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KEY POINTS

•  Distinct peripheral blood biomarker signatures are associated with RA-ILD and 
implicate a wide range of biologic pathways in RA-ILD.

•  Peripheral blood biomarker signatures improve ILD discrimination beyond clinical 
risk factors alone.

•  

•  Incorporation of peripheral blood biomarkers into predictive models could help 
overcome the limited predictive value of clinical risk factors for RA-ILD.

SUMMARY 
Rheumatoid ar thr i t i s–assoc iated 
interstitial lung disease (RA-ILD) causes 
substantial morbidity and mor tality 
among people with RA, and we lack 
effective risk stratification methods. 
Investigation of peripheral biomarkers 
for RA-ILD has yielded a vast range of 
more than 100 possible candidate 
biomar ker s . This study used an 
unsupervised machine-learning approach 
to identify unique biomarker signatures 
for RA-ILD and evaluate whether they 
improve RA-ILD prediction beyond 
clinical risk factors.

Wheeler et al performed a large cross-
sectional study of the Veterans Affairs 
Rheumatoid Arthritis Registry and used 
principal components analysis of 60 
different peripheral blood biomarkers to 
identify 8 distinct biomarker signatures 
associated with RA-ILD.  The incorporation 
of these biomarker signatures into a risk 

factors alone. Adding MUC5B promoter 
variant status, the strongest genetic risk 
factor for RA-ILD, led to incremental 
improvement. Together, these findings 
suggest a wide range of diverse pathways 
are involved in RA-ILD pathogenesis and 
that risk models, including broad biomarker 
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KEY POINTS  

•  SAVI is a rare, severe 

disease driven by 
dysregulated type I 
IFN with few effective 
treatment options.

•  JAK inhibitors and 
IFN  blockade with 
dazukibart were 

the disease or to 
sustainably promote 
ulcer healing in a case 
with severe SAVI and 
vasculitic ulcers.

•  The IFN signature  
(IFN-I score) served  
as a dynamic biomarker 
to monitor disease 
activity and treatment 
response.

•  Treatment with 
anifrolumab, an anti-
IFNAR1 monoclonal 
antibody, led to 
sustained suppression 
of the IFN signature 
and improved wound 
healing. 

•  
IFNAR1 blockade 
as a promising 
therapeutic strategy 
in refractory type I 
interferonopathies.

SUMMARY  
STING-associated vasculopathy with onset in infancy (SAVI) is a rare and severe 

treatments like JAK inhibitors often provide only partial control of symptoms and can 

In this report, we describe a young adult with SAVI who showed limited clinical 
improvement with JAK inhibition and with dazukibart, a monoclonal antibody targeting 

 and 

particularly when responses to JAK inhibitors are incomplete.
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Questions

1. What is the difference between a mechanism-based and 
guideline-based dietary pattern?

2.  How was the EDIP developed and validated?

3.  How did the analysis account for changes in dietary 
intake and covariates over time?

4.  What is suggested by the association attenuating after 
further adjustment for BMI?

5.  What are some key areas for future research into the 

Journal Club

Arthritis Rheumatol.

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

Previous studies have identified plasma 
proteins as potential biomarkers for osteoar-
thritis (OA). In this issue, Kang et al (p. 981) 
report data that extend the current literature 

by building on recent 
methodological advances 
in detecting novel plasma 

proteins related to OA risk. Their model inte-
grates proteomic biomarkers with clinical data, 
offering a potential tool for risk assessment 

and enhance prevention efforts.
The investigators used self-reported data 

and electronic health records data from the 

UK Biobank and applied machine learning 
methods to assess the interplay between 
multiple proteins and clinical variables. The 

-

level effects of various risk biomarkers 
within a comprehensive set of variables. 

collagen type IX alpha 1 chain (COL9A1) 
and cartilage acidic protein 1 (CRTAC1), 
in predicting the incidence of OA. In 
knee OA, the most prominent predictors 
included CRTAC1 and COL9A1, followed 

by cartilage oligomeric matrix protein and 
chromogranin B. 

The authors note that pain-related vari-
ables, such as knee pain, hip pain, pain in 
other parts, and painkiller usage, ranked 
among the top predictors in the OA risk 
model.  They also found that the number 

clinical variables underscores the multifac-
torial nature of OA risk and highlights the 
importance of a comprehensive approach for 
risk prediction, which the authors hope can 
inform preventive measures.

p.  981
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In this Issue
Highlights from this issue of A&R | By Lara C. Pullen, PhD

Secukinumab May Prevent Enthesiophyte 
Progression in PsA
Mechanical stress can cause patients with 
psoriatic arthritis (PsA) to experience struc-
tural proliferative bony lesions at entheseal 
sites. Preclinical data suggest that the inter-

leukin (IL)-17 pathway 
plays a vital role in this 
damage. To date, one 

prospective open-label study of the anti–
IL-17A monoclonal antibody secukinumab has 
demonstrated that the number and volume of 
bone erosion remained stable after 24 weeks, 
with no progression in enthesiophytes. In this 
issue, Jin et al (p. 1015) report results of the 

the effects of secukinumab on bone damage 
in PsA using high-resolution peripheral quanti-
tative computed tomography (HR-pQCT). The 
investigators demonstrate that secukinumab 

partial erosion repair and preventing enthe-
siophyte progression in PsA.

The study included 40 patients (mean 
age 51 years; 50% male; mean disease dura-
tion 4.7 years), who were evaluated at 24 

34 patients.
At  week 48, the secukinumab group 

demonstrated a significant reduction in 
erosion volume compared to baseline, 
whereas the placebo group showed no 
changes. The investigators observed a similar 
trend for enthesiophyte volume changes in the 
secukinumab group, whereas no differences 
were noted in the placebo group. 

The researchers observed that at base-
line, there was only a modest association 
between joint swelling on physical exami-
nation and the presence of erosions or enthe-
siophytes on HR-pQCT. There were no 

response between secukinumab and placebo 
groups at week 48. 

Figure 1. Representative images of changes in 

the secukinumab group, partial healing of erosion is 

in the secukinumab group as depicted in blue.

p.  1015

Sex a Factor in B Cell Responses in Oligo JIA 
Researchers increasingly consider disordered 
T peripheral helper (Tph)–B cell interactions 
to be central to disease pathogenesis in rheu-
matoid arthritis, systemic lupus erythema-

tosus, and, more recently, 
oligoarticular juvenile 
idiopathic arthritis (oligo 

JIA). Previous studies have also found CD21lo 
B cells with varying phenotypes in patients with 
immune dysregulation and autoimmunity. In 
this issue, Lam et al (p. 1092) report the results 

-
ular B cells in the Tph–B cell axis in patients 
with oligo JIA. They found B cell dysregula-
tion that implicates sex as an important biologic 
factor in B cell responses in the disease. 

Using samples from the joints of patients 
with oligo JIA, the investigators found distinct 
populations of B cells with autoreactive features, 
as well as a broad array of autoantibodies. B 

with oligo JIA were compared with those from 
the blood and tonsils of healthy controls; the 
researchers found an enrichment of memory B 
(Bmem) cells as well as a heterogeneous subset 
of CD21lo B cells. The preferential accumulation 
of CD21lo

with oligo JIA was not found in their peripheral 
blood or secondary lymphoid organs.

Moreover, compared to male patients, 
these abnormalities were more pronounced 
in female patients with oligo JIA, who had 

a greater proportion of intra-articular Tph 
cells that expressed B cell help factors, as 
well as Bmem cells, plasmablasts, and age- 
and autoimmune-associated B cells. The 
investigators found that these sex differ-
ences in B cells found in the joints could not 
be explained by other disease features such 
as age at onset, antinuclear antibody status, 
or severity. 

patients also differed from blood Bmem 
cells in that they displayed characteristics 
of autoreactivity, including longer comple-
mentarity-determining region 3 lengths 
and increased usage of autoreactive B cell 
receptor gene segments.

p. 1092
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The Gut Microbiome in Hyperuricemia and Gout

Robert Terkeltaub1 and Dylan Dodd2

Humans develop hyperuricemia via decreased urate elimination and excess urate production, consequently
promoting monosodium urate crystal deposition and incident gout. Normally, approximately two-thirds of urate elimi-
nation is renal. However, chronic kidney disease (CKD) and other causes of decreased renal urate elimination drive
hyperuricemia in most with gout. This places more demand on elimination of urate via the gut, where diet, purine
metabolism, and microbiota intersect. Heritable impairment of urate transport into the gut is common and promotes
hyperuricemia, renal urate overload, and early-onset and palpable tophaceous gout phenotypes. Lactobacilli, by
sequestering and modifying ambient purines, are being studied for the potential to suppress diet-induced urate gener-
ation and associated gout flares. Landmark preclinical studies recently revealed much higher-capacity urate-lowering
effects of diverse, obligate, and facultative anaerobic human and mouse gut microbiota (predominantly of the Bacillota
phylum) termed purine-degrading bacteria (PDB). A conserved gene cluster in PDB drives urate conversion to lactate or
anti-inflammatory short-chain fatty acids. When mice are rendered deficient in hepatic uricase to mimic human uricase
absence, microbiota depletion rapidly elevates both cecal and serum urate, which is reversible by PDB administration.
In healthy human volunteers with normal renal function, antibiotic-induced gut microbiota depletion decreases the
urate-lowering gene cluster unique to PDB and elevates fecal urate. Also, prior exposure to antibiotics with anaerobic
coverage has been linked to heightened incident gout risk. Notably, intestinal dysbiosis that includes Bacillota deple-
tion has been observed in gout cohorts. Therefore, the capacity of diverse gut bacterial strains to biochemically com-
pensate for human limits in urate disposition suggests novel probiotic treatment approaches for gout with
inadequate pharmacologic control of both flares and hyperuricemia. This is particularly so for severe CKD, which limits
the options and maximal doses for use of conventional oral urate-lowering drugs.

Introduction

Humans are predisposed to hyperuricemia and gout in
large part because of the inactivation, early in hominid evolu-
tion, of the gene for uricase, which degrades urate to allantoin.
Gout is a growing public health problem globally, and hyperuri-
cemia and gout prevalence in US adults were most recently
estimated at �21% and 5%, respectively.1 Because
decreased urate elimination and excess urate production fos-
ter hyperuricemia, approved oral urate-lowering therapy (ULT)
drugs targeting these mechanisms, and recombinant intrave-
nous PEGylated uricase in the most severe forms of the dis-
ease, are the mainstay of disease-modifying management in
gout.2 Nevertheless, there is room for improvement of oral
urate-lowering pharmacotherapy, particularly when urate elim-
ination is compromised.2

The processes and translational biology of renal urate trans-

port and disposition by the nephron are well understood.2,3

Approximately two-thirds of urate elimination is renal in healthy

individuals. Correspondingly, decreased renal urate elimination is

by far the most common causative factor for hyperuricemia in

gout,4 thereby increasing the burden on intestinal urate elimina-

tion. Normally, the gut eliminates approximately one-third of urate,

a proportion that can rise to nearly two-thirds in association with

progressive compromise of renal function. Yet the limits on the

intestinal compensatory effects for hyperuricemia mediated by

renal dysfunction and excess urate production commonly predis-

pose patients to hyperuricemia in those disorders.5

In this narrative review, we focus on impactful and novel dis-

coveries on intestinal urate homeostasis and the role of gut micro-

biota and associated translational ULT opportunities. The gut
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microbiome includes bacteria, fungal mycobiota,6 viruses,7 and
archaea,8 all of which can metabolize purines. The discussion
concentrates on intestinal bacteria, which comprise the vast
majority of gut microbiota.

How intestinal urate metabolism and transport
affect serum urate

Dietary purines account for approximately a third of daily
urate production,9 obliging the gut to process a considerable bur-
den of purine nucleotides and nucleosides. The nucleotides are
comprised of a nitrogenous purine base (eg, adenine, guanine,
hypoxanthine, and xanthine), a sugar molecule, and a phosphate
group (eg, ATP and guanosine monophosphate). Purine nucleo-
sides are defined by a purine base attached to a sugar molecule.
Processing of the dietary purine load starts mainly in the duode-
num, where pancreatic nucleases and phosphodiesterases

depolymerize dietary chains of nucleotides to mononucleotides
and polynucleotides, which small intestinal nucleotidases and
phosphatases further process to absorbable purines.9 Concen-
trative nucleoside transporters, expressed on the apical (luminal)
side of the intestinal epithelium (Figure 1), move the purine nucle-
osides.9,10 Added to the dietary purine load are nucleotides and
purines from the turnover of intestinal epithelial cells, whose half-
life is limited to a few days. Selective and principally upper intesti-
nal transporters participate in purine transit to the liver,11 where
abundant urate is produced and released into the circulation
(Figure 1). In addition, enterocyte xanthine oxidase has the capac-
ity to generate urate in the gut.12

How the gut eliminates urate had long remained a “black
box,” assumed to be driven via fecal urate excretion and the
multitude of secreted microbial uricases.13 Genetic, molecular,
and clinical studies in the last 15 years advanced this field by
characterizing the enterocyte-expressed, high-capacity urate
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Figure 1. Role of the gastrointestinal tract in regulating serum urate. Dietary purine nucleosides are absorbed by enterocytes through human concen-
trative nucleoside transporters (hCNTs). Excess purine bases from the diet or from endogenous nucleic acid turnover are transported to the liver, where
xanthine oxidase (XO) in hepatocytes converts them into urate. Circulating urate is then eliminated either by the kidneys or through the intestines. The
transporter ATP-binding cassette superfamily G member 2 (ABCG2), located on the apical surface of enterocytes, secretes urate into the intestinal
lumen. Although several other transporters are also present in enterocytes, their specific roles in urate elimination or reabsorption remain unclear. Urate
in the intestines appears to be reabsorbed via active enterocyte transport and/or paracellular urate diffusion. Hence, as microbial degradation of urate
increases net urate elimination, intestinal urate concentration can reflect equilibrium between secretion into the gut lumen and reabsorption from the
gut into the circulation.
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transporter ATP-binding cassette superfamily G member
2 (ABCG2).14 Intestinal epithelial cell ABCG2 transports urate
into the gut. ABCG2 is robustly expressed along the length of
the human small intestine and colon, with the highest levels in
colonic enterocytes. Diminished gut urate elimination via
heritable decrease in ABCG2 nucleotide-binding domain sta-
bility promotes hyperuricemia.5,15 ABCG2 single-nucleotide
polymorphism rs2231142, which encodes ABCG2 Q141K, is
common, with allele frequency particularly high (�0.30–0.50)
in many East and South Asian populations.15 ABCG2
rs2231142 is associated with early-onset and tophaceous
clinical phenotypes of gout.16 ABCG2 rs2231142 promotes
the renal urate overload hyperuricemia phenotype in gout, pre-
viously mistaken in many because of elevated urinary urate and
urate overproduction.17

How gut microbiota regulate serum urate

The relationship of gut microbiota with intestinal urate is sym-
biotic.18,19 Gut bacteria outnumber intestinal epithelial cells,20

thereby buttressing the potential extent of compensation for the
lack of human uricase by purine-degrading bacteria (PDB).18,19

Humans have only �20,000 genes, whereas the human gut
microbiome harbors millions of unique genes and encodes thou-
sands of biochemical pathways. Although the functions of most
gut microbial genes remain undefined, the gut microbiome aug-
ments human biochemistry by consuming or producing many
metabolites. Some major points are presented as follows:

• Human microbiota outnumber enterocytes in the gut.
• Gut microbiota genes vastly outnumber human genes.
• �15%–20% of human gut bacteria consume urate anaer-

obically and, in some cases, other purines.
• Obligate anaerobic PDB grow on urate and recycle

purines for carbon and nitrogen in a symbiotic host–
microbiota relationship.

• Gut obligate anaerobic PDB pathways counterbalance
the limits of human urate metabolism because of the
absence of uricase.

• Most human gut microbiota reside in the deeply anaerobic
colon environment.

• Gut obligate anaerobic PDB use a urate-inducible gene clus-
ter encoding novel enzymatic pathways to convert urate to
xanthine or to lactate and short-chain fatty acids (SCFAs).

• Microbial uricases are oxygen dependent and likely have
limited activity in the anaerobic gut.

• Some Lactobacillus strains cleave purine nucleosides and
secrete free nucleobases.

• Germ-free conditions and antibiotics with anaerobic cov-
erage promote preclinical hyperuricemia, which is
reversed by obligate anaerobic PDB.

• Gut dysbiosis is associated with gout.

• Prior exposure to antibiotics with anaerobic coverage is a
risk factor for developing gout.

• Gut microbiota can increase intestinal ABCG2 expression
and influence multiple common gout comorbidities that
affect renal urate elimination.

• Gut obligate anaerobic PDB have antiatherogenic effects
in a preclinical disease model by undefined effects sug-
gested to include purine degradation.

There is a sharp oxygen gradient across the gut (Figure 2).
The small intestinal microbiome is dominated by aerobic
microbes, and aerobic microbes able to survive in anaerobic con-
ditions (ie, facultative anaerobes) (Figure 2). Microbial uricases,
from a variety of strains in proximal intestinal niches, further aug-
ment human urate homeostasis.21

The densities of small intestinal microbiota are relatively low.
Moving distally toward the colon, obligate anaerobic bacteria
become dominant, and bacteria community densities also
become remarkably high (Figure 2).22 As such, the majority of
bacteria colonizing the intestine live in an anaerobic milieu.23

Accordingly, the biochemical pathways employed by those bac-
teria are entirely different than human pathways. In addition, there
is no uricase enzyme in the genomes of anaerobic bacteria
because uricases must employ molecular oxygen.21

The gut microbiome impacts hyperuricemia in part by modu-
lating several acquired, common gout comorbidities that perturb
renal elimination of urate. These disorders include chronic kidney
disease (CKD), hypertension, obesity, metabolic syndrome, and
type 2 diabetes mellitus.24,25 Gut microbiota also regulate intesti-
nal enzymes that process nucleotides and purines to absorbable
nucleosides and bases.26 How gut urate disposition adapts to
decreased renal urate elimination reflects incompletely character-
ized remote sensing and signaling,27 modulated by ABCG2 and
other renal and gut anion transporters, and is associated with reg-
ulation of gut microbiome composition.28

Gut PDB in urate metabolism

In 2023, landmark research from two independent laborato-
ries first identified a gene cluster that encodes enzymes that con-
sume urate and other purines (Figure 3A) and is widely distributed
in PDB of different phyla in the mouse and human gut.18,19 The
identified PDB pathways operate at high capacity under anaerobic
conditions. Studies of several hundred different human gut bacte-
rial isolates revealed that normally,�15% to 20% of our gut bacte-
ria consume urate.18,19 Most human gut PDB are members of the
Bacillota phylum,18,19 which comprises mostly gram-positive bac-
teria and includes microbes that survive in the presence or absence
of oxygen (facultative anaerobes) such as Lactobacilli.29

Landmark preclinical studies have revealed that antibiotic
treatment covering anaerobes induce rapid and marked elev-
ation of cecal and circulating urate in uricase-deficient mice.18
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Marked plasma urate elevation develops in wild-type mice
housed in germ-free conditions, treated with the uricase inhibitor
potassium oxonate, and fed either standard or urate-enriched
chow.18,19 Also, the combination of potassium oxonate and
urate-enriched chow induces acute kidney injury in wild-type
germ-free mice.18 The elevation of plasma urate concentration is
lessened by colonization with urate-consuming anaerobic PDB
of varied taxa.18,19

New human clinical research relevant to the gut microbiome
and gout has included retrospective analysis in a sizable Stanford
University cohort.18 It was discovered that the risk of incident gout
was elevated by �30% (after propensity score matching) in those
with prior exposure to clindamycin versus trimethoprim/sulfa-
methoxazole, which lacks anaerobic coverage.18 Serum urate
was not measured in that study.

The controlled feeding study Food and Resulting Microbial
Metabolites (FARMM)30 and its subsequent reanalysis18

assessed consequences on metabolites and gut microbiota
genomes (metagenomes) of short-term treatment with oral
antibiotics (vancomycin and neomycin) and polyethylene glycol
(Abx/PEG).30 Thirty healthy volunteers with normal renal func-
tion were studied, with the cohort divided by three distinct diets
(fiber-free synthetic diet given exclusively by enteral nutrition
[EEN] compared with vegan and omnivore diets). Paired analy-
ses revealed the association of microbiota depletion by the
antibiotics with subsequent rapid and marked fecal urate ele-
vation overall (by �40%–50% on average).18,30 Shortly after
antibiotic administration, there was significantly decreased

abundance, in the EEN feeding group, of the conserved gene
cluster unique to PDB in intestinal metagenomes.18,30

The publicly available FARMM database (https://www.
metabolomicsworkbench.org/data/DRCCMetadata.php?Mode=
Project&ProjectID=PR001024) revealed a trend for marginally
higher plasma urate after antibiotic administration irrespective of
each diet in the small overall study population. However, extrapo-
lating FARMM study data to hyperuricemia and gout has been
limited by the small size of the cohort, compounded by subdivi-
sion of participants into three dietary groups.30 In addition, the
preserved renal function in all FARMM participants supported
physiologic renal elimination of potential excesses in urate reab-
sorbed from the gut.30 The FARMM study did not include more
complex analysis of the intestinal abundance of the unique PDB
urate-consuming gene cluster relative to serum urate.

The FARMM study demonstrated selective linkage of low
dietary fiber intake with protracted recovery of microbiota involved
in gut urate homeostasis after antibiotic-induced alteration of gut
microbiota.18,30 This finding is relevant to both public health and
gout in the United States. There is particularly low overall con-
sumption in the United States of dietary fiber, which nourishes
healthful microbiota and whose degradation by bacteria gener-
ates SCFAs. In 2022 alone, there were over 236 million US antibi-
otic prescriptions dispensed from outpatient pharmacies, with
close to 30% of antibiotic prescriptions judged to be medically
unnecessary. Clearly, prospective studies will be needed to
directly assess the effects of antibiotic prescription on the gut
microbiome, hyperuricemia, and gout.
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Principal small intestinal bacterial Phyla
(Mainly aerobic and facultative anaerobic bacteria)
Primarily Bacillota (e.g., Lactobacilli and Clostridia)
~30% of gut microbiome
Also: Bacteroidota, Pseudomonadota, Fusobacteriota,
Actinomycetota
~104-5 CFU/mL in harsh duodenal environment
~107-8 CFU/mL in terminal ileum

Principal large intestinal bacterial Phyla
(Mainly obligate anaerobic bacteria)
Bacteroidota: ~30% of gut microbiome
Also: Pseudomonadota, Actinomycetota, Bacillota
~1010-11 CFU/mL

Large intestine is deeply anaerobic
Low O2 levels limit uricase activity in the
distal small intestine and colon

Figure 2. Distribution of the gut microbiome in healthy humans. The healthy gastrointestinal tract displays an oxygen gradient from proximal to
distal with the large intestine being highly anaerobic. In the distal small intestine and colon, the low oxygen levels result in reduced activity of uricase
and other oxygen-dependent enzymes. Bacterial density increases sharply along the gastrointestinal tract, with most bacteria residing within the
terminal ileum and colon. The major bacterial phyla present in both the small and large intestines are listed. CFU, colony-forming units.
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Gut dysbiosis in gout

Over the last decade, multiple metagenomic human studies
from countries, including China and Mexico, have characterized
gut dysbiosis in gout and hyperuricemia.31–37 The dominant
microbiota in the healthy human gut are members of the Bacteroi-
dota and Bacillota phyla, each accounting for �30% of healthy
human microbiome content (Figure 2).26,38,39 In people with gout,
distinctions in the gut microbiome compared to healthy controls
dysbiosis include depletion in Bacillota, and decreased diversity
and in urate-degrading microbiome functions, as well as
increases in carbohydrate metabolism.31 Conversely, there is

enrichment of the Bacteroidota phylum, whose members lack
PDB. Gout also has been associated with depletion of gut bacte-
ria that produce the anti-inflammatory SCFA butyrate and
decreased uricase-expressing Enterobacter strains. Some major
features include the following:

• decrease in diversity and urate-degrading and purine met-
abolic microbiome functions;

• depletion of Bacillota phylum members that comprise the
majority of PDB;

• enrichment in Bacteroidetes phylum members, which do
not include PDB;
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Figure 3. Distinct actions on urate and other purines by anaerobic bacteria and Lactobacilli in the human gut. (A) Certain strains of facultative and
obligate anaerobic PDB contain a conserved gene cluster that encodes a novel pathway for urate degradation. These microbes convert urate to
SCFAs through enzymes encoded by the gene cluster that include a xanthine dehydrogenase homolog (XdhAC) not expressed by humans.
(B) Many Lactobacilli strains have lost the ability to synthesize purines de novo but use a strategy to remove purines from the environment, have
purine nucleoside phosphorylase activity, and cleave purine nucleosides (such as inosine, adenosine, and guanosine), to produce ribose-
1-phosphate and purine bases. The sugar phosphate can be fermented with purine bases either secreted from the cell or used as precursors
for nucleic acid synthesis through purine salvage pathways. PDB, purine-degrading bacteria; SCFA, short-chain fatty acid. Color figure can be
viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43118/abstract.
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• depletion of uricase-expressing Enterobacter species;
• depletion of bacteria producing the anti-inflammatory

SCFA butyrate;
• sustained urate-lowering and anti-inflammatory gout

treatment partially restoring gut microbiota; and
• patient with gout intestinal metagenomes being more sim-

ilar to those in ankylosing spondylitis and rheumatoid
arthritis than obesity and type 2 diabetes mellitus.

Surprisingly, gout intestinal metagenomes have been
reported to be more similar to those in rheumatoid arthritis and
ankylosing spondylitis than to obesity and type 2 diabetes melli-
tus.36 Also, sustained pharmacologic oral ULT and gout-directed
anti-inflammatory therapy has been reported to partially restore
healthy gut microbiota in people with gout, by unclear mecha-
nisms.35,36 Hence, there remains much to be learned about the
factors inducing and mediating gut dysbiosis in gout.

Distinct effects of Bacillota and Lactobacilli on
urate metabolism and the gut

Diverse strains of Bacillota and other anaerobic PDB sense
urate, thereby allowing ambient urate concentration to regulate
urate-consuming gene expression in PDB.18,19 Furthering the
symbiotic relationships of PDB, urate metabolism, and intestinal
health, urate degradation provides carbon, nitrogen, and energy
for anaerobic PDBs, and end products of urate degradation can
be used as fuel by intestinal epithelial cells.18,19 PDB also
can exert beneficial effects that limit gut inflammation and muco-
sal permeability to toxins, such as conversion of urate to anti-
inflammatory SCFAs.18

The conserved urate-inducible gene cluster ygeX, ygeY,
ygeW, ygfK, and ssnA, widely distributed in varied PDB taxa, is
required for SCFA generation (Figure 3A).18,19 This gene cluster
encodes a variety of currently uncharacterized enzymes with
the capacity to reduce and enzymatically cleave urate
(Figure 3A).18,19 This urate-inducible gene cluster is a hallmark
of gut PDB and is not present in Lactobacilli, which, correspond-
ingly, do not degrade urate.18 PDB also are enriched in xdhAC,
which is distinct from human xanthine oxidoreductase40,41 and
likely initiates urate metabolism (Figure 3A).18

Many Lactobacilli, which predominantly reside in proximal
intestinal niches,42 lack complete pathways for de novo purine
synthesis and thus are dependent on exogenous purines for sur-
vival and growth.43 These microbes primarily take up and seques-
ter purine nucleosides, which are then broken down by
nucleoside phosphorylases into a fermentable energy source
(the sugar ribose-1-phosphate) and into the free purine bases
adenine, hypoxanthine, and guanine. Lactobacilli that process
purine nucleosides demonstrate enrichment of hprt and a varying
number of other purine salvage pathway enzymes.44 The purine
bases, via purine salvage, play a central role in satisfying Lactobacilli

demands for nucleic acid synthesis, with excess purine bases
secreted outside of the microbe (Figure 3B).43 On the other hand,
expression of purine salvage pathway genes heightens the sensi-
tivity of Lactobacilli and other aerobic bacteria to antibiotics.45

Prospects and potential indications for novel PDB
probiotics in gout

Probiotics will not displace the current mainstays of oral and
parenteral urate-lowering gout pharmacotherapy. Nonetheless,
there is substantial unmet need in gout for new, approved urate-
lowering therapeutics with high patient acceptance. Specifically,
poor adherence to urate-lowering pharmacotherapy is remark-
ably common and impedes success in treating people with poorly
controlled gout and hyperuricemia.46 By comparison, probiotic
nutraceuticals are immensely popular, with an annual US market
size of close to 20 billion dollars. Hence, patient acceptance could
be substantial for effective oral ULT probiotic approaches deliv-
ered in foods, gels, or other means such as capsules (Figure 4).
Such therapies could go hand in hand with productive diet modi-
fications in gout.

In stage IV CKD, the majority of urate disposal becomes
intestinal, the risk of incident gout increases up to seven-fold,
conventional urate lowering with allopurinol and febuxostat can-
not be dose-optimized, and uricosurics are contraindicated.2

Hence, PDB probiotics might become particularly useful in com-
plementing conventional oral ULT drugs in stage IV CKD.
Because PDB suppress atherogenesis in susceptible mice,19,47

testing candidate PDB strains in patients with gout and comorbid
atherosclerosis would be cogent. Similarly, it would be of interest
to assess potential effects of PDB in those with both gout and
comorbidities mediated by purine metabolism and inflammation,
with a prime example being metabolic dysfunction–associated
hepatic steatohepatitis.48

Although the US Food and Drug Administration has
approved two fecal microbiota–derived products for treating
recurrent Clostridioides difficile infections, no probiotic therapies
have received approval. Stringent challenges stand in the way of
oral delivery and gut entrenchment of PDB to safely and efficiently
“manufacture in house” intestinal ULT.22,49–51 Inherent limitations
of oral PDB probiotic therapy include PDB oxygen sensitivity, pro-
biotic processing measures, and stability in handling and in intes-
tinal transit conditions to anaerobic intestinal niches.18,19,47

Rapidly evolving approaches for optimizing storage, distribution,
and oral delivery of probiotics into the gut, including administra-
tion in extracellular vesicles and nanoparticles, could solve many
of these issues.50,51

Urate-degrading genes also may be engineered into
probiotic strains, enabling urate degradation to SCFAs in a
gut-optimized nonpathogenic microbial chassis, such as Escher-
ichia coli Nissle, which is used as a probiotic to treat a variety of
gastrointestinal disorders.52 Regardless, oral PDB therapeutics
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must overcome the “colonization barrier” imposed by resident
gut microbiota,53 which limits achievement of critical mass for
physiologic impact to restore dysbiosis.54 Probiotics also can
introduce gastrointestinal side effects (eg, flatulence, nausea),
nosocomial infection, and antibiotic resistance genes.

Scaling of urate-lowering microbiota-associated metabolites
and proteins to the human gut, an alternative to probiotic ther-
apy, also has significant hurdles. Studies of the ULT potential of
orally ingested uricases have been informative. Specifically, the
robustness of preclinical results for urate lowering via ingestion
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Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43118/abstract.
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of encapsulated uricase13 were not replicated by an exploratory
clinical trial effort in healthy humans.55 In a recent preclinical
study, an oral intestinally explosive hydrogel microsphere formu-
lated to deliver internal uricase and dopamine to the small intes-
tinal mucosa lowered serum urate.56 However, this would be an
unwieldy approach in humans.

Microbiota transplantation into the gut is an alternative to oral
ingestion of PDB probiotics. In this context, an uncontrolled, sin-
gle center pilot study of 11 patients with gout in China recently
tested the urate-lowering potential of colonic microbiota trans-
plantation into healthy patients with hyperuricemia and gout.57

The study employed freshly isolated, washed, and ultrafiltered
healthy donor fecal microbiota. Results were somewhat encour-
aging, given significant mean serum urate reduction from �10
mg/dL at baseline to �8 mg/dL at 6 months, in association with
decreased gout flares.57 Nevertheless, a subsequent, large case
series of participants with wide-ranging diagnoses and serum
urate levels had excessive participant dropout and failure to main-
tain significant urate lowering at six months.58 Essentially, the
cumbersome nature of fecal microbiota transplantation is unlikely
to meet with high patient acceptance in gout.

Lactobacillus-containing probiotics for gout

In reality, multiple prebiotics, probiotic nutraceutical diet sup-
plements, and foods affecting gut urate homeostasis are already
commercially dispensed. Gram-positive Lactobacilli and also
Bifidobacteria (of the Actinomycetota phylum) meeting “generally
recognized as safe” strain and health-promoting probiotic cri-
teria59,60 are employed in production and processing of yogurt,
other dairy products, and many fermented foods. Such bacteria
have high tolerance for the procedures involved in processing,
storage and delivery. Yogurt induces increases in Lactobacillus

and Bifidobacterium strains and increased alpha diversity of the
gut microbiome.61 In addition, prebiotics such as the whey pro-
tein peptide Pro-Glu-Trp may promote beneficial gut urate
homeostasis changes via urate transport and how Lactobacilli
and multiple other gut microbes tolerate stress.62

The association of low-fat dairy product consumption with
urate lowering and reduced risk of incident gout63 has been attrib-
uted to uricosuric effects of the milk proteins such as casein and
lactalbumin.64 However, some Lactobacillus strains from a variety
of fermented foods, milk, or introduced in the processing of milk
to other dairy items, also have lowered serum urate in preclinical
models in which high microbial dosages were generally adminis-
tered; urate-lowering mechanisms included modulation of purine
metabolism and ABCG2 and reduction of fructose-induced
hyperuricemia (Figure 3B).65–68 Interestingly, a urate-lowering
yogurt containing Lactobacillus gasseri PA-3 is marketed in
Japan.

Limitation of high dietary purine ingestion–associated surges
in serum urate that promote gout flares69 has been supported in

some preclinical investigation and ultimately could be an indica-
tion for oral Lactobacilli probiotic treatment. However, results
reported to this date have been mixed in exploratory oral probiotic
ULT clinical trials in patients with gout and hyperuricemia. Several
trials assessed Lactobacillus “safe strains” delivered by yogurt or
a small packet, with or without added Bifidobacteria, studying
only 15 to 20 participants per treatment group.70–72 Gout flares,
recorded over the six-month study period, were significantly less
frequent in one study, in which serum urate was decreased by
approximately 1 mg/dL.70 Still, maximum serum urate lowering
varied from only �0.5 to 1 mg/dL.70–73 One trial did not include
either placebo or yogurt lacking the tested Lactobacillus strain,73

and results for serum urate lowering were not statistically signifi-
cant in two trials using Lactobacillus gasseri PA-3.71,72

Broader questions and opportunities

Although discovery of human gut–resident PDB has raised
opportunities for boosting human intestinal urate homeostasis,
substantial questions remain. For example, markedly increased
sugar consumption in the United States, averaging over
100 pounds annually by some estimates, has been accompanied
by increasing gout prevalence.74 In the complex, oxygen-
depleted gut niches colonized by PDB, fructose provides PDB
with an alternative carbon source, preferred over purines for
energy generation that supports bacterial growth.19 At the same
time, fructose limits anaerobic urate degradation by PDB by sup-
pressing transcription of the bacterial purine-degrading genes.19

Because excess dietary fructose transits through the upper small
intestine to anaerobic intestinal niches,75 examination of dietary
fructose effects specific for the urate-lowering capacity of PDB is
warranted.

Gateways to improving intestinal urate homeostasis include
up-regulation of the apical-localized enterocyte excretory trans-
porter ABCG2 via prebiotics,62 probiotics,67,76 and a variety of
diet-furnished and microbiota-derived metabolites.77 In this
light, hippuric acid derived from Alistipes indistinctus, a gram-
negative, anaerobic bacterium of the Bacteroidota phylum,
induces ABCG2 transcription and enterocyte apical membrane
localization (Figure 4).77 In a mouse model of diet-induced eleva-
tion of serum urate, A indistinctus supplementation by gavage
increased intestinal urate excretion, and decreased the serum
urate level to baseline. Notably, the risk of hyperuricemia was
inversely associated with gut A indistinctus amounts in two inde-
pendent human cohorts.77 In addition, prolonged dietary hippu-
ric acid significantly lowered serum urate by markedly increasing
overall urate excretion.77

There are large gaps in understanding urate transporter phys-
iology at the lymphatic- and the portal venous and systemic venous
circulation–interfacing basolateral surface of enterocytes.78–81 The
marked hyperuricemia in germ-free, uricase-deficient mice fed
urate-enriched chow18 buttresses past, grossly observational
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studies that support substantial bidirectional urate transport across
the gut epithelium and back into the circulation. It is unclear
whether the mechanism is via paracellular urate diffusion between
enterocytes and/or by active enterocyte transporters. Regardless,
intestinal urate concentration could reflect equilibrium between
secretion into gut lumen and reabsorption from gut into circulation.
As such, core regulation of serum urate may be via the rate of urate
consumption by PDB relative to the rate of urate reabsorption from
the gut into the circulation (Figure 1). We do not know whether res-
ident gut microbiota and individual probiotics directly affect reab-
sorption of intestinal urate. Conversely, most PDB employ urate
for growth, and we do not know how deficient urate excretory
transport by ABCG2 affects the gut microbiome and whether
ABCG2 deficiency affects the capacity of PDB probiotics to reverse
gut dysbiosis.

It would be unrealistic to engineer, purify, and clinically
develop the human gut protoplasmic PDB purinolytic enzyme
XdhAC or the enzyme chain that degrades urate to SCFAs
(Figure 3A). These biochemical reactions require complex
anaerobic conditions and co-factors.18,19 Still, the vast array of
microbial genes may provide raw candidates to molecularly
and genetically engineer82 into novel purinolytic drugs other than
uricases. Recently, such an approach corrected the severe
nephrolithiasis-like and mortality-accelerating phenotype of a
fruit fly uricase knockdown model in a study using anaerobic
xanthine-degrading consortia of microbial enzymes from a
source other than human commensal organisms.83

Clearly, prospective clinical trials are warranted to test for the
extent of PDB biologic effects of serum urate, gout, and comorbid
disorders in humans. In this context, some early human gut PDB
data have been correlative, including inverse association between
abundance of certain gut Clostridia with levels of serum urate and
with coronary artery calcium scoring as a subclinical biomarker of
atherosclerosis burden.19 Furthermore, preclinical work demon-
strating antiatherogenic effects of murine gut PDB19,47 did not
determine whether the mechanism was via lowering of circulating
urate or other purines.84–87

Conclusions

The characterization of gut dysbiosis in gout and
identification of human intestinal anaerobic PDB have opened a
new translational window. It had previously been thought that
oxygen-dependent microbial uricases, Lactobacilli purine meta-
bolic pathways, and fecal urate elimination were the principal
drivers of urate elimination in the gut. We now recognize that a
widely distributed, conserved gene cluster in PDB encodes path-
ways for high-capacity urate degradation and generates anti-
inflammatory SCFAs. Some PDB also consume multiple purines
other than urate. The relationship of PDB with intestinal epithelial
cells is symbiotic. In vivo, PDB have the capacity to exert major
compensatory effects for the absence of uricase and other

inherent limitations in human urate homeostasis. However, pro-
spective, controlled human urate-lowering trials are awaited.

Probiotics are not likely to displace xanthine oxidase inhibi-
tors, uricosurics, and systemic uricase therapy as the backbones
of urate-lowering pharmacotherapy in gout. Also, development of
effective and safe PDB oral probiotic therapeutics, and to some
extent Lactobacillus probiotics, will demand challenging innova-
tion. That said, successes could add beneficial probiotic classes
of ULT agents to complement drug treatment, particularly so in
limiting flares specifically triggered by diet, and in the approach
to gout in stage IV CKD.
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Introduction

Systemic lupus erythematosus (SLE; lupus) is a prototypic

systemic autoimmune disease characterized by antinuclear anti-

bodies, systemic inflammation and a wide range of signs and

symptoms that lead to morbidity and mortality.1 As shown using

a variety of analytic techniques, patients with SLE manifest a

broad array of functional immune cell disturbances that can

induce autoantibody production, aberrant cytokine production,

and tissue inflammation and damage.2

In addition to inflammation, the course of SLE is marked by

symptoms such as widespread pain, fatigue, cognitive impair-

ment, and mood disturbance that can dramatically impair quality

of life. The relationship between these symptoms and inflamma-

tion is unclear. Furthermore, whereas health care professionals

generally focus on tissue inflammation (eg, nephritis, arthritis)

and evidence of immunologic disturbance (eg, increased anti-

DNA, decreased C3/C4) in their clinical assessments, patients

may rather focus on symptoms such as pain and fatigue as their

“lupus.” This discordance can complicate communication, pro-

voke patient dissatisfaction, and hinder research.3

To develop a new framework for evaluating and treating SLE,

Pisetsky et al proposed a division of disease manifestations into

two broad categories designated as type 1 and type 2 SLE.4 Type

1 SLE corresponds to inflammatory manifestations such as

nephritis, arthritis, and serositis. In contrast, type 2 SLE encom-

passes symptoms such as widespread pain, fatigue, and depres-

sion. Although type 2 manifestations can sometimes track with

type 1 manifestations, these symptoms can be persistent and

may not associate with conventional measures of disease activity

nor respond to immunomodulatory therapy.5

The type 1 and 2 SLE model is based on the premise that at

least some type 2 symptoms are intrinsic aspects of SLE as

opposed to the consequences of life with a serious chronic dis-

ease or other factors. As such, this model reframes symptoms,

such as widespread pain, as part of the lupus spectrum, implying

that these clinical features may involve immunological mecha-

nisms, albeit ones that may differ from those that drive the inflam-

mation underlying arthritis or nephritis. In this discussion, we

would like to build on this framework and propose a new con-

struct that we hope will be advance both research and

clinical care.

Lupus symptomatology. In many studies of SLE, approx-
imately 20% to 30% of patients meet criteria for fibromyalgia

(FM) using validated instruments.6 This frequency is far greater than

that of the general population and suggests a direct connection

between FM and SLE.7 In the current understanding, FM repre-

sents a form of nociplastic pain; nociplastic pain differs from noci-

ceptive pain that arises from noxious stimuli and from neuropathic

pain caused by nerve injury. In this construct, nociplastic pain

results from central nervous system sensitization (a consequence

of neuroplasticity) that leads to altered function of neural pathways

related to pain processing; the result of these functional changes

is pain amplification.
The effects of central nervous system sensitization are

marked. Thus, amplification of signaling can lead to sensory

abnormalities such as allodynia and hyperalgesia; allodynia is

marked by the experience of pain with stimuli that ordinarily do

not produce pain, whereas hyperalgesia involves an increase in

the pain sensation from a noxious stimulus. Furthermore, central

sensitization can lead to sensitivity to non-nociceptor stimuli such

as light and sound. Although sensitization may also involve the

peripheral nervous system, the importance of the central nervous

system is highlighted by the frequent association with fatigue,
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cognitive impairment, and mood disturbance,8 suggesting that
central sensitization can lead to a spectrum of symptoms.

Scientific classification of signs and symptoms is always
important, and any new schema is likely to elicit discussion and
possible disagreement. For symptoms currently designated as
part of the type 2 construct, especially those that are persistent,
we propose the term “lupus-associated nociplasticity” (LAN).
Implicit in this designation is the concept that nociplasticity, result-
ing from central nervous system sensitization and functional alter-
ation of pain pathways, may underlie lupus symptomatology in
the absence of overt peripheral inflammation.

At present, widespread pain in SLE (often diagnosed as FM)
would be designated as nociplastic pain; the term nociplasticity
has also been used to describe this phenomenon9 and seems
apt because it can encompass other clinical features that often
accompany pain in SLE. Therefore, we propose the term noci-
plasticity rather than nociplastic pain to highlight the prominence
of other components of this syndrome including fatigue, mood
disturbance, and sleep disturbance. The various manifestations
encompassed by nociplasticity, although often tracking together,
can differ in intensity among patients, suggesting that a terminol-
ogy that incorporates symptoms other than pain has both clinical
and heuristic value.

In this construct, central nervous system sensitization can
amplify pain as well as other symptoms.10 For example, it may
influence cognitive impairment, which can be one of the most dis-
tressing symptoms of patients with chronic pain. Fatigue can sim-
ilarly be incorporated into this framework, because the extent of
physical or mental tiredness reported by patients may be difficult
to understand in terms of usual physiological systems. Indeed,
central sensitization may play a role in many patients with SLE
because type 1 symptoms related to inflammation, such as arthri-
tis, may be amplified.11

Neuroimmune dysfunction SLE. For immune processes
in the nervous system, the term neuroinflammation is frequently
used to characterize changes in the properties of neurons, glia,
astrocytes, and other cell types that have been perturbed by
immune mediators.12 In the context of SLE, we would suggest
the term “neuroimmune dysfunction” to account for central ner-
vous system sensitization and nociplasticity because there is little
direct evidence of nervous system inflammation, recognizing that
inflammation is only one manifestation of immunological activity
and is defined by classic signs and symptoms (ie, pain, swelling,
heat, tenderness, and functional disturbance). Because histo-
pathological studies of brain or spinal cord may not reveal evi-
dence of canonical inflammation (eg, cellular infiltration) in SLE,
other terminology may be more illuminating.

In contrast, the term “neuroimmune dysfunction” is more
general and accords well with the extensive data on the effects
of cytokines and toll-like receptor agonists, whether produced
centrally or peripherally, on the nervous system. Because

macrophages in the peripheral blood of patients with SLE have
many functional abnormalities, comparable effects on microglia,
the macrophages of the nervous system, would not be unex-
pected. Animal models support this concept.13

Among immune mediators, antibodies can have profound
effects on neuronal function and can induce chronic pain in condi-
tions such as rheumatoid arthritis (RA), complex regional pain
syndrome, and channelopathies.14,15 Indeed, as shown by Goe-
bel et al, IgG from the blood of patients with FM can induce pain
behavior in mice, such as increased sensitivity to noxious stim-
uli.16 Furthermore, studies have shown that IgG antibodies from
patients with FM can bind to dorsal root ganglion cells and score
in an in vitro binding assay using satellite glia cells.17 Although
such antibodies have not yet been demonstrated in the sera of
patients with SLE, the findings with FM raise the possibility of an
autoantibody-mediated etiology for symptoms related to noci-
plasticity, with or without evidence of systemic inflammation. In
another realm, imaging modalities have indicated functional
changes in the brains of patients with SLE even without clinically
active disease and may signify neuroimmune dysfunction.18

The concept of LAN also incorporates the role of interocep-
tion, a term referring to the person’s internal sense of her body.
Interoception involves the awareness and accuracy of sensations
as well as their experience, integrating physiological pathways in
the brain for homeostasis and self-awareness.19 As in the case
of FM, the array of symptoms reported by lupus patients and their
frequent concordance in the same patient suggest a common
disturbance of interoception. Furthermore, studies on patients
with temporomandibular disorder (TMD) indicate that an individ-
ual’s experience of somatic symptoms, an aspect of interocep-
tion, is a risk factor for the development of TMD, a chronic pain
condition.20

With central nervous system sensitization in LAN, many
physiologic interactions are possible, and directionality can be dif-
ficult to elucidate (Figure 1). Other mechanisms may also be at
play (eg, effects of physical or psychosocial trauma and/or emo-
tional dysregulation). Because neuroimmune dysfunction can be
associated with many etiologies and triggers, nociplasticity can
be a final pathway driving diverse symptomatology. Importantly,
to the provider, neuroimmune dysfunction may be invisible
because the classic signs of inflammation are absent or no longer
present. For the patient, however, neuroimmune dysfunction is
not silent, as it can lead to distressing symptomatology.

In this construct, pain and related symptoms are essential
disease manifestations of SLE that arise from neuroimmune dys-
function and the downstream effects of central nervous system
sensitization (Figure 1). Furthermore, the presence of neuroim-
mune dysfunction may intensify and amplify the influence of other
etiological factors (eg, psychological stress, trauma), making
patients with autoimmune or inflammatory disease especially
prone to the development of nociplasticity. In SLE, the promi-
nence of nociplastic symptoms may reflect the confluence of
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certain immune disturbances (eg, autoantibodies, aberrant cyto-
kine production) that make these symptoms so problematic.

As indicated in the extensive literature on nociplastic pain,
nociplasticity, usually designated as FM or fibromyalgianess, can
occur in other autoimmune and inflammatory diseases, such as
RA. The term LAN does not imply a unique or exclusive relation-
ship to SLE and similar terminology may be applied to other dis-
eases (eg, RA-associated neuroplasticity).21–23 The point of the
proposed terminology is to emphasize that (1) nociplasticity can
be an important element of disease pathogenesis; (2) pain
can arise both peripherally (tissue inflammation and peripheral
sensitization) and centrally (central nervous system sensitization);
and (3) nociplasticity conveys a spectrum of symptoms that are
not simply binary but can change and vary.

The place of nociplasticity in patient evaluation.
Although painful conditions (eg, arthritis, pleurisy) represent clas-
sification criteria, it is striking that some of the most common
and disabling symptoms of SLE (ie, widespread pain, fatigue) do
not.24 This absence, however, arises from the intended use of
such criteria to facilitate research and distinguish SLE from other
conditions that may have related symptomatology such as
widespread pain.

The instruments to assess disease activity reflect a similar
perspective. The Systemic Lupus Erythematosus Disease Activity
Index encompasses nervous systemmanifestations (eg, seizures)
as well as painful conditions (eg, lupus headache) but lacks fea-
tures such as widespread pain and fatigue.25 According to the cri-
teria, lupus headache signifies disease activity but widespread
pain does not, although headache may be a manifestation of cen-
tral nervous system sensitization. Furthermore, headache and

widespread pain can both be part of an overlapping pain syn-
drome, suggesting a mechanistic link.26

We would suggest that, in any future development of clinical
criteria, inclusion of LAN should be considered as a neuropsychi-
atric manifestation of SLE, especially when bolstered by serology,
neuroimaging, quantitative sensory testing, or related testing.
Because neuroimmune dysfunction can underlie nociplasticity,
positing LAN as a manifestation of neuropsychiatric lupus is akin
to that of features such as headache, anxiety, and mood
disorders.

Furthermore, we would suggest consideration for the devel-
opment of activity measures and patient-reported outcome mea-
sures (PROMs) that specifically address nociplastic manifestations
of SLE. Nociplasticity can be captured using the validated type
2 Physician Global Assessment27 as well as PROMs such as the
polysymptomatic distress score, PROMIS-29, 36-Item Short Form
Health Survey, and LupusPRO. Nociplasticity can also be part of
studies to develop new biomarkers, such as transcriptomics to
develop patient endotypes.28

Importantly, we believe that assessing nociplasticity should
be included in routine clinical care to encourage clinicians to
address these symptoms directly; for clinical trials, assessment
of nociplasticity could determine label indications and extensions.
Measures that encompass nociplasticity can also be considered
to assess treatment responses and develop and refine therapies
directed to LAN (eg, tricyclic antidepressants, exercise, or stress
reduction).

Going forward, we believe that the terminology of LAN is
more informative and instructive than secondary FM or fibromyal-
gianess, because it represents a spectrum of symptoms that can
be tied directly to the pathogenesis of SLE; as such, it makes their
amelioration an essential treatment goal, optimally determined by

Figure 1. Lupus-associated nociplasticity. The figure illustrates a model for the relationship between neuroimmune dysfunction, central nervous
system sensitization, and symptoms of SLE. As depicted in the figure, a variety of physiological factors can influence neuroimmune dysfunction
which is a contributor to central nervous system sensitization; in turn, these factors may be influenced by sensitization. In this construct, central
nervous system sensitization represents an overarching mechanism that can drive type 2 SLE manifestations and not just pain; central sensitiza-
tion may also influence perception of type 1 SLE manifestations. Behavioral responses to these manifestations may further perpetuate neuroim-
mune dysfunction. Interoception represents a system by which physiological alternations (eg, inflammation) can be sensed and thereby
influence the patient experience of symptoms such as pain and fatigue. In some instances, the relationships are hypothetical and require greater
experimental study. SLE, systemic lupus erythematosus; TLR, toll-like receptor.
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a rheumatologist. We believe that referring to LAN as secondary
FM does not provide mechanistic understanding and can also
limit research into causation; it can also affect routine care given
the uncertainty and ambiguity in the care for patients with
FM. This uncertainty can lead to invalidation, the perception by
patients that their condition is not adequately recognized nor sup-
ported by others, especially health care providers.29,30

Compared to other medical and surgical conditions, FM is
rated by physicians and nurses as having low “prestige” and may
therefore receive less attention in usual clinical encounters.31,32 As
a new term, nociplasticity has the advantage of bypassing the con-
troversy around FM and validating the patient experience by
assigning symptoms to lupus pathogenesis.

Because patients can consider the manifestations of noci-
plasticity as their “lupus,” a model of care that makes these man-
ifestations as primary (rather than as comorbidities secondary to
unknown factors) has the potential to improve outcomes and
increase patient satisfaction. Practically, we therefore suggest
the development of a new International Classification of Diseases,
11th Revision code for LAN to facilitate clinical care and medica-
tion prescription.

Conclusions

Pain along with fatigue and cognitive dysfunction can be dev-
astating in their impact and, to patients, constitute their “lupus.”
We propose the term LAN to highlight the role of central nervous
system sensitization in the pathogenesis of SLE and to incorpo-
rate the patient experience more cogently into models of care.
We hope that this terminology will stimulate discussion (even
debate), novel research, and, most importantly, advances in clini-
cal care to improve the lives of patients with SLE.
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Peripheral Biomarker Signatures in Rheumatoid
Arthritis–Associated Interstitial Lung Disease

Austin M. Wheeler,1 Joshua F. Baker,2 Thomas R. Riley IV,2 Tate M. Johnson,1 Yangyuna Yang,3

Punyasha Roul,3 Katherine D. Wysham,4 Grant W. Cannon,5 Gary Kunkel,5 Gail Kerr,6

Dana P. Ascherman,7 Paul Monach,8 Andreas Reimold,9 Scott Matson,10 Jill A. Poole,3 Michael J. Duryee,1

Geoffrey M. Thiele,1 Ted R. Mikuls,1 and Bryant R. England1

Objective. Rheumatoid arthritis–associated interstitial lung disease (RA-ILD) is a significant cause of morbidity and
mortality among patients with RA, yet effective risk stratification for RA-ILD is lacking. We sought to characterize
unique peripheral blood biomarker signatures in RA that could improve RA-ILD discrimination beyond clinical and
genetic risk factors.

Methods. We performed a cross-sectional study of participants in the Veterans Affairs Rheumatoid Arthritis Regis-
try. ILD was validated through systematic record review. Autoantibodies (n = 14), proinflammatory cytokines/
chemokines (n = 36), adipokines (n = 3), alarmins (n = 3), and matrix metalloproteinases (n = 9) were measured from
banked serum or plasma. MUC5B rs35705950 genotyping was obtained via microarray. Principal component
(PC) analysis was performed to derive unique biomarker signatures. Logistic regression was used to compare models
predicting RA-ILD presence using combinations of clinical, peripheral biomarker, and genetic variables.

Results. Among 2,001 participants with RA (88.7% male, mean age 63.7 years), 121 (6.4%) had RA-ILD. A total of
15 PCs were identified, with 8 significantly associated with RA-ILD after adjusting for clinical factors. These eight
included biomarker themes of innate and allergic responses, autoantibodies (anti–cyclic citrullinated peptide, rheuma-
toid factor, anti–malondialdehyde-acetaldehyde adduct), adipokines, alarmins, tissue remodeling, and neutrophil che-
motaxis. Models with PCs (area under the receiver operating characteristic curve [AUC] 0.739) and PCs with MUC5B
(AUC 0.751) outperformed clinical risk factors alone (AUC 0.630; P < 0.001).

Conclusion. Peripheral biomarker signatures are associated with RA-ILD and improve RA-ILD identification
beyond clinical risk factors. In addition to demonstrating the potential for peripheral biomarkers to aid RA-ILD risk strat-
ification, these findings suggest diverse pathways are involved in RA-ILD pathogenesis.

INTRODUCTION

Rheumatoid arthritis–associated interstitial lung disease

(RA-ILD) is a significant cause of morbidity and mortality among

patients with RA.1,2 Despite the importance of this extra-articular

manifestation, there are relatively few identified risk factors for

RA-ILD. Clinical risk factors consistently identified include older

age, male sex, cigarette smoking, and severe articular disease.3,4
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There are also observed associations between prevalent RA-ILD
and seropositivity with rheumatoid factor (RF), anti–cyclic citrulli-
nated peptide (CCP) antibodies, and anti–malondialdehyde-
acetaldehyde adduct (MAA) antibodies.4,5 In addition to clinical
measures and autoantibody status, genetic risk factors have
been increasingly recognized for their contribution to RA-ILD
development, specifically when it occurs in a usual interstitial
pneumonia (UIP) pattern. The strongest genetic risk factor identi-
fied to date is theMUC5B rs35705950 promoter variant, a finding
validated in multiple studies and independent cohorts.6–10

Beyond clinically available autoantibodies and these genetic
risk factors, there are a number of peripheral biomarkers associ-
ated with the presence of RA-ILD. A recent systematic review by
our group identified 104 unique peripheral biomarkers associated
with RA-ILD among 70 different studies, including a variety of
cytokines/chemokines, growth factors, extracellular matrix pro-
teins, tumor markers, lung epithelial or surfactant proteins, and
others.11 Many of these peripheral biomarkers are also recog-
nized to be associated with RA, regardless of ILD status.12,13

Most studies have focused on a single or select number of periph-
eral biomarkers for RA-ILD. The few studies that have applied
more broad peripheral biomarker analyses in RA-ILD have been
performed among small, selected samples.14,15

Given the vast range of recognized and candidate bio-
markers for RA-ILD, a multidimensional evaluation of composite
biomarkers for RA-ILD risk is needed, accounting for the interre-
lated nature across peripheral biomarker measures. Machine
learning approaches have previously been leveraged to identify
unique biomarker profiles in RA and other disease states. In this
study, we aimed to derive unique peripheral biomarker signatures
using an unsupervised machine learning approach among a
large, multicenter RA cohort and test whether these biomarker
signatures would improve RA-ILD prediction beyond clinical risk
factors.

PATIENTS AND METHODS

Study design, population, and demographics. This
cross-sectional study was conducted within the Veterans Affairs
Rheumatoid Arthritis (VARA) Registry, which is a prospective,
multicenter cohort of US veterans with RA fulfilling the 1987 Amer-
ican College of Rheumatology classification criteria that was initi-
ated in 2003.16,17 This study was approved by the Veterans
Affairs (VA) Nebraska-Western Iowa Health Care System Institu-
tional Review Board (IRB; 1576193), with each site receiving IRB
approval and all participants providing written informed consent.

Study participants and the public were not involved in the design,
reporting, or dissemination plans of this research.

Clinical and demographic data, including age, sex, race and
ethnicity, body mass index (BMI; in kilograms per square meter),
RA disease duration, and cigarette smoking history (categorized
as ever or never smoker), were recorded at the time of registry
enrollment. Race and ethnicity was self-reported from a fixed set
of categories and subsequently categorized for this study as
non-Hispanic White or other. The Disease Activity Score With
28-Joint Count (DAS28) and Multidimensional Health Assess-
ment Questionnaire were documented by treating rheumatolo-
gists at enrollment. Disease-modifying antirheumatic drug
(DMARD) use at enrollment was determined by linkage with
administrative pharmacy dispensing data obtained through the
VA Corporate Data Warehouse. Participants with missing demo-
graphic or biomarker data were excluded from the analysis (ie,
complete case analysis).

ILD assessment. ILD was assessed in the cohort using
screening and validation steps, as previously reported.7,8,18 All
participants were screened for possible ILD based on diagnostic
codes for ILD or ILD-related terms in chest computed tomogra-
phy (CT) reports.19,20 ILD diagnoses were subsequently validated
by a board-certified rheumatologist based on documentation of a
diagnosis of ILD in the medical record by the treating provider with
supporting findings from either imaging or lung biopsy per the
radiology or pathology report (chest CT in 97% of patients with
ILD).19 Diagnostic evaluation (CT, pulmonary function testing,
and lung biopsy) was performed according to clinical indication
at the discretion of treating providers. Given disease latency,
prevalent ILD status was defined as the presence of ILD at any
time before and up to two years after registry enrollment. Partici-
pants who later developed RA-ILD or who had indeterminate ILD
were excluded from analyses. When available, ILD pattern was
extracted from clinical radiology reports, biopsy reports, and clin-
ical notes. The presence of honeycombing on chest CT reports
was considered additional evidence of a UIP pattern.18 Forced
vital capacity (FVC) percentage predicted was extracted from
medical records at the most proximate time to enrollment.

Peripheral biomarker assessment. Biomarker assess-
ment was performed using serum and plasma that were collected
at enrollment on all participants and stored at −70�C. Biomarkers
were selected based on prior associations with RA and/or RA-ILD
as part of previous studies within the VARA cohort.5,15,18,21–23

Biomarker measurement was performed via either the Mesoscale
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Discovery platform, enzyme-linked immunosorbent assay
(ELISA), or nephelometry (Table 1). Adipokines included adipo-
nectin, fibroblast growth factor (FGF)-21, and leptin. Alarmins
included interleukin (IL)-17e–IL-25, IL-33, and thymic stromal lym-
phopoietin (TSLP). RA-related antibodies included anti-MAA (IgA,
IgM, and IgG against MAA-adducted albumin, collagen, fibrino-
gen, and vimentin; ELISA), anti-CCP (IgG; ELISA), and RF (nephe-
lometry). Chemokines included eotaxin, monocyte
chemoattractant proteins, macrophage-derived chemokine,
macrophage inflammatory proteins, and thymus and activation-
regulated chemokine. Collagenases included matrix metallopro-
teinases (MMPs). Cytokines included Fms-like tyrosine kinase
3 ligand (FL), fractalkine, granulocyte colony-stimulating factor
(CSF), granulocyte–macrophage CSF, interferons (IFNs), ILs,
tumor necrosis factor (TNF) α, and vascular endothelial growth
factor. All biomarker concentrations were log transformed and
standardized for analyses, with a mean ± SD of 0 ± 1.

Genotyping. Genotyping was performed using the Infinium
Global Screening Array-24 version 2.0 microarray (Illumina Inc).
MUC5B rs35705950 was directly measured and passed quality
control measures including Hardy–Weinberg equilibrium. The
MUC5B rs35705950 promoter variant was analyzed via an addi-
tive model according to the number of thymine copies as the var-
iant allele.7

Statistical analysis. Principal component analysis (PCA)
was used to identify unique peripheral biomarker signatures for
RA-ILD. PCA is a statistical technique that has the powerful ability
to compress large amounts of predictor variables into more
accessible groups as well as illustrate patterns in the data based
on these variables.24,25 All standardized, log-transformed bio-
markers (Table 1) were included in the PCA. As part of PCA, a
correlation matrix was constructed for the aforementioned bio-
markers, eigenvalues were calculated from this matrix, and princi-
pal components (PCs) were selected based on eigenvalue (>1,

Table 1. Peripheral biomarkers included in principal component
analysis*

Variable Measurement method

Adipocytokine
Adiponectin Mesoscale discovery
FGF-21 Mesoscale discovery
Leptin Mesoscale discovery

Alarmin/cytokine
IL-17e–IL-25 Mesoscale discovery
IL-33 Mesoscale discovery
TSLP Mesoscale discovery

Antibody
Anti-MAA-albumin IgA ELISA
Anti-MAA-albumin IgG ELISA
Anti-MAA-albumin IgM ELISA
Anti-MAA-collagen IgA ELISA
Anti-MAA-collagen IgG ELISA
Anti-MAA-collagen IgM ELISA
Anti-MAA-fibrinogen IgA ELISA
Anti-MAA-fibrinogen IgG ELISA
Anti-MAA-fibrinogen IgM ELISA
Anti-MAA-vimentin IgA ELISA
Anti-MAA-vimentin IgG ELISA
Anti-MAA-vimentin IgM ELISA
IgG-CCP ELISA
RF Nephelometry

Chemokine
Eotaxin Mesoscale discovery
MCP-1 Mesoscale discovery
MCP-4 Mesoscale discovery
MDC Mesoscale discovery
MIP-1α Mesoscale discovery
MIP-1β Mesoscale discovery
MIP-3α Mesoscale discovery
TARC Mesoscale discovery

Collagenase
MMP1 Mesoscale discovery
MMP3 Mesoscale discovery
MMP7 Mesoscale discovery
MMP9 Mesoscale discovery

Cytokine
FL Mesoscale discovery
Fractalkine Mesoscale discovery
G-CSF Mesoscale discovery
GM-CSF Mesoscale discovery
IFNα2a Mesoscale discovery
IL-1RA Mesoscale discovery
IL-1α Mesoscale discovery
IL-1β Mesoscale discovery
IL-2 Mesoscale discovery
IL-3 Mesoscale discovery
IL-4 Mesoscale discovery
IL-5 Mesoscale discovery
IL-6 Mesoscale discovery
IL-7 Mesoscale discovery
IL-8 Mesoscale discovery
IL-9 Mesoscale discovery
IL-10 Mesoscale discovery
IL-12–IL-23-p40 Mesoscale discovery
IL-12-p70 Mesoscale discovery
IL-13 Mesoscale discovery
IL-15 Mesoscale discovery
IL-16 Mesoscale discovery
IL-17A Mesoscale discovery

(Continued)

Table 1. (Cont’d)

Variable Measurement method

IL-23 Mesoscale discovery
IL-27 Mesoscale discovery
IFN Mesoscale discovery
TNFα Mesoscale discovery
VEGF Mesoscale discovery

* CCP, cyclic citrullinated peptide; ELISA, enzyme-linked immuno-
sorbent assay; FGF, fibroblast growth factor; FL, Fms-like tyrosine
kinase 3 ligand; G-CSF, granulocyte colony-stimulating factor; GM-
CSF, granulocyte–macrophage colony-stimulating factor; IFN, inter-
feron; IL, interleukin; IL-1RA, IL-1 receptor antagonist; MAA,
malondialdehyde-acetaldehyde adduct; MCP, monocyte chemoat-
tractant protein; MDC, macrophage-derived chemokine; MIP, mac-
rophage inflammatory protein; MMP, matrix metalloproteinase;
RF, rheumatoid factor; TARC, thymus and activation-regulated che-
mokine; TNF, tumor necrosis factor; TSLP, thymic stromal lympho-
poietin; VEGF, vascular endothelial growth factor.
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per Kaiser–Guttman rule), scree plots, and cumulative
variance.25–27 An orthogonal varimax rotation was used to improve
the interpretability of extracted PCs, forcing variables to align
strongly with a single component.24 Biomarkers with loadings
>0.3 were considered to meaningfully represent the respective
PC.26 Each PC was descriptively characterized based on the func-
tion of the biomarkers with a meaningful loading. The relationship of
each PCwith the outcome of RA-ILD was initially evaluated as a PC
score within a multivariable logistic regression model that adjusted
for age, sex, race and ethnicity, and smoking status.

