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Clinical Connections
Cytotoxic Response of CD4+ T Cells 
Orchestrated by SLAMF4 in RA
Lacaud et al,  Arthritis Rheumatol. 2025;77:827-841.

CORRESPONDENCE
Jérôme Biton, PhD: jerome.biton@univ-paris13.fr

KEY POINTS

•  SLAMF4+ Tem are expanded 
in peripheral blood of patients 
with ACPA+ RA with active 
disease, and display both Th1 and 
cytotoxic CD4+ T cell features. 

•  SAP sustains the Th1 and cytotoxic 
functions of SLAMF4+ Tem.

•  CCR5 expression appears to 
connect SLAMF4+ SAP+ Tem to 
RA pathophysiology.

•  SLAMF4high SAP+ CCR5+ Tem 
represent the main subset of 
cytotoxic CD4+ T cells in synovial 

may be of therapeutic interest.

SUMMARY 
CD4+

+

+ Tem 
+

+ + +

+, Tbet+ +, perforin+, CX3CR1+

CD4+

high + +
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Clinical Connections

Maughan et al,  Arthritis Rheumatol. 2025;77:884-900.

CORRESPONDENCE
James E. Peters, PhD, MRCP: j.peters@imperial.ac.uk

KEY POINTS

•  
a high degree of similarity suggesting shared pathobiology.

•  Proteins altered in both diseases indicated a prominent acute phase 
response, macrophage and neutrophil activation, stromal remodeling, 
and lymphocyte signaling. 

•  Network-based analysis highlighted importance of immune–stromal 

•  
suggesting that the plasma proteome could provide a noninvasive 
readout of arterial disease states.

SUMMARY 

of diseases characterized by granulomatous 

factors, demographics (particularly age of onset), 

latter is a molecular ly distinct entity and 
questioning the reliability of diagnosis made 

suggesting sharing of the molecular effector 

immunity, lymphocyte signaling, and stromal 
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Patients with limited cutaneous systemic sclerosis (lcSSc), the most 
common subset of systemic sclerosis (SSc), can experience life-

-
tension, and severe gastrointestinal tract disease. Outcomes are 
heterogeneous, and predictive markers are needed to identify 
those at greatest risk of major complications.  Although autoanti-

lcSSC, in which high-risk patterns are much less frequent. The sim-
ple composite serum chemokine IFN score has been used in other 
autoimmune rheumatic diseases; we applied this to lcSSc and 
showed that it predicts increased risk for disease progression.

A novel aspect of our approach is that we used a new time-
to-clinical-progression score, which was developed for an event-
driven clinical trial of mycophenolate mofetil in SSc (MINIMISE). 
The MINIMISE instrument measures clinically important disease 
progression analogous to clinical worsening, and therefore, any 
intervention or predictor that differentiates MINIMISE outcome 
is self-evidently meaningful. The same chemokine serum IFN sig-
nature was well validated in previous studies in other autoim-
mune rheumatic diseases, and a threshold or high IFN score was 

feasibility to identify patients with lcSSc at high risk of clinical 

-
geting the IFN pathway.

Questions

1. What is the likely effect of background treatment within 
an observational cohort on IFN signature, and how might 
this confound the results of this study?

2. How does the chemokine IFN score used in this study 
compare with other scores and with signatures based on 
peripheral blood gene expression rather than protein assay?

3. Does the IFN score categorization complement 
autoantibody-based subgroups in lcSSc?

4. How does the MINIMISE endpoint compare with and 
complement other initiatives to develop composite 
measures in SSc such as Sclero-ID, CRISS, and CRISTAL?

5. Is the IFN signature more predictive of outcomes in 
patients with features of overlap or mixed connective 
tissue disease where the IFN signature has previously 
been reported in other studies?

Serum Type I IFN Score for Prediction of Clinically Meaningful 
Disease Progression in Limited Cutaneous SSc

Journal Club

Di Donato et al, Arthritis Rheumatol. 2025;77:929-941.

A monthly feature designed to facilitate discussion on research methods in rheumatology.
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NO T E S F R OM TH E F I E L D

The National Academies’ 2024 Diagnostic Criteria for Long
COVID: Concerns That Could Affect the
Rheumatology Community

Leonard H. Calabrese,1 Michael Putman,2 Jeffrey A. Sparks,3 Zachary Wallace,4 Alfred H. J. Kim,5

Kevin L. Winthrop,6 and Cassandra Calabrese1

Introduction

Shortly after the COVID-19 pandemic began, it became clear
that some people with COVID-19 had prolonged or, in some cases,
incomplete recovery. Patient-led groups took an early and impor-
tant role in advocating for affected people, coining the term “long
COVID.”1 The term postacute sequelae of COVID-19 (PASC) is
often used interchangeably with long COVID, with the latter endur-
ing as the more commonly used diagnostic label in both scientific
and lay literature. Over time long COVID and PASC have come to
encompass a myriad of over 200 symptoms, the majority of which
did not have clear pathologic correlates.2 Similar postinfectious
sequelae, including clinical syndromes resembling myalgic enceph-
alomyelitis/chronic fatigue syndrome (ME/CFS) and fibromyalgia,
have been previously described following numerous other infec-
tious diseases but not to the scale of that seen with COVID-19.3,4

As with any condition, affected patients share features. There
is a female predominance reported in long COVID, and many fulfill
diagnostic and/or classification criteria for ME/CFS and/or fibromy-
algia. Symptoms of dysautonomia are also common.5 Observa-
tional studies have also identified a range of pathologically
confirmed post-COVID complications affecting multiple organs,
including the endocrine, cardiovascular, and neurologic systems.
Incident autoimmune diseases after COVID-19 have been
reported, with large observational studies describing a modest but
statistically significant association.1,5 However, these studies may
be biased by unmeasured confounding (eg, health care use, etc).

Establishing a widely accepted definition of long COVID to
facilitate clinical care and research is an urgent priority. A definition
would guide clinical diagnosis and facilitate research to define
underlying pathophysiology and identify effective management

strategies. Collectively, these advances may improve the suffering

that people with these conditions often describe. Early in the pan-

demic, several organizations proposed different case definitions

(Table 1) for long COVID. These definitions varied with regard to

the need for microbiologic documentation, the duration of symp-

toms required, and the necessity to rule out alternative diagnoses.

The limitations of these definitions have been recently reviewed.6

The National Academies’ definition of long COVID

Given the urgent clinical and research need for a rigorous

definition for long COVID, the US Department of Health and

Human Services asked the National Academy of Science Engi-

neering and Medicine (the “National Academies”) to develop a

definition. The expectation was that this definition would promote

consistency in diagnosis, raise public awareness, help patients

access care and benefits, and facilitate research. To define long

COVID, the committee established by the National Academies

engaged more than 1,300 participants, including key opinion

leaders working in the field, systematically reviewed the relevant

literature, and applied rigorous methods as well as the input of

many key opinion leaders working in the field. The proposed def-

inition was published in 20247 and summarized in Table 1.
The signatories to this research letter have been actively

engaged in various aspects of the response to the COVID-19

pandemic from a rheumatology perspective. We understand and

appreciate the challenges that the National Academies faced in

formulating a definition and the substantial effort contributed by

those involved. By explicit design, the committee developed a

case definition that sought to be accurate and precise, accessible

1Leonard H. Calabrese, DO, Cassandra Calabrese, DO: Cleveland Clinic
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and understandable, and, above all, acceptable to those who are

suffering, especially those experiencing work disability and in

need of support. Importantly, the authors also emphasized that

a case definition that was highly sensitive would be limited by a

high rate of false positives and that expert history-taking and

clinical judgment would be required to assess a given patient’s like-

lihood of whether they qualified to be diagnosed as having long

COVID. We appreciate the merits of this stated attempt but must

emphasize that clinical judgment is not static and will be influenced

by critical appraisal of ongoing research and our current levels of

understanding of the intersection of long COVID and its relationship

to rheumatic and immunologic diseases, and thus, the implemen-

tation of this case definition will no doubt likely change over time.

For the present, however, we have concerns regarding the clinical

use of the National Academies’ definition and how this definition

may currently impact the field of rheumatic disease.

First concern: low specificity

The newly proposed case definition is, by the National Acad-
emies’ stated design, highly sensitive while lacking specificity. As

stated by the committee, they attempted to be inclusive while
avoiding wrongly including patients whose conditions are not
related to prior SARS-CoV-2 infections. We worry that a balance
was not struck. No specific symptoms are required to qualify,
and nearly any symptom would be sufficient for diagnosis.
Further, the condition being attributed to COVID-19 can occur at
any time point (ie, days, months, or even years) after an infection,
and neither diagnostic certainty of COVID-19 infection nor having
had symptoms of COVID-19 are required. We are concerned that
such broad inclusion criteria do not advance a clinician’s ability to
differentiate postinfectious syndromes from the background non-
specific, intermittent somatic symptoms (ie pain, fatigue, sleep
disturbances, and abdominal pain) of unclear etiology, which are
frequently encountered in rheumatology practices and the general
population.8

Second concern: inclusion of incident rheumatic
disease

The National Academies’ long COVID definition states that
“patients can present with diagnosable conditions such as

Table 1. Selected definitions of long COVID*

US Centers for
Disease Control and

Prevention
World Health
Organization RECOVER National Academies

High-level summary “Signs, symptoms,
and conditions that
continue or
develop after initial
COVID-19
infection”

“The continuation or
development of new
symptoms 3 months
after the initial SARS-
CoV-2 infection, with
these symptoms lasting
for at least 2 months
with no other
explanation”

“A definition of postacute
sequelae of COVID-19
(PASC) using self-
reported symptoms”

“Continuous, relapsing and
remitting, or progressive
disease state that affects one
or more organ systems”

Positive SARS-CoV-2
laboratory test
required

No No Yes No

Minimum time since
COVID-19 onset

90 days 90 days Assessed at 180 days, but
may have had shorter
symptom duration

90 days

Symptoms included “People with long
COVID can have a
wide range of
symptoms that can
last weeks, months,
or even years after
infection”

“While common
symptoms of long
COVID can include
fatigue, shortness of
breath and cognitive
dysfunction over 200
different symptoms
have been reported that
can have an impact on
everyday functioning”

Smell and/or taste,
postexertional malaise,
chronic cough, brain
fog, thirst, palpitations,
chest pain, fatigue,
sexual desire or
capacity, dizziness,
gastrointestinal,
abnormal movements,
and hair loss

Shortness of breath, cough,
persistent fatigue,
postexertional malaise,
difficulty concentrating,
memory changes, recurring
headache, lightheadedness,
fast heart rate, sleep
disturbance, problems with
taste or smell, bloating,
constipation, and diarrhea

Systemic autoimmune
rheumatic diseases
included

None None None Connective tissue diseases and
autoimmune disorders, such
as lupus, rheumatoid arthritis,
and Sjögren disease

Other diseases
included

None None None Yes

* RECOVER, Researching COVID to Enhance Recovery.
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fibromyalgia, connective tissue diseases,…and autoimmune dis-
orders such as lupus, rheumatoid arthritis, and Sjögren disease.”
We will not further discuss fibromyalgia, which appears to bear a
complex relationship to long COVID and has been previously
reviewed in the literature.9 Instead, we will focus on the decision
to include autoimmune rheumatic disorders as features that sup-
port a diagnosis of long COVID.

In just a few years, we have advanced our understanding
of the immunologic consequences of COVID-19 infection and
hypothesized regarding their potential associations with long
COVID risk.1 These immunologic consequences include the
presence of ongoing low-level inflammation, upregulation of an
interferon response, aberrant neutrophil activity, and mounting
autoreactivity.1,5,10,11 Recognizing these associations, we strongly
believe that it is premature to conclude that any of these immune
perturbations are causally related to any symptoms or end-organ
complications attributed to long COVID, and the presence of these
immunologic features are insufficient to establish a diagnosis of
long COVID. It can be argued that among the strongest evidence
for the induction of autoimmunity from COVID-19 is the develop-
ment of an array of autoantibodies following infection, including
some autoantibodies used in clinical practice (eg, antinuclear anti-
bodies), but this observation is not unique to SARS-CoV-2 and
has been described in the context of other infections.4,10 Further,
the autoantibody response observed in some is often transient,
and there are conflicting data about whether these autoantibodies
correlate with long COVID symptoms or end-organ pathology.10,12

We do not support the National Academies’ decision to label
a new diagnosis of rheumatic disease in the post–COVID-19
period as long COVID. To support the inclusion of rheumatic and
other autoimmune diseases in their definition, the National Acade-
mies relied on electronic medical record (EMR) database studies,
which have important and often overlooked limitations when used
in observational research. In addition to confounding and time-
related biases common to observational studies, EMR-based
studies may be affected by misclassification when exposure,
covariates, and outcomes are defined by billing codes (eg, under-
or overcoding). They may also come to biased conclusions
when important potential confounders such as health care use
are not considered. Many autoimmune diseases lack validated
diagnostic coding algorithms; for others, proposed, or even
validated, approaches to identifying cases often have high false
positive rates.

Inconsistency of literature linking COVID-19 with
incident rheumatic diseases

A comprehensive review of the growing number of epide-
miologic studies examining the relationship of COVID-19 and
autoimmune diseases is beyond the scope of this research let-
ter, but at the minimum, these reports have been inconsistent.
For example, among four of the largest epidemiologic studies

exploring the association of COVID-19 and lupus, one found
a significantly increased risk,13 whereas another found no
significantly increased risk14; the other two studies15,16 found
COVID-19 to be potentially protective against the risk of lupus.
Do we believe that COVID-19 confers protection against lupus?
Certainly not. The conflicting results from these studies suggest
that it is premature to include rheumatic diseases as a criterion
for the diagnosis of long COVID. Although previous literature
suggest that other types of infections may trigger rheumatic dis-
eases (eg, hepatitis B–associated polyarteritis nodosa and hep-
atitis C–associated cryoglobulinemic vasculitis), the attribution
of an infection to incident rheumatic disease in an individual
patient is often circumspect at best and would not appreciably
change the management approach in the vast majority.

Conclusions

We strongly endorse recommendations from the National
Academies that further work is needed; more detailed epidemio-
logic investigations of long COVID risk using orthogonal method-
ologies, clinical trials of immune targeting therapies for long
COVID, and basic and translational studies such as the recent
use of animal models using passive transfer of IgG from people
with long COVID to study autoimmunity.1 It is quite possible that
long COVID is a heterogeneous group of disorders with many
clinical endotypes involving numerous pathogenic mechanisms
and disease trajectories such that a single disease definition
may not suffice. Although we have raised important concerns,
we admit that we do not have the answers to these important
questions. From a clinical perspective of the rheumatology prac-
titioner and the individual patient, the current case definition
clearly provides much leeway in diagnosing long COVID based
on our history and clinical judgment when needed for patient
care. Thus, there is a need to disseminate this declarative and
procedural knowledge throughout the profession. From an edu-
cational perspective, there is no other field moving as rapidly as
that of COVID-19 and its postinfectious sequelae, and thus, this
topic must have an ongoing place in our educational agenda.
Finally, as rheumatologists, we care for people living with many
diseases that share features with long COVID, and our research
into these disorders may inform our understanding of long
COVID. As a profession, we are therefore well-positioned to
engage in the ongoing discussions regarding the potential asso-
ciations among SARS-CoV-2 infection, long COVID, and rheu-
matic disease.
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E D I T O R I A L

Air Pollution’s Hidden Toll: Risks for Rheumatoid Arthritis
and Rheumatoid Arthritis–Associated Lung Disease

Sofia Ajeganova1 and Jeremy Sokolove2

Air pollution presents an important factor for the global

burden of disease. Poor air quality has become a growing issue

due to urbanization and climate changes. Ambient (outdoor) air

pollution in both cities and rural areas was estimated to cause

4.2 million premature deaths worldwide per year in 2019, attrib-

uted to cardiovascular and respiratory disease and cancers.

Because the incidence of autoimmune inflammatory diseases

rapidly rose after industrialization and the widely accepted

hypothesis that the overt clinical presentation of such diseases

results from the interaction between genetic predisposition and

environmental factors, the role of ambient inhaled air pollutants

on the risk of immune-mediated diseases has received more

attention. Indeed, it has been found that chronic exposure to

levels of air pollutants above the threshold for human protection

is associated with a 10% higher risk of developing various

immune-mediated diseases.1 Understanding the factors behind

such an increased risk and etiopathogenesis is crucial to find

new targets of therapy and appropriate prevention strategies.
Rheumatoid arthritis (RA) is a complex polygenic inflamma-

tory disease that develops through immune activation in geneti-

cally susceptible individuals following environmental challenges.2

Epidemiologic, clinical, and molecular studies suggest a potential

role of the lung as the important site for initiation of RA-related

autoimmunity.3 Smoking is a major predisposing factor, and there

is a dose-dependent interaction between smoking and RA-risk

genes in the risk of developing seropositive RA.4 Local immunity

toward citrullinated proteins and accompanying inflammation

might be present in the lungs early during RA disease develop-

ment.5 Thus, it is plausible to suggest that environmental factors

that trigger RA development could also contribute to increased

RA-related interstitial lung disease (RA-ILD). Many patients with

RA are nonsmokers. Besides cigarette smoke, other airborne

particles, such as inhaled air pollutants and occupational inhalable

agents (silica, textile dust, quartz dust, herbicides), may trigger

pulmonary oxidative stress, inducing autoimmune responses

and systemic inflammation. Early epidemiologic studies have

implicated associations between RA and long-term exposure to

various ambient air pollutants, especially exposure to fine particu-

late matter <2.5 μm in diameter (PM2.5).
6–8 Of different air pollut-

ants measures, exposure to PM2.5 has been most closely linked

to anti–citrullinated protein antibody (ACPA) titers.9 ACPA-

negative, or seronegative RA, constituting about one-third of all

patients with RA, may have genetic and environmental pathogen-

esis different to seropositive RA, but it has been insufficiently stud-

ied. Evidence for the impact of air pollutants on the risk of RA is

inconsistent, probably due to differences in exposure assess-

ment, composition of air pollutants, control for covariates, and dif-

ferent age of the studied populations, and little is known about

association between air pollutants and development of RA-ILD.10

PM2.5 air pollution originates from natural sources (such as

forest fire smokes) and anthropogenic sources (such as fossil fuel,

vehicle emissions, cigarette smoking, and industrial sources).

Although public health gains have been achieved through reduc-

tions in nonsmoke PM2.5, wildfires have burned increasing acre-

ages since the 1980s. The cumulative impact of increased burns

and fires, a growing source of air pollution including PM2.5, raises

concerns and questions about the long-term health impact. Are

small-in-size PM2.5 particles more pathogenic and toxic than

larger PM10 particles or sulfur dioxide (SO2), carbon monoxide

(CO), nitrogen oxides (NOx), and ozone (O3)? Does fire smoke–

related PM2.5 have similar toxicity as total PM2.5? Is acute or

chronic exposure to air pollutants necessary to affect risk of the

disease? Does duration of exposure to air pollutants determine

the risk of seropositive and/or seronegative RA?
The complex interactions between environmental and indi-

vidual exposures make it challenging to attribute outcome to a

single environmental exposure, especially when there is a lag

between the exposure and overt clinical disease. To estimate the

effect of environmental exposures, population-level environmental

exposures, together with individual risk factors, are necessary to
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include in the study. In this issue of Arthritis & Rheumatology,
Kronzer et al11 report the analysis of exposure to fire smoke–related
PM2.5 and other air pollutants on the risk of incident RA and RA-ILD
after RA diagnosis. Researchers effectively used a case–control
study design based on a huge administrative and electronic data-
set of the Department of Veterans Affairs (VA) with over 70,000 vet-
erans. A validated algorithm to define RA and a stringent set of
criteria to define RA-ILD were applied. Of all, 9,701 patients with
incident RA with at least five years of preceding observation (mean
age 65 years, 86%male, 56% current smokers, 63% seropositive),
of them 531 patients with RA-ILD, were identified in 2014 to 2018
and included for the analysis, along with 68,851 controls matched
on age, sex, and VA enrollment year. Pollution level data were
extracted from the nationwide ground pollutant monitoring data
and averaged over all available time points at all monitors within
50 km of the zip code area. Primary exposure was mean daily
smoke PM2.5, which consisted of fire-related PM2.5, nonfire
PM2.5, and overall total PM2.5 over the United States at a 15 ×
15-km resolution, integrated with at least five years preceding VA
address data. Averaged secondary pollutants PM10, SO2, CO,
NOx, and O3 were measured based on available monitoring data
within 50 km of the zip code area. Additional data included duration
of fire smoke pollutant exposure before index date, ethnicity, body
mass index, and smoking status at the index date.

This huge case–control study using national VA data and
nationwide pollutant monitoring suggests association between
higher exposure to fire smoke–related PM2.5 of one to five years
before RA diagnosis and development of RA, and exposure to
fossil fuel–related NOx is the most associated with overall RA risk
or seronegative RA. Analysis restricted to never-smokers showed
no meaningful differences in point estimates. There was no evi-
dence of interactions between fire smoke PM2.5 and smoking sta-
tus, age, sex, and race and ethnicity on risk of RA in this study.
The further novelty is the finding of association between higher
exposure to fire smoke–related PM2 and risk of RA-ILD. Matched
case–control design, which was used in this analysis, can be as
credible as randomized studies to study rare outcomes.12

The main analysis indicated that more recent exposure to fire
smoke–related PM2.5 within one to three years and three to five
years before RA diagnosis was associated with RA risk consis-
tently in the quartiles of the exposure (adjusted odds ratio [aOR]
1.12, 95% confidence interval [CI] 1.03–1.23, and aOR 1.13,
95% CI 1.02–1.26, per 1 μg/m3). Given the design, it is still likely
that the results reflect temporal associations between ambient
PM2.5 and RA, even though for the averaged long-term exposure
of longer than five years, the association was not found here.
Thus, the current study raises questions about the window for
which the effect of air pollution is most evident, and this merits fur-
ther investigation. Most biologic associations would present at a
concentration-response function and stronger effects for long-
term exposures. However, stronger associations at lower rather
than higher PM2.5 exposures have been previously reported.13

Effects could also be nonlinear at different exposure times and
across different concentrations of air pollutants. Further, compo-
sition of PM2.5 can vary across regions and seasons, and the dif-
ferent chemical species and mixtures that comprise PM2.5 can
have different impacts on health. Moreover, PM2.5 at low and high
concentrations might represent particles with different toxicity in
patients with a high genetic risk or without such a risk. One aspect
in which future studies should focus is the identification of specific
PM2.5 components that may be driving the association with RA.

The novel finding of approximately two-fold higher risk of
RA-ILD (aOR 1.98, 95% CI 1.08–3.62, per 1 μg/m3) related to
PM2.5 is notable, especially considering that prevalence of
RA-ILD was likely underreported in administrative dataset
(no systematic screening). The pathogenic effects of air pollut-
ants, especially prolonged exposure to high levels of PM22.5 on
lungs and respiratory diseases, including ILD, idiopathic pulmo-
nary fibrosis, and exacerbation of RA-ILD, have been previously
reported. The current study by Kronzer et al11 shows that expo-
sure to fire smoke PM2.5 may be associated with RA-ILD develop-
ment. Interestingly, to note here, the higher mean age, the more
male patients and smokers there were among the studied patients
than in commonly reported cohorts with RA (ie, population with
known risk factors for RA-ILD). Possible mechanisms by which
RA-ILD occurs and progresses merit further investigations.

When considering the evidence presented in the article
together, the association between prolonged exposure to air pol-
lutants and risk of RA overall (for exposure to fire smoke PM2.5,
PM10, or fossil fuel–related NOx), or seronegative RA (for expo-
sure to O3 or PM10), was small, and estimates for several second-
ary air pollutants (SO2, CO) were inconsistent across the
concentrations and exposure terms and were even seemingly
“protective.” The effect sizes may have been attenuated because
of the high degree of overlap in the mixture of air pollutants usually
correlated in space because they have common sources.

The study demonstrates the utility of geocoding of exposure
to air pollutants based on postal codes. However, ambient mea-
sures may not accurately reflect personal exposures varying
depending on age, season, occupation, socioeconomic status,
and habits. Null associations with some air pollutants may be
related to possible misclassification of absolute pollutant expo-
sures because of sparse monitoring in rural areas. However,
because ambient air pollution policies are proposed at the group
level rather than at the individual level, the results of environmental
research may still be used to inform community-level prevention
and intervention efforts, even if they do not address the individual
exposure–outcome response. Exposure to the mixture of multiple
air pollutants could also obscure estimated effects. The authors
acknowledge the potential for residual confounding and the pos-
sibility of unmeasured prior exposures in individual service careers
because many military veterans have been exposed to open burn
pits, which are known to contain a variety of pollutants, and have
often been exposed to other negative environmental phenomena
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including gasoline exhaust, dust, ambient air pollution, and fumes
from equipment.

This study adds to the existing literature and highlights the
health risk posed by air pollutants for RA and RA-ILD. There is still
much to be learned about this complex (gene) environmental
exposure–effect relationship in the pathogenesis of autoimmune
diseases, the temporal biologic effect of exposure to air pollut-
ants, and the long-term effects of exposure to multiple air
pollutants. Programs for controlling and reduction of air pollut-
ants, along with screening adapted for at-risk population can
potentially result in positive effects on health outcomes.
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R E V I EW

Immune Aging in Rheumatoid Arthritis

Cornelia M. Weyand and Jörg J. Goronzy

Rheumatoid arthritis (RA) is a life-long autoimmune disease caused by the confluence of genetic and environmental
variables that lead to loss of self-tolerance and persistent joint inflammation. RA occurs at the highest incidence in indi-
viduals >65 years old, implicating the aging process in disease susceptibility. Transformative approaches in molecular
immunology and in functional genomics have paved the way for pathway paradigms underlying the replacement of
immune homeostasis with autodestructive immunity in affected patients, including the process of immune aging. Patients
with RA have a signature of premature immune aging, best understood for CD4+ T cells, which function as pathogenic
effectors in this HLA class II–associated disease. Premature immune aging is present in healthy HLA–DRB1*04+ individ-
uals, placing accelerated immune aging before joint inflammation. Aging-related molecular abnormalities directly impli-
cated in turning RA CD4+ T cells into proinflammatory effector cells are linked to malfunction of subcellular organelles,
such as mitochondria, lysosomes, lipid droplets, and the endoplasmic reticulum. Resulting changes in T cell behavior
include cellular hypermobility, tissue invasiveness, unopposed mammalian target of rapamycin complex (mTORC)1 acti-
vation, excessive release of tumor necrosis factor, lysosomal failure, clonal expansion, and immunogenic cell death.
Aged and metabolically reprogrammed T cells in patients with RA are accompanied by age-associated B cells, which
specialize in autoantibody production. Clonal hematopoiesis drives myeloid cell aging by producing aged monocytes
and hypermetabolic macrophages, which sustain the process of inflammaging. Here, we synthesize insights into the rela-
tionship of RA risk and immune aging and discuss mechanisms through which immune aging can cause autoimmunity.

Introduction

Over the last century, we have been gifted an additional

30 years of life, and for those born today, 100-year lives will

be common, creating the challenge to build longevity-ready

communities and align health span to life span. Researchers

in the biologic and social sciences have mobilized to realize

the potential of living long and living well, and much progress

has been made in understanding the biology of aging. Biologic

aging is the major cause of chronic disease and disability and

refers to the gradual decline across numerous biologic systems

that occurs with advancing chronological age. Among these

systems, the immune system has taken center stage given its

pivotal role in protecting the host against infection and malig-

nancies and securing tissue homeostasis and repair. Diseases

caused by failing immune defense and poor tissue regeneration

are, by far, the leading causes of morbidity and mortality in

developed countries.

In the traditional view, autoimmunity is an aberration of
protective immunity, initiated and sustained by the erroneous rec-
ognition of self-antigen, and is therefore thought to be most prev-
alent in those with a strong and highly efficient immune system.
With advances in the collection of society-spanning data, it is
now clear that the vast majority of individuals diagnosed with
autoimmune disease are in the second half of life,1 when the
immune system is compromised because of the process of
immune aging.2–4 In a recent population-based cohort study
of 22 million individuals in the United Kingdom, the incidence
and prevalence of 19 of the most common autoimmune diseases
were evaluated, including rheumatoid arthritis (RA).1 Only a few
autoimmune diseases were commonly diagnosed before the
age of five years (Addison disease, celiac disease, type 1 diabetes,
psoriasis, vitiligo), but for most autoimmune diseases, incidence
increased with age, particularly for autoimmune thyroid disease,
pernicious anemia, and RA. Figure 1 shows the age-dependent
incidence of RA compared to polymyalgia rheumatica (PMR) and
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inflammatory bowel disease. PMR is a classic age-associated dis-

ease, with essentially no cases among individuals <50 years of

age. The median age of RA diagnosis among the 22 million indi-

viduals was at 65 years, with steeply rising incidence rates among

those in the seventh and eighth decades of life. Thus, RA occurs

in a host with an aged immune system. These epidemiologic data

stand in stark contrast to the concept that the immune systems of

patients with RA are particularly proficient, able to correctly assign

innate and adaptive immune cells toward the recognition of for-

eign and self-antigens. To the opposite, these epidemiologic data

provide strong support that immune aging is a risk factor for

autoimmunity.5,6

In this review, we will highlight the substantial advances
made in conceptualizing the immunopathology of RA in the
context of aging-related immune failure and the prematurity of
immune aging in patients whose biologic aging precedes chro-
nological aging. Indeed, RA emerges as an ideal model system
to investigate the relationship between immune aging and
loss of self-tolerance and to delineate the implications for
the fundamental understanding of how the immune system

deviates from protection to injury across the spectrum of
health and disease.

Cellular senescence

A central feature of the aging process is the induction of cel-
lular senescence, a stable and terminal state of growth arrest, in
which cells can no longer proliferate but persist and regulate
neighboring cells through the secretion of an array of growth fac-
tors and cytokines. Senescent T cells are typically resistant to
apoptotic cell death by up-regulating cell survival pathways, such
as the Bcl-2 family of antiapoptotic proteins.7–9 Over the last
decade, aging research has morphed into senescence research,
and the term “senescence” is broadly used to describe aged
cells. Accordingly, the process of immune aging is sometimes
designated as immunosenescence. We will outline in this article
why the term “immunosenescence” is inaccurate and arguably
confusing. Most importantly, immune cells remain highly sensitive
to apoptosis, even after extensive proliferative stress. Apoptosis
is, by far, the most important mechanism to secure immune cell

Figure 1. Aging as a risk factor for rheumatoid arthritis. Data are modified from the study by Conrad et al.1 Age- and sex-standardized incidence
rates were calculated for eight age categories. “Common autoimmune diseases” refers to the primary incidence of the 19 autoimmune disorders
investigated in this study (top). Incidence rates for rheumatoid arthritis are compared to age-dependent incidence rates for polymyalgia rheumatica
and inflammatory bowel disease (bottom).
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contraction after antigen-driven proliferation and under homeo-
static conditions.10–12 Thus, lymphocytes and macrophages
(Mϕs) are subject to aging-induced changes but do not undergo
irreversible cell cycle block and therefore are not truly senescent.

Originally identified as a mechanism limiting the number of
population doublings in cultured fibroblasts, cellular senescence
has been linked to telomere attrition and to DNA damage-
signaled cell cycle arrest. It is now recognized as a central pro-
cess contributing to tissue regeneration and as a cellular defense
against hyperproliferation, thus critically impacting embryogene-
sis, wound healing, and protection against cancer.13 Senescent
cells are characteristically arrested in the G1 phase of the cell
cycle. Up-regulation of the cyclin-dependent kinase (CDK) inhibi-
tors p21 and p16 leads to inhibition of CDK4 and CDK6, repres-
sion of E2F transcription factors, and ultimately repression of
their target genes. Acquisition of the senescent state is associ-
ated with morphologic changes (increased size and volume, irreg-
ular nuclear shape) and senescence-associated heterochromatin
foci. Most importantly, senescent cells acquire a hypersecretory
state known as the senescence-associated secretory phenotype
(SASP), releasing an array of proinflammatory cytokines, growth
factors, angiogenesis factors, and proteases that can disrupt
microenvironments and compromise tissue structure and func-
tion. Indeed, senescent cells may become a nidus for sterile tissue
inflammation, identifying them as “cells of interest” in chronic
destructive tissue inflammation.14,15

Expectedly, DNA damage–induced signaling has a major
impact on the structure and function of cellular organelles. Ele-
vated activity of the senescence-associated β-galactosidase is a
classic marker of senescence and marks the heightened stimula-
tion of the lysosomal pathway. A shift in mitochondrial function
(mito-senescence) leads to up-regulation of the Bcl-2 family pro-
teins (BAX, BAK), rendering senescent T cells resistant to apopto-
sis. Indeed, genetic loss of mitochondrial transcription factor A
(TFAM), the main transcription factor of the mitochondrial
genome, produces transgenic mice with a multitude of age-
associated morbidities.16 The hypersecretory state of senescent
cells must impose pressure on the endoplasmic reticulum con-
trolling the folding and packing of secreted proteins, but precise
studies are needed to understand the impact of endoplasmic
reticulum (ER) senescence.

Senescent cells have recently drawn attention as potential
therapeutic targets. In transgenic mice, purging of p16-expressing
senescent cells can increase the mean life span and health span.
These data have spurred the development of senolytic agents,
selected to eliminate senescent cells in vivo. Clinical trials are
underway to evaluate whether senolytic drugs can slow the aging
process and associatedmorbidities, such as atherosclerosis, neuro-
degenerative disease, osteoporosis, chronic kidney disease, etc.17

Recently published results from a clinical trial testing senolytics in
aging-associated osteopenia have been disappointing.18 Another
class of SASP-targeting drugs are the senomorphics, designed to

modify SASP factors in vivo. In contrast to senolytics, senomorphics
do not kill senescent cells, but rather they target pathways directly
relevant for the induction, production, and secretion of SASP factors,
for example, the transcription factors STAT3, NF-κB, CCAAT/
enhancer binding protein, and the p38 MAPK, phosphatidylinositol
3-kinase/Akt, mammalian target of rapamycin (mTORC) 1, and
JAK/STAT signaling pathways. Therapeutics neutralizing SASP
factors are also recognized as classic senomorphics. Rheuma-
tologists are well familiar with senomorphics, having used anticyto-
kine antibodies (anti–tumor necrosis factor [anti-TNF], anti–
interleukin-6 [anti–IL-6], etc) for decades.

Therapeutic targeting of senescent cells and SASP factors
raises the important question of whether they are exclusively
detrimental.19 Given the critical role of cellular senescence in tis-
sue remodeling and repair, persistent elimination may be to the
disadvantage of the host. Although progress has been made in
measuring SASP product abundance at defined time points,
we have insufficient data to discriminate between beneficial and
detrimental effects of cytokines and growth factors, challenging
the use of SASP factors as biomarkers of aging and aging-
related inflammation and the therapeutic goal of depleting
senescent cells.

“Senescence” and “SASP” have become widely used terms
to identify aged and stressed cells and their secretome. These
terms may be valuable to identify stromal cells that have accumu-
lated a high burden of DNA damage and have entered terminal
growth arrest, but they are imprecise terms to describe the state
of T cells and B cells in older individuals and in patients with
chronic inflammatory disease.20 The function of T cells and B cells
in the immune system is inseparable from massive clonal expan-
sion and a complex program of cellular differentiation. Recent
data have demonstrated that T cells are essentially immortal,
capable of repairing proliferation-imposed damage and undergo-
ing self-renewal like stem cells.21 The secretome of highly differ-
entiated T cells is rich in cytokines, which are needed to mount a
successful immune response, but does not signal senescence.
Apoptotic cell death curtails the size of the T cell compartment
after antigen-induced expansion, eliminating T cells in irreversible
proliferative arrest.10,22,23 Therefore, we will not apply the term
“immunosenescence” in this review and instead will use the more
precise term “immune aging.”

T cell aging in RA

Aged CD4+ T cells were first isolated from the rheumatoid
joint24 in 1996 and were subsequently confirmed in a number of
studies.24–26 End-differentiated CD4+CD28− T cells were highly
enriched in synovial tissue and were distinctly autoreactive in
humans and mice.24,27 In patients with multiple sclerosis,
CD4+CD28− T cells are highly responsive to disease-inducing
autoantigens.28 Molecular phenotyping focused attention on the
telomeres of these unusual CD4+ T cells, showing premature
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telomeric erosion in RA T cells with a 25-year left shift.29,30 The
telomeric defect was present among naive CD4+ T cells of
patients with RA, compatible with the defect being acquired
before antigen-induced clonal expansion. In healthy individuals,
premature telomeric shortening occurred in those who had inher-
ited the RA-associated HLA–DRB1*04 haplotype, eliminating RA
and RA synovitis as the driving factor.30

The length of telomeric sequences is a well-recognized hall-
mark of cellular aging and has allowed definition of cell types
affected by age-inappropriate aging. In patients with RA and in
healthy HLA–DR4+ individuals, not only CD4+ T cells but also neu-
trophils have premature telomeric shortening.30 Sharing of accel-
erated telomeric erosion in myeloid and lymphoid cell populations
points toward the hematopoietic stem cell (HSC) as the target of
the yet unidentified inducer of premature aging.31,32 Multiple
mechanisms function as drivers of stem cell exhaustion during
aging, including excessive apoptosis, premature differentiation,
cytostatic DNA damage, growing mutational burden, and DNA
damage–driven disruptions in intercellular communication com-
promising stem cell niches.33,34 HSC aging is characterized by
the expansion of numbers, the decline in pluripotency, and the
skewing toward the myeloid lineage.35 Defective proliferative
capacity and accelerated telomere shortening in circulating HSCs
of patients with RA has been reported.31 It has been proposed
that the reduced HSC pool is a major driver of premature T cell
aging in RA.36 In that model, reduced HSC proliferation leads to
reduced T cell precursors. To maintain peripheral T cell numbers,
adult individuals increase proliferation of postthymic T cells
(homeostatic proliferation) and thus impose proliferative pressure.
Increased proliferative pressure inevitably induces premature
T cell aging. Premature senescence in HSCs of patients with RA
has also profound clinical implications, predicting excess toxicity
for treatment approaches that rely on depletion of HSCs or their
progeny.37

Most information available about the mechanisms and the
relevance of T cell aging in RA stems from the study of helper
and effector CD4+ T cells. It is highly likely that T cell aging affects
the functional competence of other T cell populations, such as
Treg cells. A clearly age-related mechanism of Treg cell failure
has been described for another autoimmune disease.38,39 In large
vessel vasculitis and in older healthy individuals, CD8+ Treg cells
lose the ability to secrete immunoinhibitory exosomes into the
extracellular space, leaving CD4+ T cells unsuppressed. Under-
standing the relevance of this mechanism in RA requires further
examination.

DNA damage in RA T cells. Cellular aging is tightly inte-
grated with DNA damage. Maintaining tissue homeostasis and
responding to environmental cues imposes replication stress on
all tissues but specifically on the adaptive immune system, which
needs to undergo massive expansion to protect the host against
pathogens and tumors. Cellular replication is inevitably linked to

DNA breaks and the accumulation of mutations. For highly prolif-
erative cells to maintain genome integrity, they need a superbly
functioning DNA repair machinery and access to energy sustain-
ing the repair activity. Quiescent T cells can survive by using fast,
low-fidelity nonhomologous end-joining, but proliferating T cells
rely on the more accurate homologous recombination (HR) to
maintain genome integrity.40 Irreparable DNA damage of the
nuclear genome or of telomeric sequences is a classical inducer
of senescence, but like other lymphoid cells, stressed T cells are
driven into apoptosis. Equipped with a sophisticated machinery
to sense cellular stress and DNA damage, lymphoid and myeloid
cells prefer apoptosis as the mechanism culling out poorly func-
tional cells.41 T cells remain sensitive to DNA damage–induced
apoptosis but steadily accumulate DNA lesions as they undergo
cycles of clonal expansion and contraction.

RA T cells are deficient in the DNA repair enzyme ATM,42 with
DNA damage load high in untreated patients with newly diag-
nosed RA (Figure 2). Transcriptome analysis has yielded evidence
for transcriptional repression of the genes encoding for DNA
repair molecules (ATM, NBS1, RAD50, MRE11, TP53), impairing
both the sensing and the repair of DNA double-strand breaks.
Genome instability predisposes RA T cells to premature death,
exposing patients with RA to attrition of naive CD4+ T cells. Anal-
ysis of T cell receptor diversity within the naive CD4+ T cell pool
has confirmed repertoire contraction, likely caused by excessive
cell death.42 During adult life, replenishment of the T cell pool is
mostly dependent on replication of postthymic T cells, a process
termed “homeostatic proliferation.”2,36 Excessive T cell loss must
therefore lead to compensatory T cell expansion, altogether ideal
conditions to induce immune aging. Studies exploring how RA T
cells rich in DNA breaks adapt to their inability of timely DNA repair
have shown that the cells seek protection from genotoxic stress
by up-regulating the DNA–protein kinase catalytic subunit
(DNA-PKcs), deviating them toward the use of error-prone non-
homologous end-joining as a DNA repair pathway and the contin-
uous accumulation of mutations.43 Notably, in patient-derived T
cells, up-regulated DNA-PKcs activates the JNK stress pathway,
rendering the cells susceptible to cell death but also to functional
reprogramming.

Insufficient DNA repair in RA T cells extends to the telomeric
ends (Figure 2). Like stem cells, healthy T cells can elongate their
telomeres by up-regulating telomerase. RA T cells are character-
ized by shallow telomerase up-regulation, restriction of clonal
size, and homeostatic control of the T cell compartment.44 Nota-
bly, not only does the breakdown of the DNA repair machinery
have relevance for the nuclear DNA and the telomeric DNA, but
it also affects mitochondrial DNA and leads to mitochondrial fail-
ure.45,46 Recent data have also implicated DNA polymerase β, a
key enzyme in base excision repair, in unresolved DNA damage
in RA T cells47 (Figure 2).

A critical question is whether the aging phenotype of RA
T cells alters the functionality of the cells and whether T cell aging
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has direct relevance for the disease process (Figure 3). This ques-
tion has been addressed experimentally. The reliance of CD4+

T cells on HR to keep the DNA breakage load low and avoid
triggering of the universal stress response makes these cells
highly dependent on the MRE11-RAD50-NBS1 complex, a
multiprotein complex critically important in DNA damage rec-
ognition and orchestration of repair. The nuclease MRE11A
contributes to DNA end processing and resection. RA CD4+

T cells typically have low expression of MRE11A, and cellular
localization studies have linked MRE11A deficiency to telomeric
breakage and unraveling of juxtacentromeric heterochromatin.48

Most importantly, MRE11A-deficient CD4+ T cells start to express
the senescence marker CD57, become tissue invasive, cause
synovitis in a chimeric human-synovium mouse model, and facili-
tate the accumulation of p16+ senescent T cells in the synovial
tissue (Figure 3).

How can RA T cells continue to clonally expand and drive
chronic persistent synovitis if they accumulate high levels of unre-
paired DNA double-strand breaks? Cell cycle checkpoints are
thought to prevent T cells with damaged DNA from entering S
phase and replicating their DNA and efficiently arrest T cells at
the G1-S transition. Obviously, RA T cells fail to arrest and

proceed through the cell cycle, remaining dependent on persis-
tent CDK activity. Induction of the CDK inhibitor p21 depends on
appropriate DNA damage sensing, yet this mechanism is nonop-
erational in RA T cells (Figure 2). Thus, RA T cells are not truly
senescent. The term “cell cycle inertia” has been coined to
describe cells that ignore cell cycle checkpoints and progress
through the cell cycle despite high mutational load.49

In essence, RA CD4+ T cells have only limited features of
senescence: they accrue DNA double-strand breaks, which
compromise their functionality and activate an adaptation pro-
gram that incites pathogenic behavior (Figures 2 and 3). RA
CD4+ T cells lack one characteristic sign of cellular senes-
cence: the entry into permanent T cell cycle arrest. Like tumor
cells, they progress through the cell cycle despite irreparable
DNA damage, strongly predisposing them to undergo inflam-
matory cell death.

Aging-associated T cell transcription factors. T cells
are long lived, undergo cycles of massive expansion and contrac-
tion, and differentiate into a diverse set of memory and effector
cells. T cell function in older individuals is impaired, exemplified
by the progressively rising risk of developing malignancies and

Figure 2. Functional consequences of DNA damage in young and old T cells. As highly proliferative cells, T cells are prone to accumulate DNA
breaks. In young T cells (left), the DNA repair machinery senses and repairs the broken DNA. In old T cells (middle), a decline in DNA repair triggers
the senescence program, slows cell cycle progression, and curbs clonal expansion. CD4+ T cells from patients with RA have a high load of dam-
aged nuclear and mitochondrial DNA due to defective DNA repair (right). The cell enters a stress response program but fails to activate the cell
cycle checkpoint. Cells passing through the cell cycle are at high risk to die, often dying an immunogenic cell death that stimulates tissue inflam-
mation. RA, rheumatoid arthritis.

WEYAND AND GORONZY796



infections in older adults. Mechanistic studies comparing T cell fit-
ness in young and older adults have provided valuable insights
into how the aging process affects T cell competency, T cell sur-
vival, and T cell replenishment (Figure 3). Unbiased screening of
T cells isolated from older adults have identified transcription fac-
tors and scaffolding molecules that are either up-regulated or
down-regulated in aged T cells. The following three transcription
factors control downstream pathways that have immediate
impact on the ability of T cells to maintain a competent T cell
pool or interfere with effector functions that render the older host
susceptible to inflammaging.

HELIOS50: CD4+ T cells from older donors have reduced
expression of the transcription factor HELIOS. HELIOS controls
the transition from quiescence to differentiation. HELIOSlow T cells
from older individuals escape from quiescence and force
T cells into differentiation. This creates ideal conditions for
T cell exhaustion.

FOXO151,52: Loss of the transcription factor FOXO1 in T cells
from older adults causes down-regulation of lysosomal biogene-
sis. Such T cells eliminate undigested waste through exosomal

expulsion, seeding the tissue environment with proinflammatory
DAMPs.

TCF1 and CISH53: Aged T cells have reduced expression
of TCF1, a transcription factor critically involved in maintaining
T cell youth and stemness. Loss of TCF1 in aged T cells leads
to the increased expression of CISH. One major functional out-
come relates to lysosomal dysfunction. Specifically, CISHhigh

T cells degrade their lysosomes at a higher rate, further com-
promising lysosomal function and waste management in older
T cells. Studies are needed to connect the rewiring of the tran-
scription factor network with the functional deviation of T cells
in the RA synovium.

Organelle dysfunction in RA T cells. The major driver for
T cell aging is the replicative pressure inherent to the T cell life
cycle. Antigenic stimulation elicits a massive clonal expansion to
generate the effector cells needed for mounting a successful
immune response. Even under resting conditions, T cells need
to be constantly replenished. After the age of 20 years, most
newly built T cells derive from proliferative activity of postthymic

Figure 3. Molecular and functional features of CD4+ T cell aging in RA. CD4+ T cells from patients with RA share molecular and functional mod-
ules with T cells from older adults. Known molecules, transcription factors, and pathways are mapped in the cell. Functional consequences of the
aging-associated features are often related to changes in organelle function, affecting the fitness of mitochondria, lysosomes, and the
ER. Pathogenic consequences of aging-imposed functional abnormalities are indicated and range from tissue invasiveness to excessive TNF pro-
duction, dysfunctional cell death, and inappropriate handling of cellular waste. AMPK, AMP-activated protein kinase; CoA, coenzyme A; ER, endo-
plasmic reticulum; LD, lipid droplet; mRNA, messenger RNA; PPP, pentose phosphate pathway; RA, rheumatoid arthritis; SIRT1, Sirtuin 1; TCA,
tricarboxylic acid cycle; TNF, tumor necrosis factor.
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T cells. Proliferative turnover imposes high bioenergetic and bio-
synthetic pressure. So it is not unexpected that one of the hall-
marks of aging is the deterioration of mitochondrial function.54,55

The main transcription factor controlling mitochondrial function is
TFAM, and genetic deletion of TFAM selectively in CD4+ T cells
leads to a pronounced aging phenotype not only in immune cells
but also in many other organ systems.56 These studies have sup-
ported the concept that mitochondrial aging is a pinnacle event in
immune cell aging and gives rise to high inflammatory burden in
the host.

A characteristic signature for RA T cells is low mitochondrial
performance57–60 (Figure 3). This is true for T cells in the circulation
as well as for T cells in the synovial tissue. Quantification of
mitochondrial-derived ATP shows about half as much ATP produc-
tion in the patient’s T cells compared to controls. Underlying mech-
anisms have been elucidated.45,59 First, damage of mitochondrial
DNA leads to failure of the electron transport chain, which is ulti-
mately responsible for ATP production.45 Second, the tricarboxylic
acid (TCA) cycle underperforms,61 impairing the catabolism of car-
bohydrates, fats, and proteins. Specifically, instead of oxidizing
acetyl-coenzyme A (acetyl-CoA), the TCA cycle in RA T cells reverts
and overproduces citrate.62 Excess citrate is pumped into the cyto-
sol, where cytosolic acetyl-CoA is increased and drives protein acet-
ylation. One of the target proteins is the cytoskeletal protein tubulin,
which is highly acetylated in RA T cells. Consequently, these T cells
become polarized and tissue invasive.62

Excess citrate in RA T cells promotes lipogenesis and leads
to intracellular accumulation of lipid droplets.63 These lipid drop-
lets are storage organelles that primarily protect the cell from lipid
toxicity. In RA T cells, they also serve as a reservoir for membrane
lipids, allowing the cell to form podosomal extensions and foster-
ing T cell mobility and tissue invasion.

Reversal of the mitochondrial TCA in RA T cells promotes cit-
rate accumulation but also low concentrations of succinate and
malate.64 Low availability of malate reduces mitochondrial aspar-
tate production and interrupts the malate–aspartate shuttle. Con-
sequences include insufficient aspartate in the cytosol and
insufficient regeneration of cytosolic NAD. Indeed, availability of
cytosolic NAD communicates the metabolic status of the cell to
the ER. Consequently, RA T cells expand their ER membranes,
entering a state of ER stress.64 The expansion of ER membranes
offers a platform for the recruitment of ribosomes, particularly
those that carry messenger RNA (mRNA) encoding for membrane
proteins. One of these proteins is the cytokine TNF. RA T cells
accumulate TNF mRNA on the ER membranes and turn into
TNF superproducers (Figure 3).

Mitochondrial failure in RA T cells not only has implications
for ER functioning, but it also directly affects glycolytic compe-
tency. Glycolysis produces pyruvate, which needs to be
imported into the mitochondria for oxidative breakdown. The
inability of the mitochondria in RA T cells to handle pyruvate
results in a shutdown of the glycolytic pathway.65–67

Transcriptional repression of the key glycolytic enzyme PFKFB3
causes a slowdown in glycolysis and shunting of glucose into
the pentose phosphate pathway.65,67 The low demand for glu-
cose renders the RA T cell relatively resistant to glucose-low
environments, exemplified in the inflamed synovial tissue.68 Only
T cells that can survive without a glucose supply are able to
persist in this glucose-depleted microenvironment. These data
raise the question about which nutrient resources T cells can
access to survive in the rheumatoid joint. Available data68 show
high levels of the amino acids glutamine and glutamate in
inflamed synovium and dependence of synovial Mϕs on these
amino acid for survival and function. T cells have transporters
for these amino acids and can shift from glucose consumption
to amino acid use.

Not unexpectedly, low mitochondrial performance in RA
T cells has implication for all the other organelles (Figure 3). Partic-
ularly affected appears to be the endolysosomal system.69 Aged
CD4 T cells have several defects impairing lysosomal function
and, with that, the handling of cellular waste. Systematic analysis
of the transcription factor network in aged CD4 T cells has
pinpointed transcription factors that are immediately involved in
regulating lysosomal biogenesis. Down-regulation of FOXO1 and
up-regulation of CISH lead to a decline in the formation of new
lysosomal enzymes and increased degradation of available lyso-
somes.51,53 Aged CD4+ T cells fail to digest cellular waste appro-
priately and turn into littering effector cells. The deposition of
insufficiently degraded cellular waste provides a strong inflamma-
tory nidus.

Molecular studies in RA CD4+ T cells have yielded insights
into another aspect of lysosomal function, harboring the two
major metabolic sensors of the cell: AMP-activated protein
kinase (AMPK) and mechanistic target of rapamycin complex
1 (mTORC1).70 To assess the cell’s ability to undergo prolifera-
tion, mTORC1 senses the amino acid content of the lysosomal
lumen and undergoes activation if a sufficient amino acid supply
is present. Cells with low ATP production activate AMPK, which
in turn inactivates mTORC1. In RA T cells, recruitment of AMPK
to the lysosomal surface no longer functions, and mTORC1 is
unopposed.70 Essentially, RA T cells lack a protective feedback
loop that prevents proliferation of starving cells and instead
proliferate despite limiting energy resources.

In essence, RA T cells in the tissue and in the circulation
are under high metabolic stress, imposed by mitochondrial
malfunction. With barely enough energy resources to survive,
RA T cells adapt a survival strategy that directly promotes
pathogenic effector functions. Breakdown of the endolysoso-
mal system and leakage of mitochondrial DNA into the cyto-
plasm cause deposition of highly inflammatory cellular waste
into the cell’s surroundings. Low mitochondrial performance
signals to the ER, biasing co-translational translocation, which
enhances production of the key proinflammatory cytokine
TNF. Most importantly, inappropriate lipogenesis and
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suppressed glycolysis stimulate formation of lipid droplets,
polarization of the cells, and building of membrane extensions,
all promoting tissue invasion (Figure 3). The ability to survive in
the absence of glucose enables RA T cells to enter the
glucose-depleted synovial tissue space and persist in a harsh
nutritional environment.

In summary, RA CD4+ T cells are prematurely aged, display
a distinct phenotype, and are proinflammatory effector cells that
directly contribute to tissue inflammation. Their pinnacle abnor-
mality lies in defective DNA repair capacity, which causes insta-
bility of the mitochondrial genome. A lack of mitochondrial
fitness forces the cell into an adaptation program that affects
the function of endosomes, lysosomes, and the ER. Key meta-
bolic consequences are low production of ATP and of TCA cycle
intermediates. Functional consequences of the metabolic repro-
gramming range from excess TNF generation to lipid droplet for-
mation, hypermotility, and tissue invasiveness. Accumulation of
damaged DNA, mitochondrial failure, and high proinflammatory
potential are all features of cellular aging and dovetail with the
original observation that RA T cells have premature telomeric
erosion.

Age-associated B cells in RA

Obviously, B cells are not unaffected by progressive age, and
over the last decade, a specialized B cell subset that is age-
associated has been defined and has been directly implicated
in autoimmunity71 (Figure 4). Originally, these B cells came to
attention because of their phenotype (CD11c+) and reactivity to
Toll-like receptor (TLR) ligands.72 They are now recognized as
autoreactive memory B cells, containing immediate precursors
to autoantibody-secreting cells.73 In humans, age-associated B
cells (ABCs) display obvious similarities to atypical DN2 memory
B cells (CD21low CD27−), and both populations are firmly estab-
lished as the source of pathogenic autoantibodies and as disease
drivers in systemic lupus erythematosus.

ABCs have a distinct phenotype that has enabled biomarker
studies, correlating disease activity with the frequency and distri-
bution of these aged B cells. Early on, they were identified as
CD19+ CD43− CD93− CD21/35− CD23− CD11c+ CD11b+.74

Recent studies have linked ABC identity to a gene expression
module including CD19, CD86, FCRLA, FCRL3, FCRL5,
FCGR2B, MS4A1, and ITGAX, combined with the lack of CD27,

Figure 4. Molecular and functional features of ABCs. ABCs are a transcriptionally and functionally unique B cell population. They express CD19,
CD11c, CD86, HLA–DR, and the transcription factor T-bet. They are negative for CD21, CD27, CXCR5, CD43, and IgD. They expand in response
to infection and chronic stimulation and typically accumulate with age. They are activated through the coordinated action of antigen, TLR ligands,
and cytokines. ABCs are a specialized subset of memory B cells that contribute to autoimmune disease by producing autoantibodies. Distinguish-
ing features are listed and mapped in the cell. ABC, age-associated B cell; BCR, B cell receptor; FcR, Fc receptor; IFNγR, interferon-γ receptor;
IL-21R, interleukin-21 receptor; SASP, senescence-associated secretory phenotype; TLR, Toll-like receptor.
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CR2, CXCR5, FCER2, and IGHD.75 A distinctive feature of ABCs
is the expression of the transcription factor T-bet.

As expected for aging-related cells, ABCs emerge in an
inflammatory cytokine environment, responding to combined sig-
naling through the B cell receptor and endosomal TLRs. They are
responsive to signaling by interferon-γ (IFNγ) and IL-21, identifying
them as ideal partners for end-differentiated T cells that release
IFNγ and IL-21 as their effector cytokines. ABC-generating condi-
tions are reminiscent to those necessary for the extrafollicular
plasma blast response. They are typically encountered in the set-
ting of chronic bacterial and viral infection, highlighting that this
B cell subset is the product of persistent immune stimulation, a
scenario typical for the older adult.

In line with the overarching theme that aged T cells and
B cells acquire innate-like functions, ABCs express a unique sub-
set of transcription factors and are endowed with a unique profile
of effector functions, providing the aged host with the ability to
skip the restriction of antigen recognition and acquire antigen-
nonspecific reactivity, often directed against self (Figure 4).
Recent studies have defined critical transcription factors beyond
T-bet that are essential in the activation, differentiation, survival,
and acquisition of effector functions in ABCs and have identified
zinc finger E-box binding homeobox 2 (ZEB2), a member of the
Zfh1 family of two-handed zinc finger/homeodomain proteins.75

ZEB2 mutations are associated with Hirschsprung disease
and Mowat–Wilson syndrome, but this transcriptional repressor
appears to have a critical role in the process of B cell aging.
In mechanistic studies, ZEB2-dependent ABC differentiation
required signaling through the JAK/STAT pathway, specifically
involving STAT1, STAT3, and STAT4. These data are in keeping
with the concept that an environment rich in T cell–derived cyto-
kines (IFNγ, IL-21) enables ABCs to thrive.

Critical for their contribution to the pathogenesis of autoim-
mune disease is the functional specification of ABCs, including
their ability to collaborate with other inflammatory cells and pros-
per in a host that has a low threshold for inflammatory activity.
ABCs are highly dynamic and are chronically reactivated, an
important characteristic for their role in chronically persistent auto-
immune disease.73 The ABC population contains precursors of
plasmablasts, differentiates into autoantibody-secreting B cells,
and then differentiates back into ABCs, without entering a stable,
long-term memory compartment.73 However, their role as patho-
genic contributors to autoimmunity exceeds far beyond their
involvement as a class-switched B cell subset. ABCs express
CD11c and chemokine receptors such as CXCR3, which deviate
them away from lymphoid tissues toward inflammatory tissue
sites. They express elevated levels of HLA–DR and costimulatory
molecules, optimizing their ability to serve as a partner of proin-
flammatory T cells. Their cytokine secretion profile is dominated
by IL-12p70 and IL-23, while lacking IL-10.76 Equipped with Fc
receptors, ABCs exhibit high phagocytic capacity, a function
dependent on the DNA-binding molecule ZEB2.75 They share

with T-bet-expressing T cells the expression of cytotoxic mole-
cules, such as perforin, granzyme A, and natural killer cell receptor
group 7 (Figure 4).

Studies of murine ABCs have emphasized a characteristic
metabolic profile.77 Up-regulation of both extramitochondrial gly-
colysis and mitochondrial oxygen consumption identifies ABCs
as a hypermetabolic population.77 This hypermetabolic state cor-
relates with the release of SASP markers and the secretion of
autoreactive specificities. Whether ABCs enhance and amplify
the inflammatory tissue environment by releasing metabolic inter-
mediates or reactive oxygen species is not known. Their ability to
adapt their bioenergetic performance to their functional portfolio
separates old B cells from old T cells, which have obvious signs
of irreparable mitochondrial stress (Figure 3).

Emerging data support that ABCs are critical effectors cells
in RA, have potential as actionable biomarkers, and represent
promising therapeutic targets. Like presenescent T cells, ABCs
are present during the early phase of RA. Studies in early
patients with RA naive to disease-modifying antirheumatic
drugs have shown that ABCs are the predominant population
of B cells in the synovial fluid.76 Low frequencies of ABCs
in the peripheral blood are in line with the ability of these
age-induced B cells to home to inflamed tissue sites. Their role
in the tissue infiltrates appears to extend beyond antibody
secretion. ABCs induce high inflammatory activity in synovial
fibroblasts,78 adding to their inflammation-inducing and sus-
taining functions in the older host.

In summary, ABCs are a standard part of the immune sys-
tem in the older adult, where factors other than just specificity
control their expansion and survival. Their hallmark is the pro-
duction of autoantibodies, and ABC-derived autoantibodies
have pathogenic function. They are expanded in RA and con-
tribute to the immune aging phenotype of patients with RA
(Figure 4).

Mϕ aging in RA

Lymphocyte aging is shaped by the extreme proliferative
pressure that T cells and B cells are under and the need for such
cells to persist in humans for almost 100 years. Different rules
apply to myeloid cells, which are critically important in innate
immunity but also as antigen-presenting cells in adaptive immune
responses. Neutrophils live for days to possibly weeks. Their
aging phenotype is mostly a reflection of HSC aging. Similarly,
monocyte and Mϕ aging is inseparable from HSC aging.
Released from the bone marrow, circulating monocytes can sur-
vive hours to days before they are recruited into tissues, where
they locally differentiate into Mϕs.79,80 Such bone marrow–
derived Mϕs intermingle with tissue-resident Mϕs (TRMs). TRMs
colonize their homing organs early during embryonic develop-
ment from the yolk sac, adapt to organ-specific conditions, and
assume a vital function in tissue homeostasis. They reside in
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distinct tissue niches, and their functions are tailored toward the
particular needs of the organ they live in. Best known TRMs are
the brain microglia, lung alveolar Mϕs, liver Kupffer cells, cardiac
Mϕs, intestinal Mϕs, and skin Langerhans cells. “True” TRMs
are functionally distinct from the monocyte-derived Mϕs that
are born in the bone marrow and infiltrate into tissue sites in
response to tissue injury, infection, foreign bodies, and meta-
bolic deviations. In young mice, TRMs are often self-maintained,
retain proliferative capacity, and build new TRMs in the tissue
sites. Whether and how TRMs are maintained over lifetime is
unknown, but emerging data suggest that TRMs are eventually
replenished by bone marrow–derived monocytes. Little is
known about the composition of tissue Mϕ populations in adult
humans, particularly under conditions of chronic long-lasting
inflammation, which almost certainly destroys the self-renewal
capacity of tissue-residing cell populations. Current data sup-
port the concept that tissue Mϕs in adult humans are hybrid
populations, partially TRMs, and partially bone marrow
derived.81 Thus, HSC aging is the dominant determinant of mye-
loid cell aging in RA.

