oligonucleotides normally had negative
charge,26,27 and this result proved that ASO was successfully
loaded into the particles. The chemical structure of the synthe-
sized powders was studied by X-ray diffraction (XRD) and Fourier
transform infrared spectroscopy, which indicated successful syn-
thesizing of Fe3O4, MOF, and MMOF (Figure 5E and F). To further
analyze their chemical states, the full spectra; the corresponding
atomic percentage of Fe, C, and O; and high-resolution spectra
of O1s, C1s, and Fe2p of the Fe3O4, MOF, and MMOF were
acquired by x-ray photoelectron spectroscopy (Figure 5G, Sup-
plementary Table 4, and Supplementary Figure 5A–I). From the
full spectra and corresponding atomic contents, it was concluded
that because of conjugation of Fe3O4 to MOF, the contents of Fe
and O increased compared to that of MOF (Supplementary Infor-
mation). Upon proving the successful synthesis of MMOF, its sat-
uration magnetization value was measured to be 4.69 emu/g,
whereas this value for MOF was 0.43 emu/g (Figure 5H), thus
making the administrated MMOF able to be guided by the exter-
nal magnetic field exposure (Supplementary Figure 5L). Taken
together, MMOF was successfully made for subsequent
experiments.

Next, the presence of the loaded ASO was verified by DNA
gel electrophoresis on the supernatant and precipitate of the
ASO-loaded MMOF. The precipitate exhibited the characteristic
markers of free ASO, whereas free ASOwas barely detected from
the supernatant, indicating that the ASO was successfully conju-
gated to the MMOF (Figure 5I) with a loading ratio of 2.185%
(weight/weight%) (Supplementary Figure 6A). The ASO release
profile indicated that 54% of the ASO released within the first
three hours whereas the release percentage reached its maxi-
mum (57%) after six hours upon incubation in the releasing
medium (Figure 5J). Furthermore, efficient inhibition of H19

expression in osteocytes upon the in vitro supplementation of
MMOF revealed the capability of MMOF in the delivery of the
ASO to the cells with suitable bioavailability (Figure 5K).

In vivo treatment ofMMOF. In vivo fluorescence imaging
was employed to verify the efficient MMOF accumulation in the
knee joints under magnetic field exposure. The fluorescence
intensity of Indocyanine Green (ICG)-labeled MMOF was predom-
inately accumulated in the target knee joint exposed to the exter-
nal magnetic field, whereas the contralateral side without
magnetic field exposure showed a weak fluorescence signal
(Figure 6A and B). The efficient knee joint accumulation of ASO-
loaded MMOF upon magnetic field exposure six hours post injec-
tion was confirmed because the fluorescence signals in these
samples were significantly higher in the knee joint when com-
pared to those without magnetic stimulation across the studied
period (Figure 6C and Supplementary Figure 6B). Because
MMOF can be retained in the joint for a longer time once exposed
to the magnetic field, they have a delayed circulation to other
organs upon exposure to the magnetic field. Ex vivo images of
the excised organs and knee joints after 24 hours of MMOF injec-
tion showed a remarkable fluorescence signal in the liver and kid-
ney, indicating a possible toxicity accumulation for other organs in
the subsequent treatment (Figure 6D and Supplementary
Figure 6C).

The therapeutic effectiveness of ASO-loaded MMOF was
evaluated with a DMM-induced OA mouse model. After eight
weeks of treatment, cartilage degradation and subchondral bone
sclerosis were significantly alleviated in mice receiving
magnet-guided, ASO-loaded MMOF treatment. In the absence
of a magnetic field, there was subtle improvement of Osteoarthri-
tis Research Society International scores and subchondral bone
sclerosis (Figure 6E–G and Supplementary Figure 6D). The FISH
staining results confirmed that ASO-loaded MMOF treatment
alone slightly decreased the distribution of osteocyte H19 in the
subchondral bone region, whereas considerable inhibition of
H19-positive osteocytes was observed once combined with a
magnetic field (Figure 6E and H). Upon exposure to a magnetic
field, MMOF injection significantly reduced the expression of
COX-2, OPG, and DMP1 in OA subchondral bone osteocytes
(Supplementary Figure 6E and F). Histologic analysis of the major
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Figure 6. In vivo treatment of MMOF. (A) Fluorescence imaging and (B) fluorescence quantitative assessment in C57BL/6 mice post IV injec-
tion of ICG-labeled MMOF with or without six-hour external magnetic field exposure. n = 3 in each group. (C) Fluorescent images of isolated knee
joints from C57BL/6 mice at six hours post IV injection of ICG-labeled MMOF with or without six-hour external magnetic field exposure.
(D) Fluorescence images of isolated major organs and knee joints from C57BL/6 mice at 24 hours post IV injection of ICG-labeled MMOF with
or without six-hour external magnetic field exposure. (E) Representative S.O. staining of knee joints (scale bar = 100 μm), micro-CT 3D reconstruc-
tion of subchondral bone (scale bar = 200 μm), and FISH staining of osteocytes counterstained with DAPI (scale bar = 20 μm) in subchondral bone
from C57BL/6 mice following the indicated treatments. The mice received different treatments: ASO, MMOF, ASO-loaded MMOF at a dosage of
5 mg/kg or PBS as vehicle control with concurrent six-hour magnetic field exposure once a week. Another group with ASO-loaded MMOF admin-
istration without magnetic field exposure served as the control group for magnetic cotreatment. Mice with sham operation served as the positive
control. Quantitation of OA severity by (F) OARSI scores, (G) subchondral bone parameter (BV/TV), and (H) the percentage number for
H19-positive osteocytes in subchondral bone for C57BL/6 mice following the indicated treatments for seven consecutive weeks. n = 7 in each
group. *P < 0.05; **P < 0.01. 3D, three-dimensional; ASO, antisense oligonucleotide; BV/TV, bone volume fraction; FISH, fluorescence in situ
hybridization; ICG, Indocyanine Green; IV, intravenous; micro-CT, micro–computed tomography; MMOF, magnetic metal–organic framework;
N.S., no significance; OA, osteoarthritis; OARSI, Osteoarthritis Research Society International; PBS, phosphate buffered saline; qPCR, quantita-
tive reverse transcription polymerase chain reaction; S.O., safranin O/fast green. Color figure can be viewed in the online issue, which is available
at http://onlinelibrary.wiley.com/doi/10.1002/art.43028/abstract.
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organs showed no pathologic change, suggesting a highly
acceptable MMOF biocompatibility in vivo (Supplementary
Figure 7A).

DISCUSSION

Subchondral bone is the bone tissue underneath the calci-
fied cartilage and tidemark. Altered subchondral bone remodeling
in OA represents abnormal bone formation and bone resorption.
Several bone anabolic or catabolic agents targeting osteoclasts
and osteoblasts have been under intensive investigation to modu-
late subchondral bone abnormal remodeling in OA, including bis-
phosphonates, calcitonin, and strontium ranelate.28 Apart from
osteoblasts and osteoclasts, growing evidence indicates that
matrix-embedded osteocytes also play important roles in arthritic
subchondral bone remodeling. The causative role of elevated
COX-2 expression has been reported in subchondral bone osteo-
cytes in both spontaneous OA and rheumatoid arthritis.9 COX-2
is one of the factors released by osteocytes upon mechanical
stimulation, which modulates bone remodeling.29 Interestingly, in
line with this previous finding, we have found that COX-2 messen-
ger RNA expression (Ptgs2) could be positively regulated by H19
during cellular and animal functional experiments. Although our
clinical samples did not show a significant correlation between
H19 and Ptgs2, Tnfrsf11b, and Dmp1 levels (Supplementary
Figure 1F), it is important to consider the diverse etiologies of
human OA, involving a range of internal and external factors that
also influence the expression level9 of COX-2. In addition, spatial
expression patterns of H19 and the target genes in clinical OA
samples should be taken into consideration in correlation analy-
sis. Therefore, the complementary role between H19 and COX-2
as well as other mechanoresponsive genes in OA development
is warranted for further investigation.

The mechanosensitivity response of osteocytes on abnor-
mal subchondral bone remodeling and OA development is fur-
ther evidenced by another study ablating osteocyte
transforming growth factor β (TGFβ) type II receptor.30 In addi-
tion to the response to mechanical stimulation, the altered oste-
ocyte function, such as matrix metalloproteinase 13–dependent
perilacunar/canalicular remodeling in OA subchondral bone,
has been reported.31 This emerging evidence supports the
notion of targeting osteocytes for OA treatment. Along this line,
we provide fresh evidence on the novel biologic function of H19
in terms of regulating osteocyte mechanoresponse, modulating
subchondral bone alteration, and maintaining cartilage homeo-
stasis during OA progression. H19 mediates the mechano-
transduction of osteocytes in response to FSS stimulation by
repressing PP2A through PI3K/AKT/GSK3 signaling pathway
activation. A previous in silico study suggests that H19 is a
potential noncoding RNA candidate mediating mechanore-
sponsive signaling pathways.32 However, the clinical implica-
tion of its mechanoresponse function in OA has not been

elucidated. In this study, we identified the PI3K/AKT/GSK3 sig-
naling pathway as one of the key downstream pathways of
H19-mediated osteocyte mechanotransduction, which may
regulate the downstream Wnt/β-catenin pathway to induce
mechanoresponse in osteocytes33 and lead to a series of con-
sequences, including the release of bioactive factors and inter-
action with osteoblasts and osteoclasts molecules, resulting in
aberrant bone formation in OA subchondral bone.34 By using
MMOF for site-specific anti-H19 ASO delivery, we demon-
strated that reducing the H19 level in OA subchondral bone
osteocytes is a new therapeutic target for alleviating the pro-
gression of cartilage degeneration and subchondral bone
sclerosis.

PP2A is one of the major phosphatases and is ubiquitously
expressed in all mammalian cells.35 PP2A is composed of the
scaffold subunit (A subunit), the catalytic subunit (C subunit),
and the regulatory subunit (B subunit).36 The PP2A scaffold
subunit is encoded by PPP2R1A, and PPP2R5D encodes the
regulatory subunit of PP2A. Both of their mutants have been
reported to trigger the hyperphosphorylation of the AKT/GSK3
singling pathway.37,38 Previous studies showed that inhibition
of PP2A could induce apoptosis of chondrocytes through medi-
ating TGFβ1 signaling transduction.39 In osteocytes, PP2A can
participant in 26S proteosome complex formation to maintain
a low level of intracellular β-catenin, which is implicated in oste-
ocyte function, such as transmitting signals of mechanical load-
ing.40 However, how PP2A is involved in osteocyte mechanical
signaling transduction in the context of OA has not been
reported. Our findings show that PP2A is the downstream tar-
get of H19, participating in the regulation of PI3K/AKT/GSK3
pathway activation, which is in line with a previous study show-
ing the link between increased phosphorylation of AKT and
aberrant bone formation in subchondral bone remodeling dur-
ing OA progression.41 The biologic roles of lncRNAs in epige-
netics have been extensively investigated, and DNA
methylation is closely linked to the changes in the nucleosome
DNA scaffold by recruiting methyltransferases that coordinate
individual cellular gene expression.42 EZH2, the catalytic sub-
unit of polycomb repressive complex 2, is closely associated
with gene silencing by trimethylating lysine 27 on histone
3 (H3K27).43 EZH2-dependent H3K27me3 was reported to
influence the expression of PP2A in breast cancer.44 In the
nuclei, the interaction between H19 and EZH2 has drawn
researchers’ interest.45 For instance, lncRNA H19 could accel-
erate bladder cancer metastasis by recruiting EZH2 and
enhancing H3K27me3 interaction with target gene transcrip-
tion.46 In liver fibrosis, H19 could directly bind to EZH2 to repro-
gram H3K27me3 profiles and promote excess formation of the
extracellular matrix from activated hepatic stellate cells.47 By
using EZH2 methyltransferase inhibitor, our findings suggest
that EZH2 might participate as a negative transcriptional regula-
tion of PP2A, thus affecting H19-mediated PP2A expression in
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osteocytes. However, further in-depth mechanistic investiga-
tion is warranted to elucidate their interaction and impact on
osteocytes activity.

This is the first study to investigate the potential therapeutic
effect of targeted inhibition of lncRNA H19 in subchondral bone
for OA treatment. Growing evidence suggests that lncRNAs can
be potential drug targets by using ASOs48; however, undesired
off-target effects and unspecific biodistribution remain technical
hindrances in ASO-based treatment.49 In recent years, the use
of MOF carriers for nucleic acid delivery has emerged as an effec-
tive therapeutic strategy because of their ease of preparation,
high drug-loading capacity, and good biocompatibility.50 In addi-
tion, MOF as a carrier can be modified to be magnetic
responsive,51 providing a feasible platform to enhance the accu-
mulation at the target site upon external magnetic field exposure,
thereby promoting the delivery efficiency of the drug.52 As far as
we known, this study represents the initial endeavor to design
and fabricate an MMOF carrier to deliver ASO for H19 silencing
in the knee subchondral bone of an OA mouse model, which
holds promise for ameliorating cartilage degradation and sub-
chondral sclerosis in OA through a site-specific drug delivery sys-
tem. The gradual releasing profile of ASO from MMOF further
reduces its rapid clearance from the blood stream; thus, persis-
tent effective concentration of ASO at the site of interest could
be achieved without the requirement of multiple injections of pure
ASO at high dosages.53 However, it is important to note that our
developed ASO-loaded MMOF treatment approach does not
exclusively target osteocytes and may also affect other cell types,
such as chondrocytes, synoviocytes, vascular cells, and osteo-
clasts and osteoblasts in OA subchondral bone. Therefore, more
investigation is needed to assess the long-term efficacy and side
effects of MMOF treatment. Future development of MMOF as a
drug delivery carrier in the clinical setting should consider the
specificity of site delivery mediated by the magnetic field in view
of the complex geometry of the knee joint and the balance of
wearing comfort and magnetic field intensity; thus, it is more rea-
sonable to place the magnetic device adjacent to the affected
side of the joints of patients.

The findings of the present study have generated additional
research questions for future investigation. Firstly, although
we have demonstrated that reducing the H19 expression level
in subchondral bone osteocytes could ameliorate OA progres-
sion, the complicated pathologic changes caused by DMM
surgery should be acknowledged, and further investigation on
the effect of H19 on other joint compartment tissues during
OA progression is warranted. Hence, a noninvasive loading
model, such as the ulnar axial loading system and the tibial
loading model, could be considered to explore the role and
response of H19 in the context of the mechanical stimulation.
Secondly, the epigenetic regulation of H19 is unique and com-
plex in osteocyte mechanotransduction, which will further
define the role of H19 on influencing target gene expression

as an epigenetic modifier. For instance, the direct interaction
between the promoter region of PP2A and histone
H3K27me3 may provide a new perspective for the mechanism
of H19 on PP2A expression. Finally, the biomedical safety of
ASO-loaded MOFs remains unexplored, particularly in the
assessment of their biologic activity, toxicity to tissue diseases,
and drug damage.
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Urinary Biomarkers Associated With Pathogenic Pathways
Reflecting Histologic Findings in Lupus Nephritis

Kazuoto Hiramoto,1 Shuntaro Saito,1 Hironari Hanaoka,1 Jun Kikuchi,1 Hiroyuki Fukui,1 Akinori Hashiguchi,1

Katsuya Suzuki,1 Tsutomu Takeuchi,2 and Yuko Kaneko1

Objective. There is a pressing need to understand the pathogenesis of histologic findings and identify the
biomarkers for predicting the histologic severity in lupus nephritis (LN). This study aimed to identify the pathogenic
signal pathway and elucidate urinary biomarkers for predicting the presence or severity of histologic findings in LN.

Methods. Urine samples from patients with biopsy-proven active LN were screened for 1,305 proteins using an
aptamer-based proteomic assay. The diversity and expansion of individual renal histologic features in LN were quanti-
fied to identify the urinary proteins associated with the histologic findings found in each score. Candidate urinary pro-
teins were validated in a validation cohort. Immunohistochemical staining of the renal tissues was performed to clarify
the localization of the candidate proteins.

Results. Cluster analysis extracted five histologic subgroups according to their correlations with each histologic
finding in LN. Protein groups that correlated with each histologic subgroup revealed a distinct pathogenesis in LN using
pathway analyses. Enzyme-linked immunosorbent assay validation revealed that urinary calgranulin B (S100A9),
monocyte chemotactic protein 1 (MCP-1), and insulin-like growth factor binding protein 5 (IGFBP-5) levels could spe-
cifically predict the presence and severity of active glomerular lesions, interstitial inflammation, and interstitial fibrosis,
respectively. Immunohistochemical staining revealed the localization of these proteins in each lesion.

Conclusion. Renal histologic findings may reflect the different pathogeneses involved in each lesion, and estimat-
ing the urinary calgranulin B, MCP-1, and IGFBP-5 levels may be useful in predicting the presence and severity of
histologic findings in LN.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a common autoim-

mune disease that affects young female patients and causes a

variety of organ disorders.1 Half of the patients with SLE develop

lupus nephritis (LN), and 10% to 15% of patients with LN

develop end-stage renal disease.2,3 LN has six classifications

according to its glomerular lesions based on the International

Society of Nephrology/Renal Pathology Society (ISN/RPS) classi-

fication. However, this classification is not precise enough to eval-

uate and quantify the accurate progression or expansion of

lesions, which leads to the necessity to add activity and chronicity

indices defined by the National Institutes of Health (NIH) to

ISN/RPS classification.4 In addition, it is important to evaluate

chronic tubulointerstitial lesions, which better reflect renal

prognosis.5–7 Therefore, renal biopsy is still the gold standard for

the definitive diagnosis and classification of LN, and its severity is

determined by various pathologic parameters.8 However, renal

biopsy is an invasive procedure that accompanies bleeding in

various degrees and is not feasible in cases with associated

complications and risk factors. Therefore, the development of

noninvasive predictive biomarkers for renal histopathological

findings is a great unmet need in clinical practice.
The role of urinary biomarkers in diagnosing LN and predict-

ing relapse has been recognized, and many candidate proteins

have been reported for this purpose.9 Recently, proteomic
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approaches have been used to identify serum and urine proteins
as unbiased screening biomarkers in LN.10–13 However, all these
studies identified urinary biomarkers by comparing patients with
active LN and healthy controls. Hence, these studies did not con-
sider the various differences in histologic characteristics between
active and chronic lesions in LN. Recently, the Accelerating
Medicines Partnership study reported urine biomarkers associ-
ated with each renal histologic finding, according to the NIH
activity and chronicity index.14,15 However, biomarkers that can
predict the progression of individual lesions remain unidentified.
This study aimed to identify the pathogenic signal pathway in LN
and elucidate urinary biomarkers for predicting the presence or
severity of histologic findings of LN by precisely evaluating renal
histology.

PATIENTS AND METHODS

Patients and sample preparation. Consecutive patients
with biopsy-proven class III/IV, III/IV+V, or V LN were recruited
from Keio University Hospital. Samples from two cohorts were
used: (1) a discovery cohort for screening, including patients with
LN (n = 24) and diabetic nephropathy (n = 3) diagnosed by renal
biopsy, and (2) a validation cohort for enzyme-linked immunosor-
bent assay (ELISA) validation, including patients with LN (n = 24).
Serum and urine samples were collected within one week before
renal biopsy and treatment intensification. Clean-catch mid-
stream urine samples were collected in sterile containers and
refrigerated within one hour after collecting the samples. Blood
samples were collected, and the serum was immediately sepa-
rated by centrifugation. The samples were then aliquoted and
stored at −80�C. The clinical data at the time of sample collection
were recorded. Informed consent was obtained from all patients,
and the study was approved by the Ethics Committee of our
institution (Keio University School Hospital, approval number
20140093).

Aptamer-based screening. Serum and urine samples
obtained from patients in the discovery cohort were analyzed by
screening with a slow off-rate modified DNA aptamer–based cap-
ture array (SOMAscan; SomaLogic), which is a comprehensive
high-throughput proteomic assay using an Agilent microarray
readout that measures 1,305 proteins.16 This assay is based on
interactions between the aptamers and proteins in a sample. First,
aptamer-coated streptavidin beads were added to the sample to
allow the aptamers to bind to the proteins. Next, the bound pro-
teins were tagged with biotin, and the aptamer–protein com-
plexes were released from the streptavidin beads. These
aptamer–protein complexes were then recaptured on a second
set of streptavidin beads, and aptamers were released from these
proteins. Finally, the aptamers were hybridized to complementary
sequences on a microarray chip and quantified by fluorescence.
Concentrations were measured for 1,305 proteins, and the

results were calculated as relative fluorescent units (RFU). RFU
is related to the amount of protein in the original sample.
These RFU values were standardized by urinary creatinine
concentration.

Histologic scoring system. We evaluated renal histologic
findings more quantitatively than the ISN/RPS lesion definitions
and classification of renal involvement or the NIH activity and
chronicity index by developing the original scoring system.17,18

The scoring system included a total of 20 renal histologic findings,
including 16 glomerular lesions and 4 tubulointerstitial lesions
(Supplementary Tables 1 and 2). The renal histology was evalu-
ated using a light microscope. Light microscopy specimens were
embedded in paraffin, sectioned, and stained with hematoxylin-
eosin, periodic acid-Schiff, periodic acid-silver methenamine,
and Masson’s trichrome reagent. Each glomerular histologic find-
ing was scored using two methods. (1) For endocapillary hyper-
cellularity and subendothelial deposits, the percentage of lesions
in the total glomerular capillary tuft was calculated in the range of
0% to 100%, and the percentage was defined as the score
of one glomerulus. The average score of all glomeruli was used
as the histologic score of each case. (2) For histologic findings of
glomeruli other than those described previously, the presence or
absence of lesions was evaluated. The percentage of glomeruli
with lesions was calculated in the range of 0% to 100%, and this
percentage was used as the histologic score of each case. For
tubulointerstitial lesions, the percentage of lesions relative to the
whole area of the tubulointerstitium was calculated in the range
of 0% to 100%, and the percentage was used as the score of
each case. For glomerular lesions, a score was calculated for
each glomerulus, and the average of the scores of all glomeruli
was used as the histologic score of the case. Histologic scores
were assigned by two skilled raters (KH and SS) supervised by a
pathologist (AH), and the mean of the two was used for correla-
tion analysis. This scoring system can quantify the diversity and
expansion of renal histologic features in LN more precisely than
the ISN/RPS classification or the NIH activity and chronicity index
because it includes the same or more items as the existing evalu-
ation systems.

Validation studies using ELISA. ELISA tests were per-
formed on candidate urinary proteins that correlated with specific
histologic scores in the discovery cohort. The correlation
between the ELISA test results and renal histologic scores in the
validation cohort was then confirmed. The concentrations of uri-
nary proteins, including calgranulin B (Cloud-Clone), S100A12
(R&D Systems), high mobility group N1 (HMGN1) (Cloud-Clone),
interleukin-8 (IL-8) (R&D Systems), allograft inflammatory
factor 1 (AIF-1) (Cloud-Clone), superoxide dismutase 1 (SOD1)
(RayBiotech), monocyte chemotactic protein 1 (MCP-1) (R&D
Systems), FSTL3 (R&D Systems), and insulin-like growth factor
binding protein 5 (IGFBP-5) (R&D Systems), were measured
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using ELISA. Absolute urinary protein levels were determined
using standard curves run on each ELISA plate and standardized
by the urinary creatinine concentration.

Immunohistochemistry. Immunohistochemical staining
of the renal tissues was performed using a Leica BOND MAX
Immunostainer (Leica Biosystems) for calgranulin B, MCP-1, and
IGFBP-5. After deparaffinization, the renal tissues were stained
with BOND Epitope Retrieval Solution 1 (AR9961, Leica Biosys-
tems) for calgranulin B and BOND Epitope Retrieval Solution
2 for MCP-1 and IGFBP-5 (AR9640, Leica Biosystems). For
immunohistochemical staining, the renal tissues were incubated
with 1:2,000 diluted mouse monoclonal anti–calgranulin B
(TA804091S, OriGene Technologies), 1:100 diluted mouse
monoclonal anti–MCP-1 (MAB 679, R&D Systems), and 1:50
diluted mouse monoclonal anti–IGFBP-5 (MAB875, R&D
Systems) antibodies. BOND Polymer Refine Detection (DS9800;
Leica Biosystems) was used as the secondary antibody.

Data analysis. The JMP software version 15 (SAS Institute)
was used for statistical analysis. Group comparisons were per-
formed using the Wilcoxon rank sum test. Receiver operating
characteristic (ROC) curve analysis was performed to analyze
the sensitivity, specificity, and cutoff values of the biomarkers for
renal histopathological findings. From the data of the aptamer-
based screening assay and histologic scores, a heatmap of the
correlation coefficients was created, and cluster analysis was
performed using the Python 3.9 (Python Seaborn package)
programming. Spearman’s rank correlation and Pearson’s
correlation coefficients were used for correlation related to
aptamer-based screening–measured and ELISA-measured
data, respectively. There were two reasons for using Spear-
man’s correlation in the screening phase of this study: (1) The
measurements by SOMAscan themselves may not reflect pre-
cise concentrations and could show considerable variability in
results, and (2) ranking was necessary when extracting specific
clusters of urinary proteins during cluster analysis. Euclidean
distance was used for the distance matrix, and Ward’s method
was used for hierarchical clustering.

The Enrichr web tool (open source available from https://
amp.pharm.mssm.edu/Enrichr) was used to determine the cellu-
lar origin of the proteins that correlated with individual clusters of
renal lesions. Ingenuity pathway analysis (IPA) was used to ascer-
tain which known pathways were enriched by proteins that
were highly correlated with individual clusters of renal lesions.
Data were analyzed using IPA (QIAGEN Inc, https://www.
qiagen.com/us). Protein–protein interaction (PPI) analysis was
performed to identify interactions between individual clusters of
renal lesions and highly correlated proteins. The PPI database
STRING (available from https://string-db.org/) was used, and
clustering was performed with the k-means method. All data

relevant to the study are included in the article or uploaded as
online supplementary information.

RESULTS

Cluster analysis with histologic score and aptamer-
based protein screening. Urine and blood samples from
24 patients with LN (class III/IV = 14, III/IV+V = 6, V = 4) were used
in the discovery cohort, and urine samples from 24 patients with
LN (class III/IV = 10, III/IV+V = 6, V = 8) were used in the validation
cohort. The clinical characteristics and renal histologic scores of
the discovery, validation, and diabetic nephropathy groups are
presented in Supplementary Tables 3 and 4, respectively. The
LN classification based on the renal pathology score completely
matched the ISN/RPS classification, which was assessed by a
pathologist. The two raters have shown good interrater reliability
for histologic assessments in the discovery and validation cohorts
(κ values of 0.62 to 0.95 for the presence or absence of 20 renal
histologic findings).

We first performed a cluster analysis on 20 pathology
items according to the correlation between each item and the his-
tologic score. Cluster analysis of the 20 renal histologic findings
identified five clusters (Figure 1A). Cluster 1 (extracapillary lesions)
included cellular or fibrocellular crescents, fibrinoid necrosis,
adhesions, and fibrous crescents. Cluster 2 (endocapillary
lesions) included only active lesions within the glomerular tuft,
including endocapillary hypercellularity, neutrophil infiltration, sub-
endothelial deposits, and karyorrhexis. Cluster 3 (membranous
and mesangial lesions) included basement membrane and
mesangial lesions. Cluster 4 (tubulointerstitial lesions) contained
all tubulointerstitial lesions but not glomerular lesions. Cluster 5
(other lesions) included two minor lesions: podocyte hypertrophy
and collapsed glomeruli.

Subsequently, the correlation between the histologic scores
and 1,305 urinary proteins was evaluated via cluster analysis for
each of the five histologic clusters. For each protein, we calcu-
lated the sum of the ranks of correlation coefficients with each his-
tologic score included in the histologic clusters. Then the mean
ranks of the correlation coefficients of the proteins for each urinary
protein subgroup (UG) were compared, and the UGs with the
highest ranks were identified. In clusters 1, 2, and 4, UGs (UG1,
2, and 4, respectively) with high correlation coefficients for each
histologic score were identified (Figure 1B and C). UG1, 2, and
4 contained 119, 59, and 85 urinary proteins, respectively
(Figure 1D). These UGs shared the same proteins with each other
to some extent, although the number of common proteins was
less than that of each noncluster overlapping protein between
UG1 and UG4 or UG2 and UG4. Notably, UG1 shared more than
half of the same proteins with UG2. No urinary protein cluster with
high correlation coefficients was extracted in clusters 3 and
5. Hence, we focused on UG1, 2, and 4 in our subsequent
analyses. Representative renal histologic findings from clusters
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1, 2, and 4 are shown in Supplementary Figure 1. We also created
heatmaps of correlation coefficients among each protein group
(UG1, 2, and 4) and 20 histologic findings as a supplementary
analysis (Supplementary Figure 2).