Clinical variables, including age, sex, race and ethnicity, and
smoking history, were included in a multivariable logistic regres-
sion model, evaluating the outcome of RA-ILD among the entire
cohort with RA. The 15 PCs were included together in a multivar-
iable model assessing the predictive capacity of biomarkers
alone. Subsequently, a combined clinical and biomarker logistic
regression model was assessed, including the clinical factors
and all 15 PCs extracted from the PCA. A final logistic regression
model included the combination of clinical factors, PCs, and the
MUC5B promoter variant. The area under the receiver operating
characteristic curve (AUC) was compared among the clinical
model, clinical model with PCA, and clinical model with PCA and
MUC5B, and statistical comparisons were made via the nested
likelihood ratio test to evaluate for improvement in model fit. Per-
formance of a clinical model with MUC5B was assessed and
compared with the clinical model with PCA and MUC5B. As a
sensitivity analysis, this process was then repeated using an
expanded clinical model that included BMI, DAS28, prednisone
use, and DMARD use. Additional sensitivity analysis was per-
formed with the inclusion of only those PCs that were individually
associated with RA-ILD within the models. Internal validation
was performed for all models using bootstrappingwith 50 different
random samples, and optimism-adjusted measures were
obtained.28

We performed subgroup analyses of individual PC associa-
tions with RA-ILD subtypes (UIP and non-UIP) and FVC severity
(FVC <80% and FVC ≥80% predicted) versus without ILD via mul-
tivariable logistic regression with adjustment for age, sex, race
and ethnicity, and smoking history. Logistic regression model per-
formance was also evaluated on the subgroup with UIP. All analy-
ses were completed with Stata version 18.

RESULTS

Patient characteristics. Among 2,001 participants with
RA, 121 (6.4%) were classified as having prevalent ILD. Partici-
pants with RA-ILD were older (average age 67.4 vs 63.5 years;
P < 0.001) and more frequently male (94.2% vs 88.3%; P =
0.047) compared to patients with RA without ILD (Table 2). A cig-
arette smoking history (84.3% vs 77.4%; P = 0.07) as well as pos-
itivity for RF (86.8% vs 76.3%; P = 0.01) and anti-CCP (83.5% vs
76.6%; P = 0.08) were more frequent in those with ILD. In patients

with RA-ILD, there was more frequent use of biologic or targeted
synthetic DMARDs (33.9% vs 25.1%; P = 0.03) and prednisone
(33.9% vs 17.7%; P < 0.001). Among those with RA-ILD, evi-
dence of a UIP pattern was present in 62.8% of patients, and
the mean FVC predicted was 77.6%. The MUC5B promoter var-
iant occurred more frequently among those with RA-ILD (36.8%
vs 16.8%).

PCA. A total of 15 PCs were extracted based on an eigen-
value >1 according to the Kaiser–Guttman rule.27 These PCs
explained 66% of the cumulative variance (Supplementary
Table 1), with the first two PCs accounting for the largest amount
of variance (PC1 15.5% and PC2 11.9%, respectively). The
peripheral biomarkers that loaded onto each respective PC, a
descriptive characterization of each PC, and the PC score associ-
ation with RA-ILD are provided in Table 3. The first two PCs pre-
dominantly comprised proinflammatory cytokines and
chemokines and were not associated with RA-ILD. Eight PCs
were individually associated with RA-ILD. PC3 (adjusted odds
ratio [aOR] 1.16, 95% confidence interval [CI] 1.05–1.29) was
composed of cytokines involved in the innate immune response
(IL-3, IFNα-2a, IL-15, and IL-5). PC4 (aOR 1.28, 95% CI 1.11–
1.47), PC7 (aOR 1.18, 95% CI 1.01–1.37), and PC15 (aOR
1.26, 95% CI 1.07–1.49) were composed of distinct anti-MAA
antibodies to albumin, fibrinogen, collagen, and/or vimentin. PC6
(aOR 1.17, 95% CI 1.02–1.34) was composed of anti-CCP anti-
bodies and RF. PC8 (aOR 1.43, 95% CI 1.23–1.66) was com-
posed of adipokines and cytokines (FL, leptin, fractalkine, and
FGF-21). PC10 (aOR 1.21, 95% CI 1.03–1.41) was composed
of alarmins (IL-17e–IL-25 and TSLP). PC12 (aOR 1.20, 95% CI
1.03–1.40) was composed of biomarkers related to tissue
remodeling and neutrophil chemotaxis (MMP9 and IL-8). Other
PCs were not significantly associated with RA-ILD.

Predictive models for RA-ILD. A logistic regression
model including only clinical risk factors was able to discriminate
RA-ILD with an AUC of 0.630 (95% CI 0.582–0.679). A logistic
regression model composed of all 15 PCs was able to discrimi-
nate RA-ILD with an AUC of 0.713 (95% CI 0.662–0.764). When
all PC scores were included with the clinical risk factors, the pre-
dictive ability of the model was significantly increased over the
clinical model (AUC 0.739, 95% CI 0.693–0.786; Figure 1A).
The addition of the MUC5B promoter variant to the clinical model
with PC further improved performance (AUC 0.751, 95% CI
0.707–0.802; Figure 1A). This was also improved over the clinical
model with MUC5B (AUC 0.681, 95% CI 0.637–0.726; Table 4).
All model comparisons were significant via the nested likelihood
ratio test (P < 0.001).

Sensitivity analyses with BMI, DAS28, and DMARD use
included as additional clinical variables yielded slightly improved
performance in clinical model (0.706, 95% CI 0.659–0.752), clini-
cal model with PC (AUC 0.767, 95% CI 0.723–0.811), and clinical
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model with PC and MUC5B (AUC 0.776, 95% CI 0.733–0.823;
Figure 1B). Again, all model comparisons were significant via the
nested likelihood ratio test (P < 0.001). Sensitivity analysis with
PCs selected based on individual associations (PC3, PC4, PC6,
PC7, PC8, PC10, PC12, and PC15) did not significantly impact
the results (Table 4). Internal validation was performed on all mod-
els using bootstrapping. Model performance was attenuated with
optimism correction, but the overall trend in performance among
the various models was preserved, as shown in Table 4.

Subgroup analyses. Subgroup analyses were performed
to evaluate the association of each individual PC with RA-ILD
based on ILD subtype and FVC impairment. Most PC associa-
tions with RA-ILD were consistent across subgroups
(Supplementary Table 2). The exception was PC10 (IL-17e–IL-
25 and TSLP), which was positively associated with UIP and neg-
atively associated with non-UIP ILD. Additionally, PC13 (IgA/IgM
antibodies to MAA-adducted collagen and adiponectin) was
more closely associated with non-UIP ILD, and PC7 (IgA/IgG/
IgM antibodies to MAA-adducted fibrinogen, collagen, and
vimentin) was more closely associated with severe ILD (FVC <
80%), though 95% CIs for estimates were overlapping. Although
a clinical model performed similarly in the subgroup with UIP

(AUC 0.635 vs 0.630), there was a substantial improvement in
performance of the PC model (AUC 0.768 vs 0.713) and com-
bined models (clinical model with PC and MUC5B AUC 0.834 vs
0.755; Supplementary Table 3).

DISCUSSION

In this study, we identified unique peripheral biomarker sig-
natures occurring in a large, diverse RA population and evaluated
their association with the presence of RA-ILD. PCs that were pos-
itively associated with RA-ILD were characterized by biomarkers
that encompassed inflammatory cytokines (IL-3, IL-5, IL-8, IL-
15, INFα-2a), autoantibodies (anti-MAA, anti-CCP, RF), adipo-
kines (FL, leptin, fractalkine, FGF-21), alarmins (IL-17e–IL-25,
TSLP), and MMPs (MMP9). The variety of immune pathways and
inflammatory processes associated with RA-ILD highlight the
diversity of pathways that likely contribute to RA-ILD risk and
pathogenesis or that are impacted by the presence of RA-ILD.
Furthermore, combining these biomarker signatures with clinical
risk and genetic factors improved RA-ILD risk stratification, illus-
trating the potential role of peripheral blood biomarkers in facilitat-
ing RA-ILD identification.

Table 2. Characteristics of participants by RA-ILD status*

Variable RA no-ILD (N = 1,880), n (%) RA-ILD (N = 121), n (%) P value

Age at enrollment, mean (±SD), y 63.5 (±11.2) 67.4 (±9.2) <0.001
Male 1,660 (88.3) 114 (94.2) 0.047
Race and ethnicity 0.36
Non-Hispanic White 1,466 (78.0) 90 (74.4)
Other 414 (22.0) 31 (25.6)

Smoking history 0.07
Never smoker 386 (20.5) 15 (12.4)
Ever smoker 1,456 (77.4) 102 (84.3)
Unknown 38 (2.0) 4 (3.3)

Body mass index, mean (±SD) 28.9 (±5.6) 28.5 (±6.1) 0.5
RA duration, mean (±SD), y 11.3 (±11.2) 12.9 (±12.7) 0.15
Anti-CCP seropositivity 1,441 (76.6) 101 (83.5) 0.08
RF seropositivity 1,435 (76.3) 105 (86.8) 0.01
DAS28-CRP, mean (±SD) 3.6 (±1.4) 3.7 (±1.3) 0.21
MD-HAQ, mean (±SD) 0.9 (±0.6) 1.0 (±0.5) 0.11
Prednisone use 332 (17.7) 41 (33.9) <0.001
cDMARD use 1,379 (73.4) 94 (77.7) 0.29
b/tsDMARD use 471 (25.1) 41 (33.9) 0.03
MUC5B promoter variant <0.001
0 1,471 (83.2) 74 (63.2)
1 280 (15.8) 42 (35.9)
2 18 (1.0) 1 (0.9)

FVC predicted, mean (±SD), % – 77.6 (±15.9) –

ILD pattern
UIP – 76 (62.8) –

Other ILD pattern (NSIP, etc) – 36 (29.8) –

Unknown/missing – 9 (7.4) –

* b/tsDMARD, biologic or targeted synthetic disease-modifying antirheumatic drug; CCP, cyclic citrullinated pep-
tide; cDMARD, conventional disease-modifying antirheumatic drug; DAS28-CRP, Disease Activity Score With
28-Joint Count and C-reactive protein; FVC, forced vital capacity; MD-HAQ, Multidimensional Health Assessment
Questionnaire; NSIP, nonspecific interstitial pneumonia; RA-ILD, rheumatoid arthritis–associated interstitial lung
disease; RA no-ILD, rheumatoid arthritis without interstitial lung disease; RF, rheumatoid factor; UIP, usual intersti-
tial pneumonia.
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Table 3. Extracted peripheral biomarker principal components and their association with RA-ILD*

Principal component Loading Theme aORa for RA-ILD (95% CI)

1 Macrophage-related chemokines 0.96 (0.91–1.02)
MCP4 0.319
MDC 0.311
IL-16 0.310
MCP1 0.306
IL-27 0.304
IL-7 0.302

2 Proinflammatory cytokines 1.04 (0.98–1.10)
IL-1β 0.352
IL-4 0.344
IL-1α 0.308
IL-6 0.304

3 Myeloid differentiation; innate immune response; allergic response 1.16 (1.05–1.29)
IL-3 0.478
IFNα-2a 0.407
IL-15 0.375
IL-5 0.309

4 Autoantibodies; oxidative stress 1.28 (1.11–1.47)
IgA-MAA-Alb 0.565
IgG-MAA-Alb 0.533
IgM-MAA-Alb 0.560

5 Adaptive immune response 0.97 (0.85–1.10)
IL-12–IL-23-p40 0.649
IL-17A 0.532

6 Autoantibodies 1.17 (1.02–1.34)
IgG-CCP 0.600
RF 0.546

7 Autoantibodies; oxidative stress 1.18 (1.01–1.37)
IgM-MAA-Fib 0.612
IgM-MAA-Col 0.527
IgA-MAA-Fib 0.314
IgG-MAA-Vim 0.302

8 Adipocytokines; metabolism regulation 1.43 (1.23–1.66)
FL 0.482
Leptin 0.476
Fractalkine 0.460
FGF-21 0.391

9 Autoantibodies; oxidative stress 1.10 (0.95–1.27)
IgG-MAA-Fib 0.588
IgG-MAA-Col 0.468
IgG-MAA-Vim 0.448

10 Alarmins 1.21 (1.03–1.41)
IL-17e–IL-25 0.665
TSLP 0.427

11 Tissue remodeling 1.01 (0.88–1.17)
MMP3 0.652
MMP7 0.521

12 Tissue remodeling; neutrophil chemotaxis 1.20 (1.03–1.40)
MMP9 0.580
IL-8 0.318

13 Autoantibodies; oxidative stress; adipokines 1.10 (0.95–1.27)
IgA-MAA-Col 0.576
Adiponectin 0.563
IgG-MAA-Col 0.340

14 Innate immune response 1.02 (0.87–1.18)
IL-33 0.641

15 – 1.26 (1.07–1.49)
IgA-MAA-Vim −0.439

* Biomarkers with absolute loading value >0.3 are shown. Alb, albumin; aOR, adjusted odds ratio; CCP, cyclic citrullinated peptide; CI, confi-
dence interval; Col, collagen; FGF, fibroblast growth factor; Fib, fibrinogen; FL, Fms-like tyrosine kinase 3 ligand; IFN, interferon; IL, interleukin;
MAA, malondialdehyde-acetaldehyde adduct; MCP, monocyte chemoattractant protein; MDC, macrophage-derived chemokine; MMP, matrix
metalloproteinase; RA-ILD, RA-ILD, rheumatoid arthritis–associated interstitial lung disease; RF, rheumatoid factor; TSLP, thymic stromal lym-
phopoietin; Vim, vimentin.
a Odds ratio values were adjusted for age, sex, race and ethnicity, and smoking history.
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The current lack of RA-ILD screening strategies is due in part
to a paucity of informative clinical risk factors for RA-ILD. This was
evident in our study, in which models with only clinical risk factors
yielded modest AUC values. Adding the biomarker PCs signifi-
cantly improved the predictive performance of a model for the
identification of RA-ILD over clinical risk factors alone. This
improvement suggests that using peripheral blood biomarkers
could help overcome the limited predictive value of clinical risk
factors for RA-ILD. Although the performance of a model with clin-
ical risk factors and peripheral biomarker signatures was statisti-
cally improved with the further addition of the MUC5B promoter

variant, the absolute improvement in AUC was relatively modest.
However, this degree of improvement was similar to the effect
observed by adding the MUC5B promoter variant to clinical pre-
diction models of RA-ILD,8 suggesting that this genetic variant
identifies features of susceptibility not captured through periph-
eral biomarkers. Additional research investigating the utility of inte-
grating more comprehensive genetic and proteomic
measurements into such models is warranted.

Biomarker themes that emerged through the PCA included
myeloid differentiation, the innate immune and allergic responses,
autoantibodies (specifically anti-MAA, anti-CCP, and RF),

Figure 1. Receiver operating characteristic curves for logistic regression models for rheumatoid arthritis–associated interstitial lung disease
including clinical risk factors, principal components, and MUC5B promoter variant. Receiver operating characteristic curves, along with their
respective area under the receiver operating characteristic curve (AUC), are shown in each panel for clinical model alone, clinical model with prin-
cipal components analysis (clinical + PCA), and clinical model with PCA andMUC5B promoter variant (clinical+PCA+MUC5B). (A) Clinical risk fac-
tors include age, sex, race and ethnicity, and smoking history. (B) Expanded (Exp.) clinical risk factors include the above plus body mass index,
Disease Activity Score With 28-Joint Count, prednisone use, conventional disease-modifying antirheumatic drug (DMARD) use, and biologic or
targeted synthetic DMARD use. All model comparisons were significantly different by nested likelihood ratio test (P < 0.001).
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adipokines/metabolism, alarmins, tissue remodeling, and neutro-
phil chemotaxis. These findings may hint toward the diverse
pathophysiologic pathways involved in RA-ILD, many of which
are supported by prior literature. It has been demonstrated that
serum anti–citrullinated protein antibodies (ACPAs) correlate with
local ACPA production in the lung mucosa and mucosal inflam-
mation, leading to the “mucosal origins” hypothesis of RA.29,30

Inflammatory cytokines such as TNF, IL-1, IL-4, IL-5, IL-13, and
several chemokines are thought to likely play a role in the transi-
tion from epithelial injury to the development of lung fibrosis.29

MAA expression in lung tissue has been shown to be higher in
RA-ILD than in other forms of ILD, emphysema, or controls, and
autoreactive B cells to MAA have been found in the lung and joint
tissue of patients with RA.5,31 Adipokines, specifically adiponectin
and leptin, have been shown to play a regulatory role in the inflam-
matory response, which has been suspected to have a potential
role in ILD pathogenesis.32 MMPs (including MMP9) have been
shown to be overexpressed by alveolar epithelial cells within fibro-
blastic foci of the lungs in idiopathic pulmonary fibrosis and drive
lung fibrosis in a highly similar disease process to UIP RA-
ILD.29,33 Thus, our findings are in line with these prior studies
and emphasize the need for further translational and mechanistic
efforts to determine how these processes are involved in RA-ILD
pathogenesis.

In the subgroup analyses, we found that the associations of
PCs with UIP RA-ILD were generally consistent with those for all
RA-ILD, likely reflecting the preponderance of UIP in RA-ILD.
Interestingly, PC10 (IL-17e–IL-25 and TSLP) was positively asso-
ciated with a UIP pattern and negatively associated with other ILD
patterns. This has not been previously demonstrated, and this
hypothesis-generating finding warrants further investigation into
factors that differentiate specific ILD patterns and severity. Nota-
bly, because of the limited number of patients with ILD in

subgroup analyses, we were unable to detect modest differences
in PC associations with subgroups with RA-ILD. There was
improvement in clinical/biomarker/MUC5B model performance
for the outcome of UIP over all RA-ILD. This was limited by power
but supports the idea that risk stratification efforts in RA-ILD may
need to be pattern specific.

Strengths of this study include a large, diverse, multicenter
US cohort of well-phenotyped patients with RA with comprehen-
sive RA-ILD identification and peripheral biomarker measure-
ments.19 Limitations include a lack of chest CT imaging for the
entirety of the cohort given that RA-ILD testing was performed
as part of routine clinical care. This may result in misclassification
of subclinical ILD as non-ILD. However, our results illustrate the
utility of peripheral biomarker signatures for RA-ILD risk stratifica-
tion in a real-world practice setting. ILD pattern (UIP, nonspecific
interstitial pneumonia, etc) was unavailable for some patients
(n = 9) and was based on clinical determinations rather than a
separate research evaluation. Although this cohort is
predominantly male, it is reflective of the national VA population,
and RA-ILD preferentially affects males. Although the lack of
external validation is a limitation, internal validation was performed
via bootstrapping, and models underwent optimism correction,
which did not impact the interpretation of findings. Given the
cross-sectional nature of this study, there is potential for reverse
causality between RA-ILD and peripheral biomarkers, although
with the goal of identifying prevalent disease, this should
not impact the interpretation of our results. We included a broad
range of peripheral blood biomarkers implicated in RA and RA-
ILD pathogenesis but were unable to include all previously
reported biomarkers associated with ILD. This remains an evolv-
ing area of research, and future studies will need to continually
reassess other novel biomarkers that would benefit from
inclusion.34–36 Last, the PCA method used allowed for the

Table 4. Performance of regression models for RA-ILD before and after internal validation*

Model AUC (95% CI) Optimism-adjusted AUC (95% CI)a

Primary analyses
Clinical factors 0.630 (0.583–0.679) 0.609 (0.558–0.669)
PCs 0.713 (0.662–0.764) 0.677 (0.628–0.723)
Clinical with MUC5B 0.681 (0.637–0.726) 0.663 (0.625–0.702)
Clinical with PCs 0.739 (0.693–0.786) 0.693 (0.647–0.740)
Clinical with PCs and MUC5B 0.755 (0.707–0.802) 0.713 (0.667–0.758)

Sensitivity analyses
Expanded clinicalb 0.706 (0.659–0.752) 0.671 (0.626–0.716)
Expanded clinical with PCs 0.767 (0.723–0.811) 0.712 (0.665–0.757)
Expanded clinical with PCs and MUC5B 0.776 (0.731–0.821) 0.724 (0.676–0.782)
Selected PCsc 0.702 (0.651–0.753) 0.677 (0.621–0.732)
Clinical with selected PCs 0.731 (0.684–0.778) 0.695 (0.659–0.748)
Clinical with selected PCs and MUC5B 0.749 (0.701–0.797) 0.716 (0.675–0.770)

* AUC, area under the receiver operating characteristic curve; CI, confidence interval; DMARD, disease-modifying
antirheumatic drug; MUC5B, MUC5B rs35705950 promoter variant; PC, principal component; RA-ILD, rheumatoid
arthritis–associated interstitial lung disease.
a Internal validation by was achieved through bootstrapping.
b Expanded refers to the addition of body mass index, Disease Activity Score With 28-Joint Count, prednisone use,
conventional DMARD use, and biologic or targeted synthetic DMARD use to the clinical model.
c Selected refers to the inclusion of only the PCs that were individually associated with RA-ILD.
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identification of distinct biomarker profiles within a broad range of
potential peripheral biomarkers and their association with RA-ILD.
However, alternative approaches would be needed to identify
individual biomarker cutoffs or evaluate the clinical application of
predictive models, including the use of other machine learning
techniques to guide efficient biomarker selection for clinical pre-
diction models.

In conclusion, PCA identified distinct peripheral biomarker
signatures that implicate a wide range of biologic pathways asso-
ciated with RA-ILD. These peripheral biomarker signatures signif-
icantly improved ILD discrimination in a large cohort with RA
beyond clinical risk factors alone. The addition of theMUC5B pro-
moter variant resulted in a modest improvement over clinical and
peripheral biomarker models. Further investigation is needed
regarding the effective use of peripheral biomarkers in the identifi-
cation of RA-ILD as well as applications toward ILD incidence and
progression. This includes their additive contribution to other clin-
ical and genetic risk factors and their relationship to the various
pathways involved in RA-ILD pathogenesis that could impact
therapeutic targeting.
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Plasma Proteomic Profiles Predict Individual Future
Osteoarthritis Risk

Zijian Kang,1 Jianzheng Zhang,2 Wenxin Liu,1 Chen Zhu,3 Ying Zhu,4 Ping Li,5 Kai Li,5 Qiang Tong,6

and Sheng-Ming Dai1

Objective. Osteoarthritis (OA) is a widespread degenerative joint disease that causes a considerable socioeco-
nomic burden. Despite progress in genetic and environmental insights, early diagnosis is still limited by the lack of evi-
dent symptoms during the initial phases and accurate biomarkers. This study aims to identify plasma proteins
associated with future risk of OA and develop a predictive model.

Methods. We conducted a large-scale proteomic analysis of 45,307 participants from the UK Biobank, excluding
those with baseline OA. Plasma samples were assayed using the Olink Explore Proximity Extension Assay targeting
1,463 unique proteins. Clinical variables and OA outcomes were extracted and linked to electronic health records. A
predictive model was constructed using the LightGBM machine learning method, and SHapley Additive exPlanations
(SHAP) were applied to evaluate the importance of variables.

Results. We identified a panel of proteins significantly associated with the risk of developing OA. Notably, after
adjusting for multiple confounders, collagen type IX alpha 1 chain (COL9A1) and cartilage acidic protein 1 (CRTAC1)
were the most significant predictors of incident OA, with hazard ratios of 1.54 (95% confidence interval [CI] 1.48–
1.61) and 1.65 (95% CI 1.54–1.78), respectively. SHAP analysis allowed a profound interpretation of the contribution
of each protein and clinical variable to the model, revealing the multifactorial nature of OA risk prediction. The temporal
trajectories of plasma proteins indicated that the levels of COL9A1 and CRTAC1 began to deviate from normal for more
than a decade before OA onset, suggesting their potential use in early detection strategies. The predictive model,
developed using the LightGBM algorithm, integrated proteins with clinical covariates and demonstrated an area under
the curve (AUC) of 0.729 for 5-year OA prediction, 0.721 for 10-year prediction, and 0.723 for all incident OA. The pre-
dictive accuracy of the model was further enhanced for hip and knee OA, achieving AUCs of 0.820 and 0.803 for 5-year
predictions.

Conclusion. Our study identified the role of plasma proteomics in predicting future OA risk, which could contribute
to preemptive measures. The innovative model, which integrates proteomic biomarkers with clinical data, offers a
potential tool for risk assessment, potentially optimizing OA management strategies and enhancing prevention efforts.

INTRODUCTION

Osteoarthritis (OA) is a prevalent degenerative joint disease

characterized by the progressive deterioration of the cartilage

and underlying bone, leading to pain, stiffness, and reduced

mobility. It is one of the highest causes of disability worldwide,

with an estimated 595 million global cases in 2020, projected to

increase by 74.9% for knee OA, 48.6% for hand OA, and 78.6%
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for hip OA by 2050 because of population aging.1 This increasing
prevalence imposes a considerable socioeconomic burden,
highlighting the urgent need for effective diagnostic and therapeu-
tic interventions.

Over the years, research efforts have diligently explored the
mechanisms underlying OA.2 These studies have investigated
genetic, environmental, and lifestyle factors contributing to OA
susceptibility.3–5 For example, polymorphisms in multiple genes
have also been identified to be responsible for increasing the risk
of OA, such as aggrecan and collagen type II alpha 1 chain, which
are critical players in the formation and repair of cartilage.6 Envi-
ronmental and lifestyle factors, including obesity, previous joint
injury, and repetitive use of joints, have all been attributed to OA
in weight-bearing joints such as knees and hips.7 OA often mani-
fests insidiously, and by the time symptoms become clinically evi-
dent, irreversible joint damage may have already occurred.8,9

Although advances in imaging techniques and biomarker
discovery have enriched our understanding of early disease
processes,10 radiographic and clinical signs of OA often indicate
damage only after it has occurred, making timely intervention diffi-
cult. In the preclinical stage, specific biomarkers, including plasma
biomarkers, may undergo changes that indicate an increased risk
of developing OA.11 As the disease progresses to the symptom-
atic phase, radiographically detectable structural changes are fre-
quently absent or minimal (Kellgren and Lawrence grade 0–1).11

Therefore, it is crucial to predict OA before clinically detectable
joint damage arises, encompassing both radiographic evidence
and persistent symptoms such as frequent pain. This highlights
the need for novel approaches to identify individuals at risk before
overt symptoms appear. However, existing approaches are lim-
ited by small sample sizes, narrow feature sets, and the modest
predictive accuracy of combining proteins.12–14 Furthermore,
the potential for prediction in individuals with OA over long periods
(eg, 10 years or >10 years) has largely remained unexplored.15

Plasma proteomics offers excellent potential as an early bio-
marker because of its ability to detect subtle physiologic changes
associated with disease progression. This method has already
proven effective in predicting disease onset and prognosis for var-
ious diseases.16–18 Further research is necessary to fully explore
this technique’s potential to predict OA across various time
frames.

The UK Biobank, with >500,000 participants, provides rich
proteomic data that can significantly help identify molecular bio-
markers associated with OA.19,20 The availability of longitudinal
data coupled with detailed clinical and lifestyle information makes
the UK Biobank an invaluable tool for predictive modeling.
Machine learning algorithms, especially those proficient in high-
dimensional data analysis, have shown potential in developing
predictive models of disease risk. LightGBM is a gradient-
boosting framework ideal for large, high-dimensional datasets,
efficiently managing both categorical and continuous vari-
ables.21,22 Unlike linear models like principal component

modeling or orthogonal projection to latent structures discri-
minant analysis, which may struggle with complex, nonlinear
interactions, LightGBM captures intricate relationships and han-
dles missing values. Its leaf-wise tree growth improves speed
and accuracy, making it particularly effective for proteomic data
with complex protein interactions.18,23 This method may help
synthesize various variables, ranging from genetics to environ-
mental and lifestyle factors, and can discern intricate biologic sig-
natures from extensive cohorts, thereby predicting an individual’s
OA risk.

In this study, we focused on identifying plasma proteins sig-
nificantly associated with OA risk using the UK Biobank dataset.
In addition, we developed a predictive model based on plasma
proteins and clinical variables using the LightGBM machine learn-
ing method. SHapley Additive exPlanations (SHAP) were also
used to evaluate the variables within the machine learning model.
Our model not only identifies risk factors and proteins associated
with incident OA but also identifies patients at higher risk of devel-
oping OA, offering insights for early intervention and improved dis-
ease management.

PATIENTS AND METHODS

Study population. The UK Biobank is an ongoing, large-
scale, population-based prospective cohort study with extensive
proteomic and phenotypic data collected from >500,000 individ-
uals aged 39 to 70 years from 2006 to 2010. They were regis-
tered under the UK NHS and drawn from 22 assessment
centers across the UK. We excluded participants with baseline
OA, those lost to follow-up, and those with missing proteomic
data for analytical purposes.

Blood proteomics. Baseline blood samples were collected
from 22 regional assessment centers in the UK. Blood samples
were randomly drawn from the participants’ first visit at baseline.
For each participant, blood was drawn into EDTA tubes and
immediately centrifuged at 2,500g at 4�C for 10 min to separate
the plasma. The supernatant was aliquoted and stored at −80�C
for further processing. The samples were then sent on dry ice to
the Olink Analysis Service Center in Sweden for uniform quantifi-
cation using the antibody-based Olink Explore Proximity Exten-
sion Assay.24

Proteomic analysis was conducted on plasma samples from
54,306 participants. The experimentalists were blinded to the
sample characteristics and clinical data. Processing and storage
procedures have been described in previous publications.25 A
total of 1,463 unique proteins were measured after stringent qual-
ity control measures, representing cardiometabolic, inflammatory,
neurologic, and oncologic proteins. Protein levels are reported as
normalized protein expression (NPX) values. NPX values were
estimated by taking the counts for each sample and each assay,
dividing them by the counts of the extension controls, and then
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log2 transforming the results. Sources of variation were adjusted
using the median normalized counts of the extension controls,
batch-specific median NPX values, and assay-specific median
NPX values for each batch. Proteomic variables are defined in
detail in Supplementary Table 1.

Clinical variables. A wide variety of clinical variables from
the UK Biobank database was chosen to study their association
with the risk of OA. The selection was guided by the potential
influence of these variables on the risk of OA. The following were
included: baseline characteristics, such as age, sex, ethnicity,
and socioeconomic factors, including occupation, household
income, and Townsend index. Anthropometric measures, includ-
ing body mass index (BMI), weight, height, basal metabolic rate,
and trunk fat mass, were used to assess body composition,
metabolism, and fat distribution. Lifestyle factors considered
included data on participants’ smoking status, alcohol intake,
physical activity, diet history, and sleep behavior. We also
recorded comorbid conditions in the disease, such as
hypertension, type 2 diabetes, cardiovascular diseases, and
chronic kidney disease, to estimate other health issues that an
OA-diagnosed individual might have. Medication use was also
reviewed to identify potential interactions or effects associated
with OA management or treatment. The detailed clinical variables
are presented in Supplementary Table 1.

OA outcomes. Diagnostic data were linked with UK elec-
tronic health records, wherein OA symptoms were reported by
professional clinicians in hospitals, family doctors in the primary
care system, or staff in the UK death registration system. OA
was defined using the three-digit International Classification of
Diseases, Tenth Revision codes for knee, hip, or other OA.26,27

The main outcome measures were incident cases of OA identified
by the earliest date reported in primary care, hospital episode sta-
tistics, mortality records, and self-reports. Definitions of the exclu-
sion criteria and diseases are provided in Supplementary Table 2.
The date of OA diagnosis was defined as the earliest recorded
date in the data described above. Follow-up visits started from
the date of entry into the study from the assessment center and
ended at the earliest date of diagnosis or death or the last date
provided by the hospital or general practitioner, whichever came
first. The last recorded and available date is August 2023.

Statistics and analysis.We applied the chi-square test to
compare differences among categorical variables. For differences
in continuous variables, we used Student’s t-test for descriptive
analysis of the variables of interest. The Cox proportional hazards
regression model was used to estimate the association of the
NPX values of each plasma protein with the incidence of
OA. The reported results are presented as hazard ratios (HRs),
95% confidence intervals (CIs), and P values. Model 1 was
adjusted for age, sex, BMI, Townsend index, and ethnicity. Model

2 was further adjusted for smoking, drinking, physical activity,
hypertension, and diabetes.

To account for the multiplicity of tests, Bonferroni correction
was applied to assess significant associations, considering the num-
ber of proteins tested (n = 1,463). This correctionwas used to control
the family-wise error rate, ensuring that the significance threshold
was set at P < 0.05.28 Following this correction, we performed
enrichment analysis on the significant proteins from models 1 and
2 using the ClusterProfiler R package.29 Benchmarking against the
whole background provided by the complete Olink protein set
enabled a better understanding of biologic implications. Statistical
significance in the analysis was determined using the Fisher exact
test, with P values further adjusted for multiple comparisons using
the Benjamini-Hochberg method to control the false discovery rate.

Significant proteins, identified after Bonferroni correction in both
model 1 and model 2 of the Cox proportional hazards regression,
were initially subjected to feature selection using Lasso regression
(L1 regularization). Lasso was chosen for its ability to manage multi-
collinearity and impose sparsity, effectively refining the feature set by
penalizing less relevant or redundant features. Subsequently, a
LightGBM classifier was used to evaluate and refine the selected fea-
tures.30 Two feature selection methods, sequential forward selection
(SFS) and recursive feature elimination (RFE), were employed to
compare model performance under varying numbers of selected
features. In the SFS approach, proteins were incrementally added
to the LightGBM model based on their ranked importance as
assessed by SHAP values. Selection concluded when the optimal
area under the curve (AUC) performance was reached, defined as
no incremental improvement detected in two consecutive DeLong
tests, indicating no significant enhancement in the model perfor-
mancewith additional proteins. The selected proteinswere visualized
using SHAP plots to elucidate their importance.31

The combined effect of these proteins was derived from the
LightGBM model and the significant proteins identified during the
protein ranking process. Model establishment and assessment were
conducted via internal leave-one-area-out cross-validation. The
dataset was divided into 10 subgroups. For each iteration, nine sub-
groups were used as the training set, and the remaining subgroup
served as the test set. This process was repeated 10 times, ensuring
that each subgroup was tested once. An optimal model for
LightGBM was developed by combining the optimal learning rate,
maximum tree depth, and number of leaves with hyperparameters
adjusted using Bayesian hyperparameter optimization. The receiver
operating characteristic curve analysis was used to assess the accu-
racy of the selected significant proteins and clinical indicators. We
implemented a 10-fold cross-validation approach to evaluate the
model’s performance iteratively across different subsets of the data.
The accuracy of the models was compared using AUC values, sen-
sitivity, specificity, and accuracy, with 95% CIs for these metrics cal-
culated based on cross-validation results.

To evaluate the generalizability and robustness of the predic-
tive accuracy of the selected proteins, we replicated the analyses
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in the following target populations: OA with onset within 5 years,
10 years, and >10 years, all incident cases, and for knee and hip
OA with the same timeframes. In these analyses, individuals who
developed OA after the time of interest were considered healthy
(eg, in the 10-year prediction analysis, those who developed OA
after 10 years were regarded as OA-free because incident cases
beyond the 10-year observation period were unknown). For the
>10-year analysis, individuals who developed OA within 10 years
were also excluded. This design posits a longer follow-up period
to determine the predictive value of proteins for developing OA
>10 years from the baseline visit.

We illustrated the clinical progression of OA events by high
and low baseline protein levels using Kaplan-Meier survival
curves. The optimal cutoff point for protein levels was established
based on the maximum Youden index, which incorporates sensi-
tivity and specificity in choosing the best threshold to differentiate
among groups. The time until the occurrence of OA events in the
two groups was plotted using Kaplan-Meier curves. Participants
were also stratified by baseline protein levels into tertiles, and the
incidence rates of OA were subsequently analyzed.

Using a nested case-control design, we monitored plasma
protein dynamics for about 14 years, leading to the diagnosis of
OA. Cases were defined as individuals who developed OA during
follow-up, and incidence density sampling was applied to select
controls from the OA-free cohort members. To reduce potential
confounding and ensure comparability between cases and con-
trols, we employed a propensity score matching method. Specif-
ically, we conducted a 1:5 matching of cases and controls based
on age, sex, and BMI using a caliper width of 0.1 SDs (0.1 σ).
Mean plasma protein concentrations were presented over time
up to the index date using a locally weighted scatterplot smooth-
ing curve for both cases and controls. Temporal changes in
plasma proteins between those with and without OA were tested
using the Mann-Kendall trend test, a robust nonparametric
approach to longitudinal data.

Ethical approval. The UK Biobank has obtained ethical
approval from the NorthWest Multi-centre Research Ethics Commit-
tee (reference number: 11/NW/0382, https://www.ukbiobank.ac.uk/
learn-more-about-uk-biobank/about-us/ethics). Informed consent
was collected from all study participants via electronic signature.

Data availability. The data supporting this study’s find-
ings are available on UK Biobank at http://www.ukbiobank.ac.
uk/. Code generated or used during the study is available by rea-
sonable request.

RESULTS

Participant selection and baseline characteristics.
The UK Biobank database encompasses a total of 502,357 par-
ticipants. After excluding 449,655 participants owing to missing

proteomics data, 7,190 participants with OA at baseline, and
132 participants without follow-up data, our study included
45,307 participants (Figure 1A). Most participants were White
(92.8%), with an average age of 56.15 years. Among them,
52.9% (n = 23,978) were female and 47.1% (n = 21,329) were
male (Supplementary Table 3). Over a mean follow-up period of
14.68 years, 7,281 patients were diagnosed with OA during the
study period with 2,906 cases occurring within 5 years and
5,376 cases within 10 years (Figure 1A and B). Among the inci-
dent OA cases, 1,688 were diagnosed with hip OA, 2,560 with
knee OA, 803 with polyarticular OA, and 151 with carpometacar-
pal (CMC) OA, with hip arthritis and knee arthritis being the pre-
dominant types of OA. The median ages at first diagnosis were
67.13 years for OA, 68.95 years for hip OA, and 67.04 years for
knee OA (Figure 1B; Supplementary Figure 1A–C).

Incident patients with OA had a higher mean age at recruit-
ment, a greater proportion were female, a higher prevalence were
overweight, and higher prevalence had hypertension compared
with the control group (P < 0.001). Similar results were observed
for both hip and knee OA. The key baseline characteristics strati-
fied by incident OA status are presented in Supplementary
Table 3.

Identifying proteins associated with incident OA. To
identify the proteins that are truly associated with the OA out-
come, we used Cox analysis and adjusted for known clinical fac-
tors to control for potential confounding effects. Our
comprehensive analysis of 1,463 proteomic biomarkers revealed
a significant association among a subset of proteins, incident
OA, and its subtypes (Figure 2A–C; Supplementary Figure 2A
and B). After adjusting for age, sex, BMI, Townsend index, and
ethnicity in model 1,387 proteins were found to be significantly
correlated with new-onset OA after Bonferroni correction. As a
sensitivity analysis, we re-ran all analyses using model 2, which
was additionally adjusted for smoking status, drinking status,
daily activity, hypertension, and diabetes. A total of 301 proteins
remained significantly associated with the development of new-
onset OA (Figure 2D). For example, collagen type IX alpha 1 chain
(COL9A1) and cartilage acidic protein 1 (CRTAC1) were the most
significant predictors of incident OA, with HRs of 1.54 (95%
CI1.48–1.61) and 1.65 (95% CI 1.54–1.78), respectively. These
biomarkers were also associated with an increased risk of both
hip and knee OA. In contrast, BOC cell adhesion associated
oncogene regulated and carbonic anhydrase 14 (CA14) exhibited
HRs of 0.76 (95% CI 0.71–0.85) and 0.83 (95% CI 0.79–0.88),
respectively, suggesting a negative correlation with OA risk
(Supplementary Table 4).

We also compared HRs of these protein biomarkers across
different OA subtypes, including single-joint OA (hip OA, knee
OA, and CMC OA) and polyarticular OA. Our analysis revealed
some proteins were associated with all types of OA, such
as α-1-microglobulin/bikunin precursor (AMBP), CRTAC1,
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adrenomedullin, asialoglycoprotein receptor 1, and neurocan.
There are also variations in HRs for specific proteins in the risk
of OA subtypes. For example, AMBP and basigin (BSG) dem-
onstrated stronger associations for polyarticular OA, CRTAC1
for knee OA, COL9A1 and matrilin 3 (MATN3) for hip OA, and
galectin 3 for CMC OA (Supplementary Figure 3). These find-
ings highlight both common and subtype-specific protein

biomarkers associated with OA, underscoring the heterogene-
ity of the disease.

Enrichment analysis revealed several biologic pathways
associated with the significantly correlated proteins, such as
metabolism proteins, cytokines, cytokine receptor interactions,
integral components of the membrane, and the AMP-activated
protein kinase pathway, which may provide insights into the

Figure 1. Flowchart of participant selection. (A) In the UK Biobank cohort, individuals who reported OA at baseline or those lacking follow-up
time and Olink proteomic data were excluded from the analysis. The remaining participants were categorized based on the year of the first
reported OA following baseline. (B) Distribution of the observation period for the first reported OA (left), hip OA (middle), and knee OA (right) since
baseline. OA, osteoarthritis.
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Figure 2. Association of plasma proteins with incident OA. (A–C) Volcano plot depicting the association of 1,463 plasma proteins with (A) incident
OA, (B) hip OA, and (C) knee OA in terms of HRs on the x-axis and −log (FDR) on the y-axis. Cox proportional hazards regression in model 0 (left),
model 1(middle), and model 2 (right) results are presented here. Model 0 is the crude model. Model 1 is adjusted for age, sex, body mass index, eth-
nicity, and Townsend index. Model 2 included additional adjustments for daily activities, smoking, alcohol consumption, hypertension, and diabetes.
(D) Venn diagram showing the proteins shared between model 1 and model 2. (E) Enrichment of GO, KEGG, and Reactome pathways. Significant
proteins identified in either model 1 or model 2 after Bonferroni correction were subjected to enrichment analysis using the Olink protein panel as
the background gene set. BP, biologic process; CC, cellular component; ECM, extracellular matrix; FDR, false discovery rate; GO, gene ontology;
HR, hazard ratio; IGF, insulin-like growth factor; IGFBP, insulin-like growth factor binding protein; KEGG, Kyoto Encyclopedia of Genes and Genomes;
MF, molecular function; NF-κB, nuclear factor κB; NS, not significant; OA, osteoarthritis; TNF, tumor necrosis factor.
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molecular mechanisms underlying the development of OA
(Figure 2E; Supplementary Table 5).

Protein importance ranking via SHAP analysis. Given
that hip and knee OA represent the predominant types of OA, we
further constructed predictive models for OA and these two sub-
types based on proteomic data. We initially employed the Lasso
method to perform a preliminary screening of OA risk proteins
(Supplementary Figure 4A and B). Subsequently, we found that
the model constructed using SFS outperformed those built with
RFE, as illustrated in Supplementary Figure 4C.

The predictive power of the SFS-selected proteins was
highlighted by their consistent ranking in the AUC analysis, as shown
in a line graph in which the model’s AUC rises significantly upon the
addition of more predictors then marginally improves. COL9A1 and
CRTAC1 emerged as the most significant predictors for OA and its
subtypes (Figure 3A; Supplementary Figures 5–7). Specifically, for
all OA, COL9A1 was the strongest predictor, followed by CRTAC1,
ectodysplasin A2 receptor (EDA2R), and leptin (LEP) (Figure 3A;
Supplementary Figure 5A–C). COL9A1 was the strongest predictor
of hip OA, followed by CRTAC1, MATN3, and adenosine diphos-
phate ribosyltransferase 3 (ART3) (Supplementary Figure 6A and
B). CRTAC1 was the top predictor for knee OA, followed by
COL9A1, cartilage oligomeric matrix protein (COMP), and chromo-
granin B (CHGB) (Supplementary Figure 7A and B).

The predictive power for OA increased when the first few
proteins were included and gradually leveled off as more proteins
were added (Figure 3A; Supplementary Figures 6A and 7A). Using
this system based on order of importance, we ultimately selected
the top six proteins (COL9A1, CRTAC1, EDA2R, LEP, ART3, and
growth differentiation factor 15 [GDF15]) for OA prediction, eight
proteins (COL9A1, CRTAC1, ART3, EDA2R, MATN3, actin alpha
2 smooth muscle, BOC and follistatin) for hip OA prediction, and
eight proteins (CRTAC1, COL9A1, COMP, CHGB, LEP, AMBP,
kallikrein-related peptidase 14, and CD200 molecule) for knee
OA prediction for subsequent protein model construction.

SHAP plots were used to visually interpret the impact of each
selected protein through the magnitude of its values (encoded by
a color gradient) and the direction of its tendency on the horizontal
axis (the likelihood of developing OA), as shown in Figure 3B,
Supplementary Figure 6B, and Supplementary Figure 7B. For
instance, COL9A1 has the broadest range among new-onset
OA and hip OA, indicating its most significant predictive power.
Moreover, participants with higher CRTAC1 levels were more
likely to develop knee OA. Patients with high ART3 and CA14
levels remained healthy, suggesting a negative correlation with
disease risk. Similar interpretations have been provided for the
remaining proteins.

Prognostic value and temporal dynamics of plasma
proteins in OA progression. We further investigated the pre-
dictive ability of baseline plasma protein levels for the

development of OA. Baseline protein data were divided into high
and low groups with cutoff values optimized to maximize the You-
den index for delineating between those who had and had not
developed OA in the follow-up period. Participants with higher
baseline levels of COL9A1, CRTAC1, EDA2R, LEP, and GDF15
exhibited an increased risk of developing OA. ART3 expression
was associated with a lower risk of OA (Figure 4A). This finding
was also evident in hip OA and knee OA (Supplementary
Figures 8A and 9A).

Next, we explored how proteins stratified the risk of inci-
dent OA. Participants with higher baseline protein percentiles
had a higher rate of events than those with lower protein
percentiles (Figure 4B). This was consistent across the OA
subgroups (Supplementary Figures 8B and 9B). Finally, we
determined the temporal trajectories of plasma proteins from
the time to OA diagnosis. A 14-year retrospective time scale
was used to track these changes. Protein trajectories in indi-
viduals who developed OA were then compared with those in
individuals who remained OA-free during the same period.
Smoothed splines demonstrated that plasma levels of
COL9A1 and CRTAC1 deviated from normal values >10 years
before the onset of OA, whereas their expression levels
remained stable in the control cohort (Supplementary
Figure 10A). Consistent patterns were observed in both hip
and knee OA. EDA2R and GDF15 also gradually increased as
the onset of OA approached, and their levels are elevated com-
pared with those of the control cohort. Other proteins in hip
and knee OA did not show significant differences during the
time approaching disease onset (Supplementary Figure 11A
and B). The above findings indicate that changes in plasma
COL9A1 and CRTAC1 could be evident years before the onset
of OA.

We also evaluated the diagnostic performance of each pro-
tein for OA, and the results indicated that the predictive power of
individual proteins for OA is approximately between 0.55 and
0.6, suggesting a moderate ability to predict OA outcomes
(Supplementary Figures 12 and 13A and B). These results high-
light the importance of combining them with other variables to
enhance predictive power.

Clinical data selection and importance ranking via
SHAP analysis. We introduced approximately 150 clinical vari-
ables in the prediction of OA by adding demographic characteris-
tics, lifestyle habits, income, occupation, activity status,
biochemical indicators, and pain questionnaires. Through the ini-
tial screening process using Lasso, a subset of candidate factors
was identified, most of which have been previously reported to
correlate with OA risk (Supplementary Figure 14A and B). The
AUC value for variable selection using SFS was also higher than
that achieved with RFE (Supplementary Figure 14C). The top
50 predictive factors were developed and ordered based on their
values to predict the results. (Figure 5A). Several predictive factors
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exhibited strong correlations, including age, sex, BMI, and recent
pain in specific body regions (Supplementary Figure 15A–C).
Finally, the 13 highest-ranking clinical features, including pain
questionnaires, were selected for use as predictors in the model.

The SHAP plots visualized the impact of individual clinical
features, with color gradients representing value magnitude
and the horizontal axis indicating their influence on OA devel-
opment probability. They demonstrated the broadest variation

in age among all patients with new-onset OA, followed by
BMI, knee pain, sex, other parts pain, and painkiller medication
(Figure 5B). In addition to these general clinical hazards, tes-
tosterone, total proteins, and alkaline phosphatase also con-
tribute to the inception of hip OA (Supplementary Figure 16A
and B). Knee pain, vitamin D, and cystatin C were identified to
have a higher impact on the risk of knee OA (Supplementary
Figure 17A and B). This finding suggests that the pathogenesis

Figure 3. Protein importance ranking and SHAP visualization for all incident OA populations. (A) Sequential forward selection from a pool of can-
didate proteins. The bar chart illustrates the importance of the ranked proteins based on their contribution to predicting future OA, as judged by the
SHAP values. The line graph shows each iteration’s cumulative AUC values (right y-axis) as proteins are included individually. The top selected pro-
teins are highlighted in red. The shaded area represents the SE. (B) SHAP visualization of the top proteins. The width of the horizontal bars can be
interpreted as the degree of contribution to the prediction of OA: the wider the range, the more significant the contribution. The color of the hori-
zontal bars indicates the magnitude of the plasma proteins encoded in a gradient from dark blue (low) to red (high), as shown in the color bar on
the right. The x-axis represents the likelihood of developing OA (right side) or remaining healthy (left side). ART3, ADP-ribosyltransferase 3; AUC,
area under the curve; COL9A1, collagen type IX alpha 1 chain; CRTAC1, cartilage acidic protein 1; EDA2R, ectodysplasin A2 receptor; GDF15,
growth differentiation factor 15; LEP, leptin; OA, osteoarthritis; SHAP, SHapley Additive exPlanations.
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of OA may be multifactorial and may result from complex inter-
actions among hormonal, enzymatic, genetic, and biochemical
components that differentially affect the development of OA at
different joint sites.

Predictive accuracy of plasma proteins. To construct
a high-performing OA risk model, we incorporated proteins, clini-
cal variables, and pain questionnaires to enhance the model’s
overall predictive accuracy for future OA risk. Proteins alone

Figure 4. Predictive performance of baseline protein levels on the risk of clinical progression of OA. (A) The Kaplan-Meier curves demonstrate
clinical progression over time for all incident OA, visualizing individuals with low (blue lines) and high (red lines) baseline plasma levels of COL9A1,
CRTAC1, EDA2R, LEP, ART3, and GDF15. The cutoff points for stratifying the high- and low-protein level groups were calculated by obtaining the
maximum Youden index. (B) The relationship between the observed event rate of incident OA and baseline protein levels by percentile in the entire
study population. The scatter plot illustrates the correlation between the observed event rate of new-onset OA and baseline levels of specific pro-
teins stratified by their percentile ranks within the entire study cohort. ART3, adenosine diphosphate ribosyltransferase 3; COL9A1, collagen type
IX alpha 1 chain; CRTAC1, cartilage acidic protein 1; EDA2R, ectodysplasin A2 receptor; GDF15, growth differentiation factor 15; LEP, leptin; OA,
osteoarthritis.
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yielded AUCs of 0.676, 0.673, and 0.665 for 5-year OA, 10-year
OA, and all incident OA, respectively. The corresponding AUCs
for the clinical variables were 0.698, 0.688, and 0.667,

respectively, for the same timeframe. After combining proteins
with clinical factors, the model showed improvement in the AUC,
which increased to 0.713, 0.701, and 0.711, respectively

Figure 5. Clinical variable importance ranking and SHAP visualization for incident OA. (A) Sequential forward selection from a pool of candidate clin-
ical variables. The bar chart illustrates the importance of the ranked clinical variables based on their contribution to predicting future OA, as judged by
the SHAP values. The line graph shows each iteration’s cumulative AUC values (right y-axis) as proteins are included individually. The top selected clin-
ical variables are highlighted in red. The shaded area represents the SE. (B) SHAP visualization of the top clinical variables. The width of the horizontal
bars can be interpreted as the degree of contribution to the prediction of OA: the wider the range, the greater the contribution. The color of the hori-
zontal bars indicates the magnitude of the plasma proteins encoded in a gradient from dark blue (low) to red (high), as shown in the color bar on the
right. The gray color indicates the missing values. The x-axis represents the likelihood of developing OA (right) or remaining healthy (left). Sex code:
0 represents female and 1 represents male. Pain questionnaire: 1 represents pain and 0 represents no pain. Other pain refers to any pain other than
hip pain, knee pain, back pain, neck pain, abdominal pain, and generalized pain. AUC, area under the curve; HbA1c, glycosylated hemoglobin; IGF-1,
insulin-like growth factor 1; MET, metabolic equivalent of task; OA, osteoarthritis; SBP, systolic blood pressure; SHAP, SHapley Additive exPlanations.
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(Figure 6A). When pain questionnaires were added to the model,
the AUC values further increased to 0.729, 0.721, and 0.723,
respectively. Additionally, the sensitivity, specificity, and accuracy
improved in the combined model (Supplementary Table 7). The

model’s performance was equally stable for both hip and knee
OA. The full model, combining proteins, clinical variables, and pain
questionnaires, showed a relatively high predictive performance:
0.820, 0.802, and 0.757 for hip OA at 5 years, 10 years, and all

Figure 6. Predictive accuracy of the proteins alone or in combination with clinical variables and pain questionnaires for incident OA, hip OA, and
knee OA. (A) The ROC curves illustrating the predictive performance of the proteins, clinical variables, pains, and the combination of these factors
in identifying 5-year incident OA (left), 10-year incident OA (middle), and all incident OA (right). (B) The ROC curves illustrating the predictive perfor-
mance of proteins, clinical variables, pains, and the combination of these factors in identifying 5-year incident hip OA (left), 10-year incident hip OA
(middle), and all incident hip OA (right). (C) The ROC curves illustrating the predictive performance of the proteins, clinical variables, pains, and the
combination of these factors in identifying 5-year incident knee OA (left), 10-year incident knee OA (middle), and all incident knee OA (right). OA,
osteoarthritis; ROC, receiver operating characteristic.
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incident hip OA, respectively (Figure 6B; Supplementary Table 8).
The AUCs were 0.803, 0.779, and 0.756 for knee OA at the same
time points (Figure 6C; Supplementary Table 9). We also evalu-
ated the predictive value of proteins in patients who developed
OA in >10 years. Proteins combined with clinical variables and
pain questionnaire still yielded relatively high AUCs: 0.712,
0.704, and 0.725 for all OA, hip OA, and knee OA, respectively
(Supplementary Figure 18A–C). These results indicate that our
model shows relatively good performance across a broad range
of timeframes, supporting its generalizability and credibility.

To further understand the contribution of individual proteins
to clinical outcomes, we assessed the association of each protein
in the signatures with clinical outcomes using LightGBM SHAP
values. Most proteins demonstrated strong associations with clin-
ical outcomes in the combined model (Supplementary
Figure 19A–C). Notably, COL9A1 and CRTAC1 demonstrated
high relevance, with high SHAP values in the model. This under-
scores their robust contribution to outcome prediction. Overall,
combining proteins, clinical data, and pain questionnaires
improved OA prediction accuracy, demonstrating the consistent
reliability and robustness of the model for all different types and
time frames of OA, especially in predicting hip and knee OA.

DISCUSSION

Our study leveraged the extensive dataset of the UK Biobank
to provide novel proteomic insights into the prediction of OA risk.
Our findings highlight the significance of specific plasma proteins,
notably COL9A1 and CRTAC1, in predicting OA incidence,
including its subtypes, such as hip and knee OA. The predictive
model developed by integrating these proteins with clinical vari-
ables using the LightGBM machine learning method demon-
strated improved accuracy in identifying individuals at risk of
developing OA.

Our results align with those of previous studies that identified
plasma proteins as potential biomarkers for OA.32,33 By analyzing
a more diverse cohort, we unveiled a broader array of associated
proteins, enhancing the generalizability of our results. COL9A1
and CRTAC1 are strong predictors of OA, irrespective of subtype,
which may reflect their possible involvement in the common path-
ophysiologic mechanisms of the disease. COL9A1 is a structural
protein associated with the extracellular matrix and may thus sig-
nify early changes within the cartilage matrix before OA of clinical
relevance.34 CRTAC1 has been associated with cartilage-related
processes and could indicate a role in the early stages of OA
development.35 More recent research has also identified an asso-
ciation between CRTAC1 and the severity of OA.36 However, var-
ious proteins exhibit differential expression because of some
unique pathologic mechanisms, particularly knee or hip joint
degeneration. This could be related to different biomechanical
stressors and tissue composition within the hip joint, which could
influence the expression and importance of these proteins in the

disease process. For instance, ART3, EDA2R, and MATN3 have
been identified as secondary predictors following COL9A1 and
CRTAC1 in hip OA. This could be attributed to the unique biome-
chanical stressors and tissue composition of the hip joint, which
may influence the expression and significance of these proteins
in the disease process.37,38

In knee OA, the most prominent predictors included
CRTAC1 and COL9A1, followed by COMP and CHGB. The sig-
nificant prominence of CRTAC1 in knee OA might be related to
the overexpressed proinflammatory cytokines interleukin-1β and
tumor necrosis factor α, which play a role in cartilage inflamma-
tion.39 The identification of COMP and CHGB as significant pre-
dictors further emphasizes the importance of cartilage integrity in
knee OA pathogenesis.40 However, because of the limited num-
ber of CMC joint OA cases, the sample size was insufficient to
develop a reliable predictive model for this subtype, so we did
not create a separate model in the present study.

The number of affected joints in OA may also influence prote-
omic profiles. Previous studies have suggested that systemic
inflammation and disease burden may affect biomarker expres-
sion in conditions involving multiple joints, such as polyarticular
OA.41 We compared protein HRs between single-joint and poly-
articular OA, revealing that polyarticular OA, reflecting greater sys-
temic involvement, is associated with stronger expression of
proteins such as AMBP and BSG. These findings suggest that
disease burden may play a role in shaping systemic protein
marker profiles. However, as the UK Biobank does not provide
detailed information on the number of joints affected or the degree
of joint involvement, our results are preliminary. Future research is
needed to explore how the burden of disease within an individual,
including the number and type of affected joints, influences bio-
marker expression and OA progression.

The identification of clinical variables in our study under-
scores the multifactorial nature of OA risk, highlighting the impor-
tance of a comprehensive approach for risk prediction. The
selection of top clinical variables, including age, sex, and BMI,
aligns with established risk factors for OA subtypes, emphasizing
the need for early intervention strategies targeting these modifi-
able factors.14 Aging and other hormonal or anatomic factors lead
to a higher incidence of OA in women. Furthermore, increased
BMI results in higher mechanical loading on the joints, causing
cartilage damage and inflammation.42

However, as OA is a heterogeneous disease with different
subtypes, the potential for clinical variables will differ in some
respects. For instance, we found a pronounced sex effect on hip
OA, contrasting with a milder impact on knee OA. A possible
explanation may be the postmenopausal decrease in estrogen,
which has a protective effect on the bone and is considered more
crucial in different biomechanics.43 The greater female pelvis may
also affect hip OA, and knee configuration may neutralize this pro-
pensity. Furthermore, testosterone and alkaline phosphatase
have been reported to play roles in hip OA. Testosterone is

KANG ET AL992



generally lower in women and may influence bone metabolism
and joint tissues.44 In contrast, alkaline phosphatase, an enzyme
involved in bone remodeling, could reflect active bone turnover
and the risk of joint degeneration in hip OA.45 Elevated BMI and
knee pain are more significant predictors of knee OA, with
increased BMI intensifying mechanical stress and hastening carti-
lage degradation. Knee pain, indicative of symptomatic expres-
sion and potential local inflammation, significantly influences
disease initiation and progression. An association between sys-
temic pain and cystatin C, a cysteine protease inhibitor involved
in regulating inflammation and linked to kidney function and sys-
temic inflammatory responses, may suggest that systemic inflam-
matory processes and metabolic factors play a role in disease
pathogenesis.46

Pain-related variables, such as knee pain, hip pain, other
parts pain, and painkiller usage, ranked among the top predictors
in our OA risk model, highlighting their strong association with dis-
ease development. Knee pain was closely tied to knee-specific
OA risk, reflecting its role as an early indicator of joint pathology.
Although these variables improved model accuracy, their overlap
with symptomatic OA features emphasizes the need to balance
clinical and subclinical predictors.47 These findings reinforce the
multifactorial nature of OA and suggest that future models should
prioritize subclinical biomarkers to enhance early detection and
intervention strategies.

Our study is innovative, as we applied machine learning
methods to evaluate the interplay of multiple proteins and clinical vari-
ables. In contrast with previous studies applying classical statistical
methods, this approach will provide detailed insights into the multi-
factorial nature of OA risk prediction.14 Although Nielsen et al15 lever-
aged machine learning techniques for the prediction of OA, that
study was limited to a 5-year outcome, potentially missing the long-
term progression of the disease. Our research employs LightGBM,
outperforming XGBoost used by Nielsen et al in predictive accuracy
owing to its efficiency with large datasets and categorical features.48

We also provided a more extensive analysis with a broader time-
frame, offering a deeper insight into the trajectory of OA and its
influencing factors. The enhanced predictive power of our model
could serve as a more reliable tool for risk assessment and interven-
tion planning for clinicians and patients.

Our model employs interpretable artificial intelligence
methods for SHAP estimation to analyze the individual-level
effects of various risk biomarkers within many comprehensive var-
iables. This detailed analysis helps prioritize preventive strategies
by identifying the most influential modifiable factors contributing
to OA risk.15 However, the effectiveness of these strategies needs
validation through clinical trials, as our research did not definitively
establish whether intervening with these biomarkers would
reduce the risk of OA, to what extent, or the causal relationship
between these biomarkers and the disease.

Although our study presented a significant advancement in
OA risk prediction, several limitations should be mentioned. First,

the study depended on self-reported data and electronic health
records, which may have information biases. Second, despite
the stringent quality control measures adopted, residual con-
founding cannot be entirely ruled out. Third, the cross-sectional
nature of proteomic data precluded drawing firm conclusions
regarding causality. Fourth, the model conducted in our study
relies on internal validation. The use of an external test set from
independent cohorts is necessary to validate the generalizability
and robustness of the model on truly unseen data. Future studies,
therefore, should include longitudinal data for proteomics and
consider temporal dynamics in protein expression with OA devel-
opment. Furthermore, these results may be further strengthened
by objective clinical measurements and biofluid analyses. This
research may also be conducted as a collaborative effort using
data from multiple cohorts to increase statistical power and
generalizability.

In summary, our study extends the current literature by build-
ing on the recent methodologic advances in detecting novel
plasma proteins related to OA risk. These findings, integrated with
a contemporary understanding of the molecular mechanisms of
OA, indicate that this field has advanced in discovering bio-
markers and predicting the risk of OA.
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Associations and Diagnostic Accuracy of Ultrasound
Features in Knee Osteoarthritis: Cross-Sectional Results
From a Large Community-Based Cohort

Katherine A. Yates,1 Carolina Alvarez,2 Todd A. Schwartz,2 Serena Savage-Guin,2 Jordan B. Renner,2

Catherine J. Bakewell,3 Minna J. Kohler,4 Janice Lin,5 Jonathan Samuels,6 TessaWalker,2 YvonneM. Golightly,7

and Amanda E. Nelson2

Objective. Our study objectives were (1) to determine associations among ultrasound (US) features of knee
osteoarthritis (KOA), radiographic KOA (rKOA), and patient-reported symptoms and (2) to determine diagnostic
accuracy of US definitions for rKOA, in a community-based cohort.

Methods. Participants enrolled in the Johnston County Health Study (JoCoHS; 2019–2024, n = 902) provided
demographics, comorbidities, clinical features, and symptoms, along with imaging with standardized acquisition and
scoring protocols. Logistic regression models provided odds ratios adjusted for age, sex, race, ethnicity, body mass
index (BMI), education level, comorbidities, and knee injury for associations among US features and KOA outcomes.
Diagnostic accuracy was assessed using standard metrics with rKOA as the gold standard.

Results. Complete imaging data were available for 861 participants (1,711 knees): 34% men, 25% Black, 10%
Hispanic, mean age 55 years, and mean BMI 33. Half of knees were symptomatic, one-third had rKOA, and one in five
had symptomatic rKOA. US-identified osteophytes, effusion, meniscal extrusion, cartilage damage, calcium crystals,
and popliteal cysts were associated with KOA outcomes. A US definition including both mild osteophytes and mild
cartilage damage gave an area under the receiver operating characteristic curve of 0.76 for diagnosing rKOA (validated
in an external cohort).

Conclusion. We identified common US features in participants with and without KOA, along with significant asso-
ciations between US features and rKOA, symptomatic rKOA, and symptoms. US-based diagnosis of rKOA shows
promise for general use. US is a valuable and accessible modality for assessment of knee OA features in clinical and
research settings, including those with limited resources.

INTRODUCTION

Osteoarthritis (OA) is the most common form of arthritis, with
prevalence rates continuing to increase along with other common
chronic conditions.1 More than 300 million adults worldwide suf-
fer from knee OA (KOA), with increasing rates of disability.2 KOA
is most often categorized using radiography and symptoms.
Radiographic KOA (rKOA) is most often defined using the

Kellgren-Lawrence grade (KLG), which was developed more than
60 years ago.3 Over the decades, many limitations of the KLG
have been recognized, including its lack of soft tissue imaging,
poor sensitivity to change, issues with positioning for longitudinal
study, varying interpretation in different cohorts, and imperfect
reproducibility.4–6

Alternative imaging modalities such as computed tomo-
graphy, magnetic resonance imaging (MRI), and ultrasound
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(US) and various additions (contrast, weight-bearing, etc) have
been studied in KOA as they allow improved soft tissue imaging
and sensitivity, although issues around reproducibility, access,
and scoring persist. US in particular is a promising modality for
use in a wide range of research and clinical settings as it is porta-
ble, less expensive, and useful at the point of care and allows
dynamic and multiple joint imaging without limitations related to
implants, body size, or radiation. Therefore, establishment of US
as a valid, reproducible modality could enhance research and
clinical imaging of OA.7

Although a majority of OA imaging research is focused on
MRI, there is a body of work supporting the use of US for KOA.
A systematic review of 89 studies on US in OA found that the
majority of studies focused on the knee joint, and features including
effusion, medial meniscal extrusion, and popliteal cyst were associ-
ated with progression of KOA (radiographic development, worsen-
ing, or need for total joint replacement).8 This review also supported
overall good diagnostic performance of US, strong correlations with
similar features assessed on MRI, and greater sensitivity of US com-
pared with radiography, particularly for osteophytes.8 The Xiangya
Osteoarthritis (XO) study recently published results from a large
population-based cohort in China (57%women, mean age 64 years,
mean body mass index [BMI] 24) in which about one-third of partici-
pants had chronic knee pain and 37% had rKOA, finding that syno-
vial hypertrophy was present in 18%, effusion in nearly half, and
power Doppler in 5% of knees, in line with prior reports9,10 that these
features are common in the general population. We have published
similar findings in the Johnston County Osteoarthritis Project
(JoCoOA), in which knees with and without rKOA had US patholo-
gies that were correlated with KLG and individual radiographic
grades (eg, for osteophytes and joint space narrowing).10

Despite this evidence for US, radiographs (and the KLG)
remain the gold standard for diagnosis and classification of
KOA, and MRI remains the research modality of choice. A search
of PubMed from 1994 to 2024 showed that although all KOA cita-
tions were increasing, radiography was the most frequently used,
followed by MRI, and then US (eg, 70, 26, and 9 per 100,000 cita-
tions in 2023, respectively; Supplemental Figure A).11 Given the
prominence of radiography in knee US, its wide availability in both
modern and historical cohorts, and its common use for both clin-
ical and research applications, radiography is the most important
comparator for understanding the potential utility of US, particu-
larly where MRI is not available. Therefore, this analysis had two
primary goals: to (1) determine the association of features of
KOA on US with patient-reported symptoms and rKOA and
(2) determine the diagnostic accuracy of US definitions for rKOA
in a large community-based cohort study.