Under steady-state conditions, most adult HSCs are qui-
escent and protected from the detrimental effects of prolifera-
tive stress. When needed, HSCs initiate demand-adapted
hematopoiesis, exit quiescence, and differentiate. Upon aging,
HSCs are exposed to persistent and chronic low-grade inflam-
matory stimuli, a process that has been named inflammaging.
The aged HSC pool has reduced homing and repopulating
capacity, is biased to differentiate into myeloid cells, accumu-
lates DNA damage, and displays reduced clonal diversity and
an epigenetic drift.35,82 Because of the enormous proliferative
demand on HSCs, the cells have a cumulative increase in
somatic mutational load. It has been estimated that HSC
acquire mutations at a rate of 14 to 17 mutations per cell per
year,83 a fraction of which is nondetrimental and nonlethal
and instead increases stem cell fitness, resulting in selective
expansion of mutated HSCs. Mutant clonal outgrowth causes
the onset of clonal hematopoiesis of indeterminate potential
(CHIP). CHIP is diagnosed when an expanded somatic blood
cell clone carrying leukemia driver mutations (eg, in DNMT3A,
TET2, ASXL1, TP53, JAK2, SF3B1) is present at a variant allele

Figure 5. Distinguishing features of hyperstimulated macrophages in rheumatoid arthritis. Myeloid cell aging is closely related to the accumula-
tion of somatic mutations in hematopoietic stem cells, followed by selective expansion of mutated clones (clonal hematopoiesis). Offspring of
mutated clones have proinflammatory features. A typical finding of macrophages in rheumatoid arthritis is their hypermetabolic phenotype. Two
mitochondrial enzymes have been described to support pathogenic macrophage functions: glutamate dehydrogenase supports metabolic fitness
through glutamine anaplerosis and, in parallel, increases antigen-presenting capacity by up-regulating HLA–DR; PKM2 directly regulates the pro-
duction of proinflammatory cytokines. GLUD1, glutamate dehydrogenase 1; IL, interleukin; PKM2, pyruvate kinase M2; RFX5, regulatory factor X5;
ROS, reactive oxygen species.
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frequency of >2%. CHIP carriers are at increased risk of devel-
oping myeloid hematologic malignancies; their all-cause mor-
tality is markedly increased, mainly because of high risk for
cardiovascular disease and stroke.84 CHIP incidence is closely
correlated with age and is present in <1% of individuals
<40 years old and in 10% to 20% of individuals >70 years old.85

Indeed, sensitive methods may allow detection of somatic
mutations in blood cells in 95% of 50- to 60-year-olds.85 Here,
low-grade smoldering inflammation functions as a major selective
pressure to induce CHIP, but then in turn, CHIP carriers are prone
to higher inflammatory responses, noticeable as higher IL-6, TNF,
IL-1, and IL-18 serum levels.86 Specifically, myeloid cells carrying
DNMT3A, TET2, and JAK2 mutations have been identified as
highly inflammatory effector cells.87,88 In a Finnish cohort of
patients with RA, 17% of tested patients had CHIP, most com-
monly caused by DNMT3Amutations,89 and a recent Mendelian
randomization study has suggested a causal relationship
between RA and CHIP.90

The high prevalence of mutated HSCs in patients with RA is
consistent with more pronounced aging of the bone marrow stem
cell, as first described by the accelerated telomeric loss of neutro-
phils in patients with RA.30 These data support the concept that
acceleration of the aging process in RA affects innate and adap-
tive immune cells (Figure 5).

Although the loss of immune tolerance that manifests
with the production of autoantibodies precedes joint inflam-
mation by decades91 and thus occurs outside the joint, rheu-
matoid synovitis is highly dependent on local stromal cells
and Mϕs, thus subject to myeloid cell aging. In established
disease, Mϕs in the joint are highly diverse, falling into sev-
eral clearly distinguishable populations.68 Metabolic analysis
has identified them as hypermetabolic cells that adapt to
the glucose-depleted tissue microenvironment by switching
to glutaminolysis.68 Interestingly, the metabolic switch and
adaptation to the low glucose concentrations in synovial tis-
sue is mechanistically linked to functional adaptations. Syno-
vial Mϕs up-regulate the mitochondrial enzyme glutamate
dehydrogenase 1, which optimizes glutamine consumption,
and the antigen-presenting machinery in a coordinated man-
ner. The hypermetabolic phenotype of synovial Mϕs is main-
tained in monocyte-derived Mϕs92 shared between patients
with RA and patients with coronary artery disease (CAD). A
hallmark of CAD Mϕs is high mitochondrial stress that
directly contributes to their inflammatory output93 and is
mechanistically linked to the posttranslational modification
of the glycolytic enzyme pyruvate kinase M2. Survival of
synovial Mϕs in patients with RA is associated with high
expression of the transcription factor NFAT5, which in turn
is up-regulated by hypoxia and TLR-4 ligand stimulation.94

These data exemplify that myeloid cell aging, metabolic
adaptations, and chronic tissue inflammation are closely
interlinked (Figure 5).

Conclusions

The risk of being diagnosed with RA is highest in individ-
uals >60 years of age, when the immune system has a strong
imprint of aging. Patients being diagnosed earlier in life have
a signature of premature immune aging. Aged innate and
adaptive immune cells contribute to the loss of self-tolerance.
Deriving from HSCs that have accumulated somatic mutations,
older myeloid cells with a robust bias toward proinflammatory
functions infiltrate into peripheral tissues, where they intermin-
gle with tissue-resident Mϕs to drive tissue inflammation.
Because of defects in the repair of mitochondrial DNA, aged
T cells are under high metabolic stress, which affects the
functionality of their subcellular organelles and turns them into
proinflammatory effector cells. Expanded by chronic stimula-
tion in a proinflammatory environment, ABCs acquire innate-
like functions and pivot toward autoantibody production.
Resetting the tolerance loss in RA will require rejuvenation of
the immune system.
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E D I T O R I A L

Systemic Sclerosis: A Multisystem Disease; Time to
Think Beyond Scleroderma

Yannick Allanore1 and Shervin Assassi2

The heterogeneity in the natural history of systemic sclerosis
(SSc) is a major challenge both for clinical management and for
trial design. It is dictated by the complex interplay between vascu-
lar injury and dysregulation of the immune response, culminating
in the fibrosis of various target organs. Stratification of the patients
is critical to adapt the management according to the patient pro-
file and disease concerns. So far, skin fibrosis (diffuse vs limited)
has been the main criterion used to risk-stratify patients with
SSc. The key differences in the two clinical cutaneous subsets
are the type and speed of progression of organ damage.
Measurement of skin involvement can, therefore, be used as a
surrogate for disease activity, severity, and death in patients with
diffuse cutaneous SSc (dcSSc) as opposed to limited cutaneous
SSc (lcSSc), for which it has no prognostic value.1 Indeed, the
lack of relevance of the skin score as a surrogate in lcSSc has
excluded this subset from many clinical trials, depriving these
patients of the potential benefits of novel treatment options. This
gap appears unfortunate because lcSSc represents about two-
thirds of the whole SSc population of patients.2 It is also estab-
lished that patients with lcSSc have an altered quality of life and
can develop severe organ manifestations.3,4 The best example is
probably the risk of lung manifestations, with pulmonary arterial
hypertension (PAH) being predominant in lcSSc, whereas intersti-
tial lung disease (ILD), although less common in this disease
subset, can also be progressive.4 In addition to the divergent
organ manifestations, the other key difference between lcSSc
and dcSSc is the timing of such complications. Indeed, lcSSc is
seen as a slower progressive disease in which silent remodeling
may act during years before leading to clinical manifestations. This
has implications for clinical research and clinical trials in lcSSc, for
which composite index and time to events are the two key compo-
nents to take into consideration for performing clinical trials.

In the study by Di Donato et al,5 [Correction added on 12
February 2025, after first online publication: second paragraph,
“Di Stefano” has been corrected to “Di Donato”.] a composite

endpoint in lcSSc has been explored, and this provides some very
promising results. Indeed, the authors aimed at measuring the
performance of a biomarker in lcSSc and therefore measured
the probability of organ damages in a population with lcSSc. They
have been inspired by a not yet published trial that used a similar
methodology to investigate the effects of mycophenolate mofetil in
lcSSc (NCT04927390). The authors enrolled 149 patients with
lcSSc, having a median (interquartile range) baseline disease dura-
tion from first non-Raynaud phenomenon symptom of 8 (10) years.

Within an average follow-up time of 94.5 months (95% confi-
dence interval 78.4–113.3), 47 of 149 patients (32.5%) developed
the endpoint. The most common event was newly diagnosed
PAH (n = 13; 27.3%), followed by SSc-related death (n = 9;
19%), progression of ILD (n = 6; 13%), SSc-related cardiac events
(n = 6; 13%), worsening of the modified Rodnan Skin Score
(mRSS) (n = 5; 11%), gastrointestinal complications (n = 4;
8.5%), severe digital vasculopathy requiring hospitalization
(n = 3; 6.4%), and scleroderma renal crisis (n = 1; 2.1%). A limita-
tion of this study is that a significant number of patients already
had disease manifestations at the baseline visit. For example,
PAH was already present in nine patients at the baseline visit.
Prior studies have indicated that patients with SSc with PAH have
higher serum interferon (IFN)–inducible chemokine levels than
those without this manifestation.6 Moreover, IFN therapy has
been associated with the occurrence of PAH in patients receiving
this therapeutic modality for the treatment of other diseases.7

Although the presence of PAH at the baseline visit was not signifi-
cantly associatedwith IFN score positivity in the study, future studies
examining patients with early disease can provide additional infor-
mation on discerning whether the increased serum IFN-inducible
chemokine levels are the cause or a consequence of PAH.

As pointed out by the authors, the relatively long baseline dis-
ease duration of eight years raises the possibility that some of the
results are influenced by survival bias. For example, there was no
association between disease duration and IFN positivity status.
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A possible explanation for this lack of association is that there is a
preferential depletion of the IFN-positive patient population
(because of its higher mortality rate), which would counteract a
potential trend in increasing IFN positivity frequency with the
accumulating disease damage over time. Therefore, future stud-
ies examining patients with early disease can provide additional
insights into the relationship between IFN signature and SSc
disease manifestations.

The weight of the respective components in a composite
index is critical to estimate. In this study,5 the impact of having a
skin score worsening is quite small, contributing to only 5 of
47 events (11%); of these events, 2 out of 5 patients also had car-
diac events. This is illustrated by a mean value mRSS of 1.59
(2.05) in the group without an event versus 3.17 (3.36) in the
group characterized by at least one event (mRSS values ranges
from 0 to 51). This highlights that skin fibrosis cannot be a robust
endpoint to assess disease progression in lcSSc at advanced
stages. It underscores that we may think beyond skin fibrosis
(ie, the literal meaning of the word, scleroderma) when we aim at
measuring disease progression in lcSSc.

The study adds to the body of evidence underscoring
the role of IFN pathway activation in SSc disease pathogenesis
and progression. Several genes in this pathway, such as
IRF5, IRF7, IRF8, and STAT4, have been robustly linked to SSc
susceptibility.8 Moreover, an activated IFN signature is the most
prominent feature of SSc peripheral blood cell gene expression
profile.8 Consistent with the results of this study, IFN signature
was not more common in patients with dcSSc than in those with
lcSSc in the previous observational studies, underscoring its
potential utility as biomarker for disease severity in both clinical
subsets of disease.9 In this study,5 the strongest association at
the baseline visit was anti-Ro52 positivity. This finding is consis-
tent with the previously reported association of the IFN gene
expression signature with anti-SSA positivity in patients with
SSc.10 Anti-Ro52 is a common autoantibody in SSc and can
co-occur with other SSc-related autoantibodies. In a previous
international study, 6.5% of patients with SSc had monospecific
anti-Ro52 antibodies, whereas 20.6% of study population had
anti-Ro52 antibodies overlapping with other SSc-related antibod-
ies.11 Anti-Ro52 antibodies have been consistently associated
with ILD, underscoring its link to an important internal organ
manifestation occurring both in dcSSc and lcSSc subsets.

In Scleroderma Lung Study II, baseline serum IFN cytokine
score predicted better response to immunosuppression,
whereas it showed a trend for worse ILD course when patients
were taken off immunosuppression, underscoring its value as a
potential predictive biomarker for response to immunosup-
pression.12 Moreover, active immunosuppression significantly
reduced the IFN-inducible chemokine levels. In the study, only
8.7% of participants were treated with mycophenolate mofetil.
Future longitudinal studies are needed to characterize the
dynamic changes of this biomarker over time and to determine

whether the direction of the predictive significance of IFN cyto-
kine score depends on the treatment status with immunosup-
pressive agents.

Altogether, the Di Donato et al study5 pioneers the field of
outcome measures for lcSSc and the relevance of the use
of composite index. The items to be used and their definition still
need to be further validated, but this is the subject of ongoing
research.13 Moreover, the current study demonstrates that type
I IFN activation is common in SSc-relevant disease manifestations
beyond skin involvement. The data require independent validation
in longitudinal studies but suggest that IFN score may aid in the
measurement of disease activity and in enriching for clinically
meaningful events over time in clinical trials of patients with
lcSSc.14 Moreover, Di Donato et al provide further support for
type I IFN as a therapeutic target in SSc.5 This offers great oppor-
tunities to capitalize on the prior progress in treating interferono-
pathies and the availability of several medications to counteract
IFN activation.15 Altogether, these data position SSc on the list
of candidate diseases to be treated by anti-IFN therapies, with
the potential of improving the disease beyond skin involvement
and reaching the ultimate goal of disease modification by improv-
ing several disease manifestations.
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Associations of Fire Smoke and Other Pollutants
With Incident Rheumatoid Arthritis and Rheumatoid
Arthritis–Associated Interstitial Lung Disease

Vanessa L. Kronzer,1 Yangyuna Yang,2 Punyasha Roul,2 James L. Crooks,3 Cynthia S. Crowson,1

John M. Davis III,1 Jeffrey A. Sparks,4 Jeffrey R. Pierce,5 Katelyn O’Dell,6 Brian C. Sauer,7

Grant W. Cannon,7 Joshua F. Baker,8 Ted R. Mikuls,2 and Bryant R. England2

Objective. The aim of this study was to determine whether pollutants such as fire smoke–related particulate matter
<2.5 μm (PM2.5) are associated with incident rheumatoid arthritis (RA) and RA-associated interstitial lung disease
(RA-ILD).

Methods. This patient–control study used Veterans Affairs (VA) data from October 1, 2009, to December 31, 2018.
We identified patients with incident RA and RA-ILD using validated algorithms, matching each patient to ≤10 controls
on age, sex, and VA enrollment year. We obtained pollutants including fire smoke PM2.5, carbon monoxide, nitrogen
oxides (NOx), ozone, overall PM2.5, PM10, and sulfur dioxide (SO2) at least one year before the index date. We fit con-
ditional logistic regression models to estimate adjusted odds ratios (aORs) with 95% confidence intervals (CIs) for inci-
dent RA and RA-ILD, adjusted for confounders.

Results. We identified 9,701 patients with incident RA (mean age 65 years, 86% male), including 531 patients with
RA-ILD (mean age 69 years, 91% male), and 68,852 matched controls. Fire smoke PM2.5 was not associated with RA
(aOR 1.07, 95% CI 0.92–1.23) but was associated with RA-ILD (aOR 1.98, 95% CI 1.08–3.62, per 1 μg/m3). Increased
levels of NOx were associated with RA (aOR 1.16, 95% CI 1.06–1.27, highest vs lowest quartile). The highest quartiles
of ozone (aOR 1.19, 95% CI 1.06–1.34) and PM10 (aOR 1.25, 95% CI 1.10–1.43) were associated with seronegative
RA. Carbon monoxide, overall PM2.5, and SO2 were not, or negatively, associated with RA and RA-ILD.

Conclusion. Increased fire smoke PM2.5 was associated with RA-ILD, whereas NOx, ozone, and PM10 were asso-
ciated with RA risk. Thus, air pollution may increase the risk of RA and RA-ILD.

INTRODUCTION

Wildfires are reaching record and alarming levels in the

United States.1,2 Such changes could have large impacts on

human health because increased levels of particulate matter

<2.5 μm (PM2.5), the main pollutant in fire smoke, are associated

with the onset of diabetes,3 multiple sclerosis,4 and Parkinson

disease5 and all-cause death.6 Importantly, several respiratory
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irritants have been found to be associated with increased risk of
rheumatoid arthritis (RA), including cigarette smoking,7 occupa-
tional inhalant exposures,8,9 and respiratory tract diseases,10,11

especially in the 5 to 10 years before RA onset.12 Thus, fire smoke
may also be a risk factor for RA. Indeed, PM2.5 appears to be asso-
ciated with anti–citrullinated protein antibody (ACPA) production, a
hallmark of RA.13–15 Some studies of overall PM2.5 have shown
positive associations with RA16–18 and others none.19–21 However,
none studied fire smoke exposure specifically.

Another important and unresolved question is whether other
pollutants like carbon monoxide (CO), nitrogen oxides (NOx),
ozone, PM10, and sulfur dioxide (SO2) increase the risk of
RA. For example, one study showed that NO2 and SO2 increase
the risk of RA,22 but others have shown no association of
NOx19,20,23 or SO2.

19,23 Although some studies have suggested
CO,9,23,24 ozone,20,23,24 and PM10 might increase RA risk, these
reports studied exposures less than three years before RA onset
and/or did not adjust for key confounders like smoking.17 Finally,
although some studies suggest pollutants might increase the risk
of interstitial lung abnormalities25 and idiopathic pulmonary
fibrosis,26 none have studied the association between pollutants
and RA-associated interstitial lung disease (RA-ILD).

To address these gaps, we leveraged national Veterans
Affairs (VA) data, the largest integrated health care system in the
United States,27 and nationwide pollutant monitoring data from
the Environmental Protection Agency (EPA).28 We aimed to deter-
mine the associations between fire smoke and other pollutant
exposures with the risk of RA and RA-ILD and to identify the tim-
ing of any such associations. We hypothesized that increasing
levels of fire smoke and other pollutant exposures would be asso-
ciated with increased risk of both RA and RA-ILD, especially five
or more years before RA onset.

PATIENTS AND METHODS

Study population and design. This patient–control study
used national VA data, which contain detailed administrative and
electronic health data on US veterans enrolled in VA health care.27

The index date for this study was the time of RA diagnosis
(or matched date), as indicated by the date fulfilling all compo-
nents of the RA algorithm. This study received institutional review
board approval (00012917; 1619487).

Incident RA and RA-ILD. The primary outcomes for this
study were incident RA and RA-ILD. We identified patients with
incident RA using a validated algorithm requiring at least two RA
codes (International Classification of Diseases, Ninth Revision
[ICD-9] 714.0, 714.1, 714.2, and 714.81; and ICD-10 M05.x,
M06.x, excluding M06.1, and M06.4), a rheumatologist diagnosis
of RA, and either a prescription of a disease-modifying antirheu-
matic drug (DMARD) or positive rheumatoid factor (RF) or
ACPA.29 To ensure incident diagnoses, we also required a one-

year period after VA enrollment with no RA diagnostic codes or
DMARD fills. This algorithm has >90% positive predictive value
(PPV) for RA by the American College of Rheumatology criteria30

and 85% PPV for classifying incident versus prevalent RA.31

Patients with RA were categorized as being seropositive or sero-
negative based on RF and/or ACPA.

Among these patients with RA, we defined RA-ILD as the
presence of two RA-ILD codes at least 30 days apart (ICD-9
515.x, 516.3, 516.8, and 516.9; and ICD-10 J84.1, J84.89, and
J84.9) along with either a pulmonologist diagnosis of ILD or pro-
cedure codes for a chest computed tomography scan plus either
pulmonary function tests or lung biopsy. RA-ILD assessment
included data after RA diagnosis. This algorithm has a PPV for
RA-ILD of 81%.32

To ensure all participants could have at least five years of pre-
ceding pollutant exposure data, we a priori restricted the analysis
to patients with incident RA and RA-ILD with at least five years of
preceding address data available. Because address data began
October 1, 2009, we included patients with incident RA from
October 1, 2014, to the time of extraction of data on patients with
RA on December 31, 2018. We also required them to have avail-
able PM2.5 data because they were the primary exposure of inter-
est for this study. Availability of the other pollutant exposures was
not required.

Controls. We matched patients with incident RA to up to
≤10 controls without RA based on year of birth, sex, and VA
enrollment year. We did not match on smoking status to avoid
introducing selection bias.33 We required that controls have none
of the billing codes for RA mentioned in the Incident RA and
RA-ILD section. Like patients, we required they have at least five
years preceding address data and available PM2.5 data for pollut-
ant exposure assessment.

Fire smoke PM2.5, other pollutants, and covariates.
Our primary exposure was 24-hour average fire smoke PM2.5

exposure (in micrograms per meter cubed). This fire smoke expo-
sure was a fused product of ground pollutant monitoring from the
EPA Air Quality System28 and satellite-based smoke plume imag-
ery from the National Oceanic and Atmospheric Administration
Hazard Mapping System.34 By overlaying these two data
sources, this fused product produces daily grids of smoke-
related PM2.5, nonsmoke PM2.5, and overall total PM2.5 over the
contiguous United States at a 15 × 15 km resolution, starting in
2006.34 We interpolated these grids with address data from the
National Change of Address Database maintained by the US
Postal Service, which are updated quarterly.

We obtained secondary pollutants of interest including
1-hour maximum (max) CO, 1-hour max NOx, 8-hour max ozone,
24-hour average PM10, and 1-hour max SO2 interpolated from
the EPA ground pollutant monitoring above28 using a previously
validated method.34,35 Specifically, we assigned daily
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concentrations of each pollutant to Zip Code Tabulation Areas
(ZCTAs) using the median of the measurements at all monitors
within the ZCTAs and within 50 km of the ZCTA centroid.28 We
chose 50 km to minimize missing data. For all pollutants, we cat-
egorized mean exposure into quartiles for ease of interpretation,
along with deciles in a post hoc sensitivity analysis. Due to the nar-
row range of exposures including PM2.5, we also reported results
for continuous values.

To minimize the potential for reverse causation, in which peo-
ple may alter air exposures between RA symptom onset and clin-
ical diagnosis, we included pollutant exposure measurements
occurring at least one year before index date. To identify the timing
of any potential associations, we also divided this pollutant expo-
sure into time windows (over one to three, over three to five, and
over five years before the index date). We took the mean of all the
daily pollutant reads that were available within each time window.
We obtained the following covariates from the VA corporate data
warehouse: age at index date, self-reported sex (male vs female),
VA enrollment year, duration of fire smoke pollutant exposure data

before index date (continuous), race and ethnicity (Asian, Black,
Hispanic White, White non-Hispanic, or unknown), body mass
index nearest preceding index date (<20, 20–24.9, 25–29.9,
30–34.9, 35–39.9, or ≥40 kg/m2), and smoking status at index
date (current, former, or never).

Statistical analysis. We performed conditional logistic
regression models for each pollutant exposure to obtain adjusted
odds ratios (aORs) with 95% confidence intervals (CIs) for RA
(with subgroup analysis by RA serostatus) and RA-ILD, adjusting
for the above covariates. We also performed stratified analyses
by exposure time windows (more than one to three, more than
three to five, and more than five years before index date). For sen-
sitivity analyses, we stratified by geographic region (Midwest,
Northeast, South, and West) and smoking status (never vs ever)
using unconditional logistic regression because patients with RA
and controls were no longer matched. Second, we performed
multiplicative interactions between fire smoke PM2.5 and age
(>65 vs ≤65 years), sex, race and ethnicity, and smoking status

Table 1. Characteristics of patients with incident RA and matched controls*

Characteristic
Patients with RA
(n = 9,701), n (%)

Patients with
RA-ILD (n = 531), n (%)

Controls
(n = 68,851), n (%)

Age at index, mean (±SD), ya 65 (±11) 69 (±9) 63 (±11)
Malea 8,292 (86) 484 (91) 57,043 (83)
VA enrollment perioda

1997–2001 5,548 (57) 329 (62) 37,347 (54)
2002–2006 2,785 (29) 147 (28) 21,160 (31)
2007–2011 1,306 (14) 52 (10) 10,072 (15)
2012–2016 62 (0.6) 3 (0.6) 272 (0.4)

Time of PM2.5 data before index,
mean (±SD), y

7.0 (±1.4) 6.8 (±1.4) 6.9 (±1.4)

Race and ethnicity
Asian/other 321 (3.3) 14 (3) 1930 (2.8)
Black 1,825 (19) 99 (19) 13,821 (20)
Hispanic White 335 (3.5) 25 (5) 1,865 (2.7)
White non-Hispanic 6,735 (69) 374 (70) 41,008 (60)
Unknown/missing 485 (5) 19 (4) 10,227 (15)

BMI at index, kg/m2

<20 126 (1.3) 3 (0.6) 1,061 (1.5)
20 to <25 1,506 (16) 87 (16) 10,526 (15)
25 to <30 3,523 (36) 211 (40) 24,418 (36)
30 to <35 2,902 (30) 157 (30) 17,706 (26)
35 to <40 1,158 (12) 54 (10) 7,103 (10)
≥40 485 (5) 19 (4) 3,220 (4.7)
Missing 1 (<1) – 4,817 (7)

Smoking status at index
Never 1,317 (14) 49 (9) 13,516 (20)
Former 2,858 (30) 143 (27) 16,169 (24)
Current 5,439 (56) 332 (63) 31,664 (46)
Unknown/missing 87 (0.9) 7 (1.3) 7,502 (11)

Geographic region
Midwest 1,975 (20) 104 (20) 13,747 (20)
Northeast 1,503 (16) 82 (15) 6,956 (10)
South 4,183 (43) 240 (45) 33,825 (49)
West 2,029 (21) 104 (20) 14,211 (21)
Unknown 10 (0.1) 1 (0.2) 104 (0.2)

* BMI, body mass index; ILD, interstitial lung disease; PM2.5, particulate matter <2.5 μm; RA, rheumatoid arthritis;
VA, Veterans Affairs.
a The indicated factors were matched.
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(ever vs never) for risk of RA. Third, we performed a post hoc anal-
ysis categorizing PM2.5 exposure data into deciles.

Throughout this study, any individuals missing exposure or
covariate data were excluded from that model (ie, complete
patient analysis). To examine the effects of missing covariates on
our results, we performed a sensitivity analysis with multiple impu-
tation for missing covariates using fully conditional specification
with 10 imputed datasets. We used a significance threshold
of two-sided alpha of 0.05. We outlined all analyses in a prespeci-
fied protocol and performed analyses using Stata version
18 (StataCorp LLC).

RESULTS

Patient characteristics. We identified 30,146 patients
with incident RA (Supplementary Figure 1). Of these, 9,701
patients with incident RA met study eligibility criteria (mean age
65 years, 86% male) and were matched to 68,851 controls.
Within these, 531 also met criteria as patients with RA-ILD

(mean age 69 years, 91% male; Table 1). Median time between
RA and RA-ILD was 0.0 years (interquartile range −2.1 to 1.4).
Of patients with RA with serological data, 63% were seropositive,
whereas 80% of patients with RA-ILD were seropositive.

Pollutants and incident RA. The mean duration of PM2.5

exposure data available for this study was 7.0 years in patients
with RA and 6.9 years in controls (Table 1), with a range of 4.3
to 9.0 years. Mean pollutant levels did not show large absolute dif-
ferences between patients with RA and controls (Supplementary
Table 1). Fire smoke PM2.5 was not associated with RA overall
(aOR 1.07, 95% CI 0.92–1.23, per 1 μg/m3; Table 2). Post hoc
analyses showed that the second and tenth deciles of exposure
were associated with higher RA risk (Supplementary Table 2).
Increased NOx levels were associated with an increased risk of
RA (aOR 1.16, 95% CI 1.06–1.27 for highest vs lowest quartile;
Table 2). In addition, the highest quartiles of ozone (aOR 1.19,
95% CI 1.06–1.34) and PM10 (aOR 1.25, 95% CI 1.10–1.43)
exposure were associated with patients with RA who were

Table 2. Association between preceding fire smoke and other pollutant exposures and incident RA*

Pollutant

Overall RA (n = 9,701),
continuous exposure,
adjusted OR (95% CI)a,b

Overall RA (n = 9,701),
quartiled exposure,

adjusted OR (95% CI)a

Seropositive RA (n = 5,588),
quartiled exposure,

adjusted OR (95% CI)a

Seronegative
RA (n = 3,347),

quartiled exposure,
adjusted OR (95% CI)a

Fire smoke PM2.5, μg/m
3 1.07 (0.92–1.23) 1.00 (ref ) 1.00 (ref ) 1.00 (ref )

Quartile 2 – 0.95 (0.89–1.02) 0.99 (0.90–1.08) 0.90 (0.80–1.00)
Quartile 3 – 0.91 (0.85–0.97) 0.98 (0.90–1.07) 0.82 (0.73–0.92)
Quartile 4 – 1.01 (0.95–1.08) 1.08 (0.99–1.18) 0.93 (0.83–1.04)

CO, ppm 0.78 (0.67–0.91) 1.00 (ref) 1.00 (ref) 1.00 (ref)
Quartile 2 – 0.92 (0.85–0.99) 0.91 (0.81–1.01) 0.88 (0.77–1.02)
Quartile 3 – 0.84 (0.77–0.91) 0.90 (0.80–0.99) 0.77 (0.66–0.89)
Quartile 4 – 0.81 (0.74–0.88) 0.78 (0.70–0.88) 0.85 (0.73–0.98)

NOx, ppb 1.02 (1.00–1.03) 1.00 (ref) 1.00 (ref) 1.00 (ref)
Quartile 2 – 1.18 (1.08–1.29) 1.17 (1.04–1.31) 1.17 (1.01–1.36)
Quartile 3 – 1.08 (0.99–1.18) 1.14 (1.01–1.28) 0.98 (0.84–1.14)
Quartile 4 – 1.16 (1.06–1.27) 1.16 (1.03–1.31) 1.15 (0.99–1.34)

O3, ppm 0.97 (0.91–1.03) 1.00 (ref) 1.00 (ref) 1.00 (ref)
Quartile 2 – 0.99 (0.93–1.06) 0.97 (0.89–1.06) 1.05 (0.94–1.18)
Quartile 3 – 0.89 (0.83–0.95) 0.85 (0.78–0.93) 0.92 (0.82–1.04)
Quartile 4 – 0.97 (0.91–1.04) 0.90 (0.83–0.99) 1.19 (1.06–1.34)

PM2.5, μg/m
3 0.94 (0.93–0.96) 1.00 (ref) 1.00 (ref) 1.00 (ref)

Quartile 2 – 0.90 (0.85–0.96) 0.94 (0.86–1.02) 0.83 (0.75–0.92)
Quartile 3 – 0.81 (0.76–0.86) 0.81 (0.75–0.89) 0.77 (0.69–0.86)
Quartile 4 – 0.72 (0.68–0.77) 0.76 (0.70–0.83) 0.65 (0.58–0.73)

PM10, μg/m
3 1.03 (0.98–1.08) 1.00 (ref) 1.00 (ref) 1.00 (ref)

Quartile 2 – 0.83 (0.77–0.89) 0.78 (0.71–0.87) 0.99 (0.87–1.14)
Quartile 3 – 0.88 (0.81–0.95) 0.83 (0.75–0.91) 1.05 (0.92–1.19)
Quartile 4 – 1.02 (0.94–1.10) 0.96 (0.87–1.06) 1.25 (1.10–1.43)

SO2, ppb 0.98 (0.97–0.98) 1.00 (ref) 1.00 (ref) 1.00 (ref)
Quartile 2 – 0.96 (0.89–1.04) 0.99 (0.90–1.10) 0.95 (0.83–1.08)
Quartile 3 – 1.01 (0.94–1.10) 1.02 (0.92–1.13) 1.01 (0.89–1.16)
Quartile 4 – 0.78 (0.72–0.85) 0.80 (0.71–0.89) 0.77 (0.67–0.88)

* Bold values indicate P < 0.05. CI, confidence interval; CO, carbon monoxide; NOx, nitrogen oxides; O3, ozone; OR, odds ratio; PM2.5, particu-
late matter <2.5 μm; ppb, parts per billion; ppm, parts per million; RA, rheumatoid arthritis; ref, reference; SO2, sulfur dioxide.
a The ref group was individuals with the lowest quartile of pollutant exposure. The patients werematched with controls on age, sex, and enroll-
ment while adjusting for duration of pollutant exposure data, race and ethnicity, body mass index, and smoking status.
b Values are per 1 unit exposure for all except O3 (0.01 units) and NOx and PM10 (10 units).
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seronegative, but not seropositive, when compared to the lowest
quartile. In contrast, CO (aOR 0.78, 95% CI 0.67–0.91, per 1 part
per million), overall PM2.5 (aOR 0.94, 95% CI 0.93–0.96, per
10 μg/m3), and SO2 (aOR 0.98, 95% CI 0.97–0.98, per 1 part
per billion) were negatively associated with RA risk.

Pollutants and RA-ILD. Higher fire smoke PM2.5 was sig-
nificantly associated with RA-ILD (aOR 1.98, 95% CI 1.08–3.62,
per 1 μg/m3; Table 3). Post hoc analyses showed that fire smoke
PM2.5 concentrations of 0.28 μg/m3 and higher seemed to drive
this elevated risk (Supplementary Table 2). Except for the highest
quartile of CO being negatively associated, no other pollutants
were associated with RA-ILD.

Pollutant timing and RA. When stratifying by pollutant
timing, we found fire smoke PM2.5 exposure to bemost associated
with RA in the one to three years (aOR 1.12, 95%CI 1.03–1.23, per
1 μg/m3) and three to five years (aOR 1.13, 95% CI 1.02–1.26, per
1 μg/m3) before RA index date (Figure 1; Table 4). Higher smoke
PM2.5 exposure more than five years before RA diagnosis was

negatively associated with RA risk. In contrast, NOx showed the
strongest point estimates in the three to five years and more
than five years before RA onset. Finally, PM10 exposure was
most strongly associated with RA in the three to five years before
RA onset (aOR 1.08, 95% CI 1.03–1.14 for highest vs lowest
quartile).

Sensitivity analyses. Sensitivity analyses stratifying by
geographic region showed NOx had the highest OR for RA in
the West (OR 1.50, 95% CI 1.21–1.85 for highest vs lowest quar-
tile; Supplementary Table 3). Restricting analyses to never-
smokers showed no meaningful differences in point estimates
(Supplementary Table 3). We also found no evidence of interac-
tions between fire smoke PM2.5 and age, sex, race and ethnicity,
and smoking status on risk of RA (P > 0.3 for each, data not
shown). Regarding missing covariate data, 576 patients with RA
(6%) and 13,716 controls (20%) were missing at least one covar-
iate. However, results for each of the seven pollutants did not dif-
fer after performing multiple imputation for missing covariates
(data not shown). Of note, 7,282 of study participants (9%) were

Table 3. Association between preceding fire smoke and other pollutant exposures and RA-ILD*

Pollutant

Patients with
RA-ILD (n = 531), mean
concentration (±SD)

Controls (n = 3,605),
mean concentration (±SD)

Continuous exposure
in patients with RA-ILD,
adjusted OR (95% CI)a,b

Quartiled exposure in
patients with RA-ILD,
adjusted OR (95% CI)a

Fire smoke PM2.5, μg/m
3 0.27 (±0.15) 0.26 (±0.14) 1.98 (1.08–3.62) 1.00 (ref)

Quartile 2 – – – 1.16 (0.87–1.55)
Quartile 3 – – – 1.06 (0.79–1.43)
Quartile 4 – – – 1.45 (1.09–1.93)

CO, ppm 0.57 (±0.22) 0.59 (±0.22) 0.54 (0.27–1.09) 1.00 (ref)
Quartile 2 – – – 1.05 (0.72–1.52)
Quartile 3 – – – 0.94 (0.63–1.39)
Quartile 4 – – – 0.59 (0.39–0.89)

NOx, ppb 43.2 (±22.6) 43.2 (±24.7) 0.99 (0.93–1.05) 1.00 (ref)
Quartile 2 – – – 1.20 (0.92–1.77)
Quartile 3 – – – 0.97 (0.64–1.47)
Quartile 4 – – – 1.03 (0.70–1.52)

O3, ppm 0.04 (±0.00) 0.04 (±0.00) 0.90 (0.67–1.19) 1.00 (ref)
Quartile 2 – – – 0.95 (0.71–1.27)
Quartile 3 – – – 0.89 (0.66–1.22)
Quartile 4 – – – 0.89 (0.65–1.21)

PM2.5, μg/m
3 8.96 (±1.62) 8.99 (±1.58) 0.99 (0.93–1.06) 1.00 (ref)

Quartile 2 – – – 1.12 (0.85–1.47)
Quartile 3 – – – 0.97 (0.72–1.30)
Quartile 4 – – – 0.94 (0.70–1.25)

PM10, μg/m
3 18.7 (±5.0) 18.8 (±5.3) 1.04 (0.92–1.32) 1.00 (ref)

Quartile 2 – – – 0.78 (0.56–1.10)
Quartile 3 – – – 0.94 (0.67–1.32)
Quartile 4 – – – 1.07 (0.77–1.51)

SO2, ppb 3.48 (±3.52) 3.93 (±4.39) 0.97 (0.93–1.00) 1.00 (ref)
Quartile 2 – – – 1.11 (0.77–1.60)
Quartile 3 – – – 1.29 (0.90–1.84)
Quartile 4 – – – 0.86 (0.58–1.26)

* Bold values indicate P < 0.05. CI, confidence interval; CO, carbonmonoxide; ILD, interstitial lung disease; NOx, nitrogen oxides; O3, ozone; OR,
odds ratio; PM2.5, particulate matter <2.5 μm; ppb, parts per billion; ppm, parts per million; RA, rheumatoid arthritis; ref, reference; SO2, sulfur
dioxide.
a The ref group was individuals with the lowest quartile of pollutant exposure. The patients werematched with controls on age, sex, and enroll-
ment while adjusting for duration of pollutant exposure data, race and ethnicity, body mass index, and smoking status.
b Values are per 1 unit exposure for all except O3 (0.01 units) and NOx and PM10 (10 units).
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missing all fire smoke PM2.5 exposure data, and 25,984 (33%)
were missing at least one of the other five pollutant exposures in
this study. Participants missing all fire smoke PM2.5 exposure
data were more likely to be controls and live in the West
(Supplementary Table 4).

DISCUSSION

This large patient–control study using national VA data and
nationwide pollutant monitoring found that high fire smoke PM2.5

exposure was associated with RA-ILD, along with incident RA
one to five years later. NOx, a pollutant generated largely from fos-
sil fuel combustion,36 was also associated with incident RA, and
ozone and PM10 were associated with incident seronegative
RA. Several other pollutants including CO, overall PM2.5,
and SO2 were not, or negatively, associated with incident RA
and RA-ILD. Overall, these findings add to the growing body of lit-
erature on inhalant exposures and RA risk and suggest that
reducing fire smoke and fossil fuel emissions may have benefits
for RA and RA-ILD prevention. They also highlight the need for
more robust infrastructure for studying the impact of pollutants
on health in the United States.

The first key finding from this study was that high fire smoke
PM2.5 exposure was associated with incident RA-ILD. No prior
studies have examined fire smoke PM2.5 and RA or RA-ILD risk,

though others have found an association between overall PM2.5

and RA.16–18 Our study did not show a significant association
between fire smoke PM2.5 and overall RA except in stratified anal-
yses in the one to five years before RA onset. The association
between PM2.5 and RA both with and without ILD has strong bio-
logic rationale because both PM2.5

13–15 and wood-fire smoke37

have previously been associated with ACPA development to a
higher degree than cigarette smoke. Furthermore, elemental car-
bon from PM2.5 is associated with increased risk of interstitial lung
abnormalities.25 Importantly, the observed association between
fire smoke PM2.5 and RA-ILD occurred even despite the study
period not including recent record-breaking wildfire years.38,39

Therefore, future studies are needed to determine whether higher
levels of fire smoke PM2.5 exposure have an even stronger effect.

The second key finding from this study was that high levels of
other pollutants such as NOx were associated with incident RA
overall, whereas ozone and PM10 were associated with incident
seronegative RA. Prior literature on the association between
NOx and RA has mostly shown a positive association.18,21,22,24

Studies showing no association with RA had lower NOx levels
than ours and these other studies,19,20,23 perhaps explaining this
discrepancy. Indeed, even the third quartile of NOx exposure
was not associated with RA in our study. The three prior studies
of ozone and RA all showed a positive association as well.20,23,24
20,23,24 Only one study has shown an association between PM10

and RA,17 whereas most show no association.16,18,19,22–24

Figure 1. Forest plot depicting associations of fire smoke PM2.5 with risk of RA by exposure time period. Models are per 1-μg/m3 increase in
PM2.5 and adjusted for age, sex, enrollment, duration of pollutant exposure data, race and ethnicity, body mass index, and smoking status.
PM2.5, particulate matter <2.5 μm; RA, rheumatoid arthritis.
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Importantly, the associations we observed for ozone and PM10

were only present for seronegative RA. However, this association
of ozone and PM10 with seronegative RA risk is consistent with
prior links between respiratory tract diseases and seronegative RA
onset.12 The association of so many respiratory irritants with RA
onset suggests that respiratory irritation itself, not specific irritants,
leads to RA onset. Thus, many diverse forms of pollution may be
harmful.

Although the above associations between fire smoke and
RA-ILD and NOx and RA were modest in size, small effects can
translate into large health effects on a population level. For exam-
ple, taking into account the incidence of RA-ILD in the
United States40 and the effect sizes observed in this study, halv-
ing fire smoke PM2.5 exposure would correspond to 876 fewer
patients with RA-ILD in the United States each year. Similarly,
halving NOx exposure would be associated with 1,385 fewer
patients with RA in the United States each year.41 Thus, small pol-
lutant reductions can have massive health implications.

Regarding the timing of pollutant exposures, we observed
that fire smoke PM2.5 was most strongly associated with RA in
the one to five years before the date of RA diagnosis, whereas
NOx exposure more than three years and PM10 exposure three
to five years before RA diagnosis demonstrated the highest risk.
The longer time window for NOx was also previously observed in
a population-based study in Sweden.22 The association with
more recent fire smoke exposures contrasted with our hypothe-
sis that associations would be strong more than five years
before diagnosis. This may be a result of reverse causation or
detection bias. Alternatively, fire smoke may be an environmen-
tal trigger that has a more immediate effect on increasing risk.
For example, previous studies with short follow-up also showed
PM2.5 to be associated with RA16,17 and RA flare.42 Future
mechanistic studies could help distinguish whether fire smoke
triggers initial RA-related autoimmunity itself or drives later
downstream inflammatory processes such as epitope
spreading.

Table 4. Association between the timing of preceding pollutant exposures and incident RA*

Pollutant/years
before RA

Continuous exposure for patients with RA,
adjusted OR (95% CI)a,b

Quartiled exposure for patients with RA,
adjusted OR (95% CI)a

More than one
to three years

More than three
to five years

More than
five years

More than one
to three years

More than three
to five years

More than
five years

Fire smoke
PM2.5, μg/m

3
1.12 (1.03–1.23) 1.13 (1.02–1.26) 0.79 (0.67–0.93) 1.00 (ref ) 1.00 (ref ) 1.00 (ref)

Quartile 2 – – – 1.26 (1.18–1.35) 1.19 (1.12–1.28) 1.06 (0.98–1.15)
Quartile 3 – – – 1.21 (1.13–1.30) 1.11 (1.03–1.19) 1.06 (0.97–1.16)
Quartile 4 – – – 1.18 (1.10–1.27) 1.12 (1.04–1.20) 0.92 (0.84–1.00)

CO, ppm 0.72 (0.60–0.86) 0.73 (0.62–0.86) 0.80 (0.69–0.93) 1.00 (ref) 1.00 (ref) 1.00 (ref)
Quartile 2 – – – 0.99 (0.90–1.08) 0.96 (0.88–1.05) 1.00 (0.91–1.10)
Quartile 3 – – – 0.86 (0.78–0.94) 0.85 (0.78–0.94) 0.80 (0.72–0.88)
Quartile 4 – – – 0.81 (0.74–0.89) 0.83 (0.76–0.91) 0.82 (0.74–0.90)

NOx, ppb 1.01 (0.99–1.02) 1.02 (1.00–1.04) 1.02 (1.01–1.04) 1.00 (ref) 1.00 (ref) 1.00 (ref)
Quartile 2 – – – 1.13 (1.03–1.24) 1.17 (1.06–1.28) 1.31 (1.18–1.46)
Quartile 3 – – – 1.11 (1.01–1.21) 1.03 (0.93–1.14) 1.08 (0.97–1.20)
Quartile 4 – – – 1.16 (1.06–1.28) 1.17 (1.06–1.29) 1.27 (1.14–1.41)

O3, ppm 1.02 (0.96–1.08) 0.99 (0.94–1.05) 0.94 (0.89–1.00) 1.00 (ref) 1.00 (ref) 1.00 (ref)
Quartile 2 – – – 1.04 (0.97–1.12) 1.01 (0.95–1.09) 0.96 (0.89–1.03)
Quartile 3 – – – 0.98 (0.92–1.05) 0.96 (0.90–1.03) 0.93 (0.85–1.00)
Quartile 4 – – – 1.01 (0.94–1.09) 1.00 (0.93–1.08) 0.92 (0.85–1.00)

PM2.5, μg/m
3 0.94 (0.92–0.95) 0.96 (0.94–0.97) 0.95 (0.94–0.97) 1.00 (ref) 1.00 (ref) 1.00 (ref)

Quartile 2 – – – 0.87 (0.81–0.92) 0.94 (0.89–1.00) 0.94 (0.88–1.00)
Quartile 3 – – – 0.75 (0.70–0.80) 0.81 (0.76–0.87) 0.84 (0.79–0.90)
Quartile 4 – – – 0.72 (0.67–0.77) 0.81 (0.75–0.86) 0.72 (0.67–0.78)

PM10, μg/m
3 1.04 (0.98–1.09) 1.08 (1.03–1.14) 1.00 (0.94–1.06) 1.00 (ref) 1.00 (ref) 1.00 (ref)

Quartile 2 – – – 0.84 (0.78–0.92) 0.84 (0.77–0.91) 0.88 (0.81–0.95)
Quartile 3 – – – 0.98 (0.90–1.06) 0.97 (0.90–1.05) 0.78 (0.71–0.85)
Quartile 4 – – – 1.03 (0.95–1.12) 1.11 (1.03–1.21) 0.98 (0.90–1.07)

SO2, ppb 0.97 (0.96–0.98) 0.98 (0.97–0.98) 0.99 (0.98–0.99) 1.00 (ref) 1.00 (ref) 1.00 (ref)
Quartile 2 – – – 0.94 (0.87–1.02) 0.96 (0.88–1.05) 1.02 (0.93–1.11)
Quartile 3 – – – 1.01 (0.93–1.10) 1.11 (1.02–1.20) 1.00 (0.92–1.10)
Quartile 4 – – – 0.80 (0.73–0.87) 0.83 (0.76–0.90) 0.81 (0.73–0.89)

* Bolded values are statistically significant. CI, confidence interval; CO, carbon monoxide; NOx, nitrogen oxides; O3, ozone; OR, odds ratio;
PM2.5, particulate matter <2.5 μm; ppb, parts per billion; ppm, parts per million; RA, rheumatoid arthritis; ref, reference; SO2, sulfur dioxide.
a The ref group was individuals with the lowest quartile of pollutant exposure. The patients werematched with controls on age, sex, and enroll-
ment while adjusting for duration of pollutant exposure data, race and ethnicity, body mass index, and smoking status.
b Values are per 1 unit exposure for all except O3 (0.01 units) and NOx and PM10 (10 units).
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The other pollutants studied including CO, overall PM2.5, the
third quartile of fire smoke PM2.5, and SO2 were not associated,
or even inversely associated, with RA and RA-ILD. One reason
for the negative PM2.5 results could be the elevated point esti-
mates starting in the second decile. Another reason could be that
prior studies showing an association between overall PM2.5 and
RA16–18 had higher levels than ours and others showing no asso-
ciation.20,21 Although ours and some prior studies have not
observed an association between SO2 and RA,19,23 this study
and the others did not include exposure data >10 years before
RA onset, when it was previously found to be associated.22 How-
ever, given the lack of reported protective associations in prior liter-
ature and known inflammatory nature of these compounds,43–45

these “protective” associations are likely spurious. We speculate
they may have resulted from selection bias due to the nonrandom
missingness of pollutant data, especially for the nonfire smoke pollut-
ants, which had higher missingness and wider grids. These inverse
associations for other pollutants raise the question of whether the
observed positive associations for fire smoke PM2.5 and NOx are
underestimated due to a similar underlying bias. Regardless, these
inconsistencies highlight the need for more robust monitoring sys-
tems in the United States for a more accurate assessment of the
connection between pollutants and human health.

Strengths of this study include using the largest available
integrated health data system in the United States, robust data
linkages, and longer duration of pollutant exposure history com-
pared to previous studies. There are also limitations. Perhaps
most importantly, selection bias, for example due to increased
missing data in controls and individuals from rural areas, may
have biased results, creating potentially spurious protective
associations we observed for some pollutants. Results may not
generalize well to other populations because the VA population
has an overrepresentation of male sex and smoking history,
which likely impact inhalant exposures and RA onset.8,9,22 The
use of administrative algorithms for RA and RA-ILD likely resulted
in misclassification of outcomes, though this would also be antic-
ipated to bias results toward the null. Misclassification of pollutant
exposures may have biased results, especially due to sparse
monitoring in rural areas, using monitors up to 50 km away for
nonfire smoke pollutants and relying on quarterly postal address
data that do not account for travel. The greater frequency of miss-
ing covariate data in controls may have resulted in selection bias,
though imputed results showed minimal differences. We were
not able to adjust for potential confounders such as socioeconomic
status,22 season,46 occupational exposures9 including burn pits,8 or
genetics.9 We chose not to adjust for certain respiratory diseases
such as asthma or chronic obstructive pulmonary disease because
such diseases may mediate the association between pollutants and
RA.11 Results may have been due to chance due to multiple testing.
Sensitivity analyses by geographic region and smoking status could
be biased due to the unmatched, unconditional model design.
Finally, this study did not capture recent high fire smoke years

(2020–2023) or pollutant exposure data >10 years before RA diag-
nosis, in which certain pollutants have been most strongly associ-
ated with RA.22

In summary, greater fire smoke PM2.5 exposure was associ-
ated with RA-ILD and RA in the subsequent one to five years.
Fossil fuel–related NOx was also associated with incident RA,
though several other pollutants were not, or negatively, associ-
ated with RA. Given the potential sources of bias with current
monitoring systems, these findings spark a call to action to
develop more comprehensive monitoring systems in the
United States. Confirmation of these findings would suggest that
addressing wildfire smoke and fossil fuel emissions may have
large-scale population-level health benefits by reducing the risk
of RA and RA-ILD.
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Genome-Wide Aggregated Trans Effects Analysis Identifies
Genes Encoding Immune Checkpoints as Core Genes for
Rheumatoid Arthritis

Athina Spiliopoulou,1 Andrii Iakovliev,1 Darren Plant,2 Megan Sutcliffe,3 Seema Sharma,2

Cankut Cubuk,4 Myles Lewis,4 Costantino Pitzalis,4 Anne Barton,2 and Paul M. McKeigue1

Objective. The sparse effector “omnigenic” hypothesis postulates that the polygenic effects of common single
nucleotide polymorphisms (SNPs) on a typical complex trait are mediated by trans effects that coalesce on expression
of a relatively sparse set of core genes. The objective of this study was to identify core genes for rheumatoid arthritis by
testing for association of rheumatoid arthritis with genome-wide aggregated trans effects (GATE) scores for expression
of each gene as transcript in whole blood or as circulating protein levels.

Methods. GATE scores were calculated for 5,400 cases and 453,705 non-cases of primary rheumatoid arthritis in
UK Biobank participants of European ancestry.

Results. Testing for association with GATE scores identified 16 putative core genes for rheumatoid arthritis outside
the HLA region, of which six—TP53BP1, PDCD1, TNFRSF14, LAIR1, LILRA4, and IDO1—were supported by Mende-
lian randomization analysis based on the marginal likelihood of the causal effect parameter. Five of these 16 genes
were validated by a reported association of rheumatoid arthritis with SNPs within 200 kb of the transcription site, eight
by association of the measured protein level with rheumatoid arthritis in UK Biobank, 10 by experimental perturbation in
mouse models of inflammatory arthritis, and two—CTLA4 and PDCD1—by evidence that drugs targeting the gene
cause or ameliorate inflammatory arthritis in humans. Fourteen of these 16 genes are in pathways affecting immunity
or inflammation, and six—CD5, CTLA4, TIGIT, LAIR1, TNFRSF14, and PDCD1—encode receptors that have been
characterized as immune checkpoints exploited by cancer cells to escape the immune response.

Conclusion. These results highlight the key role of immune checkpoints in rheumatoid arthritis and identify possi-
ble therapeutic targets.

INTRODUCTION

Rheumatoid arthritis is an immune-mediated inflammatory

disease with a prevalence of about 1% in most populations. The

genetic information for discrimination, equal to the logarithm to

base two of the recurrence risk ratio in first-degree relatives,1 is

about 2.3 bits,2 of which the HLA region accounts for about 0.8

bits.3 Although the catalog of genome-wide association studies

(GWAS) lists 337 genomic regions outside the HLA region that

contain single nucleotide polymorphisms (SNPs) associated with

rheumatoid arthritis at the conventional genome-wide threshold

of P < 5 × 10−8, the genes in these regions are mostly broadly
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expressed and are not in pathways specifically relevant to

immune-mediated disease.4 Although the treatment of rheuma-

toid arthritis has been revolutionized by drugs that target specific

proteins mediating inflammation, the contribution of GWAS to dis-

covery of drug targets for rheumatoid arthritis has been limited.5

Conventional GWAS analyses focus on identifying the nearby
genes (usually within 200 kb) that mediate the effects of common
variants on disease through cis effects. However, for a typical
gene, most of the SNP heritability of levels of the transcript or
encoded protein is attributable to trans effects of variants that
are distant from the transcription site.6 On this basis, the “omni-
genic” sparse effector model was proposed as a fundamental
rethink of the genetic architecture of complex traits.7 This postu-
lates that most of the polygenic effects on a typical complex trait
are mediated through weak trans effects of common variants that
coalesce on expression of a relatively sparse set of “core” effector
genes in relevant tissues. The availability of summary statistics
from large GWAS studies of transcripts in whole blood or proteins
in plasma has made it possible to test this hypothesis by con-
structing genotypic predictors of gene expression based on
aggregated trans effects and testing these genotypic scores for
association with the disease or trait under study. We have
reported an application of this genome-wide aggregated trans

effects (GATE) analysis pipeline to type 1 diabetes, which identi-
fied a set of putative core genes regulating the differentiation and
activity of CD4+ Treg cells.8 The objective of this study was to
investigate whether GATE analysis can identify core genes for
rheumatoid arthritis.

MATERIALS AND METHODS

Ethical approval. Ethical approval for the UK Biobank was
previously obtained from the North West Centre for Research
Ethics Committee (11/NW/0382). Informed consent was obtai-
ned for all study participants. The work described herein was
approved by the UK Biobank under application 23652. Ethical
approval for the transcriptomics study was granted by the
North West 6 Central Manchester South Research Ethics Com-
mittee (COREC 04/Q1403/37). All patients provided written
consent.

Case definition. The case definition of rheumatoid arthritis
in the UK Biobank cohort was based on any of three criteria:
(1) hospital discharge or death certificate with an International
Classification of Diseases diagnostic code for rheumatoid arthritis;
(2) any primary care diagnosis of rheumatoid arthritis; or
(3) self-reported diagnosis of rheumatoid arthritis supported by

prescription of a disease-modifying antirheumatic drug at base-
line or during follow-up. Of 487,152 individuals with nonmissing
phenotype and genotype data, 5,958 had ever been diagnosed
with rheumatoid arthritis. When those with a diagnosis of Sjög-
ren’s disease antedating the diagnosis of rheumatoid arthritis
were excluded, 5,731 cases of primary rheumatoid arthritis
remained. The full dataset was pruned to ensure that no pairs of
individuals with kinship coefficient >0.05 remained. As summary
statistics for cis and trans effects of SNP genotypes on gene
expression were available only from studies of individuals of
European ancestry, the dataset for trans effects analysis was
restricted to those participants who reported their ethnic origin
as white. After applying these exclusions, there were 451,447
individuals, of whom 5,292 were classified as cases. Of these,
2,015 were classified as incident cases, on the basis that the first
mention of a diagnosis of rheumatoid arthritis was later than the
date on which they were assessed.

GATE analysis. Methods for GATE analysis have been
described previously.8 The data sources and analytical steps are
illustrated in Figure 1. The list of SNPs that were typed or imputed
in UK Biobank was uploaded to the GENOSCORES server. A
database query extracts the univariate coefficients of regression
of expression of each target gene on each of these SNPs, filtered
by setting a threshold of P < 10−5. For each target gene and each
clump of associated SNPs containing at least one SNP associ-
ated with expression of the gene at P < 10−6, the vector of coeffi-
cients is multiplied by the inverse correlation matrix among SNP
genotypes computed from the 1000 Genomes reference panel
to obtain a vector of multivariable weights that are corrected for
linkage disequilibrium (LD). A pseudoinverse solution is imple-
mented to handle ill-conditioned matrices in clumps with highly
correlated SNPs. For each gene and each clump of associated
SNPs, a locus-specific score is computed by multiplying the vec-
tor of adjusted weights by the matrix of SNP genotypes in the tar-
get dataset. The locus-specific scores for each gene are summed
over trans-quantitative trait loci (QTLs) to obtain genome-wide
aggregated trans scores.

Trans-expression QTL (trans-eQTL) scores were computed
from eQTLGen phase 1, in which only 10,317 trait-associated
SNPs were tested for trans associations.9 For these scores, the
threshold for defining clumps of associated SNPs was relaxed to
P < 10−5 because for these trait-associated SNPs, the prior prob-
ability of an effect on gene expression is higher than it is for ran-
dom SNPs. Trans-protein QTL (trans-pQTL) scores were
computed from three studies of circulating proteins:

Additional supplementary information cited in this article can be found
online in the Supporting Information section (http://onlinelibrary.wiley.com/
doi/10.1002/art.43125).
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• 1,478 proteins on the SomaLogic panel measured in
plasma on 3,301 blood donors in the INTERVAL study.10

• 4,719 proteins on the SomaLogic version 4 panel mea-
sured in plasma on 35,559 Icelanders in the deCODE
study11; 2,207 aptamers on this platform that appeared
to cross-react with CFH, encoding complement factor H,
were excluded. The criteria for identifying these aptamers
were a trans-pQTL at the CFH locus, no cis-pQTL, and
association of the trans score with age-related macular
degeneration.

• 2,923 proteins on the Olink Explore panel measured in
plasma on 54,306 participants in UK Biobank.12

As the HLA region is a hotspot for trans-QTLs for genes
involved in immunity and inflammation13 and associations of
these trans-QTLs with autoimmune disease are heavily con-
founded by the direct effects of HLA antigens, the HLA region
(from 25 to 34 Mb on chromosome 6) was excluded from the
computation of genome-wide trans scores. Cis-eQTLs and
cis-pQTLs were excluded from the aggregated trans scores and
tested for association with the disease separately.

Statistical analysis. When testing for association with
genotypic scores for Olink proteins calculated from the UK
Biobank proteomics study, the 54,306 participants who were
included in the proteomics study were excluded from tests of
association of the genotypic scores with the outcome. A logistic
regression model was fitted with rheumatoid arthritis as response
variable with sex and the first 20 genotypic principal components
as covariates. The fitted values from this null model were used to

compute tests for association with the cis score and aggregated
trans score predicting the levels of a transcript or circulating pro-
tein. These tests were computed as efficient score tests based
on the gradient and second derivative of the log-likelihood at the
null. Log odds ratios in the tables have been standardized by mul-
tiplying them by the SD of the score so that the coefficient is the
log odds ratio associated with an increase of the score by one SD.

As an index of the effective number of unlinked trans-QTLs
contributing to each genome-wide trans score, we calculated
the diversity index or Hill number.14 For each gene, the diversity
index was computed from the variances σ1,…,σK of the K locus–
specific trans scores as 2−

P

i
p
i
log

2
p
i, where pi = σi

2 /
P

j σj
2. This

index can take values from 1, if one of the QTLs has much larger
variance than the others, to K, if the variances of the locus-specific
trans scores are equal.

For each putative core gene identified through aggregating
the effects of at least 10 trans-QTLs, an instrumental variable
(“Mendelian randomization”) analysis was undertaken. This was
based on constructing a scalar genetic instrument from each
trans-QTL and marginalizing over the distribution of direct (pleio-
tropic) effects of the instrument on the outcome to compute the
likelihood of the causal effect parameter as described else-
where.15 Cis-QTLs were excluded from these analyses because
cis-acting SNPs frequently alter the splicing of the gene product
so that effects on the measured level of transcript or circulating
protein do not correspond to effects on function. A null result in
these Mendelian randomization analyses does not exclude a
causal effect because even with 10 or more instruments
(trans-QTLs), there may not be enough information in the data to
learn the posterior distribution of direct effects.