Cell-type enrichment analysis. Cell-type enrichment
analysis revealed that different cell types were associated with
urinary protein molecules in each subgroup (Figure 2A). UG1
was characterized by an abundance of proteins derived from

Figure 1. Cluster analysis with histologic score and aptamer-based protein screening. (A) Cluster analysis performed on 20 pathology items
according to the correlation among each histologic score. (B and C) Extracted UGs with high correlation coefficients for each histologic score in
clusters 1, 2, and 4 (UG1, 2, and 4, respectively). (D) Venn diagram of urinary protein numbers in UG1, 2, and 4. GBM, glomerular basement mem-
brane; UG, urinary protein subgroup.
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Figure 2. Cell-type enrichment analysis and canonical pathways by IPA in each subgroup. (A) Cell-type enrichment analysis is performed using
the CellMarker and PanglaoDB databases on the Enrichr platform. (B) The top 10 canonical pathways determined by IPA were up-regulated
in each subgroup. HIF-1α, hypoxia-inducible factor 1α; HMGB1, high mobility group protein B1; IL, interleukin; IPA, ingenuity pathways analysis;
PDGF, platelet-derived growth factor; UG, urinary protein subgroup.
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the vascular endothelial cells and platelets, in addition to
monocytes and neutrophils. In general, UG2 proteins are
derived from cells involved in innate and acquired immunity,
such as monocytes, neutrophils, plasma cells, and

plasmacytoid dendritic cells. In contrast, UG4 contained many
proteins derived from the mesenchymal stem cell lineages
involved in fibrosis pathology, in addition to the expected
appearance of monocytes.

Figure 3. PPI analysis in each subgroup. The PPI networks are partitioned into three clusters based on the k-means clustering algorithm. PPI,
protein–protein interaction; UG, urinary protein subgroup, TAGLN2; transgelin-2, TYMS; thymidylate synthase, CMPK1; CMP kinase, ESD; S-for-
mylglutathione hydrolase 1, SOD1; superoxide dismutase 1, PDK1; pyruvate dehydrogenase kinase isozyme 1, GRB2; growth factor receptor-
bound protein 2, PPP3R1; calcineurin subunit B type 1, YWHAZ; 14-3-3 protein zeta/delta, CHEK2; serine/threonine-protein kinase Chk2,
FGF5; fibroblast growth factor 5, SFN; 14-3-3 protein sigma, HDAC8; histone deacetylase 8, SIRT2; NAD-dependent protein deacetylase sir-
tuin-2, HIST2H2BE; histone H2B type 2-E, RB1; retinoblastoma-associated protein 1, DYRK3; dual specificity tyrosine-phosphorylation-regulated
kinase 3, MAPKAPK3; MAP kinase-activated protein kinase 3, KAT6A; histone acetyltransferase KAT6A, BRF1; transcription factor IIIB 90 kDa
subunit, TGFBR2; TGF-beta receptor type-2, HIST1H1C; histone H1.2, BCL2L2; Bcl-2-like protein 2, MMP16; matrix metalloproteinase-16,
GDF9; growth/differentiation factor 9, BMP10; bone morphogenetic protein 10, FSTL3; follistatin-related protein 3, SNRPF; small nuclear ribonu-
cleoprotein F, NME1; nucleoside diphosphate kinase A, PAK3; serine/threonine-protein kinase PAK 3, RAC3; ras-related C3 botulinum toxin sub-
strate 3, ZAP70; tyrosine-protein kinase ZAP-70, TPM4; tropomyosin alpha-4 chain, DBNL; drebrin-like protein, OPCML; opioid-binding protein/
cell adhesion molecule, ENO2; gamma-enolase, PRKCB; protein kinase C beta type, PIK3CG; phosphatidylinositol 4,5-bisphosphate 3-kinase
catalytic subunit gamma isoform, SNAP25; synaptosomal-associated protein 25, ABL2; abelson tyrosine-protein kinase 2, PTPN1; tyrosine-pro-
tein phosphatase non-receptor type 1, KLRK1; NKG2-D type II integral membrane protein, LEP; leptin, NXPH1; neurexophilin-1, UCHL1; ubiquitin
carboxyl-terminal hydrolase isozyme L1, PDE3A; cGMP-inhibited 3',5'-cyclic phosphodiesterase A, OSM; oncostatin-M, CRLF2; cytokine recep-
tor-like factor 2, PDE2A; cGMP-dependent 3',5'-cyclic phosphodiesterase, LEPR; leptin receptor, LYZ; lysozyme C, APOD; apolipoprotein D,
PRL; prolactin, LTF; lactotransferrin, PRLR; prolactin receptor, SLC25A18; mitochondrial glutamate carrier 2, MAP2K3; dual specificity mitogen-
activated protein kinase kinase 3, BCL2L1; Bcl-2-like protein 1, SMAD3; mothers against decapentaplegic homolog 3, MCL1; induced myeloid
leukemia cell differentiation protein Mcl-1, JUN; transcription factor AP-1, CEBPB; CCAAT/enhancer-binding protein beta, IL37; interleukin-37,
HMGB1; high mobility group protein B1, PECAM1; platelet endothelial cell adhesion molecule, CD40LG; CD40 ligand, CXCL10; C-X-C motif che-
mokine 10, B7RP1; ICOS ligand, ICAM1; intercellular adhesion molecule 1, IL-8; interleukin-8, VCAM1; vascular cell adhesion protein 1, CCL7; C-
C motif chemokine 7, MPO; myeloperoxidase, CXCL1; C-X-C motif chemokine 1, CCL21; C-C motif chemokine 21, CXCL6; C-X-C motif chemo-
kine 6, TNFSF11; tumor necrosis factor ligand superfamily member 11, CCL11; C-C motif chemokine 11, CCL1; C-C motif chemokine 1, CCL16;
C-C motif chemokine 16, TNFSF11; tumor necrosis factor receptor superfamily member 11B, LTBR; lymphotoxin Beta Receptor, SFTPD; pulmo-
nary surfactant-associated protein D, CCL3L3; C-C motif chemokine 3-like 3, AZU1; azurocidin, BPI; bactericidal permeability-increasing protein,
IL34; interleukin-34, FCN3; ficolin-3, MASP1; mannan-binding lectin serine protease 1, EFNB2; ephrin-B2, GFRA1; GDNF family receptor alpha-1,
ULBP2; UL16 binding protein 2, Calgranulin B; S100A9, TP53; cellular tumor antigen p53, NOTCH1; neurogenic locus notch homolog protein 1,
JAK2; Janus kinase 2, AIF1; allograft inflammatory factor 1, HIF1A; hypoxia-inducible factor 1-alpha, ADM; adrenomedullin, GSTP1; glutathione S-
transferase P, FSTL1; follistatin-related protein 1, CPE; carboxypeptidase E, CHGA; chromogranin-A, IGFBP1; insulin-like growth factor-binding
protein 1, APOM; apolipoprotein M, HDGFRP2; hepatoma-derived growth factor-related protein 2, WFIKKN2; WAP, Kazal, immunoglobulin,
Kunitz and NTR domain-containing protein 2, MSTN; growth/differentiation factor 11/8, GDF5; growth/differentiation factor 5, IDE; insulin-degrad-
ing enzyme, IGFBP5; insulin-like growth factor-binding protein 5, CRP; C-reactive protein, NGF; beta-nerve growth factor, SPP1; osteopontin,
KDR; vascular endothelial growth factor receptor 2, STAT3; signal transducer and activator of transcription 3, MCP-1; monocyte chemotactic pro-
tein 1, ICOS; inducible T-cell costimulator, CDNF; cerebral dopamine neurotrophic factor, PDE11A; dual 3',5'-cyclic-AMP and -GMP phosphodi-
esterase 11A, RAD51; DNA repair protein RAD51 homolog 1, TFPI; tissue factor pathway inhibitor, ANXA1; annexin A1, PRDX1; peroxiredoxin-1,
CTSD; cathepsin D, CTSC; dipeptidyl peptidase 1, CST1; cystatin-SN, TFF1; trefoil factor 1, CLIC1; chloride intracellular channel protein 1, CST2;
cystatin-SA. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43017/abstract.
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IPA. IPA generated common and distinct pathways among
the top 10 pathways in each subgroup (Figure 2B). Leukocyte
adhesion–associated signals were activated in all three subgroups.
In UG1, high mobility group protein B-cell receptor CD221 signaling
was significantly activated compared to that in the other subgroups.
Inflammation-related pathways such as IL-3 and hypoxia-inducible
factor 1α signaling are dominant in UG2. In UG4, various kinds of
IL-17–related signals and fibrosis-related pathways, such as fibrosis
signaling pathways and pathology in chronic obstructive pulmonary
disease, are prevalent. In addition, in the integrated IPA of UG1,
2, and 4, it was confirmed that signaling pathways related to inflam-
matory cytokines and granulocyte or monocyte function were highly
activated (Supplementary Figure 3).

PPI analysis. In UG1, the proteins contributing to chemo-
tactic activity, cell growth and survival, and cytoskeletal dynamics
were confirmed. In UG2, the associated proteins contributing to
chemotactic activity, cell migration and adhesion, and cell survival
and differentiation were identified. In UG4, proteins contributing to
chemotactic activity, fibrosis, and cellular homeostasis were iden-
tified (Figure 3).

Identification of urinary biomarker protein correlated
with individual histologic score.We attempted to identify uri-
nary protein markers specific to the renal histologic findings in
each cluster among the proteins included in the three subgroups.
Table 1 shows the top 30 proteins of UG1, 2, and 4 with high cor-
relation coefficients between the histologic score and urinary
protein concentration. The top 30 proteins are listed according
to the most prevalent renal histologic findings in clusters 1, 2,
and 4. The top 20 proteins with high correlation coefficients for
all 20 pathologic findings are listed in Supplementary Table 5.

The number of correlated candidate urinary proteins varied
according to the renal histology. For active glomerular lesions
resulting mainly from inflammatory mechanisms, urine proteins
with a correlation of ρ > 0.4 were frequently detected in glomerular
lesions, including cellular or fibrocellular crescents in cluster 1 and
endocapillary hypercellularity in cluster 2. Meanwhile, no urinary
protein was correlated with subendothelial deposition in cluster
2. There were also no positive correlations among urinary proteins
that could be detected in basement membrane lesions in
cluster 3.

In the analysis of UG1 and UG2, a comparison with diabetic
nephropathy was made to exclude proteins that were not specif-
ically increased in the urine, even in nonnephritis pathologies of
the glomerulus. Because the scores of interstitial inflammation
and interstitial fibrosis correlated with each other (ρ = 0.59,
P < 0.01), we focused on proteins that correlated with only one
of the histologic scores in the analysis of UG4. To increase the
detection rate of ELISA, proteins with an average intensity of
<1,000 RFU in 24 cases were excluded. Under these conditions,
the top 15 proteins with high correlation coefficients in the most

prevalent renal histologic findings in UG1, 2, and 4 were selected
as candidate proteins (Supplementary Table 6). Among the uri-
nary proteins in UG1 and UG2, only calgranulin B levels were sig-
nificantly higher in the LN group than in the diabetic nephropathy
group (P = 0.02). In addition to calgranulin B, S100A12, HMGN1,
and IL-8 were selected in UG1 and AIF-1, SOD1, S100A12, and
HMGN1 were selected in UG2 as candidate proteins that did not
significantly increase but tended to increase in urinary concentra-
tions in patients with LN compared to those with diabetic
nephropathy. In UG4, MCP-1 (ρ = 0.72, P < 0.001) and FSTL3
(ρ = 0.69, P < 0.001) were selected as candidate proteins corre-
lated with interstitial inflammation scores. Only IGFBP-5 was
extracted as a candidate protein that correlated solely with inter-
stitial fibrosis scores (ρ = 0.41, P = 0.048) and not with interstitial
inflammation scores. No protein correlated only with the
interstitial inflammation scores.

The urinary concentrations of these nine candidate proteins
were measured using ELISA and reanalyzed for correlation with
the histologic scores. The results for S100A12, HMGN1, IL-8,
AIF-1, SOD1, and FSTL3 were less sensitive or did not correlate
with the results of the aptamer-based screening (Supplementary
Table 7). High correlations were found among the results
obtained by ELISA and aptamer-based screening for
calgranulin B, MCP-1, and IGFBP-5 (r > 0.7; Figure 4A). The pro-
teins, measured by ELISA, were then analyzed for correlation with
the histologic scores. Urinary calgranulin B levels correlated
with the histologic scores of cellular or fibrocellular crescents
(r = 0.65, P < 0.001) and endocapillary hypercellularity (r = 0.72,
P < 0.001), representative of clusters 1 and 2 (Figure 4B). Urinary
calgranulin B levels also correlated with the histologic scores of
neutrophil infiltration (r = 0.58, P = 0.003), karyorrhexis (r = 0.68,
P < 0.001), and fibrinoid necrosis (r = 0.56, P = 0.005) in cluster
2 (data not shown). MCP-1 and IGFBP-5 urinary levels correlated
with interstitial inflammation (r = 0.65, P < 0.001) and fibrosis
scores (r = 0.47, P = 0.018), respectively, in the 24 patients with
LN (Figure 4B). In addition, a stronger correlation was observed
for IGFBP-5 when three cases of diabetic nephropathy with signif-
icant interstitial fibrosis were included (r = 0.83, P < 0.001) (data
not shown). The correlation between each serum protein concen-
tration detected by aptamer-based screening and the renal histo-
logic score was also analyzed in the discovery cohort; however,
serum calgranulin and cellular or fibrocellular crescents (ρ = 0.26,
P = 0.22), endocapillary hypercellularity (ρ = 0.22, P = 0.29),
neutrophil infiltration (ρ = 0.07, P = 0.73), karyorrhexis (ρ = 0.03,
P = 0.89) or fibrinoid necrosis (ρ = 0.02, P = 0.93), serum
MCP-1 and interstitial inflammation scores (ρ = 0.23, P = 0.27),
and serum IGFBP-5 and interstitial fibrosis scores (ρ = 0.25,
P = 0.24) showed no significant correlation with each other
(Supplementary File).

Validation of the three urinary proteins associated
with the individual histologic score in the validation
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Figure 4. ELISA validation of urinary calgranulin B, MCP-1, and IGFBP-5 levels in the discovery and validation cohort. (A) Correlation between
aptamer screening and ELISA results of urine samples from 24 patients with LN. (B and C) Correlation among urinary calgranulin B, MCP-1, and
IGFBP-5 levels and the histologic scores of cellular or fibrocellular crescents and endocapillary hypercellularity, interstitial inflammation, and inter-
stitial fibrosis, respectively, in the discovery (B) and validation (C) cohorts. (D) Receiver operating characteristic curves for the presence of cellular or
fibrocellular crescents and endocapillary hypercellularity using urinary calgranulin B level, interstitial inflammation using urinary MCP-1 level, and
interstitial fibrosis using urinary IGFBP-5 level in the validation cohort. (E) Correlation among urinary calgranulin B and MCP-1 levels and activity
index and IGFBP-5 level and chronicity index in the validation cohort. The plots show the concentrations of each urinary protein. Urinary protein
concentrations are standardized using urinary creatinine levels. AUC, area under curve; ELISA, enzyme-linked immunosorbent assay; IGFBP,
insulin-like growth factor binding protein; MCP, membrane cofactor protein; RFU, relative fluorescence units.
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cohort. The correlation between ELISA-measured urinary pro-
tein concentrations and each histologic score was confirmed in
the validation cohort for calgranulin B, MCP-1, and IGFBP-5.
Urinary calgranulin B levels correlated with the histologic scores
of endocapillary hypercellularity (r = 0.55, P = 0.001) (Figure 4C).
However, the validation cohort had fewer cases of cellular or fibro-
cellular crescents (Supplementary Table 3). Therefore, we could
not confirm a significant correlation between the urinary calgranulin
B levels and histologic scores (r = 0.41, P = 0.18) (Figure 4C). The
urinary MCP-1 levels correlated with the histologic scores of inter-
stitial inflammation (r = 0.78, P < 0.001) (Figure 4C). In the eight
cases in which measurement of the urinary IGFBP-5 levels was
possible, there was a tendency to correlate with the histologic
scores of interstitial fibrosis, but no significant difference was
observed (r = 0.63, P = 0.09) (Figure 4C). The correlation coeffi-
cients among all histologic scores of clusters 1, 2, and 4 and
ELISA results of these three urinary protein concentrations in the
discovery cohort, validation cohort, and diabetic nephropathy
were shown in a heatmap (Supplementary Figure 4).

Using the results of the validation cohort, ROC analysis was
performed to determine whether urinary calgranulin B, MCP-1,

and IGFBP-5 levels could discriminate the presence or absence
of each histologic finding (Figure 4D). These three urinary proteins
exhibited moderate accuracy: calgranulin B with areas under the
curve (AUCs) of 0.78 for cellular or fibrocellular crescents and
0.87 for endocapillary hypercellularity, MCP-1 with an AUC of
0.84 for interstitial inflammation, and IGFBP-5 with an AUC
of 0.71 for interstitial fibrosis. In addition, it was confirmed in the
validation cohort that urinary calgranulin B levels showed a strong
correlation with activity index (r = 0.63, P < 0.001), but urinary
MCP-1 levels did not (r = 0.43, P = 0.04). Urinary IGFBP-5 levels
were not significantly correlated with chronicity index (r = 0.44,
P = 0.27) (Figure 4E).

Immunohistochemical staining of the renal tissues.
Immunohistochemical staining of the renal tissues was performed
to clarify the localization of calgranulin B, MCP-1, and IGFBP-5.
Calgranulin B proteins were localized to the cells infiltrating the
glomerulus with endocapillary hypercellularity and cellular or fibro-
cellular crescents but not to the cells in tubulointerstitial lesions. In
addition, glomeruli without these active lesions showed little
expression of calgranulin B (Figure 5A–C). In the renal tissues with

Figure 5. Immunohistochemical staining of the renal tissues from the patients with LN. (A and B) Localization of calgranulin B proteins in cells infil-
trating the glomerulus with (A) endocapillary hypercellularity (LN class IV) and (B) cellular or fibrocellular crescents (LN class IV) (arrowheads). (C) Little
expression of calgranulin B in the glomeruli without active lesions, such as endocapillary hypercellularity or cellular or fibrocellular crescents (LN class
V). (D and E) Localization of MCP-1 proteins in the tubular epithelial cells in renal tissues with high histologic scores for interstitial inflammation
(arrowheads). (F) Absence of MCP-1 expression in the tubular epithelial cells without high histologic scores for interstitial inflammation. (G and H)
Localization of IGFBP-5 in the spindle-shaped fibroblasts at sites of interstitial fibrosis (arrowheads). (I) Localization of IGFBP-5 proteins in the normal
tubular epithelial cell. Bar = 100 μm. IGFBP, insulin-like growth factor binding protein; LN, lupus nephritis; MCP, membrane cofactor protein. Color
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43017/abstract.
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high histologic scores for interstitial inflammation, MCP-1 proteins
were localized on the tubular epithelial cells but not on the cells
infiltrating tubulointerstitial lesions (Figure 5D–F). IGFBP-5 pro-
teins were localized on the spindle-shaped fibroblasts present at
sites of interstitial fibrosis and normal tubular epithelial cells
(Figure 5G–I). Neither MCP-1 nor IGFBP-5 was localized in the
glomeruli.

DISCUSSION

The previously reported proteome analyses aimed at com-
paring patients with LN and healthy controls or those with active
and inactive LN to identify biomarkers that could distinguish
them from each other.9–11 The present study is novel in that,
via a proteomic analysis, we identified urinary biomarkers in
patients with LN that correlate with a renal histologic scoring
system to precisely reflect the characteristics and progression
of individual active and chronic lesions. In this study, pathway
analyses revealed the protein and cell-to-cell relationships asso-
ciated with each renal histologic finding. Neutrophils and mono-
cytes are the dominant immune cell type in LN and have been
implicated in its pathogenesis.19,20 This study corroborates pre-
vious findings by demonstrating that the activation of granulo-
cytes and monocytes is involved in both glomerular and
tubulointerstitial lesions. Furthermore, a stronger association of
proteins related to neutrophils and monocytes is observed in
active endocapillary and extracapillary lesions (ie, S100A12,
calgranulin B, IL-8, and azurocidin). This finding is consistent
with previous reports in LN with active glomerulonephritis.19

In contrast, an enhancement of various kinds of IL-17–related
signals was observed in tubulointerstitial lesions. In lupus
model mice, IL-17 increased the expression of molecules
such as MCP-1 in renal tubular epithelial cells (RTECs),
thereby promoting the renal infiltration of macrophages.21

Furthermore, IL-17 stimulation of RTECs increased messen-
ger RNA expression of other chemokines, such as Cxcl1,
Cxcl2, and Cxcl8, which attract monocytes and neutrophils.22

Consequently, under IL-17 stimulation, RTECs produce
mediators that recruit dendritic cells and macrophages, which
are crucial sources of transforming growth factor β that pro-
mote renal fibrosis,23 establishing IL-17 as a key driver of
RTEC-mediated immunopathogenesis in LN. Thus, these
findings support the results obtained from pathway analyses
of interstitial inflammation, tubular atrophy, and interstitial
fibrosis in this study.

Calgranulin B (S100A9) belongs to the S100 family of pro-
teins and exists as a heterodimer of S100A8 in vivo. S100A8/A9
are mainly expressed in the cytoplasm of neutrophils, monocytes,
plasmacytoid dendritic cells, and endothelial cells and play a pro-
inflammatory role in various autoimmune diseases.24,25 Serum
and urinary S100A8/A9 concentrations are known to increase in
patients with active LN.26–28 The present study newly showed a

correlation between urinary calgranulin B levels and quantified
active intraglomerular lesions in the LN. In addition, immunohisto-
chemical staining of the renal tissues from patients with high
urinary calgranulin B concentrations showed the localization of
calgranulin B in cells infiltrating the glomerulus. These results sug-
gest that urinary calgranulin B levels may reflect local renal pathol-
ogy, making it more important to measure urinary calgranulin B
concentrations.

MCP-1 (CCL2) is a chemokine secreted by monocytes, mac-
rophages, fibroblasts, and vascular endothelial cells that contrib-
utes to monocyte activation and migration via CCR2.29 MCP-1
is a useful urinary biomarker for predicting disease activity and
renal prognosis in patients with LN.30,31 Urinary MCP-1 has also
been reported as a biomarker that can predict inflammatory cell
infiltration of the tubulointerstitium in patients with LN.32 The pres-
ent study demonstrated a correlation between quantified intersti-
tial inflammation and urinary MCP-1 concentration, indicating its
potential as a detailed predictor of the severity of interstitial inflam-
mation in patients with LN. MCP-1 was strongly expressed in the
tubular epithelial cells in the renal tissues, where interstitial inflam-
mation was more prominent. This indicates that MCP-1 expres-
sion in the tubular epithelial cells promotes inflammatory cell
infiltration into the renal interstitium. However, urinary MCP-1
levels did not significantly correlate with the severity of active glo-
merular lesions in the present study. This result reinforces the
possibility that urinary MCP-1 levels can specifically predict
the severity of interstitial inflammation.

IGFBP-5 belongs to the IGFBP family and contributes to the
regulation of insulin-like growth factor signaling. It has been
reported to be involved in renal diseases, particularly chronic kid-
ney disease (CKD), after its expression was discovered in
the renal interstitium of patients with CKD using single-cell
analysis.33,34 IGFBP-5 has also been reported to promote lung
tissue fibrosis and participate in tissue remodeling.35 We newly
reported that urinary IGFBP-5 levels can predict the severity of
interstitial fibrosis in the renal tissues. Immunohistochemical stain-
ing showed IGFBP-5 staining in the cells that appeared to be
fibroblasts in lesions with interstitial fibrosis, suggesting that it is
associated with the pathogenesis of fibrosis.

Some urinary proteins, such as vascular cell adhesion mole-
cule 1 and activated leukocyte cell adhesion molecule, have been
reported to correlate with activity index in patients with active
LN.36,37 Urinary calgranulin B also predicted activity index with as
strong a correlation as these proteins in our study. In contrast,
urinary levels of MCP-1 and IGFBP-5 did not show a strong corre-
lation with activity or chronicity index. This is probably explained by
the finding that urinary MCP-1 and IGFBP-5 were associated with
only one histologic finding of all components in activity or chronicity
index, whereas urinary calgranulin B was associated with the
major components of histologic findings in activity index.

This study had some limitations. First, our scoring system
was not clinically validated, although it comprehensively included
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histologic findings based on the ISN/RPS classification and the
NIH index. Second, the validation failed to confirm the significance
of the correlation between urinary calgranulin B levels and the his-
tologic scores of cellular or fibrocellular crescents or urinary
IGFBP-5 levels and the histologic scores of interstitial fibrosis.
The former occurred because fewer patients in the validation
cohort presented with cellular or fibrocellular crescents. The latter
was due to the small number of cases in which IGFBP-5 levels
could be measured. Further validation using urine samples from
a larger sample is required. Third, we did not perform analyses
of urinary proteins associated with the histologic findings included
in the clusters of membranous and mesangial lesions and other
lesions. Fourth, the clinical usefulness of urinary calgranulin B,
MCP-1, and IGFBP-5 levels was not demonstrated. A longitudinal
study is warranted to investigate the relationship between these
three urinary proteins and disease progression or improvement
over time. Fifth, the present study could not include sufficient
samples of diabetic nephropathy because renal biopsies are not
commonly performed in patients with diabetic nephropathy. The
limited samples of diabetic nephropathy could affect the accuracy
of candidate protein extraction.

In conclusion, various urinary proteins that correlate with
certain renal histologic findings may reflect the different pathogen-
eses involved in each renal lesion. The extraction and identifica-
tion of these urinary proteins may enhance clinical management
and are expected to be useful in precision medicine.
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Impact of IgG Fc Glycosylation on Disease Dynamics
in Patients With Primary Sjögren Disease

Helena Achten,1 Leander Meuris,2 Liselotte Deroo,3 Matthias Jarlborg,4 Tine Decruy,4 Joke Deprez,4

Emilie Dumas,4 Kristel De Boeck,5 Eva Genbrugge,5 Wouter Bauters,5 Frederick Dochy,5 David Creytens,3

Dimitri Roels,5 Nico Callewaert,2 Dirk Elewaut,1 and Isabelle Peene6

Objective. Glycans attached to the Fc region of IgG antibodies influence their pro- or anti-inflammatory effector
function. We aimed to explore the interrelation of the Fc glycosylation profile and disease transition, disease activity,
and outcome in patients with suspected and confirmed primary Sjögren disease (SjD).

Methods. IgG Fc sialylation and IgG Fc galactosylation serum levels were determined in 300 patients from the
Belgian Sjögren’s Syndrome Transition Trial. This cohort includes both suspected and confirmed patients with SjD
meeting the 2016 American College of Rheumatology/EULAR criteria. Salivary gland involvement was evaluated
through ultrasonography (Hocevar score 0–48) and histopathology (focus score). The relative amount of sialylated and
galactosylated IgG was determined by capillary electrophoresis after using the endoglycosidase S-based assay.

Results. Patients with SjD exhibited significantly lower sialylation and galactosylation levels versus asymptomatic
carriers of anti-SSA and patients with sicca. Lower sialylation and galactosylation levels were significantly associated
with an increase in B cell activation markers and distinct autoantibody profiles, particularly with multiple autoantibody
reactivities. They were also linked to histopathological salivary gland alterations, higher Hocevar scores, and, impor-
tantly, risk factors for non-Hodgkin lymphoma (NHL) development. In contrast, patients with SjD who were mono-
anti-Ro60 positive and those who were anti-SSA negative had normal IgG Fc glycosylation.

Conclusion. This study points to a novel role of IgG Fc glycosylation in patients with SjD in predicting disease tran-
sition, monitoring disease activity, and stratifying risk of NHL development.

INTRODUCTION

Primary Sjögren disease (SjD) refers to a prototypic auto-

immune disease characterized by oral and ocular dryness,

known as sicca. Additionally, SjD often presents a broad range

of extraglandular manifestations and carries a substantial risk

for development of lymphoma. Hence, around 5% of patients

with SjD evolve into having non-Hodgkin lymphoma (NHL).1

The clinical heterogeneity of SjD poses challenges for both

medical practitioners and researchers because required

management and prognosis may vary substantially.2 The

underlying pathophysiology driving SjD is believed to be multi-

factorial, involving an interplay between salivary gland epithelial

cells and both arms of the innate and adaptive immune sys-

tem.3 The contribution of the latter is illustrated by the presence

of IgG autoantibodies against SSA (Ro52/Ro60) and SSB (La),

which constitute hallmark features of the disease.3,4

These autoantibodies may precede clinical onset of disease

for more than two decades.5,6 The exact temporal relationship of

their presence, disease induction, and subsequent clinical
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presentation is still elusive. What is known, however, is that anti-
bodies exhibit both anti-inflammatory and proinflammatory
effector functions. A crucial regulator of antibody effector func-
tion is the N-glycosylation of the Fc domains of IgG, which influ-
ences the conformation and thereby the antibody’s affinity for
Fcγ receptors (FcγRs).7 IgG Fc glycosylation is a posttransla-
tional modification process in which oligosaccharides are cova-
lently bound to asparagine 297, a conserved binding site on
each of the two IgG Fc regions. The attached glycans comprise
a variable amount of sialic acid, galactose, fucose, and bisecting
N-acetylglucosamine moieties on a heptasaccharide core struc-
ture.8 Sialic acid residues play a dual role in modulating the anti-
body’s function. First, they impair the proinflammatory capacity
of antibodies by reducing their binding to activating type I FcγRs.
Second, they are immunosuppressive by increasing antibody
binding to inhibitory type II FcγRs.7,9 Another prominent glycan
alteration in autoimmune diseases, associated with inflammation
and disease progression, is the decrease in the IgG Fc galacto-
sylation level.7,9–11 The underlying mechanism is still debated,
but increased binding to activating type I FcγRs has been
proposed.9,12,13

The presence of autoantibodies in asymptomatic carriers
suggests an initial breakdown of immune tolerance,5,6 but the
mechanism(s) driving conversion into disease are still enigmatic
and suggest the need for an additional, secondary factor.11 In this
context, a shift in the Fc glycosylation profile from an anti- to pro-
inflammatory state may serve as switch-instigating progression
into SjD.7 Therefore, we examined the Fc glycosylation profile in
a cohort representing the entire SjD disease spectrum, ranging
from asymptomatic carriers of anti-SSA (those at risk of SjD) to
individuals with fully blown SjD. This enabled us to seek associa-
tions of Fc glycosylation, disease transition, and correlations with
disease activity and outcome.