PARTICIPANTS AND METHODS

The Johnston County Health Study. The Johnston
County Health Study (JoCoHS) is a prospective community-

based study that enrolled 902 residents from Johnston County,
North Carolina, in the Southeastern United States from 2019 to
2024. Recruitment was conducted without regard for OA status,
joint pain, or other medical symptoms or conditions. Listings of
all households in Johnston County were supplied by a vendor
(Marketing Systems Group, Inc), and a random sample from the
list was used for recruitment. Qualifying households were mailed
recruitment materials and were contacted approximately seven
days after mailing to determine whether individual residents in
the household met eligibility criteria (ie, aged 35–70 years, spoke
fluent English or Spanish, and identifying as Black/African
American, White, or Hispanic). Once this determination was
made, eligible individuals who agreed to participate were con-
sented and scheduled for a single (�3 hour) research clinic visit.
Baseline assessments included questionnaires, physical function,
musculoskeletal examination, blood and urine collection, knee
US, and radiographs of knees, hips, hands, ankles, and feet. All
participants provided informed consent; the study was approved
and monitored by the University of North Carolina at Chapel Hill
Institutional Review Board (no. 18-0438). Further information on
this study is available in a recent review.12

Patient and public involvement. Johnston County
community members have been involved as staff and participants
since the inception of the original JoCoOA and throughout the
JoCoHS. An advisory board formed in 2018 of prior JoCoOA par-
ticipants and individuals who met eligibility criteria for the planned
JoCoHS participated in selection of measures, development of
questionnaires, assessment of participant burden, and recruit-
ment efforts. Participants receive updates via newsletter, and the
advisory board is invited to attend an annual research day in
which findings are presented.

Images and scoring. Posteroanterior semiflexed knee
radiographs (using the Synaflexer device) were read for KLG by
an expert musculoskeletal radiologist (JBR) with high reliability
as previously described.13,14 Standardized knee US images
(7 images per knee) were obtained by a trained sonographer
(SSG) using a Sonosite Edge II-MSK with HFL50x/6- to 15-mHz
linear transducer (mid-range “Gen” setting, FUJIFILM SonoSite
Inc), following a published protocol.10 Each participant’s set of
US images was read according to a published scoring atlas for
all features10 (ie, effusion/synovitis, osteophytes, cartilage dam-
age, meniscal extrusion, popliteal cysts, and calcium deposition)
by two randomly selected expert readers (CJB, MJK, JL,
AEN, JS) using an online system (Qualtrics) customized for this
purpose. A third randomly selected reader adjudicated any
images with scoring disagreements and entered the final score
for that image. Reliability by Kendall concordance coefficient, as
previously reported using the same protocol and atlas, ranged
from 0.6 to 0.9; repeat analysis in 2020 and 2023 showed similar
agreement (data not shown). In the present analysis, we required
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100% agreement between two readers, or a third adjudicator
(anonymized to the other reader’s scores) was assigned who
gave a final score, rendering reliability metrics inapplicable (this
was done primarily to avoid 0.5 gradations due to use of means).
Signs of crystal deposition were almost always agreed upon (only
3%–13% adjudicated), whereas other features ranged from 23%
(medial meniscal extrusion) to 66% (gray scale synovitis) adjudi-
cated. Among adjudicated scores, <20% were outside the range
of the first two readers’ scores for effusion/synovitis, synovitis,
and cartilage damage, whereas <10% were outside the range
for power Doppler signal, osteophytes, or popliteal cyst; these
scores were on average only one unit higher or lower than the
original range.

All US features are defined and illustrated in our published
atlas10; these were based on prior publications and adapted to
our images, and they are briefly summarized here. Given chal-
lenges with static identification of effusion versus synovitis, we
used three scores, one for effusion alone (yes/no), one for synovi-
tis alone (none, minimal, moderate or severe distention), and one
for the combination based on size of the hypoechoic area visual-
ized on orthogonal suprapatellar views, with or without power
Doppler signal. Osteophytes were graded from 0 to 3 as none,
small (but distinct), larger, and very large/bulky in both the medial
and lateral longitudinal views, where meniscal extrusion (ie, the
meniscus was partially or completely extruded beyond the bony
joint line) was graded as present or absent. Cartilage damage was
defined on the suprapatellar transverse view in full flexion as none
(0), hyperechogenicity or loss of sharpness but maintained width
(1), local thinning (2), or complete loss of cartilage (3) separately
for the medial and lateral aspect. Popliteal cysts were defined as
absent (0), small/possible (1), or definite (2). Calcium crystal deposi-
tion was identified if present (yes/no) in any of the suprapatellar lon-
gitudinal, medial and lateral longitudinal, or posterior transverse
views as recommended by the OMERACT Calcium Pyrophos-
phate Deposition Disease Ultrasound Subtask Force.15

For the analysis of diagnostic accuracy, six US definitions
were compared to a radiographic definition of KOA (ie, rKOA),
which required grade 1 or higher for both osteophytes and joint
space narrowing and was in 99% agreement with defining rKOA
as KLG ≥2. The six definitions were (1) small but distinct medial
or lateral osteophytes and minimal medial or lateral cartilage thin-
ning (ie, grade 1 or greater), (2) larger medial or lateral osteophytes
and mild or local medial or lateral cartilage thinning (ie, grade 2 or
greater), (3) small but distinct medial or lateral osteophytes and
minimal medial or lateral cartilage thinning and joint capsule dis-
tention parallel to bone gray scale effusion or synovitis, (4) small
but distinct medial or lateral osteophytes and minimal medial or
lateral cartilage thinning and medial or lateral meniscal extrusion,
(5) small but distinct medial osteophytes and minimal medial carti-
lage thinning and medial meniscal extrusion, and (6) small but dis-
tinct lateral osteophytes and minimal lateral cartilage thinning and
lateral meniscal extrusion.

Outcomes. Self-reported pain, aching, or stiffness (PAS;
0–3, none to severe) was scored based on its presence on “most
days of any one month in the past 12 months” in each knee. Knee
outcome definitions included any knee PAS (ie, score ≥1), at least
moderate severity PAS (ie, score ≥2), and severe knee PAS
(ie, score = 3). RKOA was defined in a knee with KLG ≥2, whereas
severe rKOA required KLG ≥3, and symptomatic KOA (sxKOA)
was the combination of both PAS ≥1 and rKOA in a given knee.
A sensitivity analysis considered US features in knees with KLG
= 1 versus those with KLG = 0 to reflect features of the initial
stages of rKOA. The Knee Injury and Osteoarthritis Outcome
Score (KOOS) was obtained for the knee with greater PAS score
(if both knees were equal, the knee with greater PAS in the past
30 days was used; if still equal, a random knee was selected so
there was only one KOOS score per person). The KOOS includes
five subscales (pain, other symptoms, function in daily living, func-
tion in sport and recreation, and knee-related quality of life) that
are separately scored from 0 to 100, reflecting extreme to no
problems.

Covariates. Participants self-reported their date of birth
(used to calculate age), sex (male or female), race (Black or White),
ethnicity (Hispanic or non-Hispanic), and highest level of educa-
tion achieved (dichotomized to less than a college degree vs a
college degree or higher). Body weight (to the nearest pound)
and height (to the nearest half centimeter) were measured at the
research clinic visit, which were used to calculate BMI. Partici-
pants completed the Charlson Comorbidity Index, which was
weighted and scored for each participant (range 0–9).16 The pres-
ence of knee injury was based on an affirmative response to the
question: “Have you ever injured a [right/left knee] badly enough
that it limited your ability to walk for at least two days?”

Statistical analysis. Descriptive statistics for all relevant
person-level or knee-level variables were produced using either
mean ± SD or median (interquartile range; IQR) for continuous
variables, and frequencies and percentages for categorical vari-
ables. We fitted logistic regression models to test and quantify
the associations (through adjusted odds ratios and 95% confi-
dence intervals [CIs]) between each US feature and dichotomous
KOA outcomes. Models were adjusted for age, sex, race,
ethnicity, BMI, education, Charlson Comorbidity Index, and history
of knee injury. Models were defined at the knee level so that gener-
alized estimating equations (GEEs) were used to account for within-
person correlation between knees. In an exploratory manner, effect
modification between all covariables and US features was
assessed using each US feature and covariable pairwise interaction
terms at a conservative 0.01 α level using backward elimination
(to account for multiple comparisons) and reported in stratified
models in the supplemental material. For continuous KOOS out-
comes, person-level, zero-inflated negative binomial models
modeling KOOS outcome (reversed to 100 – KOOS subscore)
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were used to test and estimate the association between US
features and KOOS subscore and produce adjusted mean ratios
and 95% CIs.

Measures of accuracy for the US definitions compared with
rKOA diagnosis included sensitivity, specificity, area under the
receiver operating characteristic curve (AUC), and positive and
negative predictive values (PPV and NPV). Population-averaged
logistic models using GEEs, with an exchangeable working corre-
lation between knees, were used to estimate unadjusted mea-
sures of accuracy and corresponding 95% CIs for each US
definition versus the reference standard definition (rKOA). Sensi-
tivity and specificity were produced from intercept-only models
with the index test as the dependent variable, stratified by refer-
ence. PPV and NPV were produced from intercept-only models
with the reference as the dependent variable, stratified by index
test. For AUC, predicted probabilities from the population-
averaged model were used to then produce the estimates for
AUC using an intercept-only model of the predicted probabilities
with the reference as the dependent variable. Analyses were
externally validated in the independent JoCoOA cohort, consist-
ing of completely different participants than those in JoCoHS. All
analyses were conducted using SAS software version 9.4.

Data availability. All data are available upon reasonable
request and appropriate agreements; please request from
author AEN (amanda_nelson@med.unc.edu). All US images
and limited metadata are currently available through the Harvard
Dataverse at https://doi.org/10.7910/DVN/SKP9IB.

RESULTS

Overall. Of 902 participants enrolled in the baseline visit of
the JoCoHS, 39 had bilateral total knee replacement (TKR),
9 had unilateral TKR, and 2 did not undergo US, leaving 861 par-
ticipants with 1,711 knees for this analysis (Figure 1). Of these
861 individuals, 34% were men, 25% were Black, 10% were His-
panic, 51% had less than a college degree, and there was a mean
± SD age of 55 ± 10 (range 35–70) years and a mean BMI ± SD of

33 ± 8 (range 17–71). Comorbidities per the Charlson Index were
infrequent, with an IQR of 0 to 1. Seventeen percent of knees were
reported to have prior injury (Table 1). Of the 1,711 included knees,
868 (51%) had any knee PAS in the past 12 months, whereas
517 (30%) had rKOA and 360 (21%) had sxKOA (Table 2).

Frequency of US findings. The frequencies of US features
in all knees are described in Table 2. More than half of knees had
evidence of effusion and or gray scale synovitis, with approximately
one in five having moderate or severe findings (grade 2 or 3). Positive
power Doppler was infrequent and usually minimal. Approximately
40% of knees had at least mild osteophytes, similar in medial and lat-
eral aspects of the joint. Lateral meniscal extrusion was slightly more
frequent than medial (19% and 14%, respectively). About half of
knees had at least mild cartilage damage, with around a quarter hav-
ingmoderate/severe thinning. Definite popliteal cysts were infrequent
(<5%), although small/possible cysts were seen in 37%. Calcium
crystals were identified in 13% in any view, most frequently in the lat-
eral longitudinal view. Figure 2 provides an example of radiographic
and sonographic images of the same knee in a 59-year-old White
woman with a BMI of 35. Distributions of select cognate features
on US and radiography are available in Supplemental Table A.

Associations of US features with knee outcomes:
PAS. Effusion, and moderate to large medial or lateral osteo-
phytes were consistently associated with significantly increased
odds of any and moderate/severe PAS (Table 3). Inconsistent
associations were seen for synovitis. Medial meniscal extrusion,
medial cartilage damage, and calcium crystal deposition con-
ferred approximately 50% higher odds of moderate/severe PAS,
whereas definite popliteal cyst more than doubled these odds.

Associations of US features with knee outcomes:
radiographic and sxKOA. All US features other than power
Doppler were statistically significantly associated with rKOA.
Medial and lateral osteophytes were strongly associated with

Figure 1. Diagram of patient selection. JoCoHS, Johnston County
Health Study; TKR, total knee replacement; US, ultrasound.

Table 1. Descriptive statistics for JoCoHS with available US
(n = 861)*

Characteristics Value

Male, n % 290 (33.7)
Age, mean ± SD (range 35–70), y 54.7 ± 9.6
Black, n % 215 (25.0)
Hispanic, n % 88 (10.2)
Education below college degree, n %
(missing = 5)

438 (50.9)

Body mass index, mean ± SD
(range = 17–71), kg/m2

33.2 ± 8.3

Charlson Comorbidity Index,
median (IQR) (range = 0–9)

0 (0–1)

Knee injury (at knee level,
total n = 1,711), n %

284 (16.6)

* IQR, interquartile range; JoCoHS, Johnston County Health Study;
US, ultrasound.
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Table 2. Descriptive statistics at the knee level (n = 1,711 knees)*

Knee-level features n (%)

US features
GS effusion/synovitis (missing = 2)
0: no joint capsular distention 751 (43.9)
1: a small hypo/anechoic line beneath the capsule 572 (33.4)
2: elevated joint capsule parallel to joint area 333 (19.5)
3: convex distension of the joint capsule 55 (3.2)

GS synovitis
0: none 829 (48.5)
1: minimal distention of recess by hypo/anechoic material 496 (29.0)
2: moderate distention with flat or concave limit 334 (19.5)
3: severe or bulging distention of joint recess 52 (3.0)
GS effusion: abnormal hypo/anechoic intra-articular material (present/absent) 612 (35.8)

Suprapatellar PD
0: no intra-articular signal 1,273 (74.4)
1: trace to 10% intra-articular color signal 382 (22.3)
2: 10%-50% intra-articular color signal 54 (3.2)
3: >50% intra-articular color signal 2 (0.1)

Osteophytes, medial tibiofemoral (missing = 1)
0: none 1,009 (59.0)
1: small but distinct 403 (23.6)
2: medium/larger 217 (12.7)
3: large, bulky, prominent 81 (4.7)

Osteophytes, lateral tibiofemoral
0: none 1,056 (61.7)
1: small but distinct 417 (24.4)
2: medium/larger 205 (12.0)
3: large, bulky, prominent 33 (1.9)

Meniscal extrusion,a medial tibiofemoral (missing = 1) 235 (13.7)
Meniscal extrusion,a lateral tibiofemoral 329 (19.2)
Cartilage damage, medial femur/trochlea (missing = 2)
0: normal 392 (22.9)
1: hyperechoic, loss of sharpness 802 (46.9)
2: localized thinning 442 (25.8)
3: complete cartilage loss 73 (4.3)

Cartilage damage, lateral femur/trochlea (missing = 2)
0: normal 521 (30.5)
1: hyperechoic, loss of sharpness 760 (44.4)
2: localized thinning 355 (20.7)
3: complete cartilage loss 73 (4.3)

Popliteal cyst (missing = 65)
0: absent 936 (54.7)
1: small/possible 634 (37.1)
2: definite 76 (4.4)

Calcium crystal deposition, any view 216 (12.6)
Calcium crystal deposition, suprapatellar transverse (missing = 2) 74 (4.3)
Calcium crystal deposition, medial tibiofemoral (missing = 1) 34 (2.0)
Calcium crystal deposition, lateral tibiofemoral 134 (7.8)
Calcium crystal deposition, posterior transverse (missing = 65) 6 (0.4)
Double contour sign, suprapatellar transverse (missing = 2) 15 (0.9)

Knee outcomes
Any knee PAS (missing = 4) 868 (50.7)
At least moderate PAS (missing = 4) 512 (29.9)
Severe PAS (missing = 4) 177 (10.3)
rKOA (KLG ≥2) (missing = 5) 517 (30.2)
Severe rKOA (KLG ≥3) (missing = 5) 282 (16.5)
sxKOA (rKOA + PAS) (missing = 9) 360 (21.0)

* GS, gray scale; KLG, Kellgren-Lawrence grade; PAS, pain, aching, and stiffness; PD, power Doppler; rKOA, radio-
graphic knee osteoarthritis; sxKOA, symptomatic knee osteoarthritis; US, ultrasound.
a Meniscal extrusion was graded as present if the meniscus was partially or completely extruded beyond the bony
joint line, and absent if normal or uncertain.
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three times or higher odds of rKOA, increasing with US severity.
Moderate/severe effusion/synovitis or cartilage damage was
associated with at least double the odds of rKOA. Medial menis-
cal extrusion or definite popliteal cysts tripled the odds of rKOA,
whereas calcium crystals conferred 60% higher odds of rKOA
(Table 3). All US features were significantly associated with sxKOA
presence, most strongly for severe effusion/synovitis, osteo-
phytes, cartilage damage, and definite popliteal cyst. Of note,
moderate or severe power Doppler (grade 2–3) was associated
with 79% higher odds of sxKOA (Table 3).

We also explored relationships among those knees with KLG
≤1 (n = 1,194) as a reflection of no, or initial, rKOA. In these knees,
the more severe US features were less common, but higher scores
for synovitis and osteophytes were still significantly associated with
KLG = 1 (versus KLG = 0). The odds of cartilage damage were
14% to 76% higher but not statistically significant in knees with
KLG = 1 versus 0 (Supplemental Table B). Exploratory effect modifi-
cation analyses are in Supplemental Methods; Supplemental
Table C; and Supplemental Figures B and C.

Associations of US features with knee outcomes:
KOOS. Effusion and synovitis, alone or in combination, were con-
sistently significantly associated with the KOOS activities of daily
living and quality of life subscales but not with KOOS pain or
symptoms subscales. Medial and lateral osteophytes were asso-
ciated with worse scores on all KOOS subscales, as were medial
(but not lateral) meniscal extrusion, popliteal cysts, and calcium
crystal deposition (Supplemental Table D).

Diagnostic accuracy of US features for
radiographically defined KOA. Knees with complete data
(n = 1,703) were used for the diagnostic analysis. The comparison
of six US definitions to rKOA is shown in Table 4. The US definition
including small, but distinct, medial or lateral osteophytes, and
minimal medial or lateral cartilage thinning resulted in the highest
sensitivity and AUC in comparison to rKOA (0.81 and 0.76,
respectively; Definition 1 in Table 4). Including meniscal extrusion
in the US definition (Definition 4) resulted in a higher specificity
but lower sensitivity (0.90 and 0.39, respectively). Findings were
validated in an external independent cohort (Supplemental
Methods; Supplemental Table E).

DISCUSSION

We report findings from a large, diverse, community-based
cross-sectional study (JoCoHS) using our previously published
standardized US acquisition protocol and atlas-based expert
scoring. About half of individuals reported any knee PAS in the
year before enrollment, one-third had rKOA, and one in five had
sxKOA; thus about half were without signs or symptoms of
KOA. US-identified osteophytes, effusion, meniscal extrusion,
cartilage damage, calcium crystals, and popliteal cyst were all
associated with knee symptoms (PAS), rKOA, and sxKOA. Power
Doppler signal was infrequent but, when present, was associated
with sxKOA. Osteophytes, medial meniscal extrusion, popliteal
cysts, and calcium crystals on US were associated with poorer

Figure 2. Radiograph and representative US images of a left knee. Clockwise from left: weight-bearing PA knee radiograph, US: lateral longitu-
dinal, anterior suprapatellar longitudinal, anterior suprapatellar in maximal flexion, medial longitudinal. Left knee KLG = 1, White woman aged
59 years, BMI 35. US feature scores: effusion/synovitis, power Doppler, meniscal damage, popliteal cyst and calcium crystal deposition were all
absent (score = 0), whereas both medial and lateral osteophytes, and medial and lateral cartilage damage were all mild (score = 1). BMI, body
mass index; KLG, Kellgren-Lawrence grade; PA, posteroanterior; US, ultrasound.

ULTRASOUND IN KNEE OSTEOARTHRITIS 1001



KOOS outcomes. As a diagnostic study, a US definition of at least
small osteophytes and minimal cartilage damage (mirroring the
commonly used KLG) provided 81% sensitivity and an AUC of
0.76 for diagnosing rKOA (validated in an independent population
with sensitivity = 0.79 and AUC = 0.76).

Although US is commonly criticized for reproducibility, these
issues are not specific to US—reliability is less than perfect for
radiographic and MRI grading, or even clinical examination.6,17,18

A standardized protocol such as that used here, along with appro-
priate training and oversight, is essential for acquiring adequate
images on a large scale. Oo et al reported on a small study of
89 individuals with KOA who underwent US and MRI on the same
day, with excellent interrater reliability and very strong correlations
between US- and MRI-defined pathologies including synovitis,
medial meniscal extrusion, and osteophytes.19 Grayscale and

power Doppler US are also strongly correlated with synovitis
detected by contrast-enhanced MRI.20 In addition, the use of a
scoring atlas, again with appropriate training and recalibration ses-
sions, enhances reproducibility within and across studies and is
similar to what is done with other imaging modalities. There are
many benefits to the use of US in a community setting for OA,
including the lack of exclusions based on implants or body size
(many radiography and MRI tables are limited to 300 lb; the latter
often use coils that limit knee size), ease of access, lack of radiation,
relatively lower cost, and dynamic and multiple joint scanning. In
addition to these advantages, US shares many of the benefits of
MRI, including the ability to image soft tissue features, physiologic
imaging (eg, power Doppler), and increased sensitivity to initial
changes over radiography. These features make US much more
attractive for clinical translation than is MRI.

Table 3. Adjusted associations between US features and knee PAS and rKOA outcomes, OR (95% CI)*

Ultrasound features

Outcomes

Any knee PAS,
OR (95% CI)

At least moderate
knee PAS, OR (95% CI)

Severe knee PAS,
OR (95% CI)

rKOA (KLG ≥2),
OR (95% CI)

Severe rKOA
(KLG ≥3) OR (95% CI)

sxKOA
(rKOA + PAS),
OR (95% CI)

GS effusion/synovitis
1 (vs 0) 0.95 (0.77–1.16) 1.11 (0.88–1.40) 1.19 (0.84–1.69) 1.77 (1.33–2.35) 1.35 (0.99–1.85) 1.79 (1.32–2.42)
2 (vs 0) 1.28 (1.00–1.62) 1.39 (1.04–1.85) 2.08 (1.39–3.11) 2.46 (1.77–3.41) 2.15 (1.46–3.19) 2.64 (1.87–3.75)
3 (vs 0) 0.97 (0.58–1.62) 1.35 (0.75–2.45) 2.01 (0.96–4.24) 4.92 (3.03–7.99) 2.11 (1.16–3.82) 4.36 (2.54–7.50)

GS synovitis
1 (vs 0) 1.02 (0.83–1.25) 1.19 (0.94–1.50) 1.22 (0.84–1.77) 1.87 (1.40–2.49) 1.39 (0.97–2.01) 1.86 (1.37–2.52)
2 (vs 0) 1.28 (1.02–1.60) 1.31 (1.00–1.72) 2.02 (1.36–2.98) 2.14 (1.58–2.89) 2.01 (1.40–2.89) 2.24 (1.61–3.11)
3 (vs 0) 0.94 (0.54–1.66) 1.02 (0.52–1.98) 1.37 (0.52–3.64) 3.99 (2.32–6.85) 1.79 (0.96–3.34) 3.46 (1.90–6.31)

GS effusion 1.19 (0.99–1.43) 1.53 (1.24–1.90) 1.86 (1.34–2.58) 1.97 (1.55–2.50) 1.81 (1.37–2.39) 2.10 (1.65–2.68)
Suprapatellar PD
1 (vs 0) 1.11 (0.90–1.36) 1.05 (0.82–1.35) 1.05 (0.70–1.58) 1.10 (0.85–1.44) 1.02 (0.74–1.41) 1.21 (0.91–1.62)
2 or 3 (vs 0) 1.50 (1.04–2.18) 1.11 (0.74–1.67) ne 1.11 (0.62–1.97) 1.40 (0.81–2.43) 1.79 (1.08–2.98)

Osteophytes, medial
1 (vs 0) 1.24 (1.00–1.55) 1.33 (1.03–1.71) 1.73 (1.13–2.66) 3.20 (2.34–4.38) 3.89 (2.49–6.10) 3.01 (2.13–4.27)
2 (vs 0) 1.97 (1.39–2.78) 2.81 (1.94–4.07) 3.10 (1.85–5.20) 13.9 (9.13–21.2) 20.9 (13.0–33.5) 8.86 (5.77–13.6)
3 (vs 0) 3.08 (1.72–5.53) 3.71 (2.20–6.24) 3.82 (2.01–7.26) ne 41.3 (21.4–79.8) 24.5 (13.0–46.0)

Osteophytes, lateral
1 (vs 0) 1.48 (1.18–1.86) 1.62 (1.25–2.11) 1.89 (1.31–2.70) 3.78 (2.90–4.94) 5.68 (3.66–8.83) 4.07 (2.96–5.60)
2 (vs 0) 1.89 (1.34–2.65) 2.13 (1.49–3.04) 3.16 (1.89–5.30) 12.2 (7.92–18.9) 21.2 (12.9–35.0) 8.45 (5.51–13.0)
3 (vs 0) ne 8.66 (4.55–16.5) 6.30 (2.30–17.3) 13.7 (6.00–31.4) 47.6 (18.8–120) 18.9 (8.34–43.0)

Meniscal extrusion, medial 1.24 (0.93–1.66) 1.64 (1.22–2.21) 1.42 (0.92–2.18) 3.17 (2.33–4.31) 3.21 (2.24–4.60) 2.31 (1.65–3.22)
Meniscal extrusion, lateral 1.22 (0.96–1.55) 1.19 (0.92–1.53) 1.06 (0.72–1.55) 1.33 (1.00–1.77) 1.71 (1.21–2.41) 1.48 (1.08–2.01)
Cartilage damage, medial
1 (vs 0) 1.15 (0.91–1.44) 1.34 (1.02–1.76) 1.11 (0.77–1.61) 1.78 (1.26–2.53) 1.36 (0.89–2.08) 1.61 (1.07–2.42)
2 (vs 0) 1.39 (1.06–1.82) 1.56 (1.15–2.12) 1.55 (1.02–2.37) 2.25 (1.53–3.31) 1.85 (1.17–2.91) 2.26 (1.49–3.45)
3 (vs 0) 2.22 (1.34–3.68) 2.00 (1.19–3.35) 1.39 (0.70–2.76) 3.68 (2.13–6.38) 2.08 (1.10–3.94) 3.43 (1.87–6.31)

Cartilage damage, lateral
1 (vs 0) 1.09 (0.89–1.34) 1.25 (0.98–1.60) 1.40 (0.95–2.08) 1.48 (1.09–2.01) 1.63 (1.13–2.34) 1.40 (0.98–2.00)
2 (vs 0) 1.47 (1.13–1.91) 1.47 (1.09–1.98) 1.60 (1.02–2.51) 2.40 (1.69–3.40) 2.01 (1.35–3.00) 2.46 (1.69–3.59)
3 (vs 0) 1.41 (0.81–2.43) 1.70 (0.93–3.09) 1.06 (0.44–2.55) 2.85 (1.54–5.26) 1.81 (0.95–3.48) 2.60 (1.38–4.90)

Popliteal cyst
1 (vs 0) 1.12 (0.93–1.36) 1.23 (1.00–1.51) 1.23 (0.90–1.68) 1.29 (0.99–1.68) 1.12 (0.82–1.55) 1.28 (0.96–1.71)
2 (vs 0) 1.77 (1.11–2.84) 2.16 (1.31–3.57) 1.45 (0.71–2.93) 3.17 (2.02–4.96) 3.24 (1.83–5.75) 3.43 (2.08–5.67)

Calcium crystal deposition 1.27 (0.98–1.65) 1.38 (1.06–1.81) 1.74 (1.23–2.46) 1.62 (1.17–2.24) 1.62 (1.09–2.38) 1.50 (1.06–2.11)

* Logistic regression modeling log odds of each knee outcome and its association with each US feature, separately, using generalized estimat-
ing equation for correlation between knees. Eachmodel adjusts for age, sex, race, ethnicity, bodymass index, education, Charlson Comorbidity
Index, and knee injury. Values are bold when significant at 0.05 level. CI, confidence interval; GS, gray scale; KLG, Kellgren-Lawrence grade; ne,
not estimable for cells with <5 counts; OR, odds ratio; PAS, Self-reported pain, aching or stiffness; PD, power Doppler; rKOA, radiographic knee
osteoarthritis; sxKOA, symptomatic knee osteoarthritis; US, ultrasound.
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This work confirms associations between US features and
rKOA as recently reviewed.8 The association between meniscal
extrusion and rKOA has been well documented. One longitudinal
study found that 7.5% of participants with meniscal extrusion on
US without evidence of rKOA at baseline went on to develop
rKOA, and >10% of patients with medial extrusion and rKOAwere
found to have progression of rKOA over five years.21 In a Chinese
community-based cohort, synovial hypertrophy was present in
18% and conferred four times higher odds of rKOA.22 Oo et al
also found strong correlations among US features and KLG in
participants with sxKOA.23 As might be expected from the
increased sensitivity and expanded tissue imaging, US features
are often more strongly associated with pain and symptoms than
are radiographic features. In the XO study, synovial hypertrophy
conferred about double the odds of knee pain.22 Oo et al found
that power Doppler positivity and meniscal extrusion were associ-
ated with worse KOOS pain.23 Interestingly, a Canadian group
specifically identified associations between US synovitis and the
constant pain scale of the intermittent and constant OA pain
scale, particularly in knees with early rKOA.24 This group has also
begun to explore the difference between synovial damage and
synovial inflammation on US and histology.25 Our work contrib-
utes to the field by including comprehensive US assessment,
expert radiographic grading, and extensive self-reported and clin-
ical data in a unique, diverse, community-based cohort.

As noted above, KOA is often defined on imaging using radi-
ography, generally based on a KLG of 2 or more. MRI definitions
have been in development for many years.26 Recent work by Liew
et al on MRI-based KOA diagnosis highlighted the importance of
osteophytes.27 This work also found that including cartilage dam-
age into the definition of KOA onMRI increased the AUC of the pro-
posed definitions (0.7–0.8). This is comparable to the most
accurate US diagnosis we identified, which included both osteo-
phytes and cartilage damage, with 81% sensitivity and AUC =
0.76 for diagnosing rKOA. A smaller hospital-based study from
Argentina also identified osteophytes and cartilage damage as key
features, with a sensitivity of 75% and specificity of 94% for rKOA
as the referent.28 Although binary definitions are useful in identifying
cases and are frequently used as inclusion/exclusion criteria, addi-
tional systems could be developed to define probabilities of KOA
using quantitative or semiquantitative feature scoring from US. A
group from Japan recently reported on a novel weight-bearing
US-based index for medial rKOA incorporating quantitative mea-
sures of osteophytes and interbone distance.29 Such quantitative
assessments, as well as composites across multiple US
features,30 may improve utility and accuracy of US in future work.

Limitations include the cross-sectional nature of the cohort,
although we hope to do follow-up in the future. We used a pub-
lished protocol and scoring atlas to enhance rigor and reproducibil-
ity, although generalizability to other populations using other
systems is limited. The USmachine used in this study was selected
for simplicity and utility but may not be the most sensitive,

particularly for power Doppler. Additionally, there is disagreement
in the field around what portion(s) of the femoral articular cartilage
and therefore of the tibiofemoral versus patellofemoral articulations)
are visualized in these US views.31,32 The radiography comparator
is most practical and available but does not allow comparison to
more similar modalities such asMRI. Strengths of this study include
the detailed data from two large, diverse and independent cohorts
resulting in the collection of nearly 1,400 standardized knee US
images. These cohorts were recruited to be representative of John-
ston County, North Carolina, and thereby possibly to the general
US population, with a focus on groups often underrepresented in
research studies. This generalizability is evident in the participant
characteristics, including the frequency of obesity which mirrors
the population in the Southeastern United States.33 Participants
were recruited without regard for KOA status or symptoms result-
ing in a range of disease severity, including the initial stages of KOA.

There are several potential future directions in US. Tele-
ultrasonography holds promise for remote monitoring of disease
incidence and progression in OA.34 Technological advancements
including developments in quantitative, three-dimensional,
contrast-enhanced, and high-resolution US are ongoing.35

Finally, US holds promise for clinical and research use in low and
middle income countries36 as well as other resource-limited set-
tings, including multisite studies.

In conclusion, we report associations among US features,
radiographic scores, and symptoms in a large, diverse, community-
based study in the Southeastern United States. By using a
published, standardized protocol and scoring atlas in this highly
phenotyped group, we identified commonUS features in the popula-
tion as well as significant associations between US features and
radiographic and symptomatic radiographic features and symptoms
in participants with andwithout KOA.We propose a US-based rKOA
definition, with support in the literature, for further validation. US is a
valuable and accessible modality for assessment of KOA features in
clinical and research settings, including those with limited resources.
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Association of Physical Therapy Care With Use of
Intra-Articular Injections in People With Knee
Osteoarthritis: A Real-World Cohort Study

Tuhina Neogi, Maureen Dubreuil, Christine Peloquin, Lee Marinko, James Camarinos, David T. Felson,
and Deepak Kumar

Objective. The objective of this study was to assess the relation of physical therapy (PT) timing, dose, and type with
risk of future intra-articular therapy use in people with knee osteoarthritis (OA) who receive PT.

Methods. We used data from a deidentified claims database (Optum Labs Data Warehouse) from American adults
with incident knee OA referred for PT within the first year of their knee OA diagnosis. We categorized people as having
previously had intra-articular therapies or not. We examined the association of timing of PT initiation, number of PT ses-
sions, and type of PT (predominantly active or passive) with intra-articular therapy use over a period of one year follow-
ing the first year of diagnosis.

Results. Of the 67,245 individuals with knee OA (age 61.5 ± 11 years, 61% female, 10% Black, 6% Hispanic),
34,804 and 32,441 did and did not have prior intra-articular therapies, respectively. Among those who had prior intra-
articular therapies, initiating PT at 9 to 12 months post diagnosis was associated with an adjusted risk ratio of 1.44
for future intra-articular therapy (95% confidence interval 1.35–1.55) compared with those who initiated within a month.
For both groups, ≥13 PT sessions was associated with a 10% and 12% lower risk, respectively, compared with 1 to
5 sessions. Active PT was not related to lower risk compared to passive PT interventions.

Conclusion. Initiating PT earlier and more than 12 PT sessions were significantly associated with lower risk of
future intra-articular therapy use in people with newly diagnosed knee OA.

INTRODUCTION

Knee osteoarthritis (OA) is a leading cause of chronic pain

and disability worldwide.1 Intra-articular therapies, including

intra-articular corticosteroids (IACS) and intra-articular hyaluronic

acid (IAHA), remain highly used for knee OA. Among patients

scheduled for knee replacement, up to half have received IACS

and one in six have received IAHA.2,3 The most recent guidelines

from five professional medical and/or research societies have rec-

ommended use of IACS for management of knee OA based

on their short-term efficacy.4 However, recent reports raise con-

cerns about a potential increased risk of cartilage loss and knee

replacement with repeated IACS injections, although findings are

inconsistent.5–8 Given publication bias, high risk of bias in

published studies, and risk of flare-ups and other adverse

events,9 the 2019 American College of Rheumatology and

2021 American Academy of Orthopaedic Surgeons guidelines

conditionally recommended against IAHA for people with

knee OA,10,11 whereas others conditionally recommend its use.4

Despite the lack of strong support by specialty societies for IAHA

use, IAHA was the most commonly selected intervention not rec-

ommended by their own society’s clinical practice guidelines in a

survey of orthopedic surgeons.12 Use of either IACS or IAHA has

also been associated with greater odds of opioid use, suggesting

poor pain management.2,13 There is a need to promote the use of

other safer and more effective therapies and reduce the use

of these minimally effective or potentially harmful intra-articular

therapies.
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Exercise and education, typically delivered as part of physical
therapy (PT), lead to meaningful improvements in pain and
function and are recommended as first-line interventions for knee
OA in all guidelines,14–17 though implementation of these
recommendations remains poor.18 When compared to IACS, an
exercise-based PT intervention provided greater and longer-term
reduction in pain and improvement in function in people with knee
OA.19 Given that PT interventions can reduce pain in people with
knee OA, it is possible that they may also reduce the risk of future
use of intra-articular therapies, assuming use of intra-articular
therapies reflects failure of pain management. Specifically, in peo-
ple diagnosed with knee OA and referred to PT, whether early ver-
sus late initiation of PT, number of PT visits, or nature of PT care
(ie, active vs passive) influence the risk of future use of intra-
articular therapies merits evaluation. Timing, dose, and type of
PT interventions for people with incident knee OA can be highly
variable, and this knowledge can help with standardization or
practice and also guide payers and providers toward delivering
optimal PT interventions for this population.20

The objective of our study was to assess the association of
timing, dose, and type of PT interventions with risk of future use
of intra-articular therapies in people with incident knee OA
referred to PT. We hypothesized that shorter time to first PT visit,
greater PT dose, and active PT treatment will all be associated
with reduced use of intra-articular therapies in people with inci-
dent knee OA referred to PT.

PATIENTS AND METHODS

Data source. We used data from the Optum Labs Data
Warehouse (OLDW), which includes deidentified medical and
pharmacy claims, PT claims, laboratory results, and enrollment
records for more than 200 million commercial and Medicare
Advantage enrollees. Members in the database had full insur-
ance coverage for physician, hospital, and prescription drug ser-
vices.21 The database contains longitudinal health information
on patients representing a diverse mix of ages, races, and US
geographic regions. Since this study involved analysis of pre-
existing, deidentified data, it was exempt from institutional
review board review.

Study sample.We included persons aged 40 or older who
had had incident knee OA (index event) between 2001 and 2016
and received PT treatment within 12 months after their incident
knee OA diagnosis. Incident knee OA was defined as a claim for
knee OA in an individual with no prior knee OA claim during the
prior 24-month period. Knee OA was identified using International
Classification of Disease (ICD) codes 715.x6 (9th revision) and
M17.x (10th revision). To minimize confounding by indication, we
only included persons who received PT treatment after the knee
OA diagnosis. We only included persons with continuous cover-
age over the study period. We excluded persons with any of the

following in the 24 months preceding the incident knee OA diag-
nosis: knee replacement, knee surgeries, high-risk cancer, or
rheumatoid arthritis. We also excluded persons who received PT
within 12 months before the incident knee OA diagnosis and per-
sons who did not have any PT treatment codes that were catego-
rized as active or passive or who had missing data for age, sex,
insurance type, and geographic region.

We further stratified our study cohort into those who had
prior intra-articular injections in any body region versus those
who did not based on presence of codes for IACS or IAHA (Sup-
plementary Table 1) in the 2 years before the index date up to the
start of the first PT episode of care (EOC). This was to address
the potential that any prior experience with intra-articular injec-
tions, regardless of body site, could influence future use of such
injections. Intra-articular therapy use during the PT EOC was
included as a covariate. Intra-articular therapy use after the PT
EOC but within the first 12 months after the index date was not
included in the outcome because we were interested in the
longer-term impact of PT attributes on intra-articular
therapy use.

Exposures. The exposures included PT timing, PT dose,
and PT type. PT timing was defined as the time between the index
date (ie, incident knee OA diagnosis) and the start of the first PT
EOC (Figure 1). The first PT EOC was defined as occurring
between the date of the first outpatient PT claim with a PT evalu-
ation Current Procedural Terminology (CPT) code after the index
date and the date of the PT claim preceding the ≥12-week period
of no PT claims (Figure 1).22 Outpatient PT was identified using
CPT codes (Supplementary Table 2). One PT researcher
reviewed all ICD codes from the first PT claim and excluded all
ICD codes that were not related to knee OA. Hence, only PT care
that was related to knee OA was included. Timing was modeled
as a categorical exposure with the following categories: <1month,
1 to <3 months, 3 to <6 months, 6 to <9 months, and 9 to
<12 months after the index date.22 PT dose was defined as the
number of PT claims on unique dates during the first PT EOC.
PT dose was modeled as a categorical exposure with the follow-
ing categories: 1 to 5 sessions, 6 to 12 sessions, and >13 ses-
sions.22 PT type was categorized into active or passive PT using
CPT codes (Supplementary Table 1) from PT claims during the
PT EOC. The PT care was categorized as active PT (eg, exercise,
gait training) if ≥50% were active PT codes; examples considered
passive PT include ultrasound, thermal therapies, etc.22,23

Outcomes. The outcome was use of IACS and/or IAHA
based on Healthcare Common Procedure Coding System codes
(Supplementary Table 2) modeled as a dichotomous variable.
Only IACS and IAHA claims with concurrent knee pain or OA
codes were included. We assessed the occurrence of the out-
come starting 12 months after the index date for a one-year
follow-up period (Figure 1).
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Covariates. All analyses were adjusted for age, sex, race,
insurance (commercial or Medicare Advantage), geographic loca-
tion, comorbidities, obesity, health care use, calendar year, and
receipt of intra-articular injections during the PT EOC. Comor-
bidities were identified throughout the 24 months before the
index date using the Elixhauser Index and modeled as a contin-
uous count, excluding obesity.24,25 Obesity, identified using
the Elixhauser Index, was entered into the model as a separate
variable given its association with knee OA and opioid use.26

Health care use was calculated as the number of outpatient
claims seven or more days apart within the two years before
the index date.22 Calendar year was added as a covariate for
all models to account for secular trends. Use of intra-articular
therapies for knee pain or OA concurrently with PT was mod-
eled as a dichotomous variable.

Statistical analyses. In each stratum (of prior injection vs
no prior injection), we evaluated the relation of PT timing, dose,
and type to any use of IACS or IAHA using Poisson regression
with a robust variance to obtain risk ratios adjusted for confound-
ers.27 To examine the robustness of the findings to unmeasured
residual confounding, we calculated E-values, which reflect the
minimum strength of association needed between an unmea-
sured confounder and both the exposure and the outcome to nul-
lify the observed effect estimate.28 We also report the results
stratified by sex and race and ethnicity, acknowledging that race
and ethnicity serve as a proxy for numerous differential structural
systemic societal impacts. Analyses were conducted using SAS
version 9.4 (SAS Institute, Inc).

RESULTS

We identified 2,194,144 individuals with any knee OA claim
between 2001 and 2016. After applying the various inclusion
and exclusion criteria, we identified 67,245 individuals who
met all criteria for incident knee OA; 32,441 had not received any
intra-articular therapies in the assessment period, and 34,804

did (Figure 2). Characteristics of the study sample and the distri-
bution of exposures are shown in Table 1. A majority of the cohort
was White and had commercial insurance. Nonsteroidal anti-
inflammatory drug (NSAID) use was fairly common. Approxi-
mately three-fifths (45,391 of 67,245) received outpatient PT care
within three months of knee OA diagnosis; the median time to PT
was 42 days after incident knee OA diagnosis. About one in five
(15,301 of 67,245) received more than 12 sessions of outpatient
PT. More than 75% (52,168 of 67,245) received active PT treat-
ment. Of those who had a prior intra-articular therapy for any body
region, the mean number of injections was 2.8 (SD 3.4).

Overall, 14.1% (9,497 of 67,245) of the study sample had at
least one intra-articular injection during the follow-up period (ie,
in the 12-month period following the first year of diagnosis), with
19.1% (6,650 of 34,804) occurring among those who had previ-
ously received such an injection and 8.8% (2,847 of 32,441)
among those who were intra-articular injection naive. In terms of
types of intra-articular injection, 11.4% (7,648 of 67,245) received
IACS and 5.2% (3,517 of 67,245) received IAHA during the
follow-up period (the total is greater than 14.1% because some
received both agents). A total of 20,463 injections were delivered
during the outcome assessment period; 66.1% (13,534 of
20,463) were claims from orthopedic surgeons, 11.6% (2,375
of 20,463) were claims from family medicine or primary care,
7.2% (1,472 of 20,463) were claims from physiatrists, 3.8%
(779 of 20,463) were claims from rheumatologists, and the rest
were claims from other specialties.

For PT timing (ie, time to starting PT after the incident knee
OA diagnosis claim), among those who had received prior intra-
articular therapies, their risk for receiving an intra-articular injection
in the year after the first year of diagnosis increased with greater
time to starting PT, with those waiting at least 9 to 12 months
before the start of PT having a 44% higher risk of intra-articular
injection therapy than those who started PT within a month of
their knee OA diagnosis. In contrast, those who had not received
intra-articular therapies previously did not experience a statisti-
cally significantly higher risk of receiving an intra-articular injection

Figure 1. Study design depicting baseline enrollment period, exposure assessment period, outcome assessment period, a hypothetical PT EOC
starting within the first 12 months post index date, and the time over which prior intra-articular therapy was evaluated. *The PT EOC can start any-
time within the 12-month period following the index date. In cases in which the PT EOC is initiated close to the end of the 12-month period, it may
extend into the outcome assessment period. EOC, episode of care; PT, physical therapy.
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with longer the time to starting PT post diagnosis, though there
was a numerically higher risk of approximately 10% to 15%
among those whose PT started at least 6 months post diagnosis
versus those who started within the first month (Figure 3). In gen-
eral, findings were similar for both men and women and all avail-
able races and ethnicities, except for the small group of
participants with self-reported Asian background, for whom no

relation was seen for PT timing and future injections
(Supplementary Table 3).

For PT dose, 13 or more PT sessions in an EOC was signifi-
cantly associated with a lower risk of receiving intra-articular injec-
tions in the year following the first year after diagnosis in both
groups compared to 1 to 5 PT sessions, albeit with small associ-
ations (Figure 4). For example, for those who had not received

Figure 2. Cohort selection. OA, osteoarthritis, IAT, intra-articular therapy; PT, physical therapy.

Table 1. Study cohort characteristics*

IAT naive
(n = 32,441)

IAT experienced
(n = 34,804)

Whole sample
(N = 67,245)

Age, mean (SD), y 60.8 (11.1) 62.3 (10.9) 61.5 (11.0)
Female, % (n) 58.3 (18,903) 63.2 (22,005) 60.8 (40,908)
Obesity, % (n) 13.9 (4,517) 17.2 (5,976) 15.6 (10,493)
Race and ethnicity, % (n)
Asian 2.8 (899) 1.6 (572) 2.2 (1,471)
Black 10.0 (3,240) 10.7 (3,718) 10.3 (6,958)
Hispanic 6.4 (2,092) 6.2 (2,171) 6.3 (4,263)
White 77.8 (25,244) 78.9 (27,444) 78.4 (52,688)
Missing 3.0 (966) 2.6 (899) 2.8 (1,865)

US region, % (n)
Midwest 34.2 (11,106) 32.3 (11,257) 33.3(22,363)
Northeast 15.9 (5,170) 10.3 (3,594) 13.0 (8,764)
South 34.1 (11,054) 45.1 (15,694) 39.8 (26,748)
West 15.8 (5,111) 12.2 (4,259) 13.9 (9,370)

Insurance type, % (n)
Commercial 76.1 (24,688) 70.4 (24,508) 73.2 (49,196)
Medicare advantage 23.9 (7,753) 29.6 (10,296) 26.8 (18,049)

Elixhauser minus obesity (counts), mean (SD) 2.0 (2.1) 2.4 (2.2) 2.2 (2.1)
NSAID use, % (n) 36.5 (11,850) 47.0 (16,366) 42.0 (28,216)
Health care use, % (n)
0–3 24.0 (7,784) 15.3 (5,321) 19.5 (13,105)
4–6 28.8 (9,346) 24.4 (8,484) 26.5 (17,830)
7–10 26.9 (8,713) 30.0 (10,447) 28.5 (19,160)
11+ 20.3 (6,598) 30.3 (10,552) 25.5 (17,150)

IAT for knee pain or OA used during PT episode of care, % (n) 4.7 (15,123) 8.1 (2,809) 6.4 (4,322)

* NSAIDs include celecoxib, diclofenac, diflunisal, fenoprofen, flurbiprofen, ibuprofen, indomethacin, ketoprofen,
ketorolac, meloxicam, naproxen, nabumetone, oxaprozin, phenylbutazone, rofecoxib, salsalate, sulindac, tolmetin,
and valdecoxib. IAT, intra-articular therapy; NSAID, nonsteroidal anti-inflammatory drug; OA, osteoarthritis; PT,
physical therapy.
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prior intra-articular therapies, having 13 or more sessions was
associated with a 12% significantly lower risk than having 1 to
5 sessions, whereas for those who had received prior intra-

articular therapies, there was a 10% lower risk (Figure 4). Among
those with prior intra-articular therapies, similar results were seen
for both sexes and for those with Asian or White race but not for

Figure 3. Relation of timing of PT initiation with IAT use in individuals without previous IAT use (gray) and with previous IAT use (black). The aRR
represents the risk of experiencing the outcome in each category relative to the refence category after adjusting for the confounders. For instance,
an aRR of 1.44 reflects a 44% greater risk of receiving IAT in people who initiated PT 9 to 12 months after diagnosis compared to those who ini-
tiated PT within one month of diagnosis in the IAT-experienced group. aRR, adjusted risk ratio; IAT, intra-articular therapy; PT, physical therapy.

Figure 4. Relation of dose of PT with IAT use in individuals without previous IAT use (gray) and with previous IAT use (black). The aRR represents
the risk of experiencing the outcome in each category relative to the refence category after adjusting for the confounders. For instance, an aRR of
0.90 reflects a 10% lower risk of receiving IAT in people who received ≥13 sessions of PT compared to those who received 1 to 5 sessions in the
IAT-experienced group. aRR, adjusted risk ratio; IAT, intra-articular therapy; PT, physical therapy.
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those with Black or Hispanic race and ethnicity (Supplementary
Table 4). Among those without prior intra-articular therapies,
similar associations were seen in men and those with White or
Hispanic race and ethnicity but not in women or those with Asian
or Black race (Supplementary Table 4).

For PT type, there was no statistically significant association
of active PT care with risk of future intra-articular injections com-
pared to passive PT care (Figure 5), although there was a numer-
ically smaller risk of approximately 7% in those who did not have
prior intra-articular injections. Similar results were seen when
stratified by sex or race and ethnicity, except a protective effect
with active PT was seen in men without prior experience with
intra-articular therapies (Supplementary Table 5).

We considered the possibility of unmeasured residual con-
founding by computing E-values. The E-values ranged from 1.29
to 2.24, indicating large residual confounding would need to be
present to nullify our results.

DISCUSSION

In this large real-world cohort of people with incident knee
OA referred to PT, among those who had prior intra-articular ther-
apies, a group more likely to have future intra-articular therapies,

the greater the time to starting PT after their knee OA diagnosis,
the greater the risk of receiving an intra-articular injection in the
year following the first year post diagnosis. Starting PT by 9 to
12 months was associated with a 44% higher risk of receiving
an intra-articular injection in the follow-up period compared to
starting PT within 1 month. For those who had not received
intra-articular injections previously, time to first PT after diagnosis
was not significantly associated with a greater risk of intra-
articular injections in the follow-up period, though the effect esti-
mate suggested a numerically greater 10% to 15% risk. Similarly,
receiving more than 12 PT sessions was associated with a mod-
est lower risk of receiving intra-articular injections in both groups
compared to receiving 1 to 5 sessions, though the clinical signifi-
cance of this magnitude of effect is unclear. We did not observe
an association between active PT care and future risk of intra-
articular injections when compared to passive PT care. These
findings provide evidence to support earlier initiation of PT
and >12 PT visits in people who are diagnosed with knee OA
and referred to PT.

We observed a reduced risk of future intra-articular therapy
use with early initiation of PT care but only in those with previous
use of intra-articular injections. We are not aware of any trials that
have specifically tested earlier versus later initiation of PT for knee

Figure 5. Relation of type of PT with IAT use in individuals without previous IAT use (gray) and with previous IAT use (black). The aRR represents
the risk of experiencing the outcome in each category relative to the refence category after adjusting for the confounders. For instance, an aRR of
0.93 reflects a 7% lower risk of receiving IAT in people who received active PT compared to those who received passive PT in the IAT-naive group.
aRR, adjusted risk ratio; IAT, intra-articular therapy; PT, physical therapy.
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OA outcomes. In our study design, in which outcomes were
assessed over a one-year period starting 12 months after the
index date, it is possible that with earlier initiation of PT care,
the time period for the person to develop healthier behaviors
was greater and there was greater opportunity for implementation
of self-management strategies that reduced the need for future
intra-articular therapies. This may also explain the almost dose–
response relationship seen between timing of PT initiation and risk
of future use of intra-articular therapies. Our findings support and
extend previous work in which earlier initiation of PT after knee OA
diagnosis was related to reduced future risk of opioid use.22 Our
results are also aligned with research in populations with low back
pain in which early initiation of PT has been reported to be related
to reduces downstream health care use, cost, and opioid use.29 It
is unclear why the relationship between timing of PT initiation and
risk of intra-articular therapies was only seen in people with prior
intra-articular therapy use and not in individuals who had not used
intra-articular therapies previously. This may reflect a lower inci-
dence of intra-articular therapy use in this latter cohort and a
greater proportion of patients initiating PT in the first month over-
all. It may also be related to disease severity, something that we
are not able to directly assess in this study using insurance claims.
The evidence from our study and prior real-world studies
supports early initiation of PT in patients with incident knee OA
who are referred for PT. A majority of the patients initiated PT
more than one month after diagnosis, which may be due to refer-
ral patterns, challenges with access, or patient preferences.30

Strategies such as reimbursement for telehealth PT, self-referral,
and broader implementation of practice guidelines are some
approaches to encourage early initiation of PT care.

We further observed a reduced risk of future intra-articular
therapies with more than 12 sessions of PT compared to fewer
than 5 sessions in people who did and did not have prior intra-
articular injections. However, the crude prevalence of intra-
articular injection use was similar across the exposure categories,
and the clinical significance of the adjusted findings indicating a
modest risk reduction is unclear given the relatively small magni-
tude of effect. Further examination of duration (number of ses-
sions) of PT on OA outcomes is merited. Although there is no
consensus on the appropriate number of exercise sessions for
people with knee OA, meta-analyses suggest a greater benefit
with a greater number of sessions.31 In our cohort, almost half of
the patients attended five or fewer PT sessions. In people with
incident knee OA who are referred to PT, our findings suggest
that more visits may be beneficial, information that may be useful
for payers and providers.

We did not observe a reduced risk with active (ie, exercise-
based) PT interventions when compared to passive interventions,
a finding that was consistent across the two cohorts. Our results
differ from a prior report of active PT being related to a small
but statistically significant reduction in risk of future opioid use in
people with incident knee OA.22 Exercise and education are

recommended as first-line interventions for people with knee OA
in all guidelines.4 However, recent studies have questioned
whether the effects of exercise on knee pain in people with OA
may be mostly due to contextual factors.32–34 Although limited
by lack of detailed information about the interventions, our find-
ings suggest further work is needed to understand the relation of
active PT interventions with clinically relevant knee OA outcomes.

Although the effect estimates noted were small, the absolute
risk reduction would still be meaningful given the high prevalence
of OA in the general population. For example, a crude 1% to 2%
risk difference (as seen for some of the PT exposures) would
mean that 50 to 100 people would need to be treated with appro-
priate PT interventions to avoid an intra-articular injection. Given
the millions of people with knee OA worldwide, millions of people
would be able to avoid intra-articular injections, including
repeated injections, that have questionable long-term benefit
and concerns about potential harms. Indeed, a nontrivial propor-
tion of individuals in our study received an intra-articular injection
in the year following the first year of diagnosis; given that OA is a
chronic disease, this would typically indicate an intention of
repeated injections over time. Again, given the safety and broader
benefits of exercise and PT, a strategy of earlier active PT with an
adequate number of sessions would provide the benefit of
reduced need to use intra-articular injection. These compelling
real-world observational data support the utility of early PT initia-
tion that involves a minimum number of sessions for knee OA
management to avoid use of less recommended or nonrecom-
mended therapies. However, referral to PT, access to PT, and
insurance coverage of PT remain limiting factors for many
patients.

Our study’s results must be interpreted in light of some limi-
tations. First, to minimize confounding by indication, we limited
our study design to those with a new diagnosis of knee OA who
undergo PT at some point during the first year after their diagno-
sis. This is because individuals who do not undergo PT at all are
systematically different from those who do, and such differences
cannot be readily accounted for in an observational study. Thus,
our study results are only applicable to those who undergo PT in
the first year after their knee OA diagnosis. We recognize that this
is a small subgroup of people diagnosed with knee OA. Further,
because we used claims data, we were unable to verify knee OA
diagnoses. However, misclassification is unlikely to meaningfully
alter the results, particularly because we limited the PT treatments
to knee OA pain-related reasons. Misclassification is also possible
in people who received IACS or IAHA before the index date
because these individuals may have had knee pain that was really
knee OA but undiagnosed. Stratifying by prior use, as we have
done, mitigates this issue in the interpretation of the results
among those without prior injection use. Additionally, secular
trends were addressed by accounting for calendar year. We also
did not have information on knee pain severity; we did adjust for
prescription NSAID use, which could be considered a proxy
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for symptom severity, stratified by prior intra-articular injection
use, which may reflect more severe symptoms, and adjusted for
health care use. As with any observational study, residual con-
founding remains a possibility despite accounting for pertinent
potential confounders. However, our E-value analysis indicates
that a very large unmeasured confounder would need to be pres-
ent to nullify our results. It is also possible that patient and/or pro-
vider preferences or unmeasured socioeconomic factors may
have influenced the results. For instance, the intra-articular
injection–experienced group may reflect patient and/or provider
preference for injections before initiating PT.

In summary, longer time to initiation of PT after the diagnosis
of knee OA was associated with greater risk of intra-articular ther-
apy, and this was more so in those who had prior such therapy.
Further, a greater number of PT sessions, but not active PT inter-
ventions, was associated with modestly lower risk of intra-
articular therapy in the year following the first year of a knee OA
diagnosis. These real-world data provide support for optimizing
treatment recommendations and practical guidance for imple-
mentation regarding PT timing and dose to optimize knee OA out-
comes while minimizing the need for more invasive therapies that
themselves may have minimal (if any) long-term benefit along with
concerns about long-term safety.
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Effects of Secukinumab on Enthesiophyte and Erosion
Progression in Psoriatic Arthritis: A One-Year
Double-Blind, Randomized, Placebo-Controlled Trial
Using High-Resolution Peripheral Quantitative
Computed Tomography

Yingzhao Jin,1 Isaac T. Cheng,1 Ho So,1 Billy T. Lai,2 Shirley K. Ying,3 Kitty Y. Kwok,4 James Griffith,1 Vivian Hung,1

Cheuk-Chun Szeto,1 Jack J. Lee,1 Ling Qin,1 and Lai-Shan Tam1

Objective. This study aimed to ascertain the effect of secukinumab on erosion and enthesiophyte progression in
psoriatic arthritis (PsA) by using high-resolution peripheral quantitative computed tomography (HR-pQCT).

Methods. This was a phase 4, double-blind, randomized, placebo-controlled trial. Patients with active PsA and ≥1
erosion in metacarpophalangeal joints (MCPJs) 2 to 4 were randomly assigned in a 1:1 ratio to subcutaneous secuki-
numab or placebo. HR-pQCT of MCPJs 2 to 4 were performed at baseline, week 24, and week 48. The primary out-
come was the changes in the volume of erosions on MCPJs 2 to 4 measured by HR-pQCT at 24 and 48 weeks.

Results. Forty patients (mean ± SD age 51.9 ± 13.4 years, 20 [50%] male, mean ± SD disease duration
4.7 ± 6.7 years) were recruited. Thirty-four patients who completed study treatment were included in the per-protocol
analysis. At baseline, week 24, and week 48, the secukinumab group showed a significant reduction in erosion volume,
whereas no changes were observed in the placebo group (median change in the secukinumab group −0.1 [interquartile
range −0.5 to 0.0] vs 0.0 [interquartile range −0.2 to 0.4] in the placebo group, P = 0.004). A similar trend was observed
for enthesiophyte volume changes in the secukinumab group, whereas no differences were noted in the placebo group
(median change in the secukinumab group −0.1 [interquartile range −0.8 to 0.0] vs 0.0 [interquartile range −0.4 to 1.3] in
the placebo group, P = 0.067). Generalized estimating equations results showed that the odds ratio (OR) for enthesio-
phyte progression in the secukinumab group was 0.264 (95% confidence interval [CI] 0.080–0.878, P = 0.030), whereas
the OR for partial erosion healing in the secukinumab group was 2.882 (95% CI 1.130–7.349, P = 0.027).

Conclusion. Secukinumab demonstrates a potential benefit in facilitating partial erosion repair and preventing
enthesiophyte progression in PsA.

INTRODUCTION

Psoriatic arthritis (PsA) is a destructive disease that leads

to change in the joint and entheseal architecture.1 Enthesitis

is an early and characteristic musculoskeletal manifestation of

PsA that is associated with greater disease activity and

reduced quality of life.1 New bone formation at the entheseal

regions of the joints in PsA (enthesiophyte) is the earliest

structural change in PsA associated with functional decline.2,3

Bone erosion is the second important structural lesion in

PsA.1 High-resolution peripheral quantitative computer

tomography (HR-pQCT) enables detailed bone microstructure

analysis with good reproducibility in assessing bony erosion.4

With its high spatial isotropic resolution, HR-pQCT has a higher

sensitivity in detecting erosion compared with radiography and

magnetic resonance imaging.5 Importantly, quantitative
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measurement of erosion and enthesiophyte volume can also
be achieved.6–8 Whether erosion repair occurs after tumor
necrosis factor (TNF) inhibition as reflected by reduction in
erosion size on HR-pQCT has been a subject of controversy
in patients with PsA. However, it has been observed that
enthesiophyte progression continues despite TNF
inhibition.9,10

Interleukin 17 (IL-17) is a proinflammatory cytokine produced
by the type Th17 cells. It is the key cytokine in the pathogenesis of
PsA11 responsible for the development of bone erosion.12 Levels
of IL-17+CD8+ T cells show a correlation with measures of dis-
ease activity and the extent of radiographic erosion in patients
with PsA.12 IL-17 participates in the pathway that amplifies enthe-
seal inflammation and is strongly associated with new bone for-
mation by promoting both catabolic and anabolic changes in
bone.13 In an IL-23 overexpressed animal model, inhibition of
IL-17 led to significant reduction of new bone formation.14 Simi-
larly, in a spondyloarthritis rat model, preventive and therapeutic
inhibition of IL-17A reduced inflammation and new bone
formation.15 Secukinumab, an anti–interleukin-17A monoclonal
antibody, is efficacious in reducing disease activity and the rate
of radiographic joint damage compared with a placebo.16 One
prospective open-label study demonstrated that 24 weeks of
secukinumab treatment may prevent the progression of bone
erosions and enthesiophytes evaluated by HR-pQCT.17 Nonethe-
less, these results need to be confirmed by longer term, placebo-
controlled, randomized trials.

Therefore, the aim of this study was to evaluate the effects of
secukinumab compared to placebo on the progression of bone
erosion and enthesiophyte in patients with PsA using HR-pQCT
over a one-year period.

PATIENTS AND METHODS

Study design and study participants. This was an
investigator-initiated, one-year, randomized, placebo-controlled,
double-blind study. Forty patients with PsA who fulfilled the Clas-
sification Criteria for Psoriatic Arthritis were recruited from four
regional hospitals in Hong Kong (Prince of Wales Hospital, Tai
Po Hospital, Queen Elizabeth Hospital, and Tseung Kwan O Hos-
pital) during May 2020 to August 2021. The inclusion criteria were
(1) age ≥18 years old; (2) without destruction in the metacarpo-
phalangeal joints (MCPJs), with joint destruction being defined
as the presence of bone erosions or osteophytes that disrupt
the normal joint structure18; (3) with active disease, which was
defined as ≥3 tender joints and ≥3 swollen joints, despite previous
treatment with nonsteroidal anti-inflammatory drugs (NSAIDs) or
conventional synthetic disease-modifying antirheumatic drugs
(csDMARDs); and (4) presence of at least one erosion at MCPJs
2 to 4 on HR-pQCT. Exclusion criteria were (1) limited in ability to
perform usual self-care, vocational, and avocational activities;
(2) pregnancy; (3) previous therapy with biologic or targeted

synthetic DMARDs (b/tsDMARDs); (4) the presence of active
inflammatory disease other than PsA; (5) active infection in two
weeks before randomization or a history of ongoing, chronic, or
recurrent infections including tuberculosis; (6) history of hepatitis
B or C; (7) history of malignant disease within the past five years
(excluding basal cell carcinoma or actinic keratosis, in situ cervi-
cal cancer, or noninvasive malignant colon polyps); and (8) con-
traindications to secukinumab.

The study was approved by the Ethics Committee of the Chi-
nese University of Hong Kong. Written informed consents were
obtained from all participants according to the Declaration of Hel-
sinki and International Council for Harmonisation and good clinical
practice guidelines. The study was registered in clinicaltrial.gov
(identifier: NCT03623867).

Randomization and treatment. Randomization was
performed using a computer-generated randomization list, using
a permuted blocks design with block sizes of 4 and 6. Allocation
concealment was ensured using sequentially numbered, opaque,
sealed envelopes. Patients were randomly assigned in a 1:1 ratio
to secukinumab (n = 20) or placebo (n = 20) group. To maintain
masking, secukinumab and placebo were identical in appear-
ance, packaging, and administration method. Both the partici-
pants and the physicians were unaware of which treatment
each participant was receiving. They received subcutaneous
placebo (saline) or secukinumab (Novartis Pharmaceuticals
[HK] Ltd) at 150 mg once a week from baseline for four weeks,
and then once every four weeks until week 48. Patients
attended follow-up visits at weeks 2, 4, and 12 and then every
12 weeks until week 48 and also attended a safety visit at week
52. Patients were treated throughout the study period following
a standard protocol with the goal of achieving minimal disease
activity (MDA) (Supplementary Figure 1).

Changes in the baseline treatment, including dosage of
NSAIDs or csDMARDs or the addition of a new csDMARD (indi-
vidually or in combination), steroids, or NSAIDs, were allowed
after week 12 if the patient could not achieve MDA. For patients
who (1) did not achieve MDA after week 12 and (2) fulfilled the cri-
teria for and expressed willingness to initiate b/tsDMARDs, the
codes were broken, and they were excluded from the final analy-
sis. When three csDMARDs failed to achieve the treatment goal,
patients became eligible for b/tsDMARDs in accordance with the
local guideline, provided they passed the financial assessment
(phase 3b in Supplementary Figure 1). However, because
b/tsDMARDs were not reimbursed in Hong Kong, some patients
were unable to start b/tsDMARDs despite not meeting the
treatment goal due to financial constraints. Therefore, the codes
were not broken for patients who were not willing to initiate
b/tsDMARDs, and they were included in the final analysis.
Because the objective of this study was to compare the actual
effects of bone damage prevention between secukinumab and
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placebo, only patients who initiated a biologic in the placebo
group were excluded. All adverse effects were recorded.