Figure 1. Graphic illustration of the data sources and analytical steps for identification of core genes for rheumatoid arthritis. eQTL, expression
QTL; GATE, genome-wide aggregated trans effects; GWAS, genome-wide association study; LD, linkage disequilibrium; QTL, quantitative trait
locus; SNP, single nucleotide polymorphism; UKB-PPP, UK Biobank Pharma Proteomics Project.
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Filtering and validation criteria. As before,8 the GATE
scores were filtered to retain only those scores for which the
effective number of trans-QTLs was greater than five. This
retained 413 aggregated trans-eQTL scores for 413 unique
genes and 3,256 aggregated trans-pQTL scores for 2,586 unique
genes. For the initial list of putative core genes, we set a threshold
of P < 10−5 for association of disease with GATE scores.

We defined six criteria for validation as a core gene:

1. Any SNP association with rheumatoid arthritis, reported in
the GWAS catalog, at the conventional threshold of P <

5 × 10−8 within 200 kb of the transcription site of the tar-
get gene. As cis-SNPs were excluded from the GATE
score, this is orthogonal validation. The 200-kb cutoff is
based on the distribution of distances from protein QTL
variants to transcription start site.16 Although this criterion
would not be appropriate for identifying the gene that
mediates the cis effect of a disease-associated SNP, if
the gene has already been identified through trans effects
as a putative core gene for the disease and there is a SNP
association near its transcription site, then this gene is the
most likely mediator of the cis effect.

2. Instrumental variable analysis (“Mendelian randomiza-
tion”), based on marginalizing over the distribution of
pleiotropic effects of trans-QTLs, supports a causal effect
of the transcript or protein at P < 0.01. This criterion is
evaluated only if the target gene has at least 10 trans-
QTLs because, otherwise, there is not enough informa-
tion to infer the distribution of pleiotropic effects.

3. Association of disease with the measured level of the
encoded protein in the UK Biobank proteomics study, in
the same direction as the association with the aggregated
trans score, with magnitude (standardized log odds ratio)
of the protein association at least twice that of the trans

score association. Evidence of causality is strengthened if
levels of the protein are associatedwith incident rheumatoid
arthritis, excluding those already diagnosed at baseline.

4. Drugs targeting the gene product, its ligand, or its recep-
tor cause inflammatory arthritis or have shown efficacy
against rheumatoid arthritis in a phase 2 trial.

5. Perturbation of the gene by knockout, transduction, or
overexpression, or perturbation of the gene product by
an inhibitor or an agonist, alters the severity of disease in
an experimental model of inflammatory arthritis.

6. Rare variants in the gene cause a monogenic form of the
disease. From searching PubMed, 11 genes were identi-
fied as reported monogenic causes of inflammatory
arthritis: LACC1, LRBA, NFIL3, UNC13D, NOD2, NLRP3,
MEFV, TNFAIP3, PRF1, STX11, ACP5.17–21

Table 1. Putative core genes identified through aggregated trans-eQTL scores*

Transcription site Trans score Cis score

Gene Chrom

Start
position
(Mb)

Effective
number of
trans-eQTLs

Log
odds
ratio P

Log
odds
ratio P

Reported GWAS
hit within 200 kb

IL10RA 11 117.99 5.8 0.064 3 × 10−6 −0.015 0.3
CD5 11 61.10 8.9 0.066 2 × 10−6 0.033 0.02 CD6, CD5, VPS37C
CTLA4 2 203.85 9.6 0.112 6 × 10−16 −0.037 0.007 CD28, CTLA4, ICOS
STAP1 4 67.56 6.4 −0.070 4 × 10−7 −0.014 0.3
FBLN7 2 112.14 7.5 0.068 3 × 10−6 −0.008 0.6
SLAMF1 1 160.61 5.7 0.070 4 × 10−7 0.009 0.5 SLAMF6

* Log odds ratios are scaled as the difference in log odds associated with a score difference of one SD. Threshold for
inclusion in this table is trans score association at P < 10−5 and effective number of trans-eQTLs >5. Chrom, chromo-
some; eQTL, expression quantitative trait locus; GWAS, genome-wide association study; Mb, megabase.

Figure 2. Correlations between aggregated trans-eQTL scores for
putative core genes. Rows and columns of the correlation matrix are
ordered by hierarchical clustering on the absolute value of correlation.
Diagonal elements of the correlation matrix are equal to one; they are
set to zero for easier visualisation of the off-diagonal values. eQTL,
expression quantitative trait locus. Color figure can be viewed in the
online issue, which is available at http://onlinelibrary.wiley.com/doi/
10.1002/art.43125/abstract.

SPILIOPOULOU ET AL820

http://onlinelibrary.wiley.com/doi/10.1002/art.43125/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.43125/abstract


RESULTS

Trans-eQTL scores. Table 1 shows the six putative core
genes identified through association with aggregated trans-eQTL
scores. For three of these genes—CD5, CTLA4, and SLAMF1—

associations of rheumatoid arthritis with SNPs within 200 kb of
the transcription site are listed in the GWAS catalog. For these
SNP associations, gene names recorded in the GWAS catalog in
the fields “Reported Gene” or “Mapped Gene” are shown in the
last column of Table 1. As previously reported for type 1 diabetes,8

the cis-eQTL association of CTLA4 is in the opposite direction to
the association with the aggregated trans score; this may be
explained by cis-acting SNPs that alter the splicing of this gene.

Figure 2 shows that the aggregated trans-eQTL scores for
the six putative core genes are only weakly correlated, indicating
that they do not share most of their trans-eQTLs. Supplementary
Table S1 shows that multiple regions containing SNPs previously
identified as associated with rheumatoid arthritis are trans-eQTLs
for one or more of these putative core genes. Notably, seven
regions outside the HLA region that contain SNPs associated with
rheumatoid arthritis are trans-eQTLs for CTLA4.

To test whether genetic effects on the proportions of immune
cell types could explain the associations of rheumatoid arthritis
with trans scores for predicted gene expression, we used sum-
mary statistics from the SardiNIA study of immune cell pheno-
types in peripheral blood22 to calculate genome-wide scores for
each immune cell phenotype. We tested these scores for associ-
ation with rheumatoid arthritis. Supplementary Table S2 shows
that rheumatoid arthritis was associated inversely with the pro-
portion of CD4+ T cells that were Treg cells and positively associ-
ated with the absolute count of CD4+ T cells. Although CTLA4 is
expressed on CD4+ T cells, the association of rheumatoid arthritis
with the polygenic score for CD4+ T cell count was much weaker
than the association with the GATE score for CTLA4.

Trans-pQTL scores. Table 2 shows the 10 putative core
genes identified through association with aggregated trans-
pQTL scores. The strongest GATE score association with rheu-
matoid arthritis is for PDCD1, which encodes the immune
checkpoint receptor programmed cell death protein 1 (PD-1).
Supplementary Table S3 shows that the trans-pQTLs contribut-
ing to this GATE score include 12 regions containing genes pre-
viously associated with rheumatoid arthritis through GWAS
studies: SDF4, AP4B1, PTPN22, CTLA4, BACH2, TRAF1,
IL2RA, TSPAN14, PTPN11, ILF3, FUT2 and AIRE. This coales-
cence of trans effects of disease-associated SNPs on expres-
sion of a disease-relevant target gene is consistent with the
sparse effector hypothesis.

Supplementary Figure S1 shows that the aggregated
trans-pQTL scores for seven of these putative core genes are cor-
related, indicating that they share trans-pQTLs. The highest cor-
relation (0.6) is between the scores for CXCL10 and CXCL9.
Supplementary Table S3 shows that these two genes share nine
trans-pQTL regions containing genes—PTPN22, GCKR,
IL18R1, STAT4, CCR1, IFNG-AS1, PTPN11, PTPN2, and
TYK2—previously identified as associated with rheumatoid arthri-
tis. This sharing of trans-QTLs means that we cannot distinguish,
without other evidence, which of these two target genes is most
likely to be causal.

To investigate whether these results were replicated in inde-
pendent datasets, we searched the “expression quantitative trait
score” (eQTS) summary statistics released by the eQTLGen Con-
sortium.9 Their study used summary statistics from two published
GWAS of rheumatoid arthritis to construct polygenic risk scores
that were tested for association with gene expression in an
individual-level dataset. Supplementary Table S4 shows that for
three of the genes in Tables 1 or 2—PDCD1, TIGIT, and
CTLA4—expression levels were associated with polygenic
scores for rheumatoid arthritis.

Table 2. Putative core genes identified through aggregated trans-pQTL scores*

Transcription site Trans score Cis score

pQTL
study N Gene Chrom

Start
position
(Mb)

Effective
number
of trans-
pQTLs

Log
odds
ratio P value

Log
odds
ratio P value

Reported GWAS
hit within 200 kb

DeC 5,292 PNLIPRP2 10 116.62 6.2 0.061 9 × 10−6 −0.007 0.6
UKB 4,650 TP53BP1 15 43.40 8.3 0.072 8 × 10−7

UKB 4,650 CXCL10 4 76.02 7.6 0.091 1 × 10−9 0.019 0.2
UKB 4,650 CXCL9 4 76.00 7.8 0.086 3 × 10−9 −0.007 0.6
UKB 4,650 IDO1 8 39.90 8.2 0.065 9 × 10−6 −0.025 0.1
UKB 4,650 PDCD1 2 241.85 21.3 0.096 1 × 10−10 −0.005 0.7 GAL3ST2
UKB 4,650 TNFRSF14 1 2.56 9.8 0.067 4 × 10−6 −0.024 0.1 TNFRSF14, MMEL1
UKB 4,650 LAIR1 19 54.35 6.1 0.069 4 × 10−6 −0.006 0.7
DeC 5,292 TIGIT 3 114.28 6.1 0.082 2 × 10−9 0.004 0.8
DeC 5,292 LILRA4 19 54.33 9.1 0.063 5 × 10−6 −0.009 0.5

* Log odds ratios are scaled as the difference in log odds associated with a score difference of one SD. Threshold for inclusion in
this table is trans score association at P < 10−5 and effective number of trans-pQTLs >5. Chrom, chromosome; DeC, deCODE;
GWAS, genome-wide association study; Mb, megabase; pQTL, protein quantitative trait locus; UKB, UK Biobank.

CORE GENES FOR RA VIA AGGREGATED TRANS EFFECTS ANALYSIS 821



Nearby GWAS hits. For five of the 16 putative core
genes—CD5, CTLA4, SLAMF1, PDCD1, and TNFRSF14—that
were identified through association of GATE scores with rheuma-
toid arthritis, associations of rheumatoid arthritis with SNPs within
200 kb of the transcription site are listed in the GWAS catalog.
The attribution of the GWAS hit to the target gene is supported
by a cis-QTL association for CTLA4. For CD5, CTLA4, and
TNFRSF14, the target gene is included in the GWAS catalog as
one of the attributed genes. The association with SNPs in the
SLAMF1 region had been attributed to SLAMF6, and the associ-
ation with SNPs in the PDCD1 region had been attributed to
GAL3ST2, 40 kb upstream of PDCD1.

Mendelian randomization. Supplementary Table S5
shows that of the 10 putative core genes identified through
aggregated trans effects on protein levels, six were supported at
P < 0.01 by a Mendelian randomization analysis based on

computing the marginal likelihood of the causal effect parameter.15

Scatter plots of the coefficients for the effects of the trans-pQTLs
are shown for LAIR1, TP53BP1, TNFRSF14, and PDCD1 in Sup-
plementary Figures S2–S5. The coefficients for the effects of the
pQTLs on rheumatoid arthritis are plotted against the coefficients
for the effects of the pQTLs on circulating levels of the protein.
The slope of the straight line shown in each plot is the maximum
likelihood estimate of the causal effect parameter based onmargin-
alizing over the posterior distribution of the direct (pleiotropic)
effects. If there were no direct effects of the trans-pQTLs on rheu-
matoid arthritis and no uncertainty in the estimates of coefficients
of regression of disease and protein levels on the trans-pQTLs,
the points in this plot would lie on a straight line through the origin,
and the slope of this line would be the causal effect parameter.
We emphasize that Mendelian randomization analysis has limita-
tions and that the results should be interpreted as only one line of
evidence to be combined with evidence from other sources.

Table 3. Tests of association of rheumatoid arthritis (at baseline or follow-up) with plasma levels of proteins measured in the UK Bio-
bank cohort and encoded by putative core genes or by genes within 200 kb of a reported GWAS hit*

Measured level of protein Trans score

Gene GWAS hit Noncases Cases

Log
odds
ratio P value

Effective
number
of trans-
pQTLS r2

Ratio
r2 / h2trans

Log
odds
ratio P value

Genes in Tables 1 or 2 with protein levels measured in UK Biobank
PDCD1 GAL3ST2 50,779 698 0.60 2 × 10−65 21.3 0.034 0.17 0.10 1 × 10−10

LAIR1 50,426 684 0.47 4 × 10−45 6.1 0.006 0.04 0.07 4 × 10−6

CXCL10 50,674 688 0.45 1 × 10−31 7.6 0.015 0.16 0.09 1 × 10−9

TNFRSF14 TNFRSF14,
MMEL1

50,507 686 0.43 3 × 10−29 9.8 0.010 0.07 0.07 4 × 10−6

CXCL9 50,674 688 0.37 7 × 10−21 7.8 0.015 0.12 0.09 3 × 10−9

SLAMF1 SLAMF6 49,524 677 0.24 1 × 10−10 10.3 0.013 0.15 0.05 3 × 10−4

TIGIT 43,025 589 0.22 1 × 10−8 4.0 0.004 0.24 0.01 0.6
CD5 CD6, CD5,

VPS37C
50,790 698 0.17 6 × 10−6 11.3 0.022 0.13 0.04 0.005

IL10RA 49,524 677 0.12 0.001 3.9 0.001 1.55 0.03 0.05
TP53BP1 42,549 583 0.13 0.001 8.3 0.022 0.25 0.07 8 × 10−7

CTLA4 43,828 598 −0.12 0.003
PNLIPRP2 50,426 684 −0.05 0.2 5.4 0.004 0.04 0.04 0.007
LILRA4 42,371 589 0.04 0.3 7.0 0.003 0.01 0.7
IDO1 42,660 584 −0.02 0.6 7.8 0.020 0.15 0.05 2 × 10−4

Genes within 200 kb of a GWAS hit and trans score association with rheumatoid arthritis at P < 0.001
LGALS9 KSR1, NOS2 50,431 685 0.64 9 × 10−64 8.6 0.015 0.10 0.06 3 × 10−5

IL2RA IL2RA 50,102 681 0.51 3 × 10−42 11.6 0.016 0.09 0.06 9 × 10−5

TNFRSF9 TNFRSF9, PARK7 50,067 683 0.46 4 × 10−38 9.0 0.017 0.09 0.06 1 × 10−4

CD274 + 50,067 683 0.46 5 × 10−36 8.3 0.017 0.16 0.05 5 × 10−4

CD27 TNFRSF1A, LTBR 50,608 687 0.44 8 × 10−35 24.2 0.021 0.11 0.06 1 × 10−4

CD48 ITLN1 50,590 688 0.21 7 × 10−8 15.6 0.035 0.17 0.06 1 × 10−4

SLAMF7 ITLN1 50,386 684 0.06 0.1 20.5 0.035 0.22 0.05 9 × 10−4

GP1BB SEPT5-GP1BB,
TBX1

42371 589 −0.02 0.6 9.8 0.041 0.25 0.05 3 × 10−4

* Associations are adjusted for age, sex, and continental ancestry. Log odds ratios are scaled as difference in log odds associated with
a covariate difference of one SD. Trans scores are based on proteins measured in UK Biobank only. For TIGIT, PNLIPR2, and LILRA4,
these associations differ from those in Table 2, which are based on trans-pQTLs for proteins measured in the DeCODE study. Simi-
larly, for CD5, IL10RA, and SLAMF1, these differ from those in Table 1, which are based on trans-eQTLs for transcripts measured in
the eQTLGen study. The plus sign denotes GWAS hits that have not been attributed to a gene. GWAS, genome-wide association study;
pQTL, protein quantitative trait locus.
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Associations with measured levels of proteins and
transcripts.Of the 54,306 individuals in the UK Biobank proteo-
mics study, 688 had a diagnosis of primary rheumatoid arthritis at
baseline or during follow-up. Table 3 shows that of the 14 putative
core genes for which the protein encoded by the gene was mea-
sured in the UK Biobank proteomics study, nine met the criterion
of association in the same direction as the trans score effect
with a standardized log odds ratio at least twice as high for
the measured protein as for the GATE score that predicts the
protein level. Because these associations of protein levels with
rheumatoid arthritis include cases already diagnosed, they
may be altered by the effects of the disease or by drug
treatment.

The lower part of Table 3 shows eight additional candidates
for core gene status identified as genes within 200 kb of a GWAS
hit that have a GATE score associated with rheumatoid arthritis at
the less stringent threshold of P < 0.001 (on the basis that a
nearby GWAS hit increases the prior probability of a causal effect).
For five of these eight genes—LGALS9, IL2RA, TNFRSF9,
CD274, and CD27—levels of the encoded protein were strongly
associated with rheumatoid arthritis. Supplementary Table S6
shows that for 10 of the 14 proteins associated with rheumatoid
arthritis at baseline or follow-up at a standardized log odds ratio
>0.2, these associations persisted after restriction to incident
cases diagnosed during follow-up.

Table 3 shows that the squared correlations (r2) between the
GATE scores and the measured protein levels are typically only
about 2% and that the proportion of variance explained by the
GATE score is typically 10% to 20% of the total SNP heritability
attributable to trans effects (h2trans) estimated previously in the
UK Biobank proteomics dataset.12 If the association of the protein
with disease is causal, the effect size associated with the mea-
sured protein level should be about seven times the effect size
associated with the GATE score (the ratio of effect sizes scales
with the correlation of the score with the measured value). For
the top five genes in Table 3, the ratio of measured protein effect
size to GATE score effect size is between four and seven, broadly
consistent with this prediction.

To compare whole blood transcript levels in cases of
rheumatoid arthritis and healthy controls, we examined two
microarray studies: a published study of 66 cases of rheuma-
toid arthritis not yet treated with a conventional synthetic
disease-modifying antirheumatic drug (csDMARD) and 35
healthy controls in Keio, Japan23 and an unpublished study of
55 csDMARD-treated cases of rheumatoid arthritis and
10 healthy controls in Manchester, England. Supplementary
Table S7 shows that expression levels of CD5 and LAIR1 were
inversely associated with rheumatoid arthritis in both studies.
These associations with transcript levels were opposite in
direction to the associations with the soluble proteins in UK
Biobank, consistent with the possibility that the soluble pro-
teins act as decoys to down-regulate the cellular receptor. We

emphasize that to characterize case-control differences in
whole blood transcript levels will require larger studies using
methods that distinguish splice variants and control for cell-
type proportions.

Summary of validation. Supplementary Table S8 tabu-
lates the genes in Tables 1, 2, or 3 for which experimental per-
turbation has demonstrated an effect in a mouse model of
inflammatory arthritis. For two of these genes, there is at least
preliminary clinical evidence of efficacy of drugs targeting the
encoded protein against rheumatoid arthritis. Table 4 summa-
rizes the results of applying five criteria for validation of each
putative core gene, excluding the sixth criterion of monogenic
disease, which was not met by any of these genes. The stron-
gest evidence is for PDCD1, which meets all five criteria: nearby
GWAS hit, protein association, Mendelian randomization sup-
port, validation from perturbation in an experimental model,
and effects of a targeted agonist against rheumatoid arthritis in
a phase 2 trial.

DISCUSSION

From aggregated trans effects, this study identified 16 genes
outside the HLA region as putative core genes for rheumatoid
arthritis. Six of these—CD5, CTLA4, TIGIT, LAIR1, PDCD1, and
TNFRSF14—encode proteins that have been identified as
immune checkpoints, defined broadly as receptors on immune
cells that are exploited by cancer cells to escape the immune
response.24–27 Inflammatory arthritis and other autoimmune
reactions are common adverse effects of inhibitors of these
immune checkpoints used in cancer therapy. LILRA4 encodes
leukocyte immunoglobin-like receptor subfamily A member 4, a
cell surface protein expressed on plasmacytoid dendritic cells;
it has been proposed that LILRA4 is an “innate checkpoint,”
analogous to the checkpoints identified in the adaptive immune
system.28

For 10 of these genes, experimental perturbation in a mouse
model has been shown to influence inflammatory arthritis.29–38

For two putative core genes—CTLA4 and PDCD1—there is at
least preliminary evidence of efficacy against rheumatoid arthritis
in clinical trials of drugs that target the protein.39,40

Of the six immune checkpoint genes identified through GATE
analysis as putative core genes for rheumatoid arthritis,
GATE scores for four—CD5, CTLA4, PDCD1, and TIGIT—are
associated with type 1 diabetes also8 (result for PDCD1 to be
reported elsewhere). The other two—LAIR1 and TNFRSF14—

appear to be more specifically associated with rheumatoid arthri-
tis. TNFRSF14 was originally identified as a receptor for glycopro-
tein D of herpes simplex virus; it is now considered to be an
immune checkpoint that inhibits immune response by binding to
B- and T-lymphocyte attenuator, encoded by BTLA, and to
CD160, an Ig-like glycoprotein expressed on γδ T cells. A
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TNFRSF14-Ig fusion protein aggravated autoimmune arthritis in
the collagen-induced arthritis mouse model.34

Of the 16 putative core genes identified through GATE
analysis, 11 are expressed specifically by immune cells, mostly
T cells. The genes not expressed specifically by immune cells
are IDO1, FBLN7, STAP1, TP53BP1, and PNLIPRP2. IDO1
modulates immune checkpoint–mediated immunosuppression
by mechanisms that are not yet clear.41 STAP1 has been
reported to up-regulate activation of T cells via the T cell recep-
tor.42 For FBLN7 and TP53BP1, there is some experimental
support for a role in inflammatory arthritis. FBLN7 encodes the
extracellular matrix protein fibulin-7, which binds to human
monocytes via integrins α5β1 and α2β1; in a mouse model of
systemic inflammation, it inhibits chemokine-mediated migration
of macrophages.43 TP53BP1 encodes the p53-binding protein
1 that is required for accumulation of p53 to facilitate repair of
DNA double-strand breaks. Knockout of the gene encoding
p53 in mice increases disease severity in the collagen-induced
arthritis model.32 PNLIPRP2, which is only just above the P-
value threshold of 10−5 and has no support from association
of measured protein levels with disease, may be a chance
finding.

Six additional candidates for core gene status are identified
by the combination of a GATE score association with rheumatoid
arthritis at P < 0.001, a reported GWAS hit within 200 kb of the
transcription site, and association of measured protein levels
with rheumatoid arthritis. For five of these genes—LGALS9,
IL2RA, TNFRSF9, CD274, and CD27—there is experimental vali-
dation from perturbation in a mouse model of inflammatory
arthritis.38,44–47 For three of these five genes, the GWAS hit had
been attributed to another nearby gene or not attributed at all.
The association with CD274 that encodes the ligand for the
PD-1 receptor is further support for a key role of PD-1 signaling

in rheumatoid arthritis. LGALS9 encodes galectin-9, one of four
ligands for the immune checkpoint receptor TIM-3, also known
as hepatitis A virus cellular receptor 2; blockade of TIM-3 amelio-
rates arthritis in a mouse model.48

The trans-pQTL scores calculated in this study are for the pre-
dicted level of the circulating protein. In cases where this protein is
the soluble form of a cellular receptor, the associations of disease
with levels of the soluble form are not necessarily in the same direc-
tion as the associations with expression of the receptor. Thus, for
PD-1, the measured level of the soluble protein and the GATE score
for the protein level are positively associated with rheumatoid arthri-
tis. This effect is in the opposite direction to what would be pre-
dicted from clinical experience with antagonists and agonists of
the PD-1 receptor. A possible explanation for this is that the soluble
protein acts as a decoy for the ligand for the cellular receptor.49,50

Strengths of this study are that the cases and non-cases are
from a single cohort, that diagnoses based on primary care records
or self-report are validated by drug prescriptions, and that the
design effectively rules out reverse causation because the back-
ground prevalence of rheumatoid arthritis in the population samples
from which genetic scores were constructed was only about 1%.
The main limitation of this study is that for genetic prediction from
trans effects on gene expression in whole blood, it relies on eQTL-
Gen phase 1, in which only 10,316 trait-associated SNPs were
tested for trans associations. Another limitation is that the eQTLGen
summary statistics were not directly adjusted for cell-type propor-
tions in each blood sample, although they were adjusted for princi-
pal components as a proxy for cell-type proportions. We
addressed this by examining the associations of rheumatoid arthritis
with polygenic scores for immune cell phenotypes; CD4+ T cells
were the only cell type for which a polygenic score was positively
associated with rheumatoid arthritis. As the GATE score associa-
tions with rheumatoid arthritis do not match the expression profile

Table 4. Summary of validation status of putative core genes for rheumatoid arthritis identified through
GATE analysis*

Gene GWAS hit
Protein

association
Mendelian

randomization
Experimental validation

in mouse model
Drug effect
in humans

IL10RA +
CD5 + + +
CTLA4 + + +
STAP1
FBLN7
SLAMF1 + +
PNLIPRP2
TP53BP1 + +
CXCL10 + +
CXCL9 + +
IDO1 +
PDCD1 + + + + +
TNFRSF14 + + + +
LAIR1 + + +
TIGIT + +
LILRA4 +

* GATE, genome-wide aggregated trans effects; GWAS, genome-wide association study.
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of this cell type, it is unlikely that confounding by cell-type propor-
tions can explain these associations. These limitations will be over-
come when more comprehensive summary statistics are available
from the whole blood transcriptomics study that is now planned
for a subset of the UK Biobank cohort. For trans-pQTLs in whole
blood, comprehensive summary statistics on SNP associations
are available for 2,923 proteins on the Olink platform measured on
54,000 participants in UK Biobank, but even with this large sample
size, the GATE scores typically explain only about 10% of the esti-
mated SNP heritability attributable to trans effects. We are neverthe-
less able to detect associations of these GATE scores with disease
because the underlying associations, estimated from the associa-
tions of measured protein levels with disease, are typically strong.

Where variants with pleiotropic effects on gene expression
have large effects on disease risk, GATE analysis alone cannot reli-
ably distinguish causal genes from genes that are regulated by
these pleiotropic variants. For this reason, we excluded trans-QTLs
in the HLA region from the computation of GATE scores, as in our
earlier study of type 1 diabetes. Where variants have large direct
effects on disease risk, the eQTS method9 is expected to be less
powerful than GATE analysis because such variants dilute the asso-
ciation of the target gene with the polygenic risk score. This may
explain why only three of the 16 putative core genes were replicated
in the eQTS summary statistics, even though the eQTS analysis
was not limited to the 10,316 SNPs used in eQTLGen phase 1.

The coalescence of disease-associated SNP effects on
expression of a small number of target genes, demonstrated in
this study, provides broad support for the sparse effector hypoth-
esis, at least for immune-mediated inflammatory disease. As
disease-relevant genes are enriched with redundant enhancer
domains and depleted of cis-eQTLs of large effect,51,52 they are
often not detected by a conventional SNP-by-SNP GWAS analy-
sis. Whatever theoretical questions remain to be resolved, it is
clear that GATE analysis identifies disease-relevant genes that
include at least some promising therapeutic targets, in contrast
with conventional SNP-by-SNP analysis of a GWAS, which iden-
tifies mostly SNPs of tiny effect near genes that often have no
obvious relevance to disease-specific pathways. Because GATE
scores typically account for only a small proportion of the variance
of gene expression, they are unlikely to be useful for stratifying dis-
ease with respect to prognosis and prediction of drug response.
The proteins and transcripts encoded by the genes that are
identified by GATE analysis as core genes have much stronger
associations with disease; establishing whether they are useful
as clinical predictors will require validation studies in cohorts.
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Cytotoxic Response of CD4+ T Cells Orchestrated by
SLAMF4 in Rheumatoid Arthritis

Mégane Lacaud,1 Houda-Ghozlane Bouzidi,1 Mylène Petit,2 Magali Breckler,1 Delphine Lemeiter,1

Johanna Sigaux,2 Elodie Rivière,2 Luca Semerano,2 Marie-Christophe Boissier,2 Natacha Bessis,1

and Jérôme Biton1

Objective. This study aimed to assess whether signaling lymphocytic activation molecule family receptors
(SLAMFs) are involved in the shaping of the pathologic response of CD4+ T cells in rheumatoid arthritis (RA).

Methods. Peripheral blood (PB) and synovial fluid (SF) mononuclear cells from patients with RA were freshly iso-
lated. In RA, we used amultimodal approach to determine the involvement of numerous subpopulations of CD4+ T cells
expressing SLAMFs. Experimentally, multiple flow cytometry panels, RNA sequencing, and stimulations were used.
Analyses involved high-dimensional unsupervised clustering of flow cytometry data and pathway enrichment analyses
of transcriptomic data.

Results. In PB of patients with RA with active disease, SLAMF4+ effector memory CD4+ T cells (Tem) represented
the only overrepresented subpopulation of CD4+ T cells expressing SLAMFs. This positive correlation between RA
activity and SLAMF4+ Tem was restricted to those coexpressing the intracellular molecule SLAM-associated protein
(SAP) and the tissue-homing receptor CCR5. Gene Set Enrichment Analysis of RNA sequencing data reveals that
SLAMF4+ CCR5+ Tem display a cytotoxicity-related gene signature. Moreover, based on the differential expression
of cytotoxicity markers (GPR56, CX3CR1, granzyme-B, perforin, and granulysin), unsupervised clustering of flow
cytometry data identified distinct subpopulations of PB cytotoxic Tem. Among them, only SLAMF4high SAP+ CCR5+

Tem (Cytotox-F4high Tem) were correlated with RA activity. Remarkably, Cytotox-F4high Tem emerged as the only cyto-
toxic population of CD4+ T cells (CD4+ CTLs) present in SF of patients with active disease.

Conclusion. This study emphasizes that Cytotox-F4high Tem represent a significant CD4+ CTL subpopulation
involved in RA, suggesting that their inhibition represent a promising therapeutic interest.

INTRODUCTION

Rheumatoid arthritis (RA) affects 0.5% to 1% of the adult

population,1 making it one of the most common autoimmune dis-

orders worldwide. RA leads to joint destruction, disability, and

reduced life expectancy.2 The infiltration of different immune cell

populations into the joint represents a major component of RA

pathophysiology. This includes the recruitment and activation of

natural killer (NK) cells, monocytes/macrophages, B cell–

producing autoantibodies such as anti-citrullinated protein

antibodies (ACPA), and autoreactive CD4+ and CD8+ T cells,

among others. Regarding CD4+ T cells, significant studies

recently reinforced their major role in RA pathophysiology.3–8 For

instance, high-dimensional analysis identified an additional CD4+

T cell subpopulation expanded in the synovium of patients with

RA, named peripheral helper T (Tph) cells (PD-1high CXCR5+). In

RA, Tph cells have been shown to drive B cell activation and auto-

antibody production.6 Unlike follicular helper T (Tfh) cells, which

interact with B cells within lymphoid organs, Tph cells provide

help to B cells within inflamed tissues.5 In RA, other recent works
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strengthened the place of Tph cells and of cytotoxic CD4+ T cells
(CD4+ CTLs). These studies notably identified additional subpop-
ulations of Tph cells and of CD4+ CTLs, such as CXCL13high

GPR56+ Tph cells,7 HLA-DR+ CD27− CD4+ CTLs,6 and cytotoxic
age-associated helper T (ThA) cells.8

Despite an increasingly detailed characterization of the
immunopathogenesis of RA, approximately 30% of patients do
not respond adequately to targeted therapies,9 and only a minor-
ity achieve sustained remission. This underlines the need to iden-
tify new therapeutic targets. Regarding proinflammatory CD4+

Foxp3− T cells (Tconv), a major remaining objective is to identify
additional parameters that support their pathologic functions,
and then to focus on those that are therapeutically targetable.
Among the receptors capable of modulating Tconv responses,
the signaling lymphocytic activation molecule family (SLAMF) rep-
resents a group of receptors whose role in RA remains insuffi-
ciently explored. In fact, six SLAMFs have the potential to
regulate the response of CD4+ T cells. These SLAMFs (SLAMF1,
-F3, -F4, -F5, -F6, and -F7) possess immunoreceptor tyrosine-
based inhibitory motifs (ITSMs) in their intracytoplasmic part.10

Once SLAMFs are engaged, their ITSMs are phosphorylated
and serve as recruitment sites for the intracellular adapter mole-
cule SLAM-associated protein (SAP).10 Then, SAP recruits the
tyrosine-protein kinase Fyn and/or Lck, enabling the activation of
signaling pathways essential for cell activation.11

The connection between autoimmune diseases and
SLAMFs is notably highlighted by several single nucleotide poly-
morphisms associated with systemic lupus erythematosus
(SLE),12,13 multiple sclerosis,14 and RA.15 The involvement of
SLAMF receptors has been well studied in SLE,16 in which
SLAMF1 plays a crucial role in the interaction between CD4+

T and B cells.17 Additionally, CD4+ T cells exhibit overexpression
of SLAMF1 and SLAMF7, and the frequency of terminally differen-
tiated effector memory CD4+ T cells (Tem) expressing SLAMF1 is
associated with SLE activity.16 Collectively, significant data in SLE
illustrate the major role of SLAMFs in shaping Tconv responses in
an autoimmune context. In RA, Tph cells are known to induce
plasma cell differentiation through SLAMF5 interactions, and
CD4+ CD28− T cells exhibit high expression of various NK recep-
tors, including SLAMF4 and SLAMF7.18 However, research link-
ing SLAMF expression to Tconv responses in RA is more limited.
Given the critical role of Tconv in RA pathogenesis, further explo-
ration of SLAMF-mediated modulation of Tconv responses in this
disease is warranted. Therefore, our aim was to better character-
ized SLAMF involvement in shaping the proinflammatory
responses of CD4+ T cells in RA.

PATIENTS AND METHODS

Patients. Individuals meeting the American College of
Rheumatology/EULAR revised criteria for RA were selected.19

Individuals meeting the Assessment of SpondyloArthritis

International Society classification criteria for axial spondyloarthri-
tis (SpA) were selected.20 Patients with RA and SpA were
recruited and peripheral blood (PB) samples were obtained as
part of their medical management in the rheumatology depart-
ment of Avicenne Hospital (Bobigny, France). RA activity was
defined using Disease Activity Score-28 using the erythrocyte
sedimentation rate (DAS28-ESR) or C-reactive protein level
(DAS28-CRP) as follows: remission: DAS28-CRP or
DAS28-ESR ≤2.6; low activity: DAS28-CRP or DAS28-ESR
>2.6 and ≤3.2; moderate activity: DAS28-CRP or DAS28-ESR
>3.2 and ≤5.1; and high activity: DAS28-CRP or DAS28-ESR
>5.1. In some experiments, RA activity was defined as follows:
RA remission-low: DAS28-CRP ≤ 3.2; RA moderate-high:
DAS28-CRP > 3.2. SpA activity was defined using the Bath Anky-
losing Spondylitis Disease Activity Index.

Rheumatoid factor, ACPA seropositivity, and other clinical
parameters were obtained by review of electronic medical
records. Excepted those from Supplementary Figure 1B and E,
all patients with RA included in this study were seropositive for
ACPA. Patients with ACPA+ RA included in this study were naïve
from biologic disease-modifying antirheumatic drugs (bDMARDs)
or treated by tumor necrosis factor (TNF) inhibitors (etanercept,
infliximab, and adalimumab), abatacept, or tocilizumab (see Sup-
plementary Table 1 for more details). In some experiments,
patients with ACPA− RA and patients with SpA were used as con-
trols (see online Supplementary Table 1 for more details). PB from
healthy donors (HDs) was obtained from donors recruited
from the “Etablissement Français du Sang” of Avicenne Hospital.
In the figures involving HDs, the latter were age-matched with RA
patients.

Synovial fluid (SF) samples were obtained as excess material
from patients with ACPA+ RA undergoing therapeutic arthrocent-
esis as directed by the treating rheumatologist. Of note, the
majority of patients who underwent arthrocentesis had an active
disease. The study was approved by the local ethics committee
(NI-2016-11-01), and written informed consent was obtained
from all patients before study entry.

Processing of blood and SF samples, flow cytometry
(cell phenotyping). Peripheral blood mononuclear cells
(PBMCs) and SF mononuclear cells were freshly isolated by
density-gradient sedimentation using Ficoll-Paque (Eurobio
Scientific). Freshly isolated mononuclear cells were stained
using antibodies listed in online Supplementary Table 2. Briefly,
for surface cell staining, antibody dilutions were made using the
BD Horizon Brilliant Stain Buffer (BD Biosciences) according to
the manufacturer’s recommendations. The anti-Foxp3 staining
set (Thermo Fisher Scientific) was used for intracellular staining
of Foxp3, SAP, cytokines (interferon [IFN]-γ, TNF-α), and cyto-
toxic molecules (granzyme-B, perforin, and granulysin), accord-
ing to the manufacturer’s recommendations. Flow cytometry
acquisition was performed on a BD FACSymphony A3 Cell
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Analyzer (BD Biosciences) using FACSDiva software. Results
were analyzed using FlowJo software v10.9.0 (TreeStar, Inc).
Detailed methods are described in the Supplementary
Methods.

Cytokine expression. To study IFN-γ, TNF-α, and
CXCL13 expression, PBMCs were cultured for two hours (IFN-γ,
TNF-α) or four hours (CXCL13) (before staining) in flat-bottom
96-well plates at a density of 106 cells per 200 μL in the presence

of RPMI 1640 with 10% fetal bovin serum (FBS), 100 U/mL peni-
cillin, 100 mg/mL streptomycin, 1 M HEPES. PBMCs were cul-
tured with or without (unstimulated cells) 25 ng/mL of phorbol
12-myristate 13-acetate (PMA) and 0.5 μg/mL of ionomycin
(Sigma-Aldrich) in the presence of brefeldin A (1/1,000) and
monensin (0.7/1,000) (stimulated and unstimulated cells)
(BD Biosciences). In some experiments, for CXCL13 expression,
instead of PMA/ionomycin, a 24-hour coated anti-CD3 antibody
stimulation was used (1μg/mL) (BD Biosciences, clone OKT3).

Figure 1. SLAMF4+ SAP+ Tem are associated with RA activity. (A–L) Flow cytometry experiments were performed using PB mononuclear cells
(PBMCs) from patients with ACPA+ RA in (A–L) and HD in (L). (A) Representative monoparametric histograms of the expression of SLAMFs; and
(B) percentage of SLAMF1+, (C) -F3+, (D) -F4+, (E) -F5+, (F) -F6+, and (G) -F7+ cells among Tn, Tcm, Tem, and Temra in patients with RA
(n = 46). (H) Correlations between DAS28-ESR or DAS28-CRP vs percentage of SLAMF+ cells among Tn, Tcm, Tem, and Temra in patients with
RA (n = 46). Red and blue colors indicate positive and negative correlations, respectively. The filled fraction of the circle in each of the pie charts
corresponds to the absolute value of the associated Spearman correlation coefficient. (I) Representative dot plots of SLAMF4 expression among
Tem according to DAS28-CRP. (J) Percentage of SAP+ cells among SLAMF4+ Tem. (K) Correlations between DAS28-ESR or DAS28-CRP vs per-
centage of SLAMF4+/− SAP+/− among Tem in patients with RA (n = 56). (L) Percentage of SLAMF4+ SAP+ cells among Tem in HD (n = 14) and
patients with RA (n = 56) according to disease activity (DAS28-CRP). (B–G, J, and L) Data are expressed as mean ± SEM. (B–G) A Friedman test
was used. (L) A Kruskal-Wallis test was applied. (H and K) A Spearman test was applied. *P < 0.05, **P < 0.01, ***P < 0.001. DAS28-CRP, Disease
Activity Score-28 using the C-reactive protein level; DAS28-ESR, Disease Activity Score-28 using the erythrocyte sedimentation rate; HD, healthy
donor; PB, peripheral blood; RA, rheumatoid arthritis; SAP, SLAM-associated protein; SLAMF, signaling lymphocytic activation molecule family;
Tcm, central memory CD4+ T cells; Tem, effector memory CD4+ T cells; Temra, effector memory CD4+ T cells re-expressing CD45RA; Tn, naïve
CD4+ T cells.
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For the last four hours of cultures, brefeldin A (1/1,000) and mon-
ensin (0.7/1,000) were added (BD Biosciences). Unstimulated
cells were used as control and stained with the same antibody
mix than stimulated cells. Then, cell surface and intracellular stain-
ing were performed as described above and in Supplementary
Methods.

Cells sorting. Cells sorting was performed on a BD FAC-
SAria II sorter. Cell purity was routinely >95%. For subsequent
RNA analyses, sorted cells were immediately lysed in RLT lysis
buffer (Qiagen) with 1% β-mercaptoethanol (Sigma). Details are
provided in Supplementary Methods.

In vitro stimulation (granzyme-B secretion). Sorted
F4+ and F4− Tem were cultured in U-bottom 96-well plates at a
density of 3 ×105 cells per 200 μL in the presence of RPMI 1640
with 10% FCS, 100 U/mL penicillin, 100 mg/mL streptomycin,
1 M HEPES, with (stimulated cells) or without (unstimulated cells)
2 μg/mL of soluble anti-CD3 (clone HIT3) (eBioscience). After
24 hours of culture, granzyme-B levels in culture supernatants
were measured using commercially available enzyme-linked
immunosorbent assay kits (DuoSet Granzyme-B; R&D Systems)
according to the manufacturer’s instructions

Flow cytometry unsupervised analyses. The plugins
Downsample (V3), PaCMAP (V1.0.0), and FlowSOM (3.0.18 PP),

Figure 2. CCR5 expression by SLAMF4+ SAP+ Tem is necessary to establish a link with RA activity. (A–G) Flow cytometry experiments were
performed using PBMCs from patients with RA (n = 38) in (A)–(F) or (n = 8) in (G) and from HD (n = 12) in (E). (A) Percentage CCR5+ cells among
Tn, Tcm, Tem, Temra, and F4+/− SAP+ Tem. (B) Correlation between the DAS28-CRP and percentage of F4+ SAP+ CCR5+ cells among Tem
(patients with RA). (C) Correlation between the DAS28-CRP and percentage SLAMF4+ SAP+ CCR5− cells among Tem (patients with RA).
(D) Correlations between RA activity (DAS28-ESR and DAS28-CRP) vs percentage F4+/− SAP+ CCR5+/− cells among Tem. Graphical representa-
tion is the same as in Figure 1H. (E) Percentage F4+ SAP+ CCR5+ cells among Tem in HD and patients with RA according to disease activity
defined using DAS28-CRP. (F) Representative dot plots of SLAMF4 and CCR5 expression among SAP+ Tem according to RA activity
(DAS28-CRP). (G) Percentage granzyme-B + cells among F4+ SAP+ CCR5+/− Tem in patients with RA (n = 8). (A, E and G) Data are expressed
as mean ± SEM. (A) A Friedman test was applied, because of space constraints only selected statistically significant differences are labeled.
(B–D) A Spearman test, (E) a Kruskal-Wallis test, and (G) a Wilcoxon signed-rank test were used. *P < 0.05, **P < 0.01, ***P < 0.001.
DAS28-CRP, Disease Activity Score-28 using the C-reactive protein level; DAS28-ESR, Disease Activity Score-28 using the erythrocyte sedimen-
tation rate; F4, SLAMF4; HD, healthy donor; n.s., not significant; PBMC, peripheral blood mononuclear cell; RA, rheumatoid arthritis; SAP, SLAM-
associated protein; SLAMF, signaling lymphocytic activation molecule family; Tcm, central memory CD4+ T cells; Tem, effector memory CD4+ T
cells; Temra, effector memory CD4+ T cells re-expressing CD45RA; Tn, naïve CD4+ T cells. Color figure can be viewed in the online issue, which
is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43124/abstract.
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from FlowJo software v10.9.0 (TreeStar, Inc), were used to per-
form unsupervised analyses. Detailed descriptions are in the Sup-
plementary Methods.

RNA sequencing and data analyses. RNA extractions
were realized with a Norgen kit. RNA concentrations were
obtained using fluorometric Qubit RNA assay (Life Technologies).
The quality of the RNA (RNA integrity number) was determined on
the Agilent 2100 Bioanalyzer (Agilent Technologies) using a pico
chip kit. To construct the libraries, 1 ng of high quality total RNA
sample (RNA integrity number >6.5) was processed using NEB-
Next low input RNA library prep kit (New England BioLabs)
according to manufacturer’s instructions. Polymerase chain reac-
tion enrichment with a single barcode was then realized to obtain
the final library. Libraries were then quantified with Qubit HS DNA
assay (Life Technologies) and library profiles assessed using the
DNA High Sensitivity LabChip kit on an Agilent 2100 Bioanalyzer
(Agilent Technologies). Libraries were sequenced on a NextSeq
500 instrument (Illumina). Fastq files were then aligned using
STAR algorithm (version 2.7.6a), on the Ensembl release 101 ref-
erence. Reads were then counted using RSEM (v1.3.1), and the
statistical analyses on the read counts were performed with R
software (version 3.6.3) and the DESeq2 package (DESeq2_
1.26.0). We used the standard DESeq2 normalization method.
The Wald test with the contrast function and the Benjamini-
Hochberg false discovery rate (FDR) control procedure were used
to identify the differentially expressed genes. R scripts and param-
eters used to perform analyses are available on the platform:
https://github.com/GENOM-IC-Cochin/RNA-Seq_analysis. Details
are provided in Supplementary Methods.

To investigate enriched functions and pathways of the
100 most significantly up-regulated genes (Fold change >2 and
FDR <8 × 10−6) in SLAMF4+ CCR5+ Tem, we used the Cytoscape
(v3.9.1) plugin ClueGo/CluePedia (v2.5.9).21,22 Details are pro-
vided in Supplementary Methods.

Statistical analysis. Data distribution was determined
using a Shapiro-Wilk normality test. For analyses with two com-
parisons, quantitative unpaired data were assessed using an
unpaired t-test if normally distributed, or a Mann-Whitney U test
if not. For more than two comparisons, a one-way analysis of var-
iance (ANOVA) with Tukey’s post hoc comparisons was used for
normally distributed unpaired data, and a Kruskal-Wallis test with
Dunn’s post hoc comparisons was used otherwise. For paired
data involving two comparisons, a paired t-test was used if the
data were normally distributed, or a Wilcoxon signed-rank test if
not. For more than two comparisons, a one-way repeated mea-
sures ANOVA with Tukey’s post hoc comparisons was used for
normally distributed paired data, and a Friedman test with Dunn’s
post hoc comparisons was used otherwise. Categorical data
were compared using a chi-square test. Correlations between
quantitative parameters were assessed using the Spearman test.

Statistical analyses were performed with GraphPad Prism soft-
ware version 8.0.2. Data are presented as the mean ± SEM in all
Figures and as mean ± SD in Supplementary Table 1. A value of
P < 0.05 was considered as significant. The statistical tests
applied for each comparison are specified in the corresponding
figure and table legends.

Principal component analysis correlation circles (Supple-
mentary Figure 2) and multiple correlation representations were
performed using R software (http://www.r-project.org/). In RNA
sequencing analysis, a Wald test with the contrast function and
the Benjamini-Hochberg FDR control procedure were used to
identify the differentially expressed genes. FDR < 0.05 with a fold
change >2 was considered as significant.

RESULTS

Tem coexpressing SLAMF4 and SAP are
overrepresented in patients with ACPA+ RA with active
disease. In patients with ACPA+ RA (Supplementary Table 1),
we focused on the six SLAMFs (SLAMF1, -F3, -F4, -F5, -F6,
and -F7) potentially able to impact the response of Tconv. Their
expression was assessed among four PB Tconv subpopulations,
namely naïve CD4+ T cells (Tn; CD45RA+ CCR7+), central mem-
ory CD4+ T cells (Tcm; CD45RA− CCR7+), Tem (CD45RA−

CCR7−), and effector memory CD4+ T cells re-expressing
CD45RA (Temra; CD45RA+ CCR7−) (Supplementary Figure 3A
and B). First, SLAMF3 and SLAMF6 were almost expressed by
all Tconv, regardless of their activation status (Figure 1A, C, and F).
The frequency of SLAMF1 and SLAMF5 expressing cells was max-
imal among Tem (Figure 1A, B, and E), whereas that of SLAMF4
and SLAMF7 still increased until the Temra stage (Figure 1A,
D, and G).

Next, we investigated the relationship between RA activity
(measured with DAS28-ESR and DAS28-CRP scores) and
SLAMF expression by the four Tconv subpopulations studied.
Remarkably, only the frequency of SLAMF4+ cells among Tem
showed a strong and significant positive correlation with disease
activity (percentage SLAMF4+ cells among Tem vs DAS28-ESR
and DAS28-CRP, R = 0.51 and R = 0.58, respectively)
(Figure 1H and I). By contrast, although these correlations were
also significant among Temra, they were much weaker
(Figure 1H). Based on these results, we then focused on
SLAMF4+ Tem. Although most F4+ Tem expressed SAP
(Figure 1J), approximately 5% of them were SAP−. Because
SLAMFs cannot activate Tem in the absence of SAP, we exam-
ined whether SLAMF4+ SAP+/− Tem were differentially associated
with RA activity.11 In fact, among SLAMF4+ Tem, only those
expressing SAP were associated with RA activity (Figure 1K). As
a result, the frequency of SLAMF4+ SAP+ (F4+ SAP+) cells among
Tem was higher in patients with highly active RA, compared to
those in remission and to HDs (Figure 1L). The use of bDMARDs
did not significantly impact this finding (Supplementary Figure 4).
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Finally, we evaluated whether our results were applicable to
another chronic inflammatory rheumatic disease with different
pathologic mechanisms from RA, namely SpA. Our results
showed that F4+ SAP+ Tem were not associated with disease
activity in patients with SpA (Supplementary Figure 1C and F).
Moreover, given that some evidence suggests that ACPA− and
ACPA+ RA might represent two distinct pathologic entities,23 we
also checked our findings in ACPA− RA. Importantly, we did not
find any correlations in patients with ACPA− RA (Supplementary
Figure 1B and E). Consequently, the rest of this study focused
on patients with ACPA+ RA.

F4+ SAP+ Tem display both Th1 cell and CD4+ CTL
characteristics. To evaluate the proinflammatory properties of
F4+ Tem, we determined their capacity to produce TNF-α and
IFN-γ. First, TNF-α expression was similarly high in F4+ SAP+

and F4− SAP+ Tem (Figure 3A–C). However, the expression of
IFN-γ (Figure 3D–F) and the frequency of cells coexpressing
TNF-α and IFN-γ were dramatically higher in F4+ SAP+ Tem than
in F4− SAP+ Tem (Figure 3G and H). In the absence of SAP, F4+

Tem had a lower expression of IFN-γ (Supplementary Figure 5A–-
C). Moreover, in addition to its strong expression by NK and CD8+

T cells, some studies reported that CD4+ CTLs also overex-
pressed SLAMF4.18,24,25 Figure 3I and J showed that
granzyme-B expression was mostly limited to F4+ Tem and F4+

Temra. Of note, SAP expression by F4+ Tem was necessary to
sustain that of granzyme-B (Supplementary Figure 5D and E).
Next, we checked the ability of sorted F4+ Tem to secrete
granzyme-B in response to anti-CD3 antibody stimulation.
Figure 3K showed a much higher granzyme-B concentration in
the supernatant of anti-CD3 activated F4+ Tem compared to that
of F4− Tem. This result supported that F4+ SAP+ Tem possessed
the capacity to secrete granzyme-B contained in their lytic gran-
ules. Altogether, the present data indicated that F4+ SAP+ Tem
possessed both proinflammatory and cytotoxic properties.

CCR5 links cytotoxic F4+ SAP+ Tem to RA
pathophysiology. CCR5 is a chemokine receptor well known
to be involved in immune cell migration toward inflammatory tis-
sues.26 Moreover, it has been shown that most T cells express
CCR5 in the joints of RA patients.26–28 Consequently, we assessed
whether PB F4+ SAP+ Tem expressed CCR5, and if so, to what
extent this impacted their link with RA activity (Supplementary
Table 1). As expected, CCR5 was hardly expressed by Tn and
Tcm, whereas it was expressed by approximately 40% of Tem
(Figure 2A). The frequency of CCR5 expressing cells was higher in
F4+ SAP+ Tem than in F4− SAP+ Tem (Figure 2A). Remarkably,
F4+ SAP+ CCR5+ Tem were positively correlated with disease
activity, whereas this was not the case for their CCR5− counter-
parts (Figure 2B–D). Therefore, the frequency of F4+ SAP+ CCR5+

cells among Tem was higher in patients with highly active RA than
in those in remission and in HD (Figure 2E and F). Next, we sought

to evaluate the impact of CCR5 on granzyme-B and cytokine
expression by F4+ SAP+ Tem. We were unable to do this for cyto-
kines, because the available methods (PMA-ionomycin or anti-
CD3 stimulation) to study their expression dramatically decrease
that of CCR5. Regarding granzyme-B, no stimulation step was
required to study its expression. Importantly, PB F4+ SAP+

CCR5+ Tem had a similar expression of granzyme-B than their
CCR5− counterparts (Figure 2G).

The presence of PB CD4+ CTLs consistent with F4+ SAP+

CCR5+ Tem has been observed in patients with autoimmune dis-
eases, but also in older individuals, such as supercentenar-
ians.29,30 As expected, both F4+ SAP+ CCR5+ and CCR5− Tem
proportion increased with the age of RA patients
(Supplementary Figure 2A–D). However, principal component
analysis correlation circles clearly indicated that PB F4+ SAP+

CCR5+ Tem were mainly linked to RA activity, whereas their
CCR5− counterparts were rather associated with patient’s age
(Supplementary Figure 2E–H). Finally, only F4+ SAP+ Tem
expressing CCR5 are associated with disease activity in PB,
regardless of patient’s age.

F4+ SAP+ CCR5+ Tem correspond to a Th1 like CD4+

CTL subpopulation. To further characterize PB F4+ CCR5+

Tem, we compared their transcriptome to that of their F4− counter-
parts. Cells were sorted according to SLAMF4 and CCR5 expres-
sion (Supplementary Figure 6) but not on that of SAP, to avoid cell
fixation and permeabilization. Of note, the expression of SH2D1A
encoding SAP was not significantly different in F4+ CCR5+ versus
F4− CCR5+ Tem (Supplementary Figure 7A). Unsupervised analy-
ses of enriched functions and pathways of the 100 most up-
regulated genes in F4+ CCR5+ Tem revealed an overrepresentation
of genes related tomononuclear cell migration (CCL4,CCL5, XCL2,
CX3CR1) and with leukocyte-mediated cytotoxicity (PRF1, GZMB,
KLRD1) (Figure 4A–C). Additionally, supervised analysis confirmed
that F4+ CCR5+ Tem overexpressed genes associated with a cyto-
toxic signature (Figure 4D–F; Supplementary Figure 7B).31,32 This
signature included genes encoding cytotoxic molecules (GZMA,
GZMB, GZMH, GNLY, PRF1, FASLG, and KLRD1) and molecules
involved in immune cell degranulation or in their killing activity
(KLRK1 and NKG7). An increased expression of genes related to
the cytotoxic functions of T lymphocytes was also observed
(CRTAM, EOMES, ZNF683, and ZEB2).32–35 ADGRG1 encoding
GPR56, an adhesion G-protein coupled receptor that has been
suggested to be a marker of cytotoxic T cells,36 was also overex-
pressed by F4+ CCR5+ Tem (Figure 4D–F). Regarding genes
known to be down-regulated in CD4+ CTLs, a decreased expres-
sion of ZEB1, CD27, and CD28 was observed among F4+ CCR5+

Tem (Figure 4E; Supplementary Figure 7C).
RNA sequencing data also showed that the expression of

most chemokine receptors and homing molecules was down-
regulated in F4+ CCR5+ Tem (Supplementary Figure 7E), except
for CX3CR1 and S1PR5 (Figure 4E and F), whose expression is
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known to be up-regulated in CD4+ CTLs.37 Regarding the expres-
sion of genes allowing the identification of the main subtypes of Th
cells (Supplementary Figure 7D), only TBX21 encoding the Th1
marker Tbet was up-regulated (Figure 4F). Finally, a flow cytometry
panel dedicated to the study of CD4+ CTLs confirmed a higher
expression of Th1 (Tbet) and cytotoxicity markers (granzyme-B,
perforin, granulysin, GPR56, and CX3CR1) in F4+ SAP+ CCR5+

Tem (Supplementary Figure 7F–H). Altogether, flow cytometry

and RNA sequencing data identified F4+ SAP+ CCR5+ Tem as a
subpopulation of Th1-like CD4+ CTLs.

F4+ SAP+ CCR5+ Tem represent a less frequent
population of Th1 like CD4+ CTLs than those previously
described as being involved in RA. Next, we determined
the extent to which F4+ SAP+ CCR5+ Tem represented an original
subset of CD4+ CTLs. Consequently, we first evaluated the

Figure 3. SLAMF4+ SAP+ Tem highly express IFN-γ and granzyme-B. (A–K) Flow cytometry experiments were performed using PBMCs from
patients with RA (n = 9 in A–J; n = 5 in K). (A–J) PBMCs were stimulated 2 hours with PMA-ionomycin. (A) Percentage of TNF-α+ cells, (B) TNF-
α MFI/TNF+ cells, (D) percentage of IFN-γ+ cells, (E) IFN-γ MFI/IFN-γ+ cells, among Tn, Tcm, Tem, Temra, and SLAMF4+/− SAP+ Tem. (C and F)
Representative monoparametric histograms of (C) TNF-α and (F) IFN-γ expression by F4− SAP+ Tem (red curve) and F4+ SAP+ Tem (blue curve).
(G) Representative dot plots of TNF-α and IFN-γ coexpression by F4+/− SAP+ Tem. (H) Frequency of TNF-α+/− IFN-γ+/− cells among F4+/− SAP+

Tem. (I) % granzyme-B+ cells among Tn, Tcm, Tem, Temra, F4+/− SAP+ Tem and F4+/− SAP+ Temra. (J) Representative monoparametric histo-
grams of granzyme-B expression by F4+/− SAP+ Tem and F4+/− SAP+ Temra. (K) Granzyme-B concentration (ELISA) in sorted F4− and F4+ Tem
stimulated with or without anti-CD3 antibody. (A, B, D, E, H, I, and K) Data are expressed as mean ± SEM. (A, B, D, E, and H) A one-way repeated
measures ANOVA was used. (I and K) A Friedman test was used. *P < 0.05, **P < 0.01, ***P < 0.001. ANOVA, analysis of variance; ELISA,
enzyme-linked immunosorbent assay; F4, SLAMF4; IFN, interferon; MFI, mean fluorescence intensity; n.s., not significant; PBMC, peripheral blood
mononuclear cell; PMA, phorbol myristate acetate; RA, rheumatoid arthritis; SAP, SLAM-associated protein; SLAMF, signaling lymphocytic acti-
vation molecule family; Tcm, central memory CD4+ T cells; Tem, effector memory CD4+ T cells; Temra, effector memory CD4+ T cells re-
expressing CD45RA; Tn, naïve CD4+ T cells; TNF, tumor necrosis factor. Color figure can be viewed in the online issue, which is available at
http://onlinelibrary.wiley.com/doi/10.1002/art.43124/abstract.
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overlap between F4+ SAP+ CCR5+ Tem and the CD4+ CTL subset
originally described as expanded in RA, namely CD4+ CD28−

T cells. Supplementary Figure 8A–C showed that F4+ SAP+

CCR5+ Tem were half as frequent as CD4+ CD28− T cells. More-
over, dimensionality reduction analysis of flow cytometry data iden-
tified that F4+ SAP+ CCR5+ Tem and CD4+ CD28− T cells only
partially overlapped, with an overlap index of less than 50%
(Supplementary Figure 8D–G). More precisely, regarding CD4+

CD28− T cells, we identified three cell subsets that did not match
with F4+ SAP+ CCR5+ Tem (Supplementary Figure 8H–L). The first
one corresponded to a subset of CD4+ CD28− Tem lacking CCR5
expression (green population) (Supplementary Figure 8H–J).
CCR5− cells represented approximately 40% of CD4+ CD28−

Tem (Supplementary Figures 8J and 9A). This analysis also
highlighted the presence of CD4+ CD28− T cells corresponding to
Temra (light blue population) (Supplementary Figure 8H, I, and K),
and of a subset of CD4+ CD28− Tem that did not express SLAMF4
(orange population) (Supplementary Figure 8H, I, and L). Indeed, in
some patients, up to half of CD4+ CD28− T cells were Temra
(Supplementary Figure 9B), whereas F4− CD4+ CD28+ Tem had a
lower expression of granzyme-B compared to their SLAMF4+

counterparts (Supplementary Figure 9D and E). Finally, regarding
F4+ SAP+ CCR5+ Tem, we identified a minor population of cells
expressing CD28 (pink population) (Supplementary Figure 8H and
M) that retained a significant expression of granzyme-B
(Supplementary Figure 9G and H).

Additionally, we determined whether F4+ SAP+ CCR5+ Tem
corresponded to a more recently described population of CD4+

CTLs, namely HLA-DR+ CD27− Tem.6 Our data showed that
most F4+ SAP+ CCR5+ Tem corresponded to HLA-DR− CD27−

Tem and not to HLA-DR+ CD27− Tem (Supplementary
Figure 10A and B). Moreover, whatever the expression of HLA-
DR and CD27 by Tem, only those expressing SLAMF4 expressed
granzyme-B (Supplementary Figure 10C–H).