PATIENTS AND METHODS

The Belgian Sjögren’s Syndrome Transition Trial (BeSSTT) is
a prospective, observational, longitudinal cohort including both
patients with SjD, according to the 2016 American College of
Rheumatology (ACR)/EULAR classification criteria,4 and patients
with suspected SjD, characterized by the presence of at least
one criterion, either objective sicca or the presence of one immu-
nologic criterion. The immunologic criterion is fulfilled when
patients have anti-SSA antibodies (Ro52 and/or Ro60) or a posi-
tive salivary gland biopsy with a focus score (FS) ≥1.14 Patients
from the BeSSTT cohort follow a standardized prospective yearly
follow-up.

A standardized clinical set of metadata including demo-
graphics, clinical data, and laboratory parameters were col-
lected from all patients. Ocular staining score was assessed
using the Sjögren’s International Collaborative Clinical Alliance
scheme.15 Schirmer’s test and unstimulated salivary flow rate

were performed according to the guidelines of the ACR/EULAR
classification criteria.4 The EULAR Sjögren’s Syndrome Disease
Activity Index (ESSDAI) was applied to measure systemic dis-
ease activity.16 Ultrasonographic abnormalities were assessed
by two dedicated radiologists using the Hocevar score, similar
as previously reported.17 Here, a good alignment was observed
between both assessors with an interclass correlation coefficient
for an interrater reliability of 0.85. The intrarater reliabilities were
0.85 and 0.92.18 Three categories of Hocevar scores were
made: negative (0–14), moderate (15–26), and high (27–48).19

Results of labial salivary gland biopsies were recorded when
available, and FS was determined.20 Immunohistochemistry
characterized T cells (CD3), B cells (CD20), plasma cells
(CD138), and follicular dendritic cells (FDCs; CD21).21 Histo-
pathological results were available in 148 patients; 120 were
evaluated at the pathology department of the Ghent University
Hospital (David Creytens). Autoimmune serology was deter-
mined using a symphony screen (14-5671-01; Thermo Fisher
Scientific) allowing screening of a mixture of nuclear and cyto-
plasmic antigens. Positive samples were further investigated
using an antiextractable nuclear antigen line blot (1590-1601-5
G; Euroimmun) to separately detect antibodies to SSA (Ro52
and/or Ro60) and SSB/La. All data, except for the salivary gland
biopsy, were obtained at baseline between October 2019 and
June 2022. The Ghent University Hospital Ethics Committee
granted approval for this project (BeSSTT: EC 2019/0452), and
all participants provided written informed consent in accordance
with the principles outlined in the Declaration of Helsinki.

Serum was collected in BD Vacutainer SST2, aliquoted,
and stored at −80�C. IgG Fc glycosylation was determined in
serum from 300 consecutively included patients using endogly-
cosidase S (endoS) to specifically release IgG Fc N-glycans fol-
lowed by fluorescent labeling and analysis on capillary
electrophoresis as previously described by Vanderschaeghe
et al.22 Briefly, 2.5 μL of serum was incubated with 25 U of
endoS for one hour at 37�C in 150 mmol/L NaCl and 50 mmol/L
Tris-HCl (pH 8.5). Released glycans were fluorescently labeled
with aRisk minopyrene trisulfonic acid, analyzed by capillary
electrophoresis (3500 Genetic Analyzer), and quantified using
GeneMapper version 3.7. The relative levels of sialylation and
galactosylation were calculated based on relative peak heights.

Statistical analysis. Study data were collected and
managed using REDCap electronic data capture tools hosted
at the Ghent University Hospital.23,24 Statistical analyses
were performed using R (R core 2021, version 4.1.2).
Kruskal–Wallis, Mann–Whitney U, and Pearson chi-square
tests were applied. Post hoc analyses were adjusted using
the Bonferroni correction. Simple linear and multiple regres-
sion models were applied. P ≤ 0.05 was considered statisti-
cally significant.
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RESULTS

Patient features and IgG Fc glycosylation in relation
to disease state. Hallmarks of SjD include sicca, anti-SSA anti-
bodies, and salivary gland involvement even though histopatho-
logical assessment is not indispensable to diagnose SjD. To
investigate the interrelation between IgG glycosylation and differ-
ent domains of SjD (sicca, antibodies, and glandular involvement),
we therefore analyzed data of 288 patients that were categorized
into four well-defined disease states (patients with sicca com-
plaint, those with sicca, those at risk of SjD, and those with SjD).
Fc glycosylation profiles, demographic data, laboratory parame-
ters, and results on salivary gland involvement for each disease
state are provided in Table 1. Seven patients were not assigned
to a disease state due to the unavailability of the anti-SSA/Ro sta-
tus at baseline. Five patients with FS ≥1 without fulfillment of any
other ACR-EULAR classification criterion were not categorized.4

Supplementary Figure 1 provides precise numerical details for
each analysis.

The relative levels of sialylation and galactosylation were sig-
nificantly lower in patients with SjD compared to patients with
sicca and sicca complaint and compared to patients who were
at risk of SjD (P < 0.001; Figure 1A). When applying multilinear
regression with age as the covariate, we observed a significant
negative association between the SjD state and the relative levels
of sialylation and galactosylation. Additionally, the analysis was
repeated in a subset of patients for whom FS was available (n =
139), yielding similar results: the relative levels of sialylation and
galactosylation were found to be the lowest in patients with SjD
and differed significantly from patients with sicca and sicca com-
plaint (P ≤ 0.001). The latter did not show significant differences
from patients who were at risk of SjD (Figure 1B).

Figure 1 clearly indicates that galactosylation levels below
40% separate patients with SjD from those without. A galactosy-
lation level below 40% yielded a very high specificity and positive
predictive value of 97.3% and 93.8%, respectively, for SjD classi-
fication in patients with suspicion of SjD. A galactosylation lower
than 55% had a positive predictive value of 75% for SjD classifica-
tion and a sensitivity of 76.8%. Sialylation and galactosylation
levels were highly correlated with each other (Spearman Correla-
tion Coefficient [Rs] = 0.93, P < 0.001). In line with this, we noticed
that a sialylation level below 5% could also distinguish patients
with SjD from those without. This corresponds to a high specificity
and positive predictive value of 97.3% and 93.0%, respectively
(Table 1).

IgG Fc glycosylation in relation to disease activity
markers, autoantibody profile, and prognosis. We next
evaluated the Fc glycosylation levels in relation to the various ESS-
DAI domains. Here, associations were found solely with the bio-
logic and hematologic domains (ie, lymphocytes).25 As shown in
Table 2, patients with normal lymphocyte levels had significantly

higher levels of sialylation and galactosylation versus those with
mild lymphopenia (P < 0.05) and those with severe lymphopenia
(P < 0.001). Quite striking was the observation that this is accom-
panied with a gradual and progressive loss because patients with
mild lymphopenia had significantly higher sialylated and galacto-
sylated IgG levels than those with a severe lymphopenia (P <
0.05). Second, the serum levels of sialylated and galactosylated
IgG levels were inversely linked with rheumatoid factor (RF; P <
0.001); increased RF levels were accompanied with reduced
levels of sialylated and galactosylated IgG. Finally, indicators of
enhanced B cell activation such as IgG, IgA, β2-microglobulin,
and hypergammaglobulinemia were linked to lower levels of sialy-
lated and galactosylated IgG. Taken together, these results
pointed to a significant association between B cell activity and sia-
lylated and galactosylated IgG levels.

We next evaluated the putative association with surrogate
indicators of glandular involvement such as salivary gland ultraso-
nography (SGUS). Here, patients with the highest Hocevar scores
(27–48) exhibited significantly lower levels of sialylated and galac-
tosylated IgG versus those with moderate (15–26) or negative (0–
14) scores (P ≤ 0.001; Figure 2). The relationship between sialy-
lated and galactosylated IgG and salivary gland involvement was
further supported by immunohistochemistry, which revealed
lower levels of sialylation (P < 0.05) and galactosylation (P <
0.01) in patients with an FS ≥1 compared to those with an FS <1
(Figure 3). In addition, sialylation and galactosylation levels tend
to inversely correlate with the CD20 to CD3 ratio in salivary
glands. Remarkably, in the presence of FDCs in salivary glands,
significantly lower sialylation and galactosylation levels were seen
(P ≤ 0.05). Results are given in Table 2. Thus, serum sialylation
and galactosylation levels are linked to salivary gland involvement
and are reduced in relation to germinal center reaction.

Six distinct autoantibody profiles were identified in the
BeSSTT: anti-SSA negativity (anti-SSA−), mono-anti-Ro60 reac-
tivity, mono-anti-Ro52 reactivity, reactivity against both Ro52
and Ro60 (double anti-Ro52+Ro60+), reactivity against SSB and
both Ro52 and Ro60 (triple anti-Ro52+Ro60+ SSB+), and reactiv-
ity against SSB in addition to monoreactivity against Ro52 or
Ro60 (anti-Ro52+/60+ SSB+). The latter group (n = 6) was not
included in the analysis given the small number, with five patients
who were anti-Ro60+SSB+ and one patient who was anti-
Ro52+SSB+. As depicted in Figure 4, in the whole cohort, the
median percentages of sialylated and galactosylated IgG differed
significantly between the autoantibody profiles (P ≤ 0.001). Triple
anti-Ro52+Ro60+ SSB+ had the lowest median percentage of sia-
lylated and galactosylated IgG, followed by patients with mono-
anti-Ro52+ and double anti-Ro52+Ro60+. In contrast to patients
with mono-anti-Ro52+, patients with mono-anti-Ro60+ had
higher levels of sialylated and galactosylated IgG like patients with
anti-SSA−. Within patients with SjD, similar results were obtained;
patients with anti-Ro60+ SjD had the highest sialylation and galac-
tosylation levels, followed by patients with anti-SSA-negative SjD;
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meanwhile, patients with triple-positive SjD had the lowest
median percentages of sialylated and galactosylated IgG.
Patients with Anti-Ro60+ and triple-positive SjD differed

significantly from each other (P < 0.01; Supplementary Figure 2).
Remarkably, within patients who were at risk of SjD, there were

Table 1. Classification of disease states in patients with primary SjD: correlating IgG Fc glycosylation profiles with
distinct clinical phenotypes*

Disease state

Patients with
sicca complaint

(n = 22)

Patients
with sicca
(n = 53)

Patients who
were at risk of
SjD (n = 36)

Patients
with SjD
(n = 177)

P value
(α = 0.05)

ACR/EULAR classification
criteria for patients with
SjD

Objective sicca 0 (0) 53 (100) 0 (0) 168 (95) <0.001
Anti-SSA positivity 0 (0) 0 (0) 36 (100) 166 (94) <0.001
FS ≥ 1, n/total available
biopsies (%)

0/11 (0) 0/37 (0) 0/10 (0) 57/81 (70) <0.001

IgG Fc glycosylation
Sialylated IgG, median
(IQR), %

9.6 (1.7) 8.2 (2.7) 9.0 (3.4) 6.8 (3.0) <0.001

Sia ≤ 5% 0 (0) 2 (4) 1 (3) 40 (23) –

5% < Sia < 8.5% 5 (23) 26 (49) 13 (36) 98 (55) –

Sia ≥ 8.5% 17 (77) 25 (47) 22 (61) 39 (22) –

Galactosylated IgG,
median (IQR), %

59.9 (8.9) 55.2 (13.0) 58.4 (14.0) 47.2 (15.0) <0.001

Gal < 40% 0 (0) 2 (4) 1 (3) 46 (26) –

40% ≤ Gal < 55% 5 (23) 24 (45) 13 (36) 90 (51) –

Gal ≥ 55% 17 (77) 27 (51) 22 (61) 41 (23) –

Demographics
Age, mean (±SD), y 45 (±10) 51 (±12) 43 (±13) 53 (±15) <0.001
Female 19 (86) 50 (94) 33 (92) 158 (89) 0.64

B cell activity markers
Hypergammaglobulinemia 0 (0) 3 (6) 4 (11) 55 (31) <0.001
IgG (g/L), mean (±SD) 10.4 (±2.0) 10.7 (±2.7) 12.3 (±2.8) 14.8 (±5.8) <0.001
RF negative (<11.4 U/mL) 21 (96) 53 (100) 31 (86) 108 (61) –

RF weakly positive
(11.4–40.0 U/mL)

1 (4) 0 (0) 4 (11) 32 (18) –

RF strongly positive (>40
U/mL)

0 (0) 0 (0) 1 (3) 37 (21) –

Lymphopenia 1 (4) 2 (4) 6 (17) 43 (24) <0.01
Lymphoma prevalence 0 (0) 0 (0) 0 (0) 4 (2) 0.48
Ultrasonography
Hocevar score, mean (±SD) 12 (±8) 9 (±9) 13 (±12) 23 (±14) <0.001
Negative Hocevar score
(0–14)

13 (59) 43 (81) 22 (61) 60 (34) –

Low positive Hocevar
score (15–26)

9 (41) 8 (15) 6 (17) 47 (27) –

High positive Hocevar
score (27–48)

0 (0) 2 (4) 8 (22) 70 (39) –

Autoantibody profile
Anti-SSA− 22 (100) 53 (100) 0 (0) 16 (9) –

Anti-Ro52+ 0 (0) 0 (0) 7 (19) 17 (10) –

Anti-Ro60+ 0 (0) 0 (0) 13 (36) 17 (10) –

Anti-Ro52+Ro60+ 0 (0) 0 (0) 11 (31) 66 (37) –

Anti-Ro52+Ro60+SSB+ 0 (0) 0 (0) 4 (11) 56 (32) –

Anti-Ro52+SSB+/
anti-Ro60+SSB+

0 (0) 0 (0) 1 (3) 5 (3) –

Total ESSDAI score,
median (IQR)

0 (2) 0 (2) 1 (2) 2 (4) <0.001

* All values are n (%) unless otherwise indicated. Objective sicca is defined by the presence of at least one of the fol-
lowing results: Schirmer test ≤5 mm per five minutes, ocular staining score ≥5 in at least one eye, salivary flow rate
≤0.1 mL per minute. Lymphopenia defined as lymphocytes <1,000/μL. P values refer to comparison based on
Kruskal–Wallis or Pearson chi-square tests. ACR, American College of Rheumatology; ESSDAI, EULAR Sjögren’s Syn-
drome Disease Activity Index; FS, focus score; Gal, IgG Fc galactosylation level; IQR, interquartile range; RF, rheuma-
toid factor; Sia, IgG Fc sialylation level; SjD, Sjögren disease.
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no significant differences between different autoantibody profiles
(Supplementary Figure 3).

Using the risk assessment tool developed by Fragkioudaki
et al,1 we estimated the risk of developing NHL in the entire cohort
of 289 patients. Out of these, 257 patients (89%) exhibited zero to
two risk factors and were classified as low risk, whereas 32 individ-
uals (11%) presented with three to six risk factors, designating
them as high risk for NHL.1 Significantly, those classified as high
risk showed markedly lower levels of sialylation and galactosylation
compared to those in the group who were low risk (P < 0.05).
When considering zero to one risk factors as low risk and two or
more as high risk, an evenmore pronounced difference in Fc glyco-
sylation between low and high risk was observed (P < 0.001). We

assessed the positive and negative predictive value of galactosy-
lated IgG levels to identify individuals at risk for NHL development.

Among the 49 patients with galactosylation levels below
40%, only a small subset of 8 patients presented with a high risk
(three to six risk factors), resulting in a sensitivity of only 25% and
a positive predictive value of 16% for the galactosylation threshold
of 40% in predicting high NHL risk. Conversely, among the
240 patients with high galactosylation levels, only 24 patients
had a high risk, yielding a high specificity and negative predictive
value of 84% and 90%, respectively. Hence, it is evident that
within patients with lower galactosylation levels, a higher propor-
tion is at risk for NHL. Conversely, patients with SjD with unaf-
fected galactosylated IgG levels have a low probability of having

Figure 1. Relative levels of IgG Fc sialylation and galactosylation in relation to disease state. (A) All patients, irrespective of focus score (n = 288).
(B) Only patients with an available focus score (n = 139). Sialylation/galactoyslation levels under this treshold are highly specific for SjD patients (red
line). SjD, Sjögren disease.
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Table 2. Relative levels of IgG Fc sialylation and galactosylation in relation to B cell activity markers, salivary gland
involvement, autoantibody profile, and risk for non-Hodgkin lymphoma*

Characteristic n or n (%)
Sialylated IgG,

median (IQR), %a
Galactosylated IgG,
median (IQR), %a

Lymphocytes in PB 297 P < 0.001 P < 0.001
No lymphopenia (>1,500/μL) 140 (47.1) 7.8 (3.0) 54.1 (12.6)
Mild lymphopenia (1,000–1,500/μL) 105 (35.4) 7.1 (3.3) 50.2 (12.0)
Strong lymphopenia (<1,000/μL) 52 (17.5) 6.1 (2.8) 43.7 (14.5)

Gamma globulins in PB, %b 300 P < 0.001 P < 0.001
Hypogammaglobulinemia 16 (5.3) 7.8 (1.8) 52.4 (8.4)
Normal percentage of gamma globulins 222 (74.0) 7.7 (3.2) 52.8 (13.7)
Hypergammaglobulinemia 62 (20.7) 5.5 (3.1) 42.3 (15.1)

IgG in PB 300 P < 0.001 P < 0.001
Low IgG (<7.0 g/L) 9 (3.0) 9.0 (3.4) 54.9 (3.0)
Normal IgG (7.0 g/L ≤ IgG ≤ 16 g/L) 225 (75.0) 7.7 (3.2) 52.0 (13.6)
High IgG (>16 g/L) 66 (22.0) 6.1 (3.5) 43.3 (16.9)

IgA in PB 300 P < 0.01 P < 0.001
Low IgA (<0.71 g/L) 6 (2.0) 5.6 (1.9) 39.9 (6.2)
Normal IgA (0.71 g/L ≤ IgA ≤ 3.65 g/L) 258 (86.0) 7.5 (3.2) 51.7 (13.7)
High IgA (>3.65 g/L) 36 (12.0) 6.5 (3.6) 44.1 (16.7)

β2 microglobulin 283 P < 0.001 P < 0.001
Normal β2 microglobulin (≤2.53 mg/L) 233 (82.3) 7.8 (3.01) 53.9 (13.1)
High β2 microglobulin (>2.53 mg/L) 50 (17.7) 5.1 (2.7) 37.8 (15.6)

RF, U/mL 300 P < 0.001 P < 0.001
Negative RF (≤11.40 U/mL) 225 (75.0) 7.7 (3.0) 53.3 (14.0)
Weakly positive RF (11.40 < RF ≤ 40U/mL) 37 (12.3) 7.1 (2.8) 48.7 (18.0)
Strongly positive RF (>40 U/mL) 38 (12.7) 5.3 (2.4) 39.8 (14.2)

Autoantibody profile 288 P < 0.001 P < 0.001
Anti-SSA− 97 (33.7) 8.6 (2.7) 55.3 (12.9)
Mono-anti-Ro52+ 24 (8.3) 6.7 (2.6) 48.4 (15.1)
Mono-anti-Ro60+ 30 (10.4) 8.6 (3.7) 57.1 (13.3)
Double anti-Ro52+Ro60+ 77 (26.7) 7.1 (3.6) 48.1 (13.6)
Triple anti-Ro52+Ro60+ SSB+ 60 (20.8) 6.4 (2.8) 46.0 (13.7)

SGUS Hocevar score 300 P < 0.001 P < 0.001
Negative Hocevar score (0–14) 149 (49.6) 7.7 (3.3) 53.9 (14.3)
Low positive Hocevar score (15–26) 71 (23.7) 8.1 (2.6) 53.9 (11.4)
High positive Hocevar score (27–48) 80 (26.7) 6.1 (2.6) 43.9 (14.5)

Histopathology FS 120 P < 0.05 P < 0.01
FS < 1 77 (64.1) 8.2 (2.6) 54.9 (12.1)
FS ≥ 1 43 (35.8) 7.0 (3.4) 48.1 (12.2)

Immunohistochemistry
CD3+ 117 (99.1) 7.72 (3.1) 51.8 (14.0)
CD3− 1 (0.9) 4.16 33.0
CD20+ 106 (89.8) 7.7 (3.9) 51.8 (15.7)
CD20− 12 (10.2) 7.6 (2.7) 50.2 (13.9)
CD21+ 38 (32.5) 6.9 (3.9) 47.5 (0.1)
CD21− 79 (67.5) 8.2 (2.1) 53.5 (9.3)
CD138+ 107 (93.0) 7.6 (3.2) 51.7 (10.3)
CD138− 8 (7.0) 7.4 (1.8) 53.2 (1.8)
CD3/CD20 > 1 46 (42.9) 8.2 (2.7) 55.2 (13.4)
CD3/CD20 = 1 43 (40.2) 7.7 (2.8) 49.9 (12.6)
CD3/CD20 < 1 18 (16.8) 7.1 (4.3) 48.8 (13.2)

Risk of non-Hodgkin lymphoma1 289 P = 0.06 P < 0.05
Zero to two risk factors 257 (88.9) 7.5 (3.5) 51.1 (15.0)
Three to six risk factors 32 (11.1) 6.8 (3.6) 48.1 (15.4)

Risk of non-Hodgkin lymp 289 P < 0.001 P < 0.001
Zero to one risk factors 174 (60.2) 8.0 (3.2) 54.1 (9.3)
Two risk factors 83 (28.7) 6.2 (3.0) 45.3 (10.7)
Three to six risk factors 32 (11.1) 6.8 (3.6) 46.4 (10.5)

* P values refer to comparison based on Kruskal–Wallis tests or Mann–Whitney U tests (α = 0.05). FS, focus score;
IQR, interquartile range; PB, peripheral blood; RF, rheumatoid factor; SGUS, salivary gland ultrasonography.
a P values of all significant differences are shown. No significant differences were found between positive or nega-
tive immunohistochemistry results, except for CD21 (P ≤ 0.05).
b The threshold values for the percentage of gamma globulins evolved over time due to a change in the measuring
method in our hospital clinical chemistry laboratory. In the initial 215 samples, the threshold values ranged from
8.7% to 17.7%, whereas in the last 85 samples, these values shifted to 11.1% to 18.8%.
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NHL. Nevertheless, galactosylation or sialylation levels alone are
not clear indicators of NHL risk. Therefore, we investigated what
distinguishes patients who were high risk with low levels from
patients who were high risk with preserved glycosylation levels.

Patients who were high risk with low galactosylation or
sialylation appeared to more often exhibit RF positivity, mono-
anti-Ro52/triple reactivity, and monoclonal gammopathy of unde-
termined significance (MGUS). In contrast, those with high sialyla-
tion and galactosylation levels more frequently manifested

Raynaud phenomenon besides anti-SSA positivity. Thus, the Fc
glycosylation profile was significantly associated with RF levels,
the presence of MGUS, and anti-SSA positivity, three of the
four laboratory risk factors (P < 0.05).1 Consistent with this, sialy-
lation and galactosylation levels correlated inversely with the total
number of laboratory risk factors for NHL (anti-SSA, RF, C4,
MGUS; P < 0.001).1 Collectively, these data clearly indicate that
Fc glycosylation changes in patients with SjD represent an impor-
tant risk factor for disease transition, severity, and outcome.

Figure 2. Relative levels of IgG Fc sialylation and galactosylation in function of salivary gland involvement assessed by ultrasonography.

Figure 3. Relative levels of IgG Fc sialylation and galactosylation in function of salivary gland involvement assessed by histopathology. FS, focus
score.
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DISCUSSION

This is the first study investigating the link among IgG Fc gly-
cosylation, disease transition, and activity in an observational
cohort of patients with suspected or confirmed SjD. The strength
of this cohort is the availability of asymptomatic individuals with
anti-SSA antibodies, which we have referred to as “patients who
were at risk of SjD” because they are at risk to develop SjD in
the future.5 Our results yielded several exciting findings. First,
we observed a stepwise loss in sialylated IgG and galactosy-
lated IgG levels when comparing patients who were at risk
of SjD to patients with SjD. This potentially reflects a more anti-
inflammatory profile in patients who were at risk of SjD versus
the more proinflammatory properties8 that have been generally
ascribed to reduced sialylated and galactosylated IgG levels in
patients with SjD. Importantly, these observations were
observed regardless of age because adjustment for age
revealed independent significant associations between disease
state and sialylation and galactosylation levels. This is of great
importance because sialylation and galactosylation levels typi-
cally decrease with age.26 However, in patients with SjD, the
effect of age is overridden by the impact on disease stage and
activity. Second, loss in sialylated and galactosylated serum
IgG levels appear to be most confined to the subset with the
highest degree of autoantibody reactivity, as indicated by anti-
Ro52-60 and anti-SSB. Third, serum levels of sialylated and
galactosylated IgG were found to correlate with histopathologi-
cal alterations in the salivary gland and with signs of B cell acti-
vation and germinal center reaction. Finally, normal levels of
sialylated and galactosylated IgG were linked to low risk for

NHL development, whereas reduced levels enrich patients at
risk, albeit that sensitivity was only moderate.

Similar to anti-cyclic citrullinated peptide (anti-CCP) antibod-
ies preceding disease onset in patients with rheumatoid
arthritis,27 our findings suggest that Fc glycosylation could poten-
tially serve as a biomarker predicting the transition to SjD. Notably,
significant differences were found between diagnosed patients
with SjD versus patients who were at risk of SjD, patients with
sicca, or patients with sicca complaints. Early detection of disease
transition could offer a crucial window for timely immune interven-
tion, potentially curbing irreversible damage to salivary glands. As
a potential diagnostic biomarker for SjD, we discovered that in
patients with suspected SjD, a galactosylation level below 40%
proved to be highly specific for identifying patients with SjD, even
in the absence of other parameters. However, a significant pro-
portion of patients meeting the ACR/EULAR classification criteria4

still exceeds this threshold, which pinpoints a substantial variation
in Fc glycosylation profiles among patients with SjD. This diversity
reflects that patients with SjD, despite meeting these criteria, still
exhibit substantial heterogeneity that may compromise the com-
position of homogeneous populations for clinical trials.2 In this
context, the presence of distinct endotypes has scrutinized the
development of effective treatments throughout the entire SjD
spectrum. Therefore, we investigated the association between
the Fc glycosylation, autoantibody profile, and disease activity in
patients with SjD to evaluate if sialylation and galactosylation IgG
measurements could be of help.