Assessment. Evaluation of disease activity and severity. At
baseline and at each visit, the following domains were assessed:
pain, physician global assessment of disease severity (PhGA)
and patient global assessment of disease severity (PtGA), number
of tender and swollen joints (using the 68 tender and 66 swollen
joint count), number of joints irreversibly damaged (baseline and
end of study only), enthesitis (Spondyloarthritis Research Consor-
tium of Canada Enthesitis Index), number of digits with dactylitis,
levels of acute-phase reactant including erythrocyte sedimenta-
tion rate (ESR) and C-reactive protein (CRP), and the Health
Assessment Questionnaire (HAQ) Disability Index. For the skin
domain, Psoriasis Area and Severity Index (PASI) was assessed
at baseline and each visit.

Image acquisition by HR-pQCT. Metacarpal bone erosion
and enthesiophyte were assessed at MCPJs 2 to 4 of the more
severely affected or the dominant hand if both hands were
equally affected using a HR-pQCT system (XtremeCT II; Scanco
Medical AG). This system enables the simultaneous acquisition
of CT slices with an isotropic resolution (voxel size) of 61 μm.
HR-pQCT scanning was performed by a single investigator
(V.H.) who was masked to all the clinical information of the
patients. A single examination was performed for measure-
ments of MCPJs 2 to 4. An anteroposterior scout view was
used to define the region of interest (ROI). The scan region
was 80 slices distal and 242 slices proximal of the upper margin
of the head19 of MCPJ 3. HR-pQCT examinations were per-
formed at baseline, 24 weeks, and 48 weeks. The ROI of each
MCPJ was cropped using an automatic cropping algorithm.20

Images were evaluated by two independent readers (I.T.C and Y.J.)
with five and two years of experience, respectively, in evaluating
erosions and enthesiophytes and measuring the volume of these
pathologies, masked to the clinical data. The intraobserver repro-
ducibility was 0.962 and 0.986 for erosion and enthesiophyte vol-
ume, respectively.

Erosion assessment. Erosions were defined as sharply
marginated bone lesions with juxta-articular localization with a
cortical break seen in at least two adjacent slices, which were
often accompanied by loss of the adjacent trabecular bone.
Erosions were differentiated from physiologic breaks due to
nutrient blood vessels by the linear shape of the latter and
occurrence at predilection sites. Pseudoerosions, structures
similar to cortical breaks presented by osteophytes, were
excluded.21 Erosion volume was automatically calculated by
the Bone Analysis Modules of an open-source image analysis
tool (3D slicer).22

Enthesiophytes assessment, volumetric bone mineral

density, and microstructural analysis. Enthesiophytes were
defined as new bone formation arising from the periosteal bone
cortex at the insertion sites of the capsule, ligament, or

tendons or at the location of functional enthesis.2 A semiauto-
mated method based on ITK-SNAP was used to calculate
enthesiophyte volume on colocalized baseline and follow-up
ROIs, as described before.10,23 The Supplementary Video 1
demonstrates that slides were aligned through image registra-
tion, confirming that the observed enthesiophyte progression
is not due to any shift in the image stack. In addition, a 3D
reconstructed video was also provided (Supplementary
Video 2). Intraarticular (second MCP head; cortical, trabecular,
and total) volumetric bone mineral density (vBMD) was
obtained based on manufacturer’s standard analysis soft-
ware24 after exclusion of the region with bone erosion and
enthesiophyte, as previously described.6,25

Smallest detectable changes and definition of healing of

erosion and progression of enthesiophytes. Twenty entheiso-
phytes and 20 erosions were randomly chosen and scored twice
to determine the smallest detectable change (SDC), which refers
to the minimum difference in a measurement that can be differen-
tiated from measurement error or inherent variability.26 SDC was
then calculated for enthesiophyte and erosion volume using the

formula SDC = ±1.96 × SDΔ(CHANGE-SCORES) / (√2 × √k), in which
“Δ(CHANGE-SCORES)” was the SD of change in scores and “k” was
the number of readings.26 Partial erosion healing was defined as
decrease in erosion volume exceeding SDC (0.1 mm3). Enthesio-
phyte progression was defined as either an increase in enthesio-
phyte volume exceeding SDC (0.12 mm3) or development of a
new enthesiophyte.

Study outcomes. The primary outcome of the study was
the difference in change of erosion volume over MCPJs 2 to
4 between the secukinumab and placebo group, as measured
by HR-pQCT from baseline to 24 and 48 weeks. Secondary out-
comes include the proportion of erosions showing partial healing,
changes in the volume of enthesiophytes, the proportion of enthe-
siophytes exhibiting progression, and changes in vBMD and
microstructural parameters.

Data processing and analysis. Statistical analyses were
conducted using the Statistics Package for Social Sciences (ver-
sion 25.0). Per-protocol analysis was employed to ascertain the
actual effect of IL-17 inhibition on preventing bone damage com-
pared to placebo. Descriptive statistics were used to analyze
demographic and clinical variables, including frequencies, means
and SDs, and medians and interquartile ranges (IQRs). The t-test,
Mann-Whitney U-test, and chi-square test were used to evaluate
differences in baseline characteristics between the secukinumab
group and placebo group. Differences in the outcome
measurements between groups were assessed using the t-test,
Mann-Whitney U-test, repeated measures analysis of variance,
Friedman test, or chi-square test, when appropriate. When ana-
lyzing proportions (eg, proportion of patients with erosion healing
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or enthesiophyte progression) across multiple time points in two
treatment arms, the generalized estimating equation (GEE) pro-
vides several key advantages. First, it can handle binary (propor-
tion) outcomes. Second, GEE accounts for within-subject
correlation, which violates the independence assumption in stan-
dard regression. GEE incorporates this correlation, improving the
validity of SEs and P values. Third, it provides population-averaged
(or “marginal”) estimates, which are often more clinically interpret-
able when comparing typical responses between treatment groups
over time. Fourth, the “sandwich” variance estimator used in GEE
remains reliable (ie, SEs remain valid) even if the assumed within-
subject correlation structure is not perfectly specified. In this study,
GEE regression analysis was employed to investigate the factors
associated with erosion healing or enthesiophyte progression.
A two-tailed probability value of P < 0.05 was considered statisti-
cally significant.

RESULTS

Forty patients (mean ± SD age 51.9 ± 13.4 years, 20 of
40 [50%] female, mean ± SD disease duration 4.7 ± 6.7 years)
were recruited (Table 1). Patients in both groups had moderate
to high disease activity (mean ± SD Disease Activity in Psoriatic
Arthritis [DAPSA] score 28.3 ± 8.8 vs 31.5 ± 6.8 in the placebo
group and secukinumab group, respectively). There were no sig-
nificant differences in baseline age, sex, body mass index, dis-
ease duration, disease activity markers (ESR, CRP, PASI, and
DAPSA), and HAQ between the two groups (Table 1).

Clinical response. After one year, 18 of 20 patients (90%)
versus 16 of 20 patients (80%) completed study treatment in the
secukinumab group and placebo group, respectively. In the pla-
cebo group, four patients (20%) were excluded from the final
analysis because they required escape therapy with b/tsDMARDs
before study completion due to treatment inefficacy (Figure 1).
Over the one-year period, patients in the secukinumab group
had a greater reduction in ESR, CRP, PASI, HAQ, pain, PtGA,
PhGA, and DAPSA scores compared to the placebo group
(Supplementary Table 1). For the per-protocol analysis, 7.8%
and 18.6% of the MCPJs were swollen and tender at baseline,
respectively. At year 1, 7.8% of the MCPJs remained swollen,
whereas 17.6% were tender. There was no significant difference
between the two groups regarding the csDMARD and NSAID
treatments (Supplementary Figure 2). Only one patient in the
secukinumab group received oral glucocorticoids at baseline,
and none received them at year 1. In the placebo group, no
patients were taking oral glucocorticoids at either baseline or year
1. In the secukinumab group, a rapid reduction in DAPSA to
below 14 (indicating low disease activity [LDA]) was observed
from week 12 onward (Supplementary Figure 3A). Conversely,
the reduction in DAPSA was more gradual in the placebo group,
with achievement of LDA from week 36 onward. Regarding

the MDA attainment rate, the secukinumab group achieved
27.8% at week 12 and 55.6% at week 48, whereas the
placebo group achieved 18.8% at week 12 and 31.3% at week
48 (Supplementary Figure 3B).

Changes in HR-pQCT parameters. A total of 36 and
34 patients were analyzed at week 24 and week 48, respectively.
At baseline, 61 and 44 erosions were identified in the secukinu-
mab and placebo groups, respectively. There were no statistically
significant differences in baseline erosion volume (placebo group,
median 1.2 [IQR 0.3–3.2] mm3 vs secukinumab group, median
0.9 [IQR 0.3–3.3] mm3; P = 0.785) and baseline enthesiophyte
volume (placebo group, median 4.2 [IQR 1.2–9.2] mm3 vs secuki-
numab group, median 2.1 [IQR 1.2–5.7] mm3; P = 0.154)

Table 1. Patient characteristics at baseline*

Characteristic
Placebo
(n = 20)

Secukinumab
(n = 20)

Age, median (IQR), y 55.0 (35.9–60.8) 56.3 (42.9–64.9)
Female, n (%) 11 (55.0) 9 (45.0)
BMI, mean ± SD 24.8 ± 3.0 24.1 ± 3.6
PsO duration, median (IQR), y 10.6 (3.0–23.3) 12.6 (7.4–20.1)
PsA duration, median (IQR), y 0.5 (0.2–9.4) 1.0 (0.2–6.4)
ESR, median (IQR), mm/hr 29.0 (18.0–51.3) 49.5 (22.3–74.3)
CRP, median (IQR), mg/L 5.0 (1.9–13.0) 15.5 (3.7–22.4)
PASI, median (IQR) 4.1 (1.7–7.3) 4.3 (1.4–7.3)
HAQ, median (IQR) 0.5 (0.2–1.1) 1.1 (0.4–1.4)
Tender joint count, median
(IQR)

10.0 (7.3–15.3) 10.0 (8.0–14.8)

Swollen joint count, median
(IQR)

4.5 (3.3–6.8) 4.0 (3.0–6.0)

Damage joint count, median
(IQR)

2.0 (1.3–6.0) 2.5 (1.0–6.0)

Presence of dactylitis, n (%) 11 (55.0) 9 (45.0)
Number of dactylitis, median
(IQR), digit

1.0 (0.0–2.0) 0.0 (0.0–1.0)

Presence of enthesitis, n (%) 9 (45.0) 8 (40.0)
Enthesitis, median (IQR) 0.0 (0.0–1.8) 0.0 (0.0–1.8)
NRS pain, mean ± SD,
0–10cm

5.3 ± 1.8 6.5 ± 1.9

NRS PtGA, median (IQR),
0–10 cm

5.0 (5.0–7.8) 7.0 (6.0–8.0)

NRS PhGA, median (IQR),
0–10 cm

6.5 (5.3–8.0) 6.0 (5.0–7.8)

DAPSA, mean ± SD 28.3 ± 8.8 31.5 ± 6.8
MDA achievement, n (%) 0 (0.0) 0 (0.0)
csDMARDs, n (%) 12 (60.0) 12 (60.0)
Methotrexate 10 (50.0) 12 (60.0)
Sulfasalazine 1 (5.0) 1 (5.0)
Cyclosporine 2 (10.0) 0 (0.0)

Glucocorticoids 0 (0.0) 1 (5.0)
NSAIDs, n (%) 15 (75.0) 15 (75.0)

* BMI, body mass index; CRP, C-reactive protein; csDMARDs, con-
ventional synthetic disease-modifying antirheumatic drugs; DAPSA,
Disease Activity in Psoriatic Arthritis; ESR, erythrocyte sedimenta-
tion rate; HAQ, Health Assessment Questionnaire score; IQR, inter-
quartile range; MDA, minimal disease activity; NRS, Numeric Pain
Rating Scale; NSAIDs, nonsteroidal anti-inflammatory drugs; PASI,
Psoriasis Area and Severity Index; PhGA, Physician Global Assess-
ment; PsA, psoriatic arthritis; PsO, psoriasis; PtGA, Patient Global
Assessment.
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between the two groups (Supplementary Table 2). Figure 2 illus-
trates typical changes in erosion and enthesiophyte over a one-
year period. After one year, a significant difference in the change
in the volume of pre-existing erosion between the two groups (secu-
kinumab group, median change −0.1 [IQR −0.5 to 0.0] mm3 vs pla-
cebo group, median change 0.0 [IQR −0.2 to 0.4] mm3, P = 0.004)
was found (Supplementary Table 2). The erosion volume at base-
line (median 0.9 [IQR 0.3–3.3]), week 24 (median 0.9
[IQR 0.3–3.1]), and week 48 (median 0.9 [IQR 0.2–2.5]) revealed
significant reduction in the secukinumab group, whereas no

differences were observed in the placebo group (baseline, median
1.2 [IQR 0.3–3.2]; week 24, median 1.1 [IQR 0.3–4.3]; week
48, median 1.3 [IQR 0.3–3.7]) (Figure 3A). One new erosion devel-
oped in one patient in the secukinumab group, whereas six ero-
sions developed in five patients in the placebo group (P = 0.078)
(Figure 3B). A significantly higher proportion of erosions with par-
tial healing was observed in the secukinumab group compared
with the placebo group (51% vs 30%, P = 0.029) (Figure 3C). In
this study, at baseline, the mean erosion volume at MCPJ 3 was
positively correlated with the number of tender MCPJs (r =

Figure 1. Participant flow diagram. ^Changes in baseline treatment, such as adjusting the dosage of conventional synthetic disease-modifying
antirheumatic drugs (csDMARDs) or adding a new csDMARD or nonsteroidal anti-inflammatory drug, were permitted after week 12 if the patient
failed to achieve minimal disease activity. Patients requiring open-label secukinumab were excluded from the per-protocol analysis. HR-pQCT
assessment of metacarpophalangeal joints 2 to 4 was performed at weeks 24 and 48. CASPAR, Classification Criteria for Psoriatic Arthritis;
HR-pQCT, high-resolution peripheral quantitative computed tomography.
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0.435, P = 0.010). However, the number of tender or swollen
joints did not correlate with the mean erosion volume of other
MCPJs.

A total of 25 enthesiophytes were identified in both the secu-
kinumab and placebo groups at baseline. At one year, the change
in pre-existing enthesiophyte volume was not statistically signifi-
cant between the two groups (secukinumab group, median
change −0.1 [IQR −0.8 to 0.0] mm3; placebo group, median
change 0.0 [IQR −0.4 to 1.3] mm3; P = 0.067), although a trend
was seen (Supplementary Table 2). The enthesiophyte volume at
baseline (median 2.1 [IQR 1.1–5.7] mm3), week 24 (median 1.8
[IQR 0.8–5.6] mm3), and week 48 (median 1.9 [IQR 0.8–4.1] mm3)
revealed significant differences in the secukinumab group and
no differences in the placebo group (baseline, median 4.2 [IQR
1.2–9.2] mm3; week 24, median 4.5 [IQR 1.1–10.4] mm3; week
48, median 5.5 [IQR 1.5–10.1] mm3) were observed (Figure 3D).
At week 48, one enthesiophyte (in one patient) and four enthesio-
phytes (in three patients) were newly identified in the secukinumab
group and placebo group, respectively (Figure 3E). Altogether,
16% and 40% of enthesiophytes progressed in the secukinumab

group and placebo group, respectively (Figure 3F). Tenderness or
swelling in the MCPJs showed no correlation with the mean
enthesiophyte volume.

Regarding intraarticular vBMD and microstructural analysis,
the results showed stabilization of vBMD and microstructure in
both groups. A significant difference in the change in trabecular
number (increase in trabecular number in the secukinumab
group, median 0.006 [IQR −0.011 to 0.067] and decrease in tra-
becular number in the placebo group, median −0.015 [IQR
−0.034 to −0.002]; P = 0.032) was noted (Supplementary
Table 3).

Cumulative probability plot for changes in the erosion and
enthesiophyte volume over a one-year period is shown in Figure 4.
Univariate GEE showed that no clinical parameters were associ-
ated with partial erosion healing and enthesiophyte progression
(Supplementary Tables 4 and 5). The results showed that the
odds ratio (OR) for enthesiophyte progression in the secukinumab
group was 0.264 (95% confidence interval [CI] 0.080–0.878, P =
0.030), whereas the OR for partial erosion healing in the secukinu-
mab group was 2.882 (95%CI 1.130–7.349, P = 0.027) (Table 2).

Figure 2. Representative images depicting changes in erosion and enthesiophyte size over a period of one year. (A) In the secukinumab group,
there was partial healing of erosion as depicted in green. (B) Erosion progressed in the placebo group as depicted in green. (C) Enthesiophyte size
regressed in the secukinumab group as depicted in blue. (D) Enthesiophyte progressed in the placebo group as depicted in yellow. Arrows indi-
cate the presence of erosion in parts A and B and enthesiophyte in parts C and D.
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Adverse and severe adverse events. There was a total
of 25 adverse events (AEs) documented in the secukinumab
group and 15 AEs documented in the placebo group
(Supplementary Table 6). No severe AEs were reported.

DISCUSSION

This is the first randomized clinical trial to investigate the
effects of secukinumab for preventing bone damage in PsA using
HR-pQCT. Previous study demonstrated that secukinumab
effectively reduced radiographic progression, as measured by
the change from baseline on the modified Total Sharp Score
(mTSS), compared to placebo over a period of 24 weeks.27 Fur-
thermore, 84.3% of patients in the secukinumab–150 mg group
showed no radiographic disease progression at two years.28

However, mTSS evaluates only erosions and joint space narrow-
ing but not new bone formation, a hallmark of structural damage
in PsA. Only one prospective open-label study demonstrated that
no significant change in bone erosion volume and enthesiophyte
height by HR-pQCT after 24 weeks of secukinumab treatment.17

HR-pQCT allows for precise analysis of bone microstructure with
high reproducibility, enabling the definition and quantification of
structural bone alterations (erosion and enthesiophyte) in patients

with inflammatory arthritis.29,30 The main finding of this study was
that it confirmed significant differences between the secukinumab
and placebo groups in terms of reduction in erosion volume, as
measured by HR-pQCT, after one year. More importantly, secuki-
numab was more effective in achieving partial erosion healing (OR
2.9) and preventing enthesiophyte progression (OR 0.26) com-
pared with placebo in this treat-to-target study, highlighting the
possibility of pathway-specific bone remodeling in PsA. The
change in trabecular number provides an important piece of infor-
mation suggesting that anti–IL-17 therapy may abrogate
inflammation-induced trabecular bone loss in the intra-articular
metacarpal bone in patients with PsA, as we have previously
reported.6

There were no statistically significant differences in clinical
response—including the proportion of patients achieving MDA
and changes in tender and swollen joint counts, enthesitis, and
dactylitis—between the secukinumab and placebo groups at
week 48 in our study. This finding confirms adherence to the
study’s protocol, which aimed for both groups to achieve MDA.
If patients did not reach the treatment target, they were permitted
to receive single or combination csDMARDs; indeed, a numeri-
cally higher proportion of patients in the placebo group ultimately
received csDMARDs (Supplementary Figure 2). Regarding clinical

Figure 3. Erosion and enthesiophyte parameters and their changes over time by HR-pQCT. (A) Pre-existing erosion volume at baseline, week
24, and week 48; (B) percentage of patients with new erosion identified at week 24 and week 48; (C) percentage of pre-existing erosion with partial
healing at week 24 and week 48; (D) pre-existing enthesiophyte volume at baseline, week 24, and week 48; (E) percentage of patients with new
enthesiophyte identified at week 48; (F) percentage of pre-existing enthesiophyte with progression at week 24 and week 48. The Friedman test
was used to assess within-group changes across a period of one year (A and D), and the chi-square test was employed to analyze differences
between groups (C). *P < 0.05. HR-pQCT, high-resolution peripheral quantitative computed tomography.
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responses, the MDA rate of 27.8% at week 12 in our secukinu-
mab group was comparable to the 32% at week 16 reported in
a previous study.31 By week 48, the MDA rate in our secukinu-
mab group increased to 55.6%, surpassing the 39% reported in
the same study, likely due to the treat-to-target approach. Simi-
larly, the MDA response in the placebo group was 18.8% at week
12, higher than the 12% reported in the same study. By
week 48, the MDA response rate in the placebo group had
increased to 31.3%. This rate was slightly lower than that
reported in a previous treat-to-target study (40.7%), in which
those patients also received csDMARD monotherapy or combi-
nation therapy. This could probably be because the latter tight

control group was reviewed every 4 weeks compared to every
12 weeks in our study.32 Nevertheless, there were no statisti-
cally significant differences in MDA rate between secukinumab
group and placebo group at week 48 in our study. It might be
attributed to the fact that patients in the placebo group were
also taking other csDMARD active treatment through a treat-
to-target approach. However, despite the similar clinical
response, a differential effect on bone damage was observed.
This suggests that bone damage may be driven by pathway-
specific mechanisms rather than solely by controlling
inflammation.

Preclinical data implicate the IL-17 pathway in the irreversible
structural damage observed in PsA.33 Our data provide further
evidence that IL-17A may be a mediator of this process. The dif-
ferentiation of IL-17-producing cells, known as type 17 cells, is
governed by the master transcription factor retinoic acid
receptor-related orphan receptor gamma-t (RORγt).34 Inhibiting
RORγt influences various downstream mediators, including
IL-17A, IL-17F, and IL-22. Following treatment with the RORγt
antagonist PF-06747711, improvements were observed in bone
density and cortical and trabecular thickness, and the presence
of surface erosions as analyzed by μCT in a rat model of PsA-like
disease.33 Targeting cytokines such as IL-23, IL-17, and TNF can
effectively slow down erosive damage progression in PsA by
interrupting osteoclast formation mediated by synovitis-induced
macrophage colony-stimulating factor and RANKL.1 The current
study represents the first confirmation of the role of secukinumab
in enhancing partial erosion healing in patients with PsA. Although
only one new erosion developed in the secukinumab group
(in one patient), six new erosions occurred in five patients in the
placebo group (P = 0.078; Figure 3B), suggesting a potential role
of secukinumab in preventing new bone damage.

PsA is distinguished by the formation of structural osteopro-
liferative lesions at entheseal sites in reaction to mechanical stres-
ses, such as enthesiophytes or structural entheseal lesions.35 It is
presumed that the initial structural changes in PsA manifest as
entheseal lesions, which are localized areas of new bone forma-
tion occurring near the joints.36 Exposure to IL-17 up-regulates
the expression of the RANK on osteoclast lineage cells, which
enhances the potential of RANKL to induce osteoclastogenic
potential in these cells.13 On the other hand, IL-17A accelerates
bone formation by stimulating the proliferation and differentiation
of osteoblasts from mesenchymal progenitor cells after injury.14

Figure 4. Cumulative probability plot of change in erosion and
enthesiophyte volume by high-resolution peripheral quantitative com-
puted tomography (HR-pQCT). (A) Cumulative probability plot of
change in erosion volume by HR-pQCT; (B) cumulative probability
plot of change in enthesiophyte volume by HR-pQCT. Each dot rep-
resents one erosion. The x-axis indicates the proportion of patients;
the y-axis indicates the change of erosion or enthesiophyte volume
for individual lesion from baseline to week 48.

Table 2. Effects of secukinumab on partial erosion healing and
enthesiophyte progression compared with placebo using generalized
estimating equations*

Outcomes OR (95% CI) P value

Partial erosion healing 2.882 (1.130–7.349) 0.027
Enthesiophyte progression 0.264 (0.080–0.878) 0.030

* Bold values indicate statistically significant differences (P < 0.05).
CI, confidence interval; OR, odds ratio.
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Blocking IL-17A could be pivotal in halting new bone formation in
PsA by inhibiting the inflammatory cascade that stimulates mes-
enchymal cell differentiation into osteoblasts at entheseal sites.1

In this study, we demonstrated the feasibility of antiproliferative
effect of IL-17A inhibition in patients with PsA through HR-pQCT.
Preventing structural joint damage is a primary objective of treat-
ment.37 Therefore, secukinumab can reduce bone erosion and
prevent the progression of new bone formation, emphasizing its
advantageous impact in managing bone diseases in patients with
PsA. On the other hand, TNF inhibition and csDMARD patient
groups had similar changes in the size of erosions and enthesio-
phytes, with a comparable proportion of progression observed
in both groups.10

Although joint swelling on physical examination is an impor-
tant clinical indicator of inflammation, there appears to be only a
modest association between joint swelling and the presence of
erosions or enthesiophytes on HR-pQCT at baseline. Specifically,
although physical examination detected swelling in eight MCPJs,
six of these (75%) showed erosions or enthesiophytes. However,
among all MCPJs that showed erosions or enthesiophytes, fewer
than 15% were swollen. Nonetheless, we believe that a single
time point assessment may not fully capture the historical inflam-
matory burden of a joint. Persistent, subclinical, low-grade
chronic inflammation can cause localized structural damage even
in the absence of visible swelling at the time of examination. Previ-
ous inflammatory events may have driven erosive or proliferative
changes that persist after clinical swelling has subsided, as evi-
dence by a multimodality imaging study that had demonstrated
stable erosive or proliferative changes in MCPJs among patients
with PsA after synovitis had resolved.17 Although HR-pQCT may
not be as sensitive as ultrasound for detecting peripheral joint
inflammation, it is highly sensitive for visualizing and quantifying
structural and microstructural bone damage.38 Moreover, enthe-
siophytes detected on HR-pQCT have been associated with
functional loss, underscoring their clinical relevance.3 Future stud-
ies should seek to address this important question by performing
ultrasound-guided synovial biopsies to document subclinical
inflammation.

The strength of our study lies in its ability to build on previous
research. To date, only one prospective open-label study has
demonstrated that bone erosion number and volume remained
stable after 24 weeks, with no progression in enthesiophyte semi-
quantitative grading based on enthesiophyte height. Our study
extends this observation period to one year, allowing for a more
comprehensive assessment of the long-term effects of secukinu-
mab compared to a treat-to-target group using csDMARDs.
Moreover, we enhance the analysis by assessing enthesiophyte
progression through volume measurements. This extended dura-
tion and detailed quantification provide further insight into the pro-
tective effects observed in our study regarding both erosion and
enthesiophyte progression. In addition, we provide detailed
intra-articular vBMD and microstructural analysis, demonstrating

potential beneficial effects of secukinumab by stabilizing vBMD
and increasing trabecular number. These findings underscore
the critical role of IL-17 in bone remodeling in PsA.

This study has several limitations. First, the small size of
patients with PsA and short study duration restrict the interpreta-
tion of the effects. Second, the relatively uniform study population
might limit the generalizability to diverse global populations. The
results still require external validation. In our previous study, ten-
derness or swelling in the joints showed no correlation with any
of the joint space parameters assessed by HR-pQCT.39 In future
studies, the correlation between imaging findings (erosion or
enthesiophyte volume) and clinical features (joint tenderness
or swelling), as well as imaging modalities (ultrasound or magnetic
resonance imaging) and histologic activity (biopsy), should be fur-
ther investigated. Moreover, the study was planned in 2017 and
commenced early in 2018, predating the publication of the previ-
ous study on secukinumab in patients with PsA using
HR-pQCT.17 The absence of relevant data prompted our pilot
study, with 20 patients per arm similar to the previous HR-pQCT
studies in PsA.9,17 In this study, 61 erosions were identified in
the secukinumab group and 44 erosions were identified in the
placebo group at baseline. The median change in individual ero-
sion volume was −0.1 (IQR −0.5 to 0.0) for the secukinumab
group and 0.0 (IQR −0.2 to 0.4) for the placebo group, resulting
in an effect size of 0.52. The actual power achieved was 78%
given a two-tail α level of 0.05 (calculated using G*Power version
3.1.9.6). Finally, we did not include imaging of the distal radius,
and therefore data on biomechanical analysis were unavailable.

In conclusion, secukinumab may facilitate partial erosion
repair and prevent enthesiophyte progression in patients with
PsA. Further research with a larger sample size and longer
follow-up period would be helpful to validate these findings.

ACKNOWLEDGMENTS

We are immensely grateful to patients, physicians, and the study
personnel for their contribution to this study.

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 Tam confirms that all authors have provided the final approval
of the version to be published 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 regard-
ing compliance with institutional review board/Declaration of Helsinki
requirements.

ROLE OF THE STUDY SPONSOR
Novartis Pharmaceuticals (HK) Ltd had no role in the study design

or in the collection, analysis, or interpretation of the data, the writing of
the manuscript, or the decision to submit the manuscript for publication.

SECUKINUMAB AND BONE CHANGES QUANTIFIED BY HR-pQCT IN PsA 1023



Publication of this article was not contingent upon approval by Novartis
Pharmaceuticals (HK) Ltd. Novartis Pharmaceuticals (HK) Ltd provided
the study drugs and an unrestricted grant to support this study.

REFERENCES

1. Schett G, Rahman P, Ritchlin C, et al. Psoriatic arthritis from a mech-
anistic perspective. Nat Rev Rheumatol 2022;18(6):311–325.

2. Simon D, Faustini F, Kleyer A, et al. Analysis of periarticular bone
changes in patients with cutaneous psoriasis without associated pso-
riatic arthritis. Ann Rheum Dis 2016;75(4):660–666.

3. Simon D, Kleyer A, Faustini F, et al. Simultaneous quantification of
bone erosions and enthesiophytes in the joints of patients with psoria-
sis or psoriatic arthritis - effects of age and disease duration. Arthritis
Res Ther 2018;20(1):203.

4. Fouque-Aubert A, Boutroy S, Marotte H, et al. Assessment of hand
bone loss in rheumatoid arthritis by high-resolution peripheral quanti-
tative CT. Ann Rheum Dis 2010;69(9):1671–1676.

5. Lee CH, Srikhum W, Burghardt AJ, et al. Correlation of structural
abnormalities of the wrist and metacarpophalangeal joints evaluated
by high-resolution peripheral quantitative computed tomography,
3 Tesla magnetic resonance imaging and conventional radiographs
in rheumatoid arthritis. Int J Rheum Dis 2015;18(6):628–639.

6. Wu D, Griffith JF, Lam SHM, et al. Comparison of bone structure and
microstructure in the metacarpal heads between patients with psori-
atic arthritis and healthy controls: an HR-pQCT study. Osteoporos
Int 2020;31(5):941–950.

7. Fedorov A, Beichel R, Kalpathy-Cramer J, et al. 3D Slicer as an image
computing platform for the Quantitative Imaging Network. Magn
Reson Imaging 2012;30(9):1323–1341.

8. Al-Khoury Y, Finzel S, Figueiredo C, et al. Erosion Identification in
metacarpophalangeal joints in rheumatoid arthritis using high-
resolution peripheral quantitative computed tomography. J Vis Exp
2023;(200):e65802.

9. Finzel S, Kraus S, Schmidt S, et al. Bone anabolic changes progress in
psoriatic arthritis patients despite treatment with methotrexate or tumour
necrosis factor inhibitors. Ann Rheum Dis 2013;72(7):1176–1181.

10. Wu D, Griffith JF, Lam SHM, et al. Progressive structural bone changes
and their relationship with treatment in patients with psoriatic arthritis: a
longitudinal HR-pQCT study. Arthritis Res Ther 2019;21(1):265.

11. Miossec P, Korn T, Kuchroo VK. Interleukin-17 and type 17 helper T
cells. N Engl J Med 2009;361(9):888–898.

12. Menon B, Gullick NJ, Walter GJ, et al. Interleukin-17+CD8+ T cells are
enriched in the joints of patients with psoriatic arthritis and correlate
with disease activity and joint damage progression. Arthritis Rheuma-
tol 2014;66(5):1272–1281.

13. Gravallese EM, Schett G. Effects of the IL-23-IL-17 pathway on bone
in spondyloarthritis. Nat Rev Rheumatol 2018;14(11):631–640.

14. Sherlock JP, Joyce-Shaikh B, Turner SP, et al. IL-23 induces spondy-
loarthropathy by acting on ROR-gammat+ CD3+CD4-CD8- enthe-
seal resident T cells. Nat Med 2012;18(7):1069–1076.

15. van Tok MN, van Duivenvoorde LM, Kramer I, et al. Interleukin-17A
inhibition diminishes inflammation and new bone formation in experi-
mental spondyloarthritis. Arthritis Rheumatol 2019;71(4):612–625.

16. Mease PJ, McInnes IB, Kirkham B, et al; FUTURE 1 Study Group.
Secukinumab inhibition of interleukin-17A in patients with psoriatic
arthritis. New Engl J Med 2015;373(14):1329–1339.

17. Kampylafka E, d’Oliveira I, Linz C, et al. Resolution of synovitis and
arrest of catabolic and anabolic bone changes in patients with psori-
atic arthritis by IL-17A blockade with secukinumab: results from the
prospective PSARTROS study. Arthritis Res Ther 2018;20(1):153.

18. Stach CM, Bäuerle M, Englbrecht M, et al. Periarticular bone structure
in rheumatoid arthritis patients and healthy individuals assessed by

high-resolution computed tomography. Arthritis Rheum 2010;62(2):
330–339.

19. Finzel S, Rech J, Schmidt S, et al. Interleukin-6 receptor blockade
induces limited repair of bone erosions in rheumatoid arthritis: a micro
CT study. Ann Rheum Dis 2013;72(3):396–400.

20. Zhang X, Cheng I, Liu S, et al. Automatic 3D joint erosion detection for
the diagnosis and monitoring of rheumatoid arthritis using hand HR-
pQCT images. Comput Med Imaging Graph 2023;106:102200.

21. Finzel S, Ohrndorf S, Englbrecht M, et al. A detailed comparative
study of high-resolution ultrasound and micro-computed tomography
for detection of arthritic bone erosions. Arthritis Rheum 2011;63(5):
1231–1236.

22. ZhaoM, Tse JJ, Kuczynski MT, et al. Open-source image analysis tool
for the identification and quantification of cortical interruptions and
bone erosions in high-resolution peripheral quantitative computed
tomography images of patients with rheumatoid arthritis. Bone
2022;165:116571.

23. Yushkevich PA, Yang G, Gerig G. ITK-SNAP: an interactive tool for
semi-automatic segmentation of multi-modality biomedical images.
Annu Int Conf IEEE Eng Med Biol Soc 2016;2016:3342–3345.

24. Boutroy S, Bouxsein ML, Munoz F, et al. In vivo assessment of trabec-
ular bone microarchitecture by high-resolution peripheral quantitative
computed tomography. J Clin Endocrinol Metab 2005;90(12):6508–
6515.

25. Yang H, Yu A, Burghardt AJ, et al. Quantitative characterization of
metacarpal and radial bone in rheumatoid arthritis using high
resolution- peripheral quantitative computed tomography. Int J
Rheum Dis 2017;20(3):353–362.

26. Bruynesteyn K, Boers M, Kostense P, et al. Deciding on progression
of joint damage in paired films of individual patients: smallest detect-
able difference or change. Ann Rheum Dis 2005;64(2):179–182.

27. Mease PJ, McInnes IB, Kirkham B, et al; FUTURE 1 Study Group.
Secukinumab inhibition of interleukin-17A in patients with psoriatic
arthritis. N Engl J Med 2015;373(14):1329–1339.

28. Kavanaugh A, Mease PJ, Reimold AM, et al; FUTURE 1 Study Group.
Secukinumab for long-term treatment of psoriatic arthritis: a two-year
followup from a phase III, randomized, double-blind placebo-
controlled study. Arthritis Care Res (Hoboken) 2017;69(3):347–355.

29. Geusens P, Chapurlat R, Schett G, et al. High-resolution in vivo imag-
ing of bone and joints: a window to microarchitecture. Nat Rev Rheu-
matol 2014;10(5):304–313.

30. Srikhum W, Virayavanich W, Burghardt AJ, et al. Quantitative and
semiquantitative bone erosion assessment on high-resolution periph-
eral quantitative computed tomography in rheumatoid arthritis. J
Rheumatol 2013;40(4):408–416.

31. Coates LC, Mease PJ, Gossec L, et al. Minimal disease activity
among active psoriatic arthritis patients treated with secukinumab:
2-year results from a multicenter, randomized, double-blind, parallel-
group, placebo-controlled phase III study. Arthritis Care Res
(Hoboken) 2018;70(10):1529–1535.

32. Coates LC, Moverley AR, McParland L, et al. Effect of tight control of
inflammation in early psoriatic arthritis (TICOPA): a UK multicentre,
open-label, randomised controlled trial. Lancet 2015;386(10012):
2489–2498.

33. Mortier C, Gracey E, Coudenys J, et al: RORgammat inhibition ame-
liorates IL-23 driven experimental psoriatic arthritis by predominantly
modulating gammadelta-T cells. Rheumatology (Oxford) 2023;62(9):
3169–3178.

34. Venken K, Jacques P, Mortier C, et al: RORgammat inhibition
selectively targets IL-17 producing iNKT and gammadelta-T cells
enriched in Spondyloarthritis patients. Nat Commun 2019;10(1):9.

JIN ET AL1024



35. Minopoulou I, Kleyer A, Yalcin-Mutlu M, et al. Imaging in inflammatory
arthritis: progress towards precision medicine. Nat Rev Rheumatol
2023;19(10):650–665.

36. Liphardt AM, Manger E, Liehr S, et al. Similar impact of psoriatic arthri-
tis and rheumatoid arthritis on objective and subjective parameters of
hand function. ACR Open Rheumatol 2020;2(12):734–740.

37. Coates LC, Soriano ER, Corp N, et al; GRAPPA Treatment Recom-
mendations domain subcommittees. Group for research and assess-
ment of psoriasis and psoriatic arthritis (GRAPPA): updated treatment

recommendations for psoriatic arthritis 2021. Nat Rev Rheumatol
2022;18(8):465–479.

38. Jin Y, Cheng IT, Wu D, et al. Imaging in psoriatic arthritis: established
methods and emerging techniques. Ther Adv Musculoskelet Dis
2024;16. doi: 1759720X241288060.

39. Jin Y, Cheng IT, So H, et al. Role of inflammatory burden and treat-
ment on joint space width in psoriatic arthritis-a high-resolution
peripheral quantitative computed tomography study. Arthritis Res
Ther 2023;25(1):138.

SECUKINUMAB AND BONE CHANGES QUANTIFIED BY HR-pQCT IN PsA 1025



Identification of Pathogenic PD-1+CD8+ T Cells for Effective
Chimeric Antigen Receptor Therapy in a Murine Model
of Sjögren Disease

Jin-Fen Ma,1 Ting Xu,2 Hao-Xian Zhu,1 Xiao-Min Chen,1 Liang Li,2 Zhi-Bin Zhao,2 Liwei Lu,3 Yang Li,2

Zhe-Xiong Lian,4 and Cai-Yue Gao2

Objective. Activated T cells play a pivotal pathogenic role in the progression of Sjögren disease (SjD); however,
there are currently no targeted therapies specifically designed to address them. This study aims to identify pathogenic
CD8+ T cells in SjD and develop targeted therapeutic strategies.

Methods. Il12b-/-Il2ra-/- mice, a murine model for overlapping primary biliary cholangitis and SjD, were employed
in this study. Pathogenic CD8+ T cells were identified through single-cell RNA sequencing and flow cytometry analyses
of samples from both patients with SjD and relevant murine models. Shared T cell receptor analysis was conducted to
trace the potential precursors of pathogenic CD8+ T cells. The efficacy of PD-1-targeted chimeric antigen receptor
(CAR)–T cell therapy was evaluated through the assessment of salivary gland secretory function, immunologic profiles,
and histopathological changes in the murine model.

Results. We identified PD-1 as a comprehensive marker of clonally expanded and activated pathogenic CD8+ T
cells in the salivary glands and peripheral tissues. Flow cytometry further confirmed the activation phenotype and cyto-
toxicity of PD-1+CD8+ T cells in the salivary glands of patients with SjD. Notably, the number of PD-1+CD8+ T cells in
the labial glands positively correlated with disease activity in patients with SjD. These findings highlight the therapeutic
potential of depleting PD-1+CD8+ T cells in SjD. Furthermore, PD-1-targeted CAR-T cell therapy significantly alleviated
SjD symptoms in a murine model.

Conclusion. We identified the pathogenic role of PD-1+CD8+ T cells in both patients with SjD and a murine model
and demonstrated the efficacy of PD-1-targeted CAR-T cell therapy in SjD model mice. Our findings suggest a prom-
ising avenue for developing clinical therapeutic strategies for patients with SjD.

INTRODUCTION

Sjögren disease (SjD) is a systemic autoimmune disorder

characterized by lymphoplasmacytic infiltration of exocrine

glands, resulting in xerostomia and xerophthalmia. As the disease

progresses, it may affect multiple organ systems, including the

lungs, liver, and kidneys, and elevate the risk of non-Hodgkin lym-

phoma.1,2 Current treatment modalities for SjD are predominantly

symptomatic and empirical, with systemic manifestation and

major organ damage generally managed using steroids and

immunosuppressant drugs, although the evidence supporting

these interventions is limited. There is currently no effective thera-

peutic agent specifically targeting SjD.3

Inflammatory damage to the salivary glands (SGs) because

of immune cell infiltration serves as a key diagnostic criterion for

SjD. Patients may exhibit focal lymphocytic infiltration, ductal
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dilation, acinar atrophy, and even interstitial fibrosis in the
SGs.1,4–6 The hyperactivation of T cells is a crucial factor in the
pathogenesis of SjD.7,8 Several studies, including our recent
research, have demonstrated a significant presence of activated
CD8+ T cells in the labial glands (LGs; minor SGs commonly used
for biopsy) and peripheral blood of patients with SjD.9–11 In
IL12B−/−IL2RA−/− mice, a model of overlapping SjD and primary
biliary cholangitis, as well as in nonobese diabetic (NOD) mice,
CD8+ T cells significantly contributed to SjD symptoms, thereby
reinforcing their pathogenic role in SjD.12,13 Our prior
investigations, along with those conducted by Pranzatelli et al,
have identified a population of clonally expanded pathogenic
HLA-DR+GZMK+ CD8+ T cells in the LGs of patients with
SjD.10,11 Notably, these cells did not exhibit obvious proliferation
but shared clones with GZMK+CD8+ T cells that were specifically
enriched in the peripheral blood,10 suggesting that their precur-
sors may reside in the peripheral circulation and subsequently
infiltrating the glands thereby contributing to disease progression.
Consequently, targeted therapies directed at these pathogenic
CD8+ T cells and their precursors may provide a more precise
treatment strategy.

Activated T cells up-regulate the expression of the inhibitory
costimulatory molecule PD-1 to maintain tolerance.14 PD-1 binds
to its ligands, PD-L1 or PD-L2, to inhibit T cell activation, particu-
larly in the context of antitumor immunity.15–17 However, in auto-
immune diseases such as autoimmune diabetes, juvenile
idiopathic arthritis, and psoriasis, PD-1 appears to be ineffective
in suppressing T cell activation and is instead highly expressed
on tissue-infiltrating Teff cells.18–20 Consistently, PD-1/PD-L1
blockade in patients with cancer enhances PD-1+ T cell function,
leading to immune-related adverse events such as skin toxicities
and SjD,21–23 whereas depleting PD-1+ cells in autoimmune dis-
eases alleviates symptoms, underscoring their key role in disease
development.24 Specifically, PD-1+CD8+ T cells have been
shown to respond to self-antigens in the skin,25 collectively sug-
gesting that targeting PD-1 could be a strategy to modulate
T cells associated with autoimmune inflammation. PD-1+CD8+

T cells were also found to be enriched in the LGs of patients with
SjD, but the characteristics of these cells and their role in SjD
remain unclear.

Chimeric antigen receptor (CAR) T cell therapy has revolu-
tionized treatment for hematologic malignancies and shows
promising potential in autoimmune diseases, such as refractory
systemic lupus erythematosus, systemic sclerosis, and anti-
synthetase syndrome.26–29 Here, we report that PD-1 expression
is highly enriched on CD8+ T cells from patients with SjD, particu-
larly on GZMK+CD8+ T cells, which have been identified by our
group and others as pathogenic T cells in SjD.10,11 These PD-
1+CD8+ T cells are clonally expanded and exhibit greater cytotox-
icity than PD-1−CD8+ T cells in both patients with SjD and murine
models. Consequently, we developed PD-1-targeted CAR-T
cells, which significantly alleviated SjD symptoms in a murine

model. These findings hold promise for more precise, cell-
targeted therapies for SjD.

MATERIALS AND METHODS

Mice. The wild-type mice were purchased from Hunan Slack
Laboratory (China). The IL12B−/− (B6.129S1-Il12btm1Jm/J),
IL2RA−/− (B6.129S4-Il2ratm1Dw/J), NOD/ShiLtJ (NOD), and
PDCD1−/− (B6. Cg-Pdcd1tm1.1Shr/J) mice were initially obtained
from The Jackson Laboratories (USA). The generation of
IL12B−/−IL2RA−/− mice as a murine model of SjD, with
IL12B−/−IL2RA+/- mice used as controls, has been previously
reported.12 For CD4 depletion or CAR-T cell therapy, the mice were
treated from 8 to 10 weeks of age. NODmice aged 24 to 26 weeks
were used. Mice were housed in individually ventilated cages under
specific pathogen-free conditions at South China University of Tech-
nology. All animal experiments were approved by the Institutional
Animal Care and Use Committee.

Patients. Fifty-eight patients diagnosed with primary SjD
were recruited from the Rheumatology and Immunology Depart-
ment of Guangdong Provincial People’s Hospital between April
2021 and September 2023. All participants fulfilled the classifica-
tion criteria established by the American-European Consensus
Group in 200230 or the American College of Rheumatology/
EULAR in 201631 and had not been treated with glucocorticoids
or immunosuppressants prior to enrollment. Patients with malig-
nancies, infections, or other autoimmune disorders were
excluded from the study. The non-SjD control group included
22 patients who were admitted for SjD screening because of
symptoms such as xerostomia or xerophthalmia. These patients
tested negative for autoantibodies, specifically anti-Ro/SSA or
anti-La/SSB, and exhibited no focal lymphocytic infiltration,
thereby not meeting the criteria for any autoimmune diagnosis.
Detailed demographic and clinical information regarding the par-
ticipants can be found in Supplemental Table 1. We also submit-
ted an additional supplemental file containing the clinical
metadata for each recruited individual.

Cell isolation. For mouse SG cells, the collagenase diges-
tion method was used. Specifically, mouse submandibular glands
were cut into small pieces and digested with RPMI 1640 (Gibco)
supplemented with 1 mg/mL collagenase Type II (Sigma) in a
shaking incubator at 180 revolutions per minute and 37�C for
20 minutes. The digested cells were filtered through a 70μm nylon
mesh, and cold phosphate-buffered saline (PBS) containing 2%
bovine serum albumin (BSA) was added to terminate the diges-
tion. Mouse lymph nodes were ground on glass slides, and PBS
containing 0.2% BSA was added. The tissues were filtered
through 70 μm nylon mesh.

Human peripheral blood was separated by Ficoll centrifuga-
tion, and human LGs were digested in the same manner as
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mouse SGs. Trypan blue staining was used to determine cell via-
bility and count the cells.

Flow cytometry. The cell suspension was blocked with
CD16/32 (BioLegend) at 4�C for 15 minutes and then labeled with
a flow cytometry antibody cocktail at 4�C for 20 minutes. For
cytoplasmic antigens, a Cytofix/Cytoperm Fixation/Permeabiliza-
tion Kit was used following the manufacturer’s instructions. For
intranuclear antigens, the Transcription Factor Staining Buffer
Set (eBioscience) was used following the manufacturer’s instruc-
tions. Surface CD107a expression was measured following
ex vivo restimulation with eBioscience Cell Stimulation Cocktail
at 37�C for 4 hours, with the antibody added to the culture
medium during stimulation. Data were acquired using Cytek
Aurora and analyzed with FlowJo Version 10.8.1. Antibodies used
for flow cytometry are listed in Supplemental Table 2. Gating strat-
egies for human and mouse cells not explicitly referenced are pro-
vided in Supplemental Figure.

RNA sequencing. Total RNA was extracted from mouse
SG tissues and draining lymph nodes (dLNs) CD8+ T cells using
the TRIzol (Takara) method. VAHTS messenger RNA (mRNA)
Capture Beads (Vazyme, China) were used to isolate the mRNA,
and the VAHTS Universal V8 RNA-seq Library Prep Kit for Illumina
(Vazyme) was used to construct sequencing libraries. The Nova-
Seq 6000 sequencing system (Illumina) platform was used for
sequencing 150 bp paired-end reads.

Single-cell RNA-seq library preparation and
sequencing. For the single-cell RNA-seq (scRNA-seq) experi-
ment, four IL12B−/− IL2RA−/− (SjD) mice and four IL12B−/− IL2RA+/-

(Control) mice were used. Cells from SG and dLN were isolated,
and CD45+ leukocytes sorted (BD FACSAria) into four samples:
Ctrl_SG, SjD _SG, Ctrl_dLN, and SjD _dLN for scRNA-seq.

ScRNA-seq libraries were prepared using the Chromium Sin-
gle Cell 5’ Reagent Kits User Guide (v2 – Dual Index), and the full-
length V(D)J fragment of complementary DNA (cDNA) was
enriched and amplified using the Chromium Single-cell V(D)J
enrichment kit (10× Genomics). The experimental steps included
single-cell GEM (gel beads in-emulsion) formation and inversion
into cDNA, oil breaking, cDNA amplification, T cell receptor (TCR)
sequence enrichment, TCR library construction, and gene expres-
sion library construction. The NovaSeq 6000 sequencing system
platform was used for sequencing 150 bp paired-end reads.

Single-cell transcriptome and TCR sequencing data
processing. The raw scRNA-seq data were processed by Cell
Ranger (version 6.1.2). Cell Ranger was run with default parame-
ters using STAR (version 2.7.10a) for alignment against the
mouse genome (mm10) reference. Seurat (version 4.1.0) was
used for analysis. The preprocessed data matrix was read in by
Read10X and converted to a Seurat object for each sample using

the CreateSeuratObject function. We calculated the normalization
data for log normalization and determined the top 2000 most
variable genes via the “vst” method in FindVariableFeatures. In
addition, we used ScaleData, RunPCA, FindNeighbors, FindClus-
ters, RunTSNE, and RunUMAP for downstream analysis. Double-
tFinder (version 2.0) removes duplicate information. Cells with
more than 6,000 or less than 200 unique genes, more than 50%
mitochondrial genes, or high levels of mitochondrial genes but
low unique molecular identifier counts were removed. Principal
component analysis was used to reduce the dimensionality of
highly variable genes. Using the first 30 principal components as
inputs, Uniform Manifold Approximation and Projection (UMAP)
was used to visualize the data in two dimensions. Subsequently,
we used the Dimplot, Featureplot, and VlnPlot functions to per-
form gene dimensionality reduction and distribution visualization.

Gene set enrichment analysis. Gene set enrichment
analysis (GSEA) was performed using the ClusterProfiler package
(version 3.16.1). The preranked genes according to the GSEA
function were used to calculate P values and enrichment scores.

Volcano plot and Cell trajectory analysis. Volcano plot
analysis was performed with the FindMarkers function in the Seu-
rat package to identify the differentially expressed genes (DEGs)
of the defined cell groups. The criteria for the significantly DEGs
were jlog2FCj>0.3 and P value <0.01. We used the ggplot func-
tion with log2FC as the horizontal axis and -Log10P as the vertical
axis. Cell trajectory analysis was performed using the Monocle3
(version 1.3.4) software, which integrates the information from
UMAP cell clustering and coordinate axes.

TCR analysis. The scRepertoire (version 1.6.0) was used
for TCR analysis, and the input data were annotated using filtered
contigs obtained from Cell Ranger. The combined TCR function
filters cells with at least one not available and retains T-cell recep-
tor alpha and beta for further analysis. The CompareClonotype
function was used to display shared clones between samples or
different cell clusters and was visualized with the ggalluvial pack-
age. The clonalOverlap and clonalProportion functions were used
to analyze the TCR information of different samples and cell sub-
sets. The combineExpression was used to integrate TCR and
genomic information, the filterNA parameter was TRUE, and the
cloneCall parameter was aa (amino acid). In addition, we used
the exportTable parameter with TRUE to obtain tables for further
analysis and visualized them in R using the ggplot package.

Construction of anti-PD1 CAR and CAR-T cell viral
packaging systems. PD-1-targeted CAR-T cells, in which the
CAR was designed to contain the PD-L1 extracellular region
sequence, were fused with the CD28 hinge and transmembrane
domains, CD28 costimulatory domains, and CD3ζ signaling
domains. The pMSGV-CAR-IRES-Thy1.1 plasmid was
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constructed by inserting the above CAR sequences into the
pMSCV retrovirus vector containing Thy1.1 as a selective marker
(pMSCV-IRES-Thy1.1), and the constructed plasmid sequence
was determined by genome sequencing. The plasmid was sub-
sequently transformed into E coli, which were subsequently
amplified and extracted. Retroviral vectors encoding anti-PD-1
CAR or empty vectors were transduced into HEK293T cells
together with pCL-Eco retroviral packaging vectors. Lipo8000
(Beyotime, C0533) was used as the transfection reagent. After
48 hours, the cell culture supernatants containing the viruses
were filtered through a 0.45 μm filter.

Generation of anti-PD1 CAR-T cells. CD8+ T cells were
isolated from the spleens of PD-1-deficient mice using magnetic
beads (Miltenyi Biotec, 130-049-401). A total of 12-well plates
were coated with 4 μg/mL anti-CD3 (BioLegend, 100238) over-
night at 4�C. The T cell culture medium (RPMI-1640 medium con-
taining fetal bovine serum [10%], sodium pyruvate [1 mM],
penicillin–streptomycin [100 U/mL], anti-CD28 [2 μg/mL, BioLe-
gend, 102116], and interleukin (IL)-2 [100 U/mL, PeproTech,
PHC0027]) was used to activate the CD8+ T cells for two days.

Activated CD8+ T cells were resuspended in 1 mL of medium
containing virus, and IL2 (100 U/mL) and polybrene (10 μg/mL;
Biosharp, BL628A) were added. After centrifugation at
2000 rpm for 90 minutes, 1 mL of T cell culture medium contain-
ing IL2 was added, after which the cells were cultured for 12 to
24 hours with fresh T cell culture medium containing IL2. After
24 hours, magnetic beads were used to isolate Thy1.1-positive
CAR-T cells. Finally, the cytokines IL7 (20 ng/mL; PeproTech,
200-07-1MG) and IL15 (20 ng/mL; PeproTech, 200-15-100UG)
were used to expand CAR-T cells for five days. Ctrl-T cells were
transfected with an empty plasmid containing Thy1-1, and the
other procedures were the same as those used for CAR-T cells.

Saliva collection. After the mice were anesthetized with
pentobarbital sodium, 1 mg/kg pilocarpine hydrochloride
(Aladdin, China) was intraperitoneally injected, and the saliva was
collected with a 10 μl pipet for 15 minutes. The saliva volume
was determined after 10 minutes of centrifugation at 12,000×g
at room temperature.

Autoantibodies against SSA/Ro52 and SSA/Ro60
detection. Autoantibodies in mouse serum were measured
using enzyme-linked immunosorbent assay kits following the
manufacturer’s instructions (Alpha Diagnostic International),
including anti-SSA/Ro52 (#5730) and anti-SSA/Ro60 (#5710).
Briefly, serum samples (diluted 1:50) were added to microtiter
plates coated with purified SSA/Ro52 or SSA/Ro60, followed by
incubation with hydrogen peroxidase–conjugated antimouse Ig
antibodies. The reaction solution and stop solution were subse-
quently added, and absorbance was measured at 450 nm using
a Cytation 5 microplate reader (BioTek).

Histology.Mouse submandibular glands were fixed in 10%
formalin, embedded in paraffin, sectioned at 4 μm thickness, and
stained with hematoxylin and eosin or Masson’s trichrome. A
focus was defined as a lesion containing at least 50 lymphocytes
per 4 mm2. Duct damage and acinar atrophy were graded as
none (0), minimal (0.5), mild (1), moderate (2), or severe (4). Path-
ologic assessments were performed by a pathologist in a blinded
manner. Masson’s trichrome staining was quantified by ImageJ
software (version 1.53g).

Multiplex immunohistochemistry. Formalin-fixed labial
gland (human) and submandibular gland (mouse) tissues were cut
into 4 μm pieces, and multiplex immunohistochemistry was per-
formed using an Opal Polaris 7-Color Manual IHC Kit (Akoya Bio-
science, NEL861001KT). Primary antibodies used for staining
human LGs were CD8 (CST, Cat# 70306, 1:400) and PD-1
(CST, Cat# EH33, 1:50); primary antibodies used for staining
mouse SGs included E-cad (CST, Cat# 3195, 1:400), AQP5
(abcam, Cat# ab78486, 1:500), Ki67 (abcam, Cat# ab16667,
1:500), CD45 (CST, Cat# 70257,1:200), and Thy-1.1 (Invitrogen,
Cat# 14-0900-81,1:100). Secondary antibodies and fluorescent
dyes were obtained from Akoya kits. Nuclear staining was per-
formed with 4’,6-diamidino-2’-phenylindole (Beyotime, C1005).
The staining results were scanned by Vectra Polaris (Akoya Bio-
science). Statistical analysis was performed using Halo software.

CAR-T cell therapy in vivo experiments. CAR-T cells or
Ctrl-T cells (1 × 106) were injected into mice through the tail vein.
Treatment began at 8 weeks of age, at which time CAR-T cells
were injected on days 1 and 14. Mice were sacrificed either one
week or four weeks after the first injection. Unless specified as
“one week,” all CAR-T cell therapy data refer to the four-week
time point.

Anti-CD4 in vivo experiments.Mice aged 8 to 12 weeks
were injected intraperitoneally with 200 μg of an anti-CD4 anti-
body (BioXCell, Clone: GK1.5) three times a week for a total of
4 weeks. The mice were sacrificed 3 days after the last injection.

Statistical analysis. All values were presented as the
mean ± SD, as indicated in the figure legends. In the figures,
asterisks denote statistical significance: *P < 0.05, **P < 0.01,
and ***P < 0.001. Paired or unpaired comparisons were calcu-
lated using the Wilcoxon signed-rank test or Mann–Whitney
U test. For comparisons across multiple groups, two-way
analysis of variance was used. The data represent two or three
independent experiments with two-sided P values.

The scRNA-seq and RNA-seq data have been deposited in
the GEO database under the ID codes GSE253042,
GSE284327 and GSE253818. The research followed the Decla-
ration of Helsinki, and the study protocols were approved by
Guangdong Provincial People’s Hospital (KY2020-334-01).
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Participants gave informed consent to participate in the study
before taking part in the study.

RESULTS

PD-1+CD8+ T cells display pathogenic roles in the LGs
of patients with SjD. Consistent with previous
observations,11,32 CD8+ T cells from peripheral blood and LGs
of patients with SjD could be divided into four subsets based on
GZMK and GZMB expression levels. In terms of the proportion
of granzyme-secreting CD8+ T cells, GZMK+CD8+ T cells were
more prevalent in the LGs compared with peripheral blood in
patients with SjD (Supplemental Figure 1A). Compared with non-
SjD, GZMK+CD8+ T cells are significantly increased in the LGs
and highly express HLA-DR in patients with SjD (Figure 1A). This
finding corroborates earlier reports highlighting a specific increase
in disease-associated HLA-DR+CD8+ T cells in SjD LGs.9 And
compared with other CD8+ T cells, HLA-DR+GZMK+CD8+ T cells
exhibit a cytotoxic phenotype, characterized by a higher propor-
tion of cells expressing GZMB and Perforin, as well as increased
proportions of PD-1+ cells and mean fluorescence intensity of
PD-1 (Figure 1B–D, Supplemental Figure 1B and C). The expres-
sion level of PD-1 on CD8+ T cells increased with the rise in HLA-
DR expression (Supplemental Figure 1D). Moreover, the propor-
tion of PD-1+CD8+ T cells was noticeably higher in the LGs than
in the peripheral blood mononuclear cells in patients with SjD
(73.8 ± 15.2% vs 23.4 ± 8.8%; P < 0.001) (Figure 1E).

Because the coexpression of PD-1 and HLA-DR on CD8+ T
cells was associated with antigen stimulation,33,34 our data indi-
cate that these cells in the patients with SjD may have undergone
prolonged antigen stimulation. Further analysis using our recently
published scRNA-seq data (Supplemental Figure 1E)11 revealed
that clonal expanded CD8+ T cells, especially those that are
hyperexpanded, exhibited a higher level of PDCD1 (encoding
PD-1) transcript than nonclonal CD8+ T cell within the LGs
(Figure 1F and G). In addition, the CD8 cytotoxicity pathway was
enriched alongside increased PDCD1 transcript levels in CD8+ T
cells (Figure 1H). Consistent with observations on tissue infiltrated
GZMK+CD8+ T cells,10,11 PD-1+CD8+ T cells in the LGs also
exhibited morphologic distortion and closely adhered to the
surrounding acinar and ductal cells (Figure 1I). The infiltration of
PD-1+CD8+ T cells was found to positively correlate with several
clinical parameters, including focus score (Figure 1J), IgA
(Figure 1K), rheumatoid factor (RF) (Figure 1L), and erythrocyte
sedimentation rate (ESR) (Figure 1M). In contrast, the number of
PD-1−CD8+ T cells showed no association with these SjD clinical
parameters in Supplemental Figure 1F–I. Therefore, PD-1+CD8+

T cells could represent the pathogenic GZMK+CD8+ T cells iden-
tified in our earlier studies.11 For the convenience of in vivo func-
tional studies, we simplified GZMK+CD8+ T cells to PD-1+CD8+

T cells in subsequent experiments.

Furthermore, PDCD1 mRNA expression level was found to
be elevated in patients with SjD compared with non-SjD controls
(Supplemental Figure 2A), and there was a moderate to strong
correlation with transcript levels of the SjD risk gene HLA-

DRB135 and GZMK, based on a public LGs transcriptome data36

(Supplemental Figure 2B and C). And in parallel with the former
results (Figure 1B and C), PDCD1 expression showed a positive
correlation with the cytotoxic markersGZMB and PRF1 (encoding
Perforin) in patients with SjD (Supplemental Figure 2D and E).
Disease-related indicators such as the focus score and leukocyte
infiltration areas were consistently linked to increased PDCD1

expression in both labial and parotid glands (Supplemental
Figure 2F–H). These results underscore that PDCD1 transcrip-
tional level significantly correlates with the intensity of immune
responses in the LGs of patients with SjD. Collectively, these data
demonstrate that PD-1+CD8+ T cells with pathogenic functions
were associated with disease activity in patients with SjD.

PD-1+CD8+ T cells in the SGs of SjD model mice
undergo clonal expansion and exhibit cytotoxic effects.
Acknowledging the pathogenic roles of PD-1+CD8+ T cells in
patients with SjD, we investigated whether these cells are present
in a mouse model. We previously reported that Il12b-/-Il2ra-/-
mice display clinical features analogous to those of patients with
SjD. Administration of anti-CD8a antibodies resulted in a reduc-
tion of T cell infiltration in the SGs and a restoration of salivary
secretion, underscoring the pathogenic role of CD8+ T cells in this
model.12 To precisely classify the pathogenic CD8+ T cells, we
performed scRNA-seq to identify the relevant cell subsets within
the SGs. All T cell subsets and their proportions in SGs and dLNs
are detailed in Supplemental Figure 3A–C, with key gene expres-
sions illustrated in Supplemental Figure 3D. Notably, the propor-
tion of cytotoxic CD8+ T cells was higher than that of cytotoxic
CD4+ T cells in the SGs of SjD mice (Supplemental Figure 3C).

We deconvolved CD8+ T cells into four subsets based on
their expression profiles: T1_Itgae (characterized by high expres-
sion of tissue-resident genes Itgae and Itga1), T2_Stem-like
(selectively expressing stemness markers TCF7 and IL7R, and
circulating markers GPR183), T3_Cytotoxic (marked by cytotoxic
genes NKG7, GZMB, and PRF1, chemokines CCL3, CCL4, and
CCL5, coinhibitory receptors PDCD1 and LAG3, and tissue-
resident genes CXCR6), and T4_Proliferative (expressing genes
associated with proliferation, such as STMN1 and MKI67) subset
(Figure 2A and B; Supplemental Figure 4A; refer to Supplemental
Table 3 for gene profile). Notably, the T1_Itgae subset was the
predominant CD8+ T cell subset in the SGs of control mice,
whereas the T3_ Cytotoxic subset formed the largest cluster in
SjD mice (Figure 2A). DEGs of CD8+ T cells in the SGs of control
and SjD model mice were analyzed (Figure 2C). PDCD1 (encod-
ing PD-1) was markedly enriched among the DEGs and predom-
inantly concentrated in the T3_Cytotoxic and T4_Proliferative
subsets (Figure 2C and D), which were the most clonally
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expanded T cell populations in SjD mice, with the top 10 most
expanded clonotypes primarily localized within these two subsets
(Figure 2E; refer to Supplemental Table 4 for the top 10 clono-
types). Additionally, TCR repertoire diversity was observed to be
higher than that in the T3_Cytotoxic and T4_Proliferative subsets,
where the clonotypes were predominantly larger (clonotypes >
30) (Figure 2F). Consistently, TCR activation and cytotoxicity
scores were higher in the T3_Cytotoxic and T4_Proliferative sub-
sets (Figure 2G and H; see Supplemental Table 5 for the

associated gene sets). For example, genes associated with TCR
activation (such as ZAP70, LCK, CD27, and ENTPD1) and T cell
cytotoxicity (including Prf1, Gzma, Gzmb, Nkg7, and Ifng) cell
populations (Figure 2I and J). These results were validated by flow
cytometry, showing an increased population of CD8+ T cells
expressing high levels of PD-1 in the SGs of SjD model mice
(Figure 2K). These cells exhibited significant potential expression
of cytotoxic molecules, including Perforin, granzymes (GZMA
and GZMB), FASL, and surface CD107a upon stimulation with

Figure 1. PD-1+CD8+ Trm cells display pathogenic roles in the LGs of patients with SjD. (A) Expression of HLA-DR and GZMK in CD8+ T cells
from LGs of non-SjD (n = 9) and patients with SjD (n = 12). The graph shows the proportion of GZMK+HLA-DR+CD8+ T cells among total CD8+

T cells. (B–D) Expression of GZMB (n = 12), Perforin (n = 10, 2 samples missing), and PD-1 (n = 12) is measured in GZMK+HLA-DR+CD8+ T cells
and other CD8+ T cells from LGs of patients with SjD. (E) Proportion of PD-1+ cells in CD8+ T cells from PBMCs (n = 16) and LGs (n = 12) of patients
with SjD. (F) Violin plot showing PDCD1 gene expression in single CD8+ T cells and clonally expanded CD8+ T cells. (G) Clonotype size distribution
based on the relative PDCD1 expression levels, with values greater than or equal to one and less than one. (H) GSEA plot showing the enrichment
score of the CD8 cytotoxic pathway between clusters from (G). (I) mIHC staining images of LGs from patients with SjD. Scale bars represent 40 μm
and 100 μm, as indicated. Triangles (orange) point to PD-1+CD8+ T cells, and arrows (white) point to PD-1+CD8+ T cells surrounding tissue cells.
(J–M) Correlation between the number of infiltrated PD-1+CD8+ T cells in LGs and (J) focus score, (K) IgA, (L) RF, and (M) ESR (n = 36) in patients
with SjD. *P < 0.05, **P < 0.01, ***P < 0.001. (A) Mann–Whitney U test, (B–D) paired two-tailed Student’s t-test, (E and F) unpaired two-tailed Stu-
dent’s t-test, and (J–M) Pearson correlation coefficient. Data are presented as mean ± SD. ESR, erythrocyte sedimentation rate; GSEA, gene set
enrichment analysis; LG, labial gland; mIHC, multiplex immunohistochemistry; NES, normalized enrichment scores; PBMC, peripheral blood
mononuclear cell; RF, rheumatoid factor; SjD, Sjögren disease; Trm, tissue-resident memory.
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PMA/ionomycin (Figure 2L). Furthermore, PD-1+CD8+ T cells
down-regulated the expression of precursor-related markers
(TCF1, CD127, CD73, and LY6C) while expressing high
residency-related molecules (CXCR6, CD49D, CD69, and part
of CD103) (Supplemental Figure 4B), indicating a tissue-resident
memory (Trm) profile.