In RA and other autoimmune diseases, an additional subset of
CD4+ CTLs has been recently described. This subset of cytotoxic
CXCR3mid CD25− CXCR5− CCR6− CCR4− Tem were designated
as ThA cells.8 Indeed, a majority of F4+ Tem, but also of F4+ SAP+

CCR5+ Tem, corresponded to CXCR3mid CD25− CXCR5− CCR6−

CCR4− cells (Supplementary Figure 11D–G), confirming RNA
sequencing data (Supplementary Figure 7). Conversely, less than
65% of ThA cells expressed SLAMF4 (Supplementary Figure 11H),
whereas less than half of ThA cells expressed CCR5
(Supplementary Figure 11I). As a result, F4+ SAP+ CCR5+ Tem
accounted for only 35% of total ThA cells (Supplementary
Figure 11J and K). Consequently, F4+ SAP+ CCR5+ Tem repre-
sented a much less frequent subpopulation than ThA cells. Impor-
tantly, granzyme-B expression by ThA cells was restricted to those
expressing SLAMF4 (Supplementary Figure 11L and M). Besides
their cytotoxic properties, ThA cells also exhibit a B cell helper func-
tion notably through the production of CXCL13. Importantly,CXCL13
gene was not expressed by F4+ CCR5+ Tem (Supplementary
Figure 7E). At the protein level, CXCL13 expression by F4+ SAP+

Tem was very low and not significantly different from that of F4−

SAP+ Tem (Supplementary Figure 11Q and R). Indeed, the higher
expression of CXCL13 was observed for Tcm (Supplementary
Figure 11O and P).38 Altogether, multiple flow cytometry and RNA
sequencing experiments identified F4+ SAP+ CCR5+ Tem as a sub-
population distinct from HLA-DR+ CD27− Tem and much less fre-
quent than ThA cells and CD4+ CD28− T cells.

Cytotox-F4high Tem are the only subset of CD4+ CTLs
found in SF. In SF, we assessed the presence of F4+ SAP+

CCR5+ Tem. First, SF was highly enriched in Tem compared to
PB, whereas Tn and Temra were virtually absent (Supplementary
Figure 12A and B). In PB, SLAMF4 was expressed by both Tem
and Temra, whereas its expression in SF was mostly restricted
to Tem (Supplementary Figure 12C). In SF, Tem frequency being
higher than in PB, and SLAMF4 expression being restricted to
Tem, F4+ SAP+ Tem were overrepresented in this compartment
(Supplementary Figure 12D). Moreover, most of them expressed
CCR5 (Supplementary Figure 12E). Therefore, only the subpopu-
lation of F4+ SAP+ Tem expressing CCR5 was enriched in SF
(Supplementary Figure 12F).

We then evaluated whether F4+ SAP+ CCR5+ Tem repre-
sented the main population of CD4+ CTLs in SF of RA patients.
First, granzyme-B and perforin expression was mostly restricted to
Tem (Supplementary Figure 13A–C), and among them, to F4+

(Figure legend continued from previous page.)
Figure 4. Cytotoxic and Th1-related transcripts are enriched in SLAMF4+ CCR5+ Tem. (A–F) RNA sequencing experiments were performed on
sorted PB F4+ CCR5+ and F4− CCR5+ Tem from patients with RA (n = 4). (A) Enriched functions and pathways of the 100 most significantly up-
regulated genes in F4+ CCR5+ vs F4− CCR5+ Tem. The network of pathways was created using the ClueGo and CluePedia plugins in Cytoscape.
(B) Pie chart showing the most significant terms. (C) Histogram showing the up-regulated terms in F4+ CCR5+ vs F4− CCR5+ Tem. (D) Heatmap
showing the 274 up-regulated (red) and 530 down-regulated (blue) DEGs in SLAMF4+ CCR5+ Tem vs their SLAMF4− counterparts. The list of
genes in the box to the left of the heatmap highlighted the presence of genes known to be overexpressed in CD4+ CTLs. (E) Histogram showing
the log2(Fold change) of the genes (blue histograms) shown in the box in (D) and of genes known to be down-regulated (pink histograms) in
CD4+ CTLs. (F) Histograms showing the expression profile of genes associated with a CD4+ CTL signature in F4+ CCR5+ Tem vs F4− CCR5+

Tem. (A–F) A Benjamini-Hochberg FDR <0.05 and a log2(Fold change) >1 were used as cutoff to determine DEGs. CD4+ CTL, cytotoxic popula-
tion of CD4+ T cell; DEG, differentially expressed gene; F4, SLAMF4; FDR, false discovery rate; NK, natural killer; PB, peripheral blood; RA, rheu-
matoid arthritis; SLAMF, signaling lymphocytic activation molecule family; Tem, effector memory CD4+ T cells. Color figure can be viewed in the
online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43124/abstract.
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SAP+ CCR5+ Tem (Supplementary Figure 13D–F). However,
F4+ SAP+ CCR5+ Tem exhibited reduced expression of cytotoxic
molecules in SF compared to PB (Supplementary Figure 7H). Thus,
we investigated whether some of them corresponded to a

noncytotoxic subpopulation in SF. Initially, we focused on Tph cells
due to their high enrichment in SF, which represents approximately
30% of total CD4+ T cells.5 In addition, GPR56, a marker of periph-
eral CD4+ CTLs that is highly expressed by F4+ SAP+ CCR5+ Tem

(Figure legend continues on next page.)
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in PB (Supplementary Figure 7F), is restrictively expressed by
CXCL13high Tph cells in SF.7 We thus hypothesized that noncyto-
toxic SF F4+ SAP+ CCR5+ Tem might correspond to GPR56+ Tph
cells. In Figures 5A–C, we identified two subsets of Tem expressing
SLAMF4 within this compartment. The first subset of F4+ SAP+

CCR5+ Tem exhibited a cytotoxic phenotype (designated as SF-
Cytotox-F4+ Tem, dark blue population). The second, less frequent,
corresponded to cells exhibiting a Tph cell phenotype (designated
as SF-F4int Tph, light blue population) (Figure 5A–C). SF-F4int Tph
cells expressed SLAMF4 at a lower level than SF-Cytotox-F4+

Tem, did not express cytotoxic molecules, and possessed a full
phenotype of Tph cells (GPR56+ PD-1high ICOS+ CXCR5− cells)
(Figure 5D–F; Supplementary Figure 14A–F). Importantly, the more
frequent subpopulation, namely SF-Cytotox-F4+ Tem, was mainly
characterized by higher expression of SLAMF4 and cytotoxic mole-
cules (granzyme-B and perforin) (Figure 5D–F). SF-Cytotox-F4+

Tem did not express GPR56 and also displayed a lower level of
PD-1 expression than SF-F4int Tph cells (Figure 5D–F). In addition,
among SF-Cytotox-F4+ Tem, those with the highest expression of
SLAMF4 had the strongest expression of granzyme-B and perforin
(Supplementary Figure 13G–L). In SF, these data highlighted that a
strong expression of SLAMF4 was essential for Tem to display a
cytotoxic phenotype. Consistently, further analyses of PB data
revealed that only PB–SLAMF4high SAP+ CCR5+ Tem (Cytotox-
F4high Tem), most of which expressed SAP and CCR5, demon-
strated the dual characteristic of being both highly cytotoxic and
associated with RA activity (dark blue population) (Figure 6; Supple-
mentary Figure 15). Overall, the present study identified that
Cytotox-F4high Tem represent a CD4+ CTL population linked to RA
activity in PB and the only one able to maintain a robust expression
of granzyme-B and perforin in SF.

DISCUSSION

By providing an in-depth characterization of CD4+ CTLs
within the context of RA, this work underscored the pivotal role
of SLAMF4 in shaping the cytotoxic response of CD4+ T cells in

this disease. We also showed that SAP is an indispensable part-
ner to support the cytotoxic properties of F4+ Tem. It is worth not-
ing that CD4+ CTLs, originally described as CD4+ CD28− T cells,
have long been suggested to be involved in RA pathophysiol-
ogy.39–41 Moreover, recent studies have refocused attention on
CD4+ CTLs in this disease.3,7,8 However, SLAMF4 expression
and its involvement in the cytotoxic properties of CD4+ T cells
were not investigated. For instance, HLA-DR+ CD27− Tem has
been proposed to represent cytotoxic cells particularly expanded
in RA.6 Our work showed that most F4+ SAP+ CCR5+ Tem did
not correspond to HLA-DR+ CD27− Tem. Indeed, we observed
that the cytotoxic properties of HLA-DR+/− CD27− Tem were
mainly restricted to those expressing SLAMF4. Consequently,
HLA-DR did not appear to drive the cytotoxic activity of CD4+ T
cells in RA. A more recent study showed that GPR56 expression
by PB CD4+ T cells is associated with a cytotoxic profile, whereas
in SF it identified a subpopulation of CXCL13high Tph cells.7 In line
with these data, we observed that most cytotoxic Cytotox-F4high

Tem expressed GPR56 in PB (PB-Cytotox-F4+ Tem) but not in
SF. Additionally, we identified a discrete population of noncyto-
toxic SF Tem (SF-F4+ Tph) that expressed SLAMF4 at an interme-
diate level and exhibited a Tph cell phenotype (PD-1high GPR56+

ICOS+ CXCR5−). In patients with RA, as shown by us and
others,7,8 some CD4+ T cells expressing cytotoxic markers dis-
play a phenotype or characteristics of Tph cells in PB (ThA cells)
and SF (SF-F4+ Tph, GPR56+ CXCL13high Tph). Consequently,
the existence of a lineage relationship between CD4+ CTLs and
some Tph cell subpopulations expressing cytotoxicity markers
deserves further investigation.

To our knowledge, at the protein level, only one study has
reported expression of SLAMF4 by CD4+ CTLs (CD4+ CD28−

T cells) in PB of patients with RA.18 However, the link between
RA activity and SLAMF4 expression by PB CD4+ CTLs, as well
as the presence of F4+ CD4+ CTLs in SF, had never been
reported. Here, we found that the frequency of SLAMF4+ Tem,
coexpressing SAP and CCR5, was positively correlated with RA
activity. Moreover, we showed that CD4+ T cells displaying a

(Figure legend continued from previous page.)
Figure 5. Cytotox-F4+ Tem (F4+ GPR56− PD-1low/inter CCR5+ SAP+ Tem) represent the main CD4+ CTL subpopulation in SF of RA. (A–F) Flow
cytometry experiments were performed using SFMCs (n = 6) (same patients with RA as Supplementary Figure 13). (A) Dimensionality reduction,
based on the expression of SLAMF4, GPR56, PD-1, granzyme-B, perforin, SAP, and CCR5, was done among Tem using the PaCMAP method
applied on concatenated files from six patients with RA. (A, right panel) Distribution and the level of SLAMF4 expression (red color indicated a high
expression). (B) Gate corresponding to SLAMF4+ Tem (blue gate) was projected to the PaCMAP used in (A). (C) PaCMAP projection showing the
two subpopulations of SLAMF4+ Tem. (D) Monoparametric histograms showing the expression of SLAMF4, GPR56, PD-1, granzyme-B, perforin,
CCR5, and SAP among SF-F4+ Tph and SF-Cytotox-F4+ Tem. (E) Histograms showing percentages of SLAMF4+, GPR56+, PD-1+, granzyme-B+,
and perforin+ cells among SF-F4+ Tph and SF-Cytotox-F4+ Tem. (F) Histograms showing the MFI of markers mentioned in (E) among SF-F4+ Tph
and SF-Cytotox-F4+ Tem. (E and F) Data are expressed as mean ± SEM and a Wilcoxon signed-rank test or a paired t-test was used according to
data distribution (***P < 0.001). CD4+ CTL, cytotoxic population of CD4+ T cell; Gzm-B, granzyme-B; MFI, mean fluorescence intensity; PaCMAP,
Pairwise Controlled Manifold Approximation; RA, rheumatoid arthritis; SAP, SLAM-associated protein; SF-F4, synovial fluid–SLAMF4; SFMC, syno-
vial fluid mononuclear cells; SLAMF, signaling lymphocytic activation molecule family; Tem, effector memory CD4+ T cells; Tph, peripheral helper
T cells. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43124/abstract.
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cytotoxic phenotype in SF were restricted to SF-Cytotox-F4+

Tem. In RA, we also observed that a significant part of PB F4+

CD4+ CD28− T cells are Temra and not Tem. Given that F4+

Temra are absent in SF and weakly associated with RA activity

in PB, it seems important to distinguish these two types of F4+

CD4+ CTLs in this disease. As shown by our data, this is not pos-
sible by simply defining CD4+ CTLs as cells not expressing CD28.
Independently of RA, CD4+ CTLs have long been considered to

Figure 6. Only CD4+ CTLs highly expressing SLAMF4 (Cytotox-F4high Tem) are linked to RA activity in PB (same patients as Supplementary
Figure 15F–H) (n = 14). (A) PaCMAP projection was done among Tem (concatenated files from 14 patients with RA). Cell subsets were determined
by the expression of SLAMF4, GPR56, CX3CR1, Tbet, CCR5, granzyme-B, granulysin, perforin, and SAP using the FlowSOM algorithm.
(B) PaCMAP projections showing cell subset frequency according to RA activity (RA remission-low: DAS28-CRP ≤3.2; RA moderate-high:
DAS28-CRP >3.2). (C) Monoparametric histograms showing the expression of molecules mentioned in (A) among the Tem subsets identified in
(B). (D) Graphical representation of Spearman correlations between RA activity (DAS28-ESR and DAS28-CRP) vs percentage PB-F4− CCR5−

Tem (gold population in B), percentage PB-F4− CCR5+ Tem (light blue population in B), percentage PB-F4int Tem (green population in B), percent-
age PB-Cytotox-F4low Tem (red population in B), and percentage PB-Cytotox-F4high Tem (dark blue population in B). (E and F) Spearman
correlation between the DAS28-CRP vs percentage PB-Cytotox-F4Low Tem among Tem and vs percentage PB-Cytotox-F4high Tem among
Tem, respectively. (G) Percentage PB-Cytotox-F4high Tem among Tem in patients with RA remission-low and RA moderate-high. (D–F) A Spear-
man test was applied. (G) Data are expressed as mean ± SEM, and a Mann-Whitney U test was used. (*P < 0.05, **P < 0.01). CD4+ CTL, cytotoxic
population of CD4+ T cell; DAS28-CRP, Disease Activity Score-28 using the C-reactive protein level; DAS28-ESR, Disease Activity Score-28 using
the erythrocyte sedimentation rate; F4, SLAMF4; Gzm-B, granzyme-B; PaCMAP, Pairwise Controlled Manifold Approximation; PB, peripheral
blood; RA, rheumatoid arthritis; SAP, SLAM-associated protein; SLAMF, signaling lymphocytic activation molecule family; Tem, effector memory
CD4+ T cells. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43124/abstract.
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be Temra derived from Tem following persistent or repeated anti-
gen exposure, notably in the context of viral infections.31,37,42 In
RA, we observed a low proportion of Cytotox-F4+ Temra com-
pared to their Tem counterparts. This might suggest that the latter
do not switch adequately to this terminal stage of differentiation,
which leads to cell exhaustion or senescence. This hypothesis
might sustain an exacerbated and chronic CD4+ T cell cytotoxic
response in RA.

CCR5 is a chemokine receptor notably known to be involved
in immune cell migration toward the inflammatory joint in response
to its ligands (CCL3, CCL4, and RANTES).26 Our data showed
that most Tem expressed CCR5 in SF, whereas peripheral F4+

SAP+ Tem lacking CCR5 expression were not associated with
RA activity. One could assume that the expression of CCR5
allows F4+ SAP+ Tem to migrate to the inflammatory joint, thereby
establishing a link between them and joint inflammation in
RA. Regarding other chemokine receptors, most were weakly or
not expressed by F4+ SAP+ CCR5+ Tem. This included CXCR3,
CXCR5, CCR6, and CCR4, whose expression levels were used
to identify ThA cells (CXCR3int CD25− CXCR5− CCR6− CCR4−

Tem). However, F4+ SAP+ CCR5+ Tem represent a much less fre-
quent subpopulation than ThA cells. Independently of RA, these
four chemokine receptors have been used to distinguish between
Tfh (CXCR5+), Th1 cells (CXCR3+ CCR4− CCR6+), Th2 cells
(CXCR3− CCR4+ CCR6−), and Th17 cells (CXCR3− CCR4+

CCR6+),43 whereas the nonexpression of CD25 allowed to
exclude most Treg cells. Consequently, the phenotype used
to identify ThA cells allows the exclusion of noncytotoxic Th sub-
sets (Th1, Th2, Th17, Treg, and Tfh), rather than a specific identi-
fication of CD4+ CTLs. In agreement, F4− ThA cells had a much
lower granzyme-B expression compared to their F4+ counter-
parts. Despite some overlap, ThA cells also differ from F4+ SAP+

CCR5+ Tem in their ability to produce CXCL13. Anyway, unlike
Cytotox-F4high Tem, the therapeutic inhibition of CD4+ CTL sub-
populations defined by the lack of expression of CD27, CD28, or
of chemokine receptors remains a complex challenge.

Our study has some limitations. First, because our results
were obtained in patients with ACPA+ RA, additional studies will
be needed to determine whether Cytotox-F4high Tem exhibit auto-
reactiveproperties in thecontext of citrulline immunity.Wealso rec-
ognize the need for additional works to investigate the association
between Cytotox-F4high Tem and the response to the different
available targeted treatments. Beyond the scope of the present
work, it would also be interesting to compare the association of
the different CD4+ CTL subsets described as being involved in
RA, including Cytotox-F4high Tem, with RA activity. Additionally,
we checked the ability of F4+ Tem to secrete granzyme-B. How-
ever, we did not evaluate their cytotoxic activity, mainly because
traditional cytotoxicity assays employ nonphysiologic conditions
by using cancer cell lines as targets (such as K562 or P815
cells).8,18 Moreover, the functional involvement of cytotoxic CD4+

CTLs in the synovium, including that of Cytotox-F4high Tem,

remains incompletely known and warrants further investigation.
For instance, concerning Treg and CD4+ CTLs, both can exhibit
cytotoxic responses in vitro against each other.44 This raises the
possibility that in the joint, CD4+ CTLs may alter the regulatory
responses triggered by Treg cells. Another hypothesis is that per-
forin produced by CD4+ CTLs may promote the hypercitrunillation
of neutrophil extracellular traps, through a calcium and peptidylar-
ginine deiminases dependent mechanism.45 In this case, the cyto-
toxic properties of CD4+ CTLs may promote the production of
autoantibodies such as ACPA. Besides their cytotoxic properties,
Cytotox-F4high Temcould also participate, through their Th1profile
(IFN-γ and TNF-α), in the activation of a large panel of immune and
non-immune cells involved in the pathophysiology of RA. For
instance,TNF-αproducedbyCX3CR1-expressingCD4+CTLs fol-
lowing their interaction with fractalkine-expressing fibroblast-like
synoviocytes (FLS) amplifies FLS expansion.46 This might suggest
an important role of CD4+ CTLs in the pannus formation.

Significant recent studies reinforced the involvement of CD4+

CTLs in the pathophysiology of RA.7–9 Here, we identified
SLAMF4, together with SAP and CCR5, as important contribu-
tors in the orchestration of the cytotoxic response of CD4+ T cells
in RA. From a therapeutic perspective, targeting F4+ SAP+

CCR5+ Tem without affecting other SLAMF4+ immune cells, such
as CD8+ T cells and NK cells, is challenging. It could be partially
achieved using bispecific antibodies (bsAbs) designed to target
two molecules expressed specifically on F4+ SAP+ CCR5+ Tem.
Such bsAbs, known as cis-binding bsAbs, preferentially bind to
cells coexpressing both targets.47,48 Altogether, it might be
expected that an anti-CD4/SLAMF4 cis-binding bsAbs with
depleting properties would be able to target F4+ CD4+ T cells,
while sparing other SLAMF4+ cells.

Nonetheless, further studies aiming to characterize more
precisely the role of Cytotox-F4high Tem in the pathophysiology
of RA will contribute to determine their relevance as a potential
therapeutic target in RA.
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Metabolic Stress Expands Polyfunctional, Proinflammatory
Th17 Cells in PatientsWith Psoriatic Arthritis forWhom There
is Interleukin-23–Independent Interleukin-17 Production

Carmel B. Stober,1 Louise Ellis,2 Jane C. Goodall,2 Marc Veldhoen,3,4,5 and J. S. Hill Gaston2

Objective. Genetic associations and blockade of the interleukin (IL)-23/IL-17 axis with monoclonal antibodies
support a role for this pathway in patients with psoriatic arthritis (PsA). This study examines the requirement of IL-23
for IL-17 production and the role of the metabolic microenvironment in the expansion of Th17-derived cells in patients
with PsA.

Methods. Th17 cell frequencies in synovial fluid or peripheral blood from patients with PsA were evaluated by flow
cytometry using chemokine receptor 6, CD161, and T-bet as phenotypic markers, and the cytokines interferon γ,
granulocyte–macrophage colony-stimulating factor (GM-CSF), and IL-17 were assessed by flow cytometry and
enzyme-linked immunosorbent assay. The impact of IL-23 and metabolic stress on T cell differentiation was
investigated.

Results. Polyfunctional positive IL-17 (IL-17pos) CD4 (P < 0.0001) and CD8 (P < 0.0001), and GM-CSFpos Th17-
derived cells (P < 0.0001) were increased in the inflamed joints of patients with PsA, with a proportional decrease in
the peripheral blood of patients. We demonstrate IL-23–independent IL-17 release by CD4 T cells in patients with
PsA, in which the absence of IL-23 during Th17 differentiation reduced IL-17 by mean ± SEM 31% ± 5.8%. Exogenous
IL-23 increased IL-17, negatively regulated GM-CSF, and cooperated with transforming growth factor β to augment
IL-17. Polyfunctional Th17 and Th17-derived cells, but not Th1 cells, were expanded by metabolic stress in patients
with PsA.

Conclusion. We confirmed the abundance of polyfunctional type 17 CD4 and CD8 cells in the inflamed joints of
patients with PsA. We demonstrate IL-23–independent expansion of Th17 cells, for which IL-23 negatively regulates
GM-CSF. This may account for therapeutic differences in IL-17 and IL-23 inhibition in patients with PsA or other spon-
dyloarthritides. Polyfunctional IL-17pos Th17 and Th17-derived but not Th1 cells were expanded by metabolic stress,
and metabolic stress may itself represent a unique therapeutic target.

INTRODUCTION

Psoriasis (Ps) is a common chronic inflammatory skin condi-

tion affecting 1% to 3% of the world population,1 and up to 30%

of patients with Ps have psoriatic arthritis (PsA).2 Genetic studies

have highlighted the importance of the interleukin (IL)-23 pathway,

with a unique PsA risk variant identified at the IL-23 receptor

(IL-23R) locus.3,4 The clinical importance of the IL-23/Th17 path-

way in patients with PsA has also been validated by the efficacy

of antibodies targeting IL-23 or IL-17. We showed elevated fre-

quencies of Th17 cells in the synovial fluid (SF) of patients with

PsA,5,6 with more recent evidence revealing that these T cells

are associated with polyfunctional cytokine expression.7–9 How-

ever, the benefit of therapies targeting the IL-23/Th17 pathway
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are more impressive for patients with Ps than for patients with

PsA, and IL-23 inhibition has been ineffective in patients with axial

disease.10 This implies differences in tissue-specific effector cells

and the possibility that cytokines in addition to IL-17 contribute

to pathogenicity in patients with PsA.
Granulocyte–macrophage colony-stimulating factor (GM-CSF)

is a hematopoietic growth factor that promotes the maturation
and activation of monocytes, dendritic cells, and neutrophils and
enhances the release of pro-inflammatory cytokines. In experi-
mental autoimmune encephalomyelitis (EAE), an autoimmune
mouse model of multiple sclerosis (MS), GM-CSF produced by
Th17 was essential for disease,11–13 whereas IL-17A and IL-17F
were not required.14 In these models, pathogenic Th17-derived
or ex-Th17 cells possessed features of Th17 but no longer pro-
duced IL-17; they coexpressed the Th1-associated transcription
factor T-bet in addition to retinoic acid receptor–related orphan
nuclear receptor (ROR) γt, but also secreted GM-CSF, and were
expanded by IL-23.15–17 GM-CSF–producing T cells have been
observed at sites of inflammation in human diseases including
cerebrospinal fluid from patients with MS,18,19 SF from patients
with rheumatoid arthritis (RA) and juvenile idiopathic arthritis,20

and peripheral blood (PB) from patients with spondyloarthritis.7

The role of IL-23 in Th17 cell differentiation has remained con-
troversial because naive T cells lack IL-23R,21,22 although trans-
forming growth factor (TGF) β, IL-1, and IL-6 induce the
expression of the Th17 cell–specific transcription factor RORγt,
leading to the expression of Il23r and Il17a.23 Naive T cells differ-
entiated with TGFβ and IL-6 are nonpathogenic,24 but exposure
to IL-23 conferred pathogenicity.25 It was therefore hypothesized
that IL-6 is absolutely required for Th17 cell differentiation,26

whereas IL-23 was necessary for expansion and stabilization of
the Th17 cell phenotype22,27 and the induction of pathogenic
Th17 and Th17-derived subsets that produce GM-CSF.17,22 A
relationship between metabolic stress, IL-23R expression, and
Th17 cell development was demonstrated in murine studies, in
which exposure of T cells to increased salt concentrations
expanded pathogenic Th17 cells, up-regulated pro-inflammatory

GM-CSF, and accelerated autoimmunity.28,29 Moreover, a high-
salt diet in mice and a pilot human study reduced several intestinal
bacteria, promoted hypertension, and increased the frequency of
Th17 cells.

30

We confirm increased frequencies of polyfunctional type
17 and positive GM-CSF (GM-CSFpos) Th17-derived cells in
inflamed joints, with a relative reduction of these subsets in the
PB of patients with PsA. We demonstrate IL-23-independent
IL-17 release by Th17 cells, and in contrast to murine studies,
IL-23 negatively regulates GM-CSF. We identify metabolic stress
as a putative target for intervention in patients with PsA, in which
inhibiting glycolysis reduces IL-17, whereas ionic and endoplasmic
reticular (ER) stress expand polyfunctional Th17 and Th17-derived
cells but not Th1 cells in patients with PsA.

PATIENTS AND METHODS

Patient samples. PB (n = 60) and SF (n = 10) samples
were obtained from patients with PsA attending the rheumatology
service at Addenbrooke’s Hospital who fulfilled Criteria of the
Classification of Psoriatic Arthritis criteria.31 Table 1 summarizes
the demographics of patients with PsA recruited to the study,
including erythrocyte sedimentation rate and C-reactive protein
values, number of tender or swollen joints, and the proportion of
patients receiving biologic, synthetic, or no disease-modifying
antirheumatic drugs. Blood was taken from healthy donor
(HD) volunteers (n = 24). The study was approved by the Adden-
brooke’s Hospital and Repatriation General Hospital local ethics
committees.

Cell isolation. SF mononuclear cells (SFMCs) and periph-
eral blood mononuclear cells (PBMCs) were purified by density
centrifugation.5 Naive CD4 T cells were isolated using the naive
CD4 T cell isolation kit II human (Miltenyi Biotec; Supplementary
Figure 1).

Table 1. Demographic and clinical characteristics of patients with PsA*

Characteristic
All PsA (n = 60),
median (IQR)

SF (n = 10),
median (IQR)

PsA vs SF,
P value

HD (n = 24),
median (IQR)

PsA vs HD,
P value

Male, n (%) 37 (62) 8 (80) 0.21 17 (71) 0.41
Age, y 48 (40–58) 53 (43–68) 0.33 40 (32–48) 0.05
ESR, mm/h 8 (5–19) 13 (7–39) 0.17 – –

CRP, ng/mL 4 (4–14) 20 (4–41) 0.09 – –

68 TJC 2 (1–5) 1 (1–2) 0.42 – –

66 SJC 1 (0–3) 1 (1–2) 0.98 – –

Treatment, n (%)
Biologic ± synthetic DMARD 13 (22) 0 – – –

Synthetic DMARD 25 (42) 6 (60) – – –

No DMARD 22 (37) 4 (40) – – –

* 60 patients with psoriatic arthritis (PsA) were recruited to this study, including 10 patients who provided synovial
fluid (SF). Bold P values are considered statistically significant. CRP, C-reactive protein; DMARD, disease-modifying
antirheumatic drug; ESR, erythrocyte sedimentation rate; HD, healthy donor; IQR, interquartile range; SJC, swollen
joint count; TJC, tender joint count.
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Cell stimulation. PBMCs and SFMCs were treated with
phorbol 12-myristate 13-acetate (PMA), ionomycin, and BD Gol-
giStop (BD Biosciences).5 Alternatively, cells were incubated with
Dynabeads human T-activator CD3/28 beads (ratio of bead to cell
of 1:1) ± IL-23 or IL-12 at 10 ng/mL or IL-2 at 100 U/mL and
supernatants were harvested at 72 hours for the quantification of
GM-CSF, IL-17, or interferon (IFN) γ by enzyme-linked immuno-
sorbent assay (ELISA; Ready-SET-Go!, eBioscience). Naive
T cells were cultured in X-vivo medium (Lonza) with Th17 differen-
tiation: IL-1β, IL-6, anti-IFNγ, ± IL-23 ± TGFβ; Th1 differentiation:
IL-12 ± IL-23 (BD Pharmingen); and Dynabeads human
T-activator CD3/28 beads. T cell differentiation was also per-
formed in 2 to 10 nM thapsigargin, an additional 50 mM NaCl, or
2 mM 2-deoxy-D-glucose (2-DG). Supernatants were harvested
for ELISA, and cells were restimulated with PMA, ionomycin, and
BD GolgiStop before harvesting and staining for flow cytometric
analysis.

Flow cytometry. Cells were stained with Zombie-NIR,
blocked with 1% mouse serum, and stained extracellularly for
CD3, CD4, chemokine receptor (CCR) 6, and CD161, and fixed,
permeabilized, and stained intracellularly with antibodies to IL-
17, IFNγ, and GM-CSF (BD Cytofix/Cytoperm) or appropriate iso-
type controls. For intracellular T-bet staining, the Transcription
Factor Staining buffer set (eBioscience) was used. A Fortessa
Flow Cytometry System (BD Biosciences) and FlowJo software
(TreeStar) were used for analysis, with assistance provided by
the National Institute for Health Research Cambridge Biomedical
Research Centre phenotyping hub.

Statistical analysis. Statistical analysis was performed
using Prism 6 software. Two groups were compared using Stu-
dent’s t-test and three or more groups were compared with
one-way analysis of variance and Tukey’s multiple comparison
test. When the effects of treatment were explored, paired t-tests
were used, and P <0.05 was considered significant.

RESULTS

Polyfunctional GM-CSFpos and IL-17pos T cells are
abundant in the inflamed joints of patients with PsA
and are decreased in PB from patients with
PsA compared with PB from HDs. The frequency of SF and
PB CD4 and CD3+CD4neg (mostly CD8) T cells producing GM-
CSF, IFNγ, or IL-17 were evaluated in patients with PsA (Figure 1
A–C). IFNγ, GM-CSF, and IL-17 were higher in inflamed joints rel-
ative to PB from patients, although they were only significant for
CD4 T cells (Figure 1G, P < 0.0001). GM-CSF has defined patho-
genicity of Th17 cells;

11–13,15–17 therefore, GM-CSF coexpression
was investigated (Figure 1D and E).

GM-CSFpos polyfunctional T cells were abundant in inflamed
joints, where mean ± SEM 74% ± 4.2% CD4 (Figure 1I) and mean

± SEM 79% ± 4.2% CD8 (Figure 1K) T cells coexpressed GM-
CSF with another cytokine. This was reflected by reduced CD4
(Figure 1H, P < 0.001) and CD8 (Figure 1J, P < 0.01) T cells from
the SF of patients with PsA expressing only GM-CSF when com-
pared with PB from patients with PsA (n = 60), also confirmed
using matched patient SF and PB CD4 (Supplementary
Figure 2E, n = 4) and CD8 (Supplementary Figure 2D, n = 4)
T cells. GM-CSFpos polyfunctional T cells were increased in PB
from HDs compared with PB from patients with PsA, and
observed for CD4 (Figure 1H and I) and CD8 (Figure 1J and K) T
cells. Because only 0.7% to 4.8% of GM-CSFpos cells were IL-
17pos (Figure 1I and K), the expression of IL-17 with other cyto-
kines was evaluated.

Polyfunctional IL-17pos T cells were increased in SF from
patients with PsA relative to PB from patients with PsA, and
observed for CD4 (Figure 1M; mean ± SEM 57% ± 4.6% SF from
patients with PsA vs mean ± SEM 33% ± 2.1% PB from patients
with PsA; P < 0.0001) and CD8 (Figure 1O; mean ± SEM 65% ±
7.1% SF from patients with PsA vs mean ± SEM 36% ± 3.3%
PB from patients with PsA; P < 0.0001) T cells. Polyfunctional
IL-17posGM-CSFposIFNγpos CD4 (Figure 1L, P < 0.0001) and
CD8 (Figure 1N, P < 0.0001) were abundant in SF comp-
ared with PB, also confirmed using matched patient SF
and PB CD4 (Supplementary Figure 2G, n = 4) and CD8
(Supplementary Figure 2F, n = 4) T cells. Polyfunctional
IL-17pos cells were less abundant in patients with PsA com-
pared with PB from HDs; the highest proportions of IL-
17posGM-CSFposIFNγpos CD4 (Figure 1L) and CD8 (Figure 1N)
T cells were observed in SF from patients with PsA, which is
greater than from PB from HDs, which in turn is greater than
from PB from patients with PsA. We therefore confirm accumu-
lation of polyfunctional GM-CSFpos and IL-17pos CD4 and CD8
T cells in inflamed joints, with a relative reduction in patients
with PsA compared with PB from HDs.

GM-CSFpos and IL-17pos polyfunctional CD4 T cells
express Th17-associated phenotypic markers and T-bet.
The expression of Th17-associated phenotypic markers was eval-
uated in inflamed joints and PB from patients with PsA. CD161, a
cell-surface C-type lectin-like receptor closely associated with
Th17 and the transcription factor RORγt, was most abundant in
IL-17pos PB subsets (Figure 2C). The Th17-associated CCR6
was also highly expressed by IL-17pos Th17 cells (Figure 2D), with
no significant difference in either CD161 (Figure 2C) or CCR6
(Figure 2D) if IL-17pos PB cells coexpressed other cytokines. IFNγ-
pos PB cells not producing GM-CSF or IL-17 (likely classic Th1)
displayed the lowest surface levels of CD161 (Figure 2A) and
CCR6 (Figure 2B). GM-CSF expression correlated with intermedi-
ate levels of CD161, significantly higher than for classic Th1
(Figure 2A, P < 0.01) but lower than IL-17pos PB cells (Figure 2C,
P < 0.0001). Intermediate expression levels of CCR6 were also
observed in cells expressing GM-CSF without IL-17 (Figure 2B).
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Figure 1. Polyfunctional GM-CSFpos and IL-17pos T cells are abundant in inflamed joints of patients with PsA and are decreased in PB of patients
with PsA compared with PB from HDs. PB from patients with PsA (n = 60), SF from patients with PsA (n = 10), or PB from HDs (n = 24) were ana-
lyzed. PBMCs or SFMCs were stimulated with PMA and ionomycin, before analysis by flow cytometry. (A) PBMCs (or SFMCs) were gated on
FSC/SSC to identify lymphocytes, dead cells were excluded, and further gated as (B) CD3+CD4neg (CD8) or (C) CD3+CD4+ (CD4) T cells,
expressing either IFNγ, GM-CSF, or IL-17. The frequency of (F) CD8 or (G) CD4 T cells that were IFNγpos, GM-CSFpos, or IL-17pos were compared
in PB and SF from patients with PsA. Polyfunctional cytokine expression was then evaluated where (D, upper) CD8 or (E, lower) CD4 T cells were
gated as (D and E, left) IL-17 negative or (D and E, right) IL-17 positive, and then gated on IFNγ and GM-CSF expression. (H) CD4 and (J) CD8 were
compared in GM-CSFpos (IFNγnegIL-17neg) subsets, and (L) CD4 and (N) CD8 IL-17posGM-CSFposIFNγpos subsets were compared in PB and SF
from patients with PsA and PB from HDs. The coexpression of GM-CSF with other cytokines in (I) CD4 and (K) CD8 T cells; and the coexpression
of IL-17 with other cytokines in (M) CD4 and (O) CD8 T cells; in PB and SF from patients with PsA and PB from HDs are demonstrated in pie charts.
Data are represented as mean ± SEM and are analyzed by one-way ANOVA with Tukey’s multiple comparison test. *P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.0001. ANOVA, analysis of variance; FSC, forward scatter; GM-CSF, granulocyte–macrophage colony-stimulating factor; HD,
healthy donor; IFN, interferon; IL, interleukin; neg, negative; PB, peripheral blood; PBMC, PB mononuclear cells; PMA, phorbol 12-myristate
13-acetate; pos, positive; PsA, psoriatic arthritis; SF, synovial fluid; SFMC, SF mononuclear cells; SSC, side scatter.
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Figure 2. GM-CSFpos and IL-17pos polyfunctional CD4 T cells express Th17-associated phenotypic markers and T-bet. Cells of PB from patients
with PsA (n = 38, open bars) and SF from patients with PsA (n = 9, hatched bars) were incubated with PMA and ionomycin before staining and
analysis by flow cytometry. Cells were gated as CD3+CD4+ T cells and evaluated as (A and C) CD161pos or (B and D) CCR6pos cells according
to cytokine expression profiles (as in Figure 1E). Alternatively, PB from patients with PsA (n = 10) was stimulated with PMA and ionomycin, gated
as CD3+CD4+ T cells, and examined based upon cytokine and T-bet expression. (E and F) T-bet expression in (E) IL-17neg or (F) IL-17pos CD4 T
cells coexpressing GM-CSF ± IFNγ. Data are represented as mean ± SEM, and analyzed by one-way ANOVA with Tukey’s multiple comparison
test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. ANOVA, analysis of variance; CCR, chemokine receptor; GM-CSF, granulocyte–
macrophage colony-stimulating factor; HD, healthy donor; IFN, interferon; IL, interleukin; neg, negative; PB, peripheral blood; PMA, phorbol
12-myristate 13-acetate; pos, positive; PsA, psoriatic arthritis; SF, synovial fluid.
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In inflamed joints, mean ± SEM 43% ± 5.1% and 49% ±
4.7% of cytokine-negative cells expressed CD161 (Figure 2A)
and CCR6 (Figure 2B), respectively, which is higher than equiva-
lent PB T cells. GM-CSFpos SF T cells demonstrated increased
CD161 expression relative to GM-CSFpos PB subsets, and signif-
icantly higher than SF Th1 cells (Figure 2A). GM-CSF expression
by IL-17pos SF T cells also coincided with higher CD161 levels
compared with PB counterparts (Figure 2C). CCR6 expression
was lower in Th1 SF cells when compared with cytokine-negative
and GM-CSFpos SF T cells (Figure 2B).

The pathogenicity of Th17-derived cells, and the switch of
Th17 to Th1 coincides with expression of the Th1-associated tran-
scription factor, T-bet.15–17 We demonstrate T-bet expression
correlates with IFNγ, and was higher in GM-CSFpos cells coex-
pressing IFNγ (Figure 2E, P < 0.001). Similarly, IFNγ coexpression
in IL-17pos cells was associated with increased T-bet expression

(Figure 2F, P < 0.01). GM-CSFposIFNγpos cells that no longer pro-
duce IL-17 but express Th17-associated markers therefore likely
represent Th17-derived subsets, for which T-bet acquisition in
these and IL-17posGM-CSFposIFNγpos polyfunctional T cells may
represent a transition from a Th17 to Th1 phenotype.

Exogenous IL-23 increases IL-17 but inhibits GM-CSF
release by Teff cells in patients with PsA. In mice, IL-23
expands pathogenic GM-CSFpos Th17 cells;11–13 therefore, the
effect of exogenous IL-23 on cytokine release was compared in
patients with PsA and in HDs. Stimulated Teff cells from patients
with PsA released higher GM-CSF (Figure 3A, P < 0.05), lower
IFNγ (Figure 3G, P < 0.05) and similar levels of IL-17 (Figure 3D)
compared with HDs. In contrast to murine studies, exogenous
IL-23 decreased GM-CSF release by both patients with PsA
(Figure 3A; mean ± SD 31% ± 3.0% reduction; P < 0.0001) and

Figure 3. Exogenous IL-23 increases IL-17 but inhibits GM-CSF release by Teff cells in patients with PsA. PBMCs from patients with PsA (n =
50) and HDs (n = 26) were stimulated with anti-CD3/28 in the absence or presence of exogenous IL-23, IL-12, or IL-2, and supernatants tested
for (A–C) GM-CSF, (D–F) IL-17, or (G–I) IFNγ by ELISA. Matched pairs of PBMC from patients with PsA (▲) or HDs (●) without exogenous cytokine
were compared with PBMCs from patients with PsA (Δ) or HDs ( ) with exogenous IL-23, IL-12, or IL-2. Samples from patients with PsA were also
compared with PBMCs from HDs within treatment groups. Data are represented as paired samples, with data analyzed by paired or unpaired
Student’s t-test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. ELISA, enzyme-linked immunosorbent assay; GM-CSF, granulocyte–
macrophage colony-stimulating factor; HD, healthy donor; IFN, interferon; IL, interleukin; PB, peripheral blood; PBMC, PB mononuclear cell;
PsA, psoriatic arthritis.
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HDs (Figure 3A; mean ± SEM 33%± 4.4% reduction; P < 0.001) T
cells. IL-23 increased IL-17 in patients with PsA (Figure 3D; mean
± SEM 57% ± 13.5% increase; P < 0.001) and in HDs (Figure 3D;
mean ± SEM 70% ± 15.7% increase; P < 0.0001), and there was
no net effect of IL-23 on IFNγ (Figure 3G).

Exogenous IL-12 augmented IFNγ production (Figure 3H;
mean ± SEM 636% ± 150.2% increase; P < 0.0001) and slightly
increased GM-CSF in patients with PsA (Figure 3B; mean ±
SEM 26% ± 9.0% increase; P = 0.07). IL-17 release was inhibited
by IL-12, although only significant for patients with PsA (Figure 3E,
P < 0.01).

Polymorphisms in IL2RA have been associated with
increased frequencies of GM-CSF-producing T cells.18 We
found no net effect of exogenous IL-2 on GM-CSF release in
patients with PsA, although there was a slight increase in HDs
(Figure 3C, P < 0.05). IL-2 enhanced IL-17 release in patients
with PsA and in HDs (Figure 3F; mean ± SEM 39% ± 11.9%
increase; P < 0.001) and also IFNγ in both patients with PsA
(Figure 3I; mean ± SEM 59% ± 12.6% increase; P < 0.0001)
and HDs (Figure 3I; mean ± SEM 85% ± 26.5% increase;
P < 0.01).

IL-17 release by Th17 cells from patients with PsA is
only partially IL-23 dependent, whereas IL-23
cooperates with TGFβ. We sought to explore the effects of
IL-23 and TGFβ on IL-17, GM-CSF, and IFNγ production by naive
T cells differentiated under Th17-polarizing or Th1-polarizing con-
ditions, in patients with PsA. Naive CD4 T cells were differentiated
with Th17-polarizing cytokines (IL-1β, IL-6, anti-IFNγ) with or with-
out IL-23 ± TGFβ (Supplementary Figure 3); or the Th1-polarizing
cytokine IL-12 ± IL-23 (Supplementary Figure 4).

IL-23–independent IL-17 production was confirmed, in that
the absence of IL-23 during Th17 differentiation reduced IL-17
production by mean ± SEM 31% ± 5.8% (Figure 4A; P < 0.001),
and IL-17pos T cell frequency by mean ± SEM 31% ± 8.2%
(Figure 4B, Supplementary Figure 3A, P < 0.01). TGFβ removal
during Th17 differentiation markedly reduced IL-17 release by
mean ± SEM 70% ± 7.3% (Figure 4A, P < 0.0001) and the fre-
quency of IL-17pos cells by mean ± SEM 74% ± 4.4%
(Figure 4B and Supplementary Figure 3A; P < 0.0001). IL-23
and TGFβ cooperated to augment IL-17 release in that remov-
ing both cytokines reduced IL-17 production by mean ± SEM
84% ± 6.3% (Figure 4A, P < 0.0001) and IL-17pos cells by
mean ± SEM 87% ± 2.0% (Figure 4B and Supplementary
Figure 3A, P < 0.0001).

In contrast to IL-17, the absence of IL-23 during Th17 differ-
entiation increased GM-CSF by mean ± SEM 79 ± 19%
(Figure 4C; P < 0.01), and the frequency of GM-CSFpos T cells
by mean ± SEM 99% ± 17% (Figure 4D and Supplementary
Figure 3B; P < 0.0001). There was no net effect of IL-23 on
IFNγ (Figure 4E and F). Removing TGFβ increased both GM-
CSF and IFNγ release by mean ± SEM 61% ± 20%

(Figure 4C; P < 0.01) and mean ± SEM 122% ± 34%
(Figure 4E; P < 0.01) respectively. IL-23 cooperated with
TGF-β as removal of both cytokines increased GM-CSF
release by mean ± SEM 185% ± 52% (Figure 4C; P < 0.01)
and GM-CSFpos cells by mean ± SEM 128% ± 37%
(Figure 4D and Supplementary Figure 3B; P < 0.01).

Given the marked reduction in IL-17pos cells on removing
TGFβ, cytokine coexpression was only examined in the presence
or absence of IL-23. There was an overall decrease in the
frequency of IL-17pos Th17 (Figure 4B), but an increase in
GM-CSFpos Th17 cells (Figure 4D) on removing IL-23. This corre-
sponded to a proportional increase in polyfunctional IL-17pos

T cells coexpressing especially GM-CSF (Figure 4G; mean ±
SEM 32% ± 3.2%without IL-23 vs mean ± SEM 41% ± 2.6%with
IL-23; P < 0.01).

Th1-polarized cells did not produce IL-17, and the levels of
IFNγ and GM-CSF were significantly higher (Supplementary
Figure 4) than for Th17-polarized CD4 T cells (Supplementary Fig-
ure 3). IFNγ release by Th1-polarized cells was 10-fold that for
Th17 polarization (mean ± SEM 344 ± 52.4 ng/mL for Th1 vs mean
± SEM 33 ± 12.1 ng/mL for Th17; P < 0.0001), and three-fold
higher for GM-CSF (5,016 ± 778 pg/mL for Th1 vs 1,627 ±
260 pg/mL for Th17; P < 0.001). Similarly, the percentage of cells
producing IFNγ (mean ± SEM 71% ± 1.6% for Th1 vs mean ±
SEM 20% ± 3.0% for Th17; P < 0.0001) or GM-CSF (mean
± SEM 51% ± 5.1% for Th1 vs mean ± SEM 22% ± 2.7% for
Th17; P < 0.0001) was higher with Th1-polarizing conditions. The
presence of IL-23 during Th1 differentiation reduced GM-CSF
release (Figure 4C, P < 0.001) and the frequency of GM-CSFpos

cells (Figure 4D, Supplementary Figure 4A vs B, middle panel; mean
± SEM 51% ± 5.1%minus IL-23 vs mean ± SEM 18% ± 3.1% plus
IL-23; P < 0.001) but did not affect IFNγ (Figure 4E and F).
We therefore confirm that IL-17 production by adaptive immune
cells is only partially IL-23-dependent in patients with PsA, and
IL-23 cooperates with TGFβ to augment IL-17 release.
Conversely, the presence of IL-23 reduces GM-CSF release by
Th17-derived and classic Th1 cells, in addition to polyfunctional
IL-17pos T cells.

Polyfunctional Th17 and Th17-derived cells are
amplified by metabolic stress. The effect of metabolic stress
using Th17 or Th1-polarizing conditions was evaluated in patients
with PsA. Metabolic stress was induced by (1) limiting glycolysis
with 2-DG, (2) exposure to high-salt medium (ionic stress), or
(3) stimulation of ER stress with thapsigargin,32 and supernatants
harvested for quantification by ELISA. Harvested CD4 T cells were
restimulated with PMA and ionomycin, and cytokine release was
evaluated by flow cytometry.

Ionic stress with high salt and ER stress with thapsigargin
increased IL-17 (Figure 5A and B, Supplementary Figure 5A),
GM-CSF (Figure 5C and D, Supplementary Figure 5B), and IFNγ
(Figure 5E and F, Supplementary Figure 5C) under Th17 polarizing
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conditions. 2-DG slightly increased GM-CSF (Figure 5C and D)
but inhibited IL-17 (Figure 5A and B) and IFNγ (Figure 5E and F).
2-DG correspondingly decreased GM-CSFpos polyfunctional cells
expressing IFNγ ± IL-17 and IL-17pos polyfunctional T cells.
Thapsigargin was most effective at expanding polyfunctional
subsets in which GM-CSFpos polyfunctional Th17-derived cells
increased from mean ± SEM 36% ± 3.4% to 63% ± 3.4%
(Figure 5G; P < 0.0001), and IL-17pos polyfunctional Th17 from
mean ± SEM 32% ± 3.2% to 65% ± 3.1% (Figure 5H; P <
0.0001). Thapsigargin preferentially expanded IFNγ expression
in GM-CSFpos (Figure 5G) and IL-17pos (Figure 5H)

polyfunctional Th17, whereas high salt augmented IL-17pos

cells coexpressing GM-CSF (Figure 5H; mean ± SD 24% ±
3.2% to 45% ± 4.7%; P < 0.001).

As observed for Th17-polarized cells, IFNγ frequency within
Th1-differentiated cells was reduced with 2-DG (Supplementary
Figure 6; mean ± SEM 34% ± 2% decrease for Th1 vs mean ±
SEM 60% ± 5% for Th17) whereas there was no significant effect
on GM-CSF (Supplementary Figure 6A, C, and D). There was a
modest increase in IFNγ (mean ± SEM 18% ± 5% increase for
Th1 vs mean ± SEM 254% ± 30% for Th17) and GM-CSF (mean
± SEM 33% ± 21% increase for Th1 vs mean ± SEM 215% ±

Figure 4. IL-17 release by Th17 cells from patients with PsA is only partially IL-23 dependent, whereas IL-23 cooperates with TGFβ. Naive CD4 T
cells of patients with PsA were differentiated in (A–G) Th17-polarizing (n = 14) or (C–F) Th1-polarizing (n = 12) conditions with removal of cytokines
as detailed and stimulated with anti-CD3/28 Dynabeads for five to seven days, and supernatants were tested for (A) IL-17, (C) GM-CSF, or (E) IFNγ
by ELISA. Cells were harvested and restimulated with PMA and ionomycin before staining and analysis by flow cytometry. Cells were gated as live,
CD3+CD4+ T cells, and evaluated as (B) IL-17pos, (D) GM-CSFpos, or (F) IFNγpos T cells. Data comparing cytokine removal is normalized relative to
Th17-polarizing conditions with IL-23 and TGFβ; or Th1 polarizing conditions with IL-23. (G) Pie charts demonstrating IL-17pos T cells with the coex-
pression of GM-CSF ± IFNγ differentiated under Th17 polarizing conditions in the presence or absence of IL-23. Data are represented as mean ±
SEM, with data analyzed by one-way ANOVA with Tukey’s multiple comparison test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. ANOVA,
analysis of variance; ELISA, enzyme-linked immunosorbent assay; FACS, fluorescence-activated cell sorting; GM-CSF, granulocyte–macrophage
colony-stimulating factor; IFN, interferon; IL, interleukin; PMA, phorbol 12-myristate 13-acetate; pos, positive; PsA, psoriatic arthritis; TGF, trans-
forming growth factor. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43095/
abstract.
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44% for Th17) with thapsigargin. High salt did not expand Th1-
differentiated cells (Supplementary Figure 6), whereas a decrease
in cell viability was observed in some donors (Supplementary
Figure 6A and B), although no overall net decrease in cytokine
release was observed for pooled donors (Supplementary
Figure 6C and D).

We therefore demonstrate that metabolic stress expands
putatively pathogenic polyfunctional Th17 and Th17-derived cells
but minimally affects Th1 subsets. We also reveal important differ-
ences in the regulation of IL-17 and GM-CSF, including differential
effects on limiting glycolysis as well as reciprocal regulation by IL-

23. The cytokine milieu and metabolic microenvironment experi-
enced during the expansion of naive CD4 T cells will likely influ-
ence the T cell phenotypes obtained, in which there is
considerable Th17 plasticity, and such factors may be important
in maintaining these subsets at sites of disease.

DISCUSSION

We demonstrate increased proportions of GM-CSFpos Th17-
derived and IL-17pos polyfunctional T cells in the inflamed joints of
patients with PsA, which are reduced in frequency in the PB

Figure 5. Polyfunctional Th17 and Th17-derived cells are amplified by metabolic stress. Naive CD4 T cells from patients with PsA were differen-
tiated in Th17-polarizing conditions in the absence (Th17) or presence of the metabolic mediators 2-DG, NaCl, or TG and stimulated with anti-
CD3/28 Dynabeads for five to seven days, and supernatants were tested for (A) IL-17, (C) GM-CSF, or (E) IFNγ by ELISA (normalized to 100%
for Th17 cells without metabolic mediators). Cells were then restimulated with PMA and ionomycin, before staining and analysis by flow cytometry.
(B, D, and E) Percent change in proportion of single cytokinepos cells (normalized to 100% for Th17 cells without metabolic mediators) and analysis
by FACS for (B) IL-17, (D) GM-CSF, or (F) IFNγ. (G) GM-CSFpos cells coexpressing IFNγ ± IL-17 were displayed in pie charts as Th17 without met-
abolic mediators, or in the presence of 2-DG, NaCl, or TG. (H) IL-17pos cells coexpressing IFNγ ± GM-CSF were displayed in pie charts as Th17
without metabolic mediators, or in the presence of 2-DG, NaCl, or TG. Data are represented as mean ± SEM, with data analyzed by paired t-test
using Tukey’s multiple comparison test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 2-DG, 2-deoxy-D-glucose; ELISA, enzyme-linked
immunosorbent assay; FACS, fluorescence-activated cell sorting; GM-CSF, granulocyte–macrophage colony-stimulating factor; IFN, interferon;
IL, interleukin; pos, positive; PsA, psoriatic arthritis; TG, thapsigargin; TGF, transforming growth factor. Color figure can be viewed in the online
issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43095/abstract.
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of patients with PsA when compared with PB from HDs. Poly-
functional T cells may traffic to inflamed joints and are retained or
expanded within the joint. IL-17pos T cells are by definition Th17,
in which the coexpression of pro-inflammatory GM-CSF implies
a pathogenic phenotype.11–15 These polyfunctional Th17 cells
coexist with GM-CSFpos cells no longer producing IL-17 but
demonstrating features of Th17 (CCR6

pos, CD161pos), described as
Th17-derived, ex-Th17, or nonclassic Th1 cells. The pathogenicity of
Th17-derived cells or the switch of Th17 to Th1 correlates with expres-
sion of T-bet.15–17 In contrast, nonpathogenic Th17 cells that play a
role in barrier function in the intestine coproduce anti-inflammatory
mediators such as IL-10, have an ex-Th17 regulatory phenotype,
and are not influenced by IL-23.33 Th17 cells therefore exhibit consid-
erable plasticity and may transform to a Th17-derived phenotype at
sites of disease.34 Th17-derived cells have a more differentiated phe-
notype, enhanced survival capability, increased proliferative capacity,
and are polyfunctional in terms of cytokine production relative to clas-
sic Th1 and Th17 cells, suggesting they aremore likely to contribute to
disease pathogenesis.34

We confirm IL-23–dependent, but also IL-23–independent
IL-17 production by adaptive immune cells, in which the absence
of IL-23 during Th17 differentiation reduced IL-17 by mean ± SEM
31% ± 5.8%. In a Th17 fate reporter mouse model, chronic inflam-
mation caused a switch to alternative cytokines by Th17 cells that
no longer produced IL-17 (Th17-derived cells), for which this con-
version was IL-23 dependent.17 IL-23 also drove pathogenic T
cell responses and reduced regulatory T cell activity in intestinal
inflammation, whereas IL-23R activation induced T-bet signaling
and the generation of pathogenic polyfunctional T cells express-
ing IL-17A with IFNγ.35,36 In contrast to murine studies in which
IL-23 augments GM-CSF,11,12 we show that GM-CSF is nega-
tively regulated by IL-23 in human Th17 and Th1 cells. Removing
IL-23 during Th17 differentiation increased the frequency of poly-
functional IL-17pos T cells coexpressing GM-CSF. There are
therefore key differences in murine and human Th17 cells and IL-
23-responsiveness, and it is plausible that augmentation of GM-
CSF when blocking IL-23 could be a factor determining differ-
ences observed between IL-17 and IL-23 inhibition in human dis-
ease.10 We also confirmed dependence on TGFβ for IL-17
release by human naive CD4 T cells differentiated under Th17-
polarizing conditions.37 TGFβ cooperated with IL-23 in our study
to enhance IL-17 production. TGFβ therefore appears to be an
essential cytokine for human Th17 differentiation, although previ-
ous studies have shown that other pro-inflammatory mediators
including IL-1β, IL-6, and IL-23 are required to confer pathogenic-
ity.22–27,38 The plasticity of Th17 cells and the associated cytokine
milieu means that targeting of IL-17 alone will only transiently
inhibit Th17 or Th17-derived cells in chronic inflammatory settings.

We show that both ionic pressure with high salt and ER
stress with thapsigargin expand polyfunctional Th17-derived and
IL-17pos Th17 cells in vitro, in accordance with previous murine
data.32 Limiting glycolysis with 2-DG can increase IL-17,32

whereas we showed that 2-DG inhibited IL-17 and IFNγ, but
increased GM-CSF. Shi et al39 also demonstrated that blocking
glycolysis with 2-DG inhibited Th17 development, in which the
dichotomy of 2-DG is likely influenced by glucose availability and
in particular the expression of the glycolytic intermediate metabo-
lite, phosphoenolpyruvate.40 There is further in vivo evidence to
support metabolic stress as a mediator of Th17 expansion, in
which a high-salt diet fed to mice increased the severity of EAE,
whereas serum glucocorticoid kinase (SGK) 1 deficient mice
exhibited less severe EAE.28,29 SGK1 governed sodium trans-
port, salt homeostasis, IL-23R expression, and stabilization of
the Th17 phenotype, thus linking metabolic and inflammatory
pathways. Furthermore, mice fed a high-salt diet had an altered
microbiome in which Lactobacillus murinus was depleted, and L

murinus treatment prevented salt-induced exacerbation of murine
EAE by modulating Th17 cells.

30 A human study of moderate salt
challenge also showed reduced survival of Lactobacilli spp, with
a concomitant increase in Th17 and blood pressure.30 In a murine
model of collagen-induced arthritis, clinical and histologic arthritis
were more severe in mice fed a high-salt diet, the expression of
intestinal and synovial IL-17 was higher, and higher salt levels
were demonstrated in mice with RA when compared with the SF
from mice with osteoarthritis.41

The impact of ionic stress on Th17 expansion is influenced
by the cytokine microenvironment. Matthias et al42 showed
that high salt exposure induced several anti-inflammatory
mediators in Th17 cells, including the regulatory transcription
factor FOXP3, TGFβ, IL-10, and CTLA-4. However, the pres-
ence of pro-inflammatory cytokines prevented the upregula-
tion of anti-inflammatory mediators in human Th17 cells, and
in murine EAE, high salt was only pathogenic when Th17 cells
were primed in the presence of pro-inflammatory mediators
(IL-6, IL-1β, IL-23) and absence of TGFβ.42 Brucklacher-
Waldert et al32 confirmed a requirement for pro-inflammatory
mediators to augment IL-17 release with thapsigargin and high
salt, but in contrast with Matthias et al,42 TGFβ increased IL-17
release elicited by high salt. Overall, these data highlight the
complex interaction of cytokine and metabolic microenviron-
ments in influencing the pro- versus anti-inflammatory Th17
subsets that ensue.

Matthias et al42–44 reported that high salt augmented IL-17
but with a concomitant reduction in IFNγ and shift from Th1 to
Th2 responses. In our study, we showed the effect of salt on IFNγ
was context-dependent in that high salt augmented IFNγ and
GM-CSF release in Th17-polarizing but not Th1-polarizing condi-
tions. TGFβ is an inducer of SGK1,29 and NaCl can increase the
production of TGFβ by NaCl-induced NFAT5,42,45 demonstrating
an autocrine effect of TGFβ on Th17 cells, and positive relationship
with NaCl. A putative candidate is the relationship between SGK1
and IL-23 downstream signaling, in which SGK1 stabilizes IL-23R
expression and the Th17 phenotype by deactivation of FOXO1, a
direct repressor of IL-23R expression.29 Collectively, these

POLYFUNCTIONAL Th17 CELLS ARE MODIFIED BY IL-23 AND METABOLIC STRESS 851



studies provide a direct molecular link between Th17 immunity
and ionic stress that may be crucial to the development and
expansion of pathogenic Th17 subsets.

The ER is an organelle that facilitates protein folding, traffick-
ing, and degradation to maintain protein homeostasis, and ER
stress agents such as thapsigargin disturb ER proteostasis, thus
activating the unfolded protein response. There are several phys-
iologic mediators of ER stress including hypoxia, in which XBP1 is
a downstream transcription factor activated by ER stress, which
directly regulates Rorc and thus Th17 cell differentiation. XBP1
also forms a transcriptional complex with hypoxia-inducible factor
(HIF) 1α, a metabolic sensor of hypoxia and a key transcriptional
regulator of Th17 cell polarization operating via direct transcrip-
tional activation of Rorc.39,46,47 The potent augmentation of GM-
CSFpos Th17-derived and IL-17pos polyfunctional Th17 cells by
thapsigargin identifies the ER stress response as a putative
molecular target. Subudhi et al48 showed metabolic coordination
between skin epithelium and type 17 immunity in plaque psoria-
sis, in which blocking HIF1α in psoriatic lesions ex vivo impaired
glycolysis and phenocopied IL-17 inhibition.48 They showed that
epithelial pathology was fueled by glycolysis to enhance lactate
production, whereas pharmacological inhibition of lactate-
producing enzymes or lactate transporters attenuated skin
pathology and IL-17A expression in vivo, linking metabolic stress
and type 17 immunity for patients with psoriatic disease.48 Lac-
tate accumulation occurs in metabolically active inflamed joints,
and uptake of lactate by the SLC5A12 transporter into CD4 T
cells augments IL-17 production.49

A limitation of our study was the number of phenotypic
markers and intracellular cytokines used to characterize the
defined T cell subsets in contrast to more recent studies in
patients with PsA. Steel et al8 described an abundance of poly-
functional IL-17AposCD8pos SF T (Tc17) cells, possessing features
of Th17 cells (expressing RORC/IL23R/CCR6/CD161) and Tc1
(granzyme A/B). These Tc17 cells demonstrated a tissue-resident
memory (TRM) cell signature and had increased levels of CXCR6
hypothesized to retain the subset within the joint by binding to
the ligand CXCL16; the latter also increased in the synovial joints
of patients with PsA. Penvaka et al50 described clonally expanded
CD8pos T cells in SF from patients with PsA, with abundant
expression of CXCR3, in which CXCR3 plays a role in chemotaxis
during inflammation. Polyfunctional T cells within our study likely
include TRM cells, in which approximately 50% of GM-CSFpos

CD4 and CD8 SF cells coexpressed CD69, compared with 20%
of corresponding PB cells (data not shown because they have
not extensively been characterized).