Triple (anti-Ro52-60-SSB) reactivity had the lowest sialyla-
tion and galactosylation levels, followed by patients with anti-

Figure 4. Relative levels of IgG Fc sialylation and galactosylation in function of autoantibody profile.
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Ro52 and who were double positive. We previously uncovered
that patients who were triple positive represent the most affected
subgroup within those with SjD.28 However, it remains uncertain if
the observed lowest sialylation and galactosylation levels in indi-
viduals who were triple positive are the cause or consequence of
higher disease activity. Additionally, it is unclear whether these
Fc glycosylation changes occur in response to local inflammation
in the salivary glands and whether these Fc glycosylation changes
are restricted to autoantibodies. In this context, autoantibody-
restricted IgG glycosylation alterations have only been described
in some rheumatic diseases such as rheumatoid arthritis and anti-
neutrophil cytoplasmic antibody associated vasculitis. Here, anti-
CCP antibodies and anti-proteinase-3 antibodies were found to
have even lower galactosylation levels than the levels reported
for the total IgG.9,27,29 In patients with MGUS and multiple mye-
loma, monoclonal antibodies showed lower sialylation levels than
the coexisting polyclonal antibodies, suggesting B cell–depen-
dent, antigen-specific glycosylation patterns.30 In line with a puta-
tive role for antigen-specific glycosylation is our observation of
higher sialylation and galactosylation levels in patients with anti-
SSA–negative SjD. However, a formal proof for antigen-specific
glycosylation in the context of SjD is still lacking but would need
analysis of the glycosylation profile of anti-SSA (Ro52/Ro60) and
anti-SSB (La), including subclass specific profiling.31 This, how-
ever, was beyond the scope of the current study. Curiously, Fc
glycosylation status in serum IgG was found to correlate very well
with presence or absence of salivary gland involvement. Hence,
we showed an inverse correlation to both local salivary gland
involvement by histopathology and signs of B cell activation and
presence of FDCs. The former is marked by clearly lower sialyla-
tion and galactosylation levels in patients showing a high degree
of abnormalities on SGUS and/or a positive FS compared to
those with less SGUS abnormalities and a negative FS, respec-
tively. Moreover, the lowest sialylation and galactosylation levels
were observed in B cell predominance over T cells on salivary
gland biopsies and in the presence of FDCs. This is of conceptual
interest because FDCs are tightly associated with B cells and crit-
ical for germinal center formation, thereby facilitating B cell activa-
tion and affinity maturation.32 In this context, it is important to note
that FDCs are reported to produce interleukin (IL)-633,34 because
lower sialylation and galactosylation levels were shown by IL-6–
inducing adjuvants.35 Therefore, it can be anticipated that the
production of IL-6 by FDCs in ectopic germinal centers may con-
tribute to the lower sialylation and galactosylation levels found.
Bartsch et al35 also showed that IL-6 induced follicular T helper
(Th) cells and Th17 cells by the IL-23 pathway.32 Importantly, the
IL-23–Th17 axis was previously reported to down-regulate
the expression of beta-galactoside alpha-2,6-sialyltransferase
1, an enzyme responsible for adding sialic acid, in newly develop-
ing plasmablasts and plasma cells.36 Thus, the glycosylation pro-
file of serum IgG outlined here might reflect local B cell activation
and affinity maturation within ectopic germinal centers. The clear

association between B cell activity and loss of IgG sialic acid and
galactose is in alignment with a recent proof of concept study by
Morel et al37 that indicated changes in B cells and their subsets
from patients with SjD and systemic lupus erythematosus carrying
altered glycosylation profiles. This in turn may be linked to height-
ened B cell activity due to the loss of B cell suppression. More pre-
cisely, sialic acid–terminated glycans play a role in immune
modulation by binding to CD22 (siglec 2), an inhibitory coreceptor
of the B cell.29,37 These interactions contribute to maintaining
peripheral tolerance by suppressing the B cell receptor signaling.38

Sialic acid glycans also bind CD23 on B cells, thereby inducing
inhibitory FcγRIIb and elevating the threshold for B cell activation.39

Furthermore, they have lower affinity for proinflammatory type I
FcγRs and C1q. Hence, the loss of sialic acid as seen in patients
with the most active SjD might shift the immune response to proin-
flammatory and higher B cell activity.29,40 However, this study does
not allow to draw conclusions on the functional implications of the
changes in Fc glycosylation profiles. The role of agalactosylated
glycans, which are generally considered proinflammatory, is less
well studied.13 Within our study, a subgroup with remarkably low
sialylation and galactosylation levels exhibited a significant degree
of local and systemic involvement. These observations suggest
that Fc glycosylationmay be a valuable tool for identifying and prior-
itizing patients with SjD who require more intensive follow-up and
personalized clinical management.41

A major concern in patients with SjD is an enhanced risk for
development of NHL. Indeed, 5% of patients with SjD develop
NHL, mostly a mucosa-associated lymphoid tissue lymphoma
(MALT).1 The precise mechanisms underlying the transformation
from benign B cell proliferation to malignancy are not yet fully
understood, but uncontrolled B cell activation plays a critical
role.42 Several key indicators (eg, production of autoantibodies,
hypocomplementemia, and vasculitis by precipitation of immune
complexes) are considered independent risk factors for NHL
among individuals with SjD.1,43 Fragkioudaki et al1 developed a
tool incorporating seven risk factors in patients with SjD with
a cumulative total score that serves as an indicator of an individ-
ual’s risk for developing NHL. Given that the Fc glycosylation pro-
file is known to influence B cell responses, we reasoned this may
play a role in NHL development. However, given the low preva-
lence of patients with NHL associated with SjD in our cross-
sectional study (n = 4), we could not directly explore the associa-
tion between Fc glycosylation and NHL prevalence/incidence. As
an alternative strategy, we applied the tool by Fragkioudaki et al1

to assess the interrelation between Fc glycosylation and risk of
NHL development.1 Galactosylated IgG levels were found to be
lower in patients with an increased risk score for NHL (eg, pres-
ence of three to six risk factors). Although sensitivity and positive
predictive value were modest, specificity and negative predictive
value were high. Thus, when galactosylation levels of IgG are
unaffected, the probability of having a high-risk profile for NHL
development is low.
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We also evaluated associations with individual prognostic
factors and noted a significant association between sialylation
and galactosylation levels and RFs. Bende et al44 previously
reported that at least 75% of salivary gland MALT lymphomas
in patients with SjD expressed RFs. RFs are well recognized to
form immune complexes: IgM-RF form complement activating
immune complexes with IgG-containing antigen–antibody com-
plexes. In this context, the association between different sialyla-
tion and galactosylation IgG levels are indicative of a broader
array of B cell activation. Along the same lines, also in patients
with MGUS, which is known to represent a substantial risk for
developing NHL (IgM MGUS) and multiple myeloma (IgG and
IgA MGUS),45 lower sialylation and galactosylation Ig levels have
been reported.45

Furthermore, the significantly reduced sialylation and galac-
tosylation levels in the presence of an increasing total number of
laboratory risk factors suggests potential of Fc glycosylation as a
biomarker for assessing the NHL risk. Nevertheless, to ascertain
whether Fc glycosylation independently predicts NHL risk beyond
established risk factors, rigorous multivariate analysis in larger
cohorts is necessary. Besides, profiling of other glycoforms as
Fc fucosylation may be essential to gain a comprehensive under-
standing of their diverse influences on the antibody’s effector
function.46

Our study has several strengths because it covers the entire
disease spectrum within SjD, which permits comparisons across
different patient groups accounting for different stages (patients
with sicca, patients who were at risk of SjD, and patients with
SjD). To address age and sex influence on Fc glycosylation,
age-matched and sex-matched healthy controls need to be
incorporated. By using a group only with sicca with comparable
demographics, we believe we effectively mitigated this issue.
Even though it could be perceived that disease categorization into
various subsets is somehow artificial, confident classification of
139 patients based on histopathological data was achieved.
Analysis of the entire cohort confirmed consistent trends in labo-
ratory markers and SGUS findings, reinforcing reliability. Although
this study revealed significant associations between glycosylation
profiles and various disease states, it cannot establish causality or
determine their functional implications. Nonetheless, our findings
strongly suggest the potential of Fc glycosylation as a biomarker
for SjD activity. The longitudinal data from our yearly follow-up will
enable us to evaluate its effectiveness in predicting disease pro-
gression, specifically the transition from asymptomatic carriers of
anti-SSA to patients with SjD or other autoimmune diseases.47

Furthermore, our results indicate that Fc glycosylation was asso-
ciated both with local and systemic B cell disease activity and with
established risk factors for NHL development.1 Given advance-
ments in cost-effective, high-throughput techniques, it might be
feasible to perform Fc glycosylation measurement in daily clinical
practice, maybe even in saliva.22,48 As such, it could aid in tack-
ling the challenges of early diagnosis, clinical heterogeneity,

stratification for inclusion, and prognosis and potentially even be
used as surrogate endpoint in clinical trials.29,49
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Systemic Sclerosis Dermal Fibroblast Exosomes Trigger Type
1 Interferon Responses in Keratinocytes via a TBK/JAK/
STAT Signaling Axis

Jessica Bryon,1 Christopher W. Wasson,1 Katja Koeppen,2 Francesca Chandler,1 Leon F. Willis,1

Stefano Di Donato,3 Elliott Klein,2 Elton Zeqiraj,1 Rebecca L. Ross,1 and Francesco Del Galdo3

Objective. Activation of type I interferon (IFN) response has been shown to correlate with disease activity in sys-
temic sclerosis (SSc). It is currently unknown whether the tissue-specific type I IFN activation is a consequence of
the response observed in blood or rather its source. Exosomes from SSc fibroblasts were recently shown to activate
macrophages in vitro. Here, we aimed to determine the source of type I IFN signature in SSc skin biopsies and the
potential role of exosomes from SSc dermal fibroblasts in the process.

Methods. Skin biopsies were obtained from the forearms of healthy patients and of those with SSc and processed
for dermal fibroblasts and keratinocytes. Exosomes were isolated from healthy and SSc dermal fibroblast supernatants
by ultracentrifugation and added to human skin keratinocytes. Keratinocyte transcriptome was analyzed by RNA
sequencing (RNA-seq) analysis. TANK-binding kinase (TBK) and JAK were inhibited using a small molecule inhibitor
(GSK8612) and tofacitinib, respectively.

Results. SSc skin biopsies showed the highest levels of type I IFN response in the epidermal layer. RNA-seq anal-
ysis of keratinocytes transcriptome following exposure to dermal fibroblast exosomes showed strong up-regulation of
IFN signature genes induced by SSc exosomes compared to healthy control. Inhibition of TBK or JAK activity sup-
pressed the up-regulation of the IFN signature induced by SSc exosomes.

Conclusion. IFN activation of SSc keratinocytes is dependent on their crosstalk with dermal fibroblasts and induc-
ible by extracellular exosomes. Our data indicate that SSc fibroblast exosomes contribute to the type I IFN activation in
SSc skin through activation of pattern recognition receptors upstream of TBK.

INTRODUCTION

Systemic sclerosis (SSc) is a connective tissue disease

driven by tissue and vascular fibrosis of the skin and internal

organs. Myofibroblasts have been widely characterized as the

key cellular elements of tissue fibrosis for more than two decades.

In this context, the key role of profibrotic pathways such as trans-

forming growth factor β and Wnt has been dissected in fine detail.

More recently, the activation of type I interferon (IFN) pathway has

been associated with markers of disease activity and progression

in both skin and lung manifestations, but its relationship with fibro-

blast activation is less clear.1-3

Immunohistochemistry analysis of SSc skin biopsies has

revealed that, although there is a clear sign of type I IFN activation

in SSc dermal fibroblasts, the epidermal layer is the major pro-

ducer of type I IFN response.2 The trigger for the response in the

epidermis is still unclear. Previous studies have shown cancer-

associated fibroblast (CAF) exosomes can induce IFN-stimulated
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gene (ISG) expression in associated epithelial cells.4 In particular,

CAF exosomes were shown to trigger type I IFN activation

through uncapped RNA-dependent activation of retinoic

acid–inducible gene I (RIG-I) in the epithelial cells, which in turn

was dependent on increased activity of RNA polymerase III (Pol

III).5 These findings are particularly relevant as SSc fibroblasts

share a number of similarities with CAFs,6,7 and autoantibodies

against RNA Pol III are one of the SSc-specific antinuclear anti-

bodies carrying poor prognostic value for disease progression.8

Consistent with these findings, while our studies were in progress,

Bhandari et al showed that SSc dermal fibroblast exosomes are

able to trigger the activation of macrophages in vitro.9 These

recent data support the previously observed role of dermal fibro-

blasts in participating in the pathogenesis of SSc beyond tissue

fibrosis10 and possibly in a direct activation of the immune events

participating to tissue damage.
In this context, we set out to determine whether SSc dermal

fibroblasts could participate in the type I IFN response observed
in SSc skin, particularly through extracellular vesicles. Here we
show for the first time that the type I IFN activation shown by ker-
atinocytes in vivo can be driven by SSc fibroblast exosomes.
Furthermore, we show that exosomes induced type I IFN signal-
ing in keratinocytes is dependent upon the exosome RNA
induced activation of the TANK-binding kinase (TBK)1/JAK/STAT
signaling cascade.

MATERIALS AND METHODS

Patient cell lines. Full thickness skin biopsies were surgi-
cally obtained from the forearms of four adult healthy controls
and five adult patients with recent onset SSc, defined as a disease
duration of less than 18 months from the appearance of clinically
detectable skin induration. All patients satisfied the 2013 Ameri-
can College of Rheumatology/EULAR criteria for the classification
of SSc29. All participants provided written informed consent to
participate in the study. Informed consent procedures were
approved by NRES-011NE to author FDG. Fibroblasts were iso-
lated and established as previously described. SSc keratinocytes
were grown from dissected skin biopsies and grown in keratino-
cyte grown media (Promega). Primary cells were immortalized
using human telomerase reverse transcriptase (hTERT) to pro-
duce healthy control hTERT and SSc hTERT.

Cell culture. The immortalized keratinocyte cell line
HaCaTs were maintained in Dulbecco’s modified Eagle medium
(DMEM) (Gibco) supplemented with 10% fetal bovine serum
(FBS) (Sigma) and penicillin-streptomycin (Sigma). HaCaTs were
stimulated with 1% total volume of healthy and SSc fibroblasts
exosomes for 48 hours. TBK1 was inhibited with GSK8612
(10 μM) and JAK1 inhibitor tofacitinib (10 μM) for 48 hrs.

Transwell assay. Fibroblasts were seeded onto
0.4-micron pore polyethylene terephthalate transmembranes
(Corning). An equal number of HaCaTs were seeded into a sepa-
rate cell-culture plate. Upon confluency, the pore was inserted
into the well and incubated for 48 hours. The HaCaTs were har-
vested for RNA and protein analysis. The fibroblasts were stained
with DAPI and counted to ensure equal amounts of fibroblasts
were used in the experiment.

Exosome isolation. Fibroblast cell cultures were grown as
discussed above with exosome-depleted FBS. Exosomes were
isolated frommedia collected after 48 to 72 hours by ultracentrifu-
gation (42,000 revolutions per minute for 2 hours). The pelleted
exosomes were isolated using the total exosome isolation reagent
(Invitrogen) and resuspended in phosphate buffered saline (PBS).
RNA was then extracted and purified using the Total Exosome
RNA & Protein Isolate Kit (Invitrogen), according to the manufac-
tures protocol.

Exosomal RNA transfections. Exosomal RNA (50 ng)
isolated from healthy or SSc fibroblast exosomes was transfected
into HaCaTs using Lipofectamine 2000 (Invitrogen) and incubated
for 48 hours. In addition, the exosome RNA was pretreated with
RNase A for 2 hours at 37�C, after which the RNase A was inhib-
ited with RNase inhibitor before transfection. Lipofectamine 2000
in the absence of RNA was added to the mock control cells.

Immunolabeling and visualization of fibroblast-
derived exosomes internalization in human epidermal
keratinocytes. Isolated fibroblast exosomes were stained
Vybrant DiO cell-labeling solution (Invitrogen) and added to
HaCaT culture media. Exosomes were added at 3, 6, 10, 24,
and 48 hours, over a time course. The HaCaTs were imaged on
an LMS700 confocal scanning inverted microscope. The images
were processed in Image J and Zen 3.1 (blue edition) software.

CD63 enzyme-linked immunosorbent assay.
Exosome abundance was measured using the ExoELISA-ULTRA
CD63 enzyme-linked immunosorbent assay (ELISA) (System
Biosciences). The ELISA plate is precoated with an anti-CD63 pri-
mary antibody, which recognizes the tetraspanin CD63 on the
exosome surface. The secondary antibody contains a horserad-
ish peroxidase enzyme used for signal amplification. The colori-
metric substrate 3,30,5,50-tetramethylbenzidine is used for the
assay read out. The results are read on a Thermo Scientific Multis-
kan EX spectrophotometer at a wavelength of 450 nm.

Dynamic light scattering. Exosomes were diluted in ster-
ile PBS to a concentration of 100 nM. The samples were injected
(150 μL, per sample) into a Wyatt miniDawn Treos system
(equipped with an additional dynamic light scattering [DLS] detec-
tor). The raw data were analyzed using the ASTRA 6.0.3 software
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supplied by the instrument, with the regularization algorithm used
to generate the size-distribution histograms. The histograms of
signal intensity versus hydrodynamic radius were then plotted in
OriginLab.

Western blotting. Total proteins were extracted from
fibroblasts in radioimmunoprecipitation assay buffer and resolved
by sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(10%–15% Tris-Glycine). Proteins were transferred onto Hybond
nitrocellulose membranes (Amersham) and probed with antibod-
ies specific for pSTAT1, total STAT1 (Cell Signaling Technology),
CD63 (Abcam), TSG101(Abcam), histone 3 (Cell Signaling
Technology), pIRF3 (Abcam), IRF3 (Cell Signaling Technology),
and β-Actin (Sigma). Immunoblots were visualized with species-
specific horseradish peroxidase (HRP)-conjugated secondary
antibodies (Sigma) and enhanced chemiluminescence (Thermo
Scientific/Pierce) on a Bio-Rad ChemiDoc imaging system.

RNA sequencing. Quality control of fastq files was per-
formed with FastQC version 0.11.9. Reads were aligned to the
human reference genome version GRCh38.84 using STAR
aligner version 2.5.2b.13 MultiQC version 1.1114 was used to per-
form quality control on the alignment and generate an overall qual-
ity control report. Downstream analyses and visualizations were
performed using R version 4.1.2 (https://www.R-project.org/).
BAM alignment files generated by STAR were transformed into
count tables using Rsubread version 2.8.115.The R package
edgeR version 3.36.016 was used for differential gene expression
analysis. Gene set enrichment analysis for gene ontology biologic
processes was performed using WebGestalt27,28.

Quantitative reverse transcription–polymerase
chain reaction. RNA was extracted from cells using commer-
cial RNA extraction kits (Zymo Research). RNA (1 μg) was reverse
transcribed using complementary DNA synthesis kits
(ThermoFisher Scientific). Quantitative reverse transcription–
polymerase chain reactions (qRT-PCRs) were performed using
SyBr Green PCR kits on a Thermocycler with primers specific for
MX1 (forward: CGACACGAGTTCCACAAATG reverse: AAGCC
TGGCAGCTCTCTACC), CXCL10 (forward; GGTGAGAAGAGA
TGTCTGAATCC reverse; GTCCATCCTTGGAAGCACTGCA),
CXCL11 (forward; TCCCCCATGTTCAAAAGAGGAC reverse;
ATATCTGCCACTTTCACTGCTTTTAC), OAS1 (forward; CGGAC
CCTACAGGAAACTTG reverse; GAAGCAGGAGGTCTCACCAG),
IFIT1 (forward; GACTGGCAGAAGCCCAGACT reverse; GCGGAA
GGGATTTGAAAGCT) and GAPDH (forward; ACCCACTCCTCCA
CCTTTGA reverse; CTGTTGCTGTAGCCAAATTCGT). Data were
analyzed using the ΔΔ Ct method. GAPDH served as a housekeep-
ing gene. Type I IFN superarray was performed using manufacturer
protocol (Qiagen).

Transmission electron microscopy. Healthy and SSc
exosomes were loaded onto carbon-coated copper grids
(Formvar/Carbon, 300 mesh Cu, Agar Scientific). Grids were glow
discharged for 30 seconds at 0.39 mBar pressure and 10 mA
(PELCO easiGlow, Ted Pella). Grids were incubated for 1 minute
with a 7-μL sample, washed three times with ddH2O, and stained
with 2% (weight/volume) uranyl acetate. Data were collected
using a Tecnai F20 transmission electron microscope (FEI) at
200 KeV, fitted with a Ceta CMOS CCD camera (FEI). Micro-
graphs were collected at 40,000× magnification with a pixel size
of 3.51 Å. Image J was used to add a scale bar and quantify the
size of the vesicles.

Immunohistochemistry. Immunohistochemistry was
performed as previously described.2 Sections were stained with
a pSTAT1 (Cell Signaling Technology 1/200), MX1 (Abcam
1/100), and CXCL10 antibody (Abcam 1/200), visualized using
an HRP-conjugated mouse secondary, and counterstained with
hematoxylin.

Statistical analysis. Data are presented as the mean ±
SE. Statistical analysis was performed using a two-tailed, paired
Student’s t-test for singular analysis and analysis of variance tests
for multicomparison analysis.

Ethics approval and consent to participate. The study
was approved by National Research Ethics service (NRES) com-
mittee North East-Newcastle & North Tyneside: REC Ref: 15/
NE/0211 to FDG. All participants provided written informed con-
sent to participate in this study. Informed consent procedure
was approved by NRES-011NE to FDG by the University of
Leeds.

RESULTS

Loss of SSc keratinocyte expression of type 1 IFN
signature in vitro and induction by SSc dermal
fibroblast coculture. Previous studies, including our own,
have shown that keratinocytes in SSc skin are a major source of
ISG expression.2 Consistent with these findings, we observed
high levels of pSTAT1, CXCL10, and MX1 in the epidermis of
SSc skin compared to healthy control biopsies (Figure 1A). We
then set out to determine whether SSc keratinocytes could main-
tain the ISG response when isolated from the skin, similarly to
what has been repeatedly observed for the profibrotic activation
of dermal fibroblasts.17 SSc keratinocytes isolated from the same
biopsies shown in Figure 1A did not display elevated MX1,
CXCL10, or CXCL11 transcript levels or pSTAT1 protein levels
(Figure 1B–E), compared to healthy control keratinocytes, when
cultured in vitro. Interestingly, these isolated SSc keratinocytes
were still able to induce ISG expression upon stimulation with
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Figure 1. Scleroderma dermal fibroblasts induce type I IFN signaling in keratinocytes. (A) Healthy (N = 5) and SSc (N = 5) skin sections
obtained from patient forearms were stained with antibodies specific for phosphorylated STAT1, CXCL10, and MX1. Scale bars represent
50 μm. (B–D) SSc skin keratinocytes were isolated from skin biopsies and passaged three times; RNA was then isolated. SSc keratinocytes
were stimulated with IFN-α (2 ng/mL) for 2.5 hours. (B) MX1, (C) CXCL10, and (D) CXCL11 transcript levels were assessed by qRT-qPCR.
Graphs represent fold change relative to healthy control. (E) Protein was isolated from SSc keratinocytes (n = 3) and healthy (n = 3) control ker-
atinocytes. Lysates from healthy keratinocytes stimulated with POLY I:C (24 hours 10 μg/mL) was used as a positive control. pSTAT1 and total
STAT1 protein levels were assessed by Western blot. β-actin was used as a loading control. (F and G) Healthy (n = 3) and scleroderma (n = 3)
fibroblasts were cocultured in cell-culture inserts with human epidermal keratinocytes (HaCaTs) for 48 hours in serum-free DMEM. (F) pSTAT1
(Tyr701) and STAT1 protein levels were assessed by Western blot. β-actin was used as a loading control. (G) Protein expression of pSTAT1
was quantified by densitometry and normalized to β-actin levels. (H) Fold change of mRNA transcript expression of ISGs (MX1, CXCL10,
CXCL11, OAS, IFIT1, and ISG15) in HaCaTs cocultured with healthy fibroblasts, compared to SSc. (I) Fold change of mRNA transcript expres-
sion of an ISG composite score of the six genes described in H genes, normalized to GAPDH and ribosomal protein as a housekeeping gene,
relative to mean healthy exosome-treated HaCaTs. *P < 0.05; ***P < 0.001. CTR, Control; DMEM, Dulbecco’s modified Eagle medium; IFN,
interferon; ISG, IFN-stimulated gene; mRNA, messenger RNA; NS, not significant; RT-qPCR, quantitative reverse transcription–polymerase
chain reaction; SSc, systemic sclerosis.
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IFN-α (Figure 1C and D), suggesting the type I IFN signaling path-
way is still functional in the SSc keratinocytes in culture.

Next, we assessed whether SSc fibroblasts could trigger
type I IFN response in keratinocytes. To focus our study on the
role of the fibroblasts we cocultured the skin keratinocyte cell line
HaCaTs with three different healthy and SSc fibroblasts in a trans-
well assay (Figure 1F). We observed that both healthy and SSc
dermal fibroblasts triggered STAT1 phosphorylation in HaCaTs
compared to the control, with a significantly greater induction in
the HaCaTs cultured with SSc dermal fibroblasts (Figure 1G).
Accordingly, SSc dermal fibroblasts induced greater levels of
messenger RNA (mRNA) expression of ISGs (MX1, CXCL10,
CXCL11, OAS1, IFIT1, and ISG15) compared to healthy control
(Figure 1H; Supplementary Figure 1). Combining the ISG analyzed
in a composite score as previously described,2 we observed an
overall 1.5-fold increase of ISG induction in the HaCaTs cocul-
tured with SSc fibroblasts compared to healthy control (Figure 1I).

Characteristics of healthy and SSc fibroblast
exosomes. To determine whether fibroblast exosomes could
contribute to the induction of type I IFN in keratinocytes, we iso-
lated exosomes from healthy and SSc fibroblast supernatants.
Firstly, we observed that healthy and SSc fibroblasts secreted similar
amounts of exosomes as shown by similar levels of exosomemarker
expression (TSG101 and CD63) in the isolated exosomes
(Figure 2A). This was confirmed via CD63 ELISA whereby we quan-
tified that both healthy and SSc fibroblasts secreted exosomes in
the order of 1 × 1010 (from 20million fibroblasts) (Figure 2B). Further-
more, electron microscopy analysis and DLS indicated that the exo-
somes secreted from healthy and SSc fibroblasts were of similar size
and distribution (Figure 2C and D). Finally, we set out to determine
the cell entry kinetics of both sets of exosomes as assessed by
membrane-specific dye staining followed by immunofluorescence
analysis. As shown in Figure 2E, we observed no apparent difference
in timing and intracellular localization of fibroblast exosomes from
SSc or healthy control dermal fibroblasts, with a time-dependent
increase in exosome uptake continuing to rise up to the 48 hours in
both sets (Figure 2F).

Proinflammatory effect of SSc fibroblast exosomes
on keratinocytes compared with healthy control
fibroblast exosomes. To determine the global effects of the
SSc fibroblast exosomes on skin keratinocytes, we performed
RNA sequencing (RNA-seq) of HaCaTs following a 48-hour
culture in exosome conditioned media (1% total volume)
(Figure 3A). Hierarchical clustering of differentially expressed
genes (DEGs) showed a clear separation of the transcriptomic
response induced by exosomes compared to mock and a
separation between SSc and healthy exosomes (Figure 3B).
The RNA-seq analysis revealed there were 1,097 DEGs (P <
0.05 and abs (log2 FC) > 1) between HaCaTs stimulated with
healthy fibroblast exosomes compared to control HaCaTs,

881 DEGs in HaCaTs stimulated with SSc fibroblast exosomes
compared to control HaCaTs, and 60 DEGs in HaCaTs stimu-
lated with SSc fibroblast exosomes compared to HaCaTs
stimulated with healthy fibroblasts exosomes. Within the
60 SSc-specific DEGs found, 39 were up-regulated
(Figure 3C) and 21 were down-regulated (Figure 3D) in kerati-
nocytes stimulated with SSc fibroblast exosomes compared
to healthy control. In addition, Supplementary Table 1 contains
a list of the top 60 DEGs (fold change) found in HaCaTs stimu-
lated with SSc fibroblast exosomes compared to healthy fibro-
blast exosomes.

Gene ontology enrichment analysis using the fold
changes for all detected genes revealed that several pathways
involved in immune signaling (responses to type 1 IFN,
responses to IFN-γ, humoral immune responses, and
response to chemokines) were up-regulated in HaCaTs stimu-
lated with SSc fibroblast exosomes compared to healthy fibro-
blast exosomes (Figure 4A). Analysis of individual genes
showed a number of ISGs were differentially up-regulated in
HaCaTs stimulated with SSc fibroblast exosomes, as shown
in the volcano plot (Figure 4B). A list of the 25 most significant
DEGs is shown in Figure 4C. The list includes a number of
ISGs. Further analysis of type I IFN signaling in HaCaTs stimu-
lated with healthy and SSc dermal fibroblast exosomes com-
pared to the mock control revealed that the healthy dermal
fibroblast exosomes impart an anti-inflammatory response on
the keratinocytes as shown by reduced expression of a num-
ber of ISGs. Expression levels of interleukin (IL)-7, CXCL6,
CXCL1, GBP1, MMP7, TREM2, and CTSS were significantly
reduced in HaCaTs stimulated with healthy fibroblast exo-
somes compared to unexposed HaCaTs (Figure 4D). Expres-
sion levels of these ISGs were also significantly reduced in
HaCaTs stimulated with healthy control fibroblasts compared
to HaCaTs stimulated with SSc fibroblasts and not significantly
different between HaCaTs stimulated with SSc dermal fibro-
blast exosomes and unexposed control HaCaTs
(Supplemental Figure 2). Collectively, these data suggest that
an important function of exosomes in healthy skin is to
dampen proinflammatory IFN signaling in keratinocytes, thus
contributing to homeostasis, and that the lack of this anti-
inflammatory effect of exosomes secreted by SSc fibroblasts
on keratinocytes may lead to loss of homeostasis and contrib-
ute to a more proinflammatory state in patients with SSc.