These characteristics were also validated in an alternative
SjDmodel, the NODmice.37 Specifically, the proportion of infiltrat-
ing PD-1+CD8+ T cells displayed a positive correlation with their
cytotoxicity score, implying that a higher number of infiltrating
PD-1+CD8+ T cells is associated with increased tissue toxicity
(Supplemental Figure 5A and B). Consistent with the findings in
Il12b-/-Il2ra-/- mice, PD-1+CD8+ T cells in NOD mice exhibited a
Trm phenotype as well (Supplemental Figure 5C). These findings
suggested that the characteristics and functions of infiltrating
PD-1+CD8+ T cells in the SGs are not specific to one particular
SjD murine model, but consistent across various SjD murine
models. Notably, the transcriptomic profiles of these PD-1+CD8+

T cells from both dLNs and SGs closely mirrored those of their
human counterparts in patients with SjD (Supplemental
Figure 4C), indicating that the SjD murine model is an appropriate
platform for more in-depth studies of this cell population.

GZMK+PD-1+CD8+ T cells represent the precursors of
potential pathogenic CD8+ Trm cells in SjD model mice.
During the process of immune response in tissues, dLNs serve as
important training grounds and supply centers for immune cells
within the tissue. Antigen-activated T cells leave the lymph nodes
and enter the bloodstream, circulating to specific tissue sites.38,39

Our previous findings indicated that GZMK+CD8+T cell (hereafter
referred to as PD-1+CD8+ T cell) in the LGs of patients with SjD
are rarely expanded in situ but rather supplied by
CXCR6+GZMK+CD8+ T cell from periphery.11 This study aims to
investigate the precursors of cytotoxic PD-1+CD8+ T cells in the
SG dLNs and to characterize their properties. To mitigate biases
arising from differences in cell numbers, we normalized CD8+ T cell
counts between healthy control and SjD mice. We analyzed shared
cell clones within the SGs and dLNs of SjD model mice and found
that these shared clones were predominantly localized in the

dLN_Gzmk subset (Figure 3A and B; Supplemental Figure 6A). In
addition, compareClonotypes and clonalOverlap analyses indicated
that CD8+ T cells in the SGs and dLNs of SjD mice exhibited greater
clonal overlap than CD4+ T cells (Supplemental Figure 6B–D; refer
to Supplemental Tables 6 and 7 for shared TCRs). To illustrate the
distribution of CD8 TCR clonotypes in specific dLNs and SGs clus-
ters, we presented the top 50 clonotypes for dLNs and SGs,
respectively. Among them, 22 clonotypes with high ranking in the
dLN were primarily found in the dLN_GZMK cluster, whereas
14 were concentrated in the dLN_Memory cluster (Supplemental
Figure 6E). In the SGs, the top clonotypes were primarily located in
the cytotoxic cluster (Supplemental Figure 6E). Notably, approxi-
mately 20% of the top 50 clonotypes in the SGs were shared with
those in the dLNs, suggesting that the dLNs served as an important
clonotypic reservoir for the SGs in SjD (Supplemental Figure 6E).
These shared clonotypes represent various stages of CD8+ T cell
differentiation in the SGs, reflecting a dynamic process of T cell
differentiation in response to antigen stimulation following their infil-
tration into the SGs (Supplemental Figure 6E and F).

Pseudotime analysis identified the dLN_GZMK subset as a
transitional population from peripheral CD8+ T cells to SG CD8+

Trm cells (Figure 3C), accompanied by the upregulation of Trm-
related genes40 (Figure 3D). The dLN_GZMK subset exhibited
characteristics analogous to SG PD-1+CD8+ T cells, including ele-
vated expression of coinhibitory (TIGIT and PDCD1) and
cytotoxicity-related molecules (NKG7, GZMB, CCL4, and CCL5),
suggesting a differentiation relationship between them (Figure 3E,
Supplemental Figure 6A). We identified a unique subset of CD8+ T
cells coexpressing PD-1 and TIGIT in the dLNs of SjD model mice
(Figure 3F). Considering the lack of flow cytometry antibodies with
good specificity for murine GZMK, we sorted PD-1+CD8+ T cells
from dLNs and conducted transcriptome sequencing to validate
their association with the dLN_GZMK subset identified in single-cell
sequencing. Compared with PD-1−CD8+ T cells, PD-1+CD8+ T
cells exhibited higher transcription levels of GZMK and up-
regulated the transcription of genes that positively regulate Trm dif-
ferentiation (eg, IL15RA, RUNX2, RUNX341,42), while downregulat-
ing the transcription of genes that negatively regulate Trm
differentiation (Figure 3G). GSEA further revealed that the

(Figure legend continued from previous page.)
Figure 2. PD-1+CD8+ Trm cells in the SGs of SjD model mice are clonally expanded and exhibit cytotoxic effects. (A) UMAP plot showing RNA-
defined Seurat clusters of CD8+ T cells in SGs colored by cluster. The proportion of cells in each cluster is displayed for control and SjD mice.
(B) Heatmap of the top 50 differentially expressed genes for each cluster; selected genes are shown on the right, with the complete list of top genes
available in Supplemental Table 3. (C) Volcano plot showing differentially expressed genes in CD8+ T cells between SjD and control mice.
(D) UMAP plot visualizing PDCD1 expression in SjD CD8+ T cells. (E) The top 10 CD8+ T cell clonotypes displayed in the merged UMAP plot.
(F) Histogram showing clone size of each CD8+ T cell cluster. (G and H) UMAP plots showing (G) TCR activation and (H) CD8 cytotoxicity gene
set expression. (I and J) Heatmaps of genes associated with (I) TCR activation and (J) CD8 cytotoxicity. (K) Histogram overlays of PD-1 expression
in salivary gland CD8+ T cells from control (n = 5) and SjD (n = 5) mice. Graphs show the proportion and number of PD-1+CD8+ T cells.
(L) Representative flow cytometry plots and cumulative data on expression levels of Perforin, GZMA, GZMB, FASL, and CD107a in PD-1+ and
PD-1−CD8+ T cells (n = 4 mice). (K and L) are representative of more than two independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
(K) Mann–Whitney U test, (L) paired two-tailed Student’s t-test. Data are presented as mean ± SD. Ctrl-T, control T cell; SG, salivary gland; SjD,
Sjögren disease; TCR, T cell receptor; Trm, tissue-resident memory; UMAP, Uniform Manifold Approximation and Projection.
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transcriptional profile of PD-1+CD8+ T cells aligns more closely with
the Trm phenotype40 than that of PD-1−CD8+ T cells (Figure 3H,
see Supplemental Table 5 for the pathway gene sets). Furthermore,
peripheral GZMK+CD8+ T cells, previously identified as potential
precursors to pathogenic CD8+ T cells in the LGs of patients with
SjD,11 also demonstrated increased PD-1 expression compared
with non-SjD controls (Figure 3I). Collectively, our data suggest that
GZMK+PD-1+CD8+ T cells in the dLNs may serve as potential pre-
cursors to pathogenic CD8+ Trm cells in the SGs.

PD-1-targeted CAR-T cells effectively alleviate
inflammatory infiltration in SG of SjD model mice.
Considering the pathogenic potential of PD-1+CD8+ T cells in
SjD, we engineered CAR-T cells incorporating the extracellular
domain of PD-L1 alongside the intracellular domains of CD28
and CD3ζ, enabling selective and sustained targeting of PD-1+

cells in SjD murine models (Figure 4A). In vitro assessments
revealed that PD-1-targeted CAR-T cells exhibited strong cyto-
toxicity against PD-1+CD8+ T cells sourced from both SGs and

Figure 3. GZMK+PD-1+CD8+ T cells represent the precursors of pathogenic CD8+ Trm cells in SjD model mice. (A) UMAP plot of RNA-defined
Seurat clusters of CD8+ T cell in dLNs and SGs. (B) Clonal distribution of CD8+ T cells shared with the SGs of SjD mice in dLNs. (C) Monocle3
pseudotime analysis reveals CD8+ T cell differentiation trajectories for total CD8+ T cells from dLNs and SGs. (D; Clarke et al40) Violin plot showing
the Trm scores of CD8+ T cell clusters. (E) Volcano plot showing differentially expressed genes between the Gzmk_CD8+ T cells and other CD8+ T
cells in dLNs. (F) PD-1 and TIGIT expression in CD8+ T cells from dLNs of control (n = 4) and SjD (n = 6) mice. The graph shows the proportion of
PD-1+CD8+ T cells among total CD8+ T cells. Representative of more than two independent experiments. (G) Heatmap of scaled normalized
expression of selected genes comparing PD-1+CD8+ T cells with PD-1−CD8+ T cells from dLNs in SjD mice. (H; Clarke et al40) GSEA for the
Trm gene set in PD-1+CD8+ T cells and PD-1−CD8+ T cells from dLNs in SjD mice. (I) GZMK and PD-1 expression in peripheral blood of non-
SjD controls (n = 13) and patients with SjD (n = 16). Graph shows the proportion ofGZMK+PD-1+CD8+ T cells among CD8+ T cells. Representative
of more than two independent experiments. **P < 0.01. (F) Mann–Whitney U test, (I) unpaired two-tailed Student’s t-test. Data are presented as
mean ± SD. Ctrl-T, control T cell; dLN, draining lymph node; GSEA, gene set enrichment analysis; NES, normalized enrichment scores; PBMC,
peripheral blood mononuclear cell; SG, salivary gland; SjD, Sjögren disease; Trm, tissue-resident memory; UMAP, Uniform Manifold Approxima-
tion and Projection.
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dLNs, with a stronger effect on SG-derived PD-1+CD8+ T cells
(Figure 4B). In vivo applications of CAR-T therapy resulted in a sig-
nificant reduction of both lymphocytic infiltration foci score and
leukocyte count in the SGs (Figure 4C–E, Supplemental
Figure 7A–C), effectively depleting PD-1+CD8+ T cells in the SGs

and potential pathogenic precursor PD-1+CD8+ T cells in the
dLNs while preserving PD-1−CD8+ T cells (Figure 4F–I). The
CAR-T cells preferentially localized to the lymphocytic infiltration
foci, possibly attributable to the high antigen load, and sustained
their cell count and therapeutic effect in the SGs

Figure 4. PD-1-targeted CAR-T cells effectively alleviate inflammatory infiltration in salivary gland of SjD model mice. (A) Structural diagram of
CAR-T cells. (B) Death ratio of PD-1+CD8+ T cells from SGs or dLNs cocultured with Ctrl-T (n = 3) or CAR-T cells (n = 3) for 12 hours.
(C) Representative H&E staining images following treatment with either Ctrl-T or CAR-T. Scale bars represent 50 μm and 200 μm, as indicated.
(D) Number of lymphocyte foci in control mice, SjD mice, SjD mice treated with Ctrl-T cells, and SjD mice treated with CAR-T cells (n = 5 mice
per group). (E) Number of CD45+ leukocytes in SGs (n = 5 mice per group). (F and G) Number of PD-1+CD8+ T cells and PD-1−CD8+ T cells in
SGs (n = 5 mice per group). (H and I) Number of PD-1+CD8+ T cells and PD-1−CD8+ T cells in dLNs (n = 5 mice per group). (J) GSEA plot showing
the enrichment score of the Hallmark_inflammatory_response pathway in SGs. (K) Heatmap of scaled normalized expression of selected genes in
SGs. All experiments were repeated at least twice. *P < 0.05, **P < 0.01, ***P < 0.001, n.s, not significant, one-way ANOVA with Tukey’s multiple
comparisons test (B, D–I). Data are presented as mean ± SD. ANOVA, analysis of variance; CAR, chimeric antigen receptor; Ctrl-T, control T cell;
dLN, draining lymph node; GSEA, gene set enrichment analysis; H&E, hematoxylin and eosin; NES, normalized enrichment scores; n.s., not sig-
nificant; SG, salivary gland; SjD, Sjögren disease.
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throughout the treatment duration (Supplemental Figure 7D–F).
Following treatment, the composition and proportions of immune
cell subsets in the SGs, including macrophages, natural killer
cells, CD8+ T cells, CD4+ T cells, and B cells, were similar to those
in the control mice (Supplemental Figure 8A–G). Transcriptomic
analysis revealed a marked reduction in inflammatory responses
within the SGs and restored SG weight (Figure 4J, Supplemental
Figure 7G). Inflammatory gene transcripts (eg, Il2rb, Cxcl9,
Cxcl10, GZMB, GZMK, and IFNG) were significantly down-
regulated, whereas tissue remodeling and repair-associated
genes (eg, Sox11, Sox4, Fscn1, Mmp9, Mmp2, Arg1, and
Cd163) were up-regulated (Figure 4K). Crucially, PD-1-targeted
CAR-T cells did not impair SG function, as determined by SG
weight, saliva flow rate, leukocyte count, and histopathology, nor
induce damage to other organs in healthy control mice, under-
scoring their safety profile43 (Supplemental Figure 7H–K). Addi-
tionally, in conjunction with the SGs inflammation reduction,
CAR-T therapy facilitated an improvement in systemic inflamma-
tory responses, as evidenced by the restoration of body weight
in treated mice, without incurring mortality (Supplemental
Figure 7L–N).

Given that SG CD4+ T cells also expressed PD-1 and were sig-
nificantly depleted by CAR-T cells (Supplemental Figure 7D and 8F),
we investigated their contribution to the overall therapeutic efficacy
of PD-1-targeted CAR-T cell using CD4-depleting antibodies
(Supplemental Figure 9A and B). The findings indicated that
CD4-depleting antibodies nearly eliminated all CD4+ T cells in the
SGs of SjD model mice but hadminimal impact on overall SG inflam-
mation (Supplemental Figure 9C–J, L, M) and tissue repair
(Supplemental Figures 5E–K and 9K, N, O). However, CD4 depletion
did partially restore saliva secretion rates and significantly reduced
serum anti-SSA/Ro60 autoantibody levels (Supplemental
Figure 9P–R). Collectively, our results substantiate that PD-1-targeted
CAR-T cells effectively alleviate inflammation in SGof SjDmodelmice,
primarily via the efficient elimination of pathogenic PD-1+CD8+ T cells.

Treatment with PD-1-targeted CAR-T cells restore
the SG function in SjD model mice. Following CAR-T ther-
apy, we noted an upregulation of tissue repair-associated genes
in SjD model mice (Figure 4K) and conducted a comprehensive
assessment of the morphologic structure and physiologic func-
tion of the SGs. Pathologic analysis revealed significant interlobu-
lar connective tissue proliferation, ductal damage, and acinar
atrophy in the SG of SjD model mice (Figure 5A–C). These patho-
logic changes showed marked improvement post-PD-1-targeted
CAR-T therapy (Figure 5A–C). We observed a significant increase
in mRNA levels of ductal markers (Epcam, Cdh1, Tjp1, Dcpp1
and Klk1) in the SGs of SjD model mice, suggesting abnormal
ductal architecture regeneration that normalized following therapy
(Figure 5D). Staining for E-cad (ductal cell marker), AQP5 (acinar
cell marker), and Ki-67 consistently demonstrated improvements
in ductal lumen dilation and atrophic acini (Figure 5E–I,

Supplemental Figure 9K). However, no significant alterations were
observed in acini cell proliferative capacity (Figure 5I), likely
because of the timing of assessment occurring four weeks post-
treatment, a period when it was already not the most vigorous
stage of acinar cell proliferation. Additionally, the progression of
interlobular and intralobular fibrosis, indicative of dysregulated
connective tissue hyperplasia, was alleviated by CAR-T therapy,
as evidenced by Masson staining (Figure 5J and K). Notably, the
saliva flow rate, a key indicator of SG function, returned to base-
line level following CAR-T cell treatment (Figure 5L). Collectively,
our findings indicated that PD-1-targeted CAR-T cell therapy sig-
nificantly improved SG function while maintaining a favorable
safety profile in SjD model mice.

DISCUSSION

Current therapeutic approaches for SjD primarily focus on
alleviating glandular symptoms and systemic manifestations;
however, these strategies are predominantly empirical and fre-
quently ineffective, often accompanied by significant adverse
effects. There is a notable deficiency in effective therapeutic
strategies that specifically target pathogenic cells, likely attrib-
utable to an insufficient understanding of the immune patho-
genesis of SjD. Previous studies have identified potential
pathogenic CD8+ T cells in patients with SjD, characterized by
the expression of GZMK and HLA-DR.10,11 Our findings indi-
cate that GZMK+CD8+ T cells in patients with SjD, along with
high expression of HLA-DR, also significantly up-regulated
PD-1 expression. The number of labial gland PD-1+CD8+ T
cells in patients with SjD shows a positive correlation with clin-
ical parameters, including focus score, IgA, RF, and ESR, but
not with European League Against Rheumatism Sjögren0s Syn-
drome Disease Activity Index (probably ascribable to the small
proportion of our patients with clinically relevant systemic man-
ifestations), suggesting that these cells represent a more spe-
cifically pathogenic subset in SjD. This hypothesis has also
been validated in IL12B−/−IL2RA−/− and NOD murine models,
as identified by using scRNA-seq and flow cytometry, and fur-
ther supported by PD-1-targeted CAR-T cell therapy depleting
PD-1+ CD8+ T cells effectively alleviating SjD symptoms in
IL12B−/−IL2RA−/− murine model.

Although PD-1 is frequently regarded as a marker of CD8+

T cell exhaustion in the context of tumors and chronic
infections,15–17 it is also an important marker of TCR activation,
indicating full T cell activation and the acquisition of effector
functions. Recent studies have demonstrated that in certain
infections and chronic inflammatory diseases like autoimmune
diseases,18–20,43,44 T cells expressing high levels of PD-1
exhibited an effector phenotype rather than exhaustion. More-
over, PD-1 blockade has resulted in severe autoimmune com-
plications in experimental allergic encephalomyelitis (EAE) and
NOD mice,18,44 whereas the depletion of PD-1+ cells has been
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shown to alleviate both EAE and type 1 diabetes.24 In our SjD
model, PD-1+CD8+ T cells displayed enhanced cytotoxicity,
as evidenced by increased expression of GZMB, Perforin,
CD107a, and other cytotoxic molecules, along with elevated
gene transcription of GZMK. In patients with SjD, these cells

also exhibited high levels of HLA-DR expression and predomi-
nantly coexpressed GZMK with either GZMB or GZMK alone,
indicating an activated and cytotoxic effector phenotype.

Autoantigen-specific T cells frequently develop an
exhausted-like phenotype, for example, characterized by PD-1

(Figure legend continues on next page.)
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expression, to persist in autoimmune diseases.45 PD-1 plays a
critical role in the development and function of CD8+ T cell mem-
ory.46,47 We observed that PD-1+CD8+ T cells expressed a higher
frequency of resident memory markers, such as CXCR6, CD69,
CD49d, and CD103 in SGs from SjD model mice. These findings
suggest that increased PD-1 expression on T cells in autoimmune
diseases, in combination with Trm markers, may facilitate the
localization and adaptation of T cells to the inflammatory environ-
ment under the chronic antigen stimulation, thereby prolonging
their function and survival rather than leading to exhaustion.
Nonetheless, the precise role of the PD-1 in SjD needs further
investigation. Additionally, we identified CD8+ T cells in dLNs that
shared clones with SG CD8+ Trm cells, exhibiting characteristics
indicative of Trm precursors while expressing elevated levels of
GZMK and PD-1, which is consistent with a hypothesis that
Trm-precursor form in the lymph node lumen.42 This finding rein-
forces our earlier conclusion that GZMK+CD8+ T cells in the
periphery of patients with SjD served as precursors to glandular
pathogenic CD8+ Trm cells.11 These potential precursor cells
may contribute to the replenishment of SG PD-1+CD8+ Trm
cells from the periphery. Consequently, effective treatment strate-
gies should also target these precursor cells to prevent the
replenishment of SG CD8+ Trm from periphery.

In our previous study, we established that the depletion of
CD8+ T cells alleviated SjD-like symptoms in SjD model mice12;
however, this strategy is not clinically feasible because of their crit-
ical role in antitumor and antiinfection immunity. In contrast,
CAR-T therapy has shown promise in the treatment of
autoimmune diseases by effectively depleting pathogenic cells in
circulation and tissues while facilitating drug-free remis-
sion.28,29,48 Unlike antibody-based therapies, which effeteness
rely on antibody concentrations and availability of effector cells,
CAR-T cells possess the capability to actively migrate and infil-
trate solid organs, directly depleting the target cells, rendering
them particularly suitable for autoimmune diseases that affect
these organs.49 Moreover, CAR-T cell therapy has demonstrated
efficacy with minimal side effects in the treatment of other autoim-
mune and infectious diseases.48 Therefore, with appropriate

management of potential side effects, CAR-T therapy may pro-
vide a viable strategy for the management of SjD.

Based on a refined understanding of pathogenic CD8+ T cell
phenotypes, our study demonstrates that targeting PD-1+CD8+

T cells with CAR-T cells can specifically deplete PD-1+CD8+ T
cells in the SGs, as well as their precursors in the periphery,
thereby achieving therapeutic effects comparable with the total
clearance of CD8+ T cells.12 Furthermore, PD-1-targeted
CAR-T cell therapy promotes the restoration of compromised
SG tissue, effectively addressing conditions such as acinar atro-
phy, ductal dilation, and interstitial fibrosis. This is consistent with
prior research suggesting that GZMK+CD8+ T cells (or PD-
1+CD8+ T cells) may play a role in acinar cell pathogenesis.10 Tis-
sue rejuvenation is likely facilitated by the presence of stem cells
in the adult SG and the rapid proliferation of tissue cells.50,51

Importantly, we opted to exclude lymphodepletion as a precon-
ditioning step to eliminate potential bias in therapy assessment
and to mitigate the risk of infection in SjD model mice. In fact,
whether lymphocyte depletion is necessary for CAR-T therapy
of patients with autoimmune disease is less clear; therefore,
using animal models to determine the appropriate regimen is
essential. Our findings confirm that CAR-T therapy can be both
effective and safe in the absence of preconditioning, corroborat-
ing results observed in asthma models.52 Additionally, the
removal of CD4+ T cells led to a partial increase in saliva secretion
along with a decrease in anti-SSA autoantibodies, indicating that,
compared with the direct cytotoxic effect of CD8+ T cells, CD4+ T
cells may have a supportive role in the progression of SjD,
whereas their targeting could provide limited therapeutic bene-
fits. However, the depletion of PD-1+ T cells may increase vulner-
ability to infections and malignancies, warranting caution. Future
investigations should prioritize long-term treatment trials across
diverse SjD mouse models to refine therapeutic approaches
and broaden patient cohorts to further investigate the CD8+ T cell
phenotype in SjD. Taken together, our study offers insights for
the development of therapeutic interventions for SjD and other
chronic inflammatory conditions characterized by similar patho-
genic CD8+ T cell profiles.20,32

(Figure legend continued from previous page.)
Figure 5. Treatment with PD-1-targeted CAR-T cells restore the salivary gland function in SjD model mice. (A) Representative H&E staining
images of control mice, SjD mice treated with Ctrl-T, and SjDmice treated with CAR-T cells. Scale bars represent 50 μm and 200 μm, as indicated.
Black arrows point to interlobular connective tissue. Magnification highlights acinar (white triangles), ductal (orange triangles), and interlobular con-
nective tissue (black arrows). (B and C) Scores for ductal damage (B) and acinar atrophy (C) in SjD mice treated with either Ctrl-T or CAR-T cells.
(D) Heatmap of scaled normalized expression of selected genes in SGs. (E) Immunohistochemical images showing the expression of E-cad
(green), AQP5 (red), and Ki-67 (white) in control mice, SjD mice, and SjD mice treated with anti-CD4, or CAR-T cells. Scale bars represent
20 μm and 50 μm, as indicated. (F–I) Quantification of the density of (F) E-cad+ cells, (G) E-cad+Ki67+ cells, (H) AQP5+ cells, and (I) AQP5+Ki67+

cells in SGs at four weeks post-CAR-T cell treatment. (J) Representative Masson’s trichrome-stained images of SGs from control mice, SjD mice,
and SjD mice treated with anti-CD4 or CAR-T cells. Scale bars represent 50 μm and 200 μm, as indicated. Black arrows indicate regions of inter-
lobular and intralobular fibrosis. (K) Quantification of blue Masson stain area using ImageJ. (L) Quantification of saliva flow rate in control mice, SjD
mice treated with Ctrl-T, and SjD mice treated with CAR-T cells (n = 5 mice per group). *P < 0.05, **P < 0.01, ***P < 0.001, Mann–Whitney U test
(B and C), one-way ANOVA with Tukey’s multiple comparisons test (F–I, K–L). Data are presented as mean ± SD. ANOVA, analysis of variance;
CAR, chimeric antigen receptor; Ctrl-T, control T cell; H&E, hematoxylin and eosin; n.s., not significant; SG, salivary gland; SjD, Sjögren disease.
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Efficacy, Safety, Pharmacokinetics, and Immunogenicity
of ABBV-154 in Adults With Glucocorticoid-Dependent
Polymyalgia Rheumatica: A Phase 2, Randomized,
Double-Blind, Placebo-Controlled Trial

Robert F. Spiera,1 Valerie Devauchelle-Pensec,2 Claire E. Owen,3 Federico Díaz-Gonz�alez,4

Tsutomu Takeuchi,5 Edit Drescher,6 Jaclyn Anderson,7 Dilek Arikan,7 Ronilda D’Cunha,7 Julie Parmentier,7

Denise T. Kruzikas,7 Weihan Zhao,7 Yang Yang,7 Karen Stellpflug,7 and Frank Buttgereit8

Objective. An unmet need exists for glucocorticoid-sparing treatments for patients with polymyalgia rheumatica
(PMR). The antibody-drug conjugate ABBV-154 comprises adalimumab conjugated to a glucocorticoid receptor mod-
ulator. We evaluated ABBV-154 versus placebo in patients with glucocorticoid-dependent PMR.

Methods. In this phase 2, randomized, double-blind, placebo-controlled, dose-ranging study, eligible patients had con-
firmed PMR, glucocorticoid response and two or more unequivocal PMR flares while tapering glucocorticoids and still on
≥5 mg daily prednisone equivalent. Randomized patients received subcutaneous placebo or ABBV-154 40, 150, or 340 mg
once every other week. The primary efficacy endpoint was time to flare. The sponsor voluntarily terminated the study early.

Results. Overall, 181 patients were randomized (placebo, n = 50; ABBV-154: 40 mg, n = 42; 150 mg, n = 45; 340 mg,
n = 44), and 67.4% completed study drug at week 24. Time to flare was longer for patients receiving ABBV-154 than
those receiving placebo, with Kaplan-Meier estimate of 24-week flare-free rate being lower for placebo. The hazard ratios
of ABBV-154 versus placebo were 0.49 (95% confidence interval [CI], 0.27–0.88), P = 0.017 for 40 mg; 0.44 (95% CI,
0.25–0.79), P = 0.006 for 150 mg; 0.20 (95% CI, 0.09–0.42), P < 0.001 for 340 mg. Incidences of treatment-emergent
adverse events were similar between groups, and the most common across ABBV-154 cohorts was COVID-19 (16.0%).

Conclusion. Treatment effects were observed for ABBV-154 cohorts compared with placebo for time to flare.
ABBV-154 was generally well tolerated. Due to early study termination, results should be interpreted with caution.

INTRODUCTION

Polymyalgia rheumatica (PMR) is an inflammatory rheumatic

disease characterized by shoulder, neck, and hip pain andmorning

stiffness.1 EULAR and American College of Rheumatology (ACR)

treatment guidelines for PMR recommend oral glucocorticoids

(prednisone or equivalent) for the shortest effective duration

with individualized dose-tapering after achieving remission.2
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Unfortunately, glucocorticoid reduction can lead to PMR flares,
resulting in continued long-term glucocorticoid use and potential
glucocorticoid-associated morbidity.3–5 In one meta-analysis
(>2,000 patients), glucocorticoid usage was 77%, 51%, and 25%
at one, two, and five years, respectively.6 In a registry study of
16,703 patients with PMR in the United States, 64% were still
receiving glucocorticoids beyond one year.7 Higher mean cumula-
tive glucocorticoid doses are associated with adverse events
(AEs) such as osteoporosis (P < 0.0001), fragility fractures
(P < 0.0001), and arterial hypertension (P = 0.01), especially in
patients receiving glucocorticoids for more than two years.8 Long-
term glucocorticoid use has been associated with development of
hyperglycemia, insulin resistance, and other metabolic effects.9

Although interleukin-6 receptor antagonists (sarilumab or
tocilizumab) or methotrexate are used to treat patients with
PMR, glucocorticoids remain the primary treatment option.2,7,10,11

Thus, an unmet need exists for glucocorticoid-sparing treatments
for PMR, but PMR pathophysiology remains poorly defined, mak-
ing identifying potential therapeutic targets a challenge.

ABBV-154 is a novel antibody-drug conjugate (ADC) com-
prising adalimumab (a human monoclonal anti–tumor necrosis
factor [TNF]) antibody) conjugated to a proprietary glucocorticoid
receptor modulator (GRM payload; an agonist of the glucocorti-
coid receptor that stimulates anti-inflammatory glucocorticoid-like
effects).12 By delivering the GRM payload to cells expressing
transmembrane TNF, including activated immune cells, ABBV-
154 was designed to reduce systemic glucocorticoid exposure
and risks of related side effects.13 ABBV-154 has been evaluated
for PMR, rheumatoid arthritis, and Crohn disease in phase 2 clini-
cal trials.12 Although elevated levels of TNF were reported in
symptomatic patients with PMR,14,15 studies of anti-TNF treat-
ments have yielded mixed results, leaving the role of TNF in the
disease pathology unclear.16–21 Therefore, the primary mecha-
nism of action of ABBV-154 is expected via the anti-inflammatory
effects of the intracellular GRM payload.

We report the results of a placebo-controlled study
(AIM-PMR) evaluating efficacy and safety of ABBV-154 in
patients with glucocorticoid-dependent PMR receiving doses of
≥5 mg/day prednisone or equivalent.

PATIENTS AND METHODS

Study design and treatment. AIM-PMR (study M20-370;
NCT04972968) was a phase 2, randomized, double-blind,
placebo-controlled, dose-ranging study conducted September
9, 2021, to July 24, 2023, across 70 centers in Australia, Austria,
Canada, France, Germany, Hungary, Italy, Japan, Netherlands,
New Zealand, Poland, Spain, United Kingdom, and the
United States. The sponsor voluntarily terminated the study on April
27, 2023, after review of interim data and determining that
ABBV-154 did not demonstrate an adequately differentiated
benefit-risk profile compared with available therapies. Development

of ABBV-154 was discontinued based on the totality of data
reviewed from studies on PMR, rheumatoid arthritis, and Crohn
disease. The study was terminated before the planned primary
analysis, which would have occurred after all patients had
completed the week 24 visit or withdrawn from the study.

Per the study protocol, patients were randomized to treat-
ment arms in a 2:1:1:1 ratio of placebo administered subcutane-
ously (SC) or ABBV-154 SC once every other week in 40-mg,
150-mg, or 340-mg doses. All patients received study drug in
combination with an identical glucocorticoid taper (see Supple-
mentary Table 1). The protocol was amended (February 2022) to
a randomization ratio of 1:1:1:1 for each treatment arm, thereby
decreasing the number of patients randomized to placebo. At
baseline, patients received the same dose of oral prednisone/
prednisolone (5–15 mg/day, rounded to the nearest milligram
[provided by the sponsor]) as they had received immediately
before the baseline visit. Beginning at week 3, all patients tapered
glucocorticoid per identical schedules (Supplementary Table 1),
based on the baseline glucocorticoid dose, to reach 0 mg/day
by week 24. Patients remained off glucocorticoids unless a con-
firmed PMR flare occurred. Study visits occurred at baseline,
week 1, week 2, and every other week for 52 weeks (per proto-
col), with a safety follow-up visit performed approximately 70 days
after the last study drug dose.

The independent ethics committee or institutional review
board at each study site reviewed and approved the study proto-
col, informed consent forms, and recruitment materials before
patient enrollment. The study was conducted in accordance with
the International Conference for Harmonisation guidelines, appli-
cable regulations, and the Declaration of Helsinki. All patients pro-
vided written informed consent before screening or undergoing
any study-specific procedures.

Patients and eligibility criteria. Enrolled patients (aged
≥50 years) met the 2012 EULAR/ACR provisional classification
criteria for PMR22 and had a confirmed PMR diagnosis. Eligible
patients must have experienced a clinical response to glucocorti-
coids following PMR diagnosis and must have had two or more
episodes of unequivocal PMR flare while attempting to taper glu-
cocorticoids (prednisone dose ≥5 mg/day or equivalent at the
time of flare and the most recent flare within 24 weeks of base-
line). Unequivocal PMR flare was defined as clinical signs and
symptoms of PMR (shoulder and/or hip girdle pain with inflamma-
tory stiffness, neck pain with inflammatory stiffness, or new or
worsened limited range of motion in the hips and/or shoulders)
resulting in increased glucocorticoid dose. Inflammatory stiffness
associated with flares was determined by the expert clinical judg-
ments of the investigators based on patient-reported symptoms
and findings on physical examination; however, the study proto-
col did not specify any assessment of specific markers of inflam-
mation. Patients must not have exhibited any clinical signs or
symptoms of PMR within two weeks of baseline. They must have
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received a stable glucocorticoid dose (prednisone 5–15 mg/day
or equivalent) for two or more weeks before baseline and must
not have been treated with a prior TNF antagonist. Patients with
giant cell arteritis, rheumatoid arthritis, inflammatory arthritis not
due to PMR, or a positive test for anticitrullinated protein were
ineligible.

Assessments. The primary efficacy endpoint was time to
flare (defined as the presence of clinical signs and symptoms of
PMR and requirement to increase the glucocorticoid dose per
investigators). A subgroup analysis of time to flare by time since
most recent flare before baseline (≤12 weeks vs >12 weeks) was
conducted. Secondary efficacy endpoints were achievement of
flare-free state up to week 24, mean cumulative glucocorticoid
dose by week 24, and change from baseline in
glucocorticoid dose at week 24. Additional efficacy endpoints at
week 24 were achievement of erythrocyte sedimentation rate
(ESR) ≤30mm/h, achievement of high-sensitivity C-reactive protein
(hsCRP) less than or equal to the upper limit of normal (ULN), and
time to flare based on Polymyalgia Rheumatica Activity Score
(PMR-AS) increase from baseline by ≥6.6 and also by ≥9.35. The
PMR-AS is a composite score that combines hsCRP, patient-
reported pain on a numerical rating scale (NRS; 0–10, higher
scores indicating worse pain), Physician Global Assessment of Dis-
ease Activity (NRS 0–10; higher scores noting more activity), morn-
ing stiffness duration in minutes × 0.1, and elevation of upper limbs
(scale of 3–0, with higher scores specifying less elevation).

Patient-reported outcome endpoints included pain severity
measured by NRS, stiffness severity measured by NRS (0–10,
with higher scores indicating more stiffness), duration of morning
stiffness, and the Health Assessment Questionnaire Disability
Index (HAQ-DI; scale of 0–3, with higher scores noting more dis-
ability). Pain and stiffness severity were based on patient-
recorded daily diaries. Analyses of stiffness duration and HAQ-DI
were based on data collected at site visits every four weeks. All
patient-reported outcome endpoints were evaluated for change
from baseline to week 24.

Concentrations of ABBV-154 (ie, serum ADC), serum total
antibody, and plasma unconjugated GRM payload were mea-
sured at multiple postbaseline timepoints, including week 24 in
patients who received ABBV-154. Development of antidrug anti-
bodies (ADAs) to ABBV-154 was also evaluated from blood sam-
ples taken at baseline and every four weeks afterwards through
the end of the study; if confirmed positive, titers were measured.
Samples with confirmed ADA positivity were further evaluated
using a validated neutralizing antibody (nAb) assay.

Safety assessments included monitoring treatment-emergent
AEs (TEAEs), defined as AEs that begin or worsen either on or
after the first dose of study drug and within 70 days after the last
dose of study drug. Any AEs of special interest (AESIs) were also
monitored, including serious infections, opportunistic infections,
active tuberculosis, serious allergic reactions, hypersensitivity

reactions, malignancies, systemic glucocorticoid side effects,
adrenal insufficiency, and iatrogenic Cushing syndrome. Investi-
gators monitored signs and symptoms of adrenal insufficiency
(eg, nausea, vomiting, lightheadedness, paleness, weight loss,
hypotension, electrolyte abnormalities); if suspected, further
assessment and management followed local standard of care.
All TEAEs were coded using the Medical Dictionary of Regulatory
Activities version 26.0. Safety assessments included laboratory
analyses (hematology, clinical chemistry, and urinalysis parame-
ters), vital signs, body weight monitoring, and 12-lead electrocar-
diogram evaluations.

Statistical analyses. Because the goal of this study was to
obtain initial data on efficacy and dose-response relationships, a
sample size of 40 patients in each treatment group was planned
to ensure appropriate accrual of flares, based on an assumption
of a total of 37 flares in the ABBV-154 340-mg group and the pla-
cebo group, and provided >90% power to detect a hazard ratio
(HR) of 0.296 at a two-sided significance level of 0.1. The primary
analysis was planned to occur when the last patient reached their
week 24 visit, and at that point in time, many other patients could
have completed subsequent visits or the entire study. Thus, the
HR of 0.296 was determined on the assumption that flares would
occur during glucocorticoid tapering and up to 12 weeks after-
ward (up to week 36) and that 70% and 30% of patients would
still be flare free by week 36 in the ABBV-154 340-mg and pla-
cebo groups, respectively. However, due to the voluntary early
study termination, data were limited due to sample size and dura-
tion of study drug exposure.

Efficacy was evaluated in the intent-to-treat population (ran-
domized patients who received one or more doses of study drug).
Safety was evaluated in the safety population (randomized
patients who received one or more doses of study drug).

For time-to-event endpoints, the number of events was
compared between each ABBV-154 dose and placebo based
on log-rank test with stratification factors. Median time to event
and flare-free rate (point and 95% confidence interval [CI]) for
each group were reported based on Kaplan-Meier curves. HRs
and corresponding CIs for each ABBV-154 group compared with
placebo were estimated using Cox regression analysis adjusting
for stratification factors. P values were provided by log-rank test
with stratification factors. For all analyses of time-to-event end-
points, patients without an event at the time of the analysis were
administratively censored at the time of the last available
assessment.

Categorical variables were assessed by comparison
between each ABBV-154 dose and placebo using the Cochran-
Mantel-Haenszel test, adjusting for stratification factors, with non-
responder imputation incorporating multiple imputation to handle
missing data due to COVID-19. To handle missing values, contin-
uous variables, other than glucocorticoid dose, were compared
between each ABBV-154 dose and placebo based on the
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mixed-effect model repeated measures adjusting for visit, interac-
tion between treatment and visit, actual values of stratification fac-
tors as fixed factors, and baseline value as a covariate.
Glucocorticoid dose was analyzed by comparing each ABBV-
154 dose and placebo based on analysis of covariance, adjusting
for stratification factors as fixed factors and baseline glucocorti-
coid dose as a covariate.

RESULTS

Patients.Overall, 235 patients were screened; 181 patients
were randomized and dosed (placebo, n = 50; ABBV-154:
40 mg, n = 42; 150 mg, n = 45; 340 mg, n = 44) (Figure 1). Fur-
thermore, 67.4% of patients completed study drug to week 24;
the most common reason for study drug discontinuation was ter-
mination of the study by the sponsor (n = 40 [22.1%]). In total,
19.3% of patients completed study drug to week 52, with termi-
nation of the study by the sponsor remaining the most common
reason for discontinuation from study drug for 112 (61.9%)
patients.

The mean overall age (69.4 years) of patients was relatively
balanced between treatment groups (Table 1). Most patients
were female (64.6%) andWhite (87.8%). The median overall dura-
tion of PMR was 1.6 years; 59.6% of patients reported their most
recent flare within ≤12 weeks of baseline. Most patients (61.3%)
had received glucocorticoid treatment for PMR more than one

year before baseline, and the median glucocorticoid dose was
10 mg/day at baseline.

The mean ± SD duration of study drug exposure in the pla-
cebo group was 235.2 ± 109.0 days and in the ABBV-154
cohorts was 239.9 ± 95.7 days with 40 mg, 234.6 ± 106.3 days
with 150 mg, and 230.3 ± 89.8 days with 340 mg.

Efficacy. The primary endpoint, time to flare, was longer for
patients in the ABBV-154 cohorts than in the placebo cohort
(Figure 2A), with 24-week flare-free rate based on Kaplan-Meier
estimate being lower for placebo. The HRs of ABBV-154 vs pla-
cebo were 0.49 (95% CI, 0.27–0.88), P = 0.017 for the 40 mg
ABBV-154 dose; 0.44 (95% CI, 0.25–0.79), P = 0.006 for
150 mg; and 0.20 (95% CI, 0.09–0.42), P < 0.001 for 340 mg.
In a subgroup analysis of time to flare by time since most recent
flare before baseline, a numerically higher proportion of patients
with flares ≤12 weeks before baseline had flares regardless of
treatment group than patients with flares >12 weeks before base-
line (placebo, 74.1% vs 59.1%; ABBV-154 40 mg, 60.9% vs
23.5%; ABBV-154 150 mg, 44.0% vs 35.0%; ABBV-154
340 mg, 22.6% vs 15.4%, respectively). Based on Kaplan-Meier
estimate among patients with flares ≤12 weeks before baseline,
the estimated 24-week flare-free rates were lower with placebo
than any ABBV-154 dose group. The HRs of ABBV-154 versus
placebo were 0.59 (95% CI, 0.29–1.19), P = 0.140 for the
40-mg dose; 0.37 (95% CI, 0.17–0.78), P = 0.009 for the 150-mg

Randomized
(N = 181)

Completed treatment 
week 52, 
n = 12 (24.0%)

Completed treatment 
week 52, 
n = 8 (19.0%)

Completed treatment 
week 52, 
n = 8 (17.8%)

Completed treatment 
week 52, 
n = 7 (15.9%)

Completed study week 52, n = 14 (28.0%) Completed study week 52, n = 9 (21.4%) Completed study week 52, n = 8 (17.8%) Completed study week 52, n = 10 (22.7%)

Discon�nued study to week 52, n = 36 (72.0%)
• Study terminated by sponsor, n = 26 (52.0%)
• Withdrawal by pa�ent, n = 8 (16.0%)
• Lost to follow-up, n = 1 (2.0%)
• Other, n = 1 (2.0%)

Discon�nued study to week 52, n = 33 (78.6%)
• Study terminated by sponsor, n = 28 (66.7%)
• Withdrawal by pa�ent, n = 5 (11.9%)
• Lost to follow-up, n = 0
• Other, n = 0

Discon�nued study to week 52, n = 37 (82.2%)
• Study terminated by sponsor, n = 33 (73.3%)
• Withdrawal by pa�ent, n = 3 (6.7%)
• Lost to follow-up, n = 0
• Other, n = 1 (2.2%)

Discon�nued study to week 52, n = 34 (77.3%)
• Study terminated by sponsor, n = 28 (63.6%)
• Withdrawal by pa�ent, n = 6 (13.6%)
• Lost to follow-up, n = 0
• Other, n = 0

Discon�nued treatment to week 52, n = 38 (76.0%)
• Study terminated by sponsor, n = 25 (50.0%)
• Withdrawal by pa�ent, n = 7 (14.0%)
• Adverse event, n = 3 (6.0%)
• Lack of efficacy, n = 2 (4.0%)
• Other, n = 1 (2.0%)

Discon�nued treatment to week 52, n = 34 (81.0%)
• Study terminated by sponsor, n = 28 (66.7%)
• Withdrawal by pa�ent, n = 4 (9.5%)
• Adverse event, n = 1 (2.4%)
• Lack of efficacy, n = 1 (2.4%)
• Other, n = 0

Discon�nued treatment to week 52, n = 37 (82.2%)
• Study terminated by sponsor, n = 32 (71.1%)
• Withdrawal by pa�ent, n = 3 (6.7%)
• Adverse event, n = 1 (2.2%)
• Lack of efficacy, n = 0
• Other, n = 1 (2.2%)

Discon�nued treatment to week 52, n = 37 (84.1%)
• Study terminated by sponsor, n = 27 (61.4%)
• Withdrawal by pa�ent, n = 2 (4.5%)
• Adverse event, n = 7 (15.9%)
• Lack of efficacy, n = 0
• Other, n = 1 (2.3%)

Completed treatment 
week 24, 
n = 35 (70.0%)

Completed treatment 
week 24, 
n = 27 (64.3%)

Completed treatment 
week 24, 
n = 29 (64.4%)

Completed treatment 
week 24, 
n = 31 (70.5%)

Discon�nued treatment to week 24, n = 15 (30.0%)
• Study terminated by sponsor, n = 7 (14.0%)
• Withdrawal by pa�ent, n = 6 (12.0%)
• Adverse event, n = 0
• Lack of efficacy, n = 1 (2.0%)
• Other, n = 1 (2.0%)

Discon�nued treatment to week 24, n = 15 (35.7%)
• Study terminated by sponsor, n = 12 (28.6%)
• Withdrawal by pa�ent, n = 3 (7.1%)
• Adverse event, n = 0
• Lack of efficacy, n = 0
• Other, n = 0

Discon�nued treatment to week 24, n = 16 (35.6%)
• Study terminated by sponsor, n = 12 (26.7%)
• Withdrawal by pa�ent, n = 3 (6.7%)
• Adverse event, n = 0
• Lack of efficacy, n = 0
• Other, n = 1 (2.2%)

Discon�nued treatment to week 24, n = 13 (29.5%)
• Study terminated by sponsor, n = 9 (20.5%)
• Withdrawal by pa�ent, n = 1 (2.3%)
• Adverse event, n = 3 (6.8%)
• Lack of efficacy, n = 0
• Other, n = 0

Placebo
(n = 50)

ABBV-154 40 mg
(n = 42)

ABBV-154 150 mg
(n = 45)

ABBV-154 340 mg
(n = 44)

Completed study week 24, n = 36 (72.0%) Completed study week 24, n = 27 (64.3%) Completed study week 24, n = 29 (64.4%) Completed study week 24, n = 32 (72.7%)

Discon�nued study to week 24, n = 14 (28.0%)
• Study terminated by sponsor, n = 7 (14.0%)
• Withdrawal by pa�ent, n = 7 (14.0%)
• Lost to follow-up, n = 0
• Other, n = 0

Discon�nued study to week 24, n = 15 (35.7%)
• Study terminated by sponsor, n = 12 (28.6%)
• Withdrawal by pa�ent, n = 3 (7.1%)
• Lost to follow-up, n = 0
• Other, n = 0

Discon�nued study to week 24, n = 16 (35.6%)
• Study terminated by sponsor, n = 12 (26.7%)
• Withdrawal by pa�ent, n = 3 (6.7%)
• Lost to follow-up, n = 0
• Other, n = 1 (2.2%)

Discon�nued study to week 24, n = 12 (27.3%)
• Study terminated by sponsor, n = 9 (20.5%)
• Withdrawal by pa�ent, n = 3 (6.8%)
• Lost to follow-up, n = 0
• Other, n = 0
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Figure 1. Patient disposition during the double-blind treatment period (full analysis set).
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dose; and 0.15 (95% CI, 0.06–0.38), P < 0.001 for the 340-mg
dose (Figure 2B). The 24-week flare-free rate was lower with pla-
cebo than with ABBV-154 in those who experienced their last
flare >12 weeks before baseline. The HRs of ABBV-154 versus
placebo were 0.27 (95% CI, 0.08–0.88), P = 0.030 for the
40-mg dose; 0.44 (95% CI, 0.17–1.15), P = 0.093 for the 150-mg
dose; and 0.22 (95% CI, 0.05–1.03), P = 0.054 for the 340-mg
dose (Figure 2C).

Secondary endpoints included achievement of flare-free
state up to week 24, cumulative glucocorticoid dose by week
24, and change from baseline in glucocorticoid dose at week 24.
Compared with patients receiving placebo (28.2%; 95%CI, 14.1–
42.3), a higher proportion of patients receiving ABBV-154
achieved a flare-free state up to week 24 (40 mg: 46.4% [95%
CI, 28.0–64.9]; P = 0.107; 150 mg: 46.9% [95% CI, 29.6–64.2];
P = 0.092; 340 mg: 70.6% [95% CI, 55.3–85.9]; P < 0.001)
(Figure 3).

The mean (95% CI) treatment difference (ABBV-154 − pla-
cebo) showed that cumulative glucocorticoid dose by week
24 was higher for patients receiving placebo than ABBV-154

(ABBV-154 40 mg, −88.7 mg [95% CI, −208.0 to 30.7]; P =
0.144; ABBV-154 150 mg, −164.8 mg [95% CI, −283.6 to
−45.9]; P = 0.007; ABBV-154 340 mg, −182.6 mg [95% CI,
−300.5 to −64.6]; P = 0.003) (Figure 4A). Also, the mean
(95% CI) treatment difference for change from baseline in daily
glucocorticoid dose at week 24 supported that patients receiving
placebo experienced smaller reductions in glucocorticoid use
than those receiving ABBV-154 (ABBV-154 40 mg, −1.6 [95%
CI, −3.1 to −0.1]; P = 0.039; ABBV-154 150 mg, −2.7 [95% CI,
−4.2 to −1.2]; P < 0.001; ABBV-154 340 mg, −3.0 [95% CI,
−4.5 to −1.5]; P < 0.001) (Figure 4B).

Compared with placebo, more patients receiving ABBV-154
achieved ESR ≤30 mm/h (difference in response rate ABBV-154
vs placebo: 40 mg, 15.6% [95% CI, −0.1–31.3]; P = 0.051;
150 mg, 23.9% [95% CI, 7.4–40.4]; P = 0.005; 340 mg, 33.5%
[95% CI, 17.0–49.9]; P < 0.001) (Supplementary Figure 1A). Sim-
ilarly, compared with placebo, a higher proportion of patients
receiving ABBV-154 achieved hsCRP less than or equal to the
ULN (difference in response rate ABBV-154 vs placebo: 40 mg,
9.2% [95% CI, −6.1 to 24.4]; P = 0.239; 150 mg, 16.7% [95%

Table 1. Baseline demographics and disease characteristics (full analysis set)*

Characteristic
Placebo
(n = 50)

ABBV-154

40 mg
(n = 42)

150 mg
(n = 45)

340 mg
(n = 44)

Female, n (%) 33 (66.0) 30 (71.4) 25 (55.6) 29 (65.9)
Age, y, mean ± SD 71.0 ± 7.2 67.5 ± 8.0 69.8 ± 8.3 69.1 ± 6.2
Race, n (%)
White 42 (84.0) 37 (88.1) 41 (91.1) 39 (88.6)
Asian 8 (16.0) 5 (11.9) 4 (8.9) 5 (11.4)
Hispanic or Latino, n (%) 1 (2.0) 0 2 (4.4) 2 (4.5)
BMI, mean ± SD 28.2 ± 5.5 28.4 ± 5.5 27.9 ± 4.5 29.1 ± 5.1
Duration of PMR, y, median (range) 2.0 (0.2–22.1) 1.2 (0.3–10.5) 1.3 (0.3–11.3) 1.8 (0.3–12.0)
Time since last PMR flare,a n (%) 49 40 45 44
≤12 wk 27 (55.1) 23 (57.5) 25 (55.6) 31 (70.5)
>12 wk 22 (44.9) 17 (42.5) 20 (44.4) 13 (29.5)

hsCRP ± mg/L, mean ± SD 8.6 ± 14.4 5.0 ± 8.5 4.4 ± 6.9 5.2 ± 13.0
ESR ± mm/h, mean ± SD 25.1 ± 17.2 22.7 ± 17.6 17.6 ± 14.1 18.9 ± 15.2
Glucocorticoid dose (mg/day),b mean ± SD 9.2 (3.8) 9.5 (3.4) 9.1 (3.5) 9.5 (3.3)
Duration of prior glucocorticoid treatment

for PMR, n (%)
≤1 y 16 (32.0) 17 (40.5) 18 (40.0) 19 (43.2)
>1 y 34 (68.0) 25 (59.5) 27 (60.0) 25 (56.8)

Prior bDMARDs and/or csDMARDs, n (%)
bDMARDc 0 1 (2.4) 0 2 (4.5)
csDMARDd 16 (32.0) 15 (35.7) 10 (22.2) 17 (38.6)

Pain NRS, mean ± SD; n 3.4 ± 2.6; 49 3.0 ± 2.8 2.9 ± 2.4; 44 3.2 ± 2.7; 43
Stiffness NRS, mean ± SD; n 2.0 ± 1.9; 26 2.3 ± 2.5; 24 3.1 ± 2.0; 29 2.6 ± 2.6; 22
HAQ-DI, mean ± SD; n 0.7 ± 0.6; 49 0.7 ± 0.6; 40 0.6 ± 0.6; 41 0.7 ± 0.6; 41

* BMI, body mass index; bDMARD, biologic disease-modifying antirheumatic drug; csDMARD, conventional syn-
thetic disease-modifying antirheumatic drug; ESR, erythrocyte sedimentation rate; HAQ-DI, Health Assessment
Questionnaire Disability Index; hsCRP, high-sensitivity C-reactive protein; NRS, numerical rating scale; PMR, poly-
myalgia rheumatica.
a Percentages calculated on nonmissing values.
b Glucocorticoid dose is calculated based on the prednisone equivalent dose.
c Sarilumab or tocilizumab.
d Azathioprine, bucillamine, iguratimod, leflunomide, methotrexate/methotrexate sodium, sulfasalazine, or tacroli-
mus monohydrate.
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Figure 2. Kaplan-Meier curves for time to flare (ITT population). (A) Time to flare overall, (B) time to flare in patients whose most recent flare
occurred ≤12 weeks before baseline, and (C) time to flare in patients whose most recent flare occurred >12 weeks before baseline. EOW, every
other week; ITT, intent-to-treat; Q2W, every two weeks.
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CI, 0.2–33.3]; P = 0.047; 340 mg, 30.8% [95% CI, 13.6–48.1];
P < 0.001) (Supplementary Figure 1B).

Patient-reported outcomes. Patient-reported outcomes
are reported at week 24. The weekly average patient assessment
of pain severity was reduced compared with placebo from base-
line through the majority of study weeks in the ABBV-154
340-mg group (week 24: placebo: 0.3, 95% CI, −0.4 to 0.9;
ABBV-154 340 mg: −1.1, 95% CI, −1.7 to −0.6; P = 0.002)
(Supplementary Figure 2A).

Compared with placebo (1.8; 95% CI, 0.7–2.8), stiffness
severity reduced in weekly average rating from baseline in the
ABBV-154 150 mg (−0.3, 95% CI, −1.0 to 0.4; P = 0.001) and
340 mg groups (−1.3, 95% CI, −2.1 to −0.5; P < 0.001)
(Supplementary Figure 2B).

The duration of morning stiffness did not change from base-
line, except in the ABBV-154 40-mg group, which had an
increase in daily morning stiffness duration from baseline
(181.3 minutes/day; 95% CI, 102.7–260.0; P = 0.006)

(Supplementary Figure 2C); however, three patients had outlying
data during weeks 20 to 24 possibly due to data entry errors.

There were no differences from baseline in HAQ-DI scores in
any treatment group (Supplementary Figure 2D).

Pharmacokinetics and immunogenicity. The geomet-
ric mean trough total ABBV-154 concentrations were 1.70, 6.29,
and 25.9 μg/mL for the 40-, 150-, and 340-mg doses, respec-
tively, and the geometric mean trough total antibody concentra-
tions were 1.02, 6.15, and 29.9 μg/mL at week 24, respectively.
The unconjugated GRM payload reached geometric trough con-
centrations of 0.028, 0.065, and 0.177 ng/mL at week 24 in the
ABBV-154 40, 150, and 340 mg dose groups, respectively.

ABBV-154 showed typical ADC pharmacokinetics in
patients with PMR, with antibody-like pharmacokinetic profiles
for the ADC and total antibody, and a formation-rate–limited phar-
macokinetic profile for the unconjugated GRM payload with
plasma concentrations that were several orders of magnitude
lower than serum concentrations of total ABBV-154 and total
antibody.

At baseline, preexisting ADAs and nAbs were detected in
13.6% (17 of 125) and 0.8% (1 of 125), respectively, of patients
who received one or more doses of ABBV-154 during the study.
Treatment-emergent ADA incidence was 83.1% (108 of 130),
while nAb incidence was 19.2% (25 of 130) among evaluable
patients receiving ABBV-154. ADA incidence was associated
with lower ADC exposure. However, no clear trends were
detected between ADA incidence and efficacy outcomes.

Safety and tolerability. The majority of patients experi-
enced TEAEs with similar rates between groups (Table 2). The
most common TEAEs in the ABBV-154 groups were COVID-19,
nasopharyngitis, and arthralgia, with relatively low rates of grade
≥3 TEAEs, serious AEs, and treatment discontinuations due to
TEAEs. The highest rate of treatment discontinuation due to a
TEAE occurred in the ABBV-154 340-mg group. No deaths
occurred during the study.

More AESIs occurred in the ABBV-154 340-mg group com-
pared with the other treatment groups (Table 2). The most
common AESIs were serious infections and hypersensitivity reac-
tions. Serious infections included pneumonia (5 events), urinary
tract infection (1 event), and cellulitis (1 event) in the ABBV-154
340-mg group; respiratory tract infection (1 event), lower respira-
tory tract infection (1 event), and urosepsis (1 event) in the
ABBV-154 150-mg group; and perforated appendicitis (1 event)
and peritonitis (1 event) in the same patient in the ABBV-154
40-mg group. Possibly treatment-related serious infections
(by investigators’ assessments) in the ABBV-154 groups were
pneumonia (5 events), respiratory tract infection (1 event), lower
respiratory tract infection (1 event), and urosepsis (1 event).

All hypersensitivity reactions were mild or moderate. Hyper-
sensitivity reactions in the ABBV-154 groups considered possibly
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Figure 3. Proportion of patients achieving flare-free state at week
24 (ITT population). The 95% CI for the response rate is based on
the normal approximation to the binomial distribution. The P value
for the difference between each ABBV-154 group and the placebo
group is from Cochran-Mantel-Haenszel test adjusting for baseline
randomization stratification factors (glucocorticoid use at baseline
[≥10 mg/day; <10 mg/day prednisone equivalent]) and length of prior
glucocorticoid treatment for PMR (≤1 year; >1 year). Patients with
missing assessments who were flare free at the previous visit were
imputed as flare free for the missing assessment. Missing assess-
ments for patients who had a flare or had intercurrent events were
imputed as flare. *** P < 0.001. CI, confidence interval; ITT, intent-
to-treat; PMR, polymyalgia rheumatica; Q2W, every two weeks.
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treatment related were injection site rash (10 events), rash
(2 events), injection site urticaria (1 event), and toxic skin reaction
(1 event). Malignancies observed in the ABBV-154 treatment
groups included mild-or-moderate nonmelanoma skin cancer
(40 mg, 2 events; 150 mg, 2 events), severe acute myeloid leuke-
mia (340 mg, 1 event), and severe prostate cancer (340 mg,
1 event). Two malignancies were considered possibly treatment
related by investigators (ABBV-154 150 mg, 1 event of nonmela-
noma skin cancer; ABBV-154 340 mg, 1 event of acute myeloid
leukemia). The few observed adjudicated systemic glucocorticoid
side effects occurred at a similar rate among placebo and ABBV-
154 treatment groups.

Changes were observed in laboratory values, vital signs, or
electrocardiogram assessments. However, a higher proportion
of patients in the ABBV-154 groups experienced a >7% decrease
in body weight (40 mg, 11.9% [n = 5]; 150 mg, 15.9% [n = 7];
340 mg, 18.2% [n = 8]) compared with the placebo group
(6.3% [n = 3]).

DISCUSSION

This study reports the efficacy and safety of ABBV-154, a
novel ADC comprising adalimumab conjugated to a proprietary
GRM payload12 versus placebo in patients with glucocorticoid-
dependent PMR. A treatment effect was observed in all three
ABBV-154 groups, with longer time to flare (primary endpoint) in
the ABBV-154 groups compared with placebo.

A higher proportion of patients receiving ABBV-154 than pla-
cebo achieved flare-free state up to week 24. By week
24, patients receiving ABBV-154 (vs placebo) had lower cumula-
tive dose of glucocorticoid and greater reduction from baseline
in daily glucocorticoid dose. Similarly, a higher proportion of
patients receiving ABBV-154 showed improvement in markers
of inflammation by week 24 than those receiving placebo. In
patient-reported outcomes collected to week 24, results reflect-
ing primary symptoms experienced daily by patients revealed
potential improvements among some treatment arms; pain
severity was reduced from baseline in the ABBV-154 340-mg
group, and stiffness severity was reduced from baseline in the
ABBV-154 150- and 340-mg groups. The four-week assess-
ments of morning stiffness duration and physical function
(HAQ-DI) did not improve from baseline regardless of treatment
group, which may indicate the need for more precise assessment
of these concepts in PMR, with greater frequency of measure-
ment and instruments more specific to PMR for physical function.
Furthermore, patients in this study had controlled PMR, making
observation of improvement difficult.

Although data were limited due to early study termination,
ABBV-154 was generally well tolerated in patients with PMR.
Rates of hypersensitivity reactions were higher in the ABBV-154

Figure 4. Dose of glucocorticoid (ITT population). (A) Mean
cumulative dose (mg) at week 24 and (B) mean (95% CI) change
from baseline to week 24 (mg/day). Data shown as observed for
number of patients with measurements at baseline and week 24.
The P values are based on an ANCOVA model adjusting for base-
line randomization stratification factors (glucocorticoid use at
baseline [≥10 mg/day; <10 mg/day prednisone equivalent]),
length of prior glucocorticoid treatment for PMR (≤1 year; >1 year),
and baseline glucocorticoid dose to compare ABBV-154 with pla-
cebo. For change from baseline, patients with one or more
available change from baseline value and no missing data for
the factors and covariates in the model. * P ≤ 0.05; ** P ≤ 0.01;
*** P ≤ 0.001. ANCOVA, analysis of covariance; CI, confidence
interval; ITT, intent-to-treat; PMR, polymyalgia rheumatica; Q2W,
every 2 weeks. Color figure can be viewed in the online issue,
which is available at http://onlinelibrary.wiley.com/doi/10.1002/
art.43129/abstract.
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150 mg and 340 mg groups than in the ABBV-154 40 mg or pla-
cebo groups (Table 2). All hypersensitivity reactions were mild or
moderate in severity. Serious infections occurred in few patients
and were more frequent in the ABBV-154 340-mg (n = 6) group
than in all other groups (placebo n = 1, ABBV-154 40 mg n =
1, 150 mg n = 3).

This study had several limitations. Due to the voluntary early
termination of the study, the available data set had a limited sam-
ple size, variable duration of exposure to study drug, and a wide
range of PMR durations. Moreover, as a phase 2 study exploring
initial efficacy and dose response, statistical comparisons for effi-
cacy outcomes used a two-sided α of 0.1 without multiplicity

control, which could increase the potential for Type I error. Thus,
interpretation of data should be treated with caution. In addition,
including an adalimumab comparator arm would have been inter-
esting to elucidate further and confirm the contribution of the
GRM payload to efficacy and safety in PMR; however, an adali-
mumab comparator arm was not included in this study because
current EULAR/ACR recommendations for PMR recommend
against using anti-TNF agents (primarily based on small random-
ized controlled trials with etanercept and infliximab).2 The safety
of ABBV-154 cannot be directly compared with adalimumab or
glucocorticoids due to the early study termination and lack of ada-
limumab comparator arm; for example, we could not determine

Table 2. TEAEs during the double-blind treatment period (full analysis set)*

TEAE, n (%)
Placebo
(n = 50)

ABBV-154

40 mg
(n = 42)

150 mg
(n = 45)

340 mg
(n = 44)

Safety overview
Any TEAE 41 (82.0) 32 (76.2) 39 (86.7) 41 (93.2)
COVID-19–related TEAE 9 (18.0) 9 (21.4) 5 (11.1) 7 (15.9)
TEAE with reasonable possibility of being drug related 17 (34.0) 15 (35.7) 21 (46.7) 29 (65.9)
Grade ≥3 TEAE 9 (18.0) 6 (14.3) 7 (15.6) 8 (18.2)
SAE 8 (16.0) 5 (11.9) 8 (17.8) 9 (20.5)
TEAE leading to study drug discontinuation 3 (6.0) 1 (2.4) 1 (2.2) 7 (15.9)
TEAE leading to death 0 0 0 0

Most common TEAEsa

COVID-19 9 (18.0) 9 (21.4) 5 (11.1) 7 (15.9)
Nasopharyngitis 3 (6.0) 4 (9.5) 4 (8.9) 7 (15.9)
Arthralgia 3 (6.0) 4 (9.5) 6 (13.3) 3 (6.8)
Urinary tract infection 5 (10.0) 3 (7.1) 2 (4.4) 7 (15.9)
Headache 2 (4.0) 3 (7.1) 4 (8.9) 4 (9.1)
Fatigue 2 (4.0) 3 (7.1) 4 (8.9) 2 (4.5)
Hypertension 5 (10.0) 1 (2.4) 4 (8.9) 3 (6.8)
Nausea 2 (4.0) 3 (7.1) 2 (4.4) 3 (6.8)
Pneumonia 0 2 (4.8) 1 (2.2) 5 (11.4)
Contusion 0 2 (4.8) 2 (4.4) 3 (6.8)
Diarrhea 4 (8.0) 2 (4.8) 2 (4.4) 3 (6.8)
Injection site erythema 0 2 (4.8) 3 (6.7) 2 (4.5)
Rash 2 (4.0) 2 (4.8) 2 (4.4) 3 (6.8)
Upper respiratory tract infection 2 (4.0) 2 (4.8) 3 (6.7) 2 (4.5)

AEs of special interest
Serious infections 1 (2.0) 1 (2.4) 3 (6.7) 6 (13.6)
Serious infections excluding COVID-19–related AEs 1 (2.0) 1 (2.4) 3 (6.7) 6 (13.6)

Opportunistic infections 0 0 0 0
Active TB 0 0 0 0
Hypersensitivity reactions 4 (8.0) 4 (9.5) 8 (17.8) 7 (15.9)
Serious allergic reactions 0 0 0 0

Malignancies 0 2 (4.8) 2 (4.4) 2 (4.5)
Malignancies excluding NMSC 0 0 0 2 (4.5)b

NMSC 0 2 (4.8) 2 (4.4) 0
Lymphoma 0 0 0 0

Adjudicated systemic glucocorticoid side effectsc 1 (2.0) 3 (7.1) 1 (2.2) 1 (2.3)
Adrenal insufficiency 0 0 0 0
Iatrogenic Cushing syndrome 0 0 0 1 (2.3)

* AE, adverse event; NMSC, nonmelanoma skin cancer; SAE, serious adverse event; TB, tuberculosis; TEAE,
treatment-emergent adverse event.
a Most common defined as >5% incidence of TEAEs in any ABBV-154 dose cohort.
b One event of acutemyeloid leukemia (considered by the investigator as possibly related to study treatment) and 1
event of prostate cancer (considered by the investigator as having no reasonable possibility of being related to
study treatment).
c Reviewed by an Independent Adjudication Committee.
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whether the higher rate of serious infections in the ABBV-154
340-mg group was due to higher antibody exposure, higher sys-
temic exposure to the GRM payload, or chance. The identical
24-week oral glucocorticoid taper in all arms may be viewed as
both a strength and a weakness because it allows for a direct
comparison of glucocorticoid use between treatment arms, but
it may also be faster than the taper that some other clinical trials
have utilized in the placebo group.23 A subgroup analysis sug-
gested that time since most recent flare may be associated with
a likelihood of developing a PMR flare while tapering glucocorti-
coid. Further studies may benefit from including patients with the
most recent PMR flare closer to baseline than the 24 weeks
required in this trial, facilitating the enrollment of patients with
active disease (albeit controlled at baseline). Finally, comparison
with other studies may be limited because the PMR-AS was not
included as a primary or secondary endpoint (see Supplementary
Table 2 for PMR-AS data).