In summary, we hypothesize that the abundance polyfunc-
tional GM-CSFpos and IL-17pos type 17 cells in the SF of patients
with PsA represents the appearance or accumulation in the joint
of Th17-derived subsets (or nonclassic Th1) that express Th17
cell-associated markers. IL-23 augments the frequency of IL-
17pos cells, but there is probable IL-23–independent Th17

differentiation and IL-17 release by adaptive immune cells. In con-
trast to murine studies, IL-23 negatively regulates GM-CSF in
human T cells. TGFβ is required for Th17 differentiation and coop-
erates with IL-23 to augment IL-17 production. IL-17pos Th17 and
GM-CSFpos Th17-derived polyfunctional T cell subsets, but not
classic Th1 cells, are expanded by metabolic stress, for which
there is accumulating evidence linking metabolic stress with type
17 immunity. Our data therefore support GM-CSF inhibition
and/or modulation of metabolic stress as novel therapeutic tar-
gets for patients with PsA.
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An Immunosenescent CD8+ T Cell Subset in Patients with
Axial Spondyloarthritis and Psoriatic Arthritis Links
Spontaneous Motility to Telomere Shortening
and Dysfunction

Giorgia Paldino,1 Valentina Tedeschi,1 Valentina Proganò,1 Erica Salvati,2 Valerio Licursi,2 Eleonora Vertecchi,2

Alexandru L. Bivolaru,1 Emanuele Molteni,1 Rossana Scrivo,1 Mattia Congia,3 Alberto Cauli,3

Rosalba Caccavale,4 Marino Paroli,4 Martina Kunkl,5 Loretta Tuosto,1 Rosa Sorrentino,1

and Maria Teresa Fiorillo1

Objective. A pathogenetic role of CD8+ T lymphocytes in radiographic axial spondyloarthritis (r-axSpA) and other
spondyloarthritis (SpA) is sustained by genome-wide association studies and by the expansion of public T cell clono-
types in the target tissues. This study investigates the migration of CD8+ T cells along with their phenotype and func-
tions in patients with r-axSpA and psoriatic arthritis (PsA).

Methods. Peripheral blood CD8+ and CD4+ T cells were isolated from patients with r-axSpA (n = 128), PsA (n = 60),
and rheumatoid arthritis (RA) (n = 74) and healthy donors (HDs) (n = 79). Transwell migration assay was performed in the
presence of different chemokines. CD8+ T cell immunoprofiling and effector functions were assessed by multipara-
metric flow cytometry. Transcriptome signature was evaluated by RNA sequencing analysis, whereas telomere length
and dysfunction were measured by reverse transcriptase–polymerase chain reaction and immunofluorescence-fluo-
rescence in situ hybridization, respectively.

Results. A significantly higher number of CD8+ T cells migrating in the absence of chemokine stimuli was found in
patients with SpA compared with HDs and patients with RA. This subset, producing cytotoxic (granzyme B, perforin,
granulysin) and proinflammatory molecules (tumor necrosis factor), was significantly enriched in terminally differenti-
ated (CCR7−CD45RA+) and senescent (CD28−CD57+) cells having a gene expression profile characterized by cyto-
lytic signature and natural killer markers. Remarkably, these spontaneously migrating CD8+ T cells showed DNA
damage response activation, telomere shortening, and dysfunction.

Conclusion. These data describe a terminally differentiated CD8+ T cell subset with a senescent and cytotoxic/
proinflammatory profile and an intrinsic invasive potential enriched in patients with SpA that represents a possible
player in disease pathogenesis.

INTRODUCTION

Experimental animal models and clinical data strongly point at

T lymphocytes as key players in the pathogenesis of radiographic

axial spondyloarthritis (r-axSpA), historically termed ankylosing spon-

dylitis.1 R-axSpA is the prototype of a group of chronic inflammatory

rheumatic diseases, named spondyloarthritis (SpA), that share path-

ogenic mechanisms and clinical features.2,3 These disorders also
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comprise psoriatic arthritis (PsA), arthritis associated with inflam-
matory bowel disease (IBD), reactive arthritis, and undifferentiated
peripheral SpA.1,2

R-axSpA primarily involves sacroiliac joints and spine; how-
ever, inflammation at the peripheral joints and extra-muscul-
oskeletal manifestations (acute anterior uveitis, psoriasis, and
IBD) may also occur.4 The strong association with the human leu-
cocyte antigen (HLA)-B*27 and the endoplasmic reticulum asso-
ciated aminopeptidases 1 and 2 genes supports a guilty
involvement of (auto)antigen presentation to CD8+ T cells.5–7

Additionally, other genes related to CD8+ T cell development
and functions (TBX21, EOMES, RUNX3, and ZMIZ1) were associ-
ated with r-axSpA susceptibility by genome-wide association
studies.6,8 Recently, r-axSpA–associated CD8+ T cell clonotypes
with public T cell receptors (TRBV9+) and cross-reactive to self
and microbial HLA-B*27–restricted antigens were found
expanded in the synovial and ocular fluids of patients with
SpA.9,10 Importantly, selective antibody-targeted depletion of
these expanded TRBV9+ CD8+ T cells has been proven suc-
cessful in r-axSpA treatment.11

However, mechanisms and anatomic sites where these
CD8+ T cell clonotypes are activated are currently unknown.12 It
has been hypothesized that damage to dermal or mucosal bar-
riers (as observed in psoriasis or IBD, respectively), along with
the exposure of the immune system to microorganisms, may
have a pathogenetic relevance.13 Accordingly, a gut-joint axis of
inflammation in SpA has been recently proposed; however, the
CD8+ T cell migration profile and the chemokines involved are
little-known.14,15

In addition, the physiological exposure during a lifetime to
latent pathogens leads to persistent stimulation of CD8+ T cells
that induces a premature immunosenescence.16,17 Nevertheless,
the contribution of this event as a possible cause or effect in rheu-
matic immune-mediated inflammatory diseases remains
unresolved.

In this study, we describe a subset of circulating CD8+ T cells
enriched in patients with SpA compared with HDs and patients
with rheumatoid arthritis (RA) with an intrinsic migratory capability
independent of chemotactic stimuli. These cells exhibit an immu-
nosenescent phenotype with telomere shortening, DNA damage
response (DDR) activation, and telomere attrition, along with cyto-
lytic and proinflammatory properties.

MATERIALS AND METHODS

Study participants. A total of 128 patients with r-axSpA,
60 patients with PsA, 74 patients with RA, and 79 age-matched
healthy donors (HDs) were enrolled in this study (Table 1). Patients

with r-axSpA, PsA, and RA were classified according to standard
criteria.18–20 Patients and controls were recruited at the
Rheumatology Units of Sapienza University of Rome (Policlinico
Umberto I, Roma, and ICOT Hospital, Latina) and the University
of Cagliari (Azienda Ospedaliero-Universitaria, Cagliari). HLA-
B*27 expression was checked both by serological analysis using
ME1 monoclonal antibody (mAb) and by genomic analysis using
Micro SSP Allele-specific HLA class I DNA typing tray B*27 (ONE
LAMBDA, Thermo Fisher) according to the manufacturer’s
instructions. The study received approval by the Ethics Commit-
tees of Sapienza University of Rome (0018614/2019 and
6893/2022) and the University of Cagliari (PG/2018/16312). All
participants provided written informed consent before enrollment.

Peripheral blood mononuclear cells separation and
T cells isolation. Peripheral blood mononuclear cells were iso-
lated on density gradient Lympholyte solution (Cederlane Labora-
tories) from blood samples in sodium citrate within 24 hours from
blood draw. CD8+ and CD4+ T lymphocytes were positively iso-
lated by the respective isolation kits (Miltenyi Biotec). Each subset
was resuspended at 106 cells/mL density in Roswell Park Memo-
rial Institute Medium (RPMI) (Euroclone) supplemented with 5%
fetal bovine serum (Biochrom), glutamine 2 mM (Euroclone),
amphotericin B 2.5 μg/mL (Euroclone), and penicillin/streptomycin
100 U/mL/100 μg/mL (Euroclone). All experiments were performed
after overnight culture.

Transwell migration assay. CD8+ or CD4+ T cells were
resuspended at 1.5 × 105 cells in chemotaxis buffer (CB) (0.5%
bovine serum albumin [BSA], 25 mM 4-(2-hydroxyethyl)-1-pipera-
zin ethanesulfonic acid in RPMI) at room temperature (RT) and
subjected to migration using 96-well transwell plates (Transwell,
Corning) in the presence of the chemokine (CXCL9, CXCL10,
and CXCL12 at 100 nM; CXCL11 and CCL20 at 300 nM) or in
CB alone as control. Afterward, the plate was left at 37�C with
5% CO2 for 90 minutes. A further condition (Input) was used to
normalize the number of migrated cells as follows: (1.5 × 105 ×
number of migrated cells)/number of Input cells. Then, migrated
cells, non-migrated cells, and the Input were fixed in 1% weight/
volume (w/v) paraformaldehyde/phosphate buffered saline (PBS)
1× and counted by FACSCalibur (Becton Dickinson) before the
analysis by FlowJo software V.10.9.0 (Tree Star Inc).

CD8+ T cell immunophenotype. The immunoprofile of
migrated and non-migrated CD8+ T cells was assessed after 20
seconds of incubation at 4�C with fluorochrome-conjugated anti-
bodies (Supplementary Table 1). Cells were then washed in PBS
1× and fixed in 2% w/v paraformaldehyde/PBS 1× for
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subsequent flow cytometry acquisition and analysis, as previously
described.

Proinflammatory and cytolytic molecules production.
Migrated and non-migrated cells were treated with brefeldin A
(10 μg/mL) at 37�C for 16 hours. Cells were stained with anti-
CD3 (Supplementary Table 1) for 20 seconds on ice, fixed with
4% paraformaldehyde for 20 seconds on ice, and permeabilized
with 1% BSA/0.1% saponin/PBS 1× for 5 seconds at RT. Finally,
cells were stained by anti-granzyme B, anti-perforin, anti-granuly-
sin, and anti-tumor necrosis factor alpha (TNFα) mAbs (Supple-
mentary Table 1). Cells fixed in 2% w/v paraformaldehyde/PBS
1× were then acquired with FACSCalibur and analyzed as previ-
ously described.

RNA isolation, RNA library construction, and RNA
sequencing. RNA from the migrated and non-migrated CD8+
T cells of eight patients with r-axSpA was extracted by QIAGEN
RNeasy Plus Micro Kit according to the manufacturer’s instruc-
tions. Ovation SoLo RNA-seq Library Preparation kit (Tecan
Genomics) was used for library preparation following the manu-
facturer’s instructions. After quantification, RNA quality was
tested by Agilent 2100 Bioanalyzer RNA assay (Agilent technolo-
gies) or Caliper (PerkinElmer). Final libraries were checked with
Qubit 2.0 Fluorometer (Invitrogen) and Agilent Bioanalyzer DNA
assay or Caliper (PerkinElmer). The libraries were sequenced on
paired-end 150 bp mode on NovaSeq 6000 (Illumina). Detailed

information about RNA sequencing is provided in the Supplemen-
tary Materials.

Telomere length analysis. Genomic DNA from
migrated and non-migrated cells was extracted by QIAGEN
QIAamp DNA Micro Kit following the manufacturer’s instruc-
tions. DNA was quantified by Nanodrop (ThermoScientific)
and used for telomere length analysis. The telomeric ends
repeat and the single copy gene β-globin were measured by
quantitative reverse transcriptase–polymerase chain reaction
(RT-PCR). RT-PCR details are reported in the Supplementary
Materials.

Fluorescence in situ hybridization and
immunofluorescence. Migrated and non-migrated CD8+ T
cells were plated on poly-L-lysine coated coverslips. Cells were
then fixed (2% formaldehyde), permeabilized (0.1% triton X-100/
PBS 1X), and blocked in 5% BSA/PBS 1×. Samples were incu-
bated with an anti-phosphohistone H2AX antibody (Supplemen-
tary Table 1) and then with anti-mouse IgG Alexa fluor
488 conjugate secondary antibody (Cell Signaling). Samples were
then refixed in 2% formaldehyde, dehydrated with ethanol series,
air-dried and co-denaturated for three seconds at 80�C with a
Cy3-labeled peptide nucleic acid probe, telomere sequence spe-
cific (TelC-Cy3, Panagene), and incubated for two hours in a
humidified chamber at RT in the dark. After hybridization, cover-
slips were washed with 70% formamide, 10 mM Tris-HCl pH
7.2, BSA 0.1%, and then in Tris buffered saline–Tween 0.08%,

Table 1. Characteristics of patients with radiographic r-axSpA, PsA, and RA, and HD enrolled in this study*

Patient characteristics r-axSpA (n = 128) PsA (n = 60) RA (n = 74) HD (n = 79)
r-axSpA vs HD,

P value
PsA vs HD,
P value

RA vs HD,
P value

Age, mean ± SD, y 50 ± 14.1 55 ± 14.0 56 ± 13.6 51 ± 15.0 ns ns ns
Disease duration, mean ± SD, y 14.1 ± 12.1 10.3 ± 8.9 10.5 ± 7.7 na — — —

Sex ratio (% of men) 72 53 24 49 0.0011 ns 0.0014
HLA-B*27 (% positivity) 80 18 12 8 < 0.0001 ns ns
BASDAI, mean ± SD 3 ± 2.4 na na na — — —

ASDAS-CRP, mean ± SD 2.1 ± 1.1 nd na na — — —

DAS28-CRP, mean ± SD na na 3 ± 1.3 na — — —

DAPSA, mean ± SD na 11 ± 9.9 na na — — —

CRP, mean ± SD, mg/l 5 ± 11.3 4 ± 7.9 2 ± 4.3 nd — — —

ESR, mean ± SD, mm/h 18 ± 17.7 15 ± 14.1 21 ± 18.5 nd — — —

bDMARDs, % 77 77 80 nd — — —

NSAIDs, % 9 0 0 nd — — —

csDMARDs, % 9 17 28 nd — — —

None, % 10 7 4 nd — — —

Glucocorticoids, % 2 5 8 nd — — —

Other, % 2 2 3 nd — — —

* P values were determined by Kruskal-Wallis test, except for sex ratio and HLA-B*27 positivity, where chi-square test has been applied;
P values < 0.05 were considered significant. ASDAS-CRP, ankylosing spondylitis disease activity score with C-reactive protein, determined
in 104 out 128 patients with r-axSpA; BASDAI, Bath Ankylosing Spondylitis Disease Activity Index; bDMARDs, biologic disease-modifying
antirheumatic drugs (anti-TNFα, anti-IL17, anti-IL6 receptor agents); CRP, C-reactive protein; csDMARDs, conventional synthetic disease-
modifying antirheumatic drugs; DAS28-CRP, disease activity score in 28 joints with C-reactive protein; DAPSA, disease activity in psoriatic
arthritis; ESR, erythrocyte sedimentation rate; HD, healthy donor; HLA-B*27, human leucocyte antigen; IL, interleukin; na, not applicable;
nd, not determined; none, not in therapy; ns, not significant; other, beta-blockers/angiotensin-converting enzyme; inhibitors/antidiabetics
(several patients takemore drugs simultaneously); NSAIDs, nonsteroidal anti-inflammatory drugs; PsA, psoriatic arthritis; RA, rheumatoid
arthritis; r-axSpA, radiographic axial spondyloarthritis; TNFα, tumor necrosis factor alpha.
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dehydrated with ethanol series, counterstained with 4’,6-diami-
dino-2-phenylindole (DAPI) (0.5 μg/mL, Sigma-Aldrich), and
mounted on specimen slides in mounting medium (Gelvatol
Moviol, Sigma-Aldrich). Fluorescence signals were acquired by
a Nikon Crest Spinning disk at 60× magnitude. Z-stacks were
acquired at 0.6 μm steps and then processed with a Nikon
imaging software. For lamin B1 detection, fixed and permeabi-
lized cells were incubated with anti-lamin B1 antibody
(Supplementary Table 1) and then with an anti-rabbit IgG Alexa
fluor 555, counterstained with DAPI and mounted as previously
described. Fluorescence signals were acquired as previously
described. Nuclear circularity and area were calculated by Ima-
geJ software.

Statistical analysis. Differences among the cohorts were
evaluated by the Kruskal-Wallis test, with Dunn’s correction for
multiple comparisons, whereas comparison within the same
group was done by Wilcoxon test. The comparison between the
number of migrated CD8+ and CD4+ T lymphocytes, circularity
index (CI), and nuclear area of non-migrated versus migrated
CD8+ T cells were performed by the Mann–Whitney test. Correla-
tion between age and telomere length (T/S ratio) was evaluated by
simple linear regression analysis. Statistical significance was
accepted for P values less than 0.05. Results were analyzed using
Prism software V.8.0 (GraphPad). RNA-seq analysis was per-
formed using R v.4.3.1. Differentially expressed genes (DEGs)
were assessed by comparing migrated with non-migrated CD8+
T cells using a Wald test and a false discovery rate (FDR) under
the 0.05 threshold21 by applying an independent data filtering
based on the mean of normalized counts for each gene and opti-
mizing the number of genes having an adjusted P value (FDR) of
less than 0.05. R packages ggplot2 v.3.5.0 and Complex Heat-
map v.2.16.0 were used to generate volcano plot and heatmaps,
respectively.

RESULTS

CD8+ but not CD4+ T cells in patients with SpA
exhibit high migration in the absence of chemokine
stimuli. Chronic inflammatory conditions in SpA are sustained
by continuous trafficking and recruitment of immune cells at target
sites. Although a role for CD8+ T lymphocytes in SpA pathogene-
sis has not been fully clarified, recent findings have relaunched
their involvement.8–11 Herein, we asked whether an altered
CD8+ T migratory pattern might occur in SpA by testing the che-
motactic properties of peripheral CD8+ T lymphocytes from
patients with r-axSpA and PsA, who both belong to the SpA clus-
ter, compared with age-matched HD. Moreover, to deepen the
chronic inflammation impact on the migratory pattern, in a cohort
of patients with RA, a rheumatic SpA-unrelated, chronic inflam-
matory disease was also analyzed. The migration was assessed
by transwell assays toward the proinflammatory chemokines

CXCL9, CXCL10, and CXCL11, which bind the CXC chemokine
receptor 322 (Figure 1A–C), or toward the homeostatic
chemokine CXCL12, a ligand of CXCR423 (Figure 1D). Addition-
ally, the CCL20-CCR6 axis (Figure 1E) was evaluated given its
involvement in T cell recruitment to gut mucosa and skin.24

CD8+ T cells from all cohorts properly migrated upon che-
mokine induction. Those from patients with SpA and RA exhibited
a significantly higher response to CXCL9 compared with HD
(Figure 1A), whereas the four cohorts showed a comparable che-
motaxis to CXCL10, CXCL11, and CXCL12 (Figure 1B–D). Migra-
tion in response to CCL20 was generally low, especially in the
cohort with RA compared with HD (Figure 1E). However,
the observed differences seem to not be related to an altered
expression of the cognate receptors (Supplementary Figure 1A–E).

Intriguingly, CD8+ T cells from patients with SpA disclosed
an intrinsic higher motility in the absence of chemotactic stimuli
when compared with HD and patients with RA (Figure 1A–E). To
exclude a biased effect of the small cohorts analyzed, the sample
size was increased up to 128 patients with r-axSpA, 60 with PsA,
74 with RA, and 79 HD (Figure 1F). Our data confirmed a higher
spontaneous migration of CD8+ T cells in patients with SpA (both
HLA-B*27-positive and -negative carriers) (Supplementary Fig-
ure 2) versus HDs (mean ± SD for patients with r-axSpA 3,638 ±
518.6; PsA 4,296 ± 574.5; and HD 1,572 ± 137.9). Although less
pronounced, this finding extended to patients with RA (mean ±
SD 2,575 ± 249.9), which suggests that a chronic inflammatory
state could influence the basal motility of CD8+ T cells. We asked
whether drug treatment could affect spontaneous migration.
Notably, no significant differences of CD8+ T cell basal motility
were found in untreated versus biologic disease-modifying anti-
rheumatic drug (bDMARD)–treated patients within cohorts of
SpA (r-axSpA and PsA) and RA (Supplementary Figure 3).

To verify whether the migration detected by transwell assay
was affected by the cellular ability to deform while crossing the
membrane pores or by a nuclear size decrease, the nuclear shape
and dimensionwere evaluated. Hence, migrated and non-migrated
CD8+ T cells from seven patients with r-axSpA, PsA, and RA, and
HD were stained with anti-lamin B1 mAb and DAPI and analyzed
for both nuclear CI and area. Two representative cell types of high
(left panels) and low (right panels) nuclear CI are reported
(Figure 1G). The nuclear CI was lower in migrated versus non-
migrated CD8+ T cells in all cohorts (Figure 1H), which suggests
that migration is indeed affected by nuclear deformability. Con-
trarily, the nuclear area was larger in migrated versus non-migrated
CD8+ T cells from r-axSpA, unchanged in cells from PsA and RA
cohorts, and reduced in migrated cells from HD (Figure 1I). These
findings suggested that, in HDs, cell migration could be favored
by a reduced nuclear size, whereas the higher migratory profile in
patient cohorts mainly relied on nuclear deformability.

Given the involvement of CD4+ T cells in SpA,25 we concur-
rently assessed the basal motility of CD4+ and CD8+ T cells from
patients (60 patients with r-axSpA, 41 with PsA, 40 with RA) and
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40 HDs. Within all cohorts, CD8+ T cells displayed a higher intrin-
sic motility compared with the CD4+ counterpart (Figure 1J).
Overall, these observations might suggest that the inflammatory
state, caused by both disease and/or aging (mean ± SD for age:
50 ± 14.1 in r-axSpA; 55 ± 14.0 in PsA; 56 ± 13.6 in RA; and
51 ± 15.0 in HD), has a stronger impact on the basal migratory
capabilities of CD8+ than CD4+ T cells.

Transcriptional profiling of spontaneously motile
CD8+ T cells. To highlight DEGs correlated to the high intrinsic
motility observed in CD8+ T cells of patients with SpA, transcrip-
tomic analysis of migrated versus non-migrated cells was per-
formed (Supplementary Table 2 at accession number
GSE266295 and Figure 2). RNA samples were collected from
non-migrated and migrated CD8+ T cells from eight patients with
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Figure 1. CD8+ but not CD4+ T cells in patients with SpA possess an intrinsic higher motility compared with HD. (A–E) CD8+ T cell migration
ability toward the indicated chemokines is shown. (F) The number of cells spontaneously migrating is higher in patients with immune-mediated dis-
eases, especially those with SpA, than in HD. Red asterisks, Wilcoxon test for analysis within the same cohort, * P value < 0.05; **** P value
< 0.0001; black asterisks, Kruskal-Wallis test for differences among cohorts; * P value < 0.05; ** P value < 0.01; *** P value < 0.001; **** P value
< 0.0001. (G) Upper and middle panels show the nuclear shape of migrated CD8+ T cells stained by anti-lamin B1 mAb and DAPI, respectively;
merge is shown in the bottom panel. Left and right panels are representative of cells with high and low CI, respectively. (H) The migrated cells from
all cohorts exhibited a lower CI, whereas the nuclear area (I) is larger in migrated versus non-migrated cells of all patients whereas the opposite is
found in HD. (J) Comparison of spontaneous migration in CD8+ (on the left) and CD4+ T cells (on the right) of patients and HD. Mann–Whitney test
**** P value < 0.0001. The difference in the motility of CD8+ and CD4+ T among the cohorts was analyzed by the Kruskal-Wallis test, *P value
< 0.05. Mean ± SEM in (A–F) and (J) andmedian in (H) and (I) are reported. A.U., arbitrary units; CI, circularity index; HD, healthy donor; M, migrated
CD8+ T cells; mAb, monoclonal antibody; NM, non-migrated; PsA, psoriatic arthritis; RA, rheumatoid arthritis; r-axSpA, radiographic axial spon-
dyloarthritis; SpA, spondyloarthritis.
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r-axSpA. Overall, 276 protein coding genes were up-regulated and
683 genes were down-regulated in migrated versus non-migrated
CD8+ T cells (FDR < 0.05; foldchange [FC] > 1.5) (Figure 2A). Inter-
estingly, gene ontology (GO) analysis (Figure 2B) highlighted several
enriched biologic processes (BPs) in migrated CD8+ T cells point-
ing out a cytolytic signature and natural killer (NK) features
(Figure 2B and C). Indeed, many up-regulated transcripts were
related to the activation and cell killing activity shared by NK and
CD8+ T cells (SLAMF7, PRDM1, PTPRC, NKG7, SH2D1B,
IL18R1, PTPN22, TOX, FCGR3A, EMP2, P2RX7, CX3CR1,
GZMA, GZMB, GNLY, PRF1, ITGB1, INPP5D) and others to NK
receptors (KLRD1, KLRC4, KLRC2, KLRC3, KLRK1, LILRB1)
(Figure 2C). In addition, the down-modulation of GO BPs related
to cytoplasmic translation and ribosome assembly (Figure 2B and
Supplementary Table 2) and the up-regulation of classical

senescence and exhaustion-related genes (KLRG1, B3GAT1,
LAG3) (Figure 2C) suggested that the migrated subset could be
less metabolically active and features a terminally differentiated/
senescent T cell compartment.

Spontaneously migrating CD8+ T cells possess a
terminally differentiated/senescent-like phenotype. To
validate the observations from transcriptomics, naive/memory
and senescent profiles of non-migrated versus spontaneously
migrated CD8+ T cells were analyzed by flow cytometry
(Figure 3 and Supplementary Figure 4). CCR7 and CD45RA
expression (Figure 3A) allows for the distinction of four CD8+ T cell
subsets: naive (CCR7+CD45RA+), central memory
(CCR7+CD45RA−), effector memory (CCR7−CD45RA−), and
effector memory cells re-expressing CD45RA (TEMRA) (CCR7

Figure 2. Transcriptome analysis of non-migrated versus migrated CD8+ T cells. (A) Volcano plot showing the distribution of log10 (adjusted
P values) values (y-axis) relative to log2 (fold changes) values (x-axis) resulting from the comparison of gene expression levels in migrated versus
non-migrated CD8+ T cells of eight patients with r-axSpA. Red dots indicate up-regulated DEGs associated with FDR < 0.05 and FC > 1.5 and
blue dots indicate DEGs with FDR < 0.05 and FC < −1.5. Selected DEGs are highlighted in the plot. The number of up- and down-regulated genes
is reported. (B) Dot plot showing the GO terms enriched in the up-regulated (left) and the down-regulated (right) DEGs. The size of the dots is
based on the ratio between the gene number belonging to a GO BP category and the total number of up- or down-regulated genes. The color
of the dots shows the q value associated with each term. (C) Heatmap showing row z-score scaled gene expression levels of DEGs belonging
to the up-regulated GO BP enriched categories. Genes were hierarchically clustered using Euclidean distances. BP, biological process; DEG, dif-
ferentially expressed gene; FC, Foldchange; FDR, false discovery rate; GO, gene ontology; r-axSpA, radiographic axial spondyloarthritis.
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Figure 3. Spontaneously migrating CD8+ T cells are enriched in terminally differentiated/senescent cells. (A) Representative flow cytometry plots
of naive/memory composition in non-migrated versus migrated CD8+ T cells. (B) After basal migration there was a decrease of CD8+ T naive and
central memory cells; the former was in all cohorts and the latter was only in patients, with a parallel enrichment of effector memory cells in the
migrated fraction of patients with r-axSpA and TEMRA subset in migrated cells of all patients but not in HD. (C) Heatmap of relevant DEGs (FC >
1.5; FDR < 0.05) in migrated versus non-migrated CD8+ T cells (r-axSpA, n = 8). (D) and (E) The analysis of senescence status, which was more
pronounced in migrated cells compared with non-migrated ones, as reported in the representative plot (D), has been done by CD28 and CD57
staining. (F) Representative plot showing overlapped CX3CR1 expression in migrated (red line) and non-migrated (blue line) CD8+ T cells. (G)
The CX3CR1 amount, expressed as percentage and MFI, increased after the migration in the absence of stimuli within all cohorts. Red asterisks;
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Wallis test for the comparison among the four cohorts, * P value < 0.05; ** P value < 0.01; *** P value < 0.001. Mean ± SEM is reported in B, E, and
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cells; MFI, mean level per cell; PsA, psoriatic arthritis; RA, rheumatoid arthritis; r-axSpA, radiographic axial spondyloarthritis.
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−CD45RA+). No difference was found among the four cohorts in
terms of naive/memory composition either in migrated or non-
migrated cells (Figure 3B). Conversely, the frequencies of each
subset before and after migration showed the lowering of naive
cells in the migrated CD8+ T cell pool from all cohorts
(Figure 3B). This was consistent with the CCR7 down-modulation
observed in the migrated fraction by RNA-seq analysis
(Figure 3C). The same trend was shown by the central memory
subset that decreased in migrated CD8+ T cells of all cohorts
except HDs (Figure 3B). Additionally, an enrichment of effector
memory cells in migrated CD8+ T cells from patients with
r-axSpA (Figure 3B) and of TEMRA in the migrated cells from all
patients was observed, but not in HDs (Figure 3B).

For the immunosenescent profile, CD28 and CD57 were
detected that allowed for the identification of four activation/
senescence levels: nonactivated/early-activated CD28+CD57−,
activated CD28+CD57+, activated/early-senescent CD28-CD57−,
and terminally differentiated-senescent-like CD28−CD57+
T cells (Figure 3D). Consistent with the enrichment of effector
memory and TEMRA cells found upon cell migration, an
increased percentage of CD28−CD57+ T cells in migrated ver-
sus non-migrated cells was observed (Figure 3E). Accordingly,
RNA-seq analysis showed CD28 down-modulation and CD57
up-regulation in migrated versus non-migrated CD8+ T cells
from patients with r-axSpA who were analyzed (Figure 3C).
Interestingly, terminally differentiated-senescent-like CD28
−CD57+ T cells were more abundant in non-migrated CD8+ T
cells from all patients compared with HDs (Figure 3E). This
enrichment was also found before migration in patients with
SpA compared with HDs (Supplementary Figure 5). Of note,
patients with RA showed a lower occurrence of nonactivated/
early-activated CD28+CD57− T subset in non-migrated cells
compared with HD (Figure 3E). Additionally, CD28−CD57−
cells were found enriched exclusively in migrated cells from
HD and more abundant compared with patients with r-axSpA
(Figure 3E). No significant differences were observed for
CD28+CD57+ cells (Figure 3E). Notably, the comparison of
spontaneously migrated versus chemokine-treated cells in
patients with SpA showed a higher percentage of TEMRA and
senescent cells in the former pool (Supplementary Figure 6). A
low percentage of CD8+ T cells expressed PD1, a T cell
exhaustion marker, without differences between migrated and
non-migrated pools, as anticipated by transcriptomic data
(Supplementary Figure 7).

Furthermore, the expression of CX3CR1, a marker of CD8+
T cell differentiation state, highly expressed by long-lived CD8+
T effector memory cells with cytolytic properties,26–28 was evalu-
ated after migration (Figure 3F and G). Consistently with RNA-
seq data, we found a higher CD8+CX3CR1+ T cell percentage
in the migrated pool from all cohorts (Figure 3C, F, and G).
Notably, the CD8+CX3CR1+ percentage was higher in non-
migrated cells from patients with RA than in HDs (Figure 3G).

These data positively correlated with age of patients, which
suggests that physiologic aging with chronic inflammation
strongly affect the CD8+ T cell differentiation state. Accord-
ingly, CX3CR1 amount, measured through the mean fluores-
cence intensity (MFI), was higher in migrated cells from all
groups compared with non-migrated cells (Figure 3G). Inter-
estingly, both non-migrated and migrated CD8+ T cells from
patients with r-axSpA and migrated cells from patients with
RA showed higher CX3CR1 MFI than HD (Figure 3G). Alto-
gether, these data link the higher spontaneous migration with
a terminally differentiated/senescent T cell status.

Spontaneously migrating CD8+ T cells exhibit
increased cytolytic and proinflammatory functions.
Afterward, we asked whether data from RNA-seq analysis could
be confirmed at protein level and translated into functional proper-
ties. The production of cytolytic molecules, such as granzyme B,
perforin, and granulysin, which have genes that are up-
regulated from transcriptomics (Figure 4A–D and Supplemen-
tary Figure 8), was then evaluated. Additionally, the TNFα
secretion was also assessed (Figure 4D and Supplementary
Figure 8); however, its transcript was not among DEGs dis-
criminating non-migrated from migrated cells (Supplementary
Table 2) because it represents one major senescence-
associated secretory phenotype component and a crucial
therapeutic target in SpA. Consistently, granzyme B produc-
tion was higher in migrated versus non-migrated cells
(Figure 4B) in all cohorts, whereas the frequency of perforin-
secreting CD8+ T cells increased on migration only in patients
with SpA (Figure 4C). Moreover, an increase of granulysin
(Figure 4D) and TNFα production (Figure 4E) was observed in
migrated versus non-migrated cells both in patients and HDs
with no significant differences among the cohorts. Overall,
these data indicate that, even without stimulation, the basally
migrating CD8+ T cell fraction was capable of producing a
higher amount of proteins with cell killing and proinflammatory
potential.

Senescent spontaneously migrating CD8+ T cells
display shorter and damaged telomeres especially in
patients with SpA. Recent studies highlighted the occurrence
of premature T cell senescence in axial SpA and patients with
RA, but the underlying mechanisms and the contribution to
inflammation at target tissues have not been elucidated as of
yet.17,29–31 Herein, we evaluated the telomere length in migrated
versus non-migrated CD8+ T cells from 24 patients with r-axSpA,
24 with PsA, 24 with RA, and 24 HDs. Figure 5A reports the
length of telomeres as a T/S ratio that indicates the number of
copies of telomere repeats (T) compared with a single copy con-
trol gene (S; β-globin). In line with the senescence state detected
by flow cytometry (Figure 3), the migrated CD8+ T cells
were characterized by shorter telomeres compared with the
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non-migrated counterpart in all groups. The telomere shortening
displayed a trend of positive correlation with the age in migrated
and non-migrated cells that reached a statistical significance in
non-migrated CD8+ T cells from patients with r-axSpA and
patients with PsA (Figure 5B).

Data from telomere length measurement (Figure 5A) raised
the question of whether shortened telomeres found in sponta-
neously migrating CD8+ T cells were still able to maintain cap-
ping structures that prevent DDR activation and telomere
dysfunction (TD). Therefore, the expression of the phosphory-
lated form of γ-H2AX, a DDR marker, was analyzed in migrated
versus non-migrated CD8+ T cells from 14 patients with r-
axSpA, 14 with PsA, 14 with RA, and 13 HDs. In parallel, to
assess if DDR activation was due to telomere attrition, we ana-
lyzed the percentage of cells displaying telomeric signals and
γ-H2AX colocalization by immunofluorescence-fluorescence
in situ hybridization (IF-FISH) experiments. In all cohorts, a
higher percentage of DDR and TD positive cells was detected
in migrated cells (Figure 5C–F). Accordingly, the TD number
estimation per nucleus revealed an increase of the TD average
number in migrated versus non-migrated CD8+ T cells in all
cohorts (Figure 5F). More importantly, among the migrated
cells, only CD8+ T cells from patients with r-axSpA displayed
a significant increase in the TD number compared with HDs
(Figure 5F). Overall, these results correlate the spontaneous

migration of CD8+ T cells with an advanced senescent state
characterized by telomere shortening, DDR activation, and
TD, which was more pronounced in migrated CD8+ T cells
from patients with r-axSpA.

DISCUSSION

In this study, we describe a subpopulation of peripheral
CD8+ T cells significantly increased in patients of the SpA cluster
(r-axSpA and PsA) (Figure 1) that spontaneously migrates regard-
less of specific chemokine gradients. Notably, this CD8+ T cell
subset shows a senescent/terminally differentiated immunopro-
file, DDR activation, telomere shortening, and dysfunction and
retains cytotoxic and proinflammatory functions (Figures 2–5)
and is also detectable with lower frequency in patients with RA
and elderly HD participants (mean ± SD age: 51 ± 15). Thus, it is
conceivable to speculate that these intrinsically “hypermotile”
CD8+ T cells could be a byproduct of the inflammaging, which is
the basal state of inflammation naturally increasing during aging,
and, more importantly, in immune-mediated disorders.

Many studies linked the chronic inflammation associated
with rheumatic and other disorders to alterations of the telo-
mere/telomerase system through molecular mechanisms that
are still unclear.31,32 Yet, nuclear factor kappa B (NF-κB), a key
regulator of inflammation, may induce changes in the telomere
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SPONTANEOUSLY MIGRATING CD8+ T CELLS IN SpA 863



length and telomerase activity through the regulation of several
telomere components.32 Moreover, TNFα and p38 MAPK signal-
ing pathways can induce telomere shortening either through
direct NF-κB activation or by promoting the release of activating
transcription factor 7 (ATF7) and telomerase from telomeres on
ATF7 phosphorylation by p38.33

A cross-sectional study reported a significantly longer telo-
mere length in PBMCs from patients with r-axSpA, PsA, and RA
than in HDs.34 Later on, the same authors described a PBMC
telomere length decay more accelerated in patients with PsA than
in patients with r-axSpA.35 This finding was attributed to different
PBMC telomere physiology dynamics influenced by turnover rate
and oxidative stress-induced telomere damage between the two
forms of SpA.

In axial SpA, a premature CD8+ and CD4+ T cell senescence
was documented in patients younger than 35 years who pre-
sented inappropriate telomere shortening, shrinkage of thymic
output, and altered telomerase activity; however, the question
remains as to whether these alterations precede or follow the clin-
ical disease onset.17 Our data do not show telomere length differ-
ences between patients and controls, neither comparing the
spontaneously migrating CD8+ T cells nor the bulky non-migrat-
ing cells (Figure 5A). Instead, we find shorter telomeres in
migrated compared with non-migrated cells in all groups and a
general trend of inverse correlation between telomere length and
age that reached statistical significance in the non-migrated but
not in the migrated CD8+ T cell pool from patients with SpA. This
suggests that other factors besides the age impact the telomere
status in the latter (Figure 5A and B).

Interestingly, spontaneously migrating CD8+ T cells from all
cohorts exhibited a more pronounced DDR activation and a
higher number of telomeric damage foci/cell that outlines a senes-
cence phenotype (Figure 5C–F). In particular, the highest DDR
and telomere attrition were found in migrating CD8+ T cells from
patients with SpA that also displayed the highest rate of motility
(Figures 1 and 5C–F). Notably, the nuclear circularity analysis
revealed a certain deformity due to a nonuniform lamin B1 distri-
bution at the nuclear periphery in migrating versus non-migrating
CD8+ T cells in all cohorts (Figure 1G and H).

Recently, it has been shown that lamin isoforms bind the
linker of nucleoskeleton and cytoskeleton complex and their loss
softens the cell nucleus and enhances constricted cell migration
that contributes to migration-induced DNA damage.36 Lamin B1
has been implicated in inflammation, cellular senescence, age-
associated organ dysfunctions, and human disorders.37

Moreover, growing evidence reports a direct interaction between
telomere components and lamins that suggests a possible
link between telomere attrition/dysfunction and nuclear
architecture.38 Although in migrating CD8+ T cells lamin B1 gene
is not modulated, its uneven distribution could alter the stoichio-
metric assembly of the nuclear lamina inducing alterations of cell
mechano-sensitivity and motility.39

Our data revealed a terminally differentiated and senescent
profile of CD8+ T cells endowed with intrinsic motion (Figures 2
and 3). Importantly, an increase of TEMRA subset and a decrease
of central memory subset was found in the pool of migrated CD8+
T cells from all patients, but not from HD (Figure 3A–C). These
immunophenotypic differences suggest that the spontaneously
migrated fraction from patients might be enriched in cells chroni-
cally stimulated by self and/or microbial antigens from persistent
viruses or altered microbiota.16,40–42 However, an intestinal origin
of these spontaneously migrating CD8+ T cells is not supported
by RNA-seq data because α4 (ITGA4) and β7 (ITGB7) integrin
genes are not up-regulated (data not shown).17 In patients with
r-axSpA, an expansion of circulating cytotoxic CD8+CD28−
T cells has been documented and their percentage correlated
with the disease status but not with the age.43 A strong enrich-
ment of CD8+CD28−CD57+ T cells, classically defined as termi-
nally differentiated-senescent-like cells, was found in the migrated
pool from all cohorts (Figure 3C–E). Remarkably, the percentage
of such cells was already higher in the bulky non-migrated cells of
patients compared with HDs (Figure 3E), which supports a role for
chronic inflammation in accelerating T cell immunosenes-
cence.30,44 In addition, the up-regulation of genes implicated in
cytotoxic functions and NK-like trait (Figure 2) and the production
of cytolytic and proinflammatory proteins (Figure 4) in spontane-
ously migrated CD8+ T cells delineated a cytotoxic profile. Accord-
ingly, recent single cell cellular indexing of transcriptomes and
epitopes by sequencing (CITE-seq) data showed that a hallmark
of peripheral effector memory CD8+ T cells in patients with
r-axSpA is the overexpression of cytotoxicity-related genes, includ-
ing GZMH, GZMB, and NKG7.45

Our data also evidence a significantly higher expression of
the fractalkine receptor, CX3CR1, in spontaneously migrating
compared with nonmigrating CD8+ T cells (Figure 3F and G).
CX3CR1 graded transcript levels have been proven to reflect the
CD8+ T cell differentiation continuum with higher expression
levels correlated to stronger cytotoxicity.26–28 Recently, a circulat-
ing CD8+CCR4+ subpopulation displaying up-regulation of
genes promoting osteogenesis has been described in patients
with r-axSpA with active disease.46 Consistently with our data,
those CD8+CCR4+ cells expressing CX3CR1 exhibited an
enhanced cytotoxicity. Integrated meta-analyses of gene expres-
sion profiles identified CX3CR1 as a marker for rheumatic dis-
eases.47 Additionally, a study to develop a predictive disease
risk model for r-axSpA acknowledged CX3CR1 as a potential bio-
marker for early disease diagnosis and progression.48

A mechanistic explanation linking CD8+ T cell spontaneous
motility with the senescent/cytotoxic phenotype is still lacking. In
line with the observed functional phenotype, transcriptomic analy-
sis highlighted in migrated CD8+ T cells, several key genes
involved in cell motility, cytoskeleton organization, DNA damage,
and telomere stress-induced senescence, but they were not
implicated in GO BPs significantly enriched (Figure 2B and
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Supplementary Table 2). In patients with RA, Li et al associated
premature aging of CD4+ T cells showing a hypermotile, tissue-
invasive, and highly arthritogenic in vivo phenotype with a defec-
tive expression of the DNA double strand break repair nuclease
MRE11A.29 In our study, migrated CD8+ T cells from patients
with r-axSpA showed up-regulation of MRE11 (Figure 2B), which
indicates that in our context other mechanisms induce DDR acti-
vation. Moreover, our data underlined a low basal motility of
CD4+ T cells that might reflect their lower susceptibility to senes-
cence due to a different metabolism.30

The CD8+ T cell subset, which is characterized here,
although intrinsically “hypermotile,” is also able to efficiently
migrate following a chemotactic gradient (Figure 1A–E). There-
fore, we can speculate that these circulating CD8+ T cells could
reach the target tissues in patients with SpA attracted by inflam-
matory chemokine gradients or even by CX3CL1, which has an
increased level in inflamed gut and synovial tissues but not in the
blood of patients with r-axSpA.49 Once in the target tissues, these
cells could randomly move in the extracellular matrix supported by
their intrinsic motility and create channels that may favor the
spreading of other immune cells.50 Accordingly, intravital imaging
of cytotoxic CD8+ T cells in pancreatic islets of diabetic mice
showed that the cell homing kinetics is a stochastic process,
which argues against a dominant influence of chemotactic
gradients.51

Overall, these results shed light on a subpopulation of circu-
lating CD8+ T cells that are more frequent in patients in the SpA
cluster and that may contribute to chronic inflammation by cou-
pling the intrinsic motion with a cytotoxic/proinflammatory profile.
Deeper investigations will be required to understand the mecha-
nistic relationship between TD/senescence and hypermotility, as
well as the possible modulatory effects of bDMARDs on the
immune and migratory phenotype of this T cell subset.

ACKNOWLEDGMENTS

The authors are grateful to all patients and healthy subjects enrolled
in the study and to Dr Federica Lucantoni for excellent technical support.
We also want to thank IGA Technology Services of Udine, Italy, for
support in the RNA sequencing. Open access publishing facilitated by
Universita degli Studi di Roma La Sapienza, as part of the Wiley - CRUI-
CARE agreement.

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 Fiorillo 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 state-
ments regarding compliance with institutional review board/Declaration
of Helsinki requirements.

REFERENCES

1. Mauro D, Thomas R, Guggino G, et al. Ankylosing spondylitis: an
autoimmune or autoinflammatory disease? Nat Rev Rheumatol
2021;17(7):387–404.

2. Navarro-Comp�an V, Sepriano A, El-Zorkany B, et al. Axial spondyloar-
thritis. Ann Rheum Dis 2021;80(12):1511–1521.

3. Dougados M, Baeten D. Spondyloarthritis. Lancet 2011;377(9783):
2127–2137.

4. Stolwijk C, van Tubergen A, Castillo-Ortiz JD, et al. Prevalence of
extra-articular manifestations in patients with ankylosing spondylitis:
a systematic review and meta-analysis. Ann Rheum Dis 2015;74(1):
65–73.

5. Ranganathan V, Gracey E, Brown MA, et al. Pathogenesis of ankylos-
ing spondylitis - recent advances and future directions. Nat Rev Rheu-
matol 2017;13(6):359–367.

6. Cortes A, Hadler J, Pointon JP, et al; Wellcome Trust Case Control
Consortium 2 (WTCCC2). Identification of multiple risk variants for
ankylosing spondylitis through high-density genotyping of immune-
related loci. Nat Genet 2013;45(7):730–738.

7. Costantino F, Breban M, Garchon HJ. Genetics and functional geno-
mics of spondyloarthritis. Front Immunol 2018;9:2933.

8. Tang M, Inman RD. Recent advances on the role of cytotoxic T lym-
phocytes in the pathogenesis of spondyloarthritis. Semin Immuno-
pathol 2021;43(2):255–264.

9. Yang X, Garner LI, Zvyagin IV, et al. Autoimmunity-associated T cell
receptors recognize HLA-B*27-bound peptides. Nature 2022;
612(7941):771–777.

10. Deschler K, Rademacher J, Lacher SM, et al. Antigen-specific
immune reactions by expanded CD8+ T cell clones from HLA-
B*27-positive patients with spondyloarthritis. J Autoimmun 2022;
133:102901.

11. Britanova OV, Lupyr KR, Staroverov DB, et al. Targeted depletion of
TRBV9+ T cells as immunotherapy in a patient with ankylosing spon-
dylitis. Nat Med 2023;29(11):2731–2736.

12. Petrelli A, van Wijk F. CD8(+) T cells in human autoimmune arthritis:
the unusual suspects. Nat Rev Rheumatol 2016;12(7):421–428.

13. Sieper J, Poddubnyy D. Axial spondyloarthritis. Lancet 2017;390
(10089):73–84.

14. Gracey E, Vereecke L, McGovern D, et al. Revisiting the gut-joint axis:
links between gut inflammation and spondyloarthritis. [published cor-
rection appears in Nat Rev Rheumatol 2020 Sep;16(9):536]. Nat Rev
Rheumatol 2020;16(8):415–433.

15. Bernardini G, Benigni G, Scrivo R, et al. The multifunctional role of the
chemokine system in arthritogenic processes. Curr Rheumatol Rep
2017;19(3):11.

16. Tedeschi V, Paldino G, Kunkl M, et al. CD8+ T cell senescence: lights
and shadows in viral infections, autoimmune disorders and cancer. Int
J Mol Sci 2022;23(6):3374.

17. Fessler J, Raicht A, Husic R, et al. Premature senescence of T-cell
subsets in axial spondyloarthritis. Ann Rheum Dis 2016;75(4):
748–754.

18. van der Linden S, Valkenburg HA, Cats A. Evaluation of diagnostic
criteria for ankylosing spondylitis. A proposal for modification of the
New York criteria. Arthritis Rheum 1984;27(4):361–368.

19. Taylor W, Gladman D, Helliwell P, et al.; CASPAR Study Group. Clas-
sification criteria for psoriatic arthritis: development of new criteria
from a large international study. Arthritis Rheum 2006;54(8):2665–
2673.

20. Aletaha D, Neogi T, Silman AJ, et al. 2010 Rheumatoid arthritis classi-
fication criteria: an American College of Rheumatology/European
League Against Rheumatism collaborative initiative. Arthritis Rheum
2010;62(9):2569–2581.

SPONTANEOUSLY MIGRATING CD8+ T CELLS IN SpA 865



21. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a prac-
tical and powerful approach to multiple testing. J R Stat Soc Series B
Stat Methodol 1995;57(1):289–300.

22. Dillemans L, De Somer L, Neerinckx B, et al. A review of the pleiotro-
pic actions of the IFN-inducible CXC chemokine receptor 3 ligands in
the synovial microenvironment. Cell Mol Life Sci 2023;80(3):78.

23. Janssens R, Struyf S, Proost P. Pathological roles of the homeostatic
chemokine CXCL12. Cytokine Growth Factor Rev 2018;44:51–68.

24. Ranasinghe R, Eri R. Pleiotropic immune functions of chemokine
receptor 6 in health and disease. Medicines (Basel) 2018;5(3):69.

25. Mauro D, Simone D, Bucci L, et al. Novel immune cell phenotypes in
spondyloarthritis pathogenesis. Semin Immunopathol 2021;43(2):
265–277.

26. Böttcher JP, Beyer M, Meissner F, et al. Functional classification of
memory CD8(+) T cells by CX3CR1 expression. Nat Commun 2015;
6(1):8306.

27. Morris SR, Chen B, Mudd JC, et al. Inflammescent CX3CR1+CD57+-
CD8+ T cells are generated and expanded by IL-15. JCI Insight 2020;
5(11):e132963.

28. Zwijnenburg AJ, Pokharel J, Varnaitė R, et al. Graded expression of
the chemokine receptor CX3CR1 marks differentiation states
of human and murine T cells and enables cross-species interpreta-
tion. Immunity 2023;56(8):1955–1974.e10.

29. Li Y, Shen Y, Hohensinner P, et al. Deficient activity of the nuclease
MRE11A induces T cell aging and promotes arthritogenic effector
functions in patients with rheumatoid arthritis. Immunity 2016;45(4):
903–916.

30. Mittelbrunn M, Kroemer G. Hallmarks of T cell aging. Nat Immunol
2021;22(6):687–698.

31. Heba AC, Toupance S, Arnone D, et al. Telomeres: new players in
immune-mediated inflammatory diseases? J Autoimmun 2021;123:
102699.

32. Lu Y, Ruan Y, Hong P, et al. T-cell senescence: a crucial player in
autoimmune diseases. Clin Immunol 2023;248:109202.

33. Maekawa T, Liu B, Nakai D, et al. ATF7 mediates TNF-α-induced telo-
mere shortening. Nucleic Acids Res 2018;46(9):4487–4504.

34. Tamayo M, Mosquera A, Rego JI, et al. Differing patterns of peripheral
blood leukocyte telomere length in rheumatologic diseases. Mutat
Res 2010;683(1-2):68–73.

35. Tamayo M, Pértega S, Mosquera A, et al. Individual telomere length
decay in patients with spondyloarthritis. Mutat Res 2014;765:1–5.

36. Vahabikashi A, Sivagurunathan S, Nicdao FAS, et al. Nuclear lamin
isoforms differentially contribute to LINC complex-dependent nucleo-
cytoskeletal coupling and whole-cell mechanics. Proc Natl Acad Sci
USA 2022;119(17):e2121816119.

37. Kim Y. The impact of altered lamin B1 levels on nuclear lamina struc-
ture and function in aging and human diseases. Curr Opin Cell Biol
2023;85:102257.

38. Rai R, Sodeinde T, Boston A, Chang S. Telomeres cooperate with the
nuclear envelope to maintain genome stability. BioEssays 2024;46(2):
e2300184.

39. Fracchia A, Asraf T, Salmon-Divon M, et al. Increased lamin B1 levels
promote cell migration by altering perinuclear actin organization. Cells
2020;9(10):2161.

40. Breban M, Tap J, Leboime A, et al. Faecal microbiota study reveals
specific dysbiosis in spondyloarthritis. Ann Rheum Dis 2017;76(9):
1614–1622.

41. Wang L, Wang Y, Zhang P, et al. Gut microbiota changes in patients
with spondyloarthritis: a systematic review. Semin Arthritis Rheum
2022;52:151925.

42. Tedeschi V, Paldino G, Alba J, et al. ERAP1 and ERAP2 haplotypes
influence suboptimal HLA-B*27:05-restricted anti-viral CD8+ T cell
responses cross-reactive to self-epitopes. Int J Mol Sci 2023;24(17):
13335.

43. Schirmer M, Goldberger C, Würzner R, et al. Circulating cytotoxic
CD8(+) CD28(-) T cells in ankylosing spondylitis. Arthritis Res 2002;
4(1):71–76.

44. Bektas A, Schurman SH, Sen R, et al. Human T cell immunosenes-
cence and inflammation in aging. J Leukoc Biol 2017;102(4):
977–988.

45. Alber S, Kumar S, Liu J, et al. Single cell transcriptome and surface
epitope analysis of ankylosing spondylitis facilitates disease classifica-
tion by machine learning. Front Immunol 2022;13:838636.

46. Martini V, Silvestri Y, Ciurea A, et al. Patients with ankylosing spondy-
litis present a distinct CD8 T cell subset with osteogenic and cytotoxic
potential. RMD Open 2024;10(1):e003926.

47. Wang L, Wu LF, Lu X, et al. Integrated analyses of gene expression
profiles digs out common markers for rheumatic diseases. PLoS
One 2015;10(9):e0137522.

48. GaoW, Hou R, Chen Y, et al. A predictive disease risk model for anky-
losing spondylitis: based on integrated bioinformatic analysis and
identification of potential biomarkers most related to immunity. Media-
tors Inflamm 2023;2023:3220235.

49. Ciccia F, Guggino G, Zeng M, et al. Proinflammatory CX3CR1+-
CD59+tumor necrosis factor-like molecule 1A+Interleukin-23+mono-
cytes are expanded in patients with ankylosing spondylitis and
modulate innate lymphoid cell 3 immune functions. [published correc-
tion appears in Arthritis Rheumatol 2021;73:701]. Arthritis Rheumatol
2018;70(12):2003–2013.

50. Sadjadi Z, Zhao R, Hoth M, Qu B, Rieger H. Migration of cytotoxic
T lymphocytes in 3D collagen matrices. Biophys J 2020;119(11):
2141–2152.

51. Coppieters K, Amirian N, von Herrath M. Intravital imaging of CTLs
killing islet cells in diabetic mice. J Clin Invest 2012;122(1):
119–131.

PALDINO ET AL866



Induction of Type I Interferon–Dependent Activation and
Migration of Inflammatory Dendritic Cells to Local Lymph
Nodes by UV Light Exposure

Xizhang Sun, Jaime L. Chao, Michael Gerner, and Keith B. Elkon

Objective. Photosensitivity occurs in �75% of patients with lupus. Although UV light radiation (UVR) stimulates
type I interferon (IFN-I) in the skin, how UVR-induced skin inflammation leads to downstream effects is poorly under-
stood. Tissue inflammation causes dendritic cells (DCs) to migrate from organs to draining lymph nodes (dLN), includ-
ing a recently identified inflammatory conventional DC subset (inf cDC2) that are potent antigen-presenting cells. To
explore links between UVR and the early immune response, we examined DC and lymphocyte subset migration to
dLN in normal and lupus-prone mouse strains as well as the role of IFN-I.

Methods. Mice received a single dose of UV (500 mJ/cm2) on the dorsal skin. Brachial and inguinal dLN were har-
vested at one or two days post-UVR. Flow cytometry using the Symphony A3 cytometer and 15-color staining identi-
fied myeloid and lymphoid subsets. Statistical significance was determined by Student’s t-test.

Results. Higher numbers of CD64+ myeloid cells as well as inf cDC2 were detected in the dLN after UVR in B6
mice, but not in IFN receptor knockout (IFNAR KO) mice. In contrast, Trex1 mutant mice had an exaggerated IFN-I
response in the skin and a higher proportion of inf cDC2 in the dLN.

Conclusion. These findings reveal a previously unknown relationship between skin UVR and the migration of the inf
cDC2 population to dLN. They highlight the role of IFN-I in this process, and the differences between Trex1 mutant and
normal mice suggest that this may be of relevance to lupus.

INTRODUCTION

Photosensitivity to sunlight is a very common manifesta-

tion of systemic lupus erythematosus (SLE). Not only may UV

light radiation (UVR) worsen cutaneous lupus erythematosus

(CLE), but it may also initiate systemic disease flares.1,2

Although the mechanisms responsible for local and systemic

disease exacerbations remain incompletely understood, type

I interferon (IFN-I) is thought to be central to the pathogenesis

of CLE.3 The IFN-I signature is prominent in the skin of patients

with CLE, and we and others have shown that UVR stimulates

an IFN-I signature in intact skin or in isolated keratinocytes.4–6

Furthermore, IFN-1 receptor blockade significantly improves

the Cutaneous LE Disease Area and Severity Index skin score

in patients with lupus, indicating the clinical significance of

IFN-I in the skin.7 Although both IFN-I and neutrophils may

contribute to damage to internal organs after UVR,8 it is likely

that the adaptive immune system is also recruited into the sys-

temic response.
Sunlight exposure results in multiple biologic effects in the

skin that are mediated by UVR (reviewed in Hart et al9). At the cel-

lular level, UV induces direct and reactive oxygen species (ROS)–

mediated DNA damage, generation of pyrimidine dimers, and

photoproducts. These effects lead to inhibition of translation

and to cell death (sunburst cells). The immune response to cell

damage is also complex and depends on the type, duration, and

dose of UVR, as well as host factors. Although acute inflammation

is an invariable response to UVR, longer-term effects may vary.

One of the best-studied delayed effects of UVR is suppression

of antigen-specific contact hypersensitivity reactions, which is

largely explained by migration of epidermal Langerhans cells to

draining lymph nodes (dLN) with the subsequent generation of
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Treg cells.10 In addition, UVB generates suppressive cytokines
and keratinocytemicrovesicles containing platelet-activating factor
receptor agonists that also contribute to immunosuppression.11

In contrast to suppressive responses to UVR, the majority of
patients with lupus have exaggerated inflammatory responses
in the skin,12 and some experience systemic exacerbations.
Because of the prominent role of IFN-I in lupus in general as well
as in the skin,13–15 we explored the effects of IFN-I on dendritic cell
(DC) migration from the skin to dLN. DCs were selected because
IFN-I may selectively impact the generation of myeloid cells after
UVB exposure4,16 and DCs provide the bridge between innate
and adaptive immunity.

MATERIALS AND METHODS

Mice, UV, and violet light exposure. The mice used in
this study were 12- to 16-week-old females of the following
strains: C57BL/6 (B6, wild type), B6.cGAS−/− (kindly provided
by Michael Gale, University of Washington), B6.Ifnar−/− (JAX lab-
oratories), Trex1 D18N mutant17 (kindly provided by Fred Perrino,
Wake Forest University), and Kikume Green-Red (KikGR)18 (kindly
provided by Kristine Kuhn, University of Colorado, Denver). Mice
were anesthetized with isoflurane, and a single dose of UVB
(500 mJ/cm2) was delivered to the shaved whole back using
FS40T12/UVB bulbs (National Biological Corporation) as
described previously.5 The narrow-band UVB light energy
(290–320 nm, maxima 311 nm) at the dorsal surface was mea-
sured with a Photolight IL1400A radiometer with a SEL240/UVB
detector (International Light Technologies). In some experiments,
the shaved skin was painted with tetramethylrhodamine isothio-
cyanate (TRITC) right after skin was exposed to UVB light, at 1%
in 1:1 mix of acetone:dibutylphthalate 10 μL per area, total 4 areas
per mouse (2 shoulders, 2 near hindlegs) according to published
methods.19 KikGR transgenic mice were exposed to violet light
(380–450 nm) as described previously.8 A 50-W light-emitting
diode lamp with 0.37 numerical aperture fiber (Mightex) at the
power of 100 mW and narrow-band 405-nm wavelength was
used to expose shaved skin to violet light for 1 hour, followed by
UVB-induced sterile injury. In brief, female B6 or KikGR mice
(who express the photoconvertible fluorescent coral green
fluorescent protein activated by violet light) were either exposed
to violet light (405 nm) or not at time 0. One hour after violet light
exposure, mice were either exposed to UVR or not. All animal
experiments were approved by the Institutional Animal Care and
Use Committee of the University of Washington, Seattle.