Previous studies have shown SSc fibroblast9 and CAF exo-
somes4,5 actively stimulate macrophages and epithelial cells
compared to healthy control fibroblast exosomes. Here we show
healthy dermal fibroblast exosomes negatively regulate type I IFN
signaling and this ability is lost in SSc fibroblasts, causing an
increase type I IFN signature in HaCaTs relative to healthy control
exosomes. To validate this finding, we performed a qRT-PCR–
based superarray to assess 79 type I IFN–dependent ISGs on
RNA isolated from HaCaTs treated with healthy and SSc dermal
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fibroblast exosomes. Volcano plot analysis on three independent
experiments showed 16 ISGs up-regulated by SSc exosomes
compared to healthy exosomes (Figure 5A and B; Supplementary

Figure 3). Altogether, the qRT-PCR–based IFN array validated the
RNA-seq data, indicating a strong type I IFN response in HaCaTs
stimulated with SSc fibroblast exosomes compared to healthy

Figure 2. Characterization of exosomes from healthy SSc dermal fibroblasts. Exosomes were isolated from healthy (n = 3) and SSc (n = 6) fibro-
blast media. (A) Isolated exosomes were probed for TSG101, CD63, and histone H3 by Western blot. (B) CD63 ELISA quantification of exosomes
from healthy (n = 3) and SSc (n = 5) patient fibroblasts. (C) Representative transmission electron microscopy images of healthy and scleroderma
exosomes at 40,000× magnification. (D) Representative size-distribution histograms of diluted total exosome isolate buffer, healthy (n = 3) and
SSc (n = 3) exosomes, from regularization analysis of dynamic light scattering data. (E) Healthy and SSc fibroblast exosomes were stained with
DiO-lipid dye and added to HaCaTs at 3, 6, 10, 24, and 48 hours. (F) Bar charts illustrates the green, fluorescent intensity per image, normalized
to include a DAPI intensity, per three images over a time course (3, 6, 10, 24, and 48 hours). ELISA, enzyme-linked immunosorbent assay; HE,
healthy exome; Rh diff Hydrodynamic Radius; SSc, systemic sclerosis; SE, SSc exome.
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Figure 3. Global gene analysis of keratinocytes stimulated with healthy and SSc dermal fibroblast exosomes. (A) Schematic representation of
experimental approach for the RNA-seq analysis. HaCaT keratinocytes were stimulated with healthy (n = 3) and SSc (n = 5) fibroblast exosomes
for 48 hours. RNA was isolated from the stimulated HaCaTs, and RNA-seq analysis was performed. (B) Cluster dendrogram clustering of the
responses of healthy and SSc in HaCaTs compared to control. Venn diagram and heatmaps of differential expression genes with a fold change
greater than 1.5-fold scaled by row for (C) genes up-regulated and (D) genes down-regulated in HaCaTs stimulated with SSc fibroblast exosomes
compared to healthy fibroblast exosomes. The heat map illustrates significantly (P < 0.05) differentially expressed genes and the color scale rep-
resents the row Z-score, with dark blue representing low gene expression levels and light yellow indicating high expression relative to other sam-
ples in the same row. ctrl, control; EV, Extracellular Vesicles; HC, healthy control; mRNA-seq, messenger RNA sequencing; RNA-seq, RNA
sequencing; SSc, systemic sclerosis.
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control exosomes. At the protein level, whole-cell protein lysates
from the HaCaTs in the same experimental conditions showed a
time-dependent increase in pSTAT1 levels (Figure 5C and D),
consistent with the RNA findings (Figure 5A–B) and the kinetics

of exosome internalization (Figure 2E). Accordingly, the ISG com-
posite score showed a similar increment over time, becoming sig-
nificantly induced by SSc exosomes at 24 and 48 hours
(Figure 5E).

Figure 4. SSc fibroblast exosomes impart a proinflammatory effect on keratinocytes compared to healthy control fibroblast exosomes. (A) Gene
ontology enrichment analysis of biologic processes associated with DEGs, in HaCaTs treated with SSc exosomes compared to healthy control
exosomes. Dark blue or orange = FDR < 0.05; light blue or orange FDR > 0.05. (B) Volcano plot of log2 fold change against-log10 P value for each
DEG in HaCaTs stimulated with SSc fibroblast-derived exosomes, when compared against healthy exosomes. Red = significant DEGs. Blue = sig-
nificant DEGs associated with interferon signaling. (C) A list of the 25 most significant DEG from the analysis. (D) Gene expression levels of selected
ISGs (IL-7, CXCL6, CXCL1, GBP1, MMP7, TREM2, and CTSS). Comparisons made between control HaCaTs and HaCaTs stimulated with
healthy and SSc dermal fibroblast exosomes. *P < 0.05; **P < 0.01; ***P < 0.001. DEG, differentially expressed gene; FDR, false discovery rate;
IL, interleukin; ISG, interferon-stimulated gene; ncRNA, noncoding RNA; SSc, systemic sclerosis; tRNA, transfer RNA.
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Figure 5. Scleroderma dermal fibroblast exosomes induce type 1 IFN signaling in keratinocytes through their RNA content. HaCaT keratinocytes
were stimulated with healthy and SSc fibroblast exosomes for 48 hours. RNA was extracted from the stimulated HaCaTs. A type 1 IFN superarray
was performed. (A) Volcano plot which shows the fold change of gene expression of IFN type 1–stimulated genes in HaCaTs stimulated with SSc
exosomes relative to HaCaTs stimulated with healthy exosomes. (B) An enlarged version of the volcano plot in illustrating the identifiers of the
genes significantly up-regulated in SSc versus healthy exosome-treated HaCaTs. HaCaT keratinocytes were stimulated with healthy and SSc
fibroblast exosomes for 6 to 48 hours. Protein and RNA were isolated from stimulated HaCaTs. (C) pSTAT1 (Tyr701) and STAT1 protein levels
were assessed by Western blot. β-actin was used as a loading control. (D) Bar chart illustrates quantification of protein expression by densitometry
and normalized to β-actin levels. Data represent means ± SE. Data were checked for normality and statistically analyzed using a two-way multiple
comparison ANOVA, normalized by Tukey. (E) Bar chart illustrates the fold change of mRNA transcript expression of an ISG composite score of
multiple IFN-related genes normalized to GAPDH, relative to healthy exosome stimulations, over a time course. ISG composite score included
6 ISGs: MX1, CXCL10, CXCL11, OAS, IFIT1, and ISG1. Data represent means ± SE. Data were checked for normality and statistically analyzed
using a two-way multiple comparison ANOVA, normalized by Tukey. RNA was extracted from healthy and SSc fibroblast exosomes and trans-
fected into HaCaT cells for 48 hours. In addition, the RNA was pretreated with RNase before transfection. (F) MX1, (G) CXCL10, and
(H) CXCL11 transcript levels were assessed by RT-qPCR. *P < 0.05; **P < 0.01; ***P < 0.001. ANOVA, analysis of variance; CTR, Control; IFN,
interferon; ISG, IFN-stimulated gene; mRNA, messenger RNA; NS, not significant; RT-qPCR, quantitative reverse transcription–polymerase chain
reaction; SSc, systemic sclerosis.
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Type 1 IFN signaling in keratinocytes from SSc
fibroblast exosomes through a TBK1/JAK-dependent
response to their RNA cargo. Previous studies have shown
that specific uncapped RNA transcripts within CAF exosomes can
trigger type I IFN signaling in epithelial cells5.9 Therefore, we wanted
to determine if the RNA contained within the SSc fibroblast exo-
somes contributed to the type I IFN stimulation observed in keratino-
cytes. RNA was extracted from healthy and SSc dermal fibroblast
exosomes and transfected into HaCaT cells (50 ng RNA). Healthy
fibroblast exosome RNA had minimal effects on MX1, CXCL10, and
CXCL11 expression in HaCaTs compared to control cells. SSc fibro-
blast exosome RNA induced a 2.5-fold increase in MX1 (P = 0.002),
2-fold increase in CXCL10 (P = 0.0015), and 3-fold increase in
CXCL11 (P = 0.016) expression in HaCaTs (Figure 5F–H). Pretreat-
ment of exosome extracts with RNase significantly suppressed the
up-regulation of MX1, CXCL10 and CXCL11, although with variable
efficiency (Figure 5F–H). This suggests that the RNA within the exo-
somes directly contributed to type I IFN response of HaCaT, in vitro.

There are a number of ways RNA cargo could induce a type I
IFN response, such as a microRNA (miRNA)-induced up-
regulation of type I IFN or a direct stimulation of RNA sensors, as
has been described for CAF-derived exosomes.4,5 Most RNA
pattern recognition receptors (TLR-7, RIG-I, and MDA5) signal
through TBK1. Therefore, we used the specific TBK1 inhibitor
GSK8612 to interrogate the pathway in response to exosome
stimulation. The observed increased STAT1 activation by SSc
fibroblast exosomes was completely abolished with the TBK1
inhibitor (Figure 6A and B). Accordingly, TBK1 inhibition also sup-
pressed the induction of ISG expression in the HaCaTs
(Figure 6C). Taken together, this suggests the SSc fibroblast exo-
somes induce type I IFN signaling in HaCaTs through TBK1.
TBK1 is known to activate STAT1 through IRF3/7 in response to
viral infections.18 Interestingly, the SSc fibroblast exosomes did
not activate IRF3 in keratinocytes (Supplementary Figure 4). This
suggests that TBK1 activates STAT1 through an alternative path-
way. This was further highlighted in the type 1 IFN array and RNA-
seq data in which IFN-α/β expression was not induced by the SSc
fibroblast exosomes.

To determine whether the TBK1 induced activation of STAT
was JAK dependent, we used the JAK1 inhibitor tofacitinib in
the same experimental conditions of Figure 6A and B. Similar to
TBK inhibition, tofacitinib completely blocked the SSc fibroblast
exosome–mediated STAT1 activation in HaCaTs (Figure 6D and
E) as well as ISG expression (Figure 6F), suggesting that the
observed type I IFN response is mediated by activation of JAK.
Neither GSK8612 nor tofacitinib affected total STAT1 levels in
unstimulated HaCaTs (Supplementary Figure 5). In addition, we
observed undetectable levels of pSTAT1 in the unstimulated
HaCaTs. Taken together with the data in Figure 6, it suggests that
healthy fibroblasts exosomes can induce pSTAT1 levels com-
pared to unstimulated HaCaTs but that SSc fibroblast exosomes
further enhance this induction of pSTAT1 in the HaCaTs.

Analysis of mRNA content between healthy and SSc
fibroblast exosomes. In the data above we have shown that
SSc dermal fibroblast exosomes can induce a type 1 IFN
response in keratinocytes through the TBK1/JAK signaling axis.
Further analysis showed that the RNA within the exosomes can
induce the type 1 IFN response (Figure 5F–H). We next wanted
to identify potential RNA transcripts within the SSc fibroblast
exosomes that induce the response. We extracted RNA from
healthy and SSc fibroblast exosomes and performed RNA-seq
analysis to assess differential mRNA abundance in SSc com-
pared to healthy control exosomes. Hierarchical clustering of
253 genes that were significantly up-regulated in the SSc fibro-
blast exosomes compared to the healthy control showed a clear
separation between groups (Supplementary Figure 6A). Individual
plots for the eight most highly up-regulated abundant transcripts
(>5 counts per minute) are shown in Supplementary Figure 6B.
Pathway analysis of the DEGs did not identify any IFN-related
pathways, but AFF3 and H19, which are two of the most signifi-
cant DEGs, have tentatively been implicated in immune
responses in other autoimmune conditions including rheumatoid
arthritis.19,20

DISCUSSION

In this study we have shown the type I IFN response
observed in SSc skin is mainly driven by keratinocytes. Impor-
tantly, we also show that keratinocytes are “responding” to a pri-
mary trigger in their microenvironment as they lose any sign of
type I IFN activation once cultured in vitro. Parallel to this evi-
dence, coculture experiments clearly indicate that SSc dermal
fibroblasts are able to induce type I IFN activation in keratinocytes,
which can be induced by isolated exosomes. These data suggest
that dermal fibroblasts may participate to the pathogenesis of
SSc not only for their profibrotic activation but also in triggering
and/or sustaining the type I IFN response observed in the tissue.
Furthermore, these data also suggest that the increase in type I
IFN–inducible chemokines observed in peripheral blood may be
a consequence of a tissue driven type I IFN response rather than
its source. Similar data have been suggested in the pathogenesis
of systemic lupus erythematosus.21 This interpretation would also
be consistent with the observation that serum proteome corre-
lated with skin transcriptome better than peripheral blood tran-
scriptome in SSc.22 The transfection of exosome cargo RNA in
human keratinocytes suggested that the RNA contained within
SSc exosomes is contributing to, if not driving, the type I IFN
response. Finally, we interrogated the signaling pathway behind
this response with small molecule inhibitors. Although a fine dis-
section of the pathway(s) fell outside the scope of this study, we
were able to demonstrate that SSc fibroblast exosomes induce
ISG expression through a TBK1/JAK/STAT1 signaling cascade
(Figure 6G).
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Figure 6. Inhibition of TANK-binding kinase and JAK-STAT blocks SSc fibroblast exosome–mediated type I IFN signaling in HaCaTs.
(A) HaCaTs were stimulated with healthy and SSc fibroblast exosomes for 48 hours. In addition, the HaCaTs were treated with 10 μM
GSK8612, one hour before stimulation. pSTAT1 and STAT1 protein levels were assessed by Western blot. β-actin was used as a loading
control. (B) The bar chart illustrates densitometry analysis of pSTAT1. Data represent means ± SE from three biologic repeats. (C) Fold
change of mRNA transcript expression of multiple IFN-related genes, normalized by housing keeping gene GAPDH, and relative to
untreated healthy exosome-treated HaCaTs. Data represent means ± SE from three biologic repeats (healthy) and four biologic repeats
(SSc). ISG composite score included 6 ISGs: MX1, CXCL10, CXCL11, OAS, IFIT1, and ISG15. Statistical analysis was performed using a
multiple comparison two-way ANOVA, normalized to Tukey. (D) HaCaTs were stimulated with healthy and SSc exosomes for 48 hours. In
addition, the HaCaTs were treated with 20 μM tofacitinib one hour before stimulation. pSTAT1 and STAT1 protein levels were assessed
by Western blot. β-actin was used as a loading control. (E) The bar chart illustrates densitometry analysis of pSTAT1. Data represent means
± SE from three biologic repeats. (F) Fold change of mRNA transcript expression of multiple IFN-related genes, normalized by housing keep-
ing gene GAPDH, and relative to untreated healthy exosome-treated HaCaTs. Data represent means ± SE. ISG composite score included
six ISGs: MX1, CXCL10, CXCL11, OAS, IFIT1, and ISG15. Statistical analysis was performed using a multiple comparison two-way ANOVA,
normalized to Tukey. (G) Schematic representation of the mechanism behind SSc fibroblast exosome induction of type I IFN signaling. *P <
0.05; **P < 0.01; ***P < 0.001. ANOVA, analysis of variance; CTR, Control; HE, healthy exome; IFN, interferon; ISG, IFN-stimulated gene;
mRNA, messenger RNA; SE, SSc exome; SSc, systemic sclerosis.
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We believe that these data contribute to identifying the
source of type I IFN activation in SSc skin, but we also acknowl-
edge that there are still a number of unanswered questions
regarding this phenomenon. Specifically, we still do not have a
clear understanding of the factors downstream of TBK1. One
standout candidate is IRF3/7. TBK1 has been shown to phos-
phorylate and activate IRF3/7 in response to viral and bacterial
infections, which in turn drives a type I IFN response.18 Interest-
ingly, we have shown that SSc fibroblasts exosomes do not acti-
vate IRF3 (Supplementary Figure 4). This suggests TBK1 induces
ISG expression through alternative downstream targets. One
possible target is NF-κB, which is known to be a downstream tar-
get of TBK1.23 This hypothesis will be explored in future studies.

The specific exosome cargo that triggers the type I IFN
response in the keratinocytes is not fully understood. We have
shown that exosome RNA can induce ISG expression in the
keratinocytes, but this does not rule out the possibility that pro-
teins or other second messengers in the cargo could also play a
role. The exosomes may contain cytokines, which upon exo-
some uptake could trigger the signaling cascade we have
described in the results. Analysis of mRNA content between
healthy and SSc fibroblast exosomes revealed few target
mRNA differentially expressed in the SSc fibroblast exosomes
that may contribute to the IFN response (Supplementary Fig-
ure 6). AFF3 and H19 transcript levels were elevated in SSc
fibroblast exosomes compared to healthy control fibroblasts.
AFF3 is an immunoglobulin class switch factor that has been
shown to be a susceptibility factor for rheumatoid arthritis,19

and H19 has been shown to regulate ISG expression in macro-
phages in response to lipopolysaccharide stimulation.20 These
two factors may contribute to the type 1 IFN response in the
keratinocytes, but it is more likely that the exosomes could con-
tain unshielded/uncapped RNA as described in the CAF
work.4,5 In this regard, the uncapped RNA (RN7SL1) has been
shown to be directly linked to Notch/c-Myc/RNA Pol III function.
We have shown Notch signaling is enhanced in SSc,24,25 and
RNA Pol III has been implicated previously.26 This suggests
the exosome RNA from SSc fibroblasts may lead to the activa-
tion of the type I IFN pathway in the keratinocytes through rec-
ognition of uncapped RNA structures. Therefore, future work
will focus on proteomic and RNA-seq analysis of SSc fibroblast
exosome cargo to determine if cytokines or the specific RNA
transcript RN7SL1 are present in the exosomes. Exosomes
are known carriers of miRNA, and a number of miRNA are
known to regulate type I IFN responses. Furthermore, a number
of differentially expressed long noncoding RNAs in SSc have
been implicated in regulating IFN responses.11 Therefore, it is
possible that a number of miRNA or long noncoding RNA within
the exosomes may regulate the responses we have observed in
the keratinocytes.

Interestingly, the RNA-seq data revealed that healthy fibro-
blast exosomes have an anti-inflammatory effect on HaCaTs that

is lost in SSc fibroblast exosomes, which have a counteractive
effect. This sheds a new light on the possible role of healthy fibro-
blasts exosomes in regulating the immune response to maintain
skin homeostasis, whereas this homeostatic regulation is dis-
rupted with SSc fibroblast exosomes. When healthy fibroblast
exosomal RNA was isolated and transfected into keratinocytes,
the RNA did not impart an anti-inflammatory effect (Figure 5F–H)
as observed in the RNA-seq analysis (Figure 3) This suggests
proteins within the healthy fibroblast exosomes may impart the
anti-inflammatory response, but the RNA from SSc fibroblast exo-
somes reverses this effect.

The ability of the JAK inhibitor tofacitinib to prevent SSc fibro-
blast exosome–mediated ISG expression is intriguing. These data
suggest exosome-mediated ISG expression is triggered by cyto-
kine receptor–mediated activation of STAT1. The precise cytokine
receptor involved is still unknown (Figure 6). There are a number of
receptors that may play a role including the IL-6 and IFN-1 recep-
tor. Future work will involve testing the supernatants of exosome
stimulated keratinocytes for candidate stimulatory cytokines.

An exciting element of the tofacitinib data is that this drug is
approved in the clinic for rheumatoid and psoriatic arthritis. Early clin-
ical trials in SSc have had promising outcomes.12 Tofacitinib blocked
ISG signatures in both fibroblasts and keratinocytes. Our data follow
those produced in the trial and add an extra layer of mechanistic data
by suggesting the compound is blocking the effects of the ISG signa-
ture driven through the crosstalk between these cells.

Bhandari et al showed that SSc fibroblast exosomes can
induce macrophage activation.9 This observation is comple-
mentary to our data showing the same exosomes can induce a
type 1 IFN response in keratinocytes. It remains to be deter-
mined what factor(s) within the exosomes lead to the activation
of the macrophages and keratinocytes. Therefore, it would be
interesting to investigate if the RNA contained within the exo-
somes can induce the response in macrophages. In addition, it
would be interesting to investigate if the supernatant from the
exosome stimulated macrophages could induce a response in
the keratinocytes and vice versa. This could result in an immune
signaling cascade in patient skin with the fibroblast exosomes as
the culprit of this cascade. Bhandari et al showed the superna-
tant from exosome stimulated macrophages could induce myo-
fibroblast activation in naïve fibroblasts. This suggests the
exosomes induce a potent response in the macrophages.
Unfortunately, from the study we were unable to conclude if the
healthy dermal fibroblast exosomes imparted an anti-
inflammatory response in the macrophages (similar to the kerati-
nocytes), as the authors did not show a comparison between
unstimulated macrophages and macrophages stimulated with
healthy fibroblast exosomes.

In conclusion, we have proposed a mechanism behind the
type 1 IFN response found is SSc skin keratinocytes, and our
experimental data suggest that tissue fibroblasts may be at least
one of the sources of type I IFN activation observed in SSc.
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Weight Loss After Receiving Anti-Obesity Medications
and Gout Among Individuals With Overweight and Obese:
A Population-Based Cohort Study

Jie Wei,1 Yilun Wang,2 Nicola Dalbeth,3 Junqing Xie,4 Jing Wu,5 Chao Zeng,6 Guanghua Lei,6

and Yuqing Zhang7

Objective. Weight loss is conditionally recommended for gout management; however, its impact on incident gout
and recurrent gout flares among individuals who were overweight and obese remains unknown. We investigate the
relationship between weight loss rate following treatment with anti-obesity medications and the risk of incident gout
and recurrent gout flares among individuals who were overweight or obese.

Methods. Using data from the Health Improvement Network, we selected individuals aged 18 and older who were
overweight or obese and started anti-obesity medication. We emulated a target trial to examine the association of dif-
ferent weight loss rates, slow (2%–5%), moderate (5%–10%), or fast (≥10%), within the first year of treatment with inci-
dent gout and recurrent gout flares during a 5 year follow-up period.

Results. Among 131,000 participants without gout being treated with orlistat, the 5-year risk of incident gout was
1.6% for those with weight gain or stability, compared with 1.5%, 1.3%, and 1.2% for those with slow, moderate,
and fast weight loss, respectively. Compared with the group with weight gain or stability, the hazard ratios were 0.91
(95% confidence interval [CI] 0.81–1.01), 0.82 (95% CI 0.72–0.92), and 0.73 (95% CI 0.62–0.86) for those with a slow,
moderate, and fast rate of weight loss, respectively. Similar results were observed for the recurrent gout flares among
3,847 individuals with overweight or obese with gout treated with orlistat.

Conclusion. A higher rate of weight loss after receiving treatment with orlistat within 1 year was associated with
lower risks of incident gout and lower rates of recurrent gout flares among overweight or obese people.

INTRODUCTION

Gout, the most common form of inflammatory arthritis, is typ-

ified by recurring intensely painful flares and associated disability.1

In recent decades, both the incidence and prevalence of gout

have increased, likely due to population aging and prevalent over-

weight and obese.2 Gout is strongly associated with cardiometa-

bolic comorbidities and their sequelae, including all-cause

Supported by the National Key Research and Development Plan (grant
2022YFC2505500 to Dr Zeng and grant 2022YFC3601900 to Dr Lei), the
National Natural Science Foundation of China (grant 82302771 to Dr Wang,
grants 82072502 and 82372474 to Dr Zeng, and grants 81930071 and
U21A20352 to Dr Lei), the Project Program of National Clinical Research Cen-
ter for Geriatric Disorders (grant 2021LNJJ06 to Dr Wei and grant 2022LNJJ07
to Dr Zeng), the Natural Science Foundation of Hunan Province (grant
2022JJ20100 to Dr Wei), the Central South University Innovation-Driven
Research Program (grant 2023CXQD031 to Dr Zeng), the Science and Tech-
nology Innovation Program of Hunan Province (2022RC1009 to Dr Wei and
2022RC3075 to Dr Zeng) and the Scientific Research Program of the Educa-
tion Department of Hunan Province (grant 296840 to Dr Wang).

1Jie Wei, PhD: Xiangya Hospital, Central South University, the Hunan Key Lab-
oratory of Joint Degeneration and Injury, the Key Laboratory of Aging-Related
Bone and Joint Diseases Prevention and Treatment, Ministry of Education, Xian-
gya Hospital, Central South University, and the Xiangya School of Public Health,
Central SouthUniversity, Changsha, China; 2YilunWang,MD, PhD: XiangyaHospi-
tal, Central SouthUniversity, theHunanKey Laboratory of JointDegeneration and
Injury, and the Key Laboratory of Aging-Related Bone and Joint Diseases Preven-
tion and Treatment, Ministry of Education, Xiangya Hospital, Central South Uni-
versity, Changsha, China; 3Nicola Dalbeth, MD: University of Auckland, Auckland,
New Zealand; 4Junqing Xie, PhD: University of Oxford, Oxford, United Kingdom;
5Jing Wu, MS: The Hunan Key Laboratory of Joint Degeneration and Injury and

Key Laboratory of Aging-Related Bone and Joint Diseases Prevention and Treat-
ment, Ministry of Education, Xiangya Hospital, Central South University, Chang-
sha, China; 6Chao Zeng, MD, PhD; Guanghua Lei, MD, PhD: Xiangya Hospital,
Central South University, the Hunan Key Laboratory of Joint Degeneration and
Injury, the Key Laboratory of Aging-Related Bone and Joint Diseases Prevention
and Treatment, Ministry of Education, XiangyaHospital, Central South University,
and the National Clinical Research Center for Geriatric Disorders, Xiangya Hospi-
tal, Central South University, Changsha, China; 7Yuqing Zhang, DSc: The Mongan
Institute, Massachusetts General Hospital, Harvard Medical School, Boston.

DrsWei andWang are co-first authors and contributed equally to this work.
Although we are unable to share the datasets, code lists are available on

request. Applications to access data can be made via https://www.the-health-
improvement-network.com.

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.42996).

Author disclosures and graphical abstract are available at https://
onlinelibrary.wiley.com/doi/10.1002/art.42996.

Address correspondence via email to Chao Zeng, MD, PhD, at
zengchao@csu.edu.cn; to Guanghua Lei, MD, PhD, at lei_guanghua@csu.
edu.cn; or to Yuqing Zhang, DSc, at yzhang108@mgh.harvard.edu.

Submitted for publication April 23, 2024; accepted in revised form
September 10, 2024.

335

Arthritis & Rheumatology
Vol. 77, No. 3, March 2025, pp 335–345
DOI 10.1002/art.42996
© 2024 American College of Rheumatology

https://orcid.org/0000-0003-3510-8241
https://orcid.org/0000-0003-4632-4476
https://orcid.org/0000-0003-2987-138X
https://orcid.org/0000-0001-7638-0888
https://www.the-health-improvement-network.com
https://www.the-health-improvement-network.com
https://doi.org/10.1002/art.42996
https://doi.org/10.1002/art.42996
https://onlinelibrary.wiley.com/doi/10.1002/art.42996
https://onlinelibrary.wiley.com/doi/10.1002/art.42996
mailto:zengchao@csu.edu.cn
mailto:lei_guanghua@csu.edu.cn
mailto:lei_guanghua@csu.edu.cn
mailto:yzhang108@mgh.harvard.edu
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.42996&domain=pdf&date_stamp=2024-11-11


death.3,4 Thus, identifying modifiable risk factors for gout occur-

rence and its recurrent flares in people with established gout

could guide the development of a targeted strategy to reduce its

impact on society.
Overweight and obese are key risk factors for gout and play a

major role in its rising incidence and prevalence.1 Purposeful
weight loss has been shown to positively impact serum urate
levels, prevent the onset of gout, and reduce the frequency of
gout flares;5–7 however, the totality of the evidence of intentional
weight loss on the incident gout and its recurrent flares is lacking,
mainly because most adult participants tend not to experience
weight loss with aging in the observational studies.8 Weight loss
from exercise, calorie restriction, or their combination may benefit
the management of gout; however, their short-term effect seems
small, and the long term effect on the clinical course of gout is
uncertain.9,10 Orlistat, a lipase inhibitor that decreases dietary fat
absorption by approximately 30% in the stomach and
pancreas,11,12 is used in obesity management. Research indi-
cates that orlistat-induced weight loss can modestly improve car-
diovascular risk factors while also lowering the risk of diabetes
progression in high-risk individuals.11,13 Moreover, it is regarded
as a safe treatment with rare serious adverse events.14,15 To date,
limited evidence exists on the relationship between weight loss
after receiving anti-obesity medication, for example, orlistat, to
either incident gout or gout flares in the population with over-
weight or obese.

We conducted population-based cohort studies designed to
emulate randomized controlled trials (RCTs) to investigate how
weight loss rate within the first year of receiving anti-obesity med-
ications impacts the risk of incident gout in individuals with over-
weight or obese without a history of gout, and the recurrence of
gout flares in individuals with overweight or obese with
existing gout.

METHODS

Data source.We utilized data from the Health Improvement
Network (THIN), a part of the IQVIA Medical Research Database,
which compiles electronic health records from general practi-
tioners (GPs) in the United Kingdom. The database includes
sociodemographic information, anthropometric measurements,
lifestyle factors, and details of GP visits such as prescriptions,
specialist diagnoses, hospital admissions, and laboratory results.
Diagnoses are coded using the Read classification system, and
medications are coded with a Multilex-based dictionary. This
study was approved by the IQVIA Medical Research Database’s
scientific review committee and Xiangya Hospital’s Institutional
Review Board, with a waiver of informed consent. Reporting
followed the Strengthening the Reporting of Observational
Studies in Epidemiology guidelines for observational studies in
epidemiology.16

Study design and cohort definition. Eligible partici-
pants were aged 18 or older, had received orlistat, and main-
tained continuous GP enrollment for at least 1 year before
entering the study between January 1, 2000, and June
30, 2023. The date of the first orlistat prescription was designated
as the index date for each participant. Individuals were excluded if
they had a history of cancer, underwent bariatric surgery, had
received other anti-obesity medications (ie, sibutramine, rimona-
bant, and glucagon-like peptide-1 receptor agonists [GLP-1 RA]
including exenatide, liraglutide, lixisenatide, albiglutide, dulaglu-
tide, and semaglutide) before the index date, had no body mass
index (BMI) measurement, or had most recent BMI before the
index date was less than 25. For the study of the incident gout, eli-
gible participants should not have gout or had not received any
antigout treatment (ie, allopurinol, colchicine, probenecid, febuxo-
stat, or sulfinpyrazone) before the index date. For the study of the
recurrent gout flares, eligible participants had a diagnosis of gout
before the index date. Gout was defined using Read codes,
based on methods from previous studies utilizing THIN.17

We modeled analyses of a hypothetical target trial using a
cloning, censoring, and weighting approach to evaluate the rate
of weight loss within 1 year after receiving orlistat on the risk of
incident gout and gout flares, respectively.18 We created four
copies for each initiator at baseline and assigned the four repli-
cates to one of the following weight loss intervention arms: weight
gain or stable (weight loss < 2% or weight gain), slow (2% ≤

weight loss < 5%), moderate (5% ≤ weight loss < 10%), or fast
(weight loss ≥ 10%) within the first year of receiving orlistat.19,20

The weight loss rate was calculated by subtracting baseline
weight from the weight at or near the end of the year, and then
dividing the difference by the baseline weight. The study design
is illustrated in Figure 1A, and the key protocol details are pro-
vided in Supplementary Tables 1 and 2.