The ADC ABBV-154, comprising the anti-TNF antibody
adalimumab conjugated to the anti-inflammatory GRM payload,
was developed to reduce the risks of systemic glucocorticoid-
related AEs by delivering the GRM to cells that express
transmembrane TNF, including activated immune cells.12,13

However, an interim data review determined that the benefit-risk
profile did not sufficiently differentiate ABBV-154 from other cur-
rently available therapies for PMR; consequently, the sponsor
decided to cease development of ABBV-154 and terminate the
study early due to the lack of differentiation and not due to safety
reasons.

In conclusion, ABBV-154 was generally well tolerated with
benefits observed versus placebo demonstrating longer time to
flare, fewer flares, and reduction in cumulative glucocorticoid
dose, markers of inflammation, pain severity, and stiffness sever-
ity. However, given the limited sample size and duration of expo-
sure to study drug, no definite conclusions can be drawn from
this study of ABBV-154 in patients with PMR and caution should
be exercised when interpreting the results. Nevertheless, this
study supports that a GRM payload targeted to transmembrane
TNF-expressing cells, including activated immune cells, could be
beneficial in PMR.
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Long-Term Safety and Efficacy of Mepolizumab
in Eosinophilic Granulomatosis With Polyangiitis

Michael E. Wechsler,1 Jared Silver,2 Gerhard Wolff,3 Robert G. Price,4 Rejina Verghis,5 Peter F. Weller,6

Peter A. Merkel,7 and Paneez Khoury,8 on behalf of the EGPAMepolizumab Open-Label Extension Study Group

Objective. Eosinophilic granulomatosis with polyangiitis (EGPA) is a rare, relapsing, inflammatory disease.
Management of EGPA predominantly relies on oral corticosteroids (OCS), which are associated with many adverse
effects. The phase 3 MIRRA trial demonstrated efficacy and safety of mepolizumab, anti-interleukin-5 biologic, for
EGPA. This open-label extension (OLE) of MIRRA assessed long-term safety and OCS-sparing effects of
mepolizumab.

Methods. The OLE (NCT03298061) was a multicenter study that enrolled patients from MIRRA who required OCS
≥5 mg/day up to six months after the end of MIRRA. All patients received mepolizumab 300 mg subcutaneously every
four weeks plus standard of care until mepolizumab was discontinued or became approved and reimbursed for EGPA
in the respective country. Key outcomes included adverse events (AEs) and use of OCS.

Results. One hundred patients were enrolled in the OLE. Mean (SD) and median (min–max) exposure during OLE
was 38.5 (27.0) and 27.0 (1.0–89.0) months. On-treatment AEs were experienced by 98% of patients (43% treatment
related; most frequent: injection site reaction [10%]) and serious AEs by 38% of patients (6% treatment related) with
no new safety signals versus MIRRA identified. Median (Q1–Q3) OCS dose decreased from 10.0 (7.8–15.0) mg/day at
OLE baseline to 5.0 (0.0–10.0) mg/day at study exit. Proportion of patients using OCS >7.5 mg/day decreased from
75% at baseline to 32% at study exit; 28% of patients discontinued OCS.

Conclusion. Long-term use of mepolizumab to treat EGPA was well tolerated and resulted in sustained reductions
in OCS use.

INTRODUCTION

Eosinophilic granulomatosis with polyangiitis (EGPA) is a

rare, progressive, relapsing/remitting inflammatory disease in

which elevated eosinophil counts, asthma, sino-nasal disease,

pulmonary infiltrates, other organ manifestations, and vasculitis

may cause significant morbidity.1–8 EGPA treatment has histori-

cally relied on oral corticosteroids (OCS), other immunosuppres-

sive drugs, and cytotoxic therapies, although more recently

biologic treatments have become available to patients.1,9,10

Achieving remission (controlled symptoms in absence of clinical

signs of disease) with low-dose OCS alone is often associated

with relapse.1 As prolonged use of OCS increases the risk of

adverse effects over time and is associated with acute infections,

there is a pressing need for effective treatment strategies that

spare OCS.11–13

Mepolizumab is a humanized monoclonal antibody that spe-

cifically targets interleukin (IL)-5 to reduce proliferation, activation,

and survival of eosinophils, and is approved in multiple regions

worldwide for the treatment of severe asthma with an eosinophilic
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phenotype, chronic rhinosinusitis with nasal polyps, hypereosino-

philic syndrome (HES), and EGPA.14–16 Mepolizumab is recom-

mended for active nonsevere EGPA as well as for add-on therapy

to maintain remission in severe or nonsevere EGPA.1,9,10 The

phase 3 placebo-controlled MIRRA trial (NCT02020889) demon-

strated that patients with nonsevere relapsing or refractory EGPA

undergoing IL-5 inhibition through treatment with mepolizumab

achieved higher rates of remission, including at both weeks

36 and 48 of treatment, and had significantly fewer relapses over

52 weeks of treatment compared with those patients receiving pla-

cebo.17 Additionally, MIRRA demonstrated OCS-sparing benefits

patients treated with mepolizumab had less cumulative exposure

to OCS over 52 weeks (4.3 mg/day lower for mepolizumab) as

compared with patients receiving placebo.18 The efficacy of both

mepolizumab and the anti-IL-5 receptor monoclonal antibody

benralizumab were further reinforced in the recent noninferiority

phase 3 trial of benralizumab or mepolizumab for relapsing or

refractory EGPA.19

The safety and clinical benefits of receiving mepolizumab for
up to one year have been demonstrated, but systematic reports
of long-term use in EGPA are limited.17–21 A real-world, observa-
tional, multicenter European study demonstrated the effective-
ness of mepolizumab in reducing disease activity and use of
OCS up to 24 months,22 and results of a real-world observational
study in Japan (MARS study) demonstrated the safety, sustained
OCS-sparing benefits and long-term disease control after a mini-
mum of 192 weeks of treatment.23 This open-label extension
(OLE) study aimed to provide continued mepolizumab access
while monitoring the long-term extended safety profile and OCS-
sparing benefits of mepolizumab to patients with EGPA who par-
ticipated in MIRRA until it received regulatory approval and
became available in each respective country.

PATIENTS AND METHODS

Study design and treatments. The OLE of MIRRA (GSK
ID: MEA116841, NCT03298061) was a phase 3, multicenter,
OLE study conducted at 31 sites in seven countries. Between
April 14, 2015, and February 16, 2023 (latest completion date),
the OLE enabled eligible patients from MIRRA to receive open-
label mepolizumab before local market approval and reimburse-
ment of mepolizumab was granted (or until July 2022 in the
United Kingdom, as requested by the UK regulatory authority).
For patients who received mepolizumab during MIRRA, this was
a reintroduction of mepolizumab after being off treatment for at
least eight weeks for the posttreatment follow-up period. All
patients received mepolizumab 300 mg subcutaneously every
four weeks, in addition to standard of care. Mepolizumab treat-
ment was stopped if there was a lack of benefit as determined
by the physician (if a treatment-limiting adverse event
[AE] occurred or because of pregnancy) (Figure 1A). There was

no guidance on tapering of OCS during the OLE and doses were
reduced at investigator discretion.

Patients. Patients who previously participated in MIRRA in
Belgium, Canada, France, Germany, Japan, the United Kingdom,
and the United States were eligible for the OLE if they required
≥5 mg/day of prednisolone (or equivalent) for the control of their
EGPA within six months after completing participation in MIRRA.
Eligible patients included those who withdrew prematurely and
reached what would have been the end of study timepoint.
MIRRA inclusion and exclusion criteria have been published; key
MIRRA criteria and full OLE eligibility criteria are shown in Supple-
mentary Table 1.17 Full details on how patient race and ethnicity
were determined are shown in the Supplementary Material.
Briefly, MIRRA included patients ≥18 years of age diagnosed with
relapsing/refractory EGPA receiving a stable dose of OCS
≥7.5 mg/day for at least four weeks before baseline. Patients
were excluded from MIRRA if they had life-threatening or organ-
threatening EGPA or were receiving a dose of OCS>50mg/day.17

The 1990 American College of Rheumatology (ACR) classifica-
tion criteria for EGPA were modified for the purposes for
MIRRA to ensure recruited patients had a diagnosis of EGPA
including key manifestations of the disease (asthma [remission
or active] plus eosinophilia and two other common features of
EGPA).24

Outcomes and assessments. The OLE was designed to
provide mepolizumab to eligible patients who had participated in
MIRRA while monitoring long-term safety; formal endpoints were
not defined. Patients who received at least one dose of open-label
mepolizumab defined the safety population for which all out-
comes are reported. Outcomes are also described by subgroups
according to whether patients previously received mepolizumab
or placebo during MIRRA. Outcomes include patient demo-
graphic characteristics at OLE baseline, treatment completion
rate (defined as continuing mepolizumab treatment until
commercial availability), mepolizumab exposure duration, number
of treatments administered, and patient years of exposure.
Safety-related assessments included AEs, serious AEs (SAEs),
and AEs of special interest (AESI) throughout the study, collected
through an electronic clinical report form.

On-treatment AEs were defined as any untoward medical
occurrence occurring from administration of the first treatment
up to 28 days after the last study treatment. SAEs were defined
as AEs that resulted in death, were life threatening, required hos-
pitalization or prolongation of existing hospitalization, or resulted
in disability or incapacity, a congenital anomaly or birth defect,
liver injury and impaired liver function, or other serious events in
the investigator’s medical or scientific judgment. AEs and SAEs
were classified as treatment related or not related to study treat-
ment based on the opinion of the investigator. AESI included sys-
temic reactions, including allergic or hypersensitivity and
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Completed the study
n=73

Completed treatment: n=71

Patients enrolled in OLE
N=101

Screened but withdrew prior to treatment
n=1

Enrolled in MIRRA study
N=136

B

A

Patients from MIRRA in countries eligible for OLE
n=119

Received placebo in the MIRRA study
n=68

Received mepolizumab in the MIRRA study
n=68

Patients from MIRRA ineligible for OLE due to country
of participation (Italy and Spain)

n=17
• Received mepolizumab treatment in a different

extension study (GSK ID 201607): n=15
• Did not participate (reasons unknown): n=2

Patients from MIRRA not included in the OLE
n=18

• Died during MIRRA (cardiac arrest): n=1
• Did not meet OLE criteria (serious hypersensitivity

reaction during MIRRA): n=1
• Reasons unknown: n=16

OLE Safety population received ≥1 dose mepolizumab (300 mg SC)
N=100

Previous mepolizumab: n=49
Previous placebo: n=51Withdrawal from treatment

n=29
• Withdrawal by patient: n=12
• Physician decision: n=9
• Lack of efficacy: n=4
• AEs: n=3
• Protocol deviation: n=1

Withdrawal from the study
n=27

• Withdrawal by patient: n=10
• Physician decision: n=7
• Lack of efficacy: n=6
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0–6 months

MIRRA (MEA115921, NCT02020889)

MIRRA
Completion
Week 60* 

OLE 
initiation
window

Study end
Coincided with when mepolizumab became commercially licensed

and locally reimbursed for EGPA in the relevant country¶:

Early withdrawal criteria‡  
Treatment discontinued for
• negative benefit-risk ratio
• treatment-limiting AEs
• pregnancy

OLE treatment completion§

MIRRA 
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Week 0

MIRRA
Final dose
Week 48

OLE
initiation†

(2015)

MIRRA
Week 52

MIRRA
follow-up

periodMIRRA intervention period

1:1

Placebo + SoC

Mepolizumab 300 mg SC
every 4 weeks + SoC

Open-label mepolizumab 300 mg SC 
every 4 weeks + SoC

OLE (MEA116841, NCT03298061)

Treatment discontinued 
assessment 12 weeks after last dose 

Reimbursement
21 May 2018
30 May 2018
10 July 2018
15 November 2021
23 June 2022
15 July 2022
23 November 2022

Regulatory approval
25 May 2018
17 July 2018
12 December 2017
12 November 2021
12 November 2021
14 January 2022
12 November 2021

Japan
Canada
USA
Germany
Belgium
UK
France

Figure 1. (A) OLE study design. (B) Patient disposition. *Patients had either completed the MIRRA trial and reached the week 60 timepoint or
were withdrawn prematurely from MIRRA and had reached the date that would have been week 60 if they had completed the study. †Eligible
patients could initiate mepolizumab under the OLE within a six-month period starting from week 60 (or what would have been week 60) of MIRRA.
Initiation of mepolizumab treatment under the OLEmore than six months after the MIRRA week 60 timepoint was considered on an individual basis
by the GSK Medical Monitor. ‡Any patient discontinuing mepolizumab during the OLE was assessed 12 weeks after receiving their last mepolizu-
mab dose at a follow-up or end of program visit. If the patient was lost to follow-up, an Early Withdrawal form was completed. §Patients marked as
“completed treatment” remained in the study and received mepolizumab until the study end at their local site. ¶Study end in the United Kingdom
was not determined by approval. UK eligible patients could continue to receive mepolizumab under the OLE until July 2022. AE, adverse event;
EGPA, eosinophilic granulomatosis with polyangiitis; GSK, GlaxoSmithKline; OLE, open-label extension; SC, subcutaneous; SoC, standard
of care.
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nonallergic reactions, local injection site reactions, serious
and opportunistic infections, neoplasms, malignancies, cardiac
disorders, including serious cardiac, vascular or thromboembolic
events and ischemic events.

Post hoc outcomes included change in dose of OCS over
the course of the study. Data on daily dose of OCS were gathered
until a patient discontinued mepolizumab (last dose +28 days),
study withdrawal, or completion, whichever occurred earlier.
OCS doses are reported at MIRRA baseline, OLE baseline, and
at three-month periods while the patient was receiving treatment.
The final three-month period of available OCS data up until the
patient either reached study end or discontinued treatment early
defined the study exit timepoint. All doses of OCS are reported
as prednisolone equivalent.

Sample size and statistical analysis. No formal signifi-
cance testing was conducted, and sample size considerations
were not applicable. The population sample consisted of the
number of patients who were eligible from MIRRA and desired
access to mepolizumab. Exposure time was reported as total

patient-years exposure, mean (SD), and median (min–max)
months of exposure during the OLE. Safety-related outcomes
were summarized as the proportion of patients and exposure-
adjusted rate of events per 1,000 patient-years (total number of
AEs/[total duration of exposure in days/365.25]×1,000) to
account for the length of exposure observed within this study.

Dose of OCS was summarized (post hoc) as mean (SD) and
median (lower quartile [Q1], upper quartile [Q3]) dose, and as the
number of patients on doses of 0, ≤4, ≤7.5, or >7.5 mg/day by
three-monthly periods while on treatment and at study exit, and
as the percent change from MIRRA baseline at study timepoints
and study exit. The threshold of OCS dose ≤7.5 mg/day was
based on the OCS requirement for the EULAR definition of remis-
sion, whereas the dose of ≤4 mg formed part of the more strin-
gent remission criteria used in MIRRA.10,17

Ethics and approval. The study was conducted in accor-
dance with International Council for Harmonisation (ICH) Good
Clinical Practice, applicable patient privacy requirements, the
Declaration of Helsinki, and according to the protocol. Written

Table 1. Demographic characteristics at OLE baseline, location of study population, and clinical features at MIRRA
baseline*

Total population,
mepolizumab

300 mg SC (n = 100)
Previous placebo
in MIRRA (n = 51)

Previous mepolizumab
in MIRRA (n = 49)

At OLE baseline
Female, n (%) 57 (57) 29 (57) 28 (57)

Age (years)
Mean (SD) 49.6 (13.9) 49.7 (15.0) 49.4 (12.9)
19–64, n (%) 87 (87) 44 (86) 43 (88)
≥65, n (%) 13 (13) 7 (14) 6 (12)

Ethnicity, n (%)
Hispanic or Latino 1 (1) 0 1 (2)
Not Hispanic or Latino 99 (99) 51 (100) 48 (98)

Race, n (%)
American Indian or Alaskan Native 1 (1) 0 1 (2)
Asian 8 (8) 5 (10) 3 (6)
White 91 (91) 46 (90) 45 (92)

Country, n (%)
Belgium 3 (3) 0 3 (6)
Canada 5 (5) 2 (4) 3 (6)
France 11 (11) 6 (12) 5 (10)
Germany 15 (15) 10 (20) 5 (10)
Japan 6 (6) 3 (6) 3 (6)
United Kingdom 11 (11) 6 (12) 5 (10)
United States 49 (49) 24 (47) 25 (51)

At MIRRA baseline
BVAS total score
Mean (SD) 3.1 (4.61) 3.2 (4.12) 3.1 (5.12)
Median (Q1–Q3) 1.0 (0.0–4.0) 1.0 (0.0–5.0) 1.0 (0.0–4.0)
Min–max 0–22 0–19 0–22

VDI score
Mean (SD) 4.3 (2.73) 3.9 (2.59) 4.7 (2.84)
Median (Q1–Q3) 4.0 (2.0–6.0) 4.0 (2.0–6.0) 4.0 (3.0–6.0)
Min–max 0–12 0–10 0–12

History of positive ANCA test, n (%) 15 (15) 8 (16) 7 (14)

* ANCA, antineutrophil cytoplasmic antibody; BVAS, Birmingham Vasculitis Activity Score; OLE, open-label exten-
sion; Q1, lower quartile; Q3, upper quartile; SC, subcutaneous; VDI, Vasculitis Damage Index.
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informed consent was obtained from each patient before per-
forming any study-specific procedures and the study was moni-
tored according to ICH E6, Section 5.18. The local institutional
review board or ethics committee at each site oversaw trial proce-
dures (see Supplementary Material for further details).

RESULTS

Patient population. Of the 136 patients enrolled in
MIRRA, 119 were in countries eligible for the OLE; patients from
Italy and Spain received mepolizumab in a separate extension
study. In the OLE, 101 patients were screened and 100 received
treatment (Figure 1B). The mean (SD) age at OLE baseline was
49.6 (13.9) years, 57% of the patients were female, and 91% of
patients were White. Patients were treated in seven countries with
the largest proportion in the United States (49%), followed by
Germany (15%), the United Kingdom, and France (11% each)
(Table 1). Patients from the United States, Japan, and Canada
were the first to reach the end of the OLE as the first countries to
receive regulatory approval and local reimbursement for mepoli-
zumab in EGPA in 2018 (Figure 1A).

Overall, 73 (73%) patients completed the study and 27 (27%)
discontinued early (Figure 1B). Treatment was completed by

71 (71%) patients, who received mepolizumab until the end of
the study in their location and subsequently could receive com-
mercially available mepolizumab. Of the 27 patients who discon-
tinued the study early, the primary reasons for study withdrawal
were patient decision (n = 10), physician decision (n = 7), lack of
efficacy (n = 6), AEs (n = 3), and protocol deviation (n = 1)
(Figure 1B). Additional details of reasons for discontinuation are
shown in Supplementary Table 2; in total across all primary and
subreasons, lack of, or partial efficacy or benefit or wanting to try
another biologic was identified as a contributing reason for study
withdrawal for 10 patients.

Exposure. In the OLE, patients were exposed tomepolizumab
for a mean (SD) of 38.5 (27.0) months (3.2 [2.25] years); the
median length of exposure was 27.0 months with a minimum of
1 month and a maximum of 89 months (7.4 years) (Table 2). The
total mepolizumab exposure in the OLE was 320.5 patient-years.
Exposure among patients who completed treatment versus those
who discontinued early is shown in Supplementary Table 3. In
addition, 49 patients had received previous mepolizumab treat-
ment under MIRRA for a full year, with the exception of two
patients who were withdrawn from MIRRA after 3.7 months and
9.1 months, respectively. For these 49 patients who previously

Table 2. Mepolizumab completions, discontinuations, exposure, and missed doses*

Total population, mepolizumab
300 mg SC (n = 100)

Previous placebo
in MIRRA (n = 51)

Previous mepolizumab
in MIRRA (n = 49)

Treatments status, n (%)
Completed 71 (71) 38 (75) 33 (67)
Discontinued early 29 (29) 13 (25) 16 (33)a

Primary reason for treatment
discontinuation,b n (%)

AE 3 (3) 2 (4) 1 (2)
Lack of efficacy 4 (4) 1 (2) 3 (6)
Protocol deviation 1 (1) 1 (2) 0
Physician decision 9 (9) 2 (4) 7 (14)
Withdrawal by patient 12 (12) 7 (14) 5 (10)

Treatments administered
Mean (SD) 39.5 (28.4) 39.4 (27.8) 39.6 (29.3)
Median (range) 29.0 (1–97) 30.0 (1–96) 28.0 (3–97)

Range of exposure, monthsc

Mean (SD) 38.5 (27.0) 38.6 (26.5) 38.3 (27.7)
Median (min–max) 27.0 (1–89) 28.0 (1–88) 26.0 (3–89)

Total patient-years exposured 320.5 164.1 156.4
Missed doses, n (%)
No missed doses 62 (62) 26 (51) 36 (73)
≥1 missed dose 38 (38) 25 (49) 13 (27)
≥2 missed doses 22 (22) 16 (31) 6 (12)
2 consecutive missed doses 13 (13) 9 (18) 4 (8)

≥3 missed doses 17 (17) 11 (22) 6 (12)
3 consecutive missed doses 8 (8) 5 (10) 3 (6)

* AE, adverse event; SC, subcutaneous.
a Two patients in the previousmepolizumab group completed the study but discontinued treatment early (see Sup-
plementary Table 2).
b Patients may have only one primary reason for treatment discontinuation, in five cases this differed from the pri-
mary reason given for study withdrawal (see Supplementary Table 2).
c Exposure (therapeutic coverage) = treatment stop date – treatment start date + 29 days.
d Sum across patients of (treatment stop date – treatment start date + 29 days)/365.25.
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Table 3. Summary of AEs, SAEs, and AESI*

Total population,
mepolizumab

300 mg SC (n = 100)
Previous placebo
in MIRRA (n = 51)

Previous mepolizumab
in MIRRA (n = 49)

Number of patients with AEs, n (%)
On-treatment AEsa 98 (98) 50 (98) 48 (98)
Posttreatment AEsa 18 (18) 6 (12) 12 (24)
Treatment-related AEs 43 (43) 21 (41) 22 (45)
AEs leading to permanent discontinuation of
study treatment or withdrawal from study

3 (3) 2 (4) 1 (2)

Number of patients with SAEs,a n (%)
On-treatment SAEsa 38 (38) 16 (31) 22 (45)
Posttreatment SAEsa 3 (3) 2 (4) 1 (2)
Treatment-related SAEs (nonfatal) 6 (6) 2 (4) 4 (8)
Fatal SAEs 1 (1) 1 (2) 0
Treatment-related fatal SAEs 0 0 0

Number of patients with on-treatment AESI,b

n (%)
Systemic reactions 4 (4) 3 (6) 1 (2)
Hypersensitivity reactions 3 (3) 3 (6) 0
Nonallergic reactions 1 (1) 0 1 (2)
Anaphylaxis 0 0 0

Local injection site reactions 20 (20) 10 (20) 10 (20)
All infectionsc 86 (86) 42 (82) 44 (90)
Serious infections 18 (18) 8 (16) 10 (20)
Potential opportunistic infectionsd 3 (3) 2 (4) 1 (2)

Neoplasms benign, malignant, and
unspecified (including cysts and polyps)

10 (10) 4 (8) 6 (12)

Malignanciese 4 (4) 1 (2) 3 (6)
Cardiac disordersf 12 (12) 5 (10) 7 (14)
Serious cardiac disorders 7 (7) 3 (6) 4 (8)

Serious cardiac, vascular, or
thromboembolic eventsg

9 (9) 5 (10) 4 (8)

Serious ischemic eventsh 3 (3) 1 (2) 2 (4)
Number of patients with on-treatment

treatment-related AESIs, n (%)
Systemic reactions 4 (4) 3 (6) 1 (2)
Hypersensitivity reactions 3 (3) 3 (6)) 0 (0)
Nonallergic reactions 1 (1) 0 (0) 1 (1)
Anaphylaxis 0 0 0

Local injection site reactions 17 (17) 7 (14) 10 (20)
All infectionsc 15 (15) 9 (18) 6 (12)
Serious infections 4 (4) 2 (4) 2 (4)
Potential opportunistic infectionsd 1 (1) 1 (2) 0 (0)

Neoplasms benign, malignant, and
unspecified (including cysts and polyps)

4 (4) 1 (2) 3 (6)

Malignanciese 2 (2) 0 (0) 2 (4)
Cardiac disordersf 0 0 0
Serious cardiac disorders 0 0 0

Serious cardiac, vascular or
thromboembolic eventsg

0 0 0

Serious ischemic eventsh 0 0 0

* AE, adverse event; AESI, adverse event of special interest; MedDRA, Medical Dictionary for Regulatory Activities;
SAE, serious adverse event; SC, subcutaneous; SMQ, standardized MedDRA queries.
a AEs and SAEs were defined as on treatment if occurring after the date of first treatment within the study and
before 28 days after last study treatment. AEs and SAEs occurring more than 28 days after last treatment were
defined as post treatment.
b AESIs included systemic reactions, including allergic/hypersensitivity and nonallergic reactions, local injection site
reactions, serious and opportunistic infections, neoplasms, malignancies, cardiac disorders, including serious, car-
diac, vascular, thromboembolic, and ischemic events.
c Infections and infestations system organ class.
d Identified from SMQs or events with the preferred term of herpes zoster.
e Identified from SMQs.
f Cardiac disorders system organ class.
g Serious cardiac, vascular, thromboembolic events identified from cardiac disorders system organ class, vascular
disorders system organ class, and SMQs.
h A subset of serious cardiac, vascular, thromboembolic events, identified from MedDRA SMQ.
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received mepolizumab the time between the end of treatment
with mepolizumab in MIRRA and enrollment in the OLE varied
between 8 weeks (MIRRA follow-up period) and 20 months.
Treatment adherence was incomplete with 38 patients missing
at least one mepolizumab dose (Table 2). Consecutive missed
doses were numerically more common among patients who dis-
continued early with six (21%) patients who discontinued missing
three consecutive doses versus two (3%) patients who com-
pleted the doses (Supplementary Table 3).

Safety. On-treatment AEs were experienced by 98 patients
(98%; exposure-adjusted rate 4,708.0 events/1,000 patient-
years exposure), with 43 patients having treatment-related AEs
(43%; 508.5 events/1,000 patient-years exposure) (Table 3; Sup-
plementary Table 4). The most frequent AEs were nasopharyngi-
tis (33%; 352.6 events/1,000 patient-years), upper respiratory
tract infections (31%; 134.2 events/1,000 patient-years), worsen-
ing of asthma (30%; 293.3 events/1,000 patient-years), sinusitis
(30%; 162.2 events/1,000 patient-years), and bronchitis (29%;
152.9 events/1,000 patient-years) (Supplementary Table 4).

AEs led to permanent treatment discontinuation in three
patients. Of these, one patient previously treated with placebo in
MIRRA had fatal AEs of severe cardiac arrest, dyspnea, and hyp-
oxia 258 days after the first dose and 12 days after the last dose
of mepolizumab; this was the only death recorded in the study
and these events were reported as not treatment related. The
second patient had moderate-severity colon cancer reported
628 days after the first dose and 9 days after the last dose of
mepolizumab; this AE was reported treatment related by the
investigator. The third patient experienced an AE of asthma and
AEs of arthralgia, myalgia, and paresthesia 10 days and 12 days,
respectively, after their first and only dose of mepolizumab; none
of the AEs were reported as serious or treatment related.

On-treatment SAEs were reported in 38% of patients (299.5
events/1,000 patient-years) and were considered treatment
related in 6% of patients (Table 3). The most frequent SAEs were
worsening of asthma (6%; 21.8 events/1,000 patient-years),
worsening of EGPA (3%; 9.4 events/1,000 patient-years), and
pneumonia (3%; 21.8 events/1,000 patient-years) (Supplemen-
tary Table 4). On-treatment AESIs included systemic reactions
(n = 4 of 100; treatment related: n = 4 of 4), local injection site
reactions (n = 20 of 100; treatment related: n = 17 of 20), potential
opportunistic infections (n = 3 of 100; treatment related: n = 1 of
3), neoplasms (n = 10 of 100; treatment related: 4 of 10), malig-
nancies (n = 4 of 100; treatment related: n = 2 of 4), cardiac disor-
ders (n = 12 of 100; treatment related: 0 of 12), and serious
cardiac, vascular, or thromboembolic events (n = 9 of 100; treat-
ment related: n = 0 of 9) (Table 3). No event of anaphylaxis was
reported. The four malignancies reported during the OLE included
one event each of renal cell carcinoma and colon cancer (both
reported as treatment related by the investigator) and two events
of basal cell carcinoma (not reported as treatment related). A

breakdown of cardiovascular events is shown in Supplementary
Table 5; no cardiac events were reported as treatment related.

Long-term OCS-sparing effects. At entry into the OLE,
75% of patients were taking OCS >7.5 mg/day with a median
(Q1–Q3) dose of OCS of 10 (7.8–15.0) mg/day versus 12.5
(10.0–20.0) mg/day at MIRRA baseline (Figure 2A and B). At
OLE baseline 2% (2 of 100) and 25% (25 of 100) of patients
required OCS ≤4 or ≤7.5 mg/day, respectively, and by months
16 to 18, 38% (33 of 88) and 68% (60 of 88) had achieved a dose
of ≤4 and ≤7.5 mg/day, respectively, with 20% (18 of 88) being
able to stop OCS entirely. At study exit (the latest 3-month period
before either study completion or early discontinuation), 43%
(43 of 100) and 68% (68 of 100) of patients were receiving an
average dose of OCS ≤4 and ≤7.5 mg/day, respectively, with
28% (28 of 100) discontinuing OCS entirely (Figure 2A). Thirteen
patients had no reduction or an increase in the dose of OCS at
study exit versus MIRRA baseline, whereas 66 (66%) had
reduced OCS by ≥50% (Figure 2C; Supplementary Table 6).

The median (Q1–Q3) daily dose of OCS decreased steadily
from 10.0 (7.8–15.0) mg/day at OLE baseline over the first
12 months of OLE to 5.3 (3.0–9.9) mg/day at months 10 to
12 (n = 89) and remained reduced from baseline for most patients
over the course of the study, with a median 5.0 (0.0–10.0) mg/day
at study exit (Figure 2B). Median and mean doses of OCS and
discontinuation of OCS during the OLE were similar regardless
of prior mepolizumab or placebo treatment (Supplementary
Figure 1A and B; Supplementary Table 7).

Patterns of use of OCS at the individual patient level over the
course of the OLE are represented as heat maps shown in Sup-
plementary Figure 2 (absolute dose) and Supplementary Figure 3
(percentage change compared with MIRRA baseline). In both
plots, the steady and sustained shift in color toward pale blue
(Supplementary Figure 2) or yellow (Supplementary Figure 3) for
many patients indicates that patients were able to successfully
taper OCS. Overall, 31 (31%) patients discontinued OCS
completely for one or more three-month period during the study.
Darker blue (Supplementary Figure 2) and red colors
(Supplementary Figure 3) represent higher doses of OCS demon-
strating that some patients were not able to taper or experienced
a relapse requiring increased treatment. For most patients,
increases in use of OCS did not correspond to discontinuation
of mepolizumab.

DISCUSSION

This OLE study of treatment with mepolizumab for patients
fromMIRRA adds to the body of evidence on the long-term safety
and OCS-sparing effects of mepolizumab,22,23,25–27 and demon-
strates a positive long-term benefit:risk profile of mepolizumab for
patients with EGPA. More than two-thirds of patients continued to
receive mepolizumab treatment under the OLE until mepolizumab

WECHSLER ET AL1058



Figure 2. (A) Number of patients receiving dose of OCS (prednisolone equivalent) by category. (B) Median (Q1–Q3) dose of OCS. (C) Percentage
reduction in dose of OCS fromMIRRA baseline, at exit from the OLE study. *Between the end of the MIRRA treatment period and initiation of OLE,
mepolizumab treatment was discontinued for between 8 weeks and 20 months. †At OLE entry, two patients were classified as receiving OCS
0 mg/day because of a gap in the reporting of concomitant medication data. Both patients were receiving OCS of ≥5 mg/day and met all neces-
sary eligibility criteria for the OLE. ‡Study exit is defined as the latest three-month period before patients either reached study end/completed (coin-
ciding with commercial license of mepolizumab for EGPA in the relevant country) or discontinued treatment early. EGPA, eosinophilic
granulomatosis with polyangiitis; OLE, open-label extension; OCS, oral corticosteroids; Q1, lower quartile; Q3, upper quartile.
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became commercially available, suggesting that long-term IL-5
inhibition by mepolizumab was generally well tolerated and pro-
vided OCS-sparing benefits over several years.

In total the OLE captured 320.5 patient-years of mepolizumab
exposure, nearly five times the patient-years observed in the parent
MIRRA study with an overall safety profile consistent with that seen
in MIRRA,17 and prior studies in HES,28,29 and EGPA,23,25 with no
new safety concerns identified. Previous long-term international
data on the use of mepolizumab beyond one year were available
only for the mepolizumab 100 mg dose for severe asthma
treatment30–35 and for a higher dose (mepolizumab 750 mg) with
variable dosing intervals in patients with HES.36

Of the patients who withdrew from the OLE early, few cases
reported a lack of efficacy (6) or AEs (3) as the primary reason for
early discontinuation, consistent with MIRRA in which only 3% of
68 patients receiving mepolizumab discontinued because of
AEs.17 The more commonly observed AEs in the OLE were con-
sistent with typical manifestations of EGPA observed in other
studies, with worsening asthma being the most common SAE
and nasopharyngitis, upper respiratory tract infection, sinusitis,
arthralgia, and headache among the most common AEs.3–
5,7,17,19,22 Systemic reactions and local injection site reactions
were similar to those observed in MIRRA, with no anaphylaxis
reported. Four patients reported malignancies during the OLE
(two reported as treatment related by the investigator), which
was similar to that reported in the long-term, real-world MARS
study in Japan (six AEs of malignant tumors).23

As higher cumulative OCS exposure is associated with
increased risk of AEs,13,37 minimizing OCS use is an important
treatment goal.1,38 In the OLE study, the median daily dose of
OCS was reduced from 10 mg/day at baseline to 5 mg/day at
study exit. In MIRRA, 54% of mepolizumab-treated patients were
on a dose of OCS ≤7.5 mg/day at weeks 36 and 48. The OLE
permitted even greater OCS reductions, with 68% of patients
receiving ≤7.5 mg/day, 43% on OCS ≤4mg/day, and 28% having
discontinued OCS at study exit.

The long-term OCS-sparing effects of mepolizumab for
patients with EGPA were demonstrated in real-world
studies,22,23,26,27 including the MARS study in which 36% of
patients discontinued OCS after a minimum 192 weeks of
mepolizumab treatment.23 It is likely that benefits of mepolizumab
accrue over time, with 31% of patients being OCS free for three
months or longer during the OLE, an increase from 25% of
patients treated with mepolizumab in MIRRA who accrued any
OCS-free weeks.18 At an individual level, many patients experi-
enced durable reductions in OCS use lasting from months to
years, a clinically meaningful outcome from long-term
mepolizumab use.

OCS-tapering in the OLE was reflective of real-world clinical
practice. Efforts to reduce OCS at expert sites, before approval
of mepolizumab by the US Food and Drug Administration, reflects
strong motivation by both patients and clinicians. Notably, the

OCS reductions occurred even in the context of imperfect adher-
ence (one or more doses of mepolizumab missed) as would be
expected in real-world practice.

There are several limitations of the current study, including
the fact this was an open-label, nonrandomized, single-arm
study with no comparator group, and variable length of follow-
up, and there was no defined OCS-tapering protocol. Data on
concomitant medications beyond OCS such as immunosup-
pressive, cytotoxic, or inhaled or topical therapies (such as for
asthma or sinus disease) were not collected, nor were data on
blood eosinophil counts, sequelae such as relapses of EGPA,
remission status, Birmingham vasculitis activity scores, or organ
manifestations. AEs were collected via a prespecified strategy
on standardized electronic case report forms but were not adju-
dicated. As an extension from MIRRA, there is the potential that
this study reflects a population that is more likely to tolerate and
respond well to mepolizumab; however, only two (3%) patients
treated with mepolizumab in MIRRA experienced treatment-
limiting AEs, and most patients chose to continue in the
OLE.17 Finally, 38% of patients missed at least one dose of
mepolizumab and 17% missed up to three doses, which may
have led to an underestimation of the OCS-sparing benefit of
mepolizumab.

This OLE study, the first long-term prospective, international
study for patients with EGPA treated with mepolizumab 300 mg
subcutaneously (SC), extends and expands on previous long-
term follow-up data with mepolizumab 300 mg SC. Incorporating
AEs, exposure data, and OCS reduction, these results support a
positive long-term safety profile as well as sustained efficacy of
prolonged use of mepolizumab in the treatment of EGPA. Studies
are needed to examine the ability of mepolizumab to help achieve
reduction of other immunosuppressive drugs, prevent organ
damage associated with long-term OCS use, and allow patients
to achieve complete remission.
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Antifibrotic effects of specific targeting of the
5-hydroxytryptamine 2B receptor (5-HT2BR) in murine
models and ex vivo models of scleroderma skin

Thuong Trinh-Minh,1 Cuong Tran-Manh,1 Andrea-Hermina Györfi,1 Nicholas Dickel,2 Christoph Liebel,1

Xiang Zhou,1 Jiucun Wang,3 Meik Kunz,2 Helena Arozenius,4 Lars Pettersson,4 Sam Lindgren,4

Christina Wenglén,4 and Jörg H. W. Distler1

Objective. Systemic sclerosis (SSc) is a connective tissue disease with fibrotic remodeling of the skin and various
internal organs. SSc is associated with the highest case-specific mortality of all rheumatic autoimmune diseases with
limited antifibrotic treatment options. Here, we evaluated the therapeutic effects of the highly selective
5-hydroxytryptamine 2B receptor (5-HT2BR) inhibitor AM1476.

Methods. The antifibrotic effects of AM1476 were evaluated in the mouse models of bleomycin-induced pulmonary
fibrosis in Tsk-1 mice and in mice with sclerodermatous chronic graft-versus-host disease. For further validation, the
antifibrotic effects of AM1476 were analyzed in precision cut skin (PCS) slices from patients with SSc.

Results. AM1476 demonstrated high selectivity for 5-HT2BR over more than 200 other receptors, including other
5-HT receptors in vitro. AM1476 reduced accumulation of hydroxyproline and fibrotic tissue remodeling of skin and/or
lungs in all three mouse models at well-tolerated doses with a comparable efficacy to that of nintedanib. In PCS of SSc
skin, treatment with AM1476 reduced the expression of SSc-specific signature genes. AM1476 demonstrated more
pronounced regulation of terms related to fibroblast activation and fibrotic remodeling than mycophenolate mofetil.

Conclusion. We describe AM1476 as a highly selective inhibitor of 5-HT2BR. Treatment with AM1476 ameliorated
fibrosis in three mouse models of SSc and normalized the expression of fibrosis-related genes directly in SSc skin.
Because AM1476 also demonstrated good tolerability in a phase 1 trial, further clinical trials with AM1476 are currently
in the planning stage.

INTRODUCTION

Fibrosis describes the excessive deposition of extracellular

matrix in a tissue.1 Aberrant fibrotic remodeling commonly

induces organ dysfunction or failure. Fibrosis is one of today’s

major health care challenges. Fibrotic tissue remodeling accounts

for up to 40% of the deaths in industrialized countries and results

in socioeconomic costs of dozens of billions of euros per year to

date.2 Moreover, the global incidence of fibrosis and the associ-

ated health care burden are further increasing.3 Systemic
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sclerosis (SSc) is an idiopathic systemic fibrotic disease of the skin
and multiple internal organs and is associated with the highest
case-specific mortality of all autoimmune rheumatic diseases,
with half of the patients dying as a direct consequence of the dis-
ease.4 Despite considerable efforts, only a few antifibrotic thera-
pies are approved for clinical use, generating a great need for
novel effective antifibrotic therapies.

Myofibroblasts are activated fibroblasts that express con-
tractile proteins and release abundant amounts of collagen and
other components of the extracellular matrix. Although these cells
are considered as core effector cells of all fibrotic diseases, the
mechanisms that lead to their accumulation in fibrotic tissues
remain incompletely understood. However, one recently identified
mechanism is the activation of the 5-hydroxytryptamine 2B
receptor (5-HT2BR) by serotonin released from platelets at sites
of vascular damage in SSc.5 In addition to fibroblast modulation,
5-HT regulates macrophage plasticity, and activation of the
5-HT2BR promotes profibrotic alternatively activated M2 macro-
phages (AAMs), a rich source of transforming growth factor
β (TGFβ).6 However, clinical translation of these findings has been
hindered by the lack of highly selective, peripherally acting inhibi-
tors of 5-HT2BR with sufficient pharmacokinetics for clinical use.

We describe here the development and antifibrotic effects of a
novel 5-HT2BR inhibitor intended for oral treatment in humans.
AM1476 (AnaMar AB; Pettersson, L. PCT appl. WO2016/207231)
is an orally bioavailable small molecule targeting the peripheral
5-HT2BR. AM1476 is a potent and competitive 5-HT2BR
antagonist devoid of agonistic activity and highly selective for the
5-HT2BR. AM1476 has a favorable pharmacokinetic profile and has
no preference to distribute to the brain. AM1476 demonstrated anti-
fibrotic effects in different murine models and ameliorated the SSc-
specific gene signature in an ex vivo model of SSc skin.

MATERIALS AND METHODS

Treatment. AM1476 was dissolved in sterile distilled water
for the ex vivo and in vivo experiments. A concentration of 30 μM
was applied for the ex vivo experiment. For the in vivo experi-
ments, 1, 3, or 10 mg/kg was administered orally once or twice
daily.

Receptor binding and functionality profile of the
5-HT2BR antagonist AM1476. The binding profile of AM1476
was evaluated for binding to human 5-HT2AR, 5-HT2BR, and
5-HT2CR in radioligand binding assays using Chinese hamster
ovary (CHO-K1) cells overexpressing human receptors (in vitro
assays 271650, 271700, and 271800; Eurofins Panlabs Discov-
ery). AM1476 was evaluated at 0.1, 1, 10, 100, 1,000, and
10,000 nM (5-HT2BR) or at 1, 10, 100, 1,000, and 10,000 nM
(5-HT2AR and 5-HT2CR). Human 5-HT2AR and 5-HT2BR function-
ality was measured with homogeneous time-resolved fluores-
cence quantification of IP1 accumulation in CHO-K1 cells

(in vitro assays 355250 and 355260). Compounds creating a
≥50% inhibition of 5-HT (5 nM) induced fluorescence response
specified receptor antagonist activity. 5-HT2CR functionality was
assessed with [35S] GTPγS for quantification of bound GTPγS.
Compounds creating a ≥50% inhibition of 5-HT (100 nM) induced
[35S] GTPγS binding response specified receptor antagonist
activity (in vitro assay 355200). AM1476 was evaluated at 0.1,
0.3, 1, 3, 10, 30, and 300 nM (5-HT2BR) or 1, 10, 100, 1,000,
and 10,000 nM (5-HT2AR and 5-HT2CR). A nonlinear least
squares regression analysis was used to determine half-maximal
inhibitory concentration (IC50) values. Mouse 5-HT2BR functional-
ity was measured in a calcium influx assay (Charles River) in
CHO-KI cells expressing the mouse 5-HT2BR using a calcium
sensitive dye and a fluorescence imaging plate reader
(FLIPRTETRA) instrument. AM1476 was evaluated at 0.3, 1, 3,
10, 30, 100, 300, and 1,000 nM.

Effects were considered significant if AM1476’s mean value
was three or more SDs above the vehicle control mean in the ago-
nist assay or three or more SDs below the positive control agonist
(5-nM α-methylserotonin) mean in the antagonist assay. AM1476
was screened for selectivity against approximately 200 targets
using a Eurofins Panlabs Spectrum screen panel including enzy-
matic and receptor binding assays. Targets with potential periph-
eral effects to which AM1476 displayed a hit, defined as ≥50%
inhibition at 10 μM, were further evaluated at a lower concentra-
tion and/or in functionality assays at Eurofins Panlabs.

Patients. Ten patients with a diagnosis of SSc according to
the 1980 American College of Rheumatology (ACR) criteria for
SSc7 and the 2013 EULAR/ACR classification criteria8 provided
informed written consent to participate in the study and were
included. Only patients over 18 years of age were included in the
study. One patient with SSc, who developed symptoms of myosi-
tis on clinical follow-up and was diagnosed with an overlap syn-
drome of SSc and dermatomyositis, was excluded from the
analysis. The study was approved by the ethical committee of
Friedrich-Alexander University Erlangen-Nürnberg and of the
Heinrich Heine University Düsseldorf (applications 30-19B,
98-18B, and 2022-2158). Human studies were performed in
compliance with the relevant ethical regulations. Patient demo-
graphics and clinical characteristics are provided in Supplemen-
tary Table S1.

Mouse models. Experimental sclerodermatous chronic
graft-versus-host disease. The B10.D2!BALB/c (H-2d) minor
histocompatibility antigen–mismatched model was performed as
described.9,10 Briefly, female BALB/c (H-2d) mice were pur-
chased from Janvier. Male B10.D2 (H-2d) mice were initially
purchased from Jackson Laboratory. All mice were maintained
in specific pathogen-free conditions with sterile pellet food and
water and a normal day–night cycle. For isolation of unfractio-
nated bone marrow cells, tibial and femoral bones were
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prepared under sterile conditions. Phosphate buffered saline
(PBS) was used to flush bone marrow cells from bone marrow
cavities. Subsequently, bone marrow cells were filtered through
70-μm nylon meshes (BD Biosciences), followed by erythrocyte
hemolysis. The remaining bone marrow cells were kept on ice
until transplantation. Transplantation of bone marrow cells and
splenocytes was performed as follows: Recipient mice (BALB/c
[H-2d]) eight weeks of age received total body irradiation with
750 cGy. Six hours after irradiation, all BALB/c (H-2d) recipients
received bone marrow from either BALB/c (H-2d) in a syngeneic
transplantation manner or B10.D2 (H-2d) in an allogeneic trans-
plantation manner. For transplantation, 5 × 106 splenocytes and
2 × 106 bone marrow cells from donor mice were resuspended
in 0.2 mL of PBS and injected via tail veins.9,10 To reflect the clin-
ical situation with treatment initiation upon clinical signs of
chronic graft-versus-host disease (cGvHD), treatment was
started 21 days after bone marrow transplantation (BMT) and
thus after the first clinically detectable manifestations of cGvHD
in allogeneically transplanted mice. The outcome of treatment
was analyzed seven weeks after transplantation. Eight mice per
group were analyzed.

Tsk-1 mouse model. In the murine Tsk-1 model of SSc, a
dominant mutation in the fibrillin 1 gene leads to an SSc-like dis-
ease, with minor inflammatory infiltrates, autoantibody produc-
tion, and fibrosis of the skin. This model reflects the later stages
of SSc characterized by noninflammatory self-sustaining fibrosis.
Eight to 12 mice per group were analyzed. Treatment was initi-
ated at an age of five weeks, and the outcome was analyzed at
an age of 10 weeks.11

Bleomycin-induced pulmonary fibrosis. Pulmonary fibrosis
was induced by a single intratracheal instillation of bleomycin
(25 μg in 50 μL of 0.9% NaCl).12 Treatment was initiated at two
weeks after the first injection of bleomycin. AM1476 was adminis-
tered orally at 1, 3, or 10 mg/kg once daily. Solvent (double-
distilled water) was used as a control, and nintedanib at 30 mg/kg
orally every day (qd) was included as a comparator. The outcome
was analyzed at two and four weeks after the first injection of
bleomycin. Mice injected with 0.9% NaCl, the vehicle of bleomy-
cin, served as nonfibrotic controls. Eight mice per group were
analyzed.

General monitoring of mice. Mice were monitored clinically
on a daily basis for behavior, activity, texture of the fur, weight,
and consistency of the stool.13 After the mice were killed, a gross
macroscopic evaluation of the lungs and the skin was performed.

Clinical scoring of cutaneous cGvHD. Recipient mice were
clinically monitored on a daily basis from the day of transplantation
to the indicated days after transplantation to determine the inci-
dence and severity of cutaneous cGvHD as well as mobility, diar-
rhea, and weight loss.10,14 The following scoring system for
cutaneous cGvHD was used: healthy appearance = 0; skin
lesions with alopecia <1 cm2 in area = 1; skin lesions with alopecia

1 to 2 cm2 in area = 2; and skin lesions with alopecia >2 cm2 in
area = 3. Incidence was expressed as the percentage of mice that
showed clinical manifestations.

Histologic evaluation of dermal and pulmonary
fibrosis. Skin samples were fixed in 4% formalin for six hours
and embedded in paraffin. Five-micrometer sections were cut
and stained with hematoxylin and eosin (H&E). The dermal thick-
ness was quantified on H&E-stained sections using images cap-
tured with a light microscope (Nikon eclipse 80i) at 100-fold
magnification by manually measuring the distance between the
epidermal-dermal junction and the dermal-subcutaneous fat
junction at four sites per mouse.15,16 For lung samples, the whole
left lung was fixed in 4% formalin for six hours and embedded in
paraffin. Five-micrometer sections were cut and stained with tri-
chrome and sirius red. Histologic readouts were evaluation of
the fibrotic area as the percentage of the total lung area in sirius
red–stained sections (two sections per mouse) and quantification
of pulmonary changes using the Ashcroft score (four sections per
mouse).17,18

Hydroxyproline assay. The amount of collagen protein in
skin and lung samples was determined by hydroxyproline
assay.19,20 After digestion in 6 M HCl for three hours at 120�C,
the pH of the samples was adjusted to a pH range of 6–7 with
6 M NaOH. Afterward, 0.06 M chloramine T was added to each
sample and incubated for 20 minutes at room temperature. Next,
3.15 M perchloric acid and 20% p-dimethylaminobenzaldehyde
were added, and samples were incubated for an additional
20 minutes at 60�C. The absorbance was determined at 557 nm
with a Spectra MAX 190 microplate spectrophotometer. Absolute
values were determined using a standard curved generated with
type I collagen (Sigma-Aldrich).

Detection of myofibroblasts. Myofibroblasts are char-
acterized by the expression of α-smooth muscle actin (α-SMA).
Fibroblasts positive for α-SMA were detected by immunohisto-
chemistry staining with monoclonal anti–α-SMA antibodies
(clone 1A4, Sigma-Aldrich). The expression was visualized with
horseradish peroxidase–labeled secondary antibodies and
3,3-diaminobenzidine tetra hydrochloride (Sigma-Aldrich). Mono-
clonal mouse IgG antibodies (Calbiochem) were used as controls.
Images of sections stained for α-SMA were captured on a light
microscope (Nikon eclipse 80i). The myofibroblast number was
manually evaluated at four different areas at 200-fold magnifica-
tion. Myofibroblasts were defined as α-SMA positive, single, and
spindle-shaped cells in the dermis.5,21

Immunofluorescence staining. Immunofluorescence
staining was performed as described previously.22 AAMs are
defined as cells positively stained for anti-cMAF antibody
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(PA5-23179, Thermo Scientific, 1:100 dilution), anti-arginase anti-
body (ab60176, Abcam, 1:100 dilution), and anti-F4/80 antibody
(MCA497G, Bio-rad, 1:100 dilution). Donkey anti-rat Alexa Fluor
488, donkey anti-goat Alexa Fluor 555, and donkey anti-rabbit
Alexa Fluor 647 (Life Technologies) were used as secondary anti-
bodies for AAM staining. Counter staining was performed with the
DNA dye DAPI (Santa Cruz Biotechnology). The analysis of AAM
cells was performed by an experienced reviewer in a blinded
manner in three sections per sample.

The staining of skin sections was performed by using the
antibodies against CCL2 (LS-C169178-100, LSBio, 1:100 dilu-
tion), CCL5 (MAB478-100, Biotechne, 1:100 dilution), CCL18
(22303-1-AP, Proteintech, 1:100 dilution), PAI-1 (66261-1-Ig,
Proteintech, 1:100 dilution), P-STAT3 (MA5-15193, Thermo
Scientific, 1:100 dilution), MAOB (12602-1-AP, Proteintech,
1:100 dilution), or SLC6A4 (LS-C154958-100, LSBio, 1:100
dilution). Donkey anti-mouse or anti-rabbit Alexa Fluor
488 was used as secondary antibodies. Counter staining was
performed with the DNA dye DAPI (Santa Cruz Biotechnology).
The analysis of target average intensity was performed by an
experienced researcher in a blinded manner in two sections
per sample.

RNA sequencing and bioinformatics analysis of
murine and human skin. Total RNA from the cGvHD mouse
model and from human precision cut skin (PCS) slices was
extracted using the Qiagen total RNA kit according to the instruc-
tions of the manufacturer. RNA sequencing (RNASeq) was per-
formed by Novogene on an Illumina NovaSeq platform using a
paired-end 150-bp sequencing strategy. Raw paired-end reads
were mapped to the reference genome of Homo sapiens
(GRCh38) and Mus musculus (GRCm38, mm10) using STAR
aligner (version 2.0.2). The sorted bam files were processed by
featureCounts to obtain a count matrix. Principal component
analysis was performed using the ggplot2 package (version
3.4.0) to determine the potential outliers among samples in each
batch. After quality control, a differential gene expression analysis
was performed using edgeR (version 3.38.4), in which a normali-
zation method Trimmed Mean of M-values was applied. A thresh-
old of adjusted P ≤ 0.05 and jlog2 fold change (log2FC)j ≥ 1 was
used to identify the statistically significantly differentially expressed
genes (DEGs). The results were visualized as a volcano plot using
the ggplot2 package (version 3.4.0) according to the log2FC and
–log10 adjusted P value of DEGs. Hierarchical cluster analyses
were performed using the pheatmap package (version 1.0.12). A
functional overrepresentation analysis was performed using clus-
terProfiler (version 4.4.4), and results were depicted in a dot plot.
A gene set enrichment analysis (GSEA) on normalized gene
counts was performed using the fgsea package (version 1.22.0),
in which the collected gene sets of c2-KEGG from the Molecular
Signatures Database (MSigDB) were used. Analysis was per-
formed in R (version 4.2.1).

Pharmacokinetic study of AM1476. A pharmacokinetic
study of AM1476 was performed using the cGvHD model
described previously. After repeated oral administration for
28 days, whole blood was collected from each treatment group
15minutes, 30 minutes, and 1, 2, 4, 6, 8, and 24 hours after a final
morning dose (two animals were used for each time point), and
plasma was separated from blood within 30 minutes. The
plasma concentration of AM1476 was measured by a Waters
TQ-S triple quadrupole Mass Spectrometer system coupled with
Acquity UPLC (Admescope).

PCS slices of SSc skin. Freshly taken skin punches (diame-
ter of 3 mm) of 10 patients with SSc were embedded in 3% low
melting agarose (#16520100, Thermo Fisher Scientific). Cylindri-
cal cores of solidified agarose containing the skin punch were
generated, and consecutive PCS slices with a thickness of
230 μm containing epidermis, dermis, and hypodermis layers
were generated using an Alabama R&D Tissue Slicer (Alabama
Research and Development). PCS slices were subsequently
transferred into 24-well plates filled with prewarmed minimum
essential media (Life Technologies) containing 11.34 mM glucose
(Komtur Pharmaceuticals), 26 mM NaHCO3 (Sigma-Aldrich),
25 mM HEPES, 1 mM sodium pyruvate, 2 mM GlutaMax (all
Gibco), penicillin/streptomycin, and amphotericin (both Sigma-
Aldrich) at 37�C, 5% CO2, and atmospheric O2. After 12 hours,
PCS slices were incubated with AM1476 (30 μM), mycophenolate
mofetil (1 μM), or vehicle (medium) for 48 hours. Afterward, PCS
slices were collected in RNAlater (#AM7020, Thermo Fisher) and
stored at −80�C until RNA isolation was performed.

Statistics. All non–RNASeq data are presented as mean ±
SEM, with individual values displayed as dots. Differences
between the groups were tested for their statistical significance
by one-way analysis of variance. P values less than 0.05 were
considered significant.

Data availability. All data generated or analyzed during
this study are included in this article (and its supplementary files).
Additional supporting information or raw data are available from
the corresponding author upon request.

RESULTS

Characterization of AM1476 as a selective inhibitor
of 5-HT2BR. The 5-HT2 receptor binding affinity and functionality
for AM1476 AnaMar AB; PCT appl. WO2016/207231) was
evaluated in vitro by Eurofins Panlabs using CHO-K1 cells that
stably express human recombinant 5-HT2AR, 5-HT2BR, or
5-HT2CR. Receptor studies showed that AM1476 binds to the
human 5-HT2BR with an inhibition constant (Ki) of 6.0 nM, (Ki of
800 nM for 5-HT2AR and 60 nM for 5-HT2CR). AM1476 strongly
antagonizes the 5-HT2BR with a half-maximal IC50 of 5.8 nM
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(Figure 1A) but showed only low activity at the 5-HT2AR (IC50 >
10,000 nM) and 5-HT2CR (IC50 = 3100 nM) (Supplementary
Table S2). The AM1476 IC50 value to mouse 5-HT2BR was 11.5
nM (Figure 1B). Testing of approximately 200 other targets,
including several members of the 5-HT receptor family, demon-
strated no binding to the majority of targets (defined as <50% inhi-
bition at 10 μM). Targets with potential peripheral effects to which
AM1476 displayed a hit (defined as ≥50% inhibition at 10 μM)
were further evaluated at a lower concentration (Supplementary
Table S3) or in functionality assays (Supplementary Table S4).
No interactions at clinically relevant concentrations were
detected, thereby confirming the high selectivity of AM1476 to
the 5-HT2BR (Supplementary Tables S3 and S4).

Inhibition of 5-HT2BR ameliorates dermal fibrosis in
murine cGvHD and tight skin models. We next aimed to
evaluate the effects of AM1476 in mouse models of SSc
(Figure 2A). We chose the cGvHD model because of its rapidly
progressive and systemic fibrotic remodeling, which includes the
skin and lungs as major tissues evaluated in clinical trials of SSc.
Allogeneic BMT induced progressive weight loss, with a signifi-
cantly lower mean body weight in allogeneically transplanted,
vehicle-treated mice compared to syngeneic controls 49 days
after BMT (Supplementary Figure 1). The composite score of
cutaneous cGvHD progressively increased in vehicle-treated,
allogeneically transplanted mice after BMT compared to synge-
neic controls (Figure 2B). Moreover, allogeneic transplantation
induced prominent skin fibrosis with increased dermal thickness,
up-regulated the hydroxyproline content, and induced the accu-
mulation of myofibroblasts (Figure 2C and D). Dermal thickness,
hydroxyproline content, and myofibroblasts numbers increased

over time, with higher levels at seven weeks after BMT as com-
pared to three weeks after BMT (Figure 2D).

Treatment with all three doses of AM1476 was well tolerated
without obvious signs of toxicity on clinical examination, on gross
necropsy, or on histology at any dose. Treatment with AM1476
started at day 21 after BMT demonstrated antifibrotic effects on
cGvHD-induced skin fibrosis and reduced dermal thickening,
accumulation of hydroxyproline, and myofibroblast differentiation
as compared to vehicle-treated mice observed for seven weeks
after BMT (Figure 2C). The antifibrotic effects of doses of 10mg/kg
twice a day (bid) and 10 mg/kg qd were comparable to each
other, and both were more pronounced than with 1 mg/kg bid.
Myofibroblast counts of mice treated with all three doses were
significantly lower than that of mice killed three weeks after BMT
(Figure 2D). A significant reduction compared to mice killed after
three weeks was also observed for the hydroxyproline content in
mice treated with doses of 10 mg/kg qd (Figure 2D).

In the murine Tsk-1 model of SSc, a dominant mutation in the
fibrillin 1 gene leads to skin fibrosis. This model resembles fea-
tures of later stages of SSc without major inflammatory infiltrates
in the skin, where fibrotic remodeling is mainly driven by endoge-
nously active fibroblasts. Tsk-1 mice do not show major changes
in the thickness of the dermal layer, but extracellular matrix (ECM)
accumulates in the hypodermis. Tsk-1 mice developed prominent
skin fibrosis with hypodermal thickening, myofibroblast differenti-
ation, and increased hydroxyproline content that progressed
between ages 5 and 10 weeks. All three doses of AM1476
reduced hypodermal thickening, myofibroblast counts, and
hydroxyproline content compared to vehicle-treated 10-week-
old Tsk-1 mice (Figure 2E–G). The hypodermal thickness and
the hydroxyproline content of mice treated with 10 mg/kg qd or
treated with 10 mg/kg bid were comparable to that of five-

Figure 1. Inhibition curves for AM1476 in (A) human and (B) mouse 5-HT2BR functionality assays. 5-HT2BR, 5-hydroxytryptamine 2B receptor;
IC50, inhibitory concentration.
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Figure 2. AM1476 ameliorates fibrosis in experimental cGvHD and Tsk-1-mice. (A–D) cGvHD-induced dermal fibrosis. (A) Schematic illustration
of the experimental design of cGvHD-induced dermal fibrosis. (B) Effects of AM1476 on clinical cutaneous scores in cutaneous cGvHD.
(C) Representative hematoxylin and eosin staining of cGvHD-induced dermal fibrosis. (D) Quantification of dermal thickness, hydroxyproline con-
tent, and myofibroblast counts. (E–G) Skin fibrosis in Tsk-1 mice. (E) Schematic illustration of the experimental outline. (F) Representative hematox-
ylin and eosin staining. (G) Quantification of hypodermal thickness, hydroxyproline content, and myofibroblast counts. All data are presented as
mean ± SEM, with individual values displayed as column plus dots. Differences between the groups were tested for their statistical significance
by one-way analysis of variance with Dunnett’s multiple comparison. Adjusted P values <0.05 were considered significant. Adjusted P values
are expressed as follows: *0.05 > P > 0.01; **0.01 > P > 0.001; ***0.001 > P > 0.0001; ****P < 0.0001 as compared to fibrotic control mice
(allo 7 weeks or Tsk-1 10 weeks). Adjusted P values are expressed as follows: #0.05 > P > 0.01; ##0.01 > P > 0.001; ###0.001 > P > 0.0001;
####P < 0.0001 as compared to baseline fibrotic control mice (allo 3 weeks or Tsk-1 5 weeks). allo, allogeneic; BMT, bone marrow transplantation;
cGvHD, chronic graft-versus-host disease; syn, syngeneic.
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week-old Tsk-1 mice (pretreatment level) (Figure 2F and G).
Plasma concentrations of AM1476 after 28 days of repeated oral
once daily administration in the cGvHD mice were measured. The
results show that the level of systemic exposure of AM1476
exceeded the IC50 of mouse 5-HT2BR antagonistic activity
(Supplementary Figure 2).

AM1476 alleviates pulmonary fibrosis induced by
cGvHD and bleomycin. Allogeneic BMT induced moderate
pulmonary fibrosis, with increases in Ashcroft scores, in the
collagen-covered lung area and in the hydroxyproline content
(Figure 3A and B and Supplementary Figure 3). Treatment with
AM1476 at all three doses reduced the Ashcroft scores, the
collagen-covered lung area, and the hydroxyproline content as
compared to vehicle-treated mice observed for seven weeks after
BMT (Figure 3A and B). Treatment with AM1476 in doses of
10 mg/kg qd reduced the hydroxyproline levels to below those
of mice killed three weeks after BMT, indicative of reversion of col-
lagen accumulation.

We chose bleomycin-induced pulmonary fibrosis as a well-
established model of rapidly progressive and severe pulmonary
fibrosis, in contrast to the mild-to-moderate changes in the lungs
of cGvHD mice. Bleomycin-challenged mice developed promi-
nent pulmonary fibrosis, with increased Ashcroft scores,
increases in the collagen-covered area, and increased hydroxy-
proline content (Figure 3C–E). All doses of AM1476 demonstrated
antifibrotic effects, with decreases in Ashcroft scores, the
collagen-covered area, and hydroxyproline content as compared
to vehicle-treated, bleomycin-challenged mice (Figure 3D and E).
The antifibrotic effects of AM1476 were comparable to those of
nintedanib, a tyrosine kinase inhibitor approved for the treatment
of progressive pulmonary fibrosis, across the different readouts.

Inhibition of 5-HT2BR regulates core pathways of
fibrosis in murine cGvHD. To obtain insights into the
molecular effects of AM1476, we performed RNASeq. The com-
parison of samples from AM1476-treated mice undergoing allo-
geneic transplantation and vehicle-treated mice undergoing
allogeneic transplantation yielded 260 DEGs, including
171 up-regulated genes and 89 down-regulated genes (adjusted
P ≤ 0.05, jlog2FCj ≥ 1) (Figure 4A).