Detection of IFN-stimulated gene expression

Skin biopsies (6 mm) were performed before irradiation and
at different time points after acute UVB injury (6, 24, and 48 hours),
and tissue was stored in RNA Later solution (Qiagen). RNA from
skin was extracted by RNA Easy kit from Qiagen. Complementary

DNA (cDNA) was synthesized using High Capacity cDNA synthe-
sis kit (Applied Biosciences). IFN-stimulated gene (ISG) tran-
scripts were selected according to previous studies of IFN
response to UV and in Trex−/− animals4,20 and quantified by
real-time quantitative polymerase chain reaction and normalized
to 18S (skin) or Gapdh (blood) transcript levels using the following
primers: Isg15, F 50-AAGCAGCCAGAAGCAGACTC-30 and R
50-CACCAATCTTCTGGGCAATC-30; Isg20, F 50-TCACGGA
CTACAGAACCCAAG-30 and R 50-TATCCTCCTTCAGGGCA-
TTG-30; IFN regulatory factor 7 (Irf7), F 50-GTCTCGGCTTGTG-
CTTGTCT-30 and R 50-CCAGGTCCATGAGGAAGTGT-30; Mx1,
F 50-CCTCAGGCTAGATGGCAAG-30 and R 50-CCTCAGGCTA-
GATGGCAAG-30; Ifit1, F 50-TGCTGAGATG GACTGTGAGG-30

and R 50-CTCCACTTTCAGAGCCTTCG-30; Ifit3, F 50-TGGCCT-
ACATAAAGCACCTAGATGG-30 and R 50-CGCAAACTTTTGGC-
AAACTTGTCT-30; Ifi44, F 50-AACTGACTGCTCGCAATAATGT-
30 and R 50-GTAACACAGCAATGCCTCTTGT-30; Usp18, F 50-
TTGGGCTCCTGAGGAAACC-30 and R 50-CGATGTTGTGTA-
AACCAACCAGA-30; Oasl1, F 50-CAGGAGCTGTACGGCTTCC-
30 and R 50-CCTACCTTGAGTACCTTGAGCAC-30; Ifi27l2a, F 50-
CTGTTTGGCTCTGCCATAGGAG-30 and R 50-CCTAGGATG-
GCATTTGTTGATGTGG-30; Gapdh, F 50-TGGAAAGCTGTGG-
CGTGAT-30 and R 50-TGCTTCACCACCTTCTTGAT-30; and
18s, F 50-AACTTTCGATGGTAGTCGCCGT-30 and R 50-TCCT-
TGGATGTGGTAGCCGTTT-30.

Flow cytometry analysis of cells in the dLN

Lymph nodes (LNs) were obtained from axillary and brachial
sites at one and two days after skin exposure to UVB light. In
some cases, LNs were obtained from other sites that did not drain
UV-exposed skin as controls. LNs were processed as previously
described.21,22

Briefly, the tissue was minced finely and digested with
0.8 mg/mL Dispase II (Sigma-Aldrich), 0.2 mg/mL collagenase
P (Sigma-Aldrich), and 0.1 mg/mL of deoxyribonuclease I
(Worthington) in complete RPMI medium with Ca+2 and Mg+2

and 10% fetal bovine serum for 30 minutes at 37�C with shaking.
Cells were passed through a 0.7-μm strainer, resuspended in
RPMI, and counted. Cells were treated with Fc Block TruStain
FcX (Biolegend) and stained in phosphate-buffered saline + 1%
bovine serum albumin. Surface staining was performed using
mouse-specific fluorescent antibodies purchased from Biole-
gend. The following markers were used to define innate immune
cell subpopulations: migratory (mig) DCs, CD3− B220− Ly6G−
CD26+ MHCII− high CD11c− intermediate (int); cDC1, MHCII+
CD26+ XCR1+ CD172−; cDC2, MHCII+ CD26+ XCR1−
CD172+; resident (res) DCs, CD3− CD19− Ly6G− CD26+
MHCII− int to +, CD11c− high; inflammatory cDC2, CD26+
MHCII+ XCR1− CD172+ CD64+ MAR1+; inflammatory mono-
cytes, CD3− CD19− Ly6G− Ly6C+ CD26− CD64+ Mar1+
CD88+; Langerhans cells (LCs), CD3− CD19− Ly6G− CD26−
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MHCII+ XCR1− Epcam+; neutrophils, CD3− CD19− CD11b
+Ly6G+. Adaptive immune cells were defined by the following
gating schemes: B cells, CD3− CD19+; CD8+ T cells, CD3+
CD8+ CD4−; CD4+ conventional T cells (T conv), CD3+ CD4+
CD8− Foxp3−; CD4+ Treg cells, CD3+ CD4+ CD8− Foxp3+.
Additional subgating based on CD69, Ki67, and CXCR3 expres-
sion was also performed. Stained cells were analyzed on a Sym-
phony A3 flow cytometer (BD) and data analyzed with FlowJo
software v10 (Tree Star). The numbers and percent positive
populations were determined using fluorescence minus one con-
trols. For statistical analysis, differences between test and control
groups were compared by Student’s t-test using Graph Pad
Prism version 10.

RESULTS

Exposure of the skin to UV light causes migration of
DCs to dLN. To determine whether UVR to the skin resulted in
migration of myeloid cells to local dLN, we exposed three female
B6 mice to a single dose of 500 mJ/cm2 UV and then examined
dLN for the presence of conventional mig DCs, LCs, and Ly6C+
CD64+ cells (normally classified as monocytes), both at day
1 and day 2 after UVR. Flow cytometry gating for these experi-
ments is depicted in Supplementary Figure 1 (Supplementary
Figure 1A at baseline and Supplementary Figure 1B two days
post-UVR). As shown in Figure 1A, we observed an increase in
mig DCs, res DCs, and Ly6C+ CD64+ cells, but not LCs, in the
dLN two days after UVR. Lack of an increase in LCs two days
after UVR is most likely explained by the delayed kinetics of LC
migration to dLN, which usually peaks around four days postex-
posure.23 To verify that the cells gated as mig DCs in the dLN
were indeed skin-derived, we used skin painting with TRITC, a
technique used to track migration of cells from the skin.19 How-
ever, skin painting with TRITC itself caused mig DC trafficking to
dLN (not shown), so the effect of UV on skin DCs could not be
independently assessed by this method. To avoid the confound-
ing effect of TRITC on DC activation, we examined skin DCmigra-
tion using KikGR mice. All cells in these mice express the protein
KikGR, which converts from green to red fluorescence after expo-
sure to violet light, which is of longer wavelength than the UV used
in these experiments (see Materials and Methods). After sequen-
tial exposure of shaved skin to violet light at time 0 followed by
UV light at 60 minutes, we killed the KikGR mice at one day after
UV exposure. As shown in a representative experiment
(Figure 1B), red-emitting photoconverted migratory DCs were
only seen in dLN from mice who were exposed to both violet
and UV light, but not mice who received UV light alone. As a con-
trol, photoconverted DCs were not observed in the res DCs in the
dLN (Figure 1B) and were not found in mice who did not receive
UVR (not shown). Presence of nonphotoconverted migratory cells
in LNs is consistent with a proportion of these cells migrating into
LNs before treatment. Monfrecola et al24 have reported that blue

light (400–475 nm) can alter DC differentiation. Although we can-
not entirely exclude an effect of violet light alone on DCs in our
experiments, the effects reported on DCs were only observed in
monocyte-derived human DCs in vitro exposed to very high
doses of blue light (2.5–15 J/cm2), much higher than used in our
experiments.

IFN-1 is required for the migration of inflammatory
cDC2 to dLN. Bosteels et al25 have previously described an
inflammatory conventional DC subset (inf cDC2) that migrates to
dLN after virus infection of the lung. This DC subset is character-
ized by the expression of CD26, CD64, MAR-1, CD172a, and
CD11b, as well as by lacking XCR1, CD103, or CD88, thus hav-
ing phenotypic markers in common with both monocytes (eg,
CD64) and cDC2 (eg, CD11c, MHC-II, CD172a, and CD26). The
generation of this DC subset was IFN-1 dependent.25 Since
we4,5 and others have shown that exposing human and mouse
skin to UVR generates IFN-I and the observations in Figure 1 indi-
cate that CD64+ Ly6C+ cells were increased in dLN after UV
exposure, we asked whether UV-induced inflammation is capable
of generating inf cDC2 and inducing their migration to dLN. To
detect inf cDC2, we used CD26 as a marker to resolve conven-
tional DCs from monocyte-derived populations (Supplementary
Figure 2).25 B6 mice and B6 mice deficient in IFNα receptor
(IFNAR) were exposed to a single dose of UVB, and then dLN as
well as control LNs were harvested one and two days postexpo-
sure. Although few differences in the numbers of mig DCs or res
DCs were observed in dLN between wild-type B6 and IFNAR
−/− mice, we observed a significant difference in inf cDC2 in dLN
at two days after UV exposure (Figure 2). Inflammatory monocyte
(iMO) cells were also reduced in the IFNAR−/− mice compared
with wild-type control mice, but the difference did not reach statis-
tical significance (Figure 2). These results indicate that, although
the numbers of res DCs and mig DCs in dLN may be increased
by multiple mechanisms post-UVR, the increase in inf cDC2 is
dependent on IFN-I.

Inf cDC2 do not exclusively depend on cyclic GMP-
AMP synthase (cGAS) activation. Bosteels et al25 observed
that Toll-like receptor agonists were capable of inducing the
induction of inf cDC2. We have previously shown that the early
IFN-I production after skin UV exposure in B6 mice is dependent
on activation of the cGAS-stimulator of IFN genes (STING)
pathway, whereas other IFN-I pathways become active after
24 hours.4,5 To determine whether cGAS activation is necessary
for inf cDC2 generation and/or migration to dLN, we compared
DC migration in the dLN of B6 and cGAS−/− mice. As shown
in Figure 3, although the numbers of inf cDC2 were reduced in
cGAS knockout at two days after UVR, the differences were
not statistically significant. Res DCs and monocytes were also
not significantly impacted at this time point (Figure 3), indicating
that different sensors5 responsible for IFN-1 production play
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some role in the process of DC and inflammatory monocyte
migration at day 2 after UVR.

Trex1 mutant mice have an exaggerated IFN-I
response to UV light and increased inf cDC2 in dLN.
Trex1 mutant mice contain a knock-in of the Trex1 D18N muta-
tion (abbreviated Trex1M), the same mutation that is observed in
1% to 2% of patients with SLE.26,27 The Trex1M mouse strain
develops a lupus-like disease associated with an IFN-I signature
that is dependent on activation of the cGAS-STING pathway.28

To determine how UV exposure in this lupus-prone strain

influences DC migration, we first examined the skin responses
of Trex1 mice to UV light. Although ISGs were slightly higher
at baseline in Trex1 homozygous mutant mice compared
with heterozygous controls, after UV exposure, IFIT3, ISG15,
and IRF7 were expressed at severalfold higher levels in Trex1M
mice, indicating an exaggerated response (Figure 4A). Because
IFN-I was associated with generation of inf cDC2, we next quanti-
fied inf cDC2 in the dLN after UV exposure in the skin. Although
little difference was observed in the number of mig DCs or res
DCs in dLN, a significant increase in inf cDC2 were observed in
dLN two days after skin UVR (Figure 4B, Supplementary Figure 3).

Figure 1. UVR skin exposure results in migration of DCs to the dLN. (A) Female C57BL/6 (B6) mice 8–12 weeks of age were exposed to
one dose of UVR (500 mJ/cm2) on the shaved back as described in the Materials and Methods. Cells were collected from the dLN (brachial and
inguinal) at time 0 and then at one and two days after UVR. Each dot represents the cell count of mig DCs, res DCs, Ly6C+ CD64+ cells, or
LCs as determined by flow cytometry using the phenotypic markers described in the Materials and Methods and the gating schema described
in Supplementary Figure 1. (B) Female B6 or KikGR mice (who express the photoconvertible fluorescent coral green fluorescent protein activated
by violet light) were either exposed to violet light (405 nm) or not at time 0. One hour after violet light exposure, mice were either exposed to UVR or
not as shown in the figure. Cells were collected from the dLN 2 days later and themig DCs aswell as res DCs analyzed for green (not photoconverted)
or red (photoconverted) fluorescence by flow cytometry. The result of a representative experiment is shown. *P < 0.05. DC, dendritic cell; dLN,
draining lymph node(s); KikGR, Kikume Green-Red; LC, Langerhans cell; mig, migratory; res, resident; UVR, UV light radiation.
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In contrast, the number of iMO cells was reduced, indicating
differential mechanisms driving generation and trafficking of
these populations.

UV exposure causes an increase in total B cell and
T cell numbers and an increased proportion of
activated CD8+ T cells in dLN. To determine the acute effects
of UVR on Suppadaptive immune cells in dLN, we performed a
detailed analysis of B cells and T cell subsets harvested from the
dLN and non-draining LN (ndLN). We observed significant
increases in the numbers of B cells, T cells, and T cell subsets,
including Treg cells, in the dLN, but not in the ndLN (Figure 5A).
Because the percentage of cells did not change significantly
(CD4 and CD8+ T cells are shown in Figure 5B, but similar find-
ings were observed for other T cell subsets), this indicates that
the overall cellularity in LNs markedly increases after UVB treat-
ment but that most cell populations are equally affected. When

examining phenotypic markers for T cell activation (CD69), traf-
ficking (CXCR3), and proliferation (Ki67), the numbers of cells
exhibiting increases in all of these markers were increased in
CD4 and CD8 T cells (not shown and Figure 6A), consistent with
the overall increases in these cells (Figure 5A), but only the CD8+
T cells showed an increased in the percentage of CD69+ cells
(Figure 6B), indicating selective activation of this cell type at this
early time point after UVR.

DISCUSSION

DCs are central to the immune response initiated in the
skin after skin damage and are also regarded as the key
antigen-presenting cell (APC) implicated in SLE.29–31 After skin
injury, including that induced by UVB exposure, dermal DC1
and DC2 migrate to the dLN, where they encounter T cells
(reviewed in Kashem et al23). The functional effects on T cells

Figure 2. UVR increases the numbers of inf cDC2 in the dLN and is dependent on signaling by IFNAR. Female wild-type B6 or B6 mice lacking
the IFN-I receptor (IFNAR KO) were exposed to UVR as in Figure 1 and cells collected from the dLN at two days post-UVR. The cells were analyzed
by flow cytometry according to gating shown in Supplementary Figure 2. *P < 0.05. DC, dendritic cell; dLN, draining lymph node(s); IFNAR, type
1 interferon receptor; iMO, inflammatory monocyte; inf cDC2, inflammatory conventional cDC2; KO, knockout; mig, migratory; ns, not significant;
res, resident; UVR, UV light radiation; WT, wild type.

Figure 3. The increase in inf cDC2 and monocyte populations in the dLN are not altered in cGAS-deficient mice. Wild-type B6 or cGAS-deficient
B6 mice (cGAS KO) received UVR and the dLN as well as the non-dLN harvested two days post-UVR. *P < 0.05, **P < 0.01. cGAS, cyclic GMP-
AMP synthase; DC, dendritic cell; dLN, draining lymph node(s); iMO, inflammatory monocyte; inf CDC2, inflammatory cDC2; KO, knockout; mig,
migratory; ns, not significant; res, resident; UVR, UV light radiation; WT, wild type.
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Figure 4. Trex1 D18N mutant (Trex1M) mice demonstrate an exaggerated IFN-I response to UVR and demonstrate an increase in the propor-
tion of inf cDC2 in the dLN. (A) Trex1M homozygous or Trex1M heterozygous mice were exposed to UVR as in Figure 1. At the various time points
shown in the figure, skin biopsies were performed and ISG expression determined by qPCR. The results are shown as expression relative to two
housekeeping genes as described in the Materials and Methods. (B) Control B6 or Trex1M mice were exposed to UVR and cells harvested from
dLN as in Figure 1. The proportions of mig DCs, inf cDC2, and iMO cells were compared among strains. *P < 0.05. DC, dendritic cell; dLN, draining
lymph node(s); IFN-1, type 1 interferon; iMO, inflammatory monocyte; inf cDC2, inflammatory cDC2; ISG, interferon-stimulated gene; mig, migra-
tory; ns, not significant; qPCR, quantitative polymerase chain reaction; res, resident; UVR, UV light radiation; WT, wild type. Color figure can be
viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43108/abstract.

Figure 5. The numbers of adaptive immune cells are increased in the dLN, but not in the non- draining LN (non-dLN), after UVR. B6 mice were
exposed to UVR and cells harvested from the draining and non-dLN at two days post-UVR as in Figure 1. B lymphocytes and T cells were quan-
tified by flow cytometry using the antibodies listed in the Materials and Methods. The results are expressed as numbers of cells in (A) and as a per-
centage in (B). The bars represent the mean, and the SD is shown. *P < 0.05. dLN, draining lymph node(s); ndLN, non- draining LN; T conv,
conventional T cell; UVR, UV light radiation. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/
10.1002/art.43108/abstract.
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depend on the instigating stimulus, DC type activated, localiza-
tion and other factors.25,32–34 Because IFN-I is known to
increase MHCII and co-stimulatory molecule expression on
APCs,35,36 to enhance migration of mig DCs,37 and to suppress
Treg cells,38 we explored the trafficking of DCs to dLN after skin
exposure to UVB in normal and lupus-prone mice. We
observed that trafficking of a unique DC population, inf
cDC2,25 to dLN was increased post-UVR and was IFN-I depen-
dent and that the proportion of these DCs in dLN was
increased after UVR in a lupus-prone strain, Trex1M mice.
UVR was also associated with an early increase in the propor-
tion of activated CD8+ T cells in dLN.

Several studies have shown that microbial stimulation of
IFN-I in the skin and other organs generate inflammatory DCs.
Min et al39 reported that infection of mouse footpads with Listeria
monocytogenes stimulated the production of inflammatory
CD64+ DCs in dLN and that the maturation of these cells
was IFN-1 dependent. Bosteels et al25 observed the generation
of inf cDC2 cells (which express CD172a+ and CD11b+ CD26+
CD64+ MAR-1+, but not XCR1, CD103, or CD88) after infection

with a single-stranded RNA virus in the lung. Mice who were defi-
cient in IFNAR did not generate inf cDC2 in response to virus
infection.25 In addition to detection of inf cDC2 in lung dLN, this
group also showed that microbial infection of skin generated a
similar phenotype of inf cDC2 in skin dLN. We and others have
observed that UVR stimulates an early IFN-I response in the skin
of both mouse and humans,4,5 and this response may be exag-
gerated in human SLE.6,40 How IFN-I effects myeloid cell migra-
tion to local LNs and subsequent activation of immune cells has
not been investigated.

In the present study, we observed that, similar to what has
been reported in microbial infections, inf cDC2 are activated by
IFN-I in the dLN of B6 mice after UVR. Overall, these findings are
significant because, in both studies identifying IFN-I–dependent
inf cDC2 in dLN, these inflammatory DCs were shown to be
superior to other DCs in antigen presentation to both CD4+ and
CD8+ T cells.25,39 Furthermore, the inf cDC2 acquired antigen
by Fc receptor immune complex uptake, which could be due to
engagement of CD64 (FcgR1) and/or Fcer1g. It will be intriguing
to see whether, in the context of lupus, the prototypic immune

Figure 6. The numbers of CD8+ T cells that express activation, migratory, and proliferation markers are increased, but only the proportion of the
activation marker CD69 is increased. CD8+ T cells analyzed in (A) were stained for the markers shown and the results presented as the cell count
(A) and percentage (B). *P < 0.05. dLN, draining lymph node(s); ndLN, non-draining LN. Color figure can be viewed in the online issue, which is
available at http://onlinelibrary.wiley.com/doi/10.1002/art.43108/abstract.
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complex disease, the inf cDC2 are key to boosting autoimmune
responses after an encounter with immune complexes.

We have previously shown cGAS to be required for the initial
six-hour IFN-I stimulation after UVR in the skin but that, after
this, other sensors become activated.5 This observation likely
explains why cGAS deficiency did not significantly affect inf
cDC2 migration at day 2 post-UVR. Li et al41 recently reported that
loss of cGAS in conventional DCs protected Trex1M mice from
autoimmunity. Although this study emphasizes the critical impor-
tance of DCs in the generation of lupus-like disease associated
with high IFN-I production, it also suggests that the mechanisms
of spontaneous nucleic acid stimulation versus UVR mediated
sensor activation may be somewhat different in Trex1M mice.

Trex1 (DNase III) is a highly abundant Endoplasmic Reticu-
lum-tethered 30-50 DNA exonuclease that degrades excess or
damaged DNA in the cytosol.42 Of clinical relevance, Berndt et
al43 have shown that, in patients with lupus with Trex1 mutations,
UVR causes enhanced photosensitivity in response to phototest-
ing. The increased response in patients was associated with
greater DNA damage (increased ROS and generation of photo-
products), as well as enhanced IFN-I production by
TREX1-deficient cells. Similarly, we found an enhanced IFN-I
response in the skin of mice with a knock-in of the same mutation,
Trex1N18N, that is detected in 1% to 2% of patients with
lupus.26,27 The fact that these Trex1Mmice also had an increased
proportion of inf cDC2 DCs in the dLN after UVR may help to
explain how excessive generation of IFN-I in the skin leads to the
generation of potent APCs in the dLN and subsequent amplifica-
tion of the immune response resulting in systemic effects.

Although we did not examine the long-term effects of UVR in
our model systems, in this report, others have shown that repeti-
tive lower-dose UVR also caused an increase in the IFN-I
response in a lupus-prone mouse strain compared with wild-type
mice.44 The enhanced IFN-I response in these experiments were
associated with suppression of Treg cells in the dLN, which may
also contribute to systemic exacerbations of lupus after exposure
to UVR. A relationship between reduced LCs in the skin and
increased photosensitivity has also been noted.45

Although examination of the B cell and T cell response,
including Treg cells, to inf cDC2 induced by UV light would require
a much more extended duration as well as an analysis of antigen-
specific responses in B and T cell transgenic mice, we determined
the acute response of adaptive immune cells in our short-term
model. We observed that both B cells and T cells, as well as T cell
subsets, increased in number in the dLN after skin UVR. These
increases could result from either increased recruitment or reten-
tion of lymphocytes after UVB. Changes in the numbers of
CD69+ activated, chemokine receptor (CXCR3+), and proliferat-
ing cells (Ki67+) were proportional to the increase in numbers of
B cells and T cells, with the exception of activated CD8+ T cells,
which increased both in number and as a percentage of CD8+
T cells. This result could be explained by the increased trafficking

of inflammatory DCs to the dLN and the past observations
that these cells are capable of cross-presenting antigens for
CD8 T cell priming.25 In a study comparing CD8+ T cells in the
skin and kidney of patients with lupus, Dunlap et al46 observed
that, although the CD8+ T cells in lupus kidneys were activated,
those in the skin were not. Whether this reflects migration of
the activated CD8+ T cells from skin to dLN and perhaps to the
kidneys is an important question that can be determined in future
studies.
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B R I E F R E P O R T

Distinct Pathophysiologic Pathways Support Stratification of
Sjögren’s Disease Based on Symptoms, Clinical, and Routine
Biological Data

Yann Nguyen,1 Maxime Beydon,2 Jacques-Eric Gottenberg,3 Jacques Morel,4 Aleth Perdriger,5

Emmanuelle Dernis,6 Divi Cornec,7 Valérie Devauchelle-Pensec,7 Damien Sène,8 Philippe Dieudé,9

Marion Couderc,10 Anne-Laure Fauchais,11 Claire Larroche,12 Olivier Vittecoq,13 Carine Salliot,14 Eric Hachulla,15

Véronique Le Guern,16 Xavier Mariette,17 Raphaèle Seror,17 and Gaëtane Nocturne17

Objective. Recently, three distinct phenotypes of patients with Sjögren disease (SjD) have been described based
on cluster analysis: B cell active with low symptoms (BALS), high systemic activity (HSA), and low systemic activity with
high symptoms (LSAHS). We aimed to assess whether these clusters were associated with distinct biomarkers and the
prognostic value of interferon (IFN) signature.

Methods. The Assessment of Systemic Signs and Evolution in Sjögren’s Syndrome cohort is a 20-year prospective
cohort of patients with SjD. The following biomarkers were compared: IFN-α2, IFN-γ, CXCL10, CXCL13, BAFF, inter-
leukin (IL)-7, fms-like tyrosine kinase 3 ligand, CCL19, and tumor necrosis factor receptor 2 (TNF-RII). IFN signature
was assessed using transcriptomic analysis. We then compared systemic and symptomatic evolution, and the risk of
new immunosuppressant prescription and of lymphoma, according to the IFN signature across the three clusters.

Results. A total of 395 patients (94% female, median age 53 [interquartile range 43–63] years) were included.
Higher levels of CXCL13, IL-7, and TNF-RII were found in the BALS and HSA clusters compared with the LSAHS clus-
ter. A high IFN signature was mainly found in the BALS cluster (57%, vs 48% and 38% in the HSA and LSAHS clusters,
respectively). This IFN signature was mainly driven by type I IFN, with higher levels of IFN-α2. In the BALS cluster, a
high IFN signature was associated with a higher risk of new immunosuppressant treatment (hazard ratio 9.38; 95%
confidence interval 1.22–72.16). All lymphoma occurred in patients with high IFN signature.

Conclusion. The three SjD clusters displayed distinct expressions of IFN signature andmarkers of T and B cell activation,
confirming distinct pathophysiologic mechanisms. High IFN signature could predict systemic evolution in the BALS cluster.

INTRODUCTION

Sjögren disease (SjD) is a common systemic autoimmune

disorder, predominantly affecting women at a ratio of 9:1.1,2

The primary symptoms include oral or ocular dryness, fatigue,

and joint pain, significantly impacting quality of life. Additionally,

systemic manifestations occur in approximately 30% to 50% of

patients and can affect all organs. A major complication of SjD is
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the substantially increased risk of developing B cell lymphoma.2

Therefore, patients with SjD exhibit a wide range of symptoms,

systemic manifestations, and associated risks.
Tackling the clinical heterogeneity of SjD is crucial.3 Indeed,

despite advances in understanding the disease’s pathophysiol-
ogy, to date, no immunomodulatory drugs have been approved,
and symptom management relies on expert opinion. Promising
results from early open-label trials have not been replicated in later
randomized controlled trials, likely because of disease heteroge-
neity, inclusion criteria, inappropriate outcome measures, and
high placebo response rates.

Recently, efforts have been made to stratify patients with SjD
using unsupervised clustering. Different approaches have been
proposed, including multiomic strategies allowing the identifica-
tion of the main biologic pathways involved in SjD pathogeny.4,5

Another strategy has been to stratify patients based on subjective
symptoms.6,7 Our group has performed a cluster analysis of
patients with SjD by considering most manifestations of SjD,
including subjective symptoms, systemic manifestations, and
routine biologic data.8 We identified three distinct patient sub-
groups: those with B cell active disease and low symptom burden
(BALS), those with high systemic disease activity and high symp-
tom burdens of dryness and fatigue (HSA), and those with low
systemic activity and high symptom burden (LSAHS).8 These
subgroups showed different symptom trajectories over time and
varying risks of lymphoma. Patients from the BALS clusters
tended to evolve toward a more systemic and symptomatic dis-
ease during the follow-up, with symptoms similar to those of
HSA cluster patients. Thus, our findings suggested a heterogene-
ity in pathophysiologic mechanisms. Herein, we aimed to assess
whether these three clusters were associated with distinct patho-
physiologic pathways by assessing a panel of biomarkers and
evaluating the interferon (IFN) signature and whether a high IFN
signature could predict disease evolution across the clusters.

PATIENTS AND METHODS

Study population. The Assessment of Systemic Signs
and Evolution of Sjögren’s Syndrome (ASSESS) cohort is a
French prospective multicenter cohort study in 15 tertiary centers
created in 2006. Its primary objective is to identify factors predict-
ing systemic complications and lymphoma in primary SjD during a

prospective 20-year follow-up.9–11 All 395 included patients met
the 2002 American-European Consensus Group criteria for
SjD.12,13 Patients with SjD associated with other autoimmune dis-
eases were excluded. The study was promoted by the Assistance
Publique-Hôpitaux de Paris and the Société Française de
Rhumatologie (French Society of Rheumatology) and was
approved by the Ethics Committee of Bichat Hospital and the
National Commission for Computing and Liberties in 2006. All
patients gave their written consent.

Cluster identification. Cluster identification has been
previously described.8 Briefly, we used an unsupervised multiple
correspondence analysis using 25 selected variables to widely
cover SjD manifestations: age at SjD diagnosis, sex, visual analog
scales for pain, fatigue, dryness, systemic manifestations as
defined by EULAR Sjögren’s Syndrome Disease Activity Index
(ESSDAI) domains, biologic data (rheumatoid factor; autoanti-
bodies, including anti-SSA, SSB, and RNP; centromere; and
DNA antibodies), high gamma globulin or IgG levels (defined by
IgG or gammaglobulin levels >15 g/L), monoclonal component,
cryoglobulinemia, and low C4 levels. We then performed hierar-
chical clustering based on the Ward method, followed by
k-means algorithms to build homogeneous clusters, and we
determined the number of clusters both visually and with the gain
in inertia, and the clusters were described and named by their
most prominent summary characteristics.

Assessment of serum markers and IFN signature.
Serum samples were obtained at the cohort’s enrollment. All bio-
logic samples were immediately frozen, stored, and shipped to
the Centre de Ressources Biologiques of Bichat Hospital, which
has obtained the French Association for Quality Insurance (certifi-
cation number 2009/34457) according to norm 96900.

For the present study, we analyzed the biomarkers already
available in the ASSESS cohort. The biomarkers were assessed
centrally and blindly from any clinical or other biologic data:
Eotaxin, CCL2, interleukin (IL)-7, CCL19, TNF-RII, CXCL13,
BAFF, fms-like tyrosine kinase 3 ligand (FLT-3), and β2-microglo-
bulin. Eotaxin, IL-7, CCL19, and CXCL13 were assessed by Pro-
cartaPlex Multiplex Immunoassays from Affymetrix according to
the manufacturer’s instructions as previously described.10,14

β2-Microglobulin levels (mg/L) were assessed by nephelometry
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using the Freelite kit (Binding Site). BAFF, CCL2, and FLT-3 levels
were measured using a commercial kit enzyme-linked immuno-
sorbent assay (R&D Systems).11,12

IFN-α2 and IFN-γ levels were quantified using a Quanterix
Homebrew Simoa assay kit in accordance with the manufac-
turer’s instructions.4 The IFN signature (high or low) was assessed
using whole blood transcriptome through a computed IFN score
that represented the aggregate expression of five key IFN genes
(IFI44, IFI44L, IFIT1, IFIT3, and MxA).4 Some of these biomarkers
can be considered as more T cell related (IL-7 and TNF-RII), B cell
related (BAFF, FLT-3, CXCL13, and β2-microglbulin), or IFN
related (CXCL10).

Outcome definition. In the prospective ASSESS cohort
during the first 5 years, patients underwent an annual standard-
ized clinical visit with a detailed case report form, enabling yearly
assessment of ESSDAI and EULAR Sjögren’s Syndrome Patient
Reported Index (ESSPRI). Disease activity states were defined
according to previously described ESSDAI thresholds15: low
activity (ESSDAI < 5), moderate activity (5 ≤ ESSDAI ≤ 13) and
high activity (ESSDAI ≥ 14). In addition, we defined a “no systemic
activity” state (ESSDAI = 0). The patient-acceptable symptom
state (PASS) was defined as an ESSPRI < 5 as previously
described.15

We collected the new prescription of immunosuppressant
during the 5-year follow-up, which is a good proxy of cumulative
activity of the disease and thus of disease progression. We also
collected the occurrence of lymphoma during a 15-year period.

Statistical analysis. For descriptive analyses, cytokine
levels were presented as medians (interquartile ranges [IQRs])
and were compared across the three clusters with the Kruskal-
Wallis rank sum test. We also performed pair-wise Wilcoxon rank
sum tests to compare two-by-two clusters. The IFN signature
(high or low) was compared with the Pearson chi-square test.

In addition, to describe the disease evolution according to
the IFN signature in the subgroup, we presented the proportion
of each disease activity state and PASS at each yearly follow-up
visit in the first 5 years of follow-up in the ASSESS cohort, accord-
ing to the IFN signature in each cluster. Changes within different
activity states and PASSs were illustrated with alluvial diagrams,
and comparisons were made with analyses of variances for
repeated measures.

In addition, we assessed in each cluster the associations
between the IFN signature and the risk of new immunosuppres-
sant prescription, a surrogate marker of disease activity. We
also assessed the risk of incident lymphoma. These risks were
calculated with survival analysis and Cox proportional hazards
regression models to determine hazard ratios (HRs) and their
95% confidence intervals (CIs). Patients contributed person-
time from the date of enrollment in the ASSESS cohort until
the date of the occurrence of the lymphoma (or new

immunosuppressant treatment), death, end of follow-up, or
loss to follow-up, whichever occurred first. A two-tailed P ≤

0.05 was considered statistically significant. All analyses were
performed with R (version 4.3.1).

Data availability. Anonymized data from both cohorts,
along with the data dictionary, are available on publication. All
requests for access must be directed to Dr Mariette. Data transfer
will be subject to an access protocol and will require authorization
from the scientific board from the Paris-Saclay or the ASSESS
cohort. Furthermore, data sharing will be contingent on a data
sharing agreement before any transfer to ensure all users of the
data adhere to the legal requirements of using personal data.

RESULTS

Study population. We included 385 patients from the
ASSESS cohort in the study. Their demographic characteristics,
subjective symptoms (according to the ESSPRI), systemic mani-
festations (according to the ESSDAI domains), biologic data, and
data according to the three clusters are presented in Supplemen-
tary Table 1. As previously reported, patients in the BALS cluster
were younger, had lower ESSPRI scores (median 4.7; IQR 3–7),
had higher IgG levels, and more frequently had positive rheuma-
toid factors, whereas patients from the HSA group were more
systemic (median ESSDAI 8; IQR 3–13), and patients from the
LSAHS group had lower ESSDAI (median 0; IQR 0–2) but higher
ESSPRI (median 6.0; IQR 5.3–7.2) and less frequent anti-SSA
antibody positivity (41% vs 68% in the BALS cluster).

Cytokine levels. We evaluated the level of 12 cytokines
and chemokines at baseline in all patients included in the ASSESS
cohort. Comparisons of cytokine levels among the three groups
are presented in Figure 1. Regarding cytokines involved in the
T cell pathways, we found higher rates of IL-7 in the BALS
(5.9 pg/mL vs 3.8 mg/L; P < 0.001) and HSA groups (5.6 pg/mL
vs 3.8 mg/L; P < 0.05) compared with the LSAHS group without
a statistically significant difference between the BALS and HSA
groups. Similar results were found regarding TNF-RII levels, which
were higher in the BALS (230 ng/mL vs 165 ng/mL; P < 0.001)
and HSA groups (223 ng/mL vs 165 ng/mL; P < 0.001) compared
with the LSAHS group, without a difference between the two first
clusters. No difference was found in CCL19 levels across the
three clusters.

For cytokines associated with B cell activation, we found
higher rates of CXCL13 in both the BALS (118 pg/mL) and HSA
clusters (114 ng/mL) compared with the LSAHS cluster
(79 ng/mL, P < 0.001 for both comparisons) without a difference
between the two first clusters. However, we found higher rates
of FLT-3 in the HSA group compared with the BALS group
(103 vs 93 pg/mL; P = 0.001) and higher rates of
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Figure 1. Comparison of cytokine levels and IFN signatures according to the three defined clusters: BALS, HSA, and LSAHS. Wilcoxon rank
sum test P value intervals: NS P > 0.05; *P value 0.01 to 0.05; **P value 0.001 to 0.01; ***P < 0.001. IFN-α, IFN-γ, CXCL10, CXCL13, CCL19,
IL-7, FLT-3, TNF-RII, and BAFF levels have been log-transformed for better visual representation. Log-transformation affects the absolute distance
between two points but does not modify rank position, thus not affecting the Wilcoxon rank sum test. BALS, B cell active with low symptoms;
FLT-3, fms-like tyrosine kinase 3 ligand; HSA, high systemic activity; IFN, interferon; IL, interleukin; LSAHS, low systemic activity with high symp-
toms; NS, not significant; TNF-RII, tumor necrosis factor receptor 2. [Correction added on 27 June 2025, after first online publication: Figure 1
has been updated.]
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β2-microglobulin in the HSA cluster (2.24 mg/L) compared with
the LSAHS cluster (2.17 mg/L).

A high IFN signature was mainly found in the BALS cluster
(57% vs 48% and 38% in the HSA and LSAHS clusters, respec-
tively; P = 0.05) (Figure 1). The IFN signature was mainly driven
by type I IFN with higher levels of IFN-α2 in the BALS group
(39 fg/mL) compared with the HSA (30 fg/mL) and LSAHS
(6 fg/mL) groups (Figure 1).

Evolution of symptoms according to the IFN
signature across the three clusters. The 5-year evolution
of the proportion of patients with PASSs (ESPPRI < 5) according
to the IFN signature in each subgroup is presented in Figure 2.
In the BALS group, the proportion of patients with an ESSPRI >
5 increased during the 5 years of follow-up, both in patients with
a high IFN signature (57% vs 48% at inclusion; P < 0.001) and in
those with a low IFN signature (72% vs 54% at inclusion; P <
0.001). On the contrary, no substantial changes were found in
the HSA and the LSAHS groups according to the IFN signature
(Figure 2).

Systemic evolution and risks of new
immunosuppressant and lymphoma according to the
IFN signature across the three clusters. Changes in dis-
ease activity levels according to the IFN signature in each of the
three clusters over the 5 years of ASSESS follow-up are pre-
sented in Figure 2. Although there were no substantial changes
in the HSA and the LSAHS cluster at baseline and across follow-
up, patients with a high IFN signature had higher levels of baseline
activity in the BALS cluster (20% with moderate-to-high activity in
the high IFN signature group vs 14% in the low IFN signature
group). In the BALS cluster, there were no substantial changes
in systemic activity, defined by the ESSDAI, across follow-up in
those with a low IFN signature (23% with moderate-to-high activ-
ity at 5 years vs 14%; P = 0.21) and a high IFN signature (25% vs
20%; P = 0.42). However, in this cluster, a high IFN signature was
associated with a higher risk of new immunosuppressant pre-
scription (HR 9.38; 95% CI 1.22–72.16; P = 0.0032), which is a
good proxy of cumulative activity and thus of disease progres-
sion. There were no differences according to the IFN signature in
the HSA and the BALS clusters (Figure 3).

Finally, although there was no difference in lymphoma inci-
dence according to the IFN signature in the HSA cluster, all lym-
phoma in the BALS cluster occurred in patients with a high IFN
signature, although the difference was not statistically significant.
No lymphoma occurred in the LSAHS cluster.

DISCUSSION

In this study, we found that the stratification of patients with
SjD based on symptoms, clinical presentation, and routine bio-
logic data is supported by distinct cytokine profiles. This supports

patients’ stratification and consideration of their heterogeneity,
particularly in therapeutic trials.

We found that the LSAHS cluster appeared different, with
lower anti-SSA positivity rates but also lower levels of cytokines
involved in T and B lymphocyte activation and a lower IFN signa-
ture. This cluster, which did not develop lymphoma during
follow-up and had less systemic progression, thus seems to be
a completely distinct profile with less systemic activity both at
diagnosis and over time. On the other hand, the other two clus-
ters (BALS and HSA) showed similarities in cytokine expression,
with markers of T and B cell activity being higher than in the
LSAHS cluster. We found higher levels of FLT-3 in the HSA group,
a biomarker that has been previously found to be associated with
HSA signs, such as the presence of purpura, low levels of C4,
presence of lymphocytopenia, low levels of IgM, high levels of
β2-microglobulin, and a higher ESSDAI score, which are the hall-
marks of the HSA group.11 Interestingly, the main difference
between BALS and HSA was the level of IFN signature.

Considering that patients in the BALS group were younger
and incident lymphoma tended to appear later than in the HSA
group, this suggests a potentially common pathophysiologic
mechanism between the BALS and HSA groups. The BALS clus-
ter could integrate into a “pre-HSA" cluster, potentially evolving
similarly, as described in our study, with more systemic activity
(defined by ESSDAI) and symptomatic progression (with an
increase in ESSPRI over time). Thus, the challenge was to deter-
mine, within the BALS cluster, which patients could evolve into
the HSA cluster to potentially consider closer monitoring or early
treatment to prevent systemic complications.

We found a higher IFN signature in the BALS cluster com-
pared with the other clusters, particularly mediated by the type I
IFN pathway (with higher levels of IFN-α2). Interestingly, the pres-
ence of this more pronounced IFN signature in the BALS group
could raise the question of an earlier role for IFN in the immunopa-
thology of SjD. It might raise the question of the opportunity of
early anti-IFN strategy in at-risk patients. In addition, this signature
was, interestingly, associated only in the BALS cluster with more
baseline systemic activity and more systemic progression,
reflected by the increased risk of immunosuppressive treatment
over time, among BALS patients with a high IFN signature
(whereas new prescription of immunosuppressants in the BALS
cluster with a low IFN signature was rare). Similarly, in the
BALS cluster, lymphomas exclusively occurred among patients
with a high IFN signature. Thus, evaluating the IFN pathway could
allow for more detailed and supervised stratification of BALS clus-
ter patients and help predict patients at risk of disease evolution.

Previous studies have suggested that the activation of B cells
could contribute to systemic complications in SjD, focusing on
isolated serum markers (such as β2-microglobulin, BAFF, or
CXCL13) and past or current systemic complications, without
concomitant assessment of disease activity and serum markers.
Thus, it is not surprising to observe that the levels of these
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A. Cluster BALS (B-cell activity with low symptoms)

B. Cluster HSA (High systemic activity)

C. Cluster LSAHS (Low systemic activity – High symptoms) 

Low IFN signature                          High IFN signature Low IFN signature                          High IFN signature
Patient-acceptable symptom state evolution Disease activity evolution

Low IFN signature                          High IFN signature Low IFN signature                          High IFN signature
Patient-acceptable symptom state evolution Disease activity evolution

Low IFN signature                          High IFN signature Low IFN signature                          High IFN signature
Patient-acceptable symptom state evolution Disease activity evolution

Figure 2. Evolution of patient-acceptable symptom state, defined by ESSPRI <5, and of disease activity level evolution according to the clusters
(A, BALS; B, HSA; and C, LSAHS) and the IFN signature (low or high) in the Assessment of Systemic Signs and Evolution in Sjögren’s Syndrome
cohort (N = 385). Activity levels are defined as follows: no activity (ESSDAI = 0), low activity (ESSDAI < 5), moderate activity (5 ≤ ESSDAI ≤ 13), and
high activity (ESSDAI ≥ 14). BALS, B cell active with low symptoms; ESSDAI, EULAR Sjögren’s Syndrome Disease Activity Index; ESSPRI, EULAR
Sjögren’s Syndrome Patient Reported Index; HSA, high systemic activity; IFN, interferon; LSAHS, low systemic activity with high symptoms.
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cytokines were highest in systemic clusters, particularly the HSA
cluster, in which ESSDAI was highest. Regarding the IFN signa-
ture, evaluated across the entire cohort, it was also associated
with a higher systemic activity. However, to our knowledge, this
is the first description of the importance of the IFN signature in
patients with biologic systemic activity but few symptoms, who
are often excluded from therapeutic trials.

There are limitations to our study. Only a few cytokines were
available and were evaluated only at inclusion in the ASSESS
cohort. Further evaluations, including transcriptomic data, are
ongoing, and clusters will be compared, which could lead to a
better understanding of the pathophysiology. Nonetheless, this
is a large-scale multicenter study, and the cytokines were mea-
sured centrally. In addition, we did not find any difference in the
evolution of systemic activity in the BALS cluster, defined by ESS-
DAI, according to the IFN signature. Nevertheless, the evolution of
the ESSDAI may be influenced by the treatments received by
patients between the different evaluations (made once a year).
We therefore assessed the risk of new immunosuppressant as a
surrogate marker of systemic evolution.

Overall, our study demonstrated that our stratification,
defined by symptoms, systemic clinical signs, and routine biologic
data, is based on different pathophysiologic pathways, particu-
larly B and T lymphocyte activation and the IFNα pathway. The lat-
ter could help predict the evolution of the BALS cluster, a biologic
but minimally symptomatic cluster, to consider closer monitoring
and/or early treatments to prevent complications. These findings
also push for better stratification of therapeutic trials and contrib-
ute to the understanding of the heterogeneity of patients with SjD.
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Proteomic Profiling of the Large-Vessel Vasculitis Spectrum
Identifying Shared Signatures of Innate Immune Activation
and Stromal Remodeling

Robert T. Maughan,1 Erin Macdonald-Dunlop,1 Lubna Haroon-Rashid,2 Louise Sorensen,3 Natalie Chaddock,2

Shauna Masters,4 Andrew Porter,1 Marta Peverelli,1 Charis Pericleous,1 Andrew Hutchings,5 James Robinson,2

Taryn Youngstein,1 Raashid A. Luqmani,4 Justin C. Mason,† Ann W. Morgan,3 and James E. Peters1

Objective. Takayasu arteritis (TAK) and giant cell arteritis (GCA), the most common forms of large-vessel vasculitis
(LVV), can result in serious morbidity. Understanding the molecular basis of LVV should aid in developing better bio-
markers and treatments.

Methods. Plasma proteomic profiling of 184 proteins was performed in two cohorts. Cohort 1 included patients
with established TAK (n = 96) and large-vessel GCA (LV-GCA) (n = 35) in addition to healthy control participants
(HCs) (n = 35). Cohort 2 comprised patients presenting acutely with possible cranial GCA (C-GCA) in whom the diagno-
sis was subsequently confirmed (C-GCA, n = 150) or excluded (Not C-GCA, n = 89). Proteomic findings were compared
to published transcriptomic data from LVV-affected arteries.

Results. In cohort 1, comparison to HCs revealed 52 differentially abundant proteins (DAPs) in TAK and 72 DAPs in
LV-GCA. Within-case analyses identified 16 and 18 disease activity–associated proteins in TAK and LV-GCA, respec-
tively. In cohort 2, comparing C-GCA versus not C-GCA revealed 31 DAPs. Analysis within C-GCA cases suggested
the presence of distinct endotypes, with more pronounced proteomic changes in the biopsy-proven subgroup.
Cross-comparison of TAK, LV-GCA, and biopsy-proven C-GCA revealed highly similar plasma proteomic profiles, with
26 shared DAPs including interleukin 6 (IL-6), monocyte/macrophage-related proteins (CCL7, CSF1), tissue remodel-
ing proteins (TIMP1, TNC), and novel associations (TNFSF14, IL-7R). Plasma proteomic findings reflected LVV arterial
phenotype; for 42% of DAPs, the corresponding gene was differentially expressed in tissue.

Conclusion. These findings suggest shared pathobiology across the LVV spectrum involving innate immunity, lym-
phocyte homeostasis, and tissue remodeling. Network-based analyses highlighted immune-stromal cross-talk and
identified novel therapeutic targets (eg, TNFSF14).

INTRODUCTION

Takayasu arteritis (TAK) and giant cell arteritis (GCA), the

most common forms of large-vessel vasculitis (LVV) in adults,

are characterized by granulomatous arterial inflammation. Pro-

gressive damage to arterial walls typically results in stenotic

remodeling with consequent tissue ischemia and manifestations

such as sight loss, stroke, myocardial infarction, and limb

The views expressed herein are those of the authors and do not necessar-
ily represent those of the NIHR or the Department of Health and Social Care.

Supported in part by the Medical Research Council (MRC) Treatment
According to Response in Giant Cell Arteritis (TARGET) Partnership award
(MR/N011775/1), the Medical Research Foundation (MRF-042-0001-RG-
PETE-C0839), Vasculitis UK (V2105), MRC Confidence in Concept (Leeds),
the National Institute for Health and Care Research (NIHR) Imperial Biomed-
ical Research Centre (BRC), and the NIHR Leeds BRC (NIHR203331). The
Temporal Artery Biopsy Versus Ultrasound in Diagnosis of Giant Cell Arteri-
tis (TABUL) study was funded via an NIHR Health Technology Assessment
grant. Dr Chaddock’s work was supported by an MRC Discovery Medicine
North (DiMeN) award. Dr Pericleous’s work was supported by Versus Arthri-
tis (Career Development Fellowship, 21223) and the Imperial College–Well-
come Trust Institutional Strategic Support Fund. Dr Morgan is an NIHR
Senior Investigator (NIHR202395) and was supported by the NIHR Leeds
BRC and was previously supported by the NIHR Leeds MedTech and Invitro

Diagnostics Co-operative and MRC TARGET Partnership grant. Dr Peters’s
work was supported by a Medical Research Foundation Fellowship (MRF-
057-0003-RG-PETE-C0799).

1Robert T. Maughan, PhD, Erin Macdonald-Dunlop, PhD, Andrew Porter,
PhD, MRCP, Marta Peverelli, MSc, Charis Pericleous, PhD, Taryn Youngstein,
MD, MRCP, James E. Peters, PhD, MRCP: Imperial College London, London,
United Kingdom; 2Lubna Haroon-Rashid, BSc, Natalie Chaddock, PhD, James
Robinson, PhD: University of Leeds, Leeds, United Kingdom; 3Louise Soren-
sen, PhD, AnnW.Morgan, PhD, FRCP: University of Leeds andNIHR Leeds Bio-
medical Research Centre, Leeds Teaching Hospitals NHS Trust, Leeds, United
Kingdom; 4Shauna Masters, RGN, Raashid A. Luqmani, DM, FRCP: University
of Oxford, Oxford, United Kingdom; 5Andrew Hutchings, MSc: London School
of Hygiene & Tropical Medicine, London, United Kingdom.

†Dr Mason is deceased.
Drs Maughan and MacDonald-Dunlop contributed equally to this work.

Drs Mason, Morgan, and Peters contributed equally to this work.

884

Arthritis & Rheumatology
Vol. 77, No. 7, July 2025, pp 884–900
DOI 10.1002/art.43110
© 2025 The Author(s). Arthritis & Rheumatology published by Wiley Periodicals LLC on behalf of American College of Rheumatology.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

https://orcid.org/0000-0003-4153-903X
https://orcid.org/0000-0003-2856-2825
https://orcid.org/0000-0003-1109-624X
https://orcid.org/0000-0002-9415-3440
http://creativecommons.org/licenses/by/4.0/


claudication.1 Despite phenotypic similarities, TAK and GCA have
different demographics, particularly age at onset, and, to a lesser
extent, they affect different arterial territories. TAK affects the aorta
and its major branches, whereas traditionally GCA was described
as involving the cranial arteries such as the temporal artery (a pat-
tern of disease now referred to as cranial GCA [C-GCA]). How-
ever, following advances in noninvasive vascular imaging
techniques, it became clear that the aorta and other large vessels
are frequently affected in GCA, and some patients have a large-
vessel-type presentation (large-vessel GCA [LV-GCA]) with non-
specific constitutional symptoms and/or limb claudication similar
to TAK.2,3 Frequent large-vessel involvement in GCA and similar
histopathologic changes has led to debate regarding whether
TAK and GCA represent varying manifestations of the same dis-
ease.4,5 This question has important implications for drug devel-
opment and clinical trial design. However, such comparisons are
currently limited by an incomplete understanding of the patho-
genic underpinnings of these diseases and a lack of comparative
molecular data across LVV phenotypes.

There are several important challenges in the clinical man-
agement of TAK and GCA. Both initial diagnosis and recognition
of relapse may be delayed and are made more difficult by a lack
of effective biomarkers.6 Blood tests such as C-reactive protein
(CRP) lack specificity, whereas vascular imaging can be insensi-
tive, particularly in glucocorticoid-treated patients, and impractical
for frequent serial monitoring.7,8 In the era before widespread
access to ultrasound scans (USS), the diagnosis of C-GCA was
confirmed by performing a temporal artery biopsy (TAB). Although
considered the “gold standard” diagnostic test, the presence of
skip lesions may lead to false-negative results. Therefore, a nega-
tive biopsy does not exclude the diagnosis of GCA. Progress in
the treatment of LVV, particularly the development of targeted
biologic therapy, lags behind that of other rheumatic diseases.
Accordingly, there is an overreliance on long-term glucocorticoids
to maintain disease control with resulting iatrogenic harm.9,10

Thus, there is a need for better biomarkers and novel therapeutics
to improve patient outcomes.

Proteomic profiling has the potential to address these chal-
lenges.11 Proteins are the effector molecules of most biologic
functions and the targets of most drugs. Given the proximity of
arterial tissue to the circulation, blood-based proteomics is likely
to be informative in LVV. Specifically, we hypothesized that the
levels of inflammation- and cardiovascular-related proteins would
provide a read-out of disease activity and arterial pathobiology in
patients with LVV and enable the evaluation of molecular similari-
ties and differences between GCA and TAK. To this end, we per-
formed proteomic profiling of 184 circulating proteins in two

independent cohorts that included 281 patients with TAK, LV-
GCA, or C-GCA. We identified protein signatures associated with
each LVV type and with disease activity. Cross-disease compari-
son revealed a striking similarity between the proteomic profiles of
active LVV types. Our data indicate the shared dysregulation of
innate immune and tissue remodeling pathways and highlight
the potential for therapeutics targeting immune-stromal
cross-talk.

PATIENTS AND METHODS

Cohort 1 study participants. Patients with TAK or LV-
GCA were recruited from the Hammersmith Hospital (Imperial
College Healthcare NHS Trust, United Kingdom) between 2013
and 2020. Patients with TAK fulfilled EULAR/American College
of Rheumatology (ACR) 2022 classification criteria,12 and they all
had typical patterns of arterial involvement in radiologic assess-
ments. Patients with LV-GCA were >50 years old at onset with
radiologic evidence of LVV, as defined previously.13 Three
patients with LV-GCA had concurrent temporal artery involve-
ment (confirmed by temporal artery USS and/or TAB). Healthy
control participants (HCs) were recruited locally from hospital
and college staff and had no history of inflammatory or cardiovas-
cular disease. Citrate blood samples were centrifuged at 1,000g
for 10 minutes within four hours of venipuncture, and plasma
was stored at −80�C until use. Disease activity was assessed
using the Indian Takayasu Clinical Activity Score (ITAS2010) for
TAK14 and the National Institutes of Health (NIH) score for LV-
GCA.15 Active disease was defined by an ITAS2010 score ≥1 or
ITAS-CRP score ≥2 for TAK and by an NIH score ≥2 for LV-
GCA. All inactive cases were retrospectively confirmed to be
relapse free for one year following sample collection. For the pur-
pose of further investigation within inactive TAK cases, “durable
clinical remission” was defined as the following: (1) absence of all
signs, symptoms, and laboratory features attributable to active
TAK (as per the EULAR definition16); (2) absence of arterial pro-
gression on serial vascular imaging; (3) criteria 1 and 2 sustained
for the past three years; and (4) successful cessation of all immu-
nosuppressive treatment. Patients and HCs provided written
informed consent, and samples were collected as a subcollection
registered with the Imperial College Healthcare Tissue Bank
(license: 12275; National Research Ethics Service approval 17/
WA/0161).

Cohort 2 study participants. The Temporal Artery
Biopsy Versus Ultrasound in Diagnosis of GCA (TABUL) was an
international, multicenter, prospective study that compared the
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sensitivity and specificity of temporal artery ultrasound to biopsy
in 381 patients with suspected C-GCA17 (ClinicalTrials.gov identi-
fier: NCT00974883). Reference diagnosis of C-GCA or Not C-
GCA at six months was based on a combination of baseline signs
and symptoms, blood tests, TAB, fulfillment of ACR 1990 GCA
classification criteria18, clinical course during the follow-up period,
final consultant diagnoses, and verification by an expert review
panel, as described previously.17

Cranial ischemic complications were defined as permanent
ocular or nonocular conditions at presentation. Ocular complica-
tions included the following: anterior ischemic optic neuropathy,
branch retinal artery occlusion, cilioretinal artery occlusion, cranial
nerve palsy (third, fourth, or fifth), central retinal artery occlusion,
posterior ischemic optic neuropathy, relative afferent pupillary
defect, irreversible visual loss, irreversible visual field defect, irre-
versible ocular motility or irreversible diplopia. Nonocular cranial
complications included the following: scalp necrosis, tongue
necrosis, and cerebrovascular accident at presentation consid-
ered secondary to GCA. Polymyalgic symptoms at presentation
are also reported but do not represent a confirmed diagnosis of
polymyalgia rheumatica (PMR).

Citrated blood samples were collected as soon as feasible
after starting glucocorticoid treatment (median 2 days, inter-
quartile range [IQR] 1–4 days) and were centrifuged at 2,500g
for 15 minutes within 1.5 hours of collection, and plasma was
stored at −80�C until use. Because of funding constraints and
biosample availability, we performed Olink proteomic assays on
239 patient samples of the 381 patients recruited to TABUL. We
included all available samples from patients with a diagnosis of
C-GCA. We selected a subset of sex- and age- (±5 years)
matched patients without C-GCA such that the ratio of C-GCA
to Not C-GCA was approximately 2:1. As part of the study
design, we selected an equal proportion of patients with cranial
ischemic complications in the Not C-GCA group as in the C-
GCA group. Overall study approval was granted by the Berkshire
Research Ethics Committee (09/H0505/132), and approval was
also granted at local participating clinical sites.

Proteomic analysis. A total of 184 proteins were mea-
sured by proximity extension assay using two Olink Target panels,
“Inflammation 1” and “Cardiometabolic,” at the Leeds Immuno-
genomics Facility, University of Leeds. To provide a succinct and
standardized nomenclature, we report proteins by the symbols
of the genes encoding them (see Supplementary Data 1 for a full
list of proteins and associated full names and accession num-
bers). Cohort 1 and 2 samples were processed and analyzed
independently, but proteomic measurements were performed in
the same facility. We designed assay plates such that samples
were balanced across plates according to disease grouping and
disease activity status, with randomization to determine well posi-
tion within plates. Proteomic data were normalized using

standard Olink workflows, which includes interplate normaliza-
tion, to produce measures of relative protein abundance (“Nor-
malised Protein eXpression [NPX]”) (log2 scale). For visualization,
we transformed to Z scores (mean = 0, SD = 1). Because of a
technical fault with a PCRmachine during the running of one plate
on the Inflammation 1 panel for cohort 2, it was necessary to rerun
this plate as a separate batch. Principal component analysis
(PCA) revealed a batch effect, with samples from this plate sepa-
rated from samples on the other three plates run as part of the first
batch. We therefore adjusted for this batch effect for proteins
measured on the Inflammation 1 panel in cohort 2, using batch
(a binary variable) as a covariate in linear model based differential
abundance analyses. For situations requiring batch-correction
outside of differential abundance testing (eg, visualization of pro-
tein levels using violin plots and heatmaps and network analyses),
the residuals from the linear model (in Wilkinson notation) NPX �
batch were used to generate batch-corrected protein values. Fur-
ther PCA of these residuals confirmed that the batch effect had
been removed. The residuals were then converted to Z scores
before visualization or other downstream analyses. Cardiometa-
bolic panels for cohort 1 were not affected by this issue and were
analyzed as a single batch.

Proteins with >75% of samples below the lower limit of
detection were removed, resulting in 158 and 167 protein mea-
surements for cohort 1 and 2, respectively. Sample-level quality
control (QC) was performed using internal assay controls, box-
plots of relative protein abundance values and PCA for outlier
detection. In cohort 1, three samples (1 HC sample and 2 TAK
samples) were excluded from Inflammation 1 panel measure-
ments because of amplification failures. In cohort 2, 15 samples
(9 C-GCA samples and 6 not C-GCA samples) were excluded
from the Inflammation 1 panel measurements, and 3 samples (all
C-GCA) were excluded from the Cardiometabolic panel measure-
ments because of amplification failures and flagged status in inter-
nal QC checks. When possible, all available data were analyzed
(eg, differential abundance analyses), but some analyses (eg, hier-
archical clustering, PCA, multiple linear regression vs clinical
parameters) necessitated using only complete data.

Differential protein abundance was performed using linear
models (lm function in R). For a given protein, protein abundance
was regressed on disease status (encoded as 0 or 1). The beta
coefficient for the disease status term represents the estimated
log2 fold change (log2FC) in the protein level between groups
under comparison. For example, for the analysis of TAK versus
HCs, the regression model was NPX � D, in which NPX was
log2 protein level (continuous variable) and D was a binary vari-
able, encoded as 0 for HC and 1 for TAK. Correction for multiple
testing (multiple proteins) was performed using the Benjamini-
Hochberg method (via the p.adjust function in R), and an adjusted
P value of <0.05 (ie, false-discovery rate <5%) was defined as
significant.
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Protein annotation. The 184 proteins measured were
highly enriched for pathways related to immune function and the
cardiovascular system, as demonstrated by Reactome pathway
overrepresentation analysis (Supplementary Data 2). Because of
this enrichment, proteins were manually classified as “cytokine
related,” “growth factor related,” “chemokine, other immune/
inflammatory related protein,” “extracellular matrix related,” or
“other function” to facilitate the annotation of differential abun-
dance results. This was done using a combination of public
resources including Gene Ontology terms, pathway, and func-
tional databases. The full list of proteins and associated classifica-
tions is provided in Supplementary Data 1.