This study received approval from the medical ethical com-
mittee of Xiangya Hospital (2018091077), with a waiver of
informed consent. This study was approved by the IQVIA Medical
Research Database Scientific Review Committee (23SRC030).

Assessment of outcomes. The primary outcome was
incident gout during the 5 year follow-up after starting orlistat.
Incident gout was defined as either receiving any antigout treat-
ment (ie, allopurinol, colchicine, probenecid, febuxostat, or sulfin-
pyrazone) within 90 days of the first recorded Read code for gout
or having a recorded gout diagnosis on the same date as a pre-
scription for nonsteroidal anti-inflammatory drugs (NSAIDs). This
approach has been previously employed in a study,17 and the
gout definition has demonstrated a positive predictive value of
90% in the General Practice Research Database in the United
Kingdom,21 in which 60% of patients overlapped with THIN. The
secondary outcome was recurrent gout flares over 5 years after
receiving orlistat, defined as either a recorded Read code for gout
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flare or a Read code for gout accompanied by a prescription for
NSAIDs, glucocorticoids, or colchicine on the same date.4

Assessment of covariates. Data on sociodemographics
(ie, sex, age and socioeconomic deprivation index score), anthro-
pometrics (ie, BMI and weight), serum urate (SU), lifestyle factors
(drinking and smoking status), and comorbidities (ie, diabetes,
hypertension, myocardial infarction, depression, chronic obstruc-
tive pulmonary disease, osteoporosis, hyperlipidemia, pneumonia
or infection, fracture, rheumatoid arthritis, osteoarthritis, fall, heart
failure, liver disease, stroke, and chronic kidney disease) before
the index date were extracted from THIN. Health care usage
(including hospitalizations, GP visits, and specialist referrals) and
medication use (antihypertensives, antidiabetic, statins, anticoag-
ulants, aspirin, NSAIDs, opioids, glucocorticoids, estrogen, loop
diuretics, thiazide diuretics, thiazide-like diuretics) in the year

leading up to the index date were also recorded. Urate-lowering
therapy and colchicine treatment were assessed during the year
before the index date for recurrent flares. Participants with miss-
ing data on socioeconomic deprivation index score, smoking sta-
tus, and drinking status were included and were considered as a
separate category for covariates in all analyses. Baseline SU levels
were only considered in the sensitivity analyses, with participants
having missing SU values being excluded. Additionally, time-
varying covariates, such as lifestyle factors, medication treatment,
and health care usage, were collected from the index date until
censoring.

Statistical analysis. For the primary outcome, participants
were observed until they experienced incident gout, died, disen-
rolled from a GP in THIN, completed 5 years of follow-up, or
reached the study end date (June 30, 2023), whichever occurred

Index date* One year

Grace period ^ 

Weight gain/stable†

Slow rate of weight loss

Moderate rate of weight loss

Five years/end date#

Follow-up period (divided into five one-year blocks)

Baseline characteristics

Replicating 

Eligible 

participants

Fast rate of weight loss

Patient A

Patient B

Weight gain/stable
Slow rate of 
weight loss

Moderate rate of 
weight loss

Censored 

Grace period

Censored Censored 

Adhered Adhered Adhered 

Patient C Adhered Censored Censored 

Patient D Censored Adhered Censored 

Patient E Adhered Adhered Adhered 

Fast rate of 
weight loss

Adhered 

Adhered 

Censored 

Censored 

Adhered 

Weight loss≥10%

2%≤Weight loss<5%Weight gain/stable

Loss to follow-up Death 

5%≤Weight loss<10%

Patient F Censored Censored Adhered Censored 

A

B

Figure 1. (A) Study design of a hypothetical randomized controlled trial (target trial) on which we modeled our observational data analysis, and
(B) cloning and censoring in six hypothetical patients. GP, general practitioner; THIN, the Health Improvement Network. *Index date was defined
as the first date of orlistat reception. #The end date was defined by the date of incident gout, death, disenrollment from a GP practice participating
in THIN, 5 years of follow-up, or the end of the study (June 30, 2023), whichever occurred first. †Weight change = (weightlast record during grace period –

weightbaseline)/weightbaseline×100%. We used the following cut points to assign categories of weight change: weight gain/stable (<2% weight loss
or weight gain), slow (≥2 and <5% loss), moderate (≥5 and <10% loss) or fast (≥10%) rate of weight loss. ^Participants were given 1 year to reduce
their weight after receiving with the orlistat. Replicates would be censored if they deviated from their assigned treatment at the end of the grace
period (eg, replicate in the group with a fast rate of weight loss (≥10% loss) would be censored if the participant’s weight loss <10% or weight gain).
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first. Follow-up was divided into five 1-year intervals starting from
the initiation of orlistat. A 1-year grace period was allowed for par-
ticipants to achieve their assigned rate of weight loss after starting
orlistat.22 Participants were censored if they deviated from their
assigned group during the grace period (Figure 1B). Those who
developed gout, were lost to follow-up, or died before reaching
the weight loss target were considered adherent to their assign-
ment and contributed to the outcome in each arm. To address
potential selection bias from censoring, we applied inverse proba-
bility weighting (IPW).18 The denominator of the IPW was calcu-
lated using logistic regression, incorporating baseline covariates
and time-varying factors (eg, lifestyle, medication use, health care
usage) from the index date to censoring. To account for the com-
peting risk of death, we conducted a cross-sectional pooling
analysis, comparing gout risk across the four weighted groups
by adjusting for the rate of weight loss, year of follow-up (linear
and quadratic terms), and baseline confounders.23 Robust stan-
dard errors were employed to calculate 95% confidence intervals
(CIs) for hazard ratio estimates. The absolute risk difference of
incident gout over 5 years was estimated using pooled logistic
models with interaction terms for rate of weight loss and follow-
up year. A nonparametric bootstrap analysis with 20 samples
was conducted to compute 95% CIs for absolute estimates.

We took a similar approach to assess the relation of the
weight loss after receiving orlistat to the risk of recurrent gout
flares. Considering that the number of gout flares comprises
non-negative integers, displaying a positively skewed distribution
and overdispersion with an excess of zeros, we performed zero-
inflated negative binomial regression to estimate the rate ratio
(RR) and corresponding 95% CI for comparing the rate of recur-
rent gout flares among four comparison groups.24 This statistical
approach addresses overdispersion and zero inflation by assum-
ing the population can be divided into two groups: one in which
individuals always experience zero counts and another in
which individuals have zero or more counts. The likelihood of
being in the group with always zero counts is modeled using a
logit specification (zero inflation model), whereas counts in the
group with zero or more counts are modeled using a negative
binomial specification (count model). The first model included only
the intercept term, whereas the second model included an indica-
tor for the rate of weight loss, adjusted for the year of follow-up
(including linear and quadratic terms) and baseline confounders.

We performed five sensitivity analyses to test the reliability of
the study results. First, we conducted several subgroup analyses
by stratifying the participants according to sex (male or female),
BMI (BMI ≥ 30 or 25 ≤ BMI < 30), and baseline SU levels
(no baseline SU values, baseline SU levels ≤ 404 μmol/L, or base-
line SU levels > 404 μmol/L). Second, we analyzed participants
receiving any anti-obesity medications (eg, orlistat, sibutramine,
rimonabant, and GLP-1 RA including exenatide, liraglutide, lixise-
natide, dulaglutide and semaglutide).15,25 Third, among partici-
pants who had baseline SU levels, we further adjusted for

baseline SU levels. Fourth, we censored the participants at the
end of the 1-year grace period if they did not have an updated
weight measurement. Fifth, we allowed a 6-month grace period
for replicates to reach their target rate of weight loss after starting
orlistat. Replicates were censored if they deviated from their
assigned treatment during this period. All analyses were per-
formed using SAS software (version 9.4, SAS Institute Inc.), with
a two-sided P value of <0.05 considered statistically significant
for all tests.

RESULTS

Relation of weight loss to the risk of incident gout.
We identified 131,000 eligible participants for the incident
gout analysis (Figure 2). The baseline characteristics of the partic-
ipants are shown in Table 1. The mean age was 45.0 years and
77.3% were women. The mean BMI was 37, and the mean
weight was 102.8 kg. Both baseline covariates and time-varied
covariates during the grace period were well balanced between
the four comparison groups after IPW (Table 1 and Supplemen-
tary Table 3). The mean treatment duration of orlistat was
46.3 days for the group with weight gain or stability, 97.4 days
for the group with a slow rate of weight loss, 132.0 days for the
group with a moderate rate of weight loss, and 156.7 days for
the group with a fast rate of weight loss.

As shown in Table 2 and Figure 3, the risk of incident gout
was the lowest in the group with a fast rate of weight loss
(1.2%), followed by the group with a moderate rate of weight
loss (1.3%), the group with a slow rate of weight loss (1.5%),
and the group with weight gain or stability (1.6%). Compared with
the group with weight gain stability, the 5-year risk differences of
incident gout were −0.1% (95% CI −0.2% to 0.0%) for the group
with a slow rate of weight loss, −0.3% (95% CI −0.3% to −0.1%)
for the group with a moderate rate of weight loss, and −0.4%
(95% CI −0.5% to −0.2%) for the group with a fast rate of weight
loss. The corresponding hazard ratios for incident gout were
0.91 (95% CI 0.81–1.01), 0.82 (95% CI 0.72–0.92), and 0.73
(95% CI 0.62–0.86), respectively. Results from the subgroup
analysis stratifying by sex showed a similar inverse association
between the rate of weight loss and the risk of incident gout
(Supplementary Table 4). Moreover, consistent findings were
obtained when restricting the analysis to participants without a
baseline SU value, those with baseline SU levels greater than
404 μmol/L, obese, those receiving any anti-obesity medications,
or further adjustment for baseline SU (Table 2 and Supplementary
Table 4). Additionally, results remained consistent when censor-
ing participants who did not have an updated weight measure-
ment at the end of the 1-year grace period or those who did not
adhere to their treatment assignment during the 6-month grace
period (Table 2). We did not observe significant associations
between the rate of weight loss and the risk of incident gout
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among participants with overweight or those with baseline SU
levels ≤ 404 μmol/L (Supplementary Table 4).

Relation of weight loss to the risk of recurrent gout
flares.We identified eligible 3,847 patients with gout for the anal-
ysis of the recurrent gout flares (Supplementary Figure 1). The
baseline characteristics of the patients are shown in Supplemen-
tary Table 5. The mean age was 56.6 years, with 29.4% being
women. The mean BMI was 38.5, and the average weight was
114.0 kg. Both baseline covariates and time-varied covariates
during the grace period showed comparable distribution between
the four comparison groups after IPW (Supplementary Tables 5
and 6). The mean treatment duration of orlistat was 57.3 days
for the group with weight gain or stability, 110.7 days for the
group with a slow rate of weight loss, 152.6 days for the group
with a moderate rate of weight loss, and 189.1 days for the group
with a fast rate of weight loss.

As shown in Table 3, the rates of recurrent flares were the
lowest in the group with a fast rate of weight loss (26.4%), fol-
lowed by the group with a moderate rate of weight loss (28.9%),
the group with a slow rate of weight loss (31.3%), and the group
with weight gain or stability (33.1%). Compared with the
group with weight gain or stability, the RRs of the recurrent gout
flares were 0.93 (95% CI 0.80–1.08), 0.83 (95% CI 0.71–0.96)
and 0.71 (95% CI 0.60–0.84) for the group with a slow rate of
weight loss, group with a moderate rate of weight loss, and group

with a fast rate of weight loss, respectively. The results from sen-
sitivity analyses, which included only men, patients with obese,
those receiving any anti-obesity medications, and those further
adjusted for baseline SU, as well as those who were censored
for not having an updated weight measurement at the end of the
1-year grace period or those for not adhering to their treatment
assignment during the 6-month grace period, showed no material
change (Supplementary Table 7 and Table 3). However, we
observed a significant association between the rate of weight loss
and recurrent gout flares only among patients with gout with
baseline SU levels greater than 404 μmol/L (Supplementary
Table 7). Because of the limited sample size, we did not analyze
the relation between weight loss rate and recurrent gout flares in
individuals with overweight (n = 155).

DISCUSSION

In this extensive UK GP electronic health records database,
we found inverse dose–response associations of weight loss rate
within 1 year after receiving orlistat, one of the most common anti-
obesity medications, with both incident gout and recurrent gout
flares, especially among the population with obese or those with
high baseline SU levels. Several studies have explored the link
between purposeful weight loss and the risk of incident gout. In
the Health Professionals Follow-Up Study, losing more than
10 pounds was linked to a reduced risk of incident gout over

131,000 weight gain/stable
73,192 Consistent with the assignment

57,808 Deviated with the assignment

censored

131,000 slow rate of weight loss
31,575 Consistent with the assignment

99,425 Deviated with the assignment

censored

131,000 moderate rate of weight loss
23,350 Consistent with the assignment

107,650 Deviated with the assignment

censored

131,000 fast rate of weight loss
14,880 Consistent with the assignment

116,120 Deviated with the assignment

censored

25,807 participants were excluded:

• 4,910 had a BMI less than 25 or missing prior to index date

• 3,545 had received any antigout treatment prior to index date

• 634 with a history of gout prior to index date

• 5,993 with a history of cancer prior to index date

• 148 with a history of bariatric surgery prior to index date

• 10,577 had received other anti-obesity medications prior to index date

10,377,449 participants were assessed for eligibility. Inclusion criteria: patients

aged 18 years or older, and enrolled in THIN for at least one year between 1

January 2000 and 30 June 2023

156,807 participants initiated with orlistat

131,000 orlistat initiators were included in the analysis: we created 4 copies of

each initiator and assigned each of the replicate to each of the treatment strategy

group at baseline

Figure 2. Selection process of the included participants in assessing the relation of rate of weight loss over a 1-year grace period after receiving
orlistat to the risk of incident gout. BMI, body mass index; THIN, the Health Improvement Network. Color figure can be viewed in the online issue,
which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42996/abstract.
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12 years of follow-up.8 However, the cause of the weight change
was not specified. One study reported a 34% reduction in gout
incidence following bariatric surgery, with a follow-up extending
up to 26 years.5 In that study, patients who received conventional
nonsurgical obesity treatment served as the comparison cohort
who received either advanced lifestyle modification or no treat-
ment at all. Therefore, it remains unclear if the lower risk of incident
gout was due to weight loss or to other confounders.

Other studies showed beneficial effects of weight loss
through diet, lifestyle factors, physical activity, or a combination
on gout flares. For example, a pilot study that included 13 patients
showed that diet-induced weight loss was associated with
decreased frequency of gout flares.26 However, the study did
not have a comparator, making it difficult to claim if such an effect
was due to weight loss. Two studies reported a rise in the imme-
diate postoperative period and a subsequent decline in SU levels

Table 2. Associations between the rate of weight loss after receiving orlistat within the 1-year grace period and incident gout in the population
with overweight or obese*

Characteristics

Weight
gain/stablea

(n = 131,000)

Slow rate of
weight lossa

(n = 131,000)

Moderate rate
of weight lossa

(n = 131,000)

Fast rate of
weight lossa

(n = 131,000)

Weighted incident gout, n 1,629 1,605 1,384 1,044
Weighted risk over 5 years, % 1.6 1.5 1.3 1.2
Weighted risk difference, % (95% CI) 0.0 (ref ) −0.1 (−0.2 to 0.0) −0.3 (−0.3 to −0.1) −0.4 (−0.5 to −0.2)
Weighted HR, HR (95% CI) 1.00 (ref) 0.91 (0.81–1.01) 0.82 (0.72–0.92) 0.73 (0.62–0.86)
Sensitivity analysis
Treatment with any anti-obesity medications, HR (95% CI)b 1.00 (ref) 0.90 (0.82–0.99) 0.83 (0.74–0.92) 0.75 (0.65–0.86)
Adjusted the baseline SU, HR (95% CI) 1.00 (ref) 0.80 (0.63–1.01) 0.71 (0.53–0.94) 0.72 (0.52–0.99)
Additional censoring,b HR (95% CI) 1.00 (ref) 0.87 (0.78–0.97) 0.78 (0.69–0.88) 0.70 (0.60–0.82)
6-month grace period,b HR (95% CI) 1.00 (ref) 0.97 (0.87–1.08) 0.89 (0.79–1.01) 0.77 (0.63–0.93)

* CI, confidence interval; HR, hazard ratio; ref, reference; SU, serum urate.
a The groups were defined as the following: weight gain/stable, weight loss <2% or weight gain; slow rate of weight loss, ≥2% and <5%; moder-
ate rate of weight loss, ≥5% and <10%; and fast rate of weight loss, weight loss ≥10%.
b Anti-obesity medications included orlistat (n = 131,000), sibutramine (n = 17,326), rimonabant (n = 2,027), and glucagon-like peptide-1 recep-
tor agonists including exenatide (n = 4,535), liraglutide (n = 6,400), lixisenatide (n = 734), dulaglutide (n = 3,375) and semaglutide (n = 1,339);
additional censoring was defined as participants who did not have an updated weight measurement at the end of 1-year grace period were
censored; 6-month grace period means participants who did not adhere with their treatment assignment during the 6-month grace period.
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Figure 3. Five-year risk of incident gout among populations with overweight or obese in groups with weight gain/stable, slow rate of weight loss,
moderate rate of weight loss, and fast rate of weight loss receiving orlistat. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.42996/abstract.
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and gout flare among patients undergoing bariatric surgery.6,27

Two post hoc analyses of the Multiple Risk Factor Intervention
Trial (MRFIT) observed a dose–response relationship of weight
change with the frequent recurrent gout flares and the therapeutic
target SU level.28,29 However, weight loss in MRFIT was induced
by a combination of several interventions consisting of smoking
cessation, dietary modification, increased physical activity, and
antihypertensive treatment.30

Nonspecific intervention strategy for weight change makes
it challenging to implement in the real world setting. Two recent
RCTs also evaluated the effect of intentional weight loss (ie,
intensive dietary intervention or orlistat use) on recurrent flares
among patients with gout.31,32 One study did not find statisti-
cally significant effects of intensive dietary intervention on gout
flares, possibly because of its small sample size (29 vs 32 partic-
ipants) and short-term intervention period.31 In contrast, the
other study demonstrated that orlistat reduced the rate of recur-
rent gout flares compared with placebo in patients with gout.32

Our study evaluated the association between the rate of weight
loss following orlistat initiation and the risk of incident gout and
recurrent gout flares. We observed inverse dose–response rela-
tionships, with higher rates of weight loss after receiving orlistat
being linked to a reduced risk of incident gout and recurrent
flares.

Various biologic mechanisms linking weight loss to the risk of
gout have been proposed. Elevated SU is the prerequisite for

gout development and the decrease in SU is a central goal in the
management of people with gout. Studies have consistently
shown that weight control plays an important role in controlling
SU levels,28 through its effect on improvement in renal function6

and insulin resistance,33 the decrease in serum triglyceride
levels,34 and possibly even diet changes.26 Previous studies also
suggested that the long term effect of weight loss on reducing
the risk of recurrent gout flares is not solely attributed to the
decrease in SU levels. It is also linked to reversing or ameliorating
several risk factors, including insulin resistance and the pro-
inflammatory state.6,27 These factors are known to trigger flares
in patients with gout and are commonly found in people with
obese.35

Our study has several strengths. First, although we can theo-
retically design an RCT to examine the effect of different rates of
weight loss within 1 year after receiving orlistat on the risk of inci-
dent gout and recurrent gout flares, several methodologic and
logistic difficulties make an RCT challenging to conduct. Most
importantly, the cost of such an RCT (eg, including 166,767 partic-
ipants in each of the four comparison groups and following them
for 5 years in the current study) would be formidable, which is also
the case for the RCT of the recurrent flares. Using data from the
observational study, we emulated an RCT. We adhered to several
clinical trial principles, including a well-defined intervention strat-
egy, that is, four arms of weight loss (<2%, 2–5%, 5–10%, and
>10%) over a 1-year treatment with the anti-obesity medication

Table 3. Associations between the rate of weight loss after receiving orlistat within the 1-year grace period and recurrent gout flares in the pop-
ulation with overweight or obese with gout*

Characteristics

Weight
gain/stablea

(n = 3,847)

Slow rate of
weight lossa

(n = 3,847)

Moderate rate of
weight lossa

(n = 3,847)

Fast rate of
weight lossa

(n = 3,847)

Weighted number of gout flares 1,410 1,266 1,096 918
Unweighted number of recurrent flares 690 609 497 434
1 385 318 279 248
2 94 68 54 45
3 24 25 17 15
4 8 12 11 9
≥5 2 5 3 3

Weighted rate over 5 years,b % 33.1 31.3 28.9 26.4
Weighted rate difference, % (95% CI) 0.0 (ref) −1.8 (−7.1 to 2.3) −4.2 (−7.6 to −0.3) −6.7 (−11.3 to −2.4)
Weighted RR, RR (95% CI) 1.00 (ref) 0.93 (0.80–1.08) 0.83 (0.71–0.96) 0.71 (0.60–0.84)
Sensitivity analysis
Patients with obese, RR (95% CI) 1.00 (ref) 0.91 (0.78–1.06) 0.81 (0.70–0.95) 0.70 (0.59–0.83)
Treatment with any anti-obesity medications, RR (95% CI)c 1.00 (ref) 0.99 (0.86–1.13) 0.85 (0.74–0.98) 0.78 (0.67–0.90)
Adjusted the baseline SU, RR (95% CI) 1.00 (ref) 0.77 (0.63–0.93) 0.66 (0.54–0.81) 0.61 (0.49–0.76)
Additional censoring,c HR (95% CI) 1.00 (ref) 0.99 (0.90–1.09) 0.98 (0.88–1.08) 0.84 (0.75–0.94)
6-month grace period,c HR (95% CI) 1.00 (ref) 0.98 (0.89–1.08) 0.95 (0.86–1.05) 0.86 (0.77–0.96)

* CI, confidence interval; HR, hazard ratio; ref, reference; RR, rate ratio; SU, serum urate.
a The groups were defined as the following: weight gain/stable, weight loss <2% or weight gain; slow rate of weight loss, ≥2% and <5%; moder-
ate rate of weight loss, ≥5% and <10%; and fast rate of weight loss, weight loss ≥10%.
b The weighted rate of recurrent flares was calculated by dividing the weighted number of recurrent flares over 5 years of follow-up by the total
number of the participants.
c Anti-obesity medications included orlistat (n = 3,847), sibutramine (n = 343), rimonabant (n = 114), and glucagon-like peptide-1 receptor ago-
nists, including exenatide (n = 293), liraglutide (n = 505), lixisenatide (n = 54), dulaglutide (n = 288) and semaglutide (n = 117); additional censor-
ing was defined as participants who did not have an updated weight measurement at the end of 1-year grace period were censored; 6-month
grace period means participants who did not adhere with their treatment assignment during the 6-month grace period.
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(ie, orlistat), a clearly-defined target population (ie, participants with
overweight or obese with or without gout), and well-defined study
outcomes (ie, incident gout and recurrent gout flares). Second,
follow-up began at the start of orlistat treatment to prevent immor-
tal time bias. Finally, we adjusted for potential confounders and
employed IPW to address loss to follow-up. These measures col-
lectively strengthened the internal validity of our study.

Our study has potential limitations that should be acknowl-
edged. First, despite our rigorous efforts to control for confound-
ers, some variables, such as disease severity, exercise levels,
and diet, might not be fully captured by the data available in THIN.
Therefore, residual confounding cannot be entirely ruled out. For
instance, aside from alcohol intake, the consumption of purine-rich
foods can directly influence SU levels and potentially increase the
risk of gout flares.9,10 If baseline dietary intake habits were
unevenly distributed between comparison groups or changed fol-
lowing the index date, our study findings could be biased. Second,
THIN lacks hospitalization data, so some patients experiencing
recurrent gout flares might not consult their GPs. Third, using a
pragmatic approach to identify gout flares may lead to misclassifi-
cation, potentially underestimating the risk of recurrent flares.
However, gout flares in this study were identified based on docu-
mented codes for gout or a gout code coupled with a prescription
for NSAIDs, glucocorticoids, or colchicine on the same date, sug-
gesting these medications were likely used to treat gout flares. If
misclassification occurred, it is anticipated to be nondifferential
and would likely bias results toward the null. Fourth, among the
included participants, 25.5%, 15.5%, 15.1%, and 18.1% had their
weight measured during the 9 to 12 months, 6 to 9 months, 3 to
6 months, and within 3 months after receiving orlistat, respectively.
More participants who achieved the target of the group with a fast
rate of weight loss had their updated weight measured during the
9 to 12 months after receiving orlistat (44%) compared with other
exposure groups (32% for the group with a moderate rate of
weight loss, 22% for the group with a slow rate of weight loss,
and 17% for the group with weight stability, respectively).
Additionally, 25.9% of participants did not have their weight mea-
sured after receiving orlistat, so their baseline weight was used as
a substitute. Therefore, potential exposure misclassification due
to the timing of the weight measurement and the missing updated
weight data may introduce bias in the current study. Future studies
incorporating more frequent and consistent weight measurements
across all participants may be necessary to verify our findings.
Finally, because SU measurement may not be routinely performed
for the target population, 93.9% of participants in the incident gout
analysis and 47.5% in the recurrent gout flares analysis had miss-
ing baseline SU values. Furthermore, only 7% of participants in
the incident gout analysis and 54.9% in the recurrent gout flare
analysis had updated SU levels measured after achieving the tar-
get rate of weight loss. This limitation restricts our ability to thor-
oughly investigate and substantiate the biologic mechanisms
linking weight loss to the risk of incident gout or gout flares.

The 2020 American College of Rheumatology gout clinical
practice guideline conditionally recommended weight loss for
individuals with obese or overweight with gout, regardless of dis-
ease activity.36 However, the preferred method and the optimal
magnitude of weight loss remained undetermined. Although
intensive lifestyle interventions, such as reducing caloric intake
and increasing physical activity, offer significant benefits, long
term adherence to these changes can be challenging, limiting
their effectiveness.37 Pharmacologic treatments, such as orlistat,
present an alternative strategy for managing overweight and
obese. Our study provides empirical evidence of a dose–
response effect of weight loss after receiving orlistat within 1 year
lowers the risk of incident gout and recurrent gout flares. If future
research confirms these results, they could inform policy and
enhance strategies for preventing gout and recurrent flares in the
population with overweight or obese. In summary, weight loss
after receiving orlistat within 1 year was associated with a lower
risk of incident gout and recurrent gout flares, especially among
the population with obese or those with high SU levels.
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Weight Reduction and Target Serum Urate Level:
A Longitudinal Study of Annual Medical Examination

Sho Fukui,1 Masato Okada,2 Tomohiro Shinozaki,3 Takahiro Suzuki,2 Takehiro Nakai,2 Hiroki Ozawa,2

Hiromichi Tamaki,2 Mitsumasa Kishimoto,4 Hiroshi Hasegawa,5 Takeaki Matsuda,5 Javier Marrugo,6

Sara K. Tedeschi,6 Hyon K. Choi,7 and Daniel H. Solomon6

Objective. Our objective was to evaluate associations of weight reduction with serum urate (SU) changes and
achieving an SU level <6 mg/dL in the real-world setting, outside of specific weight reduction interventions.

Methods. We analyzed systematically collected data of annual medical examination participants from October
2012 to October 2022. Exposure was weight change (increase or decrease) between two consecutive visits, catego-
rized as minimal (≤0.9 kg, reference), small (1.0–4.9 kg), moderate (5.0–9.9 kg), and large (≥10 kg). Outcomes included
SU changes between two consecutive visits and achieving an SU level <6 mg/dL in participants with hyperuricemia
(SU level ≥7 mg/dL at the previous visit).

Results. We identified 58,630 eligible participants (median age 46 years, 51.3% female, 19.4% with overweight,
median SU level 5.3 mg/dL, and 5.6% with a history of gout and/or hyperuricemia) with 336,814 visits over a median
of 5.3 years. After adjustment for relevant covariates, linear general estimating equations estimated mean SU changes
based on observed weight reductions (vs minimal changes) were as follows: small, −0.10 mg/dL (95% confidence
interval [CI] −0.10 to −0.09 mg/dL); moderate, −0.34 mg/dL (95% CI −0.36 to −0.32 mg/dL); and large, −0.64 (95% CI
−0.70 to −0.58 mg/dL). In participants with hyperuricemia, adjusted relative risks for achieving an SU level <6 mg/dL
by modified Poisson regression were 1.25 (95% CI 1.15–1.37) in small weight reductions, 2.82 (95% CI 2.43–3.27) in
moderate weight reductions, and 5.27 (95% CI 4.15–6.70) in large weight reductions, with corresponding numbers
needed to treat of 61.1 for small weight reductions, 8.5 for moderate weight reductions, and 3.6 for large weight
reductions.