Functional enrichment via Gene Ontology based on the Bio-
logical Process database demonstrated AM1476-induced
changes in several processes related to tissue remodeling, such
as connective tissue development, extracellular matrix organiza-
tion, and smooth muscle tissue development, or processes
involved in inflammation, such as negative regulation of immune
system process, negative regulation of leukocyte migration,
myeloid cell activation involved in immune response, negative reg-
ulation of leukocyte chemotaxis, negative regulation of mononu-
clear cell migration, and negative regulation of the type I
interferon–mediated signaling pathway (Figures 4B). We found

several well-known fibrotic genes to be down-regulated, including
Shh, Col25a1, and Col11a1, as well as many antifibrotic genes to
be up-regulated, including Dkk2, Ccn3, Fgf18, Hpse2, Cilp, and
Prox1 (Figure 4C). Moreover, many genes involved in inflamma-
tory processes are found significantly regulated by AM1476, such
as Nr1d1, Mmp28, Sox11, Ccn3, Dcst1, and Isg15 (Figure 4D).
AM1476 may also inhibit accumulation of AAMs. Quantifications
of AAM counts in the skin also demonstrated reduction of AAM
accumulation for all three doses, with statistically significant differ-
ences for 10 mg/kg qd and 10 mg/kg bid (Figure 4E).
This effect was not a mere reflection of reduced inflammation
upon AM1476 treatment because none of the concentrations
of AM1476 reduced the number of CD45+ leukocytes
(Supplementary Figure 4).

Evaluation of the effects of AM1476 in PCS slices of
SSc skin. We established precision-cut skin (PCS) slices from
SSc skin biopsies as an ex vivo model system that allows the eval-
uation of treatment responses directly in the pathophysiologically
relevant human target tissue of patients with SSc (Figure 5A).
These PCS slices maintain all relevant cellular players and patho-
physiologic niches of SSc skin, thereby enabling an ex vivo trial
approach for drug testing.23,24 Differential gene expression analy-
sis of SSc-PCS treated with AM1476 (n = 9 patients) compared
with donor-matched PCS treated with the vehicle showed
425 DEGs (P ≤ 0.05, jlog2FCj ≥ 1), 294 of which were up-
regulated and 131 of which were down-regulated (Figure 5B).

A functional overrepresentation analysis of AM1476-DEGs
demonstrated deregulation of several processes related to tissue
remodeling (such as cell adhesion, intermediate filament cytoskel-
eton organization, intermediate filament-based process, negative
regulation of wound healing, integrin activation, mesenchyme
morphogenesis, and negative regulation of myoblast differentia-
tion) and inflammatory responses (such as leukocyte chemotaxis,
myeloid leukocyte migration, mononuclear cell migration, granu-
locyte chemotaxis, neutrophil chemotaxis, and lymphocyte che-
motaxis) (Figures 5C). GSEA results highlighted that AM1476
negatively regulated GvHD and induced the peroxisome
proliferator–activated receptor signaling pathway,” which is a
well-known antifibrotic signaling pathway (Figure 5D). A direct
comparison of AM1476 and mycophenolate mofetil (MMF)
revealed that AM1476 regulated more terms related to tissue
remodeling than MMF (Figure 5E). MMF is recommended for the
treatment of dermal and pulmonary fibrosis in SSc and is the most
widely used immunomodulatory treatment used in patients with
SSc. Of note, AM1476 and MMF both modulated terms related
to various immune cell types, including myeloid leukocytes, gran-
ulocytes, and mononuclear cells for AM1476 and T cells, natural
killer cells, myeloid leukocytes, and neutrophils for MMF
(Figure 5E). These findings suggest that although AM1476 shares
some similarities with MMF in regulation of immune responses, it
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Figure 3. Inhibition of 5-HT2BR by AM1476 ameliorates cGvHD- and bleomycin-induced pulmonary fibrosis. (A and B) cGvHD-induced pulmo-
nary fibrosis. (A) Representative trichrome staining in lungs from cGvHD-induced dermal fibrosis experiment and (B) quantifications of collagen-
covered area (sirius red staining), hydroxyproline content, and Ashcroft score. (C–E) Bleomycin-induced pulmonary fibrosis: (C) Schematic illustration
of the experimental design of bleomycin-induced pulmonary fibrosis. (D) Representative sirius red staining from lung sections. (E) Quantification of
collagen-covered area (sirius red staining), hydroxyproline content, and Ashcroft scores. All data are presented as mean ± SEM, with individual values
displayed as column plus dots. Differences between the groups were tested for their statistical significance by one-way analysis of variance with Dun-
nett’s multiple comparison. Adjusted P values are expressed as follows: *0.05 > P > 0.01; **0.01 > P > 0.001; ***0.001 > P > 0.0001; ****P < 0.0001
as compared to fibrotic control mice (allo 7 weeks or Bleo i.t.). Adjusted P values are expressed as follows: #0.05 > P > 0.01; ##0.01 > P > 0.001;
###0.001 > P > 0.0001; ####P < 0.0001 as compared to baseline fibrotic control mice (allo 3 weeks). 5-HT2BR, 5-hydroxytryptamine 2B receptor; allo,
allogeneic; Bleo i.t., bleomycin intratracheal injection; cGvHD, chronic graft-versus-host disease; syn, syngeneic. Color figure can be viewed in the
online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43151/abstract.
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Figure 4. AM1476 ameliorates profibrotic transcriptional programs and alternative macrophage activation in cGvHD skin. (A) Volcano plot of the
comparison of vehicle-treated allogeneic mice (n = 4) with allogeneic mice treated with AM1476 at 10 mg/kg once daily (n = 5). (B) Functional over-
representation analysis of AM1476-allo-DEGs based on the GO-BP database showing deregulation of several gene sets related to extracellular
matrix remodeling and activation of innate immunity upon treatment with AM1476. (C) Heatmap showing significant signature genes of GO-BP
enrichment terms related to fibrosis and tissue remodeling. (D) Heatmap showing significant signature genes of GO-BP enrichment terms related
to immune response. (E) Bar graphs with dots show quantification of the number of activated M2 macrophages in allo mice treated with different
concentrations of AM1476. All data are presented as mean ± SEM, with individual values displayed as column plus dots. Differences between the
groups were tested for their statistical significance by one-way analysis of variance with Dunnett’s multiple comparison. Adjusted P values <0.05
were considered significant. Adjusted P values are expressed as follows: *0.05 > P > 0.01; **0.01 > P > 0.001; ***0.001 > P > 0.0001; ****P <
0.0001 as compared to fibrotic control mice. allo, allogeneic; cGvHD, chronic graft-versus-host disease; DEGs, differentially expressed genes;
GO-BP, Gene Ontology Biological Process. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/
doi/10.1002/art.43151/abstract.
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Figure 5. Inhibition of 5-HT2BR by AM1476 modulates inflammation and fibrosis-related transcriptional responses in SSc skin. (A) Schematic
visualization of the experiment. (B) Volcano plot illustrating AM1476-DEGs (down-regulated genes in dark blue and up-regulated genes in red)
representing 5-HT2BR inhibitor (AM1476, 30 μM)–treated SSc-PCS compared to control SSc-PCS treated with vehicle. (C) Bubble plot of the
functional overrepresentation analysis of AM1476-DEGs showing terms related to tissue remodeling and immune response. (D) GSEA of the
AM1476-DEGs showing enrichment of the gene set “PPAR_signaling_pathway” and de-enrichment of the gene set “graft_versus_host_disease.”
(E) Bubble plot presenting the comparison of the functional overrepresentation analysis between AM1476:GOBP and MMF:GOBP showing terms
related to tissue remodeling and immune response. 5-HT2BR, 5-hydroxytryptamine 2B receptor; DEGs, differentially expressed genes; GOBP,
Gene Ontology Biological Process; GSEA, gene set enrichment analysis; MMF, mycophenolate mofetil; PCS, precision cut skin; PPAR, peroxi-
some proliferator–activated receptor; RNAseq, RNA sequencing; SSc, systemic sclerosis. Color figure can be viewed in the online issue, which
is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43151/abstract.
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exerts a more pronounced effect on fibrosis-related terms than
MMF in PCS slices of SSc skin.

Integration of RNASeq data from SSc-PCS and murine
cGvHD models, both treated with AM1476, identified
up-regulation of MAOB and SLC6A4 (Supplementary Figure 5).
These findings suggest reduced 5-HT availability in fibrotic tissues
treated with AM1476, providing a novel mechanism by which
5-HT2BR inhibition using AM1476 exerts antifibrotic effects. RNA-
Seq data showed consistent up-regulation of matrix
metalloproteinases across both models, suggesting a role in
ECM degradation (Supplementary Figure 6A). Additionally,
AM1476 down-regulated WNT5A and WNT10B, two crucial pro-
fibrotic cytokines known to promote fibroblast activation and
ECM production in tissue fibrosis,14,25–29 while up-regulating WNT
antagonists (DKK1, SFRP1/2),21,29,30 indicating suppression of
WNT signaling (Supplementary Figure 6B). AM1476 also reduced
proinflammatory chemokines (eg, CCL2, CCL5, and CCL18)31–35

and interleukin-1 family members36–39 (Supplementary Figure 6C).
Finally, AM1476 reduced the levels of P-STAT3 and PAI-1, both
downstream targets of TGFβ in SSc. Immunofluorescence staining
validated the RNASeq findings, showing consistent changes in
MAOB and SLC6A4 (markers of 5-HT metabolism), CCL2, CCL5,
and CCL18 (inflammatory chemokines), as well as PAI-140–42 and
P-STAT3 (TGFβ signaling targets)15,20,23,41,43,44 (Figure 6A–D and
Supplementary Figure 7). These integrated results demonstrate
the robust and multifaceted antifibrotic mechanisms of AM1476.

Safety and tolerability of AM1476 in a phase 1
clinical trial. These findings prompted us to perform a
phase 1 clinical trial investigating safety, tolerability, and the phar-
macokinetic profile of AM1476 in healthy individuals (ClinicalTrials.
gov identifier NCT04691115). AM1476 was well tolerated, most
of the adverse events were mild in severity, and no serious
adverse events were reported. An excerpt of the summary of
adverse events is found in Supplementary Table S5. Following
single and multiple oral administration of AM1476 in the fasted
state, AM1476 was rapidly absorbed, and steady state was
achieved by day two of the multiple-dose period. The anticipated
clinical efficacy exposure was well covered by investigated doses.

DISCUSSION

We describe herein the pharmacological development of the
novel 5-HT2BR inhibitor AM1476 and its effects in preclinical and
ex vivo models of SSc. AM1476 overcomes several limitations of
previously described 5-HT2BR inhibitors by showing high
5-HT2BR potency with no agonism and with excellent selectivity
as well as favorable pharmacokinetic properties. In addition, the
low preference of AM1476 to distribute to the brain makes it suit-
able for chronic treatment, devoid of central nervous system–

related side effects.

AM1476 demonstrated potent antifibrotic effects across dif-
ferent preclinical models of SSc. AM1476 reduced fibrotic tissue
remodeling in three complementary mouse models of SSc,
bleomycin-induced pulmonary fibrosis, Tsk-1, and cGvHD, which
model different aspects of the pathogenesis of SSc and may
resemble different subpopulations of patients with SSc.
Bleomycin-induced pulmonary fibrosis mimics patients with
inflammatory, progressive interstitial lung disease in SSc; Tsk-1
mice resemble patients with noninflammatory, wide-spread skin
disease; and cGvHD mice represent early inflammatory SSc with
rapid progression of skin and lung disease. AM1476 reduced
myofibroblast differentiation, reduced collagen deposition, and
ameliorated dermal and pulmonary fibrosis, respectively, across
the different models at well-tolerated doses. Of note, AM1476
was dosed in a therapeutic manner in all mouse models, with
treatment initiation only after fibrosis had already been estab-
lished. Moreover, we demonstrate therapeutic effects of
AM1476 in PCS slices from patients with SSc. PCS slices offer
potential to evaluate therapeutic effects of drug candidates in an
ex vivo trial approach, with evaluation of drug candidates directly
in patient-derived target tissues with all relevant cellular players
and pathogenic tissue niches. AM1476 ameliorated the SSc-
specific gene expression profile and regulated numerous genes
and functional processes relevant for the pathogenesis of SSc.
Of note, AM1476 regulated more terms related to tissue remodel-
ing in PCS slices than MMF used as an active comparator and
representative for the current standard of care. These data high-
light antifibrotic effects of AM1476 across different tissues and
species.

Our study also reveals that the potent antifibrotic effects of
AM1476 might be mediated by a combination of different mecha-
nisms. (1) AM1476 inhibits fibroblast activation in SSc: 5-HT is
released from platelets upon activation at sites of vascular dam-
age in SSc. 5-HT binds to 5-HT2BR to activate fibroblasts and
stimulate collagen release to promote progression of fibrosis.
Blockade of 5-HT2BR by AM1476 thus interrupts the link between
vascular injury and platelet and fibroblast activation to inhibit pro-
gression of tissue fibrosis. (2) AM1476 interferes with the release
of inflammatory mediators such as CCL2, CCL5, CCL18,
CCL20, IL-36, and IL-1RAP. (3) AM1476 inhibits the
alternative activation of macrophages in experimental fibrosis.
Alternative activation of macrophages is a cardinal feature of
SSc and other fibrotic diseases, and AAMs are considered as
central cellular players in the pathogenesis of fibrotic tissue
remodeling. We demonstrate that AM1476 decreases the num-
ber of AAMs in murine cGvHD and reduces functional terms
related to macrophage activation in PCS slices of SSc skin. These
findings are consistent with previously published results in which
5-HT was shown to skew macrophage polarization toward AAM
through engagement of the 5-HT2BR and 5-HT7 receptor.45

(4) AM1476 inhibits innate inflammatory cells. Using RNASeq of
PCS slices, we highlight for the first time that inhibition of

ANTIFIBROTIC EFFECTS OF 5-HT2BR TARGETING IN PRECLINICAL MODELS OF SSC 1073

http://ClinicalTrials.gov
http://ClinicalTrials.gov


Figure 6. Inhibition of 5-HT2BR by AM1476 modulates the expression of MAOB, SCL6A4, CCL2, CCL5, PAI-1, and P-STAT3 in murine cGvHD
and PCS slices of SSc skin. (A and B) Murine cGvHD model. (A) Representative images of immunofluorescence staining and (B) quantification of
Maob, Slc6a4, Ccl2, CCl5, Pai-1, and P-Stat3 in the skin of syngeneically and allogeneically transplanted mice with or without AM1476 treatment.
All data are presented as mean ± SEM, with individual values displayed as column plus dots. Differences between the groups were tested for their
statistical significance by one-way analysis of variance with Dunnett’s multiple comparison. Adjusted P values less than 0.05 were considered sig-
nificant. Adjusted P values are expressed as follows: *0.05 > P > 0.01; **0.01 > P > 0.001; ***0.001 > P > 0.0001; ****P < 0.0001 as compared to
the control allogenic group. (C and D) PCS slices of SSc skin. (C) Representative immunofluorescence staining images and (D) quantification of
MAOB, SLC6A4, CCL2, CCL18, PAI-1, and P-STAT3 in SSc-PCS with or without AM1476. All data points are presented as individual values dis-
played as dots. Differences between the groups were tested for their statistical significance by two-way analysis of variance with Sidak’s multiple
comparison. Adjusted P values less than 0.05 were considered significant. Adjusted P values are expressed as follows: *0.05 > P > 0.01; **0.01 >
P > 0.001; ***0.001 > P > 0.0001; ****P < 0.0001 as compared to the SSc-PCS control group. 5-HT2BR, 5-hydroxytryptamine 2B receptor;
cGvHD, chronic graft-versus-host disease; PCS, precision cut skin; SSc, systemic sclerosis. Color figure can be viewed in the online issue, which
is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43151/abstract.
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5-HT2BR modulates several functional terms related to activation
of several innate immune cell subsets of the myeloid lineage. The
anti-inflammatory terms partially overlap with those of MMF,
though with more pronounced regulation of myeloid cells and no
major effects on T lymphocytes. Although previous studies sug-
gest a direct effect of 5-HT2BR inhibition on macrophages, further
studies are required to determine whether the effects of AM1476
on other myeloid cells are mediated via direct effects on these
cells or occur indirectly via impaired release of mediators from
fibroblasts and AAM activation. (5) We present first evidence that
treatment with AM1476 up-regulates the messenger RNA levels
of matrix-degrading enzymes, providing evidence that 5-HT2BR
inhibition may promote ECM degradation. However, these results
require confirmation on the protein level and with enzyme activity
assays. (6) Consistent with our previous study, we present evi-
dence that AM1476 inhibits TGFβ signaling with down-regulation
of two downstream targets relevant to the pathogenesis of fibrotic
tissue remodeling: PAI-1 and P-STAT3.15,20,23,41,43

Of note, these preclinical findings may have direct transla-
tional implications. AM1476 demonstrated good safety and toler-
ability in a phase 1 clinical trial. Follow-up trials investigating the
efficacy and tolerability of AM1476 in patients with diffuse cutane-
ous SSc are currently considered.
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Proinflammatory Dietary Pattern and the Risk of Female
Gout: Sex-Specific Findings From Three
Prospective Cohort Studies

Sharan K. Rai,1 Hyon K. Choi,1 Na Lu,2 Chio Yokose,3 Kehuan Lin,4 Dong Hoon Lee,5 Fred K. Tabung,6

and Natalie McCormick1

Objective. We aimed to determine whether a proinflammatory dietary pattern (mechanism-based diet) is associ-
ated with incident female gout in two large cohorts of US women.

Methods. We prospectively observed 79,104 women from the Nurses’ Health Study (1984–2016) and 94,382
women from the Nurses’ Health Study II (1991–2017); 45,445 men from the Health Professionals Follow-up Study
(1986–2016) served as a comparison cohort. Validated food frequency questionnaires were used to calculate Empirical
Dietary Inflammatory Pattern (EDIP) (food-based index predictive of circulating inflammatory biomarkers) scores every
four years. Cox proportional hazards models were used to evaluate multivariable associations between EDIP and inci-
dent, physician-diagnosed gout. We further tested whether these associations were independent of key guideline-
based healthy eating patterns that previously showed beneficial associations with gout (ie, Dietary Approaches to Stop
Hypertension [DASH], Alternative Healthy Eating Index [AHEI]).

Results. We documented 5,425 incident female gout cases over 4,372,243 person-years. EDIP was positively
associated with female gout risk; hazard ratio (HR) (95% confidence interval [CI]) for the most versus least proinflamma-
tory quintile was 2.02 (1.83–2.22). Additional adjustment for body mass index attenuated this association (HR 1.71
[95% CI 1.55–1.88]). Reversing the EDIP score, women in the most anti-inflammatory EDIP quintile had the largest
magnitude of protective association for gout (HR 0.58 [95% CI 0.53–0.65]) compared with HRs for healthiest DASH
(HR 0.80 [95% CI 0.73–0.87]) and AHEI quintiles (HR 0.81 [95% CI 0.74–0.89]). The magnitude of association between
EDIP and male gout was substantially smaller (HR 1.24 [95% CI 1.13–1.37]; P-heterogeneity <0.0001).

Conclusion. These findings support a pivotal role of inflammation as a potential modulator between diet and gout
onset, particularly among women.

INTRODUCTION

Gout is the most common inflammatory arthritis; it affects

more than 41 million adults worldwide,1 and its prevalence is ris-

ing disproportionately among women compared with men.2 Gout

is caused by hyperuricemia, which promotes monosodium urate

(MSU) crystal deposition within the joints and subsequently trig-

gers joint inflammation and damage.3 Multiple shared lifestyle fac-

tors have been identified, although their impacts may differ

between women and men (eg, dietary patterns may play a greater

Supported by the National Institute of Arthritis and Musculoskeletal and
Skin Diseases, NIH (grants P50-AR-060772 and R01-AR-065944). Dr Rai’s work
was supported by a Fellowship Award from the Canadian Institutes of Health
Research. Dr Yokose’s work was supported by the NIH (grant K23-AR-081425).
Dr Lee’s work was supported by the Yonsei University Research Fund of 2024-
22-0093. Dr McCormick’s work was supported by a Career Development
Award from the NIH (award K99-AR-080243). The Nurses’ Health Study,
Nurses’ Health Study II, and Health Professionals Follow-Up study were sup-
ported by the National Cancer Institute, NIH (grants UM1-CA-186107,
U01-CA-176726, and U01-CA-167552).

1Sharan K. Rai, PhD, Hyon K. Choi, MD, DrPH, Natalie McCormick, PhD:
Massachusetts General Hospital, Harvard Medical School, Channing Division
of Network Medicine, and The Mongan Institute, Massachusetts General Hos-
pital, Boston, and Arthritis Research Canada, Vancouver, British Columbia,
Canada; 2Na Lu, MPH: Arthritis Research Canada, Vancouver, British Colum-
bia, Canada; 3Chio Yokose, MD, MS: Massachusetts General Hospital, Harvard

Medical School, and The Mongan Institute, Massachusetts General Hospital,
Boston; 4Kehuan Lin, MS: Harvard T. H. Chan School of Public Health, Boston,
Massachusetts; 5Dong Hoon Lee, ScD: Harvard T. H. Chan School of Public
Health, Boston, Massachusetts, and Yonsei University, Seoul, South Korea;
6Fred K. Tabung, PhD: Harvard T. H. Chan School of Public Health, Boston,
Massachusetts, and The Ohio State University Comprehensive Cancer Center,
Columbus.

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.43127).

Author disclosures and graphical abstract are available at https://
onlinelibrary.wiley.com/doi/10.1002/art.43127.

Address correspondence via email to Natalie McCormick, PhD, at
nmccormick@mgh.harvard.edu.

Submitted for publication October 23, 2024; accepted in revised form
January 7, 2025.

1077

Arthritis & Rheumatology
Vol. 77, No. 8, August 2025, pp 1077–1086
DOI 10.1002/art.43127
© 2025 American College of Rheumatology.

https://orcid.org/0000-0001-7557-3303
https://orcid.org/0000-0002-4147-8348
https://doi.org/10.1002/art.43127
https://doi.org/10.1002/art.43127
https://onlinelibrary.wiley.com/doi/10.1002/art.43127
https://onlinelibrary.wiley.com/doi/10.1002/art.43127
mailto:nmccormick@mgh.harvard.edu


role among women,4 whereas alcohol intake may be a greater
driver among men5). Approximately, only 20% of individuals with
hyperuricemia develop clinically evident gout6; conversely, in
others, MSU crystals may still form without inciting an inflamma-
tory response.7 This suggests that other factors may modify the
inflammatory response to hyperuricemia and MSU crystal
deposition.8

Certain lifestyle factors may promote (or dampen) inflamma-
tion, which may modulate gout pathogenesis. Obesity is associ-
ated with low-grade chronic inflammation9; adiposity is also a
well-established, causal factor for hyperuricemia and gout.10,11

Diet is another major modifiable determinant of many chronic con-
ditions, including gout. Adherence to established healthy eating
patterns such as the Dietary Approaches to Stop Hypertension
(DASH) and the Alternative Healthy Eating Index (AHEI), which
are each associated with lower plasma concentrations of inflam-
matory biomarkers,12–15 is also inversely associated with gout
incidence.16,17 However, neither of these dietary patterns were
derived specifically to predict inflammation, and research on a
proinflammatory dietary pattern and gout remains limited.

The Empirical Dietary Inflammatory Pattern (EDIP) is a
mechanism-based diet developed to reflect the long-term inflam-
matory potential of an individual’s diet18 and is only modestly corre-
lated with conventional healthy eating patterns, including the DASH
diet and AHEI.19 Lower EDIP scores (indicating a more anti-
inflammatory diet) are associated with attenuated weight gain20

and lower risks of multiple diseases commonly associated with
gout, including type 2 diabetes (T2D)19 and cardiovascular disease
(CVD).21 Such a diet may be particularly relevant to gout risk among
women, who experience an elevated prevalence of obesity, T2D,
hypertension, and other cardiometabolic comorbidities compared
with men,22 even when accounting for their average older age
(female gout onset typically follows menopause23). Women with
gout also experience greater pain, disability, and physical dysfunc-
tion than men with gout.24,25 Such health disparities for women
are not unique to gout,26,27 and increasing recognition of this per-
sistent health gap has catalyzed national and global efforts to
improve health equity for women, including the White House Initia-
tive on Women’s Health Research28 and the World Economic
Forum’s Global Alliance for Women’s Health.29

These findings suggest a compelling link between diet,
inflammation, and the risk of gout, particularly among
women.30,31 Using two large prospective cohorts of women, as
well as a comparable cohort of men, we aimed to investigate the
independent association of a proinflammatory dietary pattern with
incident gout.

PATIENTS AND METHODS

Study population. The Nurses’ Health Study (NHS)
enrolled 121,700 female nurses aged 30 to 55 years in 1976,32

the Nurses’ Health Study II (NHSII) enrolled 116,429 female

nurses aged 25 to 42 years in 1989,33 and the Health Profes-
sionals Follow-up Study (HPFS) enrolled 51,529 male health pro-
fessionals aged 40 to 75 years in 1986.34 We included 79,104
women from the NHS, 94,382 women from the NHSII, and
45,445 men from the HPFS, who had complete dietary informa-
tion, plausible energy intake, and were free of gout at baseline
(ie, 1984 for NHS, 1991 for NHSII, and 1986 for HPFS). The study
protocol was approved by the Institutional Review Boards at
Mass General Brigham and the Harvard T. H. Chan School of
Public Health. Completion and return of study questionnaires
implied informed consent.

Dietary assessment. We used a validated semiquantita-
tive food frequency questionnaire (FFQ)35 to collect dietary data
on all the participants’ habitual diets over the previous year at base-
line and every four years thereafter. The EDIP (our primary expo-
sure) was developed in the NHS and validated in the NHSII and
HPFS18 with further external replication in the Women’s Health Ini-
tiative.36 A total of 39 predefined food groups were entered into a
reduced rank regression model to derive a dietary pattern predic-
tive of plasma C-reactive protein (CRP), interleukin-6 (IL-6), and
tumor necrosis factor α receptor 2 (TNFαR2). As such, higher EDIP
scores are indicative of a more proinflammatory dietary pattern.18

Detailed distributions of nutrients and food groups according to
quintiles of baseline EDIP score are shown in Supplementary
Table 1. Briefly, the EDIP is composed of 18 food groups (9 proin-
flammatory and 9 anti-inflammatory). Proinflammatory food groups
included red and processed meats, refined grains, tomatoes, and
sugar-sweetened beverages, whereas anti-inflammatory food
groups included green leafy vegetables, yellow vegetables, fruit
juices, coffee, and tea. We additionally calculated DASH and AHEI
scores for all participants. Further information on construction of
all three diet scores is in the Supplementary Materials.

Covariate assessment. Beginning at baseline, partici-
pants provided information about lifestyle factors, diagnoses,
and medication use on biennial questionnaires (response rate
>90% at each follow-up cycle). We collected data on height and
race at baseline and updated data on body weight, smoking sta-
tus, physical activity, hypertension status, diuretic use, and,
among women only, postmenopausal status and hormone use
over the study follow-up.

Case ascertainment. Incident gout cases were ascer-
tained using biennial questionnaires. Specifically, these cases
were based on the participating health professionals’ reporting
of new-onset, physician-diagnosed gout as done previously in
these cohorts, and date of first occurrence.23,37

Statistical analysis. We calculated person-time for each
participant from the baseline questionnaire return date until date
of gout diagnosis, death, date of the last return of a valid
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questionnaire, or end of the follow-up (ie, June 2016 for the NHS,
June 2017 for the NHSII, and January 2016 for the HPFS)—
whichever occurred first. We divided the EDIP into quintiles (high-
est quintile reflecting most inflammatory diet) to avoid making
assumptions about linearity and reduce the influence of outliers.
Second, we cumulatively averaged each participant’s EDIP score
over the follow-up to better capture habitual long-term dietary
intake and reduce within-person variability. Third, because condi-
tions like diabetes, hypertension, and dyslipidemia are potentially
associated with gout and these diagnoses may prompt a change
in an individual’s diet, we stopped updating EDIP scores after par-
ticipants reported any of these conditions. Finally, we energy-
adjusted all EDIP scores using the residual method.38

We used Cox proportional hazards regression models to
evaluate the association between quintiles of EDIP and inci-
dent gout. We stratified all models by age and calendar time
in two-year intervals. We tested the proportional hazard
assumption by adding an interaction term between each quin-
tile of EDIP and age; no violation was detected (P > 0.05). We
conducted a trend test by modeling the EDIP score as a con-
tinuous variable. In our primary analysis, our multivariable mod-
els were first adjusted for smoking status, diuretic use, physical
activity, history of hypertension, alcohol consumption, race,
and for women, menopausal status and postmenopausal hor-
mone use.17 As done previously,31 we included alcohol intake
as a covariate because of its established positive association
with gout5; beer and wine were identified as anti-inflammatory
components in EDIP, which may bias the associations under
study toward the null without proper adjustment. We further
adjusted for body mass index (BMI) (potential causal intermedi-
ate between EDIP and gout) in a separate model. We con-
ducted a secondary analysis in which we adjusted for either
the DASH or AHEI score to ascertain whether any observed
associations between EDIP and gout were independent of
these healthy eating patterns. We further compared the asso-
ciation between EDIP and gout with the DASH/AHEI and gout
by reversing the EDIP scores so the highest quintiles for all diet
scores were regarded as the healthiest, as done previously.39

Finally, we examined potential joint associations of EDIP with
either the DASH or AHEI.

To further minimize the potential for baseline disease diagno-
ses affecting dietary exposures, we conducted a sensitivity
analysis excluding participants who reported baseline diagno-
ses of T2D, CVD, or cancer, because individuals with these
conditions may be more likely to change their diets in response
to the diagnosis. Finally, we conducted subgroup analyses
according to age, BMI, physical activity level, and alcohol
intake. We evaluated potential effect modification using a Wald
test by including a product term between EDIP and each of the
above stratifying variables.

We conducted all analyses separately by sex and tested for
heterogeneity using a likelihood ratio test. All statistical analyses

were performed with SAS 9.4 for Unix. All tests were 2-sided with
α = 0.05.

RESULTS

Baseline characteristics. In all three cohorts, participants
consuming a more proinflammatory diet tended to have a higher
BMI, exercised less, and were more likely to use diuretics and
have prevalent hypertension (Table 1). These individuals also had
lower DASH and AHEI scores and ate more protein and fat than
those consuming a less inflammatory diet (Table 1 and Supple-
mentary Table 1). The EDIP was moderately inversely associated
with DASH and AHEI scores in the cohort (Spearman correlation
coefficient = −0.35 to −0.21) (Supplementary Table 2).

EDIP and incident gout. We documented 5,425 incident
gout cases among women during 4,372,243 person-years of fol-
low up and 4,453 cases among men during 993,994 person-
years of follow up (Table 2). After multivariable adjustment, a
higher EDIP score was associated with an increased risk of gout
in women and men (both P for trend <0.001) (Table 2). We found
statistically significant heterogeneity between sexes (P for hetero-
geneity < 0.001) but not between the two cohorts of women (P for
heterogeneity = 0.22); therefore, we pooled the two cohorts of
women and presented all final estimates separately for women
and men (estimates according to NHS cohort are available in
Supplementary Table 3). Before BMI adjustment, EDIP was posi-
tively associated with gout, although the magnitude of this associ-
ation was stronger among women. Comparing extreme quintiles,
hazard ratio (HR) (95% confidence interval [CI]) was 2.02 (1.83–
2.22) among women and 1.34 (1.21–1.47) among men
(Table 2). These positive associations became slightly attenuated
after further adjustment for BMI but remained statistically signifi-
cant in both sexes (both P for trend <0.001) (Table 2).

Further adjustment for other healthy eating patterns (ie,
DASH and AHEI) also slightly attenuated the positive association
between EDIP and incident gout, although the results did not
change materially (Table 3). Finally, our results remained robust
in a sensitivity analysis in which we excluded those with major dis-
eases at baseline (Supplementary Tables 4 and 5).

Comparison with other healthy eating patterns.
Figure 1 shows a comparison of EDIP, DASH, and AHEI following
reversal of the EDIP scores; the highest level reflects the healthiest
(most anti-inflammatory) quintile and the lowest (least anti-inflam-
matory) level reflects the referent category. Among women, the
magnitude of association between the most (referent) and least
anti-inflammatory quintiles of EDIP and incident gout was greater
than those between the highest (ie, healthiest) and lowest quin-
tiles of the DASH and AHEI scores and gout. Specifically, com-
paring extreme quintiles of each diet score, women in the most
anti-inflammatory EDIP quintile had a 50% lower risk of gout
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(HR 0.50 [95% CI 0.45–0.55]), compared with a 22% to 25%
lower risk for gout in the healthiest DASH (HR 0.75 [95% CI
0.69–0.83]) and AHEI (HR 0.78 [95% CI 0.71–0.85]) quintiles;
estimates were slightly attenuated following further adjustment
for BMI (HR 0.58 [95% CI 0.53–0.65], 0.80 [0.73–0.87], and
0.81 [0.7–0.89] for EDIP, DASH, and AHEI, respectively)
(Figure 1A). Conversely, among men, we observed similar magni-
tudes of association between EDIP and DASH scores with inci-
dent gout (HRs for extreme quintiles 0.76 [95% CI 0.69–0.84] for
EDIP and 0.74 [0.67–0.81] for DASH); for the AHEI, we observed
an HR of 0.86 (95% CI 0.78–0.95) for extreme quintiles; again, all
three estimates were slightly attenuated after BMI adjustment
(Figure 1B).

Joint associations. The EDIP, DASH, and AHEI scores
were jointly associated with incident gout risk (Figure 2). Among
women, those in the highest risk category (ie, the highest [most
inflammatory] EDIP quintile combined with the lowest [least adher-
ent] DASH or AHEI quintile) had an approximately two-fold risk of
incident gout compared with the lowest-risk category (ie, the low-
est [least inflammatory] EDIP quintile combined with the highest
[most adherent] DASH or AHEI quintile). Comparing these extreme
risk categories among women, the joint HR (95% CI) was 1.83
(1.55–2.16) for EDIP + DASH (Figure 2A) and 2.00 (1.67–2.40) for
EDIP + AHEI (Figure 2B). The corresponding joint HRs (95% CI)
among men were 1.49 (1.24–1.78) for EDIP + DASH (Figure 2C)
and 1.24 (1.04–1.48) for EDIP + AHEI (Figure 2D).

Table 2. Analysis results for incident gout cases among women and men according to quintiles of EDIP score*

Quintile 1
(least inflammatory) Quintile 2 Quintile 3 Quintile 4

Quintile 5
(most inflammatory) P for trend

Women
Number of incident gout cases 677 827 1,022 1,253 1,646
Person-years 874,160 875,089 874,884 874,500 873,610
Incidence rate ratio, (95% CI) 1.00 (ref ) 1.22 (1.10–1.35) 1.51 (1.37–1.67) 1.87 (1.71–2.06) 2.54 (2.32–2.77) <0.001
MV HR (95% CI) 1.00 (ref) 1.26 (1.13–1.39) 1.48 (1.33–1.63) 1.71 (1.55–1.89) 2.02 (1.83–2.22) <0.001
MV HR + BMI (95% CI) 1.00 (ref) 1.22 (1.10–1.36) 1.40 (1.26–1.54) 1.55 (1.41–1.72) 1.71 (1.55–1.88) <0.001

Men
Number of incident gout cases 867 803 824 949 1,010
Person-years 199,104 199,159 198,856 198,382 198,493
Incidence rate ratio (95% CI) 1.00 (ref) 0.91 (0.83–1.00) 0.92 (0.84–1.01) 1.07 (0.97–1.17) 1.15 (1.05–1.26) <0.001
MV HR (95% CI) 1.00 (ref) 1.00 (0.91–1.10) 1.07 (0.97–1.18) 1.26 (1.14–1.39) 1.34 (1.21–1.47) <0.001
MV HR + BMI (95% CI) 1.00 (ref) 0.99 (0.90–1.09) 1.05 (0.95–1.16) 1.22 (1.10–1.34) 1.24 (1.13–1.37) <0.001

* The EDIP score was adjusted for total energy intake using the residual method. Incidence rate ratios are stratified by age group. Multivariable
models were adjusted for age (years), race (White or not White), smoking (never, past, or current: 1–14, 15–24, or >24 cigarettes/day), physical
activity (<3, 3–8.9, 9–17.9, 18–26.9, or ≥27MET-hours/week), history of hypertension (yes or no), diuretic use (yes or no), alcohol consumption (0,
0.1–4.9, 5–9.9, 10–14.9, or ≥15 g/day), and among women only, cohort (NHS or NHSII), menopausal status, and postmenopausal hormone use
(premenopausal, postmenopausal current user, or postmenopausal never/past user). Our final model was additionally adjusted for BMI (<21,
21–22.9, 23–24.9, 25–26.9, 27–29.9, 30–34.9, 35–39.9, or ≥40). P for trend was calculated using the continuous EDIP score. BMI, body mass
index; CI, confidence interval; EDIP, Empirical Dietary Inflammatory Pattern; HR, hazard ratio; MET, metabolic equivalent of task; MV, multivar-
iable; NHS, Nurses’ Health Study; NHSII, Nurses’ Health Study II; ref, reference.

Table 3. Analysis results for incident gout cases among women and men according to quintiles of EDIP score with additional adjustment for
other diet scores*

Variable
Quintile 1

(least inflammatory) Quintile 2 Quintile 3 Quintile 4
Quintile 5

(most inflammatory) P for trend

Women
MV HR + AHEI (95% CI) 1.00 (ref) 1.25 (1.13–1.39) 1.46 (1.32–1.62) 1.69 (1.53–1.86) 1.98 (1.80–2.19) <0.001
MV HR + AHEI + BMI (95% CI) 1.00 (ref) 1.22 (1.10–1.35) 1.39 (1.25–1.54) 1.54 (1.39–1.70) 1.68 (1.52–1.86) <0.001
MV HR + DASH (95% CI) 1.00 (ref) 1.25 (1.12–1.38) 1.45 (1.31–1.61) 1.67 (1.51–1.85) 1.96 (1.77–2.16) <0.001
MV HR + DASH + BMI (95% CI) 1.00 (ref) 1.21 (1.09–1.35) 1.38 (1.24–1.52) 1.52 (1.37–1.68) 1.66 (1.50–1.83) <0.001

Men
MV HR + AHEI (95% CI) 1.00 (ref) 1.00 (0.91–1.10) 1.07 (0.97–1.18) 1.25 (1.14–1.38) 1.32 (1.19–1.46) <0.001
MV HR + AHEI + BMI (95% CI) 1.00 (ref) 0.99 (0.90–1.09) 1.05 (0.95–1.16) 1.22 (1.10–1.34) 1.24 (1.12–1.37) <0.001
MV HR + DASH (95% CI) 1.00 (ref) 0.99 (0.90–1.09) 1.04 (0.95–1.15) 1.21 (1.10–1.34) 1.25 (1.13–1.39) <0.001
MV HR + DASH + BMI (95% CI) 1.00 (ref) 0.98 (0.89–1.08) 1.03 (0.93–1.14) 1.18 (1.07–1.30) 1.18 (1.07–1.31) 0.0026

* The EDIP score was adjusted for total energy intake using the residual method. Multivariable models were adjusted for age (years), race
(White or not White), smoking (never, past, or current: 1–14, 15–24, or >24 cigarettes/day), physical activity (<3, 3–8.9, 9–17.9, 18–26.9, or ≥27
MET-hours/week), history of hypertension (yes or no), diuretic use (yes or no), alcohol consumption (0, 0.1–4.9, 5–9.9, 10–14.9, or ≥15 g/day),
and among women only, cohorts (NHS or NHSII), menopausal status and postmenopausal hormone use (premenopausal, postmenopausal
current user, or postmenopausal never/past user). Our final model was additionally adjusted for BMI (<21, 21–22.9, 23–24.9, 25–26.9, 27–
29.9, 30–34.9, 35–39.9, or ≥40). P for trend was calculated using the continuous EDIP score. AHEI, Alternative Healthy Eating Index; BMI, body
mass index; CI, confidence interval; DASH, Dietary Approaches to Stop Hypertension; EDIP, Empirical Dietary Inflammatory Pattern; HR, hazard
ratio; MET, metabolic equivalent of task; MV, multivariable; ref, reference.
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Subgroup analyses. In our subgroup analyses, EDIP
remained positively associated with incident gout. The associa-
tions between EDIP and incident gout were generally consistent
across subgroups by age, BMI, physical activity level, and alcohol
intake in women and men (all P for interaction >0.05)
(Supplementary Table 6).

DISCUSSION

In this study of three large prospective cohorts of 218,003 US
women and men, we found that a greater adherence to a proin-
flammatory diet was associated with increased gout risk, especially
among women. This association was independent of BMI, and the

magnitude of association was greater than that observed for key
established healthy eating patterns. The EDIP, a mechanism-
based diet, may serve as a more comprehensive dietary index that
can better capture the biologically relevant aspects of diet and gout
risk. These findings support the deleterious role of diet-related
chronic inflammation in relation to gout onset, particularly among
women whose gout burden is rising disproportionately to men
and highlight the importance of avoiding a proinflammatory diet
for gout prevention, in addition to such a diet’s risk reduction ben-
efits for related cardiometabolic outcomes.19–21

Our findings add to the limited literature that suggest diet
may modulate inflammatory pathways in gout pathogenesis.7

Induction of hyperuricemia may be one mechanism underlying

Figure 1. Comparison of associations between diet scores and incident gout in (A) women and (B); men. Values are HRs and corresponding
95% CIs. For EDIP, Q1 represents the least inflammatory quintile (“most healthy”); for DASH and AHEI, Q5 represents the greatest adherence
(“most healthy”). Multivariable models were adjusted for the same covariates as in the main analysis. AHEI, Alternative Healthy Eating Index;
BMI, body mass index; CI, confidence interval; DASH, Dietary Approaches to Stop Hypertension; EDIP, Empirical Dietary Inflammatory Pattern;
HR, hazard ratio; Q1–Q5, quintile 1–5.
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the observed association between proinflammatory dietary pat-
tern and the clinical endpoint of gout evaluated in the current
study.30,31 However, proinflammatory diets may additionally pro-
mote gout onset by modulating the inflammatory response trig-
gered by hyperuricemia and MSU crystals, including activation of
the NLRP3 inflammasome, release of IL-1β and other proinflam-
matory cytokines, and recruitment of monocytes and neutro-
phils.7 Indeed, a study in the Women’s Health Initiative found
that greater adherence to a proinflammatory diet (also measured
using EDIP) is associated with higher concentrations of certain
inflammatory biomarkers including CRP, IL-6, TNFαR2, and lep-
tin, as well as a lower concentration of adiponectin.40 The different
food and beverage components of the EDIP are likely to modulate
this inflammatory response using a variety of mechanisms. The
anti-inflammatory effect of coffee has been documented,41

including in these cohorts in which coffee consumption is pro-
spectively associated with lower concentrations of CRP, IL-6,

and TNFαR2.42 Chlorogenic acids, a family of bioactive com-
pounds abundant in coffee, may decrease production of inflam-
matory mediators through several mechanisms, including the
inhibition of protein tyrosine phosphatase 1B, inhibition of proin-
flammatory cytokine gene expression, and modulation of nuclear
factor κB activation.43 C18 long-chain saturated fatty acids, found
in red meat and fish,44 have been shown to act synergistically with
MSU crystals to induce IL-1β production.45 Further, diet is an
important driver of alternations in the gut microbiota, and gastro-
intestinal tract-microbiota interactions are capable of influencing
immune function, including through the promotion of low-grade
inflammation.46 Moreover, previous work suggests that intestinal
microbiota also play a role in regulating the body’s inflammatory
response to MSU crystal deposition, including through NLRP3
inflammasome activation.47

Importantly, our observed associations remained robust
after additional adjustment for BMI, indicating they are only partly

Figure 2. Joint associations between EDIP, DASH, and AHEI and incident gout. Multivariable models were adjusted for the same covariates as
in the main analysis. AHEI, Alternative Healthy Eating Index; DASH, Dietary Approaches to Stop Hypertension; EDIP, Empirical Dietary Inflamma-
tory Pattern; Q1–Q5, quintile 1–5.
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mediated through adiposity. Indeed, a previous longitudinal study
found that individuals who shifted toward a more inflammatory
diet gained more weight.20 Given the BMI-independent nature of
the association observed in our study, it would be valuable for
future work to investigate the additional physiologic mechanisms
underlying the association between diet, inflammation, and gout.
Future mechanistic studies that leverage omics approaches
would be particularly valuable.

To our knowledge, this is the first prospective study to exam-
ine the association between a proinflammatory pattern and the
clinical endpoint of gout. One cross-sectional analysis of
the National Health and Nutrition Examination Survey found that
greater intake of a proinflammatory diet (measured using the
literature-derived Dietary Inflammation Index [DII] composed
mainly of nutrients) was associated with higher odds of prevalent
gout, although a subgroup analysis revealed that this association
was not significant among women.48 Conversely, our prospective
study found the positive association between a hypothesis-
driven, empirically derived proinflammatory diet score (which is
composed mainly of food groups and has been shown to be
more predictive of circulating plasma inflammatory biomarker
levels than the DII49) and gout was the strongest among women
compared with men. Previous cross-sectional studies have also
found a positive association between a proinflammatory diet and
serum urate levels with reported sex differences; one study
among Chinese participants found that a higher DII score was
associated with a greater odds of hyperuricemia among women
versus men,30 whereas a Korean study reported a significant pos-
itive association between the DII and serum urate levels only
among women.31 The reasons for the observed sex heterogene-
ity are not immediately clear, but estrogen may play a role. Higher
estrogen levels in women may have anti-inflammatory properties
under certain conditions, although this effect may be lost after
menopause, thereby potentially contributing to gout risk.50,51

Future prospective studies ought to replicate this observed
heterogeneity.

The current association between the EDIP and incident gout
is independent of conventional healthy eating patterns that have
previously shown inverse associations with gout in the NHS and
HPFS.16,17 The DASH and AHEI diet scores were originally devel-
oped to help prevent cardiometabolic diseases and promote
longevity,52–56 whereas EDIP is a mechanism-based pattern that
specifically captures dietary inflammatory potential, which is par-
ticularly relevant to gout. Indeed, after reversing the EDIP scores,
the least inflammatory quintile of EDIP showed the greatest mag-
nitude of inverse association with gout risk compared with the
DASH and AHEI diets among women, suggesting EDIP may cap-
ture the most biologically relevant aspects of diets that promote
gout onset. Moreover, we found a lower EDIP score combined
with greater adherence to either of the DASH or AHEI diets was
jointly associated with a lower risk of gout. This suggests that
there may be an incremental benefit to consuming an anti-

inflammatory dietary pattern and also adhering to an overall
healthy dietary pattern to optimize gout prevention.

Our study has strengths and limitations. We leveraged three
prospective cohort studies of US women and men with decades
of follow up and many incident gout cases, although we did not
collect corresponding repeated measures of serum urate and
other biomarkers. Cohort participants provided dietary data every
four years before gout diagnosis using a validated FFQ, which
minimizes the potential for recall bias. Using these data, we con-
structed a validated empirical measure of dietary inflammatory
potential that has been shown to be more predictive of circulating
plasma inflammatory biomarkers than the literature-derived
DII.18,49 Moreover, the food-based nature of our EDIP makes this
pattern more readily translatable into dietary recommendations
for gout prevention.21 Nevertheless, our study has its limitations.
As in all observational studies, unmeasured confounding (eg, data
on renal failure history were not routinely collected among all three
cohorts) and reverse causation are possible. However, we con-
ducted a sensitivity analysis that was restricted to individuals free
of major diseases at baseline, and the associations between EDIP
and gout remained robust. Moreover, we collected detailed
covariate data and adjusted for a broad panel of time-varying con-
founders, including BMI. Some measurement error remains inevi-
table; however, this is likely to be nondifferential with respect to
our outcome and would most likely bias the observed associa-
tions toward the null. Finally, because our study population was
primarily composed of White US health professionals, replication
in diverse populations is imperative.

In conclusion, we found evidence for a positive and BMI-
independent association between greater adherence to a proin-
flammatory dietary pattern and incident gout, particularly among
women. Our findings support a role for diet-related chronic inflam-
mation in the development of gout, similar to that seen in CVD and
T2D. Consuming a more anti-inflammatory diet may modulate
systemic and metabolic inflammation, potentially reducing gout
risk and its life-threatening comorbidities, particularly for women,
who are experiencing a disproportionate rise in gout burden.
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Sustained Interferon Signature Suppression With
Anifrolumab in a Patient With STING-Associated
Vasculopathy with Onset in Infancy Refractory to JAK
Inhibitor and Dazukibart Therapy

Sara Alehashemi,1 Bjoern Buehring,2 Adriana A. de Jesus,1 Sachin Gaurav,1 Andre Rastegar,1 Alexi Baumgardner,1

Kip Friend,1 Oluwatobi T. Arisa,3 William D. Figg,3 Danielle Fink,4 Douglas B. Kuhns,4 Ben Colton,5 Cody J. Peer,3

and Raphaela Goldbach-Mansky1

Objective. The objective was to report the safety and efficacy of an anti-IFNAR1 antibody (anifrolumab) in a patient
with STING-associated vasculopathy with onset in infancy (SAVI) who presented with vasculitic ulcers and systemic
inflammation refractory to JAK inhibition (JAKi) and to the interferon-β–neutralizing monoclonal antibody dazukibart.

Methods. A patient with SAVI and a de novo STING1 p.(Asn154Ser) mutation, a known pathogenic variant, and
uncontrolled disease received 21 doses of dazukibart under a compassionate use investigational new drug protocol,
which was followed by treatment with the anti-IFNAR1 antibody anifrolumab. Clinical and laboratory parameters,
including wound healing, whole-blood type I interferon (IFN I) signature, and safety markers were closely monitored
throughout both treatment periods.

Results. Despite initial reductions in C-reactive protein levels and IFN I scores following dazukibart administration,
the patient experienced rebound inflammation and recurrent vasculitic lesions. Dazukibart dose adjustments failed to
sustainably control IFN I signaling. Subsequent combination therapy of baricitinib and tocilizumab proved partially
effective. Treatment with anifrolumab, an IFNAR1 blocker, in conjunction with tocilizumab led to sustained suppression
of IFN I scores, allowed discontinuation of JAKi, and resulted in significant improvement in vasculitic wounds.

Conclusion. This case underscores the challenges in treating patients with SAVI and highlights the utility of IFN I
scores as a theragnostic biomarker. Although high-dose JAKi and dazukibart failed to achieve sustained control of
IFN I signaling, treatment with anifrolumab durably suppressed IFN scores and demonstrated promising efficacy,
which allows for the investigation of the role of IFN I signaling in the disease pathogenesis of SAVI and other interfero-
nopathies in future clinical trials.

INTRODUCTION

STING-associated vasculopathy with onset in infancy (SAVI)

is a rare autoinflammatory interferonopathy that manifests early

in life and is characterized by systemic inflammation, progressive

interstitial lung disease, and peripheral vascular complications.1

Patients with SAVI have a prominent type I interferon (IFN I) signa-

ture in their blood. Current practice is to use JAK-inhibitors (JAKi)

to mitigate IFN I–mediated inflammation (Figure 1A).2 However,

even optimized JAKi regimens often yield only partial responses
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in patients with SAVI. The JAKi doses required for clinical
benefit frequently cause side effects such as cytopenias and BK
viruria/viremia, which necessitates close monitoring.3 Additionally,
the US Food and Drug Administration has issued warnings about
potential serious side effects linked to JAKi, such as cardiovascu-
lar events, cancer, blood clots, and death.4 The partial treatment
responses to JAKi, combined with safety concerns, underscore
the need for novel SAVI treatments.

Dazukibart5 is a humanized immunoglobulin G1 antibody
that binds IFNβ and aims at inhibiting signaling through the

IFNAR1 (Figure 1A). Dazukibart has been investigated in dermato-
myositis, an inflammatory myositis characterized by skin involve-
ment and elevated interferon-β (IFNβ) levels in peripheral blood
and affected muscles (NCT05895786).6,7 Anifrolumab, a mono-
clonal antibody that binds and blocks IFNAR1, is approved for
treating systemic lupus erythematosus.8 In SAVI, successful
treatment with interferon-blocking drugs would lead to suppres-
sion of the IFN I response gene signature, a theragnostic bio-
marker that allows for monitoring the efficacy of IFN I pathway
blockade9 (Figure 1A).
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Figure 1. (A) Schematic of SAVI pathogenesis and targeted treatments. In SAVI, constitutive activation of stimulator of interferon genes
(a dinucleotide sensor) initiates IFNB1 transcription, leading to increased production of IFNβ. IFNβ signals through the IFNAR-1, triggering upregu-
lation of IFNα and interferon-stimulated genes, which contribute to the 28-gene IFN I score. The targeted treatments used in this patient are
depicted: (1) Baricitinib, a JAKi, blocks JAK/STAT signaling downstream of the IFNAR-1; (2) dazukibart, a neutralizing monoclonal antibody against
IFNβ, prevents IFNβ from binding to and signaling through IFNAR-1; (3) anifrolumab, an anti–IFNAR-1 monoclonal antibody, blocks downstream
IFN I signaling at the receptor level. (B–E) Clinical images of vasculitic lesions on the right knee (B) and right lateral thigh (C) at baseline, which
improved with dazukibart but did not fully close (D and E). (F) Plot showing the associations between CRP levels and IFN I scores. (G) Plot depicting
serum levels of bound-to-drug-IFNβ (black) and free IFNβ (purple) during dazukibart treatment. Although bound IFNβ rose, fluctuating levels of free
IFNβ were still detectable in the serum. (H) Serum levels of IFNα (green) levels were elevated during dazukibart treatment. Black stars indicate IV
infusions of dazukibart; the doses are specified. Green stars indicate subcutaneous injections of dazukibart, which were all administered at a
200 mg dose. The pink star indicates the tocilizumab injection. The purple block denotes the period of systemic steroid administration due to
severe flare following the thrombosed port access. CRP, C-reactive protein; IFN I, type I interferon; IL, interleukin; ISG, interferon-stimulated gene;
IV, intravenous; JAKi, JAK inhibitor; SAVI, STING-associated vasculopathy with onset in infancy; TNF, tumor necrosis factor.
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PATIENTS AND METHODS

To find alternative treatment approaches to JAKi (Figure 1A),
we evaluated the impact of an IFNβ neutralizing monoclonal anti-
body (dazukibart) under a compassionate use investigational
new drug (IND) protocol in a 22-year-old patient with SAVI and a
de novo STING1 p.(Asn154Ser) mutation. The patient, whose
disease onset occurred in infancy, experienced recurrent vasculi-
tis ulcers, progressive osteolysis, minimal lung disease, persis-
tently elevated systemic markers of inflammation including
C-reactive protein (CRP), erythrocyte sedimentation rate, and
anemia, despite recommended doses of baricitinib.9 The patient
began baricitinib treatment in 2014 at age 17 as part of a cohort
to establish a dosing regimen for IFN-opathies.2 However, the
patient developed JAKi-related side effects, including BK viruria
and viremia, Epstein-Barr virus (EBV) viremia, and facial mollus-
cum contagiosum (Figure 1B and 1C).

The patient consented to the IND protocol (20-I-9955), was
monitored at the National Institutes of Health (NIH) for over
100 days, and received 15 intravenous (IV) doses of dazukibart
(including 2 doses at an outside facility) and 6 subcutaneous
doses (21 doses total). The patient was premedicated with acet-
aminophen and diphenhydramine before IV administration of
dazukibart to minimize potential infusion reactions. During this
period, baricitinib (7 mg daily) and valacyclovir for zoster prophy-
laxis were continued. Wound healing was assessed twice weekly,
and IFN I score and safety laboratory tests were used to monitor
treatment effects and guide dose adjustments.

Because of insufficient suppression of IFN I signaling and poor
clinical response to dazukibart, treatmentwas subsequently switched
to anifrolumab combined with tocilizumab, and baricitinib was gradu-
ally tapered. Anifrolumab was administered intravenously over
30 minutes every 4 weeks with the same premedication, whereas
zoster prophylaxis with valacyclovir was maintained. Throughout this
period, the IFN I score, safetymarkers, andwound healingweremon-
itored on protocol NCT02974595. The patient enrolled under the
institutional review board (IRB)-approved natural history protocol
(NCT02974595) and single patient emergency IND 146152: NIH
IRB: 20-I-9955 and consented to participate in clinical research.

RESULTS

The anti-IFNβ antibody, dazukibart, was initially administered
at 400 mg IV infusions every four weeks. At baseline, the patient
had significantly elevated markers of inflammation, including a
CRP level of 51 (normal <5 mg/L), an IFN I score of 789 (normal
<25), a serum-free IFNβ level of 1,083 (normal: 0–573 fg/mL),
and an IFNα level of 4,565 (normal 0–42 fg/mL) (Figure 1F–H).

Following the first infusion, there was a transient decrease in
both the CRP and IFN I score (Figure 1F). However, by day five after
the infusion, all markers, including IFN I score, IFNβ, and IFNα levels,
rebounded. This coincided with a flare in vasculitic skin lesions. In

response to these flares, dose adjustments were made, escalating
to 600 mg and later 1,200 mg IV on day 29. Despite more frequent
dosing intervals, as short as five days apart, the patient continued
to experience recurrent rebound flares of IFN I signaling that were
evidenced by rising IFN I score, IFNβ and IFNα levels, and elevated
CRP. Improvement in the healing of the vasculitic ulcers, which
was observed with the initial infusions, plateaued, and the patient
developed new lesions following rebound flare episodes.

The patient encountered complications related to IV access,
including subclavian port thrombosis, which necessitated port
removal that further led to escalation of the systemic inflammatory
response. Throughout dazukibart treatment, adverse skin reac-
tions, including acneiform pustular eruptions was observed,
requiring topical management.

Using a proprietary test, the Pfizer team measured serum
IFNβ bound to dazukibart. Serum IFNβ levels were also measured
using ultra-sensitive S-PLEX ELISA kits fromMeso Scale. Although
the assay was not validated, the pattern suggested that the anti-
body likely detected unbound, free IFNβ (Figure 1G). A rudimentary,
single-subject pharmacokinetic/pharmacodynamic model employ-
ing target-mediated drug disposition10 (Supplementary Figure 1A)
satisfactorily captured drug exposure of unbound drug and drug-
IFNβ complex, providing additional evidence of the ability of dazuki-
bart to bind free INFβ. The model also predicted an elevated pro-
duction rate of free IFNβ that continued to rise (Figure 1G) despite
the increase in drug levels (Supplementary Figure 1B). The absence
of antidrug antibodies (ADAs) performed by the Pfizer team ruled
out decreased drug exposure from ADAs as an explanation for
the rising free IFNβ levels.

Serum IFNα levels were simultaneously measured (Figure 1H)
and rose during the treatment course with dazukibart because the
drug only binds to IFNβ. These elevated levels of IFNα, along with
the presence of free IFNβ, were likely responsible for the rebound
rise in IFN I score and inflammatory flares despite higher and more
frequent administration of dazukibart.

The patient’s clinical and laboratory parameters, including
liver and kidney function, complete blood counts, muscle
enzymes, and viral titers (BK, JC, EBV, and Herpes Simplex
Virus), did not raise safety concerns. Valacyclovir was maintained
to prevent varicella-zoster virus infection, and molluscum conta-
giosum remained limited to focal areas on her face.

Because of the inability of dazukibart to durably suppress the
IFN I signature, treatment was transitioned to a combination of
baricitinib and the interleukin-6 (IL-6) blocker, tocilizumab, admin-
istered subcutaneously every two weeks. Given the persistent
elevation in IFN I score and the emergence of new vasculitic ulcers
on this regimen, the decision was made to initiate anifrolumab
therapy combined with tocilizumab. Anifrolumab was adminis-
tered as 300 mg IV infusions every four weeks. Anifrolumab treat-
ment marked a turning point in the patient’s treatment course.
Within the first two months of anifrolumab treatment, the IFN I
score dropped substantially and remained suppressed over the
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subsequent months while the baricitinib dose was tapered and
discontinued (Figure 2A).

This durable suppression of the IFN I score was accompa-
nied by an increase in IFNα (ranging from 119 fg/mL to 20.6
pg/mL) and IFNβ levels (ranging from 6,775 fg/mL to 26 pg/mL)
in the serum (Figure 2B), but vasculitic ulcers that had been
refractory to previous treatments healed (Figure 2C–F). During
the tapering of baricitinib, systemic viral reactivations, including
BK and EBV viremia, as well as facial molluscum contagiosum
lesions, gradually improved and ultimately cleared (Figure 2G–H).
Over 15 months of anifrolumab therapy, the patient’s vasculitic
lesions significantly improved with rare and limited flares through-
out the course. Notably, liver and kidney functions, complete
blood counts, and other safety markers remained stable through-
out anifrolumab treatment.

In summary, whereas dazukibart failed to sustainably sup-
press IFN I signaling and control clinical symptoms, anifrolumab
treatment resulted in sustained suppression of the IFN I activity
and overall good disease control, including healing of vasculitic
lesions and discontinuation of the JAKi with subsequent resolu-
tion of viral reactivation (BK, EBV, and molluscum); treatment
was well tolerated.

DISCUSSION

This report illustrates the challenges of treating vasculitic
ulcers in SAVI. Our data support the use of the IFN I score
as a theragnostic biomarker to assess and monitor IFN I sig-
naling in treatments targeting IFN I, such as dazukibart and
anifrolumab. Frequent monitoring of the IFN I score provided
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Figure 2. Impact of anifrolumab on IFN I scores, vasculitic lesions, and clinical outcomes: (A) The IFN I score in the blood was persistently elevated
at baseline, despite over ten years of treatment with baricitinib. Attempts to suppress IFN I signaling with dazukibart in combination with baricitinib,
followed by the addition of tocilizumab to baricitinib, failed to achieve effective suppression, with levels continuing to fluctuate. In contrast, treatment
with anifrolumab led to sustained and remarkable normalization of IFN I scores in the context of continued tocilizumab treatment but tapering and
discontinuation of baricitinib. (B) Serum levels of free IFNα and IFNβ were measured on anifrolumab and presented alongside the observed ranges
of IFNα and IFNβ levels that were measured when the patient was on treatment with dazukibart. (C–F) Anifrolumab treatment resulted in marked
improvement in vasculitic skin lesions, leading to complete closure of all wounds. Shown are the lateral right thigh and both knees before and after
anifrolumab. (G–H) Anifrolumab treatment allowed for the tapering of baricitinib, which ultimately led to clearance of the facial molluscum lesions.
The area marked on the left palpebral region demonstrates significant improvement. IFN I, type I interferon; JAKi, JAK inhibitor.
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an assessment of IFN I signaling in peripheral blood cells that
assisted in interpreting elevated free IFNα and IFNβ levels dur-
ing dazukibart and anifrolumab treatment. High serum cyto-
kine levels on treatment with cytokine-, or cytokine receptor–
blocking antibodies, such as tumor necrosis factor blockers
like adalimumab administration11 or IL-6 receptor blockade
with sarilumab,12 which respond to treatment are described
and attributed to changes in cytokine clearance on anticyto-
kine or anticytokine receptor treatment. On anifrolumab treat-
ment, higher IFNβ levels in the context of a normal IFN I score
indicated an effective blockade of IFN I signaling in contrast to
dazukibart for which elevated serum IFNα and IFNβ levels in
the context of an elevated IFN I score indicated continued
IFN I signaling. These data validate the frequent assessment
of the IFN I score in optimizing drug regimens and establish-
ing proof of mechanism.

Several limitations should be considered when interpreting
the findings of this study. The single-case nature of the study
limits the generalizability of the results to a broader population of
patients with SAVI. The compassionate use IND protocol may
introduce bias due to the absence of randomization and control
groups, and the patient’s disease severity and complex medical
history could have influenced the response to dazukibart. The
inability to establish a sustainable dosing regimen for dazukibart,
coupled with a successful response to anifrolumab, make anifro-
lumab an attractive treatment option for patients with severe inter-
feronopathies, including SAVI.13–14 However, dazukibart may be
beneficial for other patients with SAVI or other IFN-opathies with
milder disease.

The promising response to the IFNAR1 blocker, anifrolu-
mab, highlights its potential for SAVI treatment because it
achieved durable suppression of the IFN I score and allowed
for the discontinuation of JAKi. Despite these encouraging
results, current treatment strategies remain limited to blocking
interferon signaling. Further research, including controlled tri-
als, is needed to establish more effective treatments for
patients with SAVI, who continue to face significant medical
challenges.
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Sex Differences in B Cells From the Joints of Children With
Oligoarticular Juvenile Idiopathic Arthritis
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Objective. Disordered T peripheral helper (Tph)–B cell interactions have been implicated in several forms of inflam-
matory arthritis, including oligoarticular (oligo) juvenile idiopathic arthritis (JIA). We sought to evaluate the Tph–B cell
axis in oligo JIA through an analysis of intra-articular B cells.

Methods. B cells from the blood and synovial fluid (SF) of 44 children with oligo JIA were compared to those from
the blood and tonsils of controls. Flow cytometry, B cell receptor (BCR) repertoire analysis, and autoantibody profiling
were used to characterize B cells.

Results. Memory B (Bmem) cells and heterogeneous subsets of CD21lo B cells were enriched in oligo JIA-SF versus
blood of patients and controls. Compared to male patients, female patients with oligo JIA had greater proportions of intra-
articular Tph cells that expressed B cell help factors as well as Bmem cells, plasmablasts, and age-/autoimmune-associated
B cells. The sex differences in B cells were observed only in the joints and were not found in the blood or tonsil, nor were they
explained by other disease features such as age at onset, antinuclear antibody status, or severity. Bmem cells in SF from
female patients displayed characteristics of autoreactivity, including longer complementarity determining region 3 lengths
and increased usage of autoreactive BCRgene segments, whichwere not found in bloodBmemcells. A diverse array of auto-
antibodies accumulated in the SF of female patients with oligo JIA compared to the blood of patients with JIA and controls.

Conclusion. These findings demonstrate prominent B cell dysregulation in oligo JIA and implicate sex as an impor-
tant biologic factor in B cell responses in this disease.

INTRODUCTION

Juvenile idiopathic arthritis (JIA) is an umbrella term that

encompasses several distinct diseases.1 The oligoarticular (oligo)

form of JIA is defined by limited joint involvement (fewer than five

joints) within the first six months of disease and accounts for more

than half of all children with chronic inflammatory arthritis living in

North America.1,2 A subgroup of patients with oligo JIA shares a
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unique constellation of features: early age of disease onset (younger

than six years old), female sex predominance, high risk for chronic

anterior uveitis, and antinuclear antibody (ANA) positivity.3–5 The

underlying biology that drives the clustering of these clinical charac-

teristics in oligo JIA is not fully understood; however, there is evidence

that B cell responses may be important in this subset of patients.