Network analysis. The protein–protein interaction net-
work between LVV-associated proteins with directionally concor-
dant changes across LVV types was constructed using high-
confidence interactions (confidence ≤0.9) sourced from the
Search Tool for the Retrieval of Interacting Genes/Proteins
(STRING).19 No additional filtering of interactions was performed.
The protein coexpression network was created using interprotein
correlation of abundance values. Node edges were defined as
Pearson r ≥ 0.6. Cohort 1 (TAK and LV-GCA) and cohort 2 (C-
GCA) networks were computed individually and then intersected
so that only correlations present in both networks feature in the
final network. Both networks were plotted using the igraph pack-
age in R.20

Tissue gene expression of LVV-associated proteins.
Bulk RNA sequencing (RNA-seq) data from human tissues were
accessed from the Genotype-Tissue Expression (GTEx) database
as median transcripts per million values per tissue.21 Data prepro-
cessing included the following: removal of sex-specific organ data
(ie, cervix, breast, vagina, testis, fallopian tubes), removal of puri-
fied cell data (eg, cultured fibroblasts), and when there were mul-
tiple sample types per tissue group (eg, artery-coronary or
artery-aorta), the highest expression value was used for that tis-
sue type. Enhanced tissue expression was defined as more than
four-fold higher than the average expression in other tissues, as
done previously by the Human Protein Atlas.22

RNA-seq analysis of LVV arterial tissue. A previous
study compared the transcriptomic profile of inflammatory and
noninflammatory aortic aneurysms using bulk RNA-seq.23 Gene-
level count data were accessed and filtered for cases of inflamma-
tory aneurysm associated with GCA (n = 8) for comparison with
noninflammatory cases (n = 25). Data were normalized, genes
with low expression were removed, and groups were compared
using the standard edgeR package methodology.24 Differentially
expressed genes (DEGs) were defined using Benjamini-
Hochberg adjusted P < 0.05. DEGs were then compared with
LVV-associated plasma proteins regarding overlap and Pearson
correlation of log2FC in each disease.

Supervised learning. Predictive models to develop dis-
ease activity biomarkers in TAK and diagnostic markers in
C-GCA were constructed using the glmnet25 and caret26 R pack-
ages. For these analyses, data were split into training and test
sets. Modeling fitting was performed on the training set using
five-fold cross-validation and performance and then evaluated in
the test set. Full details are provided in the Supplementary
Methods.

Other analyses and data and code availability.
Details of additional analyses are provided in the Supplementary
Information File. The post QC proteomic data are available from
figshare (https://doi.org/10.6084/m9.figshare.26928211.v1). The
raw proteomic data and the R code for QC and differential abun-
dance analysis are available from Github (https://github.com/r-
maughan/LVV_Olink).

RESULTS

To identify proteins associated with LVV and to evaluate the
presence of shared or distinct molecular signatures across TAK,
LV-GCA, and C-GCA, we measured plasma levels of 184 inflam-
mation- and cardiovascular-related proteins (Supplementary
Data 1) in two independent cohorts using the Olink Target anti-
body–based proximity extension assay (Figure 1). To provide a
standardized nomenclature, we report proteins using the nonitali-
cized Human Genome Organisation gene symbol of the encod-
ing gene.

Shared plasma proteomic profiles in TAK and
LV-GCA. Cohort 1 included 96 patients with TAK, 35 patients
with LV-GCA, and 35 HCs (Supplementary Table 1). Patient char-
acteristics were typical for TAK and LV-GCA regarding age and
sex, with younger onset and greater female to male ratio in TAK.
HCs were well matched in terms of demographics to the patients
with TAK. Patients with LV-GCA were older and had a higher pro-
portion of individuals of White European ancestry. The patient
samples analyzed encompassed a broad range of disease activ-
ity, disease duration, and treatment status, particularly in TAK, in
which sample size was greater. Patients with active disease
tended to have shorter disease durations and were receiving
higher glucocorticoid doses, as might be expected (Supplemen-
tary Data 3). In cohort 1, 158 proteins (86%) passed QC parame-
ters (see the Methods section) and were available for analysis.

Comparison of proteomic profiles between patients with TAK
and HCs identified 52 differentially abundant proteins (DAPs), with
42 up-regulated and 10 down-regulated (Figure 2A and Supple-
mentary Data 4). Cross-referencing of our results to those of a
previous study,27 which used a different proteomic platform,
demonstrated that many of our proteomic associations were
novel (Supplementary Figure S1, Supplementary Data 4). We next
compared LV-GCA to HCs, revealing 72 DAPs, with 60 increased
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and 12 decreased (Figure 2B and Supplementary Data 5). The
proteomic changes in TAK and LV-GCA in comparison to HCs
were highly similar; 40 proteins were significantly altered in both
diseases, and 85% of all proteins had directionally concordant
changes with respect to HCs (Figure 2C and D). Proteomic simi-
larity of TAK and LV-GCA was also reflected in PCA, with TAK
and LV-GCA clustering together and separated from HCs (Sup-
plementary Figure S2A).

As expected, many up-regulated proteins in TAK and LV-
GCA indicated immune activation including cytokines, chemo-
kines, and growth factors (Supplementary Figure S2B). Plasma
interleukin 6 (IL-6), the pleiotropic cytokine of known importance
to LVV pathogenesis,13 was significantly up-regulated in both
TAK and LV-GCA (Figure 2E), together with liver-derived inflam-
matory proteins such as SAA4 and FCN2. Prominent innate
immune involvement in both TAK and LV-GCA was indicated by
increased levels of neutrophil-derived proteins (S100A12, LCN2,
DEFA1) and monocyte/macrophage activation and chemotactic
factors (CSF1, CCL3, CCL5, CCL7, CCL14). Plasma levels of

tumor necrosis factor (TNF), IL-12B, and interferon γwere not sig-
nificantly altered despite previous links to TAK pathogenesis.28 In
contrast, we observed large increases in oncostatin M (OSM) and
TNF superfamily 14 (TNFSF14) (LIGHT), cytokines not previously
associated with LVV (Figure 2E). In addition to the dysregulation
of immune-related proteins, we observed the up-regulation of
proteins with functions related to the extracellular matrix (TIMP1,
MMP-1, CST3, TNC), fibrosis (TGFB1) and angiogenesis (VEGF-
A, HGF, ANG, COL18A1) in both diseases, likely reflecting a sig-
nature of arterial injury and remodeling. Six proteins were consis-
tently down-regulated in both diseases, including IL-7R, KIT,
TNXB, and THBS4 (both extracellular matrix [ECM]-related glyco-
proteins), DPP4 (a glucose metabolism and T cell activation fac-
tor), and CR2 (the complement C3d receptor).

To evaluate whether there were disease-specific effects,
we performed a direct comparison of TAK versus LV-GCA,
which revealed six significant DAPs (Supplementary Data 6).
Visualizing the relative abundance of these proteins in each
group demonstrated that the dysregulation of these proteins

Figure 1. Study overview. Schematic overview of study to investigate the plasma proteomic changes associated with each form of LVV in two
independent cohorts. Cohort 1: patients with established TAK and LV-GCA and HC participants. Cohort 2: patients presenting acutely with pos-
sible cranial giant cell arteritis in whom the diagnosis was subsequently confirmed (C-GCA) or ruled out (Not C-GCA). Disease-specific proteomic
profiles defined by differential abundance analysis were compared. Network-based analysis of LVV-associated proteins and integrated analysis
with published tissue and cell-type data sets was also conducted. C-GCA, cranial giant cell arteritis; HC, healthy control participant; ILV-GCA,
large-vessel giant cell arteritis; LVV, large-vessel vasculitis; TAK, Takayasu arteritis.
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appeared to be LV-GCA specific (Supplementary Figure S3A).
For example, in LV-GCA, but not TAK, CXCL9, CCL11, and
CA3, levels were elevated compared to HCs. Similarly, CR2
and TNFSF11 (RANKL) were significantly reduced in LV-GCA
but not in TAK. Changes specific to TAK were less prominent,

with no proteins that had significant changes in TAK versus
both HCs and LV-GCA. However, we observed that FGF23
and IL-17A were significantly increased in TAK compared to
HCs but were not significantly increased in LV-GCA versus
HC (Supplementary Figure S3B).

Figure 2. Plasma proteomic changes in TAK and LV-GCA compared to HCs. Volcano plots showing results of differential protein abundance
analyses: (A) patients with TAK (n = 96) versus HCs (n = 35), (B) patients with LV-GCA (n = 35) versus HC. −Log10(Padj) = −log10 Benjamini-Hoch-
berg adjusted P value. Red and blue indicate proteins that are significantly (Padj < 0.05) up-regulated and down-regulated, respectively. (C) Venn
diagram showing the overlap in proteins significantly altered in TAK versus HC compared to LV-GCA versus HC analyses. (D) Comparison of log2
fold changes in all proteins for TAK versus HC and LV-GCA versus HC analyses, diagonal lines represent line of identity and ± 0.5 log2 fold change.
Blue represents proteins that are significant in both analyses; orange represents proteins that are significant only in TAK versus HC; teal represents
proteins that are significant only in LV-GCA versus HC; gray represents proteins that are nonsignificant in both analyses. (E) Violin plots showing
scaled protein levels (as Z scores) for selected proteins with prominent changes in both TAK and LV-GCA. Padj < 0.05: *, P ≤ 0.01: **, P ≤

0.001: ***, P ≤ 0.0001: ****. HC, healthy control; LV-GCA, large-vessel giant cell arteritis; Sig., significant; TAK, Takayasu arteritis. Color figure
can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43110/abstract.
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Signatures of active disease in patients with TAK
and LV-GCA. To identify proteins associated with disease activity
in TAK and LV-GCA, we next compared the proteomic profile of
active and inactive patients within each disease. In TAK samples,
16 proteins were significantly altered in active disease, with 11 up-
regulated and 5 down-regulated (Figure 3A and Supplementary
Data 7). Up-regulated proteins included neutrophil-related factors
(S100A12, CXCL5, CXCL1), liver-derived proteins (SAA4,
CFHR5), ECM components (TNC, NID1, CRTAC1, COMP), and
angiogenic factors (VEGF-A, ANG), indicating innate immune acti-
vation and vascular remodeling (Figure 3B). To corroborate the
results of the active versus inactive patient analysis and identify
proteins whose levels vary with the degree of disease activity,
we tested for association with the numerical ITAS2010 disease
activity score.14 Eight of the 158 proteins measured were signifi-
cantly correlated (adjusted P < 0.05) with the ITAS2010 score
(Supplementary Figure S4A and C), and 7 of these 8 were differ-
entially abundant in the active versus inactive analysis.

Assessment of disease activity in TAK is currently based on
the evaluation of clinical features, imaging, and clinical laboratory
measures of inflammation, particularly CRP levels. However,
CRP lacks both sensitivity and specificity for active TAK.7 In keep-
ing with this, 20 patients with active TAK had normal CRP levels
(<5 mg/L). We found that six proteins (NID1, TNC, S100A12,
CD274 [soluble programmed death ligand 1], DEFA1, and
DPP4) were more strongly correlated with ITAS2010 than CRP
(Supplementary Figure S4). Motivated by this finding, we formally
evaluated whether we could develop a multimarker protein signa-
ture using supervised learning to improve classification of disease
activity (Supplementary Material). Using Least Absolute Shrinkage
and Selection Operator (LASSO) regression, we generated a 10-
protein signature that outperformed CRP (area under the curve
[AUC] 0.8 vs 0.72, respectively; Supplementary Figure S5A and
B). However, a simpler two-protein logistic regression model
comprising CRP and COMP performed even better (AUC 0.9;
Supplementary Figure S5C), demonstrating proof-of-principle
that the addition of a single protein could provide improved and
clinically tractable biomarker-based assessment of disease activ-
ity in TAK.

In LV-GCA, 18 proteins were significantly associated with
active disease, with 17 increased and 1 decreased (Figure 3A,
Supplementary Data 8). Although two proteins (CFHR5 and
VEGF-A) were increased in active disease in both LV-GCA and
TAK, the LV-GCA activity signature was mostly distinct to that of
TAK (Figure 3A and C). A more prominent acute phase response
was evident in active LV-GCA compared to TAK with large
increases in IL-6 and multiple liver-derived inflammatory proteins
(MBL2, ST6GAL1, C2) (Figure 3D). There were also differences
in the chemokines and other immunoregulatory proteins affected;
CXCL5 and CXCL1 levels were not significantly changed in active
LV-GCA (Figure 3E), but there were increases in the monocyte-
attracting chemokines (CCL7, CCL14, CCL23) and the T cell

recruitment and activation factors (CCL18, GNLY, TIMD4). Lastly,
there were activity-associated increases in remodeling-associ-
ated proteins TIMP1, COL18A1, and NRP1 in LV-GCA but
not TAK.

To determine whether proteomic differences persist despite
clinically quiescent disease, we compared patients with inactive
TAK and LV-GCA to HCs. This analysis identified 22 and 61 DAPs
in inactive TAK and LV-GCA, respectively, with 18 DAPs being
common to both diseases (Supplementary Figure S6A–C, Sup-
plementary Data 9 and 10). Examples of proteins that remained
elevated in inactive disease include OSM, S100A12, TNFSF14,
and AXIN1 (Supplementary Figure S6D). Importantly, these pro-
teins remained chronically elevated regardless of disease duration
(Supplementary Figure S6E), even in patients with TAK who had
withdrawn all treatment following durable clinical remission (Sup-
plementary Figure S6D; median time off treatment 2 years [IQR
1.5–5.1 years], further details in Supplementary Data 11). Thus,
our data indicate that some proteomic changes observed in
patients with TAK and LV-GCA represent persistent molecular
derangements that do not normalize with clinical remission.

Biopsy-proven C-GCA has a distinct proteomic
endotype. We next performed proteomic profiling of an inde-
pendent cohort of 239 patients presenting acutely with possible
C-GCA (cohort 2), recruited to the TABUL study.17 Blood sam-
ples were taken rapidly following initiation of high-dose glucocorti-
coids; median treatment duration was 2 days (IQR 1–4 days). All
patients underwent both TAB and USS, and a diagnosis of C-
GCA was subsequently confirmed or excluded (Not C-GCA) as
described in the Methods. Patient characteristics were typical for
suspected C-GCA, with the majority of patients being more than
60 years old (87.4%), female (72%), and having White European
ancestry (99.3%) (Supplementary Table 2). Of patients diagnosed
with C-GCA, 56 patients (37.3%) had a positive TAB, 78 patients
(52%) had an abnormal USS, and 53 patients (35.3%) were neg-
ative for both TAB and USS. Compared to the Not C-GCA group,
patients with C-GCA were slightly older (median age 4 years
greater) and had higher erythrocyte sedimentation rates (ESRs),
CRP levels, and platelet levels (Supplementary Table 2). Proteo-
mic profiling was performed using the same Olink platform as for
cohort 1. A total of 167 proteins (91%) passed QC parameters,
and data from a minimum of 225 patients were available for anal-
ysis (see the Methods section).

Proteomic comparison of C-GCA (n = 150) to Not C-GCA (n
= 89) revealed 31 DAPs (Figure 4A and Supplementary Data 12).
Further investigation revealed heterogeneity of these protein
profiles within C-GCA and that differences compared to the Not
C-GCA group were mostly driven by the TAB-positive (TAB+)
C-GCA subgroup (Supplementary Methods, Supplementary
Figure S7). In analyses stratified by TAB result, comparison of
TAB+ C-GCA (n = 56) to Not C-GCA identified 62 DAPs
(Figure 4B, Supplementary Data 13), whereas only 1 DAP was

MAUGHAN ET AL890



identified in the TAB-negative (TAB−) C-GCA (n = 89) versus Not
C-GCA comparison (Supplementary Data 14). The increase in
significant associations when limiting to biopsy-proven cases,
despite reduction in sample size and statistical power, indicates
that TAB+ C-GCA is enriched for proteomic signal and that the
TAB− C-GCA group was diluting this signal in the analysis of all
C-CGA versus not C-GCA. Comparison of the estimated log2FCs
and protein abundances from the TAB+ and TAB− stratified anal-
yses confirmed larger magnitudes of effect in the former
(Figure 4D and F). We additionally found that patients with TAB+
C-GCA had higher levels of CRP, ESR, platelets, and presence
of polymyalgic symptoms compared to patients with TAB− C-
GCA (Figure 4C and Supplementary Data 15). Moreover, PCA of

all proteins assayed indicated separation of TAB+ C-GCA from
TAB− C-GCA (Supplementary Figure S7C). Together, these find-
ings indicate that C-GCA can be stratified into biologically and
clinically distinct subsets by TAB result.

Further exploration using hierarchical clustering revealed
that although most TAB− C-GCA patients were proteomically
distinct from patients with TAB+ C-GCA, 18 TAB− C-GCA
patients displayed a similar profile to the TAB+ C-GCA group
(Supplementary Figure S8). However, this pattern had no sig-
nificant association with demographic or clinical parameters.
Relatedly, the comparison of patients with TAB− C-GCA who
had abnormal USS (n = 36) to patients without C-GCA did not
identify any significant proteins. Together, these results

Figure 3. Proteins associated with active disease in TAK and LV-GCA. (A) Points indicating log2 fold change estimate ± SE (horizontal bars) for
proteins that were significantly (adjusted P < 0.05) differentially abundant in the active versus inactive patient analysis for TAK only (n = 56 vs n = 40)
(top panel), both diseases (middle panel) and LV-GCA only (n = 11 vs n = 24) (bottom panel). (B) Functional categories of differentially abundant
proteins from TAK and LV-GCA activity analyses. Violin plots depict the scaled abundance values (Z scores) for proteins associated with disease
activity in (C) both diseases and (D and E) for the proteins that had divergent associations with disease activity in TAK and LV-GCA. P values
adjusted using Benjamini-Hochberg method; no symbol: nonsignificant, adjusted *P < 0.05, **P ≤ 0.01, ***P ≤ 0.001. HC, healthy control; LV-
GCA, large-vessel giant cell arteritis; TAK, Takayasu arteritis. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.43110/abstract.
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Figure 4. Proteomic changes associated with C-GCA are most pronounced in biopsy-proven disease. (A) Volcano plots for the differential pro-
tein abundance comparisons of C-GCA (n = 150) versus Not C-GCA (n = 89) and (B) for the comparison of TAB positive C-GCA (C-GCA TAB+,
n = 56) versus Not C-GCA (n = 89). −Log10(Padj) = −log10 Benjamini-Hochberg adjusted P value. Red and blue indicate proteins that are signifi-
cantly (Padj < 0.05) up-regulated and down-regulated, respectively. (C) Boxplot showing CRP, ESR, and platelet count in Not C-GCA, TAB−
C-GCA, and TAB+ C-GCA. Median and IQR represented by line and box edges respectively, upper whisker represents the upper quartile plus
1.5 times the IQR, lower whisker represents lower quartile minus 1.5 times IQR. Statistical comparisons made with Kruskal-Wallis and Dunn’s post
hoc tests. (D) Comparison of log2 fold changes for differentially abundant proteins in C-GCA TAB+ versus Not C-CGA and C-GCA TAB− versus
Not C-GCA, diagonal line represents line of identity. (E) Functional categories of differentially abundant proteins in C-GCA TAB+ versus not
C-GCA comparison. (F) Violin plots showing scaled protein levels (Z score) for selected proteins with prominent changes in C-GCA TAB+ cases.
Adjusted **P < 0.05, ****P ≤ 0.0001. C-GCA, cranial giant cell arteritis; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; IQR, inter-
quartile range; ns, nonsignificant; TAB, temporal artery biopsy. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.43110/abstract.
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suggest that TAB rather than USS positivity more closely
reflects the proteomic phenotype.

The 62 proteins associated with TAB+ C-GCA suggest both
innate and adaptive immune activation with dysregulation of cyto-
kines, growth factors, chemokines, and other immune-related
proteins (Figure 4E). In a previous proteomic study,29 five of these
proteins were identified as significantly altered in C-GCA (Supple-
mentary Figure S9 and Supplementary Data 13). Similar to TAK
and LV-GCA, many proteins involved in innate immune function
were up-regulated including acute phase response mediators
(IL-6, MBL2, SAA4, CFHR5, ST6GAL1) and factors involved in
neutrophil and monocyte migration and activation (CXCL1,
CCL14, CCL7, S100A12, CSF-1). Several chemokines involved
in T and B cell recruitment were also increased (CXCL9, CXCL10,
CXCL11, CCL18) together with altered levels of lymphocyte sur-
vival and proliferation factors (increased: IL-7; decreased: IL-7R,
KITLG, TNFSF11). In addition, increases in ECM (MMP-1, TIMP1,
TNC, LTBP2), fibrosis (TGFB1) and angiogenesis-related proteins
(VEGF-A, HGF, NRP1) were indicative of vascular remodeling.
The down-regulated proteins with the lowest P values were SER-
PINA5 and DPP4 (Figure 4F). In secondary analyses, we did not
identify any proteins that were significantly associated with cranial
ischemic complications or polymyalgic symptoms within patients
with C-GCA when analyzed both as a single group and when
separated by TAB result.

Supervised learning to identify protein-based
diagnostics for C-GCA. There are no specific diagnostic blood
tests for C-GCA. Although ESR and CRP are typically elevated,
they are nonspecific. For example, CRP was elevated (>5 mg/L)
in 69% of patients in the Not C-CGA group in this study. We
therefore tested whether a blood-based protein or proteomic bio-
marker could aid diagnosis of C-GCA, randomly splitting the data
into training and test sets (Supplementary Material). Using logistic
regression models, the best predictive univariate markers for
biopsy-proven C-GCAwere CXCL9, DPP4, and SERPINA5 (Sup-
plementary Figure S10A, Supplementary Table 3). Despite having
one of the larger estimated log2FCs in the differential abundance
analyses (Figure 4A and B), IL-6 was less effective as a predictor
(Supplementary Table 3). We then explored whether predictive
performance could be enhanced through a more sophisticated
multivariate modeling approach. We supplied all proteins mea-
sured as input variables and trained a model using LASSO regres-
sion (which performs variable selection) and cross-validation. This
resulted in an 11-protein model that provided improved diagnos-
tic performance compared to the univariate models (accuracy
0.87, AUC 0.94) (Supplementary Figure S10B, Supplementary
Tables 3 and 4). The most important features in the LASSO
model were CXCL9, DPP4, and SERPINA5 (Supplementary
Figure S10B), consistent with the findings of the univariate logistic
regression analyses.

Correlated proteomic changes in active TAK,
LV-GCA, and biopsy-proven C-GCA with IL-6 and VEGF-A
identified as key hub proteins. We next explored similarities
and differences in the plasma proteomic signatures associated
with each form of LVV. We considered the possibility that our
results might be impacted by differences in study design. In
cohort 2, patients with C-GCA were sampled with active disease
at the time of diagnosis, whereas in cohort 1, patients were sam-
pled during both active and inactive disease over a range of dis-
ease durations. To mitigate against this, we reanalyzed cohort 1
restricting patient samples to active disease only. These analyses
revealed 68 and 69 DAPs for active TAK versus HCs and active
LV-GCA versus HCs, respectively, of which the majority had also
been significantly altered in the corresponding previous analyses
using all cases (80.9% and 81.6% respectively, Supplementary
Data 16 and 17). We then compared the results of these TAK
and LV-GCA analyses to the proteomic associations identified in
the TAB+ C-GCA versus not C-GCA comparison in cohort 2.

A total of 112 DAPs were identified in one or more LVV type
(subsequently referred to as LVV-associated proteins, Figure 5A,
Supplementary Data 18). Directional changes were highly similar
with 74 (66.1%) having concordant changes (Figure 5B) and sig-
nificant correlation between both TAK and LV-GCA profiles with
that of TAB+ C-GCA (Pearson r = 0.49 and r = 0.69, respectively,
both P < 0.0001). Twenty-six proteins (23.2%) were dysregulated
in all three diseases and 33 proteins (29.5%) were dysregulated in
two. Of the 26 shared DAPs, all had directionally concordant
changes, including 20 up-regulated and 6 down-regulated pro-
teins. We define these 26 proteins as the “pan-LVV signature”
(Supplementary Data 18). Up-regulated proteins included IL-6,
acute phase proteins (SAA4, CFHR5, ST6GAL1), monocyte and
neutrophil factors (S100A12, CSF-1), monocyte and lymphocyte
chemokines (CCL5, CCL7, CCL3, CCL18, CCL23), and
TNFSF14. Levels of proteins related to arterial remodeling were
also increased, including VEGF-A, HGF, MMP-1, TIMP1, and the
ECM glycoprotein TNC. Down-regulated proteins included IL-
7R, KIT, and KITLG, each involved in lymphocyte differentiation
and proliferation, DPP-4, CR2, and TNXB (another ECM
tenascin).

Using the GTEx tissue transcriptome database,21 we
explored the global tissue expression profile of each LVV-associ-
ated protein, defining enhanced expression as more than four-
fold higher than average tissue level as per Human Protein Atlas
methodology.22 A total of 83 proteins (74.1%) had enhanced
expression in ≥1 tissue. The most represented tissues were liver,
spleen, and whole blood (Supplementary Figure S11). A total of
11 proteins had enhanced arterial expression including TNC,
TIMP1, COL18A1, and TNFRSF11B (osteoprotegerin), thereby
indicating the possibility of blood-based measurement of arterial
biomarkers in LVV.

To infer relationships between proteins, we constructed two
networks using the 74 proteins with concordant changes using
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(1) annotated protein–protein interactions from STRING19

(Figure 5C) and (2) coexpression (Pearson r ≥ 0.6) (Figure 5D).
The network of annotated interactions identified IL-6 and IL-10
as the central hubs with connections to proteins with distinct
functions including chemotaxis (eg, CCL5, CCL3), angiogenesis
(eg, VEGF-A, HGF) and tissue remodeling (eg, MMP-1, TIMP1,

TGFB1). In the network constructed using protein coexpression
data, TIMP1 and VEGF-A displayed even greater connectivity,
appearing as central nodes with edges connecting both to other
remodeling-related proteins (eg, COL18A1, NRP1) and multiple
immune-associated proteins (eg, CSF1, TNFSF14, CCL14).
These networks indicate the coordinated regulation of immune

(Figure legend continues on next page.)
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and vascular remodeling processes, highlighting immune-stromal
cross-talk in LVV.

The most prominent inter-disease differences diseases were
between TAK and LV-GCA profiles compared to TAB+ C-GCA
(Figure 5A). In particular, the large increases in EIF4EBP1 and
AXIN1 observed in TAK and LV-GCA were not seen in C-GCA.
Similarly, increases in the neutrophil proteins DEFA1 and LCN2
were observed exclusively in TAK and LV-GCA (Figure 5E). There
were also differences between LV-GCA and TAB+ C-GCA pro-
files compared to TAK, which indicate some degree of divergence
between diseases. For example, increases in CXCL9 and TIMD4
were seen only in the GCA groups, whereas decreases in the
ECM-related proteins COMP and THBS4 were only found in
TAK (Figure 5F).

Plasma proteomic signatures reflect LVV arterial
tissue phenotype. Plasma proteins arise not only from blood
cells but also from a wide range of tissues and organs, including
the vasculature, which is in direct contact with the blood. We
therefore sought to evaluate whether changes in patient plasma
(Figure 5A) reflect the phenotype of arterial tissue affected by
LVV. Using bulk RNA-seq data from a study that compared surgi-
cally resected aortic tissue of LV-GCA to noninflammatory aortic
aneurysms (NI-AA),23 we found that for 47 (42%) of the LVV-asso-
ciated plasma proteins, the corresponding gene was differentially
expressed in LVV arterial tissue (Figure 6A and Supplementary
Data 19). Moreover, the log2FCs of these 47 plasma proteins cor-
related with the log2FC of the corresponding gene in LVV tissue
versus NI-AA (Figure 6B), and 28 plasma proteins (59.6%) had
directionally concordant changes across the transcriptomic anal-
ysis of LVV arterial tissue and the plasma proteomic analyses of
all the three LVV types.

Using the blueprint and GTEx bulk RNA-seq data sets,21,30

we explored the cell type and arterial expression profile of the 47
genes and proteins dysregulated in both plasma and arterial tis-
sue (Supplementary Figure S12A). Macrophage and neutrophil
expressed genes and proteins made up the largest subset
(34%); this included CCL7, CSF1, CXCL9, and CDCP1, which

were increased in both tissue and plasma (Figure 6C). Genes
and proteins expressed by nonimmune stromal cells, such as
TNC, MMP1, TIMP1, and NRP1, were also prominent
(Figure 6D). This latter cluster was enriched for genes of high arte-
rial expression (GTEx) and could be useful as markers of arterial
remodeling. The remainder were lymphocyte-derived (Figure 6E)
or had mixed expression profiles. Of note, despite the significant
decreases in plasma protein DPP4, CR2, and IL-7R in LVV, the
expression of the corresponding genes was significantly
increased in LVV arterial tissue (Figure S12B), emphasizing that
there may be directionally discordant effects between different tis-
sue compartments and/or between intracellular messenger RNA
(mRNA) expression and plasma protein levels. Overall, these find-
ings indicate that plasma proteomic signatures can reflect
aspects of LVV tissue phenotype and could provide a valuable
noninvasive read-out of pathogenic processes occurring in dis-
eased arteries.

DISCUSSION

TAK and GCA are currently classified as separate dis-
eases,12,31 but some investigators have proposed that they could
represent varying manifestations of the same disease spec-
trum.4,5 This debate has largely focused on phenotypic similari-
ties, reflecting patterns of arterial injury.3 Genome-wide
association studies reveal differences in the genetic risk factors
associated with TAK or GCA.32 However, a key unanswered
question is whether the molecular effector pathways acting in
these diseases are shared or distinct. This information is impor-
tant for the rational selection of new therapeutic strategies that
target specific proteins.

Here, we address this by comparing the plasma proteomic
profile of TAK, LV-GCA, and C-GCA. In 281 patients with LVV,
we measured 184 inflammation- and vascular-associated pro-
teins to characterize the plasma proteome of each major LVV type
and evaluate changes associated with disease activity states. We
found that the proteomic profiles associated with active TAK, LV-
GCA, and biopsy-proven C-GCA were similar and identified a

(Figure legend continued from previous page.)
Figure 5. Comparison of active TAK, LV-GCA and biopsy-proven C-GCA proteomic profiles. (A) Heatmap showing log2FCs of the 112 DAPs
identified in active TAK versus HC, active LV-GCA vs HC, and TAB+ C-GCA versus not C-GCA comparisons. Left: navy boxes represent proteins
with statistically significant changes (adjusted P < 0.05) in each disease. Right: annotated functional category for each protein. (B) Comparison of
disease vs HC log2FCs for 112 DAPs. Diagonal lines represent the line of identity. Network plots of (C) known protein–protein interactions and (D)
protein–protein coexpression for 74 proteins with directionally concordant changes across diseases. Node size corresponds to number of edges.
For C, high confidence interactions (≥0.9) were sourced from STRING19 and for D, protein coexpression was defined as a Pearson correlation ≥0.6
in both patients with active TAK/LV-GCA and patients with TAB+ C-GCA. (E) Violin plots showing scaled abundance values (Z scores) for selected
proteins associated with active TAK and LV-GCA but not C-GCA and (F) those identified as different between active LV-GCA and C-GCA versus
active TAK. P values adjusted using Benjamini-Hochberg method; no symbol: nonsignificant, Adjusted *P < 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤

0.0001. C-GCA, cranial giant cell arteritis; CRP, C-reactive protein; DAP, differentially abundant protein; ESR, erythrocyte sedimentation rate; HC,
healthy control participant; IQR, interquartile range; log2FC, log 2 fold change; LV-GCA, large-vessel giant cell arteritis; ns, nonsignificant; TAB,
temporal artery biopsy; TAK, Takayasu arteritis. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.
com/doi/10.1002/art.43110/abstract.
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26-protein “pan-LVV” signature common to all three groups. This
signature primarily included proteins of immunologic function, but
it also comprised proteins arising from or acting on the stroma,
indicative of arterial injury, and/or repair. Some of these proteins
have well-established roles in LVV (eg, IL-6 and VEGF-A),13,28

but others have not been previously linked to LVV.
The signature reflected prominent innate immune activation,

particularly with increases in several proteins related to monocyte

and macrophage function. Coexpression analysis revealed coor-
dinated regulation of such proteins (eg, CSF1, CCL18, CCL14)
with multiple proteins involved in tissue remodeling (eg, VEGF-A,
TIMP1, and TGFB1) thereby highlighting innate immune-stromal
cross-talk in LVV. This is consistent with recent reports implicating
profibrotic macrophage subsets in the fibrotic and stenotic
remodeling of arteries in TAK and GCA, cell types that are less
affected by current treatments.33,34 These findings underscore

Figure 6. Correspondence of LVV plasma profile to arterial tissue phenotype. Comparison of plasma proteomic profiles associated with LVV
and gene expression changes identified in aortic tissue affected by LVV.23 (A) Pie chart showing the proportion of 112 LVV-associated plasma pro-
teins (Supplementary Data 18) that were also differentially expressed (adjusted P < 0.05) in LV-GCA-related aortic aneurysm (n = 8) versus NI-AA
(n=25) by bulk RNA sequencing. (B) Comparison of plasma protein and aortic gene expression log2FCs for the 47 proteins and corresponding
genes that had significant changes in both LVV plasma and aortic tissue, each point represents a gene/protein pair. For proteomics (Y axes),
log2FCs represent active TAK versus HC, active LV-GCA versus HC, and TAB positive C-GCA (TAB+ C-GCA) versus Not C-GCA comparisons.
For transcriptomics (X axes), log2FCs represent LV-GCA associated aortitis versus NI-AA. (C–E) Dot plots showing aortic gene expression of
genes/proteins differentially expressed/abundant in both LVV plasma and aortic tissue. Aortic gene expression in LVV versus NI-AA for genes typ-
ically expressed by (C) macrophages, (D) nonhematopoietic stromal cells, and (E) lymphocytes. Gene expression measured in TPM, cell-type
expression classified using blueprint data (Figure S8). P values were adjusted using Benjamini-Hochberg method. C-GCA, cranial giant cell arter-
itis; HC, healthy control participant; log2FC, log2 fold change; LV-GCA, large-vessel giant cell arteritis; LVV, large-vessel vasculitis; NI-AA, nonin-
flammatory aortic aneurysm; TAB, temporal artery biopsy; TAK, Takayasu arteritis; TPM, transcripts per million. Color figure can be viewed in
the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43110/abstract.
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the importance of macrophages in TAK and GCA pathogenesis
and illustrate the need for therapeutics which target macrophages
beyond proinflammatory functions alone.

We also observed evidence for adaptive immune involve-
ment, with changes in lymphocyte-related proteins such as IL-
7R and TNFSF14. Plasma IL-7R was decreased in all LVV groups
irrespective of disease activity status. Its ligand IL-7 was also sig-
nificantly increased in TAK and C-GCA. IL-7 is essential for T cell
development and homeostasis while soluble IL-7R (sIL-7R)
potentiates IL-7 activity by enhancing bioavailability.35 The pattern
observed is similar to findings in antineutrophil cytoplasmic anti-
body (ANCA)–associated vasculitis and tuberculosis infection
but contrasts with rheumatoid arthritis and lupus in which sIL-7R
levels are increased.36–38 Interestingly, the mRNA expression of
IL-7R was increased in the transcriptomic analysis of LV-GCA
aortitis, and a recent study reported that IL-7R expressing T cells
are involved in the persistence of vasculitic lesions in a mouse chi-
meric model.39 Decreased IL-7R in the plasma of patients with
LVVmay therefore reflect the recruitment of specific T cell subsets
from the circulation to vasculitic lesions. As another example,
TNFSF14 (LIGHT) was prominently elevated. TNFSF14 acts as a
T cell costimulatory factor and triggers T cell activation and prolif-
eration.40 TNFSF14 promotes systemic immunopathology, as
demonstrated by transgenic animals with constitutive TNFSF14
expression in T cells.41 Moreover, TNFSF14 can also act on non-
hematopoietic structural cells including fibroblasts, endothelial,
and smooth muscle cells to drive tissue fibrosis.42 Consistent with
this, our coexpression network analysis identified an edge con-
necting TNFSF14 to VEGF-A, a central hub node. Current treat-
ment strategies in LVV are limited to suppression of inflammation
and do not target fibrosis directly. Thus, TNSF14 antagonism
may be a novel therapeutic approach in LVV that provides dual
targeting of both the immune response and the consequent stro-
mal reaction.

Lastly, the signature included tissue remodeling proteins
expressed by immune cells (eg, VEGF-A) or stromal cells (eg,
TNC, TIMP1, MMP-1); the latter may represent useful markers of
arterial damage independent of inflammation. Increased plasma
TNC in LVV is relevant given its enrichment in normal arteries
and increased expression in arteries affected by LVV. TNC is an
ECM protein primarily expressed by fibroblasts at sites of tissue
damage where it supports repair. It gained interest as a candidate
marker of vascular injury, but its levels are also elevated in other
disease states.43 Although this lack of specificity to LVV may
preclude its use as a diagnostic marker, TNC, and other ECM
proteins could be useful for monitoring arterial injury during fol-
low-up and should be evaluated in longitudinal studies.

Despite the overall similarity in LVV proteomic profiles, we
identified differences that suggest some immunologic divergence
between diseases. For example, the chemokine CXCL9 was
higher in LV-GCA and C-GCA compared to TAK. CXCL9 is pro-
duced by macrophages and other cell types in response to

interferon γ and typically reflects activation of the Th1 pathway.44

Increased plasma CXCL9 has been reported previously in GCA
and is associated with CXCR3+ cell infiltration into diseased arter-
ies.45 Previous studies speculated that TAK and GCA differ in the
susceptibility of T cell pathways to glucocorticoids whereby Th1
responses persist in GCA and Th17 responses persist in TAK
after treatment initiation.46,47 Our observation that CXCL9 was
exclusively increased in GCA while IL-17A was exclusively
increased in TAK may support this theory.

Beyond comparing LVV types, this study provided several
disease-specific insights. We identified novel markers of active
disease in TAK and in LV-GCA. Disease activity assessment is
challenging in LVV, in which existing markers such as CRP have
well-recognized limitations, and there can be practical constraints
regarding the frequent use of vascular imaging.7,8 In a proof-of-
principle analysis, we demonstrate that a single additional marker,
the ECM glycoprotein COMP, used in combination with CRP
markedly increases the accuracy of disease activity detection
when compared to the use of CRP alone. Although further study
is required to validate the novel markers identified here in indepen-
dent cohorts, our findings suggest that significant improvements
can be made with simple additions to the laboratory testing regi-
mens used for monitoring LVV. Importantly, we also found that
many proteins remained altered in patients with TAK and LV-
GCA despite clinically quiescent disease. OSM and AXIN1 were
elevated regardless of disease activity, whereas activity markers
such as S100A12 and VEGF-A were highest in active disease
but remained increased despite clinical disease quiescence.
These findings may parallel the inaccuracy of clinical disease
activity assessment compared to histopathologic or radiologic
evaluations of arterial inflammation.48–50 However, we observed
similar derangements in patients with TAK who had achieved
durable clinical remission (defined here as the absence of any
symptom, sign, laboratory feature or radiographic evidence for
active TAK over the last three years of monitoring and the safe
cessation of all immunosuppressive treatments). Therefore,
although the persistent changes observed likely indicate subclini-
cal inflammation, future studies are required to determine whether
they are associated with clinically important outcomes.

Our results suggest that biopsy-positive and -negative C-
GCA are proteomically distinct. There are two possibilities that
could explain our findings. First, despite a careful clinical pheno-
typing algorithm, which included external expert review, there
may be instances of misclassification within the TAB− C-GCA
group, such that some patients were erroneously labeled as C-
GCA. However, this cannot fully explain our findings because the
TAB− C-GCA group included some patients with a positive
USS. Alternatively, TAB positivity may reflect the burden of arterial
disease. Skip lesions, with discontinuous segments of arterial
inflammation, can occur in GCA, and so a patient with lower bur-
den of arterial disease is more likely to have a negative biopsy on
the small biopsy section of artery sampled. Thus, it is possible that
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the proteomic read-out may reflect quantitative differences in the
extent of arteritis. Our clinical laboratory data provided additional
evidence of differences between TAB+ and TAB− patients, with
higher ESR, CRP, and platelet count in the former group, in keep-
ing with previous studies.51–53 Other clinical differences in TAB+
and TAB− C-GCA have been described, including greater risk of
visual loss53,54 and higher prevalence of PMR in TAB+ patients,51

although these findings have not replicated in all case series.55

Our data support the concept that C-GCA can be stratified by
biopsy into biologically distinct endotypes, which may have impli-
cations for future trial design and precision medicine strategies.

Our study had limitations. We used a targeted proteomic
panel that was enriched for inflammatory and vascular proteins
and thus our ability to compare between LVV groups is limited to
the proteins measured. The HCs in cohort 1 were well matched
to patients with TAK but were younger than patients with LV-
GCA. Differences in study design between cohort 1 and cohort
2 mean that proteomic differences between C-GCA and the other
LVV groups may be confounded by differences in disease dura-
tion and treatment history. In addition, the controls in cohort 2
(“Not GCA”) were individuals who presented with symptoms for
which a diagnosis of C-GCA was considered but ultimately
excluded, whereas the controls in cohort 1 were healthy partici-
pants with no symptoms. In cohort 1, there was heterogeneity in
treatment, with varying administration of steroids and other immu-
nosuppressants, which could potentially impact the plasma pro-
teome. However, treatment (particularly glucocorticoid dose) is
given in response to disease activity, reflected in the correlation
between disease activity scores and prednisolone dose in cohort
1. Thus, attempting to statistically adjust for treatment risks over-
adjustment.56,57 For supervised learning, we split the data into
training and test sets, but the relatively modest sample sizes
mean that estimates of model performance are more vulnerable
to stochastic variation. Wemitigated this by also estimating model
performance through cross-validation in the larger training set.
Finally, in the case of membrane-bound proteins that undergo
cleavage to produce a soluble form, it is not always clear whether
plasma protein measurements are exclusively capturing the latter
or also protein from cell membranes (for example, arising from in
vivo sources such as exo- or ectosomes or ex vivo processes
such as venepuncture or sample processing), complicating
interpretation.

In conclusion, similarities in the plasma proteomic profiles of
active TAK and GCA indicate common effector pathways result-
ing in inflammatory arterial damage despite differences in genetic
etiology. Our integrated analysis of plasma and arterial tissue
highlight the role played by macrophages and their protein prod-
ucts in LVV and indicate significant potential for their targeting in
novel treatments and biomarkers. Future work should expand
the molecular characterization of the LVV disease spectrum by
extending the number of proteins measured via use of comple-
mentary proteomic platforms and by concurrent measurement

of other -omic layers (eg, RNA-seq of immune cells). Longitudinal
studies characterizing the temporal changes in the molecular pro-
file across the disease course will be valuable in delineating acute
from chronic changes and allowing intraindividual assessment of
putative biomarkers identified here.
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Absence of Functional Autoantibodies Targeting
Angiotensin II Receptor Type 1 and Endothelin-1 Type A
Receptor in Circulation and Purified IgG From Patients
With Systemic Sclerosis

Wieke M. van Oostveen,1 Eva M. Hoekstra,1 E. W. Nivine Levarht,1 Ilana B. Kotliar,2 Thomas P. Sakmar,3

René E. M. Toes,1 Jeska K. de Vries-Bouwstra,1 Laura H. Heitman,4 and Cynthia M. Fehres1

Objective. Systemic sclerosis (SSc) is a rare but severe autoimmune disease characterized by immune dysregula-
tion, fibrosis, and vasculopathy. Although previous studies have highlighted the presence of functional autoantibodies
targeting the angiotensin II receptor type 1 (AT1) and endothelin-1 type A receptor (ETAR), leading to autoantibody-
mediated receptor stimulation and subsequent activation of endothelial cells (ECs), a comprehensive understanding
of the direct interaction between these autoantibodies and their receptors is currently lacking. Moreover, existing data
confirming the presence of these autoantibodies in SSc often rely on similar methodologies and assays. Our aim was to
replicate previous findings and to investigate the functional effects of IgG derived from patients with SSc (SSc IgG) on
AT1 and ETAR signaling, the downstream EC response, and the presence of AT1-binding autoantibodies in circulation.

Methods. Quantitative polymerase chain reaction and cytokine enzyme-linked immunosorbent assay, alongside a
real-time cell analyzer, were used to assess receptor-specific functional characteristics of purified SSc IgG (n = 18).
Additionally, a novel protein capture assay using solubilized epitope-tagged AT1 was developed to detect AT1-binding
autoantibodies in plasma samples from patients with SSc (n = 28) and healthy donors (n = 14).

Results. No evidence for EC activation in an AT1- or ETAR-dependent manner was revealed. Furthermore, stimula-
tion with SSc IgG did not induce receptor activation or alter G protein-coupled receptor signaling on agonist stimulation
in a model with receptor overexpression. Lastly, no AT1-binding autoantibodies were detected in plasma samples from
patients with SSc when using epitope-tagged solubilized AT1.

Conclusion. Overall, our study did not provide evidence to support the presence of AT1- or ETAR-activating auto-
antibodies in purified SSc IgG or AT1-binding autoantibodies in the circulation of patients with SSc.

INTRODUCTION

Systemic sclerosis (SSc) is a rheumatic autoimmune disorder

characterized by microangiopathy, including Raynaud phenome-

non (RP), immune dysregulation, and fibrosis of the skin and inter-

nal organs.1 Clinical presentation of SSc vary from an indolent

form with limited deterioration to rapidly progressive disease,

associated with irreversible organ damage and relatively high

mortality rates.2 Despite its rarity, SSc poses a significant clinical

challenge because of its clinical heterogeneity and potential for a

high mortality rate.3 More than 95% of patients with SSc test posi-

tive for antinuclear antibodies (ANAs) including anti–topoisomerase

I antibodies (ATA) and anticentromere antibodies (ACA). The pres-

ence of ATA and ACA is disease specific. The two antibodies rarely

co-occur and are associated with distinct clinical phenotypes.4

Although the underlying pathologic mechanisms in SSc subtypes

remain largely elusive, the presence of ANA and RP precedes clin-

ical disease and fibrosis onset, indicating a potential link between

1Wieke M. van Oostveen, MSc, Eva M. Hoekstra, MD, MSc, E. W. Nivine
Levarht, BSc, RenéE.M. Toes, PhD, JeskaK. deVries-Bouwstra,MD, PhD, Cynthia
M. Fehres, PhD: Leiden University Medical Center, Leiden, The Netherlands;
2Ilana B. Kotliar, PhD: The Rockefeller University and Tri-Institutional PhD Pro-
gram in Chemical Biology, New York, New York; 3Thomas P. Sakmar, MD: The
RockefellerUniversity,NewYork,NewYork; 4LauraH.Heitman,PhD: LeidenUni-
versity andOncode Institute, Leiden, TheNetherlands.

Additional supplementary information cited in this article can be found
online in the Supporting Information section (http://onlinelibrary.wiley.com/
doi/10.1002/art.43099).

Author disclosures are available at https://onlinelibrary.wiley.com/doi/10.
1002/art.43099.

Address correspondence via email to Cynthia M. Fehres, PhD, at c.m.
fehres@lumc.nl.

Submitted for publication September 12, 2024; accepted in revised form
December 11, 2024.

901

Arthritis & Rheumatology
Vol. 77, No. 7, July 2025, pp 901–913
DOI 10.1002/art.43099
© 2024 The Author(s). Arthritis & Rheumatology published by Wiley Periodicals LLC on behalf of American College of Rheumatology.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

https://orcid.org/0000-0002-5619-4508
https://orcid.org/0000-0002-2437-6016
https://orcid.org/0000-0001-9020-1591
https://doi.org/10.1002/art.43099
https://doi.org/10.1002/art.43099
https://onlinelibrary.wiley.com/doi/10.1002/art.43099
https://onlinelibrary.wiley.com/doi/10.1002/art.43099
mailto:c.m.fehres@lumc.nl
mailto:c.m.fehres@lumc.nl
http://creativecommons.org/licenses/by-nc-nd/4.0/


autoimmunity and vasculopathy. A deeper understanding of dis-
ease pathogenesis could facilitate early intervention to halt fibrosis
and disease progression.

RP, an early but nonspecific sign of SSc, is characterized by
restricted blood flow to the extremities due to endothelial cell
(EC) dysregulation and exaggerated vasoconstriction.5 This vaso-
constrictive response, along with vasodilation, is regulated by the
renin-angiotensin-system, with angiotensin II (AngII) and its recep-
tor angiotensin II type 1 (AT1) playing pivotal roles.6,7 Additionally,
endothelin-1 (ET-1), a proinflammatory peptide, contributes to
vasoconstriction by activating endothelin-1 type A receptor
(ETAR), implying potential involvement for AngII and ET-1 in SSc
pathogenesis.8 Indeed, the use of angiotensin-converting enzyme
inhibitors in SSc has been associated with reduced death from
renal crisis, although no effect on RP was found.9,10 Furthermore,
several clinical trials have investigated the effects of AT1 and ETAR
inhibitors to reduce disease manifestations, such as fibrosis, pul-
monary arterial hypertension, and digital ulcers. Although these
blockers alleviated vascular complications, no effect on fibrosis
in skin or other organs was observed, thereby highlighting the
need for further research into the role of AT1 and ETAR in SSc
pathophysiology.11–15

Previous studies have reported the presence of autoanti-
bodies against AT1 and ETAR in SSc,16–19 as well as in other dis-
eases, including preeclampsia and renal-allograft rejection.20–22

In SSc, high autoantibody levels predicted disease-related death
and thus were proposed as biomarkers for risk assessment for
disease progression.19 These autoantibodies are defined to act
as agonists, as they activate the receptor and its downstream sig-
naling cascade.20–23 Both AT1 and ETAR are members of the G
protein-coupled receptor (GPCR) family, which are membrane-
bound proteins characterized by seven transmembrane helices
and intracellular coupling to heterotrimeric G proteins composed
of α, β, and γ subunits.24 On agonist ligand stimulation, GPCRs
activate various downstream signaling pathways through cou-
pling to G proteins or via β-arrestins.25 Activated AT1 and ETAR
primarily couple to Gαq/11 leading to increased cytosolic Ca2+

and subsequent vasoconstriction.26–28

The contribution of AT1 and ETAR activation to vasoconstric-
tion and the reported presence of autoantibodies targeting AT1
and ETAR in SSc suggest a potential contribution of agonistic
anti-AT1- and anti-ETAR autoantibodies to vasculopathy in SSc.
However, detailed studies examining the direct interaction
between these autoantibodies and their receptors are currently
lacking.18,28 Therefore, the present study aimed to investigate
the functional effects of IgG derived from patients with SSc (SSc
IgG) on AT1 and ETAR signaling, as well as its downstream EC
response. To this end, in addition to conventional techniques
such as quantitative polymerase chain reaction (qPCR) and cyto-
kine enzyme-linked immunosorbent assay (ELISA), a real-time cell
analyzer (RTCA), well-validated for studying GPCR pharmacol-
ogy, was used to assess functional characteristics of SSc IgG in

a direct and receptor-specific manner. Additionally, a novel pro-
tein capture assay using solubilized receptors was established
to evaluate the presence of anti-AT1 autoantibodies in the circula-
tion of patients with SSc.

MATERIALS AND METHODS

Patients and healthy individuals. Plasma and serum
samples were collected from patients with SSc who were part of
a prospective cohort study (the Leiden Combined Care in Systemic
Sclerosis cohort) at the Leiden University Medical Center’s Rheu-
matology outpatient clinic. Patient characteristics are detailed in
Supplementary Table 1. Patients with both low and high levels of
anti-AT1 (cutoff = 9.5) and anti-ETAR antibodies (cutoff = 10.4) were
included, as measured in serum by Riemekasten et al,19 as previ-
ously reported. All patients met the American College of Rheuma-
tology/EULAR 2013 criteria for the classification of SSc and had
not undergone hematopoietic stem cell transplantation.29 The
study was approved by the Leiden University Medical Center ethi-
cal review board (protocol P17.151). Written informed consent
was obtained from both patients and healthy donors (HDs).

Purification of IgG antibodies. IgG antibodies were puri-
fied from plasma using a 1-mL HiTrap Protein G HP affinity col-
umn (GE29-0485-81; Cytiva), followed by a direct buffer
exchange using a 53-mL HiPrep 26/10 desalting column
(GE17-5087-01; Cytiva). Isolated IgG was concentrated to 4 to
26 mg/mL using Amicon Ultra-15 50 kDa filter devices
(UFC9050; Merck) and potential endotoxins were removed with
Pierce High-Capacity Endotoxin Removal Spin Columns (88274;
ThermoFisher Scientific). Aliquots were stored at −20�C for sub-
sequent experiments.

Stable transfection Chinese hamster ovary cells.
Chinese hamster ovary (CHO)–K1 (ATCC, CCL-61) cells were
transfected with human ETAR (EDNRA, NM_001957)
Ohu22257C; GenScript Biotech) cloned into a pcDNA3.1+N-
6His vector using PolyJet DNA Transfection Agent
(SL100688; SignaGen) according to manufacturer’s protocol.
Briefly, 1 μg of plasmid was added to cells (0.1 million cells/
well) at low passage number in a 24-well plate. After seven
days, cells were selected with geneticin (11811-064; Gibco)
and single-cell sorted using a His-tag antibody (OAEA00010;
Aviva). Functional expression of ETAR on clones was confirmed
using ET-1 (HY-P0202; MedChemExpress).

Cell culture. Human telomerase reverse transcriptase
(TERT)–immortalized human umbilical vein ECs (HUVECs/TERT2,
CRL-4053, ATCC) were cultured on gelatin-coated dishes in vas-
cular cell basal medium (ATCC-PCS-100-030, ATCC) supple-
mented with endothelial cell growth kit-VEGF (ATCC-PCS-
100-041, ATCC), glutamax, 100 U/mL penicillin-streptomycin
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(Pen-Strep), and 5% fetal calf serum (FCS). Medium was
refreshed every two days, and cells were maintained at 37�C with
5% CO2 until 80% to 90% confluence. CHO-K1 cells, CHO-
ETAR, and commercially acquired CHO-AT1 (ES-072-C; PerkinEl-
mer) were cultured in Ham’s F12 medium (21765029; Gibco) with
10% FCS and 100 U/mL of Pen-Strep. Additionally, for CHO-AT1
and CHO-ETAR cells, 0.4 mg/mL of geneticin was added to main-
tain selection pressure. Cells were grown at 37�C under 5% CO2

until 70% to 80% confluence.

Stimulation of HUVEC for qPCR and ELISA. HUVECs
(p5–15) were seeded in gelatin-coated 12-well plates (0.1 million
cells/well) and cultured overnight. Cells were serum-starved for one
hour before pretreatment with 2 μM of valsartan (AT1 antagonist,
HY-18204; MedChemExpress) and 2 μM of BQ-123 (ETAR antago-
nist, HY-12378; MedChemExpress) or a vehicle (0.02% DMSO/
phosphate buffered saline [PBS]) for one hour. Cells were then
treated with 200 μg/mL of IgG, 10 μM of AngII (A9525; Sigma-
Aldrich) with 10 μM of ET-1 (HY-P0202; MedChemExpress),
10 ng/mL of recombinant human tumor necrosis factor α (rhTNFα)
(210-TA; R&D Systems), or medium. After 1 hour, a medium with
FCSwasadded leading1%FCS followedby incubation for 48hours.

RNA isolation and qPCR. After 48 hours, HUVEC superna-
tant was collected, and cells were lysed in TRIzol (15596026; Invi-
trogen). RNA was isolated using the RNA Microprep Kit (R2063;
Zymo Research) following the manufacturer’s protocol. RNA con-
centration and purity were assessed using NanoDrop (Thermo Sci-
entific). Next, 500 ng of RNA from each condition was mixed with
the iScript complementary DNA (cDNA) Synthesis Kit (1708891;
Bio-Rad) and supplemented to 20 μL with nuclease-free water
(11538646; Invitrogen). qPCR was performed using 3 μL of diluted
cDNA and 5 μL of master mix containing 2.5 pmol of forward and
reverse primer, double distilled H2O, and SensiFAST SYBR No-
ROX Kit (BIO-98005; Meridian Bioscience). Primer sequences are
listed in Supplementary Table 2. The cDNA dilutions, primer con-
centrations, and standards were optimized according to the litera-
ture.30 Mean cycle quantification (Cq) values were determined
from technical replicates (n = 3). Relative quantity was calculated
using (1+E)ΔCq, in which E is the PCR efficiency from the standard
curve, and ΔCq is the difference between the sample and the
medium control. Relative normalized expression was obtained by
dividing the relative quantity of the target (intercellular adhesion
molecule 1 [ICAM1], selectin E (SELE), C-C Motif Chemokine
Ligand 2 [CCL2]) by the reference (beta-2-microglobulin [B2M]).
Data were exported from CFX Maestro 3.2 (version 5.2; Bio-Rad)
for statistical analysis.

Cytokine ELISA. Supernatants from IgG-stimulated
HUVECs were analyzed for interleukin-6 (IL-6) (88-7066-88), IL-8
(88-8086-88), and TNFα (88-7346-88) using ELISA kits
(Invitrogen) following the manufacturer’s protocol. Briefly,

384-well plates (3700; Corning) were coated with 15 μL of antigen
and blocked with 75 μL of 1% bovine serum albumin [BSA]/PBS.
Diluted supernatant (IL-6, TNFα: 2×; IL-8: 10×), detection anti-
body, horseradish peroxidase (HRP)-labeled avidin antibody,
and tetramethylbenzidine substrate (555214; BD Biosciences)
were sequentially added (15 μL each). Reactions were stopped
with 15 μL 1 M H2SO4, and absorbance was measured at
450 nm using a Multiskan Fc reader (Thermo Scientific). Cytokine
standards (IL-6, IL-12: kit components; TNFα: 51-26376E; BD
Biosciences) were used to calculate cytokine production when
within the linear range.

Real-time cell analysis. Label-free, functional experi-
ments were conducted using an xCELLigence RTCA (Agilent),
which measures changes in impedance due to whole-cell
responses, reflecting changes in cell number, proliferation rate,
adhesion, and morphology expressed as the dimensionless
parameter cell index (CI). This method is well-validated to study
compound-receptor interactions.31–35 All assays were performed
at 37�C and 5% CO2 in 96-well E-plates (300600900; Agilent)
with 100 μL/well final volume. Background impedance was mea-
sured in 35 to 45 μL medium followed by the seeding of 40,000
cells/well. CI values were recorded every 15 minutes overnight.
Cells were pretreated for one hour with 1 μM of an antagonist,
100 μg/mL of IgG, or a vehicle. Next, responses to 100 μM ATP,
agonist, 200 μg/mL IgG or PBS were measured for 30 to
120 minutes. Compounds and IgG were added simultaneously
to the E-plate using a VIAFLO 96-channel Handheld Electronic
pipette (INTEGRA Biosciences). Experimental data were acquired
using RTCA Software (version 2.2.1; Agilent). CI values were nor-
malized just before compound or IgG addition to obtain normal-
ized CI (nCI) values. Baseline corrections were made by
subtracting vehicle control nCI values from each data point. Abso-
lute net area under the curve (AUC) was calculated for the initial
60 minutes after stimulation (30 minutes for IgG pretreatment on
CHO-ETAR cells). Net AUC data were analyzed with nonlinear
regression in GraphPad Prism (version 9.3.1).

Protein capture assay. A novel protein assay using solu-
bilized AT1 was established to measure AT1-binding autoanti-
bodies in SSc plasma. Solubilized GPCRs were obtained as
described previously.36 Briefly, epitope-tagged human GPCR
constructs (AT1, CXCR3 [C-X-C motif chemokine receptor 3],
cholinergic receptor muscarinic 3 [CHRM3]) with an N-terminal
FLAG tag (DYKDDDDK) and C-terminal 1D4 tag (TETSQVAPA)
were encoded in a pcDNA3.1+ mammalian expression vector.
HEK293 FreeStyle cells were cultured according to manufac-
turer’s instructions. One day before transfection, HEK293FS
cells were diluted to 0.5 million cells/mL. The following day,
100 mL of cell suspension was transfected with plasmid DNA
encoding CXCR3, CHRM3, or AT1 using OptiMEM (12559099;
Gibco) and 293fectin transfection reagent (10553283; Gibco).
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Help vectors (p33-SV40LT, pORF-hp21V.16, pORF-hp27V02)
were added to stop cell cycle and boost protein production,
resulting in a final DNA concentration of 1 μg/mL. For mock-
transfected cells, only help vectors were added. After 24 hours,
cells were harvested and washed with cold PBS. For each trans-
fection, 500 μL of cells was stained with anti-FLAG M2-fluores-
cein isothiocyanate (FITC) mouse monoclonal antibody (mAb)
(1:200, F4049; Sigma-Aldrich) followed by flow cytometry to val-
idate successful transfection. Remaining cells were solubilized
using n-dodecyl-ß-D-maltoside (DDM) detergent (850520;
Avanti) to form micelles to maintain GPCR conformation. Cells
were incubated in solubilization buffer (50 mM HEPES, 1 mM
EDTA, 150 mM NaCl, and 5 mM MgCl2 [pH 7.4]) with 1%
(weight/volume) DDM and complete protease inhibitor
(11836170001; Roche) for two hours at 4�C with head-
over-head rotation. Lysates were clarified by centrifugation at
22,000g for 20 minutes at 4�C. Clarified solubilized membrane
proteins were snap frozen in liquid nitrogen and stored at
−80�C. Total protein concentration was determined using
Pierce BCA protein assay (23227; Thermo Scientific) according
to the manufacturer’s protocol.

Plasma samples from 14 HDs and 28 patients with SSc were
selected. Nunc MaxiSorp 96-well plate (430341; Thermo Scien-
tific) were coated with 1 μg/mL of rhodopsin monoclonal antibody
(1D4) (MA1-722; Invitrogen) to capture solubilized GPCRs via
their 1D4 epitope tag. After blocking with 1% BSA/PBS, solubi-
lized GPCRs in solubilization buffer (with 1% BSA) were incubated
for 30 minutes while shaking. Fractions of mock-transfected cells
were included as negative control. Diluted plasma samples
(1:100), anti-CXCR3 antibody (0.4 μg/mL, HPA045942; Atlas
Antibodies), anti-CHRM3 antibody (0.4 μg/mL, HPA048036;
Atlas Antibodies) and anti-DYKDDDDK tag (D6W5B) (2 μg/mL,
14793S; Cell Signaling) were diluted in same buffer as solubilized
GPCRs and incubated for one hour followed by incubation with
1:1,000 anti–human IgG/HRP (P0214; DAKO) or 1:7,500 anti–
rabbit Ig/HRP (P0448; DAKO). Following extensive washing,
plates were incubated with H2O2/ABTS. Absorbance at 415 nm
was measured every 30 minutes.