Conclusion. Small weight reductions were associated with only small SU changes. Some participants with hyper-
uricemia can achieve the target SU level with moderate to large weight reductions.

INTRODUCTION

Hyperuricemia, often defined by a serum urate (SU) level of

≥6.8 mg/dL (the saturation point for monosodium urate crystalli-

zation in the body), is becoming increasingly common.1–3

Elevated SU levels is a strong risk factor for gout,4–6 the most fre-

quent instance of inflammatory arthritis7 that leads to acute or

chronic joint pain and impaired quality of life.8,9 Although genetics

is a key driver of gout risk, lifestyle represents an important and

modifiable risk factor for gout and hyperuricemia.10–12 Obesity is

associated with gout13 and hyperuricemia,14 and may be a more

important risk factor for elevated SU levels than specific dietary

components.15 Obesity appears to have a direct relationship with

high SU levels via insulin resistance, and insulin resistance

reduces uric acid clearance from the kidneys.16–18

Obesity has been considered a potential treatment target to

improve SU levels and prevent gout. Current guidelines condition-

ally recommend weight loss in patients with gout, whereas the
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certainty of the evidence is very low.3,19 Massive weight loss,
approximately 30 kg, through bariatric surgery consistently
improves SU levels.20,21 However, a systematic review and sev-
eral interventional studies demonstrated conflicting evidence
about the effect of smaller weight reductions on SU levels.21–28

Previous studies had different interventions for weight
reduction.25–28 In addition, many previous studies were interven-
tional studies with strict lifestyle modification,25–27 and studies
mainly targeted patients with obesity whose body mass index
(BMI) was often ≥30 from US20,23,28 or European populations.27

There have been very limited real-world data about the direct
effect of various weight reductions on SU level improvement.

Hence, this study investigated the association betweenweight
change and SU level change in a real-world Japanese population
using a large annual medical examination database. This study
focuses on whether weight reduction contributes to achieving a
target SU level (<6.0 mg/dL) in patients with hyperuricemia.

MATERIALS AND METHODS

Study design and setting. Longitudinal analyses were
performed using St. Luke’s Health Checkup Database (SLHCD)
from October 2012 to October 2022. SLHCD is a systematically
collected large database of annual medical examinations at a pre-
ventive medicine center, St. Luke’s International Hospital, a ter-
tiary care center in Tokyo, Japan. In Japan, all full-time
employees are mandated to participate in annual medical exami-
nations.29 As previously described,30,31 SLHCD includes patient
demographics, medical history of various diseases with treatment
status, lifestyle questionnaire results, and results of examinations
(eg, height, weight, vital signs, laboratory tests, electrocardio-
gram, chest x-ray, and several optional examinations). We con-
ducted this study following the Declaration of Helsinki and ethical
guidelines for medical research in Japan. Informed consent was
obtained using an opt-out approach. This study was approved
by the St. Luke’s International University Institutional Review
Board. The study followed the Strengthening the Reporting of
Observational Studies in Epidemiology reporting guideline.

Study participants. All participants who underwent the
annual medical examination twice or more times during the study
period (October 2012 to October 2022) were potentially eligible.
We excluded participants who refused to use their data for
research and those with errors in answers to the questionnaire
(eg, answers out of the possible range, <0.1% of participants).
Then, to minimize the possibility of weight changes by diseases,
we excluded participants with current or history of chronic kidney
disease stage G4 or 5 or on dialysis, cardiovascular diseases
including ischemic heart diseases, malignancies (esophageal,
stomach, colon, liver, lung, breast, ovary, uterine, cervix, and
prostate), and chronic infections (tuberculosis and other myco-
bacterial infections).

Exposure of interest and outcomes. The exposure of
interest was weight change (in kilograms) between the two con-
secutive visits. We described the first visit of two consecutive
visits as the “previous visit” and the second visit as the “concur-
rent visit.” Staff nurses measured and recorded body weight dur-
ing medical checkups. Participants wore uniforms (patient gowns)
during the annual examination to reduce variations in body weight
by clothing and shoes. Weight changes, increases and
decreases, were considered as a continuous variable. Then, they
were categorized as follows based on the previous research23:
minimal change (−0.9 to 0.9 kg, a reference category), small
(1.0–4.9 kg), moderate (5.0–9.9 kg), and large (≥10 kg) increase
or decrease.

The primary outcome was change in SU level between two
consecutive visits. The SU level change was calculated by sub-
tracting the SU level at the concurrent visit from the previous visit.
SU was routinely measured at every visit in the examination by uri-
case oxidization method (Clinical Chemistry Analyzers, JCA-
BM2250/6070; JEOL Ltd). The secondary outcomes included
achievement of target SU levels (<6.0 mg/dL) at concurrent visits
and SU level decrease by ≥1.0 mg/dL or ≥0.5 mg/dL. Analyses
for these secondary outcomes were performed only in partici-
pants with an SU level ≥7.0 mg/dL at the previous visits.

Covariates. We simultaneously included covariates mea-
sured at the previous visit and changes in covariates between
two visits into models. Covariates at the previous visit included
age; sex; BMI; estimated glomerular filtration rate (eGFR) based
on Japanese-specific formula;32 SU level (at the previous visit);
history of gout or hyperuricemia; medication administration for
gout and/or hyperuricemia, hypertension, diabetes, and dyslipi-
demia (yes or no); current smoking (yes or no); alcohol intake
(drinks per day); and categorical frequency of diets (carbohydrate,
meat and eggs, seafood, soy, milk and dairy products, vegeta-
bles, fruits, sweets, and fatty diet) in the dietary questionnaire.

In addition to covariates at the previous visit, we included
change variables between two consecutive visits, including die-
tary changes, changes in smoking status (initiated, discontinued,
or remained the same status), alcohol intake changes (drinks
per day, one drink included 10 g of ethanol), eGFR changes
(mL/min/1.73m2), and changes in medication status (initiated,
discontinued, or remained the same status), which were also
included in the model. For dietary change, we calculated semi-
quantitative changes in dietary consumption for each dietary cat-
egory. Because diet consumptions were recoded as ordinal
variables, we assigned integers to those variables sequentially.
Then, we calculated semiquantitative changes by subtracting
the diet consumption at one visit from that in the previous visit.

Statistical analyses and ethical approval. We
described participant characteristics at baseline using summary
statistics, including numbers with percentages and medians with
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interquartile ranges (IQRs). Scatter plots helped visualize the
crude association of weight changes with continuous SU
changes with simple linear prediction; histograms were used for
categorical weight changes. Then, considering intrapersonal cor-
relations, we applied multivariable linear general estimating equa-
tions (GEEs) with robust variance to evaluate the β coefficients for
the association of continuous weight changes to SU changes.
Additionally, we used restricted cubic splines with six fixed knots
(−10, −5, −1, +1, +5, and +10 kg) in weight change to flexibly
evaluate the form of the association between continuous weight
change and SU level change. To reduce the influence of minor
variations in weight, associations of categorized weight changes
with SU level changes were assessed using the linear GEE. Strat-
ified subgroup analyses were performed by sex (male or female),
history of gout or hyperuricemia (yes or no), previous SU levels
(<7, 7–8, and ≥8 mg/dL), BMI at previous visits (<25, 25–30,
and ≥30), and their combination (SU level ≥7 mg/dL and BMI
>25 or not). Then, we supplementarily summarized the associa-
tion of SU changes with alcohol and dietary changes, in compar-
ison to categorical weight changes. In this analysis, alcohol
changes were categorized (no change, <2, 2–4, and >4 drink
increase or decrease) for intelligible comparison. R2 of the fully
adjusted model and partial R2 of univariate models of weight
change and each dietary change were calculated. Finally, to
reduce the influence of medications on SU level, we performed
sensitivity analyses that excluded participants who took medica-
tions for gout or hyperuricemia, hypertension, diabetes, and dys-
lipidemia during the study period.

In participants with hyperuricemia (SU level ≥7 mg/dL at the
previous visit), modified Poisson regression with patient-clustered
robust variance estimated the adjusted relative risk (RR) of cate-
gorical weight changes (vs minimal change) for achieving target
SU level (<6.0 mg/dL), SU level decrease by ≥1.0 mg/dL, or SU
level decrease by ≥0.5 mg/dL. The numbers needed to treat
(NNTs) were calculated based on the adjusted RR. Subgroup
analyses were performed in participants with gout and/or hyper-
uricemia diagnosis. Stratified analyses by previous SU levels (7–
8 or ≥8 mg/dL) and BMI (<25 or ≥25) were also conducted.

All multivariable analyses adjusted for covariates at the previ-
ous visit included the following: age, sex, BMI, eGFR, SU level,
history of gout or hyperuricemia, relevant medication administra-
tion (medications for gout or hyperuricemia, hypertension, diabe-
tes, and dyslipidemia), smoking status, alcohol intake, and
relevant dietary consumptions. To reduce the direct effect of other
changes in the lifestyles or conditions, change variables between
two visits, including dietary changes, changes in smoking status,
alcohol intake changes, eGFR changes, and changes in medica-
tion administration, were also included in the models.

We performed complete-case analyses because only a small
amount of data were missing; 489 (0.83%) participants had one
or more missing values. Point estimates and 95% confidence
intervals (CI) without P values were reported, considering the

observational nature of this study. We conducted all statistical
analyses with Stata (version 17.1; StataCorp). The St Luke’s Inter-
national University Institutional Review Board approved this study
(22-R105). Data are not publicly available due to our institution’s
regulations. The transcripts for Stata software (version 17.1, Sta-
taCorp) in this study are available on reasonable request to the
corresponding author (SF). SF had full access to all the data in
the study and was responsible for the integrity and accuracy of
analyses.

RESULTS

Characteristics of study participants. Among 67,467
participants who had annual examinations twice or more
times during the follow-up, we identified 58,630 eligible partici-
pants with 336,814 visits for the analyses. The most common
reason for exclusion was a history of malignancies (n = 8,369)
(Supplemental Figure 1). At baseline, the median age of the partic-
ipants was 46 years (IQR 38.0–55.0 years), and 51.3% were
female. The median BMI was 22.0 (IQR 19.9–24.3), 16.5% (n =
9,660) had overweight (BMI 25–30), and 2.9% (n = 1,691) had
obesity (BMI ≥30). The median SU level was 5.3 mg/dL (IQR
4.4–6.4 mg/dL), and 5.6% (n = 3,291) had a current or previous
diagnosis of gout or hyperuricemia. In 15.5% (n = 9,094) of partic-
ipants, we found a baseline SU ≥7.0 mg/dL (Table 1). A total of

Table 1. Characteristics of medical checkup participants at
baseline*

Characteristic Total (N = 58,630)

Age, median (interquartile range) 46.0 (38.0–55.0)
Sex, n (%)
Male 28,540 (48.7)
Female 30,090 (51.3)

Body mass index, median (interquartile
range)

22.0 (19.9–24.3)

Normoweight (body mass index <25), n (%) 47,275 (80.6)
Overweight (body mass index from 25 to

30), n (%)
9,660 (16.5)

Obese (body mass index ≥30), n (%) 1,691 (2.9)
Estimated glomerular filtration rate, median
(interquartile range), mL/min/1.73m2

77.9 (67.9–88.9)

Serum urate, median (interquartile range),
mg/dL

5.3 (4.4–6.4)

<6.0, n (%), mg/dL 37,795 (64.5)
6 to 7, n (%), mg/dL 11,669 (19.9)
7 to 8, n (%), mg/dL 6,586 (11.2)
≥8, n (%), mg/dL 2,508 (4.3)

Current or history of gout or hyperuricemia,
n (%)

3,291 (5.6)

Receiving pharmacological treatment for
gout or hyperuricemia

1,718 (2.9)

Medication use for conditions below, n (%) 8,058 (13.7)
Hypertension 5,209 (8.9)
Diabetes 1,184 (2.0)
Dyslipidemia 3,746 (6.4)

* Continuous variables are presented as median (interquartile
range) based on their distribution.
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60.5% (n = 35,488) participants were regular alcohol drinkers,
with a median alcohol intake of 1.4 drinks per day at baseline
(Supplemental Table 1). The questionnaire results showed a good
distribution of participants in each category of diet frequency at

baseline. During the study period, the median total number of
visits for each participant was 5.0 times (IQR 3.0–9.0 times) over
a median follow-up of 5.3 years (IQR 2.5–8.7 years), and
a median visit interval was 1.0 year (IQR 1.0–1.2 years).

Figure 1. Body weight change and SU level changes in total participants or participants with hyperuricemia. Scatter plots of SU change against
body weight change with (A) simple linear prediction and histograms of SU change by (C) small, (E) moderate, and (G) large weight change in total
participants. (B, D, F, H) The same figures are shown in participants with hyperuricemia (SU levels ≥7 mg/dL at the previous visits). SU, serum
urate.
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Baseline characteristics and questionnaire results in patients with
a diagnosis of gout and/or hyperuricemia are summarized in
Supplemental Tables 2 and 3.

Continuous weight changes and changes in SU
levels. We observed a positive unadjusted association between
weight change and SU level change (Figure 1). When adjusted
for covariates, weight loss of 1 kg was associated with a mean
SU level decrease of 0.044 mg/dL (95% CI 0.042–0.046 mg/dL)
in the overall study population and 0.052 mg/dL (95% CI 0.049–
0.056 mg/dL) in participants with SU levels of ≥7.0 mg/dL at the
previous visit. The restricted cubic splines showed that
the adjusted relationships between changes in weight and SU
level changes were generally linear in the overall population and
in participants with hyperuricemia (see Figure 2).

Categorical weight changes and changes in SU
levels. Treating minimal weight change as the reference cate-
gory, the adjusted mean changes in SU levels were −0.10 mg/dL
(95% CI −0.10 to −0.09 mg/dL) for small weight reduction, −0.34
mg/dL (95% CI −0.36 to −0.32 mg/dL) for moderate weight
reduction, and −0.64 mg/dL (95% CI −0.70 to −0.58 mg/dL) for

large weight reduction (Figure 3). The positive associations
between weight changes and SU level changes were consistent
across the subgroups. In participants with higher SU levels and
higher BMIs at the previous visit, weight reductions were associ-
ated with larger decreases in SU levels (see Figure 3). Weight
changes had larger associations with SU, compared to alcohol
and dietary changes (Supplemental Figure 2). The R2 of the fully
adjusted model was 22%, and the partial R2 of categorical weight
change was approximately 1% (Supplemental Table 4). Sensitivity
analyses in participants without relevant medication administra-
tion found similar results (Supplemental Table 5).

Achievement of target SU level or relevant SU
improvement by weight reduction in patients with
hyperuricemia. SU levels of ≥7.0 mg/dL were observed at
42,913 visits among 14,760 participants. Distributions of SU
levels before and after weight reductions in this population were
visualized by weight reduction groups in Supplemental Figure 3.
The larger weight reduction group tended to have higher SU levels
at the previous visit, but more participants achieved the target SU
level at concurrent visits (Table 2). Adjusted RRs for achieving the
target SU level (<6.0 mg/dL) were 1.25 (95% CI 1.15–1.37) for

Figure 2. Restricted cubic splines of adjusted association between continuous weight changes and SU level changes in (A) total participants and
(B) participants with hyperuricemia (SU levels ≥7 mg/dL). Six fixed knots of weight change (−10, −5, −1, +1, +5, and +10) were used for the spline
in averaged participants. The model was adjusted for covariates at previous visits (age, sex, body mass index, estimated glomerular filtration rate,
SU, history of hyperuricemia or gout, relevant medication administration, smoking status, alcohol intake, and relevant dietary consumption).
Change variables between two visits were also included in the model (dietary changes, changes in smoking status, alcohol intake changes, esti-
mated glomerular filtration rate changes, and changes in relevant medications). CI, confidence interval; SU, serum urate. Color figure can be
viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43027/abstract.
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Figure 3. Categorical body weight change and SU level changes in total participants and in subgroups. Points and bars are point estimates and 95%
confidence intervals. Results were adjusted for covariates at previous visits (age, sex, BMI, estimated glomerular filtration rate, SU, history of gout or hyper-
uricemia, relevant medication administration, smoking status, alcohol intake, and relevant dietary consumption). Change variables between two visits
were also included in the model (dietary changes, changes in smoking status, alcohol intake changes, estimated glomerular filtration rate changes, and
changes in relevant medication). The stratified subgroup analyses excluded stratified variables from themodels. BMI, body mass index; SU, serum urate.
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43027/abstract.
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small (vs minimal) weight reduction, 2.82 (95% CI 2.43–3.27)
for moderate weight reduction, and 5.27 (95% CI 4.15–6.70) for
large weight reduction. The corresponding NNTs based on
adjusted RRs were 61.1 (95% CI 42.1–104.4) for small weight
reduction, 8.5 (95% CI 6.9–10.9) for moderate weight reduction,
and 3.6 (95% CI 2.6–4.4) for large weight reduction (Table 2).
Similar dose-response associations were observed between
weight changes and SU level decreases by ≥1.0 or by ≥0.5
mg/dL (Table 2). The results were similar in the subgroup
analyses, which included participants with gout and/or hyperuri-
cemia diagnoses (8,704 visits among 2,514 participants) (see
Supplemental Table 6). In stratified analyses, the NNT for achiev-
ing target SU level was smaller in participants with previous SU
levels of 7–8 mg/dL compared to those with previous SU levels
of ≥8 mg/dL (Supplemental Table 7).

DISCUSSION

In this large longitudinal study of 58,630 participants, we
found robust and positive linear associations between weight
changes and SU level changes. A small amount of weight loss
was associated with a small decrease in SU levels. In contrast,
moderate to large weight reduction was associated with a rea-
sonable proportion of patients with hyperuricemia achieving rele-
vant SU improvement and/or target SU levels. These results
were consistent across the subgroups, including gout and/or
hyperuricemia populations.

In contrast to previous studies, this is a real-world study with-
out known imposed lifestyle interventions. Nevertheless, the
extent of associations between weight change and SU level
change in this study was very similar to a previous analysis of the
Multiple Risk Factor Intervention Trial in high cardiovascular risk
men in the United States23; both studies found similar dose-
response associations. We applied restricted cubic splines and
found that weight and SU level change have an approximately lin-
ear association. Compared to some previous studies,25,26 the SU
decrease for the same weight reduction was smaller in this study.
This is probably due to the absence of a specific dietary interven-
tion26 and lower baseline SU levels.25 Patients with high SU levels
should have larger declines in SU levels due to regression to the
mean.33 Several interventions in previous studies, such as dietary
modification, coach-directed weight loss, andmetformin adminis-
tration, did not show improvement in SU levels.21,27,28 However,
the lack of association may have been due to small relative weight
reductions21,28 and a small sample size.27

The current study found that small weight reductions (�5 kg)
were associated with only small SU level improvement (−0.1
mg/dL) and were unlikely to help patients with hyperuricemia
achieve target SU levels. In contrast, some participants with mod-
erate or large weight reduction achieved the target SU levels (<6.0
mg/dL); compared with minimal weight change, the NNTs were
8.5 in the moderate weight reduction group and 3.6 in large

weight reduction group. Weight reduction appeared to be more
effective in participants with mild hyperuricemia (SU 7–8 mg/dL),
as indicated by the smaller NNTs compared to those with SU
levels ≥8 mg/dL. The association was maintained in the gout
and/or hyperuricemia subgroup. Weight reduction may be an
effective strategy to improve SU levels in patients with gout. In
patients with obesity, weight reduction is reasonable because of
its larger association with SU improvement and reduced cardio-
vascular risks.34,35 Urate-lowering therapy should be appropri-
ately initiated to achieve target SU because only a portion (13.9–
19.4%) of participants with hyperuricemia with moderate to large
weight reductions would achieve the target SU levels.

A large number of participants and repeatedly measured
weight and SU data enabled us to perform the longitudinal
and subgroup analyses, including the gout and/or hyperurice-
mia subpopulation. The study database included comprehen-
sive covariates and only a small amount of missing data. Our
database lacks the details of medications affecting SU
levels (eg, aspirin, diuretics, antihypertensives, sodium-
glucose cotransporter-2 inhibitors, statins, and antituberculosis
agents).36 However, this study excluded patients with cardio-
vascular diseases, chronic kidney disease, and chronic myco-
bacterium infections, which are often treated with these
medications. In addition, results were consistent in the sensitivity
analyses in participants without medication administration for
gout and/or hyperuricemia and other comorbidities. This study
evaluated only SU levels without incident gout, but SU is an
established target in gout management. We had no data on the
reason for weight reductions, but we excluded participants with
conditions that may cause weight changes. Bariatric surgery is
very rare in Japan.37 We might underestimate the association
between weight reduction and SU level improvement when par-
ticipants had fluid depletion, which caused both weight loss and
SU level increase.38 However, the annual medical examination
typically included participants without acute diseases. The
results of dietary change on SU level change should be carefully
interpreted. The questionnaire lacks details of food items in each
food category, and results shown are after adjustment for weight
changes. To evaluate semiquantitative changes in dietary con-
sumption, we assumed the association of one categorical fre-
quency change with SU level change was the same across all
categories. This assumption may cause residual confounding,
but adjusting for dietary changes contributed to evaluating the
direct association between weight change and SU level change.
SU level measurement has diurnal variations and relatively large
random errors,39,40 which typically lead to underestimation of
the association. Our analyses did not consider the timing of the
day in the measurement of SU, but the large sample size of this
study may reduce the influence of random errors. Finally, most
participants in this study were relatively healthy Japanese people
with infrequent comorbidities and rare obesity, which may limit
the generalizability of the findings.
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In conclusion, this large longitudinal study found a robust
positive association between weight changes and SU level
changes. Small amounts of weight reduction were associated
with only small changes in SU levels. Some patients with hyperuri-
cemia may achieve the target SU level by moderate to large
weight reduction. These results were consistent in the gout
and/or hyperuricemia subpopulation. Moderate to large weight
reduction would be a reasonable treatment option to control SU
levels in patients with overweight and gout.

ACKNOWLEDGMENTS

We express our deepest gratitude to the physicians and other staff
who contributed to annual medical checkups in our institution. We
greatly appreciate the support from Dr Kimura in SLHCD. We sincerely
thank Mr Nakajima and the Information System Unit in St. Luke’s Interna-
tional Hospital for supporting data collection.

AUTHOR CONTRIBUTIONS
All authors contributed to at least one of the following manuscript

preparation roles: conceptualization AND/OR methodology, software,
investigation, formal analysis, data curation, visualization, and validation
AND drafting or reviewing/editing the final draft. As corresponding
author, Dr Fukui confirms that all authors have provided the final approval
of the version to be published, and takes responsibility for the affirma-
tions regarding article submission (eg, not under consideration by
another journal), the integrity of the data presented, and the statements
regarding compliance with institutional review board/Declaration of Hel-
sinki requirements.

REFERENCES

1. Dehlin M, Jacobsson L, Roddy E. Global epidemiology of gout: prev-
alence, incidence, treatment patterns and risk factors. Nat Rev Rheu-
matol 2020;16(7):380–390.

2. Chen-Xu M, Yokose C, Rai SK, et al. Contemporary prevalence of
gout and hyperuricemia in the United States and decadal trends: the
National Health and Nutrition Examination Survey, 2007-2016. Arthri-
tis Rheumatol 2019;71(6):991–999.

3. FitzGerald JD, Dalbeth N, Mikuls T, et al. 2020 American College of
Rheumatology guideline for the management of gout. Arthritis Care
Res (Hoboken) 2020;72(6):744–760.

4. Dalbeth N, Phipps-Green A, Frampton C, et al. Relationship between
serum urate concentration and clinically evident incident gout: an indi-
vidual participant data analysis. Ann Rheum Dis 2018;77(7):1048–
1052.

5. Perez-Ruiz F, Herrero-Beites AM, Carmona L. A two-stage approach
to the treatment of hyperuricemia in gout: the “dirty dish” hypothesis.
Arthritis Rheum 2011;63(12):4002–4006.

6. McCormick N, Yokose C, Challener GJ, et al. Serum urate and recur-
rent gout. JAMA 2024;331(5):417–424.

7. Zhu Y, Pandya BJ, Choi HK. Prevalence of gout and hyperuricemia in
the US general population: the National Health and Nutrition Examina-
tion Survey 2007-2008. Arthritis Rheum 2011;63(10):3136–3141.

8. Dalbeth N, Gosling AL, Gaffo A, et al. Gout. Lancet 2021;397(10287):
1843–1855.

9. Kyu HH, Abate D, Abate KH, et al; GBD 2017 DALYs and HALE Col-
laborators. Global, regional, and national disability-adjusted life-years
(DALYs) for 359 diseases and injuries and healthy life expectancy
(HALE) for 195 countries and territories, 1990-2017: a systematic

analysis for the Global Burden of Disease Study 2017. Lancet 2018;
392(10159):1859–1922.

10. McCormick N, Rai SK, Lu N, et al. Estimation of primary prevention of
gout in men throughmodification of obesity and other key lifestyle fac-
tors. JAMA Network Open 2020;3(11):e2027421–e2027421.

11. Choi HK, McCormick N, Lu N, et al. Population impact attributable to
modifiable risk factors for hyperuricemia. Arthritis Rheumatol 2020;
72(1):157–165.

12. Major TJ, Topless RK, Dalbeth N, et al. Evaluation of the diet wide
contribution to serum urate levels: meta-analysis of population based
cohorts. BMJ 2018;363:k3951.

13. Choi HK, Atkinson K, Karlson EW, et al. Obesity, weight change,
hypertension, diuretic use, and risk of gout in men: the health profes-
sionals follow-up study. Arch Intern Med 2005;165(7):742–748.

14. Shirasawa T, Ochiai H, Yoshimoto T, et al. Cross-sectional study of
associations between normal body weight with central obesity and
hyperuricemia in Japan. BMC Endocr Disord 2020;20(1):2.

15. Wang J, Chen S, Zhao J, et al. Association between nutrient patterns
and hyperuricemia: mediation analysis involving obesity indicators in
the NHANES. BMC Public Health 2022;22(1):1981.

16. Yamashita S, Matsuzawa Y, Tokunaga K, et al. Studies on the
impaired metabolism of uric acid in obese subjects: marked reduction
of renal urate excretion and its improvement by a low-calorie diet. Int J
Obes 1986;10(4):255–264.

17. Ter Maaten JC, Voorburg A, Heine RJ, et al. Renal handling of urate
and sodium during acute physiologic hyperinsulinaemia in healthy
subjects. Clin Sci (Lond) 1997;92(1):51–58.

18. Facchini F, Chen YD, Hollenbeck CB, et al. Relationship between
resistance to insulin-mediated glucose uptake, urinary uric acid clear-
ance, and plasma uric acid concentration. JAMA 1991;266(21):3008–
3011.

19. Hisatome I, Ichida K, Mineo I, et al. Japanese Society of Gout and
Uric & Nucleic Acids 2019 Guidelines for Management of Hyperurice-
mia and Gout 3rd edition. Gout and Uric & Nucleic Acids. 2020;44-
(Supplement):sp-1–sp-40.

20. Romero-Talam�as H, Daigle CR, Aminian A, et al. The effect of bariatric
surgery on gout: a comparative study. Surg Obes Relat Dis 2014;
10(6):1161–1165.

21. Dalbeth N, Chen P, White M, et al. Impact of bariatric surgery on
serum urate targets in people with morbid obesity and diabetes: a
prospective longitudinal study. Ann Rheum Dis 2014;73(5):797–802.

22. Nielsen SM, Bartels EM, Henriksen M, et al. Weight loss for over-
weight and obese individuals with gout: a systematic review of longitu-
dinal studies. Ann Rheum Dis 2017;76(11):1870–1882.

23. Zhu Y, Zhang Y, Choi HK. The serum urate-lowering impact of weight
loss among men with a high cardiovascular risk profile: the Multiple
Risk Factor Intervention Trial. Rheumatology (Oxford) 2010;49(12):
2391–2399.

24. Barskova VG, Eliseev MS, Kudaeva FM, et al. [Effect of metformin on
the clinical course of gout and insulin resistance]. Klin Med (Mosk)
2009;87(7):41–46.

25. Dessein PH, Shipton EA, Stanwix AE, et al. Beneficial effects of weight
loss associated with moderate calorie/carbohydrate restriction, and
increased proportional intake of protein and unsaturated fat on serum
urate and lipoprotein levels in gout: a pilot study. Ann Rheum Dis
2000;59(7):539–543.

26. Yokose C, McCormick N, Rai SK, et al. Effects of low-fat, mediterra-
nean, or low-carbohydrate weight loss diets on serum urate and car-
diometabolic risk factors: a secondary analysis of the Dietary
Intervention Randomized Controlled Trial (DIRECT). Diabetes Care
2020;43(11):2812–2820.

FUKUI ET AL354



27. Christensen R, Zobbe K, Nielsen SM, et al. Weight loss for patients
with gout and concomitant obesity: a proof-of-concept randomized
trial. Arthritis Rheumatol 2024;76(5):806–812.

28. Hu JR, Yeh HC, Mueller NT, et al. Effects of a behavioral weight loss
intervention and metformin treatment on serum urate: results from a
randomized clinical trial. Nutrients 2021;13(8):2673.

29. OECD. OECD Reviews of Public Health: Japan: A Healthier Tomor-
row. OECD Reviews of Public Health. 2019. https://doi.org/10.
1787/9789264311602-en.