Patients with early-onset oligo JIA have increased expression of B

cell–related genes in whole blood along with increased frequencies

of circulating, switched memory B (Bmem) cells that are not found

in older patients.6–9 There is evidence of disordered T–B cell interac-

tions in patients with ANA-positive oligo JIA. In the synovial tissue,

the presence of T–B cell aggregates and germinal center

(GC) reactions correlates with ANA positivity more so than other fac-

tors like disease severity or duration.10 In adults with rheumatoid

arthritis (RA), pathogenic T peripheral helper (Tph) cells in inflamed

joints stimulate excessive B cell responses and the generation of anti-

bodies.11 We, and others, have previously demonstrated that Tph

cells are also enriched in the synovial fluid (SF) of children with ANA-

positive oligo JIA compared to patients with ANA negativity. These

intra-articular Tph cells are clonally expanded, overexpress factors

associated with B cell help, and promote the differentiation of

antibody-producing plasmablasts.12–15 Thus, B cell responses,

potentially mediated by Tph cells, are likely important in oligo JIA, par-

ticularly in the subset of patients characterized by female sex, early-

onset disease, and ANA positivity.
To evaluate B cell responses in oligo JIA, we conducted

detailed B cell immunophenotyping, B cell receptor (BCR) repertoire
analysis, and autoantibody profiling. Our results show that Tph cells
that express factors associated with B cell help, Bmem cells, plas-
mablasts, and B cells with characteristics of age-/autoimmune-
associated B cells (ABCs) are all more frequent in the joints of female
versus male patients. These intra-articular B cells demonstrate fea-
tures of autoreactivity, and a diverse spectrum of autoantibodies is
present in the SF of female patients. Our results demonstrate that
sex is an important variable in B cell responses in oligo JIA.

PATIENTS AND METHODS

Patients and samples. Children with oligo JIA defined by
International League of Associations for Rheumatology classifi-
cation criteria and seen in the Boston Children’s Hospital (BCH)

Rheumatology Clinic provided peripheral blood (PB) and/or dis-
card SF samples that were obtained during a clinically indicated
procedure.1 Pediatric healthy controls without a rheumatologic
diagnosis who were seen in the Rheumatology Clinic for nonin-
flammatory causes of joint pain and healthy adults recruited from
the area local to the hospital provided blood samples. Discard
tonsils were obtained from otherwise healthy children undergo-
ing tonsillectomy for sleep apnea. A list of samples and the
experiments they contributed to are available in Supplementary
Table S1. Medical records were reviewed to gather clinical infor-
mation. New-onset samples from patients with oligo JIA were
collected within six months of symptom onset. ANA detected
at any titer and at any time in disease course was considered
positive. The study was approved by the BCH Institutional
Review Board.

Studies conductedwith patient samples.Mononuclear
cells from PB, SF, and tonsils were studied with flow cytometry and
analyzed using standard gating in FlowJo as well as unsupervised
clustering conducted with OMIQ (Domatics, www.omiq.ai; Supple-
mentary Table S2). As described previously, genomic DNA was
extracted from sorted naive (CD3−CD19+CD27−IgD+CD21+),
CD21lo (CD3−CD19+CD27−CD21lo), nonswitched memory
(CD3−CD19+CD27+IgD+), and switched memory (CD3−

CD19+CD27+IgD−) B cells from paired PB and SF samples from
female patients with oligo JIA as well as PB of pediatric controls.
The complementarity determining region 3 (CDR) 3 of the Ig
heavy (IgH) chain of the BCR was sequenced (Adaptive Biotech-
nologies; data available at https://clients.adaptivebiotech.com/
pub/lam-2025-arj, doi:10.21417/JM2025ARJ).16,17 The Immu-
noSEQ suite of online tools was used to determine productive
clonality, the distribution of CDR3 lengths, usage of heavy chain
variable (VH) and heavy chain joining (JH) genes, VH–JH gene
pairing, shared clonotypes, and counts of somatic hypermuta-
tion (SHM). Plasma from pediatric healthy controls, together with
paired plasma and SF supernatant from patients with oligo JIA, were
assayed with a 120-plex autoantigen panel to profile IgA and IgG
autoantibodies (Supplementary Table S3; Microarray Core Facility,
University of Texas Southwestern Medical Center). Heatmaps were
generated based on the Z-scores of each autoantigen in reference
to healthy control plasma. Each sample was considered individually
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for clustering analysis, which was performed by running dist() using
the default Euclidean distance metric. Detailed methods are in Sup-
plementary File S1.

Statistics. One-way analysis of variance (ANOVA) with

Holm–Šid�ak’s correction for multiple comparisons or unpaired t-tests
were used to compare groups. Pearson correlation coefficient was
used to study the relationship between Tph and B cell subsets.
Two-way ANOVA with Dunnett’s correction for multiple comparisons
was performed to compare study groups and the frequency of usage
for each VH and JH gene in the BCR repertoire analysis. The autoanti-
body analysis was performed in Statistical Analysis Software (SAS),
and a false discovery rate (FDR) of <0.05 was used to adjust the
P values for multiple testing (Supplementary File S1). All other statisti-
cal testing was performed with GraphPad Prism (version 10.0) or R.

RESULTS

A total of 44 children with oligo JIA were studied, most
before the start of immunomodulatory treatment (Table 1; Sup-
plementary Table S1). Male and female patients with oligo JIA
had similar disease characteristics, including active joint count

(Supplementary Table S4). Controls provided PB (n = 19 pediat-
ric; n = 8 adult) and tonsils (n = 13; children undergoing tonsil-
lectomy for nonimmunologic indications).

Memory and antibody-producing plasmablasts are
enriched in the joints of female patients with oligo JIA.
We evaluated B cell populations in the PB and SF of patients with
oligo JIA and the PB and tonsils of controls (Figure 1). The propor-
tion of CD19+ B cells in blood was significantly increased in
patients with oligo JIA compared to pediatric controls; however,
CD19+ B cells were less prevalent in SF compared to all other
study groups and sample types (Figure 1A and B). We evaluated
traditional B cell subsets that include naive, nonswitched mem-
ory, switched memory, and transitional B cells as well as plasma-
blasts and CD27−IgD− B cells. The proportion of naive B cells was
significantly decreased, whereas switched Bmem cells were sig-
nificantly increased in the SF of patients with oligo JIA compared
to circulating and tonsillar B cells (Figure 1C and D). Indeed, the
average frequency (mean ± SE) of switched Bmem cells in
the SF of patients with oligo JIA was 29.5% ± 2.9% compared
to 4.9% ± 0.7% in the PB of patients with oligo JIA and 3.9% ±
0.5% in the PB of pediatric controls (P < 0.01). Even when

Table 1. Clinical characteristics of study participants*

Characteristic Oligo JIA (N = 44) Adult controls (N = 8) Pediatric controls (N = 32)

Age at disease onset, median (IQR), y 5.0 (7.3) – –

Age at sampling, median (IQR), y 7.4 (7.6) 25.0 (7.3) 4.0 (5.0)
Female, % 68 50 53
Self-reported race, n (%)
American Indian/Alaska Native 0 (0) 0 (0) 0 (0)
Asian 3 (7) 2 (25) 0 (0)
Black 0 (0) 0 (0) 0 (0)
Native Hawaiian/Pacific Islander 0 (0) 0 (0) 0 (0)
Other 4 (9) 0 (0) 0 (0)
Undisclosed 11 (25) 3 (38) 27 (84)
White 26 (59) 3 (38) 5 (16)

Ethnicity (n, %)
Hispanic 6 (14) 0 (0) 0 (0)
Non-Hispanic 28 (64) 5 (63) 5 (16)
Undisclosed 10 (23) 3 (38) 27 (84)

Oligo JIA disease course, n (%)a

New onset 34 (77) – –

Persistent 10 (23) – –

Extended 0 (0) – –

Active joints at sampling, median (IQR) 1.0 (1.0) – –

ANA status, n (%)
Positive 23 (52) – –

Negative 20 (45) – –

Unknown 1 (2) – –

Medications at sampling, n (%)
Methotrexate 6 (14) – –

TNF inhibitor 1 (2) – –

NSAIDs 19 (43) – –

None 18 (41) – –

* ANA, antinuclear antibody; IQR, interquartile range; JIA, juvenile idiopathic arthritis; NSAID, nonsteroidal anti-inflammatory drug; oligo, oli-
goarticular; TNF, tumor necrosis factor.
a Oligo JIA disease course was determined at the time of sampling.
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evaluating the SF of patients with oligo JIA compared to tonsils
where B cell maturation and GC reactions occur, the frequency
of plasmablasts was similar, and the proportion of switched
Bmem cells remained significantly enriched in the joints of patients
with oligo JIA (Figure 1C–F). The CD27−IgD− B cell subset was
also enriched in the SF of patients with oligo JIA compared to
the PB of controls and patients (Figure 1C and D).

Next, we assessed these B cell subsets in the SF of patients
with oligo JIA subdivided by age at disease onset, ANA status,
and sex. Frequencies of these B cell populations did not differ
based on the age at oligo JIA onset or ANA status
(Supplementary Figure S1A and B). Plasmablasts were significantly
increased in the SF of female patients with oligo JIA compared to
male patients, whereas there was no such sex-specific difference
in other compartments (PB, tonsils; Supplementary Figure S1C
and D). In order to make an equivalent comparison, we evaluated
SF from female versus male patients with ANA positivity; female
patients had significantly higher proportions of nonswitched Bmem
cells, switched Bmem cells, and plasmablasts (Figure 1I). These
results show that Bmem cells and plasmablasts accumulate in the
joints of patients with oligo JIA, particularly in female patients.

ABCs accumulate in the joints of female patients
with oligo JIA. We next used an unsupervised, clustering algo-
rithm to identify novel B cell populations in oligo JIA. Using an
extended B cell flow cytometry panel, we compared B cells in
the PB of controls (n = 6 adults, n = 5 children), tonsils of pediatric
controls (n = 11), and PB and SF of patients with oligo JIA (n = 11).
We identified 14 clusters of CD19+ B cells (Figure 2A). Uniform
manifold approximation and projection visualization of the clusters
showed relatively comparable distributions of B cells in the PB of
healthy controls and patients with oligo JIA, aside from increased
proportions of B cells in the PB from controls with preswitched/
unswitched/switched Bmem cell features found in clusters 3 and
4 (Figure 2A and B; Supplementary Figure S2). Tonsillar B cells
had increased proportions of cells in cluster 2, corresponding to
IgD−CD27−CD21+ B cells (Figure 2A and B; Figure S2).

Compared to B cells from the PB, B cells from the SF of
patients with oligo JIA were underrepresented in clusters with fea-
tures of transitional (cluster 5) and naive (cluster 8) B cells and

more frequent in the antibody-secreting B cell cluster (cluster 9;
Figure 2A and B; Supplementary Figure S2). Clusters 1 and
10 through 14 were significantly and uniquely expanded in the
SF of patients with oligo JIA (Figure 2A–C). Cluster 1 contained
cells with features of switched Bmem cells that express CD11c,
whereas clusters 10 through 14 all contained populations of
CD21lo B cells. This includes IgD−CD27−/double-negative 2 cells
(cluster 10) that coexpress CD11c and T-box transcription factor
21 (Tbet) and are known to be enriched in patients with systemic
lupus erythematosus (SLE).18 Cluster 11 contained activated
naive CD21lo B cells, and cluster 12 encompassed
IgD−CD27−CD24+CD21lo B cells. B cells in clusters 13 and 14 dis-
played features of ABCs, which were originally identified in the
spleens of aged female mice and have been linked to autoimmu-
nity in humans.19–23 In particular, cluster 13 included CD27+B
cells with high expression of known ABC markers (CD11c, Tbet,
CXCR3). When comparing SF B cells from male and female
patients with oligo JIA, cluster 9 (antibody-secreting B cells) and
cluster 13 (ABCs) were significantly enriched in female patients
(Figure 2D and E; Supplementary Figure S2).

Tph cells that express B cell help factors are
enriched in the SF of female patients with oligo JIA. Tph
cells were previously identified in the joints of patients with oligo
JIA and may shape the intra-articular B cell responses. Thus, we
sought to evaluate for sex differences in the frequency and pheno-
type of Tph cells in patients with oligo JIA. Tph cells that expressed
factors associated with B cell help, including CXCL13 and interleu-
kin (IL)-21, were significantly increased in the SF of female com-
pared to male children with oligo JIA (Figure 3A, B, D, and E).
Further, the frequency of these Tph cells positively correlated with
B cell populations enriched in female versus male joints, including
nonswitched Bmem cells, plasmablasts, and CD21lo B cells
(Figure 3C and F; Figure S3). In particular, IL-21+Tph and IL-
21+interferon gamma (IFNγ)+ Tph cells were both associated with
antibody-producing plasmablasts found in the SF of patients with
oligo JIA (Figure 3F–H; Supplementary Figure S3). Thus, observed
sex differences in the joints of patients with oligo JIA included the
B cell compartment as well as Tph cells.

(Figure legend continued from previous page.)
Figure 1. Enrichment of memory B (Bmem) cells and plasmablasts in the synovial fluid (SF) of female patients with oligo JIA. (A, C, E, and G) Rep-
resentative flow cytometry staining. (B) Percentage of CD19+ B cells among viable lymphocytes in adult healthy control (HC) peripheral blood (PB;
n = 4), pediatric (peds) HC-PB (n = 4), peds tonsils (n = 8), oligo JIA-PB (n = 11), and oligo JIA-SF (n = 16). *P < 0.05; ****P ≤ 0.0001. (D) Percentage
of naive, nonswitched Bmem cells, switched Bmem cells, and CD27−IgD− cells among viable CD19+ B cells in the study groups. ****P ≤ 0.0001.
(F) Percentage of plasmablasts among viable CD19+ B cells in study groups. (H) Percentage of transitional B cells among viable CD19+ B cells in
study groups. **P ≤ 0.01; ****P ≤ 0.0001. (D, F, and H) Included are adult HC-PB (n = 8), peds HC-PB (n = 5), peds tonsils (n = 13), oligo JIA-PB
(n = 11), and oligo JIA-SF (n = 22). (I) Percentage of the given B cell subset among viable CD19+ B cells, comparing B cell populations in ANA+

female oligo JIA-SF (n= 7) to all groups (adult HC-PB, n = 8; peds HC-PB, n = 5; oligo JIA-PB, n = 11; peds HC-tonsil, n = 13; ANA+ male oligo
JIA-SF, n = 5). *P < 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001. Mean ± SE is shown in the bar graphs. Statistical testing performed was

one-way analysis of variance corrected for Holm–Šid�ak’s multiple comparisons. ANA, antinuclear antibody; JIA, juvenile idiopathic arthritis; oligo,
oligoarticular; ns, not significant.
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B cells in the joints of females with oligo JIA display
features of autoreactivity and evidence of T cell–
dependent maturation. BCR repertoire analysis was used to
further characterize naive, nonswitched memory, switched mem-
ory, and CD21lo B cells from paired PB and SF samples of five
female patients with oligo JIA as well as PB samples from three
pediatric controls (Supplementary Table S5). To measure BCR
repertoire diversity, Shannon entropy was estimated at a fixed
sample coverage (Supplementary Figure S4A). Circulating B cells
in female patients with oligo JIA and healthy children were diverse
and without differences in clonality (Figure 4A and B). By contrast,
naive, nonswitched, and switched Bmem cells from the SF of
female patients with oligo JIA were less diverse than B cells from
the PB of these same patients as well as controls (Figure 4A and B).
These B cell populations were also more clonally expanded in the
SF versus PB of patients with oligo JIA (Figure 4B; Supplementary
Table S5). Similar trends of restricted diversity and increased clon-
ality were noted in CD21lo B cells from the joints, although these
differences did not reach statistical significance.

BCR repertoire skewing was similarly captured by evaluat-
ing the antigen-binding portion of the IgH chain, also called the
CDR3. Switched Bmem cells from the SF of female patients
with oligo JIA showed non-normal distribution of CDR3
lengths, with skewing toward longer lengths, shown in other
studies to be associated with autoreactivity and typically
selected against in antigen-experienced B cells (Figure 4C;
Supplementary Figure S4B and C).24 We next examined the
distribution of VH and JH genes encoding the CDR3. Skewed
usage of VH and JH genes was observed in B cells from the
SF of patients with oligo JIA (Figure 4E; Supplementary
Tables S6 and S7). Of note was the usage pattern of VH4-34,
which is intrinsically autoreactive and is selected against during
B cell maturation.25,26 VH4-34 usage in naive B cells was simi-
lar across samples from all study groups (Figure 4E). By con-
trast, there was a significant increase in VH4-34 usage in
nonswitched and switched Bmem cells from the SF compared
to the same Bmem cell populations in the PB of patients with
oligo JIA and controls (Figure 4E). B cells in the SF of female
patients with oligo JIA that expressed VH4-34 also showed
aberrant pairing with JH genes with increased usage of the
JH6-1 gene (Figure 4F and G; Supplementary Figure S4D).

When evaluating the sharing of B cell clonotypes (defined by
amino acid sequence and VH/JH family usage), we found little over-
lap for naive and CD21lo B cells across study participants and com-
partments (Figure 4H). For nonswitched Bmem cells, there was low-
level sharing of B cell clonotypes between patients with oligo JIA and
pediatric controls that was observed only in the PB (Figure 4H). The
pattern of clonotype sharing was markedly different for switched
Bmem cells with a large degree of intra-individual, clonal overlap in
the PB and SF of a given patient with oligo JIA (Figure 4H). In some
patients, more than 12% of the switched Bmem cell repertoire was
shared between PB and SF. Interestingly, switched Bmem cell clo-
notypes were private to the individual, with essentially no sharing
across patients with oligo JIA. These results indicate that although
switched Bmem cells andCD21lo B cells are found at increased pro-
portions in the SF of patients with oligo JIA, only switched Bmem
cells move frequently between the PB and SF.

We then evaluated the rate of SHM as a proxy for measuring T
cell–dependent maturation in B cells, either in GC reactions or in
extrafollicular responses. As expected, SHM occurred more fre-
quently in Bmem cells compared to naive B cells in all studied
groups (Figure 4I). The overall rate of SHM was comparable in
Bmem cells found in the SF of patients with oligo JIA compared
to Bmem cells in PB of patients with oligo JIA and controls.
Expanded B cell clonotypes in PB and SF had high rates of SHM
(Figure 4J; Supplementary Figure S4E). Finally, highly mutated B
cell clonotypes were found in joints of patients with oligo JIA, partic-
ularly in CD21lo B cells and switched Bmem cells (Figure 4K; Sup-
plementary Figure S4F). The patient with oligo JIA with the highest
levels of SHM (patient 4 with oligo JIA) had longstanding disease,
whereas most of the other evaluated patients were assessed close
to disease onset (Supplementary Figure S4F). In summary, B cells
found in the joints of female patients with oligo JIA had restricted
diversity, increased clonality, features of autoreactivity, and evi-
dence of SHM indicative of T cell help.

A broad array of autoantibodies is present in the SF
of female patients with oligo JIA. Plasma from pediatric
controls as well as paired plasma and SF from female patients
with oligo JIA were inputted into an autoantigen microarray.
We stratified the female patients into three groups based on
age at disease onset and ANA status: six years old or younger

(Figure legend continued from previous page.)
Figure 2. Heterogeneous populations of CD21lo B cells identified in the synovial fluid (SF) of patients with oligo JIA. (A) UMAPs of B cells gener-
ated from flow cytometry data and unsupervised clustering in healthy control (HC) peripheral blood (PB; n = 11), oligo JIA-PB (n = 11), pediatric
HC-tonsil (n = 11), and oligo JIA-SF (n = 11). (B) Heatmap showing median expression of a given marker in each cluster. (C) Clusters uniquely
enriched in oligo JIA-SF. The bar graphs show the percentage of B cells in the given cluster for each of the study groups. *P < 0.05; **P ≤ 0.01;
***P ≤ 0.001; ****P ≤ 0.0001. (D) UMAPs of B cells in female versus male study participants in the following study groups: HC-PB, oligo JIA-PB,
pediatric HC-tonsil, and oligo JIA-SF (n = 4 in each group). (E) Clusters enriched in the SF of female versus male patients with oligo JIA. The bar
graphs show the percentage of B cells in the given cluster of male versus female study participants in the given study groups (n = 4 in each group).

*P < 0.05; **P ≤ 0.01. Mean ± SE is shown on the bar graphs. Statistical testing performed was one-way analysis of variance corrected for Holm–Š
id�ak’s multiple comparisons. ABC, age-/autoimmune-associated B cell; Bmem, memory B; DN, double negative; JIA, juvenile idiopathic arthritis;
ns, not significant; oligo, oligoarticular; Tbet, T-box transcription factor 21; UMAP, uniform manifold approximation and projection.
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Figure 3. T peripheral helper (Tph) cells that express B cell help factors are enriched in the synovial fluid (SF) of female patients with oligo JIA and
are associated with increased frequencies of intra-articular memory B (Bmem) cells, plasmablasts, and age-/autoimmune-associated B cells.
(A) Representative staining of PD1hiCXCL13+ Tph cells, gated on CD3+CD4+ T cells, with and without CD3/CD28 bead stimulation.
(B) Percentage of PD1hiCXCL13+ Tph cells among CD4+ T cells in SF of male versus female patients with oligo JIA. *P < 0.05. (C) Correlation
between the percentage of PD1hiCXCL13+ Tph cells and CD27−IgD− B cells in oligo JIA-SF. (D) Representative staining of cytokine production,
gated on PD1hiCXCR5− Tph cells with and without phorbol 12-myristate 13-acetate/ionomycin stimulation. (E) Percentage of IL21+ cells among
Tph cells in SF comparing male versus female patients with oligo JIA. *P < 0.05. (F) Correlation between the percentage of IL21+ Tph cells and
of the given B cell population in oligo JIA-SF. (G) Percentage of IL21+IFNγ+ cells among Tph cells in SF comparing male versus female patients with
oligo JIA. (H) Correlation between the percentage of IL21+IFNγ+ T cells and of the given B cell population in patients with oligo JIA-SF. Nine patients
with oligo JIA were studied, including five male and four female patients. Mean ± SE is shown in the bar graphs. Statistical analyses performed
were (B, E, and G) unpaired t-tests and (C, F, and H) Pearson correlation. IFN, interferon; IL, interleukin; JIA, juvenile idiopathic arthritis; oligo,
oligoarticular.
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with ANA positivity, six years old or younger with ANA negativ-
ity, and older than six years old. After quality control, 95 IgG
autoantigens and 86 IgA autoantigens were included in the
analysis. We first compared autoantibodies of all study groups
to the plasma of pediatric controls. A small number of autoanti-
bodies were significantly elevated in the plasma from female
patients with oligo JIA versus plasma from pediatric controls
(17 IgG and 7 IgA autoantibodies), mostly in the patients with
oligo JIA with age at disease onset of six years old or younger
(Supplementary Tables S8 and S9). To verify that this finding
was not due to hypergammaglobulinemia in the patients with
oligo JIA, we confirmed that IgG levels were normal in all of
the patients who had clinical testing sent (n = 16). Autoanti-
bodies preferentially accumulated in the SF of patients with
oligo JIA compared to the plasma of pediatric controls, with
56 IgG and 48 IgA autoantibodies significantly elevated in the
SF of all three strata of patients with oligo JIA (Figure 5; Supple-
mentary Tables S8 and S9). An additional 19 IgG and 32 IgA
autoantibodies were significantly increased in the SF of female
patients with oligo JIA and disease onset at six years of age or
younger, regardless of ANA status (Supplementary Tables S8
and S9). We set an FDR of 5% to account for testing multiple
autoantigens, finding that 72 IgG and 80 IgA autoantibodies
remained significantly different across the study groups
(Supplementary Tables S8 and S9). Next, we directly com-
pared female patients with disease onset at six years of age or
younger (regardless of ANA status) to those who were older at
initial presentation and confirmed that all differentially
expressed autoantibodies were higher in the patients with
early-onset disease (35 IgG and 52 IgA autoantibodies in SF;
8 IgG and 34 IgA autoantibodies in plasma; Figure 5; Supple-
mentary Tables S8 and S9). We tested SF from a small number
of male patients with oligo JIA; heatmap analysis showed that
samples from these patients tended to cluster with plasma
samples that had lower levels of autoantibodies
(Supplementary Figure S5). These results indicate that autoan-
tibodies are more plentiful in the SF versus PB of female
patients with oligo JIA, with the highest levels of autoantibodies
detected in patients with early-onset disease.

DISCUSSION

We sought to further evaluate the Tph–B cell axis in oligo JIA
through an in-depth characterization of intra-articular B cells.
Although Bmem cells and a heterogenous collection of CD21lo B
cells accumulated in the SF of patients with oligo JIA of both
sexes, female patients had higher proportions of Bmem cells,
plasmablasts, and ABCs. These sex differences in B cells from
patients with oligo JIA were restricted to the joints and not
observed in the PB of patients and controls nor the tonsils of
healthy children. Further, the variation in the B cell compartment
was not explained by other disease features that differ between
male and female patients such as ANA status, age at disease
onset, or disease severity. Although not identified in B cells in cir-
culation, B cells from the SF of female patients with oligo JIA dem-
onstrated signs of autoreactivity with increased CDR3 length and
preferential usage of gene segments associated with autoimmu-
nity. Finally, an extensive panel of autoantibodies was identified
in the joints of female patients with oligo JIA. These findings doc-
ument evidence of aberrant intra-articular B cell phenotype and
responses in patients with oligo JIA that are more prominent in
female compared to male patients.

The preferential accumulation of CD21lo B cells in SF of chil-
dren with oligo JIA that was not observed in PB or secondary lym-
phoid organs (SLOs) was notable. Although CD21lo B cells have
been previously observed in the SF of patients with oligo JIA, our
unsupervised clustering approach uncovered significant diversity
in CD21lo B cells that has not yet been recognized.13,15 We found
five clusters of CD21lo B cells that were enriched in SF of patients
with oligo JIA, including those that expressed naive (IgD+, CD27−)
and memory markers (CD27) as well as various combinations of
CD11c, Tbet, and CXCR3.

CD21lo B cells with varying phenotypes have been
reported previously in patients with immune dysregulation and
autoimmunity. As in the B cells we identified in cluster 14,
CD21lo B cells with naive features (IgM+, IgD+, CD27−/lo) were
found in patients with combined variable immunodeficiency
(CVID), RA, and SLE.27,28 These naive-like CD21lo B cells had
low levels of SHM, reduced calcium flux after BCR stimulation,

(Figure legend continued from previous page.)
Figure 4. B cell receptor repertoire abnormalities observed in synovial fluid (SF) B cells from female patients with oligo JIA. (A) Shannon entropy
and (B) productive clonality in B cell subsets. *P < 0.05; **P ≤ 0.01; ***P ≤ 0.001. CDR3 (C) distribution and (D) length in switched Bmem cells. **P ≤

0.01. (E) Frequency of VH4-34 usage in B cell subsets. *P < 0.05; ****P ≤ 0.0001. (F) Chord diagram showing JH gene pairing in B cells expressing
VH4-34. (G) Frequency of B cells expressing VH4-34 paired with JH6-1. *P < 0.05; ****P ≤ 0.0001. (H) Heatmap showing the sharing of B cell clo-
notypes in sample pairs. The similarity index is the fraction of shared clonotypes among total clonotypes in a sample. (I) Mean SHM count in the VH
gene of each clonotype per sample. (J) The top 100 most expanded B cell clonotypes from each study participant in the given group were pooled
together, and the median SHM count in the VH gene was determined. (K) The 100 B cell clonotypes with highest VH gene SHM counts from each
study participant in a given group were pooled together, and the median SHM count was determined. Statistical analyses performed were (A, B,

and D) one-way ANOVA with Holm–Šid�ak’s correction for multiple comparisons and (E and G) two-way ANOVA with correction for multiple com-
parisons. (A, B, D, E, G, and I) Mean ± SE and (J–K) median ± SD are shown on the bar graphs. ANOVA, analysis of variance; Bmem, memory B;
HC, healthy control; CDR, complementarity determining region; JH, heavy chain joining region; JIA, juvenile idiopathic arthritis; ns, not significant;
nt, nucleotide; oligo, oligoarticular; PB, peripheral blood; peds, pediatric; SHM, somatic hypermutation; VH, heavy chain variable region.
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and autoreactive BCRs with reduced receptor editing.27,29

Notably, these B cells lacked markers that typically recruit B
cells to SLOs (CXCR5, CCR7), expressed inflammatory che-
mokine receptors (CXCR3, CXCR6) suggestive of tissue

homing, and accumulated in the bronchoalveolar lavage fluid
of patients with CVID as well as the SF of patients with RA.27

Alternately, CD21lo B cells with a memory phenotype, similar
to the B cells identified in clusters 13 and 10 (Figure 2), have

Figure 5. A broad array of autoantibodies is present in the synovial fluid (SF) of female patients with oligo JIA. Plasma and SF samples from pedi-
atric (peds) controls (n = 15) and female patients with oligo JIA (n = 18) were evaluated with (A) IgG and (B) IgA autoantigen microarrays, with the
results shown on the heatmaps. The color represented the distance in SDs from the mean of controls (Z-score), with red indicating an increase in
reactivity above controls and blue indicating a decrease in reactivity compared to controls. ANA, antinuclear antibody; HC, healthy control; JIA,
juvenile idiopathic arthritis; oligo, oligoarticular; yr, year.

LAM ET AL1102



also been linked with autoimmunity. Often referred to as ABCs,
these B cells were first identified in the spleens of aged, female,
wild-type mice. ABCs have also been associated with autoim-
munity in mouse models and human diseases such as SLE,
RA, Sjögren disease, and systemic sclerosis.19–22,30–33 As in
some of the CD21lo B cells we identified in SF of patients with
oligo JIA, markers that define this subset include Tbet,
CD11c, and CXCR3.20,30 ABCs may express memory features
(IgD−) and have moderate levels of SHM, indicative of T cell–
dependent immune responses.34 Factors required for ABC dif-
ferentiation and activation in mice include a combination of
BCR and toll-like receptor (TLR) 7/9 stimulation coupled with
exposure to IFNγ and IL-21.19,20 In mice, ABCs have been
shown to produce autoantibodies, and in humans with
SLE, ABCs correlate with autoantibody titers and disease
activity.20,22 Thus, CD21lo B cells in the SF of patients with
oligo JIA were diverse and included subsets described in the
literature that have been associated with autoimmunity. Con-
sistent with the literature, ABCs in SF were more prevalent in
female versus male patients with oligo JIA. Although ABCs
have been linked with older age, we found these cells in the tis-
sues of young children with autoimmunity.

The factors that drive the preferential enrichment of Bmem
cells, plasmablasts, and CD21lo B cells in the joints of patients
with oligo JIA remain to be defined. It is possible that all or some
of these B cell subsets are recruited from the circulation into the
joint. Indeed, our BCR repertoire analysis suggests that switched
Bmem cells move freely between the PB and SF, although the
directionality of this migration cannot be determined with our
data. However, there are several findings supporting an intra-
articular origin for some of these B cell populations. The scarcity
of CD21lo B cells in the PB of patients with oligo JIA coupled with
the lack of BCR repertoire overlap between PB and SF CD21lo B
cells suggests limited recirculation between these compartments.
Tph cells reside in the joints of patients with oligo JIA and promote
the differentiation of plasmablasts and CD21lo B cells in vitro.13,15

In this study, and others, there is a positive correlation between
the frequency of Tph cells in the joint and the presence of B cells
with ABC features as well as plasmablasts.15,31 Tph cells in oligo
JIA and other diseases are known to produce IL-21 and IFNγ,
cytokines that favor the differentiation of ABCs.35 Further, CD21lo

and Bmem cells from SF of patients with oligo JIA demonstrated
evidence of SHM, which is indicative of T cell–dependent B cell
maturation. It is possible that intra-articular Tph–B cell interactions
produce B cells prone to autoimmunity. The Bmem cells from SF
of patients with oligo JIA displayed autoreactive features not
found in the PB of the same patients. This included longer CDR3
lengths and use of gene segments that recognize self-antigens
that are selected against during maturation in typical GC reactions
in SLOs. The large burden of autoantibodies detected in SF of
patients with oligo JIA was surprising, although these patients
are usually not tested clinically for autoantibodies aside from

ANA. This accumulation of autoantibodies in SF may be a marker
of poorly regulated Tph cells mediated help to B cells, resulting in
the production of B cells that generate many low-affinity
autoantibodies.

As in RA and SLE, in which Tph–B cell interactions are increas-
ingly considered central to disease pathogenesis, oligo JIA is char-
actered by amarked female predominance.11,21,22,35,36 Although B
cell abnormalities in the SF were observed in patients with oligo JIA
of both sexes, it was female patients who had the most prominent
B cell–related findings as well as increased frequencies of Tph cells
that expressed B cell help markers. The question remains as to
which factors are driving these observed sex differences. Unlike
RA and SLE, oligo JIA is a disease of prepubertal female patients
with a peak age at onset between one and three years of age.37

This is a time when differences in sex hormones are minimal
between male and female children.38 Although many mechanisms
may contribute to sex differences in this disease, one potential con-
tributor may be the X-linked gene TLR7. ABCs have distinct activa-
tion requirements compared to other B cell populations, including
need for TLR7 stimulation.19,20 In mice, ABCs do not develop in
TLR7 knockout models, ABCs and autoantibodies accumulate
with chronic TLR7 stimulation, and increased proportions of ABCs
are found in the spleens of female versus male mice receiving
TLR7 agonists.20,39 Mechanisms such as skewed X inactivation,
which has been reported in oligo JIA, or tissue-specific reactivation
of the silenced copy of this gene, may result in alterations in the
TLR7 pathway.40

As in all human-based studies, our work is limited by the
complexities of evaluating biosamples from patients. We
attempted to address this limitation by studying a clearly defined
group of patients with oligo JIA who have similar disease severity
and stratifying the analysis by factors such as sex, ANA status,
and age at disease onset. We also focused on patients who were
treatment naive and limited inclusion of samples from patients
exposed to immunomodulatory medications. The significant
female predominance in oligo JIA coupled with the difficulty in
obtaining SF samples from young children resulted in limited
access to samples from male patients. Therefore, we chose to
focus our BCR repertoire and autoantibody array studies on
female patients. In order to study to naive, nonswitched Bmem
cells, switched Bmem cells, and CD21lo B cells, a sorting strategy
that defined CD21lo B cells as CD27− was used, which restricted
the diversity of CD21lo B cells in the repertoire analysis. Finally, the
autoantigen microarray does not provide information about
the clinical significance of detected autoantibodies nor their anti-
gen affinity.

Our results show that distinct populations of B cells with autore-
active features along with a broad array of autoantibodies accumu-
late in the joints of patients with oligo JIA and these abnormalities
are more prominent in female patients. Sex differences may be
important in forms of inflammatory arthritis characterized by disor-
dered Tph–B cell interactions, even in prepubertal children.
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Clinical Images: Granulomatosis with polyangiitis presenting as strawberry gingivitis: diagnostic
challenges with negative antineutrophil cytoplasmic antibody

A 28-year-old man presented to the dental clinic with a six-week history of painful gingival hyperplasia, exhibiting “strawberry gingivitis”1

with swollen, red-purple, friable and granular gingiva (Figure A). Cone-beam computed tomography showed normal bone height with no

evidence of alveolar bone resorption. Notably, the patient had a perianal abscess diagnosed eight weeks earlier, which was surgically

drained but remained unresolved. Gingival biopsy revealed mucosal hyperplasia, dense inflammatory infiltration, microabscesses, and

necrotizing vasculitis, whereas perianal tissue biopsy showed similar inflammation (Figure B).
Immunologic testing was initially a negative result for antineutrophil cytoplasmic antibody (ANCA) by indirect immunofluorescence (IIF),

complicating the potential diagnosis of granulomatosis with polyangiitis (GPA). Subsequent enzyme-linked immunosorbent assay testing,

however, showed a low positive proteinase 3 (PR3)-ANCA result, and co-localization staining for PR3 and IgG revealed specific

PR3-ANCA positivity within gingival microabscesses by gingiva biopsy (Figure C and D). After suspicion, patients were classified as having

GPA according to the 2012 Chapel Hill Consensus Conference criteria and the 2022 American College of Rheumatology/EULAR cri-

teria.2,3 This case underscores the diagnostic challenge of GPA, especially in ANCA-negative presentations by IIF, necessitating reliance

on histopathology and targeted immunologic testing to establish diagnosis. The patient was treated with oral steroid therapy over a

nine-week period (initially 4 mg twice daily for two weeks and then reduced to 4 mg once daily for seven weeks). Following treatment, both

the gingival lesions and perianal abscess showed significant improvement. At the five-year follow-up, the patient remained free of gingival

hyperplasia and perianal abscess recurrence, with no abnormalities detected in other organ systems. However, serological testing contin-

ued to show persistently elevated cytoplasmic ANCA and PR3-ANCA levels.
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Unexplored limitations in a randomized trial that
examines efficacy and safety of upadacitinib or
elsubrutinib alone or in combination for patients with
systemic lupus erythematosus: comment on the article
by Merrill et al

To the Editor:
We read with interest the recent publication by Merrill et al evalu-

ating the efficacy and safety of upadacitinib and elsubrutinib in
patients with systemic lupus erythematosus (SLE) through a phase

2 randomized controlled trial.1 The study presents significant findings

regarding upadacitinib’s potential to reduce disease activity and flares
in patients with SLE. However, although the authors acknowledged

several study limitations, there are additional concerns that deserve

further consideration, which were not discussed in the article.
Firstly, the trial reports that the combination of upadacitinib

and elsubrutinib did not enhance efficacy beyond upadacitinib
monotherapy, despite achieving adequate plasma concentra-

tions. While the authors cited a lack of observed efficacy for BTK
inhibitors in SLE as justification, the decision to not investigate this

further leaves an important gap. The biologic rationale behind

combining JAK and BTK inhibition is sound, with each pathway
playing distinct roles in the pathophysiology of SLE.2 More rigor-

ous exploration of biomarker modulation or patient subgroup

responses might have clarified whether specific populations could
benefit from dual inhibition.

Another unmentioned limitation is the heterogeneity of back-
ground immunosuppressive treatments across the study groups.

Although this is common in SLE trials, the variability in concomi-

tant therapies, such as immunosuppressants and antimalarials,
could have influenced outcomes, particularly in terms of flare

reduction and disease activity. The lack of a more standardized

background therapy across treatment arms could confound the
assessment of the true efficacy of the investigational drugs.

Moreover, the study would have benefited from a deeper
exploration of inflammatory biomarkers, especially considering

that a modest reduction in complement levels (C3 and C4) was

observed. It remains unclear whether these reductions were
linked to disease modulation or merely reflected transient sup-

pression without clinical benefit. The inclusion of complement

activation products and a more comprehensive cytokine panel
would provide a clearer picture of how upadacitinib and elsu-

brutinib modulate inflammatory pathways in SLE.
Lastly, placebo response rates remain an ongoing challenge

in SLE clinical trials.3 Although this trial employed a blinded data

review to minimize placebo responses, the potential influence of

unrecognized low-grade activity in the placebo group may still

have inflated response rates. Future studies should consider

strategies to further address this, such as a more stringent patient

selection process to ensure uniform disease activity at baseline.
In summary, although the SLEek study contributes valuable

insights into the treatment of SLE with upadacitinib, these unex-

plored limitations highlight the need for further refinement in the

study design and deeper investigation into the underlying mecha-

nisms of action.
Supported by Shanxi Province Clinical Research Center for Derma-

tologic and Immunologic Diseases (Rheumatic diseases) (LYZX-202301)
and Research and Innovation Team Project for Scientific Breakthroughs
at Shanxi Bethune Hospital (2024AOXIANG02).

Author disclosures are available at https://onlinelibrary.wiley.com/doi/
10.1002/art.43122.

Qianyu Guo, MD, PhD
Junkang Zhao, MD, PhD
Li-yun Zhang, MD, PhD
zhangly@sxbqeh.com.cn
Shanxi Bethune Hospital, Shanxi Academy of Medical Sciences,
Third Hospital of Shanxi Medical University
Tongji Shanxi Hospital
Taiyuan, China
James Cheng-Chung Wei, MD, PhD
Shanxi Bethune Hospital, Shanxi Academy of Medical Sciences,
Third Hospital of Shanxi Medical University
Tongji Shanxi Hospital
Taiyuan, China

Chung Shan Medical University Hospital
China Medical University
and Chung Shan Medical University
Taichung, Taiwan

1. Merrill JT, Tanaka Y, D’Cruz D, et al. Efficacy and safety of upadacitinib
or elsubrutinib alone or in combination for patients with systemic lupus
erythematosus: a phase 2 randomized controlled trial. Arthritis Rheu-
matol 2024;76(10):1518–1529.

2. Tsokos GC. Systemic lupus erythematosus. N Engl J Med 2011;
365(22):2110–2121.

3. Dörner T, Furie R. Novel paradigms in systemic lupus erythematosus.
Lancet 2019;393(10188):2344–2358.

DOI 10.1002/art.43123

Reply

To the Editor:

We appreciate the comments of Guo et al about our article

“Efficacy and Safety of Upadacitinib or Elsubrutinib Alone or in

1108

Arthritis & Rheumatology
Vol. 77, No. 8, August 2025, pp 1108–1114
© 2025 American College of Rheumatology

https://onlinelibrary.wiley.com/doi/10.1002/art.43122
https://onlinelibrary.wiley.com/doi/10.1002/art.43122
mailto:zhangly@sxbqeh.com.cn
https://orcid.org/0000-0002-1235-0679


Combination for Patients With Systemic Lupus Erythematosus: A
Phase 2 Randomized Controlled Trial.” We acknowledge and
would like to address the concerns expressed.

Guo et al point out that the ABBV-599 combination of elsu-
brutinib with upadacitinib was not found to be more efficacious
than upadacitinib alone, and further phase 3 development
involves only upadacitinib (NCT05843643). Although there was a
strong biologic rationale for the combination of a JAK inhibitor
and a BTK inhibitor, the BTK inhibitor did not provide any relevant
contribution to efficacy, and other studies of BTK inhibitors in
lupus have also not shown efficacy despite strong pathway
inhibition.1,2

Systemic lupus erythematosus (SLE) is a heterogeneous dis-
ease, so it is possible that subsets of patients might benefit from
BTK inhibition. We have begun to address this possibility with a
comprehensive biomarker analysis of upadacitinib and ABBV-
599 versus placebo, as presented at recent congresses.3,4 For
most key immunologic pathways relevant to SLE, effects of upa-
dacitinib versus ABBV-599 were similar, including reduction of
type 1 interferon gene signature, innate immune proteins, T and
B cell–associated cytokines, B cells, and macrophages.3 Most
protein biomarkers were modulated similarly by upadacitinib and
ABBV-599, demonstrating that the main effect was attributable
to upadacitinib alone.3 A unique difference was observed with
ABBV-599 versus upadacitinib in gene expression patterns
related to neutrophil or other myeloid cell activity, but there was
no difference in effect on B cell modules.4

Another concern expressed by Guo et al is the heterogeneity
of background immunosuppressive treatments, which is a poten-
tial confounding factor in lupus trials.5 However, this factor can be
offset by a balance of entry variables between treatment arms and
placebo, as was achieved in our study. The reason why variable
background treatments are used almost ubiquitously in lupus
clinical trials is intrinsic to the complex nature of the disease itself.
To study patients with lupus with sufficient disease so that a differ-
ence can be detected between treatment and placebo requires
the use of some stabilizing medication. Requiring all patients to
receive only one background treatment would not be logistically
or clinically feasible because one background treatment does
not have sufficient impact on all patients with lupus. A trial
designed with only one possible background treatment would
restrict the immunophenotypes of participants and reduce the
generalizability of the results.

Lastly, Guo et al raise concern about placebo response
rates. This study used expert review of all screened patients to
ensure active lupus at entry and blinded review of clinical scoring
to reduce placebo response. Placebo response was low com-
pared to many past SLE clinical trials, enabling differences to be
observed between the treatment arms and placebo.

We share the correspondents’ eagerness for the robust bio-
marker investigation of this study, which is ongoing and will be
submitted for publication once complete. Further efficacy, safety,

and biomarker analyses will also be made available after the con-
clusion of the phase 3 studies (NCT05843643).
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Study on mupirocin treatment in cutaneous lupus
erythematosus: comment on the article by
Abernathy-Close et al

To the Editor:
Abernathy-Close et al1 provide a valuable contribution to the

understanding of therapy for cutaneous lupus erythematosus
(CLE) through their proof-of-concept study examining the effects
of mupirocin, a topical antibiotic, on inflammatory pathways within
CLE lesions. Their data indicate a correlation between reduced
Staphylococcus aureus bacterial load and a subsequent decline
in local inflammation, as well as decreased expression of inflam-
matory genes, particularly those related to type I interferon (IFN)
signaling. These findings highlight the pivotal role of the skin
microbiome in influencing immune responses and advancing
treatment options for lupus-associated skin lesions.

A critical aspect of CLE pathophysiology is the interplay
between antibiotics and inflammatory regulation. Elevated IFN
levels in individuals with CLE are known to activate inflammatory
pathways, suggesting that modulating microbial colonization may
offer a novel strategy for addressing these inflammatory responses.
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examines efficacy and safety of upadacitinib or
elsubrutinib alone or in combination for patients with
systemic lupus erythematosus: comment on the article
by Merrill et al

To the Editor:
We read with interest the recent publication by Merrill et al evalu-

ating the efficacy and safety of upadacitinib and elsubrutinib in
patients with systemic lupus erythematosus (SLE) through a phase

2 randomized controlled trial.1 The study presents significant findings

regarding upadacitinib’s potential to reduce disease activity and flares
in patients with SLE. However, although the authors acknowledged

several study limitations, there are additional concerns that deserve

further consideration, which were not discussed in the article.
Firstly, the trial reports that the combination of upadacitinib

and elsubrutinib did not enhance efficacy beyond upadacitinib
monotherapy, despite achieving adequate plasma concentra-

tions. While the authors cited a lack of observed efficacy for BTK
inhibitors in SLE as justification, the decision to not investigate this

further leaves an important gap. The biologic rationale behind

combining JAK and BTK inhibition is sound, with each pathway
playing distinct roles in the pathophysiology of SLE.2 More rigor-

ous exploration of biomarker modulation or patient subgroup

responses might have clarified whether specific populations could
benefit from dual inhibition.

Another unmentioned limitation is the heterogeneity of back-
ground immunosuppressive treatments across the study groups.

Although this is common in SLE trials, the variability in concomi-

tant therapies, such as immunosuppressants and antimalarials,
could have influenced outcomes, particularly in terms of flare

reduction and disease activity. The lack of a more standardized

background therapy across treatment arms could confound the
assessment of the true efficacy of the investigational drugs.

Moreover, the study would have benefited from a deeper
exploration of inflammatory biomarkers, especially considering

that a modest reduction in complement levels (C3 and C4) was

observed. It remains unclear whether these reductions were
linked to disease modulation or merely reflected transient sup-

pression without clinical benefit. The inclusion of complement

activation products and a more comprehensive cytokine panel
would provide a clearer picture of how upadacitinib and elsu-

brutinib modulate inflammatory pathways in SLE.
Lastly, placebo response rates remain an ongoing challenge

in SLE clinical trials.3 Although this trial employed a blinded data

review to minimize placebo responses, the potential influence of

unrecognized low-grade activity in the placebo group may still

have inflated response rates. Future studies should consider

strategies to further address this, such as a more stringent patient

selection process to ensure uniform disease activity at baseline.
In summary, although the SLEek study contributes valuable

insights into the treatment of SLE with upadacitinib, these unex-

plored limitations highlight the need for further refinement in the

study design and deeper investigation into the underlying mecha-

nisms of action.
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Combination for Patients With Systemic Lupus Erythematosus: A
Phase 2 Randomized Controlled Trial.” We acknowledge and
would like to address the concerns expressed.

Guo et al point out that the ABBV-599 combination of elsu-
brutinib with upadacitinib was not found to be more efficacious
than upadacitinib alone, and further phase 3 development
involves only upadacitinib (NCT05843643). Although there was a
strong biologic rationale for the combination of a JAK inhibitor
and a BTK inhibitor, the BTK inhibitor did not provide any relevant
contribution to efficacy, and other studies of BTK inhibitors in
lupus have also not shown efficacy despite strong pathway
inhibition.1,2

Systemic lupus erythematosus (SLE) is a heterogeneous dis-
ease, so it is possible that subsets of patients might benefit from
BTK inhibition. We have begun to address this possibility with a
comprehensive biomarker analysis of upadacitinib and ABBV-
599 versus placebo, as presented at recent congresses.3,4 For
most key immunologic pathways relevant to SLE, effects of upa-
dacitinib versus ABBV-599 were similar, including reduction of
type 1 interferon gene signature, innate immune proteins, T and
B cell–associated cytokines, B cells, and macrophages.3 Most
protein biomarkers were modulated similarly by upadacitinib and
ABBV-599, demonstrating that the main effect was attributable
to upadacitinib alone.3 A unique difference was observed with
ABBV-599 versus upadacitinib in gene expression patterns
related to neutrophil or other myeloid cell activity, but there was
no difference in effect on B cell modules.4

Another concern expressed by Guo et al is the heterogeneity
of background immunosuppressive treatments, which is a poten-
tial confounding factor in lupus trials.5 However, this factor can be
offset by a balance of entry variables between treatment arms and
placebo, as was achieved in our study. The reason why variable
background treatments are used almost ubiquitously in lupus
clinical trials is intrinsic to the complex nature of the disease itself.
To study patients with lupus with sufficient disease so that a differ-
ence can be detected between treatment and placebo requires
the use of some stabilizing medication. Requiring all patients to
receive only one background treatment would not be logistically
or clinically feasible because one background treatment does
not have sufficient impact on all patients with lupus. A trial
designed with only one possible background treatment would
restrict the immunophenotypes of participants and reduce the
generalizability of the results.

Lastly, Guo et al raise concern about placebo response
rates. This study used expert review of all screened patients to
ensure active lupus at entry and blinded review of clinical scoring
to reduce placebo response. Placebo response was low com-
pared to many past SLE clinical trials, enabling differences to be
observed between the treatment arms and placebo.

We share the correspondents’ eagerness for the robust bio-
marker investigation of this study, which is ongoing and will be
submitted for publication once complete. Further efficacy, safety,

and biomarker analyses will also be made available after the con-
clusion of the phase 3 studies (NCT05843643).
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Study on mupirocin treatment in cutaneous lupus
erythematosus: comment on the article by
Abernathy-Close et al

To the Editor:
Abernathy-Close et al1 provide a valuable contribution to the

understanding of therapy for cutaneous lupus erythematosus
(CLE) through their proof-of-concept study examining the effects
of mupirocin, a topical antibiotic, on inflammatory pathways within
CLE lesions. Their data indicate a correlation between reduced
Staphylococcus aureus bacterial load and a subsequent decline
in local inflammation, as well as decreased expression of inflam-
matory genes, particularly those related to type I interferon (IFN)
signaling. These findings highlight the pivotal role of the skin
microbiome in influencing immune responses and advancing
treatment options for lupus-associated skin lesions.

A critical aspect of CLE pathophysiology is the interplay
between antibiotics and inflammatory regulation. Elevated IFN
levels in individuals with CLE are known to activate inflammatory
pathways, suggesting that modulating microbial colonization may
offer a novel strategy for addressing these inflammatory responses.
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Recent research conducted by our team provides mechanis-
tic insights that complement the findings of Abernathy-Close et al.
We have demonstrated that B cell adapter for phosphoinositide
3-kinase (BCAP) participates in an amplification loop of IFN-
mediated inflammation driven by bacterial components, which is
particularly relevant to systemic lupus erythematosus (SLE). In
fibroblasts from a monogenic model simulating SLE, known as
DNase2 interferonopathy, elevated BCAP expression correlates
with a skewed immune response favoring IFN production over
classic antibacterial cytokines upon Toll-like receptor 4 (TLR4)
stimulation. These outcomes were also replicated in cellular
models characterized by baseline IFN activation via the cyclic
GMP-AMP synthase–stimulator of IFN genes–TANK-binding

kinase 1 pathway (cGAS-STING-TBK1). Collectively, our data
underscore BCAP’s critical involvement in amplifying IFN-
mediated inflammation following bacterial stimulation.2

It is plausible that the antimicrobial treatment employed in
the study by Abernathy-Close et al may disrupt this amplification
loop by attenuating TLR activation in IFN-primed cells (staphylo-
coccal Iron-regulated surface determinant B (IsdB) protein is
sensed by TLR4) (Figure 1). Importantly, analysis of raw data
from their investigation reveals substantial BCAP expression in
skin biopsy samples from patients with CLE, suggesting a
potential role in exacerbating inflammation associated with bac-
terial colonization. Unfortunately, we lack the ability to compare
BCAP expression levels in skin samples from affected versus
healthy individuals because this was beyond the scope of the ini-
tial research. We propose that future studies should address this
gap, as it may yield valuable insights.

In summary, the compelling findings of Abernathy-Close et al
suggest that diminished S aureus colonization in CLE lesions may
indirectly alter inflammatory signaling pathways that contribute to
worsening of the disease. These results endorse further investigation
into topical antibiotics, not only as treatments for bacterial infections
but also as adjunctive therapies for managing skin inflammation in
autoimmune conditions. Future research should aim to elucidate
the specific molecular mechanisms through which mupirocin and
similar agents might modulate BCAP and IFN signaling pathways.

Ultimately, the work of Abernathy-Close et al enhances
existing knowledge regarding the connection between skin
microbiota, inflammatory responses, and potential therapeutic
interventions for CLE. Integrating our findings on BCAP’s role in
inflammatory signaling could inform a more comprehensive
understanding of the mechanisms linking skin health with immune
function, paving the way for innovative treatment strategies that
leverage both antibacterial and anti-inflammatory properties to
improve the management of lupus-related skin conditions.

This work was supported by the Ministry of Health, Rome, Italy, in
collaboration with the Institute for Maternal and Child Health IRCCS Burlo
Garofolo, Trieste, Italy (#RC08/2021).
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Figure 1. Proposed molecular mechanisms by which antimicrobial
treatment may disrupt the IFN amplification loop in which BCAPmight
be involved. (1) Basal activation of type I IFN signaling. (2) Signaling
amplification after bacterial stimulus. (3) Possible interaction between
amplification loop and type I IFN after antibiotic treatment. BCAP, B
cell adapter for phosphoinositide 3-kinase; cGAS, cyclic GMP-AMP
synthase; IFN, interferon; IL, interleukin; IRF, interferon regulatory factor;
IsdB, Iron-regulated surface determinant B protein; LPS, lipopolysac-
charide; PI3K, phosphatidylinositol 3-kinase; STING, stimulator of inter-
feron genes; TBK1, TANK-binding kinase 1; TLR, Toll-like receptor;
TNF, tumor necrosis factor.
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Reply

To the Editor:
We thank Di Rosa et al for their interest and insightful com-

ments on our article. As they note, sustained cutaneous type I
interferon (IFN) signaling is a critical trigger of cutaneous lupus
erythematosus (CLE) lesions. This IFN milieu is a result of hyper-
active epidermal production of type I IFNs that signal in a feed-
forward inflammatory loop of IFN and inflammatory cytokine
production with myeloid cells in the skin.1–4 Modifications that
promote sustained activation or decreased inhibition of path-
ways, such as cyclic GMP-AMP synthase/stimulator of IFN
genes signaling, are important targets in modulating the chronic
IFN overproduction in the skin of patients with lupus. Here, using
our data, they identified increased expression of an important
regulator of type I IFN production, B cell adapter for phosphoino-
sitide 3-kinase (BCAP) (gene name PI3KAP1), in our lesional
CLE samples. As they have identified a role for BCAP in skewing
toward IFN production in response to Toll-like receptor 4 ligands
produced by Staphylococcus aureus, it is feasible that BCAP

could be playing a role in IFN production in CLE lesions. To
examine this further, we pulled data from our previously pub-
lished single-cell RNA sequencing study5 to examine the distri-
bution of PI3KAP1 expression in healthy control and lesional
CLE skin biopsy samples. As shown in Figure 1, the dominant
expression pattern of this gene is in the myeloid rather than the
stromal or keratinocyte population. Thus, if mupirocin is having
effects on BCAP-related signaling, it may be more in the
myeloid-derived IFN response. This is especially intriguing given
that one of the effects of mupirocin we see is decreased myeloid
infiltration into the skin. We agree with the authors that further
study of the intersection between microbial products and their
effects on inflammatory and autoimmune skin disease is an
important next step.
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Figure 1. PI3KAP1 expression is primarily in myeloid and T cell populations in CLE skin. Uniformmanifold approximation and projection from sin-
gle-cell RNA sequencing of healthy control (n = 14) and nonlesional and lesional CLE skin biopsy samples (n = 7 each) from the study by Billi et al5

highlighting distribution of PI3KAP1 expression. CLE, cutaneous lupus erythematosus; SMC, smooth muscle cell.
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Efficacy of BI 655064 in improving renal outcome in
patients with lupus nephritis: comment on the article
by Uzzo et al

To the Editor:
We read with great interest the article by Uzzo and colleagues.1

The study investigated the outcome of patients with lupus nephritis
(LN) who had kidney biopsies with the presence of glomerular mono-
cytes and were treated with BI 655064 (an anti-CD40 monoclonal
antibody).1 The research revealed that a higher dose (180/240 mg)
of BI 655064 corresponded to better spot urine protein/urine creati-
nine ratio (UP/UC) and complete renal response (CRR) results when
glomerular monocytes were present in renal biopsy.1 Renal biopsy
features including karyorrhexis, endocapillary hypercellularity, and
interstitial fibrosis were associated with a better kidney outcome eval-
uated by UP/UC, estimated glomerular filtration rate (eGFR), and
CRR.1 However, we believe that some crucial factors should be con-
sidered to explain the study’s significance and interpretation of the
study results.

First, the study did not include the comparison of kidney out-
comes between the presence and absence of monocytes.
Quantitative data results could better evaluate the effectiveness
and safety of BI 655064 in patients with kidney biopsy present with
monocytes. In recent years, two Phase 2 clinical trials of BI 655064
for the treatment of LN have been recruited and conducted. Among
them, the clinical trial (ClinicalTrials.Gov identifier NCT03385564) to
explore the effectiveness of BI 655064 in the maintenance treatment
of LN has not yet seen the official publication of the results. Another
clinical trial (ClinicalTrials.Gov identifier NCT02770170) investigating
the efficacy of different doses of BI 655064 as an add-on therapy
in the treatment of active LN failed to demonstrate a dose-response
relationship for the primary CRR end point at week 52.2 Post hoc
analysis showed that BI 655064 at 180 mg has potential benefits
for patients with active LN.2 Overall, none of the above results sup-
port the effectiveness of BI 655064 in the treatment of LN.

Second, the absorption, distribution, and metabolism of BI
655064 in patients with LN may not be ignored in future studies,
to determine how dosage modifications affect the blood concen-
tration and the relationship with the incidence of side events. BI
655064 exhibited nonlinear and saturable pharmacokinetics (PKs)
that 240 mg of BI 655064 results in a disproportionately higher
maximum plasma concentration and total exposure in vivo.3 In
addition, nonlinear PK characteristics are also one of the key fac-
tors related to adverse events of the medication. This study did
not mention any differences in adverse events between kidney
biopsies with and without the presence of monocytes. However,
in addition to UP/UC and eGFR, adverse events related to treat-
ment are also important indicators for evaluating renal remission in
patients with LN. Previous studies published by the research team
pointed out that BI 655064 at 240 mg can cause a higher propor-
tion of patients with neutropenia, leukopenia, and lymphopenia.2

Third, whether the co-administered medications have a
competitive role of enzymes or carrier systems that affect the PK
of BI 655064 requires further study. Dendritic cell maturation
was affected by mycophenolic acid therapy, which was evident
in the reduction of costimulatory molecules such as CD40 expres-
sion up-regulation.4 In summary, the current research results
show that the benefits and risks of BI 655064 are not matched,
but patients with LN with the presence of monocytes in renal
biopsy may become the target population. Individualized treat-
ment might be achieved in patients with LN by selecting a reason-
able dosage of BI 655064 and blood concentration monitoring.

Author disclosures are available at https://onlinelibrary.wiley.com/doi/
10.1002/art.43132.
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Reply

To the Editor:
We thank Zhou et al for their interest in our study,1 and we

here address their points of consideration. First, Zhou et al state
that we did not make a comparison of kidney outcome between
biopsies with and without monocytes, but this is a misconception.
Our study was an exploratory study from the previously published
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main trial report,2 and we demonstrated that there was a difference
in outcome based on biopsies with and without monocytes: in kid-
ney biopsies with glomerular monocytes, high-dose BI 655064
treatment significantly improved proteinuria at 52 weeks and
resulted in a higher complete renal response compared to biopsies
without glomerular monocytes.1 The information retrieved from the
analysis of the biopsy samples is new. This information, especially
whether monocytes were present, was not available in the analysis
of the main trial report.2 Given the interaction between treatment
and presence or absence of monocytes, that is, the differential
effect of high doses of BI 655064 in the two strata, it is no surprise
that no treatment effect was seen in the former analysis.

Second, safety and pharmacokinetics were not the focus of
this histologic study, and we fail to understand the rationale
behind the question of how differences in adverse events (AEs)
could be related to biopsies with and without monocytes.
Nevertheless, we have run an analysis to investigate the effect of
presence or absence of monocytes on the frequency of AEs. This
analysis shows no difference in the frequency of any AE, severe
AEs, serious AEs, or serious infections between the presence
and absence of monocytes when high doses of BI 655064 are
used. A higher frequency of severe AEs and severe infections in
the 180/240 mg group compared to the placebo/120 mg group
is driven by the higher frequency of severe AEs and severe infec-
tions in the 240 mg cohort, as already described by Jayne et al2;
however, there is no effect of the presence or absence of mono-
cytes. The nonlinear supraproportional pharmacokinetics of
BI 655064 is due to target mediated disposition and similar for
all anti-CD40 monoclonal antibodies in clinical development.

Third, we have no evidence that comedication of, for
example, mycophenolate mofetil, has an effect on pharmacoki-
netics; however, comedication may affect the frequency and
severity of AEs. Stating that the benefits and risks of BI
655064 are not matched goes far beyond the reported results
of our study. However, we do agree with Zhou et al that,
indeed, individualized treatment may be achieved in patients
with lupus nephritis, for instance, on the basis of biopsy find-
ings, as demonstrated in our study.
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Risk of gastrointestinal perforation in patients with
rheumatic diseases exposed to JAK inhibitors versus
adalimumab: a nationwide cohort study: comment on
the article by Hoisnard et al

To the Editor:
We read with interest the article by Hoisnard et al,1 who

reported on the risk of gastrointestinal perforation (GIP) in patients
with rheumatoid arthritis (RA) exposed to JAK inhibitors (JAKis)
and adalimumab in a French national cohort study, a through
multigroup subgroup analysis in which no significant difference
was found. In addition, with GIP being one of the serious gastroin-
testinal complications, this study provides a basis for our clinical
application of JAKis. However, we would like to highlight some
of our main concerns with this article.

First, the authors note that there are two definitions of discontin-
uation, the first type beingwhen a patient stops taking a JAKi or ada-
limumab for more than 90 days, which may be due to the patient’s
disease remission discontinuation. The second type is when a
patient switches to another biologic disease-modifying antirheumatic
drug (DMARD) or targeted synthetic DMARD, which may be due to
disease progression, requiring a change in treatment strategy. In
addition, in patients with RA, the incidence of gastrointestinal compli-
cations in patients with disease progression is six times higher than
in patients with disease remission, and the progression of gastroin-
testinal complications is also related to the progression of RA.2

Although GIP has been analyzed in multiple subgroups, the effect
of disease remission or progression on GIP has not been studied,
so we recommend the two definitions of discontinuation of treat-
ment be analyzed separately.

Second, as a cohort study, we noticed the research team had
considered incorporating nonsteroidal anti-inflammatory drugs
(NSAIDs) as a time-varying variable. However, NSAIDs are available
in various types. These include nonselective cyclooxygenase (COX)
inhibitors, such as diclofenac, naproxen, and ibuprofen, as well as
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biopsy may become the target population. Individualized treat-
ment might be achieved in patients with LN by selecting a reason-
able dosage of BI 655064 and blood concentration monitoring.
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in patients with disease remission, and the progression of gastroin-
testinal complications is also related to the progression of RA.2

Although GIP has been analyzed in multiple subgroups, the effect
of disease remission or progression on GIP has not been studied,
so we recommend the two definitions of discontinuation of treat-
ment be analyzed separately.

Second, as a cohort study, we noticed the research team had
considered incorporating nonsteroidal anti-inflammatory drugs
(NSAIDs) as a time-varying variable. However, NSAIDs are available
in various types. These include nonselective cyclooxygenase (COX)
inhibitors, such as diclofenac, naproxen, and ibuprofen, as well as

LETTER 1113

https://orcid.org/0009-0004-6046-5501
mailto:m.uzzo@campus.unimib.it
https://orcid.org/0000-0002-1712-0637
https://doi.org/10.1002/art.43076


selective COX-2 inhibitors like celecoxib and etoricoxib. Because the
analgesic and anti-inflammatory effects of NSAIDs are primarily
mediated by the inhibition of COX-2, and their gastrointestinal side
effects are largely due to the inhibition of COX-1, NSAIDs that selec-
tively inhibit COX-2 may reduce the risk of gastrointestinal toxicity
compared to nonselective NSAIDs.3,4 The risk of gastrointestinal
tract infection varies among different types of NSAIDs5; naproxen
was associated with a significantly higher risk of gastrointestinal
complications than celecoxib.6 We recommend specifying the type
of NSAIDs used by the patient based on the identified Anatomical
Therapeutic Chemical code in order to minimize the influence of this
confounding factor on the research outcomes.

Third, although classic propensity score (PS) methods of
inverse probability of treatment weighting (IPTW) and matching can
adjust for differences in measured characteristics, these methods
have potential limitations with respect to target population, balance,
and precision.7 There aremany covariables in this article, and some
covariables have large differences between the two groups,
and they are still not balanced between the two groups even
after weighting with the IPTW method. These methods can
modify the target population,8 fail to achieve good balance, or
substantially worsen precision.7 In addition, the article does
not mention whether extreme PS values occur with IPTW. In
this case, we considered trying to use overlapped weighting to
ensure the robustness of the results. Overlap weighting can
overcome above limitations by assigning weights to each
patient that are proportional to the probability of that patient
belonging to the opposite treatment group.9 If there are no
extreme PS values, overlap weighting can be as efficient as ran-
domization if no adjustment was needed. If there are extreme
PS values, these weights obtained by overlapping weighting
are smaller for extreme PS values so that outliers who are nearly
always treated (PS near 1) or never treated (PS near 0) do not
dominate results and worsen precision, as occurs with IPTW.

Last, for all PS methods, they cannot adjust for patient char-
acteristics that are not measured and included in the model for
the PS. Residual measured or unmeasured confounders can bias
results in this observational study, but this is not reflected in the
limitations in the discussion. In order to assess the robustness of
the observed associations in the presence of potential unmea-
sured confounders, we suggest that a sensitivity analysis be per-
formed using the methods of VanderWeele and Ding10 to
calculate E-values.

In conclusion, although the authors concluded that there
was no difference in the incidence of GIP in patients receiving
JAKis and adalimumab through multiple subgroup analyses, fur-
ther attention is needed in terms of disease remission or progres-
sion and the risk of developing GIP with NSAIDs. Attention should

also be paid to the use of overlap weighting and the methods of
VanderWeele and Ding10 to reduce bias in results. We eagerly
await feedback from the authors and are very interested in learn-
ing about their upcoming work, which will further our understand-
ing of this critical topic.
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