30. Fukui S, Okada M, Rahman M, et al. Differences in the association
between alcoholic beverage type and serum urate levels using standard-
ized ethanol content. JAMA Netw Open 2023;6(3):e233398–e233398.

31. Fukui S, Okada M, Shinozaki T, et al. Changes in alcohol intake and
serum urate changes: longitudinal analyses of annual medical exami-
nation database. Ann Rheum Dis 2024:83(8):1072–1081.

32. Matsuo S, Imai E, Horio M, et al. Revised equations for estimated GFR
from serum creatinine in Japan. Am J Kidney Dis 2009;53(6):
982–992.

33. Barnett AG, van der Pols JC, Dobson AJ. Regression to the mean:
what it is and how to deal with it. Int J Epidemiol 2004;34(1):215–220.

34. Powell-Wiley TM, Poirier P, Burke LE, et al; American Heart Associa-
tion Council on Lifestyle and Cardiometabolic Health; Council on

Cardiovascular and Stroke Nursing; Council on Clinical Cardiology;
Council on Epidemiology and Prevention; and Stroke Council. Obesity
and Cardiovascular Disease: a scientific statement from the American
Heart Association. Circulation 2021;143(21):e984–e1010.

35. Wing RR, Lang W, Wadden TA, et al; Look AHEAD Research Group.
Benefits of modest weight loss in improving cardiovascular risk fac-
tors in overweight and obese individuals with type 2 diabetes. Diabe-
tes Care 2011;34(7):1481–1486.

36. Leung N, Yip K, Pillinger MH, et al. Lowering and raising serum urate
levels: off-label effects of commonly used medications. Mayo Clin
Proc 2022;97(7):1345–1362.

37. Sasaki A, Wakabayashi G, Yonei Y. Current status of bariatric surgery
in Japan and effectiveness in obesity and diabetes. J Gastroenterol
2014;49(1):57–63.

38. Feinstein EI, Quion-Verde H, Kaptein EM, et al. Severe hyperuricemia
in patients with volume depletion. Am J Nephrol 1984;4(2):77–80.

39. Shaffer A, Rahn E, Saag K, et al. Variation in serum urate levels in the
absence of gout and urate lowering therapy. BMC Rheumatol 2021;
5(1):32.

40. Devgun MS, Dhillon HS. Importance of diurnal variations on clinical
value and interpretation of serum urate measurements. J Clin Pathol
1992;45(2):110–113.

WEIGHT CHANGE AND SERUM URATE CHANGE 355

https://doi.org/10.1787/9789264311602-en
https://doi.org/10.1787/9789264311602-en


B R I E F R E P O R T

Genetic Analysis of Asymptomatic Antinuclear
Antibody Production

Mehmet Hocao�glu, Desiré Casares-Marfil, and Amr H. Sawalha

Objective. Antinuclear antibodies (ANA) are detected in up to 14% of the population, and many individuals with
ANA are asymptomatic. The literature on the genetic contribution to asymptomatic ANA positivity is limited. In this
study, we aimed to perform a genome-wide association study of asymptomatic ANA positivity in multiple populations.

Methods. Asymptomatic individuals who were either ANA positive or ANA negative from the All of Us Research
Program were included in this study, selecting those with an ANA test performed by immunofluorescence and no evi-
dence of autoimmune disease. Imputation was performed, and a multipopulation meta-analysis including approxi-
mately 6 million single-nucleotide polymorphisms (SNPs) was conducted. Genome-wide SNP-based heritability was
estimated using the Genome-wide Complex Trait Analysis software. A cumulative genetic risk score for lupus was
constructed using previously reported genome-wide significant loci.

Results. A total of 1,955 asymptomatic ANA positive and 3,634 asymptomatic ANA negative individuals across three
populations were included. The multipopulation meta-analysis revealed SNPs with a suggestive association (P <1 × 10−5)
across 8 different loci, but no genome-wide significant loci were identified. A gene variant upstream of HLA-DQB1,
(rs17211748, P = 1.4 × 10−6, odds ratio 0.82, 95% confidence interval 0.76–0.89), showed the most significant association.
The heritability of asymptomatic ANA positivity was estimated to be 24.9%. Individuals who were asymptomatic and ANA
positive did not exhibit increased cumulative genetic risk for lupus compared with individuals who were ANA negative.

Conclusion. ANA production is not associated with significant genetic risk and is primarily determined by environ-
mental factors.

INTRODUCTION

Antinuclear antibodies (ANA) are associated with several

immune-mediated diseases such as systemic lupus erythemato-

sus (SLE), systemic sclerosis, Sjögren disease, and others.1

The population prevalence of ANA positivity in the United

States was estimated to be 13.8% (95% confidence interval

[CI] 12.2%–15.5%), with evidence suggesting a rising prevalence

of autoimmunity over recent decades.2,3 However, variability in

ANA test methods and titer interpretation leads to differences in

reported ANA positivity prevalence across studies.2 Environmental

factors such as bodymass index and parity status have been shown

to be associated with ANA positivity,2,4 but the role of genetic factors

in ANA production is less defined. Only one genome-wide

association study (GWAS) has been performed, showing the

association of a variant near the HLA-DRA gene with ANA positiv-

ity in Japanese individuals.5

Previous research showed that ANA production precedes

the onset of clinical symptoms in patients with SLE, suggesting

that asymptomatic ANA positivity might be an intermediate state

on the pathway to the development of clinical autoimmunity.6

However, most individuals who are ANA positive do not develop

any immune-mediated disease.7 Because autoimmune diseases

are complex conditions that arise from the interplay of genetic

and environmental factors,8 understanding the genetic factors

associated with asymptomatic ANA production could provide

insights into the early pathways of autoimmunity development

and differentiate them from the terminal pathways that lead to
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clinical pathology. In this study, we aimed to assess the role of
genetic susceptibility in ANA production in a large cohort across
multiple populations.

PATIENTS AND METHODS

Study population and design. The All of Us Research
Program is a cohort study aiming to enroll 1,000,000 participants
with genomic data linked with environmental surveys and
electronic health records (EHRs). As of the latest data release
(version 7), All of Us included 312,925 and 245,388 individuals
with genotyping and whole-genome sequencing data, respec-
tively.9 For the GWAS analysis, we selected participants who
had genotyping data available and a positive ANA test in their
EHR by immunofluorescence (IF) as defined by the performing
laboratory, or if titer data are available, a titer greater than 1:80
(Supplementary List 1). We excluded individuals who had one
positive ANA test but subsequently had a negative test by IF or
enzyme-linked immunosorbent assay (ELISA). We did not include
individuals who only had a positive ANA by ELISA in this study
(n = 225). Individuals with any clinical code for autoimmune dis-
eases or prescription for an immunosuppressive medication in
their EHR from both the cohorts who were ANA positive and
who were ANA negative were also excluded (Supplementary Fig-
ure 1, Supplementary List 2). We then conducted a sensitivity
analysis by restricting the sample to individuals with available titer
data and ANA titers greater than 1:160, to assess whether higher
ANA titers are associated with genetic signals with a GWAS level
of significance.

Quality controls, genetic similarity group
assignment, and imputation. The individuals participating in
the All of Us underwent genotyping with the Infinium Global Diver-
sity Array-8 (Illumina). Variants with minor allele frequency (MAF)
<1%, those deviated from Hardy–Weinberg equilibrium in
patients and controls (P < 1 × 10−3), and variants with high
missingness rates (≥0.03) were removed. In addition, A/T-C/G
single-nucleotide polymorphisms (SNPs) with a MAF >0.4 were
removed before imputation to avoid errors with the imputation
process. Individuals with poor genotyping rates (<97%), cryptic
relatedness as defined by their identity by descent proportion
(PI-HAT >0.4) or missing sex information were excluded. Sex
chromosomes were not analyzed in this study. Genetic similarity
of the study participants to the 1000 Genomes Project popula-
tions was assessed by intersecting their genetic information and
calculating the first 10 principal components (PCs) of the
genotype-covariance matrix. Subsequently, a random forest clas-
sifier was trained to assign genetic similarity for each participant
included in our study to one of the following superpopulations of
the 1000 Genomes Project: European (EUR), Admixed American
(AMR), East Asian (EAS), South Asian (SAS), and African
(AFR).10 Study participants with genetic similarity to the EUR,

AMR, and AFR populations were referred to as EUR-like,
AMR-like, and AFR-like, respectively. Because the sample size
for participants with genetic similarity to EAS and SAS was limited
(n = 115 and n = 52, respectively), they were excluded from fur-
ther analyses. Individuals who are six SD away from their respec-
tive genetic population centroid were considered outliers and
were removed from further analyses. PC analysis was performed
using the R package smartsnp, which uses the EIGENSTRAT
method.11,12 Phasing and imputation were performed using
Eagle2 and minimac4, respectively.13,14 All populations from the
1000 Genomes Project phase 3 were used as reference panel
for imputation and phasing. Imputed SNPs with an imputation
quality metric RSQ <0.9 and a MAF >1% were removed from fur-
ther analyses. Imputation procedures were performed for each
genetic similarity group separately. Quality controls and statistical
tests were performed using PLINK (version 1.9).15 Imputation of
HLA class I and II classical alleles within the expanded HLA region
(chr6 28 to 34 Mb) was performed using SNP2HLA module of the
HLA-TAPAS analysis pipeline16 and Beagle version 5.4. The
same quality control procedures described for the genome-wide
imputation were applied, and only classical alleles with an imputa-
tion quality metric RSQ greater than 0.9 were used in subsequent
analyses.

Statistical analysis. GWAS was performed through
logistic regression on each genetic similarity group separately
using the first five PCs as covariates, followed by a meta-analysis
using the inverse variance method. Variants with no evidence
of heterogeneity were considered under fixed-effects model
(Cochran’s Q test P > 0.1 and heterogeneity index < 50%),
whereas the rest were considered under a random-effects model
(Cochran’s Q test P ≤ 0.1; heterogeneity index ≥ 50%). Only vari-
ants studied in more than one genetic similarity group GWAS
were included in the meta-analysis. The genome-wide signifi-
cance level was established at P < 5 × 10−8, and the suggestive
association threshold was set at P < 1 × 10−5. In addition, the
most significant association identified in the meta-analysis was
assessed in patients with SLE using logistic regression in individ-
ual genetic similarity groups followed by meta-analysis as
described for the main GWAS. For this analysis, we selected
patients with SLE in the All of Us database with genotyping data
by including individuals who had at least two SLE clinical codes
and at least two SLE-related medication prescriptions in their
EHR (Supplementary List 3). The same GWAS workflow above
was used in the subset analysis restricted to individuals who had
an ANA titer greater than 1:160. These analyses were also first
performed in each population separately, followed by a meta-
analysis as described above.

To identify independent associations within the HLA region,
an independence analysis was performed at the population
level, followed by an inverse variance meta-analysis. The most
significant variant in the region, rs17211748, was used as
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a covariate in conditional logistic regressions for each popu-
lation. These results were then pooled through meta-analysis.
Pairwise conditional analysis was performed to test the inde-
pendence of the associations detected in rs17211748 and
HLA-DQB1*05:01:01:01.

Genome-wide SNP-based heritability estimation.
We estimated the genome-wide SNP heritability based on the lia-
bility scale for ANA positivity using the Genome-wide Complex
Trait Analysis software,17 which utilizes a linkage disequilibrium
(LD) and MAF-stratified genome-based restricted maximum likeli-
hood approach to correct for LD bias. For liability calculations, we
assumed the prevalence of asymptomatic ANA positivity in the
population to be 15% and used the first five PCs as covariates. This
analysis was performed only in EUR-like individuals (asymptomatic
ANA positive n = 1,236; asymptomatic ANA negative n = 2,406)
because the sample size required to provide reliable estimates (SD <
0.1) could only be achieved with total sample sizes >3,000
individuals.18

Cumulative SLE genetic risk score calculation. To
assess the variability of SLE genetic risk among patients with
SLE and individuals who were asymptomatic ANA positive and
individuals who were asymptomatic ANA negative, a cumulative
SLE genetic risk score (GRS) was calculated. For this analysis,
we included individuals with available whole-genome sequencing
data to extract all genetic data needed to accurately calculate a
GRS (Supplementary Table 1). We calculated a GRS for SLE
using 183 genetic susceptibility loci previously reported with a
GWAS level of significance for patients with SLE.19 Of the
183 SNPs described in the supplementary material of Harley
and Sawalha,19 we excluded five SNPs in sex chromosomes
and one additional SNP (rs11845506) due to a MAF in patients
of < 1% in the study in which it was reported, leaving 177 vari-
ants for GRS calculation (Supplementary Table 2). The GRS
was estimated by multiplying the natural logarithm of the previ-
ously reported SLE association odds ratio (OR) for each SNP
representing each locus by the risk allele counts of the

corresponding SNPs as we previously described.20 We com-
pared the mean GRS of each group with the other two groups
using Tukey’s multiple comparison tests.

RESULTS

A total of 1,955 individuals who were asymptomatic and
ANA positive and 3,634 individuals who were asymptomatic
and ANA negative were studied. The mean age and sex distribu-
tion between individuals who were ANA positive and individuals
who were ANA negative were similar across the three genetic
similarity groups (Table 1). After quality controls and imputation,
an independent GWAS was performed for each genetic similar-
ity group. Because the age and sex distributions were similar
across the groups who were ANA positive and who were ANA
negative, no adjustment for sex and age was needed in the
logistic regression models. No genome-wide significant loci
were identified in any of the individual genetic similarity groups
(Supplementary Figures 2 and 3). In the meta-analysis,
6,245,285 SNPs were included. Although no genome-wide sig-
nificant associations (P < 5 × 10−8) were detected, we identified
suggestive associations (P < 1 × 10−5) across 8 different loci
(Figure 1, Supplementary Table 3). The most significant associa-
tion was identified in the SNP rs17211748, a variant upstream of
HLA-DQB1 (P = 1.4 × 10−6, OR 0.82, 95% CI 0.76–0.89). The
sensitivity analysis did not show any genome-wide significant
association when restricted to individuals with an ANA titer
greater than 1:160 in the multipopulation meta-analysis (EUR-
like, n = 138; AMR-like, n = 104; AFR-like, n = 60; Supplemen-
tary Figure 4). We tested the genetic association in HLA-DQB1,
that is, the risk allele in SNP rs17211748, in patients with SLE
(EUR-like n = 672; AFR-like n = 527; AMR-like n = 345) com-
pared with individuals who were asymptomatic and ANA nega-
tive. We detected a more significant genetic association with
rs17211748 in patients with SLE (P = 3.7 × 10−7, OR 1.26,
95% CI 1.15–1.38) compared with individuals who were asymp-
tomatic and ANA positive (P = 1.4 × 10−6, OR 1.22, 95% CI
1.12–1.32; Supplementary Figure 5).

Table 1. Demographic characteristics of individuals who were asymptomatic and ANA positive and individuals who
were asymptomatic and ANA negative included in this study*

Genetic similarity group Participants, n Mean ± SD age, y Female sex, n (%)

European-like 3,642
ANApositive 1,236 61 ± 16.1 865 (70.0)
ANA negative 2,406 61 ± 15.3 1,675 (69.6)

African-like 859
ANA positive 355 56 ± 14.3 259 (72.9)
ANA negative 504 55 ± 13.3 351 (69.6)

Admixed American–like 1,088
ANA positive 364 52 ± 14.7 281 (77.2)
ANA negative 724 52 ± 14 556 (76.8)

* No statistically significant difference (P < 0.05) was observed for age or sex between groups per analysis of vari-
ance and chi-square testing, respectively. ANA, antinuclear antibody.
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To assess independent genetic associations with ANA pro-
duction in the HLA region, we conducted conditional genetic
analysis and detected no residual genetic effects in other SNPs
within this region after adjusting for rs17211748 (Supplementary
Figure 6). We next imputed HLA classical alleles and examined
genetic associations by comparing asymptomatic individuals
who were ANA positive with asymptomatic individuals who were
ANA negative across the three genetic similarity groups followed

by a meta-analysis. We detected no association with any classical
HLA allele that passed the threshold for suggestive significance
(P < 1 × 10−5). The most significant association was detected with
HLA-DQB1*05:01:01:01, which exerts a modest protective effect
against ANA production (P = 0.001, OR 0.81). Pairwise condi-
tional analysis showed no residual effect in HLA-
DQB1*05:01:01:01 after adjusting for rs17211748, suggesting
that the classical allele modest association is driven by the effect
in rs17211748 in the HLA region (Supplementary Table 4). To fur-
ther assess the genetic contribution to ANA production, we calcu-
lated a genome-wide SNP-based heritability. The heritability of
asymptomatic ANA positivity on the liability scale was estimated
to be 24.9% (± SD 12.4%).

Finally, we estimated a total genetic risk for SLE in individuals
who were asymptomatic and ANA positive compared with indi-
viduals who were asymptomatic and ANA negative and with
patients with SLE. This analysis was performed separately in
EUR-like, AMR-like, and AFR-like groups. There was a statistically
significant difference in the mean SLE GRS between patients with
SLE and both groups who were asymptomatic ANA positive and
asymptomatic ANA negative across all three populations
(Figure 2; Supplementary Table 5). No significant difference in
SLE GRS between individuals who were asymptomatic ANA pos-
itive and individuals who were asymptomatic ANA negative was
observed in any population (Figure 2).

DISCUSSION

We reported a GWAS for asymptomatic ANA positivity
across three different populations and showed that individuals
who were asymptomatic ANA positive are not enriched for SLE
risk loci compared with individuals who were ANA negative, a
consistent observation across different populations. We estimate
the genome-wide SNP-based heritability of asymptomatic ANA
positivity to be approximately 25%, suggesting that genetic

Figure 1. A Manhattan plot depicting the results from the meta-
analysis across genetic similarity groups comparing individuals who
were asymptomatic and ANA positive with individuals who were
asymptomatic and ANA negative. The Y and X axes refer to the
−log10 P values and chromosome positions, respectively. The red
horizontal line represents the genome-wide association threshold
(P < 5 × 10−8), and the blue line represents the suggestive association
threshold (P < 1×10−5). Blue and orange dots represent individual
SNPs. ANA, antinuclear antibody.

Figure 2. Comparison of cumulative genetic risk scores for SLE in individuals who were asymptomatic and ANA positive, individuals who were
asymptomatic and ANA negative, and patients with SLE of (A) European genetic similarity, (B) African genetic similarity, and (C) Admixed American
genetic similarity. Dashed lines represent the means of cumulative genetic risk score of each group. ANA, antinuclear antibody; SLE, systemic
lupus erythematosus.
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effects explain only a small fraction of the phenotypic variability
due to ANA production in the population. However, it should be
noted that heritability analysis was only performed in EUR-like
individuals included in All of Us, and heritability estimates for
ANA production might be different in different populations. We
also showed that individuals who were asymptomatic ANA posi-
tive do not exhibit an increased SLE genetic risk compared with
individuals who were ANA negative. These results overall suggest
that the ANA positivity in the population is primarily influenced by
environmental factors.

We did not detect any genetic susceptibility loci in individuals
who were asymptomatic and ANA positive with GWAS level of
significance. A suggestive genetic association was detected
within the HLA class II region, consistent with a previous report
in Japanese individuals.5 However, it is conceivable that this
genetic effect in our study reflects a small proportion of individuals
who were asymptomatic ANA positive who either have an undiag-
nosed autoimmune disease or who could develop an autoim-
mune disease in the future. Indeed, the strength of the genetic
association signal in rs17211748 in the HLA-DQB1 locus,
as reflected by the OR, increased when the analysis was per-
formed in patients with SLE compared with controls who were
ANA negative and healthy.

The role of asymptomatic ANA production as an early event
in the pathway to autoimmunity has been well documented.6

Our results show that asymptomatic ANA positivity is primarily
driven by nongenetic factors, suggesting that ANA production
as an early stage of breakdown of immune tolerance is likely
driven by environmental triggers. In a small subset of individuals
with sufficient genetic risk for autoimmunity, clinical disease
develops. From a disease pathogenesis perspective, our data
suggest that although ANA production is essential for the
development of SLE, it is independent of the genetic risk for the
disease. This raises the potential of developing genetic-
environmental models to predict SLE risk in individuals who are
asymptomatic and ANA positive. Research on environmental risk
factors and gene–environment interactions is needed to build
accurate risk prediction models.

This study has several strengths. We report the first GWAS in
multiple populations for asymptomatic ANA production.
Population-specific genetic analysis showed consistent observa-
tions across genetic similarity groups, which increases the gener-
alizability of our results. In addition, we estimated the heritability
for asymptomatic ANA positivity for the first time, which we
showed to be approximately 25%, suggesting a greater role for
environmental factors in ANA production.

This study has certain limitations. ANA positivity is a very het-
erogenous phenotype that includes various autoantibodies
directed against nuclear antigens.21 It is possible that the genetic
architecture is different across different ANA patterns, titers, or
specific autoantibodies. Although we did perform a sensitivity
analysis for titers greater than 1:160 and found similar results,

our sample sizes were small for this subgroup analysis, limited
by the availability of data. Because this is a cohort established
through EHR, incomplete data or misclassification bias are possi-
ble. However, we tried to mitigate this by combining evidence
from both clinical codes andmedication prescriptions for our case
definitions and by setting a very broad definition of autoimmunity.
The SNP-based heritability estimate for ANA production is based
on additive genetic variance only, which does not capture all
potential sources of genetic variation such as gene–gene and
gene–environment interactions. In addition, the GRS calculation
was based on SLE risk variants identified predominantly in EUR-
like and EAS-like populations, which may limit its applicability to
other populations.

In conclusion, we performed a GWAS in a large cohort of
individuals who were asymptomatic and ANA positive from multi-
ple genetic similarity groups. We provide evidence to suggest that
ANA production is primarily influenced by nongenetic factors and
is independent of the genetic risk for SLE. Further research is
needed to characterize the environmental determinants of ANA
production and the role of gene–environment interactions in the
development of autoimmunity in individuals who are ANA positive.
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Fractures in patients with acute calcium
pyrophosphate crystal arthritis versus matched
comparators in a large cohort study: comment on the
article by Tedeschi et al

To the Editor:
Calcium pyrophosphate deposition disease (CPPD) is a

common and painful arthritic condition that primarily affects the
elderly population. Although previous studies have shown an
association between CPPD and low bone mineral density, the
risk of fracture in these patients has not been thoroughly
investigated.1,2 It was with great interest that we read a recent
paper by Tedeschi et al that examined the incidence of fractures
in patients with acute calcium pyrophosphate (CPP) crystalline
arthritis and their matched controls using a robust data set from
Mass General Brigham.3 Using machine learning algorithms and
extensive electronic health record data, the authors provide
important insights into the potential fracture risk associated with
acute CPP crystalline arthritis. The study showed that patients
with acute CPP crystalline arthritis had a significantly increased
risk of fracture with an 80% increased risk of any fracture
compared with matched controls. Notably, the risk of fracture
was most pronounced at the wrist, a site commonly affected
by both chondrocalcinosis and acute CPP crystalline arthritis.
The results remained consistent even when confounding factors
were excluded.

The limitations of this study should be further clarified. First,
the index date for acute CPP crystal arthritis in the study was the
date of the first mention of “pseudogout” in the narrative medical
record or the date of the first joint crystalloid analysis that
detected CPP crystals. However, the true onset of CPPD may
be earlier than these records, resulting in misalignment of expo-
sure times. This uncertainty in onset time may mask true differ-
ences in bone health. Second, although the authors corrected
for a number of necessary covariates, there were still more
important confounders that were overlooked, such as physical
activity and alcohol consumption. Previous meta-analyses have
shown a significant association between either physical activity4

or alcohol consumption and fracture risk.5 In addition, other
covariates such as nutritional status, calcium, and vitamin D
intake should not be overlooked. Finally, the study did not ana-
lyze in detail the specific effects of long-term use of different
types of CPP crystal arthritis treatments (eg, nonsteroidal anti-
inflammatory drugs, intra-articular injections, oral colchicine,
and physical therapy) on fracture risk. Although the study per-
formed some sensitivity analyses to rule out the effects of

glucocorticoid and osteoporosis treatments, inconsistencies in

the patterns of use of these medications and the duration of

treatment may still have affected the results.
Despite these limitations, this important study provides a

compelling rationale for further prospective studies to better

understand the interaction between CPPD and fracture risk.

Several avenues for future research are evident. First, detailed

studies of bone turnover markers, bone mineral density assess-

ments, and imaging studies could elucidate the extent to which

CPPD affects bone integrity. Second, understanding the role of

osteoprotegerin and its downstream effects in the broader popu-

lation of patients with CPPD may reveal novel therapeutic targets

to reduce fracture risk. Third, prospective clinical trials evaluating

the impact of osteoporosis treatment in patients with CPPD may

provide important insights for optimizing care and reducing frac-

ture risk. Finally, it would be valuable to examine the impact of dif-

ferent CPPD treatments on fracture outcomes through mediation

analyses. Given the overlap between CPPD and other diseases

such as rheumatoid arthritis, a nuanced understanding of their

individual and combined impact on bone health is critical. As

CPPD and its associated complications continue to pose signifi-

cant clinical challenges, this study is a critical step in identifying

high-risk patients and developing targeted interventions to

improve their outcomes.
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Reply

To the Editor:
We agree with many of the points made by Li et al and would

like to make several clarifications. We acknowledge that the date
of the first episode of acute calcium pyrophosphate (CPP) crystal
arthritis (“pseudogout”) is likely later than the onset of calcium
pyrophosphate deposition (CPPD). If differences in bone health
begin at or before the time of CPPD, then assigning the date of
the first episode of acute CPP crystal arthritis as the index date
may magnify differences in bone health compared with patients
without CPPD. For this analysis, we began follow-up after the first
episode of acute CPP crystal arthritis for several reasons. First,

identifying the true date of CPPD would require all patients in both
cohorts to have serial joint radiographs, which are not performed
in clinical care. Second, the specific manifestation of acute CPP
crystal arthritis is more accurately identified than CPPD (broadly
defined) in the Mass General Brigham electronic health record.1

Our analysis did not adjust for long-term use of treatments
for CPPD disease because these may mediate the relationship
between acute CPP crystal arthritis and fracture risk. We concur
that formal mediation analysis would be of interest, but it was out-
side the scope of the present study. We fully agree that future
studies investigating biomarkers of bone turnover, bone mineral
density, and therapies directed at bone health have great poten-
tial to improve the health of individuals with CPPD disease—a
population that will continue to grow.

Sara K. Tedeschi, MD, MPH
stedeschi1@bwh.harvard.edu
Brigham and Women’s Hospital
Boston, MA
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Clinical Images: Erdheim-Chester disease presenting with palpitations and spondylopathy

The patient, a 43-year-old woman, presented to our hospital with palpations and osteosclerotic spinal lesions disclosed by routine radiological
examination. Her physical examination and laboratory results were unremarkable. 18Fluorine-fluorodeoxyglucose-positron emission tomography/
computed tomography (18F-PET-CT) showed hypermetabolic activity on vertebrae, sternum, pelvis, scapula, humerus, and femurs and revealed
mild pericardial effusion (A). The diagnosis remained ambiguous, after bonemarrow smear and two consecutive bone biopsies. Preclinical POEMS
syndromewas suspected owing to the osteosclerotic lesions and pericardial effusion. Therefore, the patient was followed. Sixmonths later, her pal-
pitations exacerbated asmassive pericardial effusion developed. Cardiac computed tomography after pericardiocentesis revealed amass invading
the right atrium (B). Pathological studies after an open surgery revealed the deposition of “foamy” histocytes surrounded by inflammatory cells (C).
Immunohistochemistry was positive for CD163 and CD68 and negative for Langerin and CD1a; the BRAFV600Emutation was detected by molec-
ular testing. Bone scintigraphy showed radioactive concentration of bilateral distal femurs (D), which is omitted by the non–whole-body 18F-PET-CT.
Restudy of the original images showed increased glucosemetabolism on the right atrium (A). The diagnosis of Erdheim-Chester disease (ECD) was
established, and the patient was introduced to a trial of BRAFV600E inhibitor. ECD is a rare and heterogenous non-Langerhans histiocytosis whose
diagnosis remains challenging. Bilateral osteosclerosis of themetadiaphysis of the lower-extremity bones is the hallmark of ECD,1 and atypical skel-
etal involvement, such as the spine, pelvis, ribs, clavicles, and sternum, is common among patients.2 It is crucial to recognize these bone lesions to
unmask the underlying cause.We share the lesson learned from a case ofmisdiagnosis to emphasize head-to-toeworkups in thismultisystemdis-
order and call for the awareness of ECD among clinicians, radiologists, and pathologists.
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Correction to CD19 Chimeric Antigen Receptor T Cell Treatment: Unraveling the
Role of B Cells in Systemic Lupus Erythematosus

Correction to “Figure 3. Key insights from CAR T cell therapy in SLE.”

Arthritis & Rheumatology

Vol. 76, No. 4, April 2024, pp 497–504

DOI 10.1002/art.42784

In the middle panel of this figure, the plasma cells are identified as “CD19+CD20-” (same as the plasmablasts) – but
one key point of the paper is that they are not CD19+. It should read “CD19– CD20–”.

Also, in the same panel and figure, measles is misspelled as “measels.”

Please see below for the corrected version of this figure.

We apologize for this error.

Figure 3.
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