Statistical analysis. Statistical analysis was performed
with GraphPad Prism software (version 9.3.1). Variables are
expressed as means ± SEMs of three individually performed
experiments with technical duplicates, unless otherwise specified.
Statistical analysis was performed using Kruskal-Wallis test with
Dunn’s correction for nonparametric values, unless otherwise
specified. P < 0.05 was considered as statistically significant.

RESULTS

No EC activation upon stimulation with SSc IgG.
Because previous studies described a potential role for autoanti-
bodies targeting AT1 and ETAR resulting in EC

activation,13,18,37,38 we set out to study the effect of SSc antibod-
ies on endothelium by stimulation of human ECs with HD-derived
IgG (HD IgG) and SSc IgG. Immortalized HUVECs were used to
eliminate HUVEC donor-specific effects. First, as positive control,
HUVECs were stimulated with 10 ng/mL of TNFα for 48 hours to
evaluate the up-regulation of SELE, ICAM1, and CCL2, all genes
associated with EC activation. A fold change of 43.8 for SELE,
25.6 for ICAM1, and 13.1 for CCL2 following TNFα stimulation
indicated the suitability of HUVEC as a model to study EC activa-
tion (Supplementary Figure 1). Next, isolated IgG from plasma
samples from patients and HDs were used to minimize the poten-
tial influence of plasma components on vasculature, given the ele-
vated levels of AngII and ET-1 in patients with SSc.11,12 Although
the addition of IgG fractions to HUVECs did induce a slight up-
regulation of SELE, ICAM1, and CCL2, no differences were
observed for SSc IgG (n = 5–10) compared to HD IgG (n = 3)
(Figure 1A). Furthermore, stimulation with agonists AngII and
ET-1 did not lead to EC activation. Likewise, pretreatment with
AT1-specific antagonist valsartan and ETAR-specific antagonist
BQ-123 did not attenuate the up-regulation of these markers.

Next, cytokine production by EC after stimulation with SSc
and HD IgG was assessed. Although TNFα stimulation of EC as
positive control led to high cytokine production with optical den-
sity values outside the linear range (data not shown), no significant
up-regulation of the proinflammatory cytokines IL-6, IL-8, or TNFα
was observed on stimulation with SSc IgG (Figure 1B). Altogether,
these data suggest limited contribution of SSc IgG in EC
activation.

Because the up-regulation of activation markers and proin-
flammatory cytokine production has been reported as a conse-
quence of SSc IgG–induced AT1- and/or ETAR-mediated EC
activation, we next aimed to study the potential direct effects of
SSc IgG using another read-out. To this end, we took advantage
of RTCA, a method to study cell morphologic effects of GPCR
activation and previously applied to study EC responses.39

HUVECs were stimulated with 100 μM of ATP to define their
non-AT1- or ETAR-specific response window (Figure 1C), result-
ing in an average net AUC of 18.6. To study receptor-specific acti-
vation, HUVECs, either pretreated with specific antagonists or a
vehicle, were stimulated with 10 μM of AngII, 10 μM of ET-1, or
both. No effect of agonist stimulation was observed, both with
and without antagonist pretreatment (Figure 1D). These results
confirm our findings in Figure 1B showing limited effect of AngII
with ET-1 stimulation on EC. To exclude differences in signaling
between agonists and IgG, isolated IgG of HDs (n = 3) and
patients with SSc (n = 5) was tested using RTCA. Similar to ago-
nist stimulation, no activation of EC was observed on incubation
with IgG (Figure 1E). Quantification of responses induced by HD
IgG (n = 3) and SSc IgG (n = 5) showed no EC activation in an
AT1- or ETAR-dependent manner (Figure 1F). In summary, stimu-
lation of EC with SSc IgG did not provide evidence for EC activa-
tion in an AT1- or ETAR-dependent manner.
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Figure 1. SSc IgG does not activate HUVECs in an AT1- or ETAR-mediated manner. (A) ΔΔCt of SELE, ICAM1, and CCL2 in HUVECs pretreated
with vehicle or 1 μM of AT1 antagonist valsartan plus ETAR antagonist BQ-123 followed by stimulation with 10 μM of AngII plus ET-1 or 200 of μg/
mL IgG. Data points represent mean ΔΔCt measured in technical triplicates. (B) Cytokine ELISA for IL-6, IL-8, and TNFα with supernatant of
HUVECs stimulated with 200 μg/mL of IgG for 48 hours. Data points represent mean cytokine concentration measured in technical triplicates.
(C) Representative graph of baseline-corrected real-time nCI traces of HUVECs stimulated with 100 μM of ATP. (D) Representative graphs of
baseline-corrected nCI traces of HUVECs pretreated with a vehicle or 1 μM of valsartan plus BQ-123 before stimulation with 10 μM of AngII,
10 μM of ET-1, or both agonists. (E) Representative graphs of baseline-corrected nCI traces of HUVECs pretreated with a vehicle or 1 μM antag-
onist before stimulation with 200 μg/mL of IgG. (F) Net AUC (mean ± SEM, n = 2) of HUVECs 0- to 60-minute baseline-corrected nCI traces pre-
treated with a vehicle or antagonist before stimulation with 10 μM agonists or 200 μg/mL of IgG. AngII, angiotensin II; AT1, angiotensin II receptor
type 1; AUC, area under the curve; CI, cell index; ΔΔCt, gene expression fold change; CCL2, CC chemokine ligand 2; ET-1, endothelin-1; ETAR,
endothelin-1 type A receptor; HD, healthy donor; HUVEC, human umbilical vein endothelial cell; ICAM1, intercellular adhesion molecule 1; IL-6,
interleukin-6; nCI, normalized cell index; ns, not specific; PBS, phosphate buffered saline; SELE, selectin E; SSc, systemic sclerosis; TNFα, tumor
necrosis factor α. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43099/
abstract.
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SSc IgG and the activation of AT1 using an AT1-
overexpressing CHO model. Next, model cell lines overex-
pressing either human AT1 (CHO-AT1) and human ETAR (CHO-
ETAR) were established. These cell lines were characterized using
RTCA to ensure potent and specific AngII- and ET-1-mediated
activation of AT1 and ETAR, respectively (Supplementary Figures 2
and 3).

Specificity of AngII for AT1 was tested by stimulating parental
(ie, nontransfected) CHO and CHO-AT1 cells with 1 nM AngII
(Figure 2A). No response was detected in the parental cells fol-
lowing AngII stimulation, whereas CHO-AT1 exhibited an increas-
ing response within the initial five minutes, indicating a potent and

functional AT1 response. Pretreatment with 1 μM AT1 antagonist
valsartan decreased net AUC by 74% compared to the response
of vehicle-pretreated cells (Figure 2B), indicating the suitability of
this model for studying selective AT1 activation. Next, CHO-AT1
cells were stimulated for 60 minutes with 200 μg/mL of purified
IgG of 4 HDs and 18 patients with SSc. As presented in
Figure 2C, baseline-corrected nCI values did not reveal any
response to IgG. Additionally, no discernible differences between
HD and SSc IgG or in curve traces between cells pretreated with
valsartan and those pretreated with vehicle could be observed.
Quantification of responses into Net AUC showed no stimulatory
effect of IgG, whereas stimulation with 1 nM AngII led to a potent

Figure 2. No observed effect of SSc IgG on CHO-AT1 cells in an AT1-mediated manner. (A) Representative graphs of baseline-corrected nCI
traces of CHO and CHO-AT1 cells pretreated with vehicle or 1 μM valsartan before stimulation with 1 nM AngII. (B) Net AUC (mean ± SEM, n =
2–3) of CHO and CHO-AT1 0- to 60-minute baseline-corrected nCI traces to 1 nM AngII. (C) Representative graphs of baseline-corrected nCI
traces of CHO-AT1 cells pretreated with vehicle or 1 μM valsartan before stimulation with 200 μg/mL of HD IgG or SSc IgG. (D) Net AUC (mean
± SEM, n = 2–3) of CHO-AT1 0- to 60-minute baseline-corrected nCI traces to 1 nM of AngII or 200 μg/mL of IgG in absence and presence of
1 μM valsartan on the individual level. AngII, angiotensin II; AT1, angiotensin II receptor type 1; AUC, area under the curve; CHO, Chinese hamster
ovary; CI, cell index; HD, healthy donor; nCI, normalized cell index; ns, not specific; PBS, phosphate buffered saline; SSc, systemic sclerosis. Color
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43099/abstract.
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AT1-mediated response (Figure 2D). Taken together, we did not
obtain evidence for AT1-mediated activation by SSc IgG in the
highly sensitive CHO-AT1 cells.

SSc IgG and the activation of ETAR using an ETAR-
overexpressing CHO model. Similarly, the specificity of the
endogenous ligand ET-1 for ETAR was confirmed by stimulating
CHO and CHO-ETAR with 10 nM of ET-1 (Figure 3A). No
response was observed in parental CHO cells on ET-1 stimula-
tion, whereas CHO-ETAR displayed an increasing response in
the first five minutes indicating functional expression of ETAR

in transfected cells. Pretreatment with specific ETAR antagonist
BQ-123 decreased Net AUC by approximately 65% compared
to the response of vehicle-pretreated cells (Figure 3B). Subse-
quently, isolated IgG from the same 4 HDs and 18 patients with
SSc was used to stimulate CHO-ETAR cells. Analogous to the
curve traces obtained with HUVEC and CHO-AT1R, no stimula-
tory effect of IgG on CHO-ETAR cells was revealed (Figure 3C).
Additionally, no observable differences between HD and SSc
IgG or in curve traces between cells pretreated with valsartan
and those pretreated with a vehicle could be observed. Quantifi-
cation of responses into net AUC showed no stimulatory effect

Figure 3. No observed effect of SSc IgG on CHO-ETAR cells in an ETAR-mediated manner. (A) Representative graphs of baseline-corrected nCI
traces of CHO and CHO-ETAR cells pretreated with a vehicle or 1 μM of BQ-123 before stimulation with 10 nM of ET-1. (B) Net AUC (mean ± SEM,
n = 2–4) of CHO and CHO-ETAR 0- to 60-minute baseline-corrected nCI traces to 10 nM ET-1. (C) Representative graphs of baseline-corrected
nCI traces of CHO-ETAR cells pretreated with a vehicle or 1 μM BQ-123 before stimulation with 200 μg/mL of HD IgG or SSc IgG. (D) Net AUC
(mean ± SEM, n = 2–4) of CHO-ETAR 0- to 60-minute baseline-corrected nCI traces to 10 nM ET-1 or 200 μg/mL of IgG in the absence and pres-
ence of 1 μM BQ-123 on an individual level. AUC, area under the curve; CHO, Chinese hamster ovary; CI, cell index; ET-1, endothelin-1; ETAR,
endothelin-1 type A receptor; HD, healthy donor; nCI, normalized cell index; ns, not specific; PBS, phosphate buffered saline; SSc, systemic scle-
rosis. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43099/abstract.
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of IgG whereas stimulation with 10 nM ET-1 led to an ETAR-
mediated response (Figure 3D). Overall, similar to results obtained
in CHO-AT1 cells, there was no observed evidence for ETAR acti-
vation by SSc IgG on CHO-ETAR cells.

No evidence for allosteric effect of SSc IgG on AngII
response in CHO-AT1 model. To test for allosteric modulation
by SSc IgG, CHO-AT1 cells were stimulated with AngII (10−9.5,
10−8.5, and 10−7.5 M) to obtain response curves without any
IgG pretreatment (Figure 4A). Selected AngII concentrations
are within the linear range of the concentration-response curve
(Supplementary Figure 2) to ensure detectability of changes in
agonistic response. Next, CHO-AT1 cells were pretreated with
100 μg/mL of HD or SSc IgG followed by stimulation with AngII
(10−9.5, 10−8.5, and 10−7.5 M) for 60 minutes. No evident differ-
ences in curve traces were observed between cells without IgG
pretreatment and those with IgG pretreatment (Figure 4B). Fur-
thermore, IgG isolated from patients with SSc did not alter the
response to AngII compared to cells pretreated with HD IgG.
Quantification of the responses into the net AUC confirmed no
significant difference in AngII response between HD and SSc
IgG–pretreated cells (Figure 4C). Altogether, these data do
not provide evidence for altered AT1 signaling on AngII stimula-
tion after pretreatment with SSc IgG.

No evidence for allosteric effect of SSc IgG on ET-1
response in CHO-ETAR model. Similarly, CHO-ETAR cells
were stimulated with ET-1 (10−9, 10−8, and 10−7 M) to obtain
responses without any IgG pretreatment (Figure 5A). Next, cells
were pretreated with 100 μg/mL of HD or SSc IgG pretreatment
followed by ET-1 (10−9, 10−8, and 10−7 M) stimulation for
30 minutes. IgG-pretreated cells showed no observable differ-
ences in curve traces compared to vehicle-pretreated cells
(Figure 5B). Additionally, SSc IgG pretreatment did not affect the
response to ET-1 compared to pretreatment with HD IgG. Quan-
tification of the responses into the net AUC confirmed no signifi-
cant difference in net AUC between HD and SSc IgG–pretreated
cells (Figure 5C). Altogether, these data do not provide evidence
for altered ETAR signaling on ET-1 stimulation after pretreatment
with SSc IgG.

No AT1-binding IgG detected in SSc plasma using
solubilized membrane proteins. Given the absence of direct
functional or response-modifying effects of SSc IgG in an AT1-
or ETAR-dependent manner, a new protein capture assay inde-
pendent of receptor activation was established to detect the
potential presence GPCR-binding autoantibodies. In this assay,
the GPCRs retain their 3D-conformational integrity in detergent
micelles. Epitope-tagged AT1 was expressed and solubilized into

Figure 4. Pretreatment with SSc IgG does not alter AngII responses in CHO-AT1 cells. (A) Representative graph of baseline-corrected normal-
ized CI traces of CHO-AT1 cells stimulated with 10−9.5 to 10−7.5M AngII without any IgG pretreatment. (B) Representative graphs of CHO-AT1 cells
pretreated with 100 μg/mL of HD IgG or IgG derived from patients with SSc before stimulation with 10−9.5 to 10−7.5 M AngII. (C) Net AUC (mean ±
SEM) of CHO-AT1 cells pretreated with 100 μg/mL of IgG before stimulation with AngII. Dots represent mean net AUC of two individual performed
experiments with technical duplicates. Statistical analysis using the Mann-Whitney U-test with Dunn’s correction for multiple testing. AngII, angio-
tensin II; AT1, angiotensin II receptor type 1; AUC, area under the curve; CHO, Chinese hamster ovary; CI, cell index; HD, healthy donor; ns, not
specific; PBS, phosphate buffered saline; SSc, systemic sclerosis.
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micelles as described in the material and methods section. Before
solubilization, the presence of AT1 in transfected cells was con-
firmed via the N-terminal FLAG tag using flow cytometry
(Supplementary Figure 4). Solubilized GPCRs were added to
anti-1D4-coated wells to capture GPCRs via their C-terminal

1D4 tag (Figure 6A). Solubilized membrane fractions from non-
transfected cells (MOCK) were used as negative controls. None
of the antibodies exhibited reactivity toward MOCK, whereas
anti-CXCR3 and anti-CHRM3 antibodies displayed binding only
to their respective solubilized GPCRs, confirming the specificity

Figure 5. Pretreatment with SSc IgG does not alter ET-1 responses in CHO-ETAR cells. (A) Representative graph of baseline-corrected normal-
ized CI traces of CHO-ETAR cells stimulated with 10−9 to 10−7M ET-1 without any IgG pretreatment. (B) Representative graphs of CHO-ETAR cells
pretreated with 100 μg/mL of HD IgG or SSc IgG before stimulation with 10−9 to 10−7 M ET-1. (C) Net AUC (mean ± SEM) of CHO-ETAR cells pre-
treated with 100 μg/mL of IgG before stimulation with ET-1. Dots represent mean net AUC of two individual performed experiments with technical
duplicates. Statistical analysis using the Mann-Whitney U-test with Dunn’s correction for multiple testing. AUC, area under the curve; CHO, Chi-
nese hamster ovary; CI, cell index; ET-1, endothelin-1; ETAR, endothelin-1 type A receptor; HD, healthy donor; ns, not specific; PBS, phosphate
buffered saline; SSc, systemic sclerosis.

Figure 6. Detection of AT1-binding IgG in circulation using protein capture assay. (A) Schematic figure of the protein capture assay using wells
coated with 1 μg/mL of anti-1D4 tag antibody to capture solubilized GPCRs followed by detection with anti-FLAG tag antibody as positive control.
(B) OD415 nm values (mean ± SEM) of 0.4 μg/mL of anti-CXCR3 and 0.4 μg/mL of anti-CHRM3 antibodies toward 100 μg/mL of solubilized AT1,
CHRM3, and CXCR3. MOCK as negative control. (C) OD415 nm values (mean ± SEM) of 1:100 diluted plasma samples towards 100 μg/mL solu-
bilized membrane proteins of MOCK- or AT1-transfected HEK293-FreeStyle cells. 2 μg/mL of anti-FLAG tag antibody was included as positive
control. Dots represent average OD value of SSc plasma (n = 28) or HD plasma (n = 14) measured in duplicate. AT1, angiotensin II receptor type
1; CHRM3, cholinergic receptor muscarinic 3; CXCR3, CXCMotif Chemokine Receptor 3; GPCR, G protein-coupled receptor, HD, healthy donor;
MOCK, nontransfected cells; SSc, systemic sclerosis.
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and sensitivity of this assay as well as the feasibility detection of
the GPCRs (Figure 6B). Next, plasma samples from 28 patients
with SSc, along with plasma samples of 14 HDs, were analyzed
for AT1-binding IgG using HRP-labeled anti–human IgG. Com-
pared to MOCK, OD values for solubilized AT1 did not increase
for both HD and SSc plasma, whereas for anti-FLAG OD values
increased from 0.05 to 2.7 (Figure 6C). Furthermore, no differ-
ences in AT1-binding between HD and SSc plasma samples were
detected. These findings do not provide evidence for the pres-
ence of AT1-binding autoantibodies in circulation of patients with
SSc and are in line with the other performed experiments.

DISCUSSION

SSc is a severe autoimmune disease marked by dysregu-
lated immunity, fibrosis, and vasculopathy, with no existing cure.
Given the early occurrence of vasculopathy in disease pathogen-
esis, it is essential for early intervention to understand the factors
contributing to EC dysregulation and exaggerated vasoconstric-
tion. Previous studies have described autoantibodies targeting
AT1 and ETAR, two receptors pivotal to blood pressure homeo-
stasis, as relevant contributors to the pathogenesis of SSc. These
autoantibodies are described to activate their respective recep-
tors, which leads to abnormal vasoconstriction and subsequent
microangiopathy, implying potential involvement of anti–AT1-
and anti-ETAR autoantibodies in SSc pathogenesis.16,37 How-
ever, the functional effects of anti–AT1- and anti-ETAR autoanti-
bodies have primarily been explored through nonspecific
markers situated downstream in the GPCR signaling cascade,
leaving their receptor-specific effects unclear.19,38 In this study,
we employed a combination of conventional techniques such as
qPCR and ELISA, alongside a robust platform measuring mor-
phologic changes on GPCR activation to investigate the func-
tional effects of SSc IgG. Additionally, we established a novel
protein capture assay using solubilized AT1 in micelles to screen
for anti–AT1-binding autoantibodies in circulation. Despite using
various techniques and different cell lines, our results do not pro-
vide evidence supporting the presence or functional role of AT1-
or ETAR-binding autoantibodies in SSc IgG or the presence of
AT1-binding autoantibodies in the circulation of patients with SSc.

RThe absence of a “positive” SSc-derived autoantibody-
mediated signal could be a consequence of multiple factors. Our
observations revealed no evidence of EC activation following
incubation with SSc IgG, regardless of pretreatment with AT1-
and ETAR-specific antagonists. Previous studies reported
increased messenger RNA and protein levels of IL-8 and vascular
cell adhesion molecule 1 after the incubation of ECs with SSc IgG
in an AT1- and ETAR-dependent manner.18 However,
these effects displayed high levels of variability and varied
between EC donors. Therefore, possible EC donor-specific
effects and a contribution of autoantibodies other than anti-AT1
and anti-ETAR to EC activation cannot be excluded, potentially

explaining differences in outcome. Another study reported EC
proliferation and coagulation on stimulation with SSc IgG, result-
ing in extracellular signal-regulated kinase (ERK)1/2 phosphoryla-
tion in an AT1- and ETAR-dependent manner.38 In the same
study, stimulation with AngII and ET-1 did not show up-regulated
ERK1/2 phosphorylation, which argues for AT1- and ETAR-
independent effects. Similar findings were observed in another
study,40 in which no up-regulation of pERK1/2, mechanistic tar-
get of rapamycin complex 1 (mTORC1), or mTORC2 was
detected following stimulation with AngII or ET-1. These findings
align with our results, in which stimulation with AngII or ET-1 did
not result in the up-regulation of markers for EC activation or a
direct AT1- or ETAR-mediated response, as measured with
RTCA. Overall, our data indicate no AT1- or ETAR-dependent acti-
vation of EC by SSc IgG, and neither could agonist-mediated acti-
vation of EC be detected. This raises questions regarding the
suitability of EC to study the presence and effects of AT1- and
ETAR-activating autoantibodies in total IgG derived from patients
with SSc.

Considering the reported low endogenous expression levels
of GPCRs on human cells,24,41–44 it is possible that AT1 and ETAR
expression on HUVECs might be insufficient to detect activation
of these receptors by SSc IgG. Therefore, we established models
using CHO cells that overexpress the human AT1 and ETAR,
respectively to study these receptors. Agonist-mediated
responses were measured in real-time, which could be effectively
blocked with receptor-specific antagonists, confirming the suit-
ability of this method to study AT1 and ETAR activation specifically
and sensitively. However, while activation of AT1 and ETAR was
observed upon stimulation with AngII and ET-1 respectively, no
such effects were detected when using SSc IgG. Although some
individuals displayed minimal changes in net AUC compared to
control, the curve traces remained comparable irrespective of
antagonist pretreatment. This suggests that any observed
changes in impedance are likely not attributable to AT1- or ETAR
activation.

Instead of direct activation, autoantibodies may alter the
affinity of the natural agonist for the orthosteric binding pocket
through allosteric modulation, a phenomenon previously
described45 for AT1. Allosteric ligands blocked the binding of rat
polyclonal IgG to extracellular loop 2, thereby attenuating AngII-
mediated signaling. While previous studies detected changes in
intracellular Ca2+ levels when incubating CHO cells transiently
expressing AT1 with precipitated SSc IgG before stimulation with
AngII,46 our study did not observe changes in net AUC values fol-
lowing the incubation of CHO-AT1 or CHO-ETAR with SSc IgG
compared to controls. Differences in outcome could potentially
be explained by discrepancies in preparation methods of IgG
fractions, the concentration of AngII used for stimulation, and the
use of transiently transfected cells.

We developed a novel protein capture assay toni screen for
AT1-binding autoantibodies in SSc plasma to distinguish between
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the functionality and binding characteristics of autoantibodies. To
minimize interference of nuclear antigens, AT1 was solubilized into
micelles and captured via their 1D4-tag using antibody-coated
wells. Micelles containing solubilized, epitope-tagged CXCR3
and CHRM3 were included as technical controls for GPCR con-
formation after solubilization, as well-validated antibodies are
available for these two GPCRs, unlike AT1 and ETAR.

47 Despite
the presence of AT1, OD values of all plasma samples toward sol-
ubilized AT1 were consistently low and comparable to values
using solubilized membrane fractions of nontransfected cells, in
which tag-specific capturing is not applicable. Furthermore, OD
values of plasma samples from patients with SSc toward AT1
did not differ from those of plasma from HDs. These observations
argue against the presence of AT1-binding autoantibodies in the
circulation of patients with SSc. It would, therefore, be of rele-
vance to scrutinize whether the commercially available assays
used for detecting anti-AT1 and anti-ETAR reactivity could effec-
tively detect antibodies against other antigens such as nuclear or
cytoplasmic proteins. Unfortunately, protocols and reagents for
these assays have not been shared, complicating such
endeavors. Previous studies reported a strong correlation
between ATA and anti-AT1 and anti-ETAR autoantibodies. Addi-
tionally, high prevalence of positive reactivity was observed in
plasma samples from other diseases associated with ANA,
whereas samples from diseases with no known ANA levels were
nearly negative.46 Further research into the specificity of these
commercial assays is needed to exclude the possibility
of detected ANA instead of the presumed AT1- and ETAR-binding
autoantibodies in plasma derived from patients with SSc.

Finally, while multiple reports described the presence of AT1-
and ETAR-binding autoantibodies in association with clinical man-
ifestations in SSc,16,19,38,40,48 other reports found no correlation
between the presence of these autoantibodies and clinical dis-
ease manifestations.2,49 This discrepancy raises questions about
the clinical relevance of these autoantibodies in to identify and dis-
criminate patients with SSc, leaving their role in SSc pathogenesis
is unclear. Similar observations have been described for autoanti-
bodies targeting platelet-derived growth factor receptor (PDGFR).
Initial reports suggested that stimulatory anti-PDGFR autoanti-
bodies were a disease-specific hallmark of SSc.50 Later studies
detected these autoantibodies in the sera of HDs and without
agonistic activity, highlighting the uncertain clinical significance
and technical challenges in determining the role of functional auto-
antibodies in SSc pathogenesis.51,52

It is essential to acknowledge certain limitations in our study.
Firstly, the sample size employed in functional studies, comprising
4 HDs and 18 patients with SSc, may be considered relatively
small, particularly given the heterogeneous nature of SSc. More-
over, the use of cell lines to investigate AT1 and ETAR activation
by autoantibodies could be considered artificial compared to the
natural physiologic environment. Another limitation of our study
is the absence of an anti-AT1 or anti-ETAR agonistic antibody,

which could have served as positive control to further validate
the assays used in our study. Although in one study an anti–AT1-
activating mAb was described, it was generated by immunizing
mice with membrane extracts of human AT1-expressing CHO
cells, making it disease unspecific.53 Furthermore, its production
relied on the screening of mouse hybridoma culture supernatants
for anti-AT1 antibodies using the commercially available anti-AT1
ELISA, of which the specificity has been questioned in this arti-
cle.53 Although our study did not observe changes in AngII- or
ET-1-mediated signaling on incubation with SSc IgG using RTCA,
it is possible that long-lasting effects targeting different pathways
been overlooked. However, the lack of responses observed in
HUVECs over a 48-hour time interval on incubation with SSc IgG
does not support a major role for long-lasting signaling pathways.
Lastly, while we assessed presence of AT1-binding autoanti-
bodies in circulation was assessed, there is currently no data
available regarding ETAR-binding autoantibodies.

In summary, our study did not yield evidence supporting the
presence of AT1- or ETAR-activating autoantibodies in purified
SSc IgG. Both direct agonistic effect as well as modulated
responses of the natural agonist were assessed. Furthermore,
we did not detect AT1-binding IgG in circulation of patients with
SSc. Because the correlation to disease manifestations and
specificity to SSc pathogenesis remains controversial, the clinical
relevance of using anti-AT1 and anti-ETAR autoantibodies as bio-
markers in SSc becomes unclear.
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Critical Role for Transglutaminase 2 in Scleroderma Skin
Fibrosis and in the Development of Dermal Sclerosis in a
Mouse Model of Scleroderma

Angela Y. Y. Tam,1 Korsa Khan,1 Shiwen Xu,1 Marianne Bergin,2 Linghong Huang,2 Erik Arroyo Colon,1

Danyi Cheng,1 Elisabetta A. M. Verderio,3 Voon Ong,1 Christopher P. Denton,1 John Atkinson,2

Tim S. Johnson,2 and David J. Abraham1

Objective. Scleroderma is a life-threatening autoimmune disease characterized by inflammation, tissue remodel-
ing, and fibrosis. This study aimed to investigate the expression and function of transglutaminase 2 (TGM2) in sclero-
derma skin and experimentally induced dermal fibrosis to determine its potential role and therapeutic implications.

Methods. We performed immunohistochemistry on skin sections to assess TGM2 expression and localization, and
protein biochemistry of both systemic sclerosis–derived and healthy control dermal fibroblasts to assess TGM2
expression, function, and extracellular matrix deposition in the presence of TGM2 inhibiting and transforming growth
factor (TGF)-β neutralizing antibodies and a small-molecule inhibitor of the TGF-βRI kinase. Mice with a complete defi-
ciency of TGM2 (Tgm2-/-) were investigated in the bleomycin-induced model of skin fibrosis.

Results. TGM2 was found to be widely expressed in both control and scleroderma skin samples, as well as in cul-
tured fibroblasts. Scleroderma fibroblasts exhibited elevated TGM2 expression, which correlated with increased
expression of fibrosis markers (Col-1, αSMA, and CCN2). Inhibition of TGM2 using an inhibiting antibody reduced the
expression of key markers of fibrosis. The effects of TGM2 inhibition were similar to those observed with TGF-β neutral-
ization, suggesting a potential crosstalk between TGM2 and TGF-β signaling. Moreover, TGM2 knockout mice showed
significantly reduced dermal fibrosis compared with wild type mice. In vitro experiments with TGM2-deleted fibroblasts
demonstrated impaired cell migration and collagen matrix contraction, which could be partially restored by exogenous
TGF-β.

Conclusion. TGM2 can regulate several key profibrotic activities of TGF-β suggesting that attenuating TGM2 func-
tion may be of benefit in severe forms of connective tissue disease with skin fibrosis.

INTRODUCTION

The connective tissue disease scleroderma (systemic

sclerosis [SSc]) is associated with significant morbidity and

mortality, with survival dependent on disease subset and

organ involvement.1,2 Despite some advances in treatments,3

there is an unmet need to develop more effective therapies.

Elucidation of the pathobiology of scleroderma has been

extensively studied4,5 and characterized by vasculopathy

and persistent inflammation promoting autoimmunity and

excessive tissue remodeling and scarring leading to organ-

based replacement fibrosis.6,7

In scleroderma and other remodeling diseases, inflamma-

tion drives fibrosis, causing excessive scarring.8 Fibroblasts

play a crucial role in fibrosis, exhibiting functional heterogeneity

and undergoing phenotypic switching during fibrosis
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development. In patients with scleroderma, skin sections
reveal abundant fibroblast-like cells, including myofibroblasts,
responsible for excessive production and deposition of extra-
cellular matrix (ECM) proteins.9

Transforming growth factor (TGF)-β is a key driver of fibro-
blast activation to myofibroblasts in scleroderma.10,11 The TGF-β
pathway has been extensively studied at the molecular level and
in various fibrotic conditions, including renal and lung fibrosis.8,12

Transglutaminases (TGMs) are a family of proteins with struc-
tural and functional homology that are enzymatically active and
catalyze the formation of post-translational bonds between pro-
teins.13 TGM2, one of the most studied members of the family,
is expressed by many cell types and tissues.14 In addition to its
catalytic function, TGM2 exhibits other functional activities, such
as a mediating signaling via G-coupled protein receptors, as a
coreceptor for integrin, a regulator of protein kinases, and an
interactor with several proteins presenting adhesion or scaffold-
like properties.14,15 Found mainly intracellularly, TGM2 can also
be localized to the plasma membrane and found extracellularly.16

Within the extracellular environment, TGM2 can become active
leading to the extensive crosslinking between many distinct ECM
proteins (eg, collagens and fibronectin). Therefore, TGM2 is con-
sidered to play a key role in the regulation and homeostasis of
the ECM in wound healing17 and other critical biologic processes
such as cell adhesion, motility, and survival.14,18

TGM2 has also been associated with a number of human
diseases including inflammatory disorders, renal disease,
pulmonary disorders, cancer, cardiovascular disease, and
dementia.14,15 Indeed, there has been a recent focus on the role
of TGM2 in aberrant tissue remodeling and function in scarring
and fibrotic diseases.19–23 Because of the inherent complex
functional activities, there are a number of ways that TGM2 may
promote tissue scarring and fibrosis.15 For instance, the cross-
linking of several common ECM proteins by TGM2 renders them
more resistant to degradation, enhancing accumulation and dra-
matically altering the tissue stiffness and fibroblast cell-ECM
biomechanics.16,17 An altered tissue biomechanical environment
has been shown to be fundamental in regulating fibroblast
function and the myofibroblast phenotype in fibrosis and
scleroderma.11 Furthermore, TGM2 impacts upon cell survival
and enhances cell adhesion and migration,24 which are all impor-
tant aspects of scarring and fibrosis. Importantly TGM2 has been
shown to play a crucial role in the activation of TGF-β1 by cross-
linking the large latent TGF-β1 complex to the ECM initiating
release of the active TGF-β1 dimer.25 This has been shown to
be a rate-limiting step in TGF-β1 activation in fibrotic models.26

TGM2 has been shown to be important in studies using in vitro
and in vivo models of kidney and lung fibrosis. In the in vitro inves-
tigations, TGM2 expression associated with markers of scarring
and fibrosis and inhibition of TGM2 reduced myofibroblast
formation.23 In vivo studies showed that TGM2 knockout
(KO) mice exhibited attenuated lung fibrosis following bleomycin

challenge21 and in a unilateral ureteral obstruction model of
chronic kidney disease,27 and the addition of a small-molecule
TGM2 inhibitor reduced both glomerular and tubulointerstitial
fibrosis in a rodent model of diabetic nephropathy.20

A recent study has begun to dissect the intricate role of
TGM2 in the activation of SSc fibroblasts and role of TGM2 in
fibrosis.19 Here we deepen our understanding of TGM2 in the
context of scleroderma. Investigations encompassing both skin
sections and primary fibroblasts obtained from patients with
scleroderma, alongside the bleomycin-induced skin injury model
of sclerosis, sought to unravel the expression and activity of
TGM2. These revealed that TGM2 is not only expressed by both
control and scleroderma fibroblasts but also exhibits heightened
expression levels in scleroderma, thus shedding light on a poten-
tially key role in the pathogenesis of this complex disorder.

In control human dermal fibroblasts, TGM2 could be induced
by TGF-β1 treatment. The presence of a TGM2-inhibiting anti-
body28 reduced the expression of fibrotic markers in scleroderma
cells that were observed with a pan-TGF-β neutralizing antibody
and an ALK5 inhibitor. TGF-β bioactivity and Smad2/3 phos-
phorylation were also reduced in TGM2 inhibited scleroderma
cells. TGM2 KO mice were protected from skin sclerosis. Our
data suggest that TGM2 plays a role in skin fibrosis in sclero-
derma involving interactions between TGM2 and TGF-β1 in
dermal fibroblasts leading to enhanced ECM production and a
profibrotic phenotype.

MATERIALS AND METHODS

Cell culture. Human dermal fibroblast cultures were estab-
lished from skin biopsies of patients with diffuse cutaneous
SSc (dcSSc), and healthy control (HC) volunteers, as described
previously.29 All patients met the 2013 American College of Rheu-
matology/European League Against Rheumatism criteria for
SSc.30 Informed consent and ethical approval were obtained for
all procedures. Fibroblasts were cultured until confluence, and all
cell lines were used between passages 2 and 6 for experiments.
Confluent monolayers were quiesced in 0.5% bovine serum albu-
min supplemented Dulbecco’s Modified Eagle Medium for
24 hours before lysis for Western blotting. The study was
approved by the Health Research Authority, National Research
Ethics Service Committee London (Research Ethics Committee
reference: 6398). For growth factor treatment, cells were incu-
bated with TGF-β1 (2 ng/mL; R&D Systems; Cat-7754-BH) and
incubated for a further 24 hours before being lysed for Western
blot analysis. The mature ECM deposited by cultured HC and
scleroderma fibroblasts was assessed using a 384-well immuno-
fluorescence assay.31 In some experiments, fibroblasts were cul-
tured in the presence of a TGM2 inhibiting antibody,28 a potent
and selective TGF-β Type I receptor/ALK5 inhibitor (10 μM; Tocris
Cat1614), or inhibitory antibodies capable of neutralizing all forms
of TGF-β (10 μg/mL; 1D11 Cat - MAB1835).32,33

A CRITICAL ROLE FOR TRANSGLUTAMINASE 2 IN SCLERODERMA SKIN FIBROSIS 915



Immunohistochemistry, activity, and antigen
staining for TGM2. Formalin-fixed 3 μm paraffin sections were
used for immunostaining following the blockade of the endoge-
nous peroxidase using 3% hydrogen peroxide. Optimally diluted
anti-TGM2 antibody (1.0 μg/mL)28 and anti-GAPDH (0.2μg/mL;
Sigma; Cat -SAB4300645) were used in this series. Specificity of
staining was confirmed in control sections incubated with an
isotype-matched irrelevant control antibody. Antibodies were
detected using the NovoLink polymer kit (Leica Microsystems
Cat No: RE7150-K). Sections were viewed and photographed
using a Zeiss Axioscope brightfield microscope using AxioVision
software, digitalized using a Hamamatsu NanoZoomer 2.0-HT
Slide Scanner, and visualized using the NDP viewer software.
Staining intensity was assessed using semiquantitative assess-
ment of epidermal, dermal, and perivascular staining by an expe-
rienced observer blinded to sample identity during scoring. The
expression of TGM2 was assessed in whole skin biopsies exam-
ining global staining, epidermis, and dermis, infiltrating inflamma-
tory cells when present and in and around vascular structures.
Expression was assessed using a semiquantitative grading of
the expression, and distribution of staining as assessed by five
independent observers trained by a histopathologist and scored
between 0 and 3 with 0 (no staining) and 3 (maximal staining) in
0.5 increments. Scoring was performed at ×40 magnification
using a global score across the section and three dermal areas
for HC (n = 5): dcSSc lesional (n = 5), dcSSc nonlesional (NL; n
= 5), established SSc (n = 5), and limited cutaneous SSc (lcSSc;
n = 5). Total scores were obtained and average expression values
calculated. Graphical data are presented as average staining
score ±SD. TGM2 activity was measured by the incorporation of
biotinylated cadaverine or T26 peptide,26 and TGM2 antigen
staining was performed using TGM2 epitope–specific antibodies
as described previously.28

Western blot analysis and ECM deposition.
Fibroblasts were lysed in radioimmunoprecipitation assay buffer
(Sigma) with protease inhibitors (Roche). Total protein concentra-
tion was determined by bicinchoninic acid assay (Pierce).
Samples were heat denatured under reducing conditions with
NuPAGE reducing agent (Invitrogen) and subjected to the
NuPAGE electrophoresis system (Invitrogen). Protein bands were
transferred onto nitrocellulose membranes (GE Healthcare),
which were incubated in block buffer (5% nonfat dry milk, 0.1%
Tween-20 [Sigma] in phosphate-buffered saline) for 1 hour, fol-
lowed by incubation at 4�C overnight with primary antibodies
against TGM2 (IA12, UCB Pharma), α-SMA (71 ng/mL, Dako;
Cat M0851/1A4), Col-1 (0.4 μg/mL, Millipore; Cat AB78), CCN2
(0.1 μg/mL, Santa Cruz Biotechnology; Cat SC-14939), TNC2
μg/mL (Proteintech; Cat 67710-1), Shad 2 (Cell signaling;
Cat 5678), pSmad2/3 (Cell signaling; Cat 8828), and GAPDH
(0.2 μg/mL, Abcam; Cat Ab8245/6C5), diluted in block
buffer. Blots were developed by incubation with horseradish

peroxidase–conjugated secondary antibodies (1:5000, for mouse
-Cell Signaling; Cat 7076S, for rabbit -Cat 7074S). The signal was
detected using enhanced chemiluminescence (Pierce) and expo-
sure to Hyperfilm (GE Healthcare). For proteins of similar MW
(CCN2, α-SMA, and GAPDH), equal amounts of protein were
loaded, and samples were run simultaneously on separate blots
and probed with antibodies, for proteins significantly different in
MW (Col-1, TGM2, TNC2, GAPDH); the same blot was used
and probed simultaneously with different antibodies. Densitome-
try was performed on the bands using Visionworks LS software
and displayed in arbitrary densitometry units. For analysis of
ECM deposition, dermal fibroblasts from HC and patients with
SSc were cultured alone, with TGM2 inhibitory antibody BB7 or
IgG control28 for 7 days in black wall 384 well imaging plates
(BD Biosciences). Cells were removed by lysis with ammonium
hydroxide, and deposited proteins were fixed with ice-cold meth-
anol. ECM accumulation was measured by immunofluorescence
staining of individual matrix proteins. Cellomics Arrayscan analysis
under the “Cellomics Cell Health” profiling bioapplication used a
10× objective and 2 × 2 binning (1104 × 1104 pixels/field) with
“low pass filter” background correction. Matrix was stained with
antibodies to fibronectin and collagens I, III, and IV.31

TGM2 KO mice. All mice used for experiments were aged
4 to 15 weeks at the beginning of the study, including male and
female mice. Animals were genotyped by polymerase chain reac-
tion. Mice harboring the TGM2 null allele have been described
previously.34,35

Bleomycin murine model of dermal fibrosis. The
bleomycin-induced murine model was performed by administra-
tion of bleomycin (2 units/mL; 0.5mg in 100 μL sterile saline) or
saline alone via subcutaneous injection into the dermis as
described previously.36 After 30 days (treatment time as indi-
cated in each figure), skin tissue was harvested for histology
and protein analysis and was fixed with neutral buffered formalin
(10%; CellStor).

Skin histology and advanced microscopy.Mouse der-
mal samples were fixed in formalin and embedded in paraffin.
These tissue blocks were sectioned (4–6 μm) and mounted on
glass slides for hematoxylin and eosin (Surgipath and Sigma),
Picro Sirius Red (PSR) staining (VWR and Raymond Lab), or
Goldner trichrome (MT), for general morphologic analysis and col-
lagen deposition, respectively. The sections were imaged using
the NanoZoomer (Hamamatsu) and analyzed using 10× magnifi-
cation in the NDP View software or imaged using a Zeiss Axio
Observer apotome microscope and Axio Cam MR R3 camera
and viewed in ZEN Blue microscopy software. For polarized light
microscopy,37 samples were stained with PSR and observed
using a polarized light microscope (Zeiss, Axioskop 2, mot plus).
Quantification of collagen fibers under polarized light color
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threshold analysis was assessed according to published proto-
cols38 to assess fibrillar hue and spatial distribution. Data are pre-
sented as percentage of stained fibrillar collagen fiber color. For
scanning electron microscopy (SEM) of Col-1 fibrils, samples
were prepared by fixation, followed by dehydration, mounting,
sputter coated with gold, and images assessed for collagen fiber
composition and morphology using a Philips (FEI) 501 Scanning
Electron Microscope.39 Wound closure and collagen gel contrac-
tion assays with fibroblasts were performed and assessed as pre-
viously described.40,41

Statistical analysis. Statistical significance to compare
groups was calculated by one way analysis of variance or
unpaired student two-tailed t-test, as indicated, using Microsoft
Excel or GraphPad Prism V8.43. A value of P < 0.05 was consid-
ered significant.

RESULTS

TGM2 expression in control and scleroderma skin
and fibroblasts cultured in vitro. TGM2 expression in
human skin biopsies was investigated using immunohisto-
chemistry with the IA12 antibody. TGM2 staining was observed
in all skin compartments (epidermis, dermis, vascular, and
inflammatory infiltrates) in both HC and scleroderma samples
(Figure 1A). In HC samples, prominent levels were found in the
epidermis and vascular compartments, with lower levels in the
dermis and inflammatory cells. TGM2 staining was distributed
throughout the skin samples, with increased expression
observed in inflammatory infiltrates and the dermis. Staining
was also visible in secondary dermal structures. TGM2 expres-
sion in keratinocytes was evenly distributed in both HC and
scleroderma tissue, with a slight decrease in NL samples and
in lcSSc (Figure 1B). Elevated expression in dermal fibroblasts
was observed in lesional dcSSc, whereas expression levels
appeared unchanged in lcSSc and NL dcSSc. Vascular and
perivascular staining levels of TGM2 remained unchanged
across the scleroderma disease spectrum. Decreased staining

levels were observed in lcSSc samples. Elevated TGM2 stain-
ing in inflammatory infiltrates was prominent in NL and lesional
dcSSc tissue, whereas lcSSc showed unaltered staining in
inflammatory infiltrates (Figure 1B). The IA12 antibody used
detected an approximately 80Kda protein band of TGM2 in all
primary fibroblast lines (Figure 2A). TGM2 expression was
higher in SSc fibroblasts compared with normal control coun-
terparts (Figure 2A). Treatment with TGF-β1 for 24 hours
increased TGM2 levels in HC dermal fibroblasts, resembling
the levels in SSc dermal cells (Figure 2B). In dermal biopsies,
TGM2 insitu-activity was observed in the epidermis, hair folli-
cles, dermis, and around blood vessels (Supplemental
Figure 1A and 1B). Among the eight SSc skin samples exam-
ined, one showed increased extracellular TGM2 expression in
the dermis, whereas two samples exhibited similar but lower
expression levels. The remaining five samples had similar
TGM2 staining as healthy volunteers. The three SSc skin biop-
sies with elevated extracellular TGM2 showed reduced TG
activity in the dermis after zampilimab treatment, indicating
TGM2-specific activity (Supplemental Figure 1E and F).

Inhibition of TGM2 attenuates the expression of
fibrotic protein markers in SSc dermal fibroblasts
in vitro. To examine the impact of TGM2 inhibition on fibrosis,
the levels of Col-1, CCN2, and αSMA were assessed using spe-
cific antibodies and Western blotting (Figure 2C). HC and sclero-
derma fibroblasts were cultured alone and in the presence of
increasing concentrations of TGM2 inhibitory antibody.28 Sclero-
derma fibroblasts exhibited significantly elevated Col-1, αSMA,
and CCN2 compared with HC. The presence of BB7 resulted in
a decrease in Col-1, αSMA, and CCN2 in both cell types, first
apparent at a concentration of approximately 500 nM. The BB7
dose-dependent decrease in Col-1, αSMA, and CCN2 was more
pronounced with the scleroderma cells (Figure 2C). These results
were further validated using three different HC and scleroderma
cells lines at a dose of 1000 nM, which showed a maximum
response in the dose response study (Figure 2D), where the level
of expression of the three markers in scleroderma-derived

(Figure legend continued from previous page.)
Figure 1. TGM2 expression in control and scleroderma skin and the comparison of TGM2 expression patterns across the scleroderma disease
spectrum. (A) Derma biopsies from HC patients with scleroderma (dcSSc; lesional and NL42; lcSSc; and established SSc [>5 years duration]) were
stained for TGM2 expression using immunohistochemistry (HC: panels 1 and 2; scleroderma NL skin: panels 3 and 4; scleroderma lesional skin:
panels 5 and 6; magnification ×10: left; magnification ×20: right). (B) Comparison of expression patterns of TGM2 globally and within specific der-
mal compartments were made. Expression patterns of cross-sectional TGM2 and within specific dermal compartments were scored by five
blinded observers experienced in examining skin tissue. A semiquantitative grading of the total expression and distribution of staining was
employed. Staining was graded between 0 and 3 with 0 (no staining) and 3 (highest staining) in 0.5 increments. Examination was performed at
×40 magnification on five randomly selected areas by each observer per control and disease biopsy. Total scores and average values were deter-
mined. Data represent mean staining score ± SD from five biopsy samples. Total score values were used to assess relevance of the differences
using statistical significance as determined by t-test *P = 0.05. **P < 0.01, ***P < 0.001. DcSSc, diffuse cutaneous systemic sclerosis; HC, healthy
control, lcSSc, limited systemic sclerosis; NL, nonlesional; SSc, systemic sclerosis; TGM2, transglutaminase 2.
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Figure 2. Increased expression of TGM2 by SSc fibroblasts and inhibition of TGM2 attenuates the expression of fibrotic protein markers in SSc der-
mal fibroblasts in vitro. (A) Expression of TGM2 (IA12 antibody) in primary HC fibroblasts (n = 6) and scleroderma fibroblasts (n = 6) was analyzed by
Western blotting and normalized to expression of GAPDH. (B) TGM2 expression in primary HC fibroblasts (n = 3) was determined following fibroblast
treatment with TGF-β1 (4 ng/mL) for 24 hours. (C) Dermal fibroblasts isolated fromHC and patients with SScwere cultured with TGM2 neutralizing anti-
body BB7.BB over a dose response range 0–1250 nM. (D) Survey of three HC and scleroderma fibroblasts cell lines culture in the presence of 1000 nM
of BB7.BB. Expression of Col-1, αSMA, and CCN2were analyzed byWestern blotting and normalized to expression of GAPDH. Densitometry analysis
of Western blots (D; right) is shown. Bars show mean ± standard error of the mean. Statistical significance was tested using the t-test, *P < 0.05. HC,
healthy control; SEM, scanning electron microscopy; SSc, scleroderma; TGF, transforming growth factor; TGM2, transglutaminase 2.
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fibroblasts was found to be significantly reduced to between 70%
and 90% of that present in the absence of BB7.

Deposition of ECM and impact of TGM2
inhibitory and TGF-β-neutralizing antibodies. The deposi-
tion of ECM by primary fibroblast cell lines was measured using
a 384 well assay format and high-content image acquisition
using Cellomics software as previously described.31 Signifi-
cantly higher levels of all four ECM components, Fibronectin
and collagens types I, III, and IV, were found to be accumu-
lated by SSc fibroblasts compared with the HC cells
(Figure 3A). This observation was particularly apparent when
examining fibronectin and collagens Type I/III. The presence of
the TGM2 inhibitory antibody (BB7;1000nM) resulted in a
decrease in the amount of ECM deposited (Figure 3B); this
observation was more evident when examining the SSc fibro-
blasts. Although TGM2 inhibition lowers the ECM levels depos-
ited by SSc cells, it had little impact on the amount of ECM
made by normal fibroblasts. At the lower concentration of BB7
(10nM), ECM accumulation in SSc cells was not reduced. Levels
of Col-1 and αSMA were also assessed by immune probing
Western blots using specific antibodies and total protein isolated
from explanted and cultured fibroblasts from HC and patients
with scleroderma (SSc).

Using a panel of TGF-β-responsive proteins, in the presence
of TGFβ1, addition of anti-TGM2 antibody (BB7) blocked Col-1,
Tenascin C (TNC), CCN2, and αSMA inductionto a similar
level to a pan TGF-β blocking antibody and ALK5 inhibitor
(Figure 4A). Treatment with irrelevant IgG control had no effect
on either HC or scleroderma cells. Studies using scleroderma
cells revealed that treatment with TGF-β1, in combination with
antibodies BB7 and a pan-TGF-β blocking antibody, or in the
presence of an ALK5 inhibitor for 48 hours, resulted in a reduction
of Col-1, TNC, CCN2, and αSMA to levels comparable with con-
trol cells (Figure 4A).

The impact of BB7 on cellular levels of Col-1, TNC, CCN2,
and αSMA (similar to specific anti-TGF-β1 treatments) is intriguing
based on blocking just TGM2s extracellular post-translational
modification of the ECM affecting ECM turnover and is more sug-
gestive of a predominant role in TGM2 activation in these cells.
This was subsequently investigated by looking at Smad phos-
phorylation and active TGF-β1 levels.

Influence of TGM2 inhibition on Smad 2/3
phosphorylation in dermal fibroblasts. To explore the role
of TGM2 in scleroderma fibroblasts, studies were performed to
examine whether TGM2 exerted any influence on TGF-β signal-
ing by examining the Smad pathway. pSmad2/3 levels were
readily detected at baseline in all three scleroderma fibroblast
lines studied. The elevation in pSmad2/3 was mirrored by high
levels of both Col-1 and αSMA within these cells (Figure 4B).
When cultured in the presence of BB7, a pan-TGF-β blocking
antibody or the ALK5 inhibitor, SB431542, a significant reduc-
tion in phosphorylation of Smad2/3, was observed (Figure 4B).
Although there was some variation between the three primary
SSc cell lines, there was a profound decrease in Col-1 and
αSMA (of between 60% and 80%) in the presence of BB7, a
pan-TGF-β blocking antibody or the ALK5 inhibitor. This was
suggestive of a change in TGF-β1 driven Smad signaling by
blocking TGM2 activity. To confirm this, the levels of active
TGF-β1 were measured in the media of cells exposed to BB7
using the mink lung bioassay and were shown to be reduced
by more than 80% (Figure 4C).

TGM2 gene deletion attenuates dermal tissue
fibrosis in vivo. In order to investigate the effect of TGM2 dele-
tion on the development of dermal fibrosis in vivo, we examined
the extent of bleomycin-induced skin remodeling in global
TGM2 KO mice. Figure 5A shows representative skin sections
from wild type (WT) and TGM2 null mice treated with saline
and bleomycin. Dermal thickness was measured from both
MT- and PSR-stained sections. As shown in Figure 5A, bleomy-
cin treatment caused a significant increase (P ≤ 0.05) in the der-
mal thickness of the WT mice. TGM2 null mice following
treatment with bleomycin showed no changes and were not
significantly different from the TGM2 null mice treated with
saline alone. By employing the Sircol assay to assess collagen
content, a statistically significant increase (P ≤ 0.001) in colla-
gen was observed in the skin of WT mice treated with bleomy-
cin compared with saline alone. In contrast, the TGM2 null
mice exhibited no significant difference or changes in dermal
collagen content when treated with saline or bleomycin
(Figure 5A). To determine why the TGM2 KO mice were pro-
tected from bleomycin-induced skin fibrosis, we examined the
skin of mice following PSR staining under polarized light and
using high resolution SEM. Under polarized light, thick collagen

(Figure legend continued from previous page.)
Figure 3. TG2 antibody attenuates extracellular matrix deposition of fibroblasts in vitro. In (A), the readout is mean total intensity for each fluor-
ophore. Data for fibronectin (left), collagens I and III (middle), and collagen IV (right), compare seven cultures derived from HC and seven from
patients with SSc. In (B), cells were culture as in (A), but in the presence of BB7, and matrix was stained with antibodies to fibronectin (green)
and collagens I, III (purple), and IV (blue). The data show responses from four cultures derived from HC and four from patients with SSc run in
2 independent experiments in the presence of BB7 (10 nm or 1000 nM) relative to 1000nM IgG control and given as percentage reduction in
the amount of deposited extracellular matrix.31 All images shown are representative merged images. Statistical significance was determined by
t-test *P = 0.05, ***P < 0.001. Scale bar = 100 nm. HC, healthy control; SSc, systemic sclerosis. Color figure can be viewed in the online issue,
which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43104/abstract.
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fibers appear red and then progressively thinner through
orange, yellow, to green. WT skin appears predominantly red
and orange, whereas the TGM2 KO mouse skin is predomi-
nantly green and yellow (Supplemental Figure 2A). This was
quantified using Image J software clearly demonstrating a shift
toward smaller collagen fibers in the TGM2 KO (Supplemental
Figure 2B). This observation was confirmed using SEM where
the thicker “bright” collagen fibers that are most common in
WT skin are all but absent in the TGM2 KO mice (Supplemental
Figure 2C).

Functional assessment of TGM2 deletion in primary
dermal fibroblasts. We next performed an in vitro analysis
using primary WT and TGM2 KO dermal fibroblasts. Following
the injury to the monolayer, although WT mouse fibroblasts were
able to effectively repair the wound gap in the injured cell mono-
layer, at 48-hours post-injury only a few TGM2 null fibroblasts
were observed to enter the wound site, exhibiting a defect in
migratory capacity (Figure 5B). Furthermore, compared with WT
cells, the TGM2 null fibroblast exhibited a reduced ability to con-
tract 3-D Col-1 matrixes (Figure 5C). Addition of TGF-β1 is able
to stimulate a slight increase in contraction in the WT group and
significantly increase contraction by TGM2 null cells. These data
indicate that the KO of the TGM2 gene impacts cell migration
and differentiation and that exogenous TGF-β1 can partially
restore and rescue the procontractile behavior.

DISCUSSION

Our study has shown that TGM2 is highly expressed in
scleroderma skin where it is widely distributed and associated
with many cell types. Previous studies in renal and pulmonary
fibrosis have similarly observed extensive TGM2 expression
and activity within a number of cells in fibrotic lesions.20,21,26,27

Differences in the temporal expression of TGM2 antigen and
activity have also been described43 and may be related to the
local microenvironment, the allosteric conformational changes
in TGM2 that regulate activity and function, and the catalytic
dependencies of TGM2 including cofactor availability, seques-
tration into the extracellular matrisome, and secretion.14 Our
study did not specifically phenotype the TGM2 expressing cells

in the dermis, but suggest that in scleroderma several cell types
are contributing to TGM2 expression and release, including
fibroblasts. Further studies extending the localization of TGM2
to defined cell types within the skin would be beneficial and
could encompass spatial analysis critical to determine cell phe-
notypes and interactions that impact upon the functional role of
TGM2 in skin fibrosis.

The TGM2-TGF-β axis has been previously studied and
several key reciprocal functional relationships have been
elucidated. TGF-β regulates TGM2 messenger RNA.23,25

Equally, TGM2 is able to modulate TGF-β levels, activation,
and signaling.25,26,43,44 Our studies employed primary dermal
fibroblast grown in vitro, and in order to minimize activation
associated with 2-D culture, cells were preconditioned in low-
serum to induce quiescence. We also matched HC and SSc
fibroblasts for passage and cultured under identical conditions,
ensuring differences reflect intrinsic properties. Nonetheless,
our experimental conditions appear to have tissue-culture acti-
vated our fibroblasts, as illustrated by the expression of αSMA
and CCN2 in our healthy dermal fibroblast populations. We
show enhanced levels of TGM2 in scleroderma fibroblasts;
observations consistent with previous studies of idiopathic pul-
monary fibrosis lung fibroblasts which also showed raised
TGM2 levels.21 Our findings also confirm and extend previous
studies that overexpression of TGM2 is associated with elevated
ECM production by fibrotic fibroblasts.21,23 Furthermore, our
data suggest a direct role for TGM2 as selective inhibition using
BB7, an antibody directed toward the catalytic core of
TGM2,28 which reverses the scleroderma phenotype, reduced
the expression of Col-1, CCN2, fibronectin, and αSMA. This
suggests a prominent role for TGM2 in myofibroblast forma-
tion.11 These studies highlight important interactions between
TGM2 and TGF-β influencing TGF-β activation and
signalling45,46 and are relevant to our studies exploring fibroblast
and myofibroblast formation and function including ECM pro-
duction, migration, and matrix contraction. Exogenous TGM2
activates lung fibroblasts, which is relevant to idiopathic pulmo-
nary fibrosis.23 Furthermore, TGM2 mediated interaction are
also known to inhibit Hippo signaling and lead to accumulation
of YAP, thereby having the ability to profoundly alter mechano-
transduction.47

(Figure legend continued from previous page.)
Figure 4. TGM2 inhibition attenuates TGF-β-induced expression of fibrotic protein markers and alters Smad 2/3 phosphorylation and TGF-β
levels in control and SSc dermal fibroblasts. (A) Dermal fibroblasts isolated from HC (n = 3) and SSc cell lines (n = 3) were cultured alone or with
recombinant TGF-β1 (4 ng/mL), and then treated with combinations of control IgG, antibody BB7 (anti-TGM2; 1000 nM), a pan-TGF-β blocking
antibody (10 ug/mL), or in the presence of a small-molecule inhibitor of ALK5inh/TGF-βRI (SB431542; 10uM) for a further 48 hours. Expression
of Col-1, TNC, and αSMAwere analyzed byWestern blotting; blots shown are representative of n = 3. (B) Levels of SMAD2/3, phospho-SMAD2/3,
collagen I, and αSMAwere assessed in SSc cell lines cultured alone or treated with BB7, a pan-TGF-β blocking antibody or with the ALK5 inhibitor.
(C) Primary SSc dermal fibroblasts were grown in culture and then treated for 48 hours with either of BB7 or control IgG (1000nM). The media was
then removed and the level of active TGF-β measured using the mink lung cell bioassay. Data represent mean ± standard error of the mean for
luminescence. *P < 0.05. HC, healthy control; SSc, scleroderma; TGF, transforming growth factor; TGM2, transglutaminase 2. Color figure can
be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43104/abstract.
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A number of in vitro studies have highlighted some of the
essential requirements needed for the differentiation of fibroblasts
into myofibroblasts.48 The three key factors widely regarded as
required are the presence of growth factors (eg, TGF-β), an
appropriate ECM substrate (such as Fibronectin containing extra
domain A/collagen), and the ability of the cells to respond to and
develop biomechanical stress. We and others have shown that
TGF-β signaling through the canonical Smad pathway plays a
major role in the formation of myofibroblasts.11 We demonstrate
here that TGF-β treatment leads to elevated ECM production
and deposition and increased myofibroblast transition
(as assessed by αSMA expression). The presence of a TGF-β-
neutralizing antibody or inhibition of TGF-β receptor signaling
using a small-molecule ALK5 inhibitor prevented increases in both
ECM and αSMA expression. Previous studies using different
selective ALK5 inhibitors at varying concentrations have reported
differing effects on fibroblast αSMA levels and contractile function.
These differences in inhibitor selectivity and potency, along with
the observations regarding fibroblast activation on different sub-
strates highlighted above, underscore the importance of using
appropriate controls, ensuring effective inhibitor potency, and
defining fibroblast environments to achieve consistent and robust
results.49,50

Surprisingly, treatment of TGF-β-activated fibroblasts with
BB7 also prevented the TGF-β-induced increase in Col-1 and
αSMA. Moreover, the presence of BB7 was able to inhibit the
levels or activity of TGF-β secreted by scleroderma fibroblasts,
thus attenuating the endogenous Smad signaling observed in
these cells thereby preventing the increase in Col-1 expression
and reducing the level of myofibroblast marker αSMA in the cells.
These data strongly suggest that in dermal fibroblasts and
prominently in scleroderma there is a close biologic interaction
between TGM2 and TGF-β. TGM2 directly influences the level
of active TGF-β and is able to modulate TGF-β signaling. These
data provide evidence to support the notion of a functional rela-
tionship between TGM2 and TGF-β involving coregulation of

ECM production and myofibroblast transition. Previous studies
have suggested that similar biologic pathways are active in renal
disease,26 lung fibrosis,23 mesenchymal transition involving both
endothelial cells43 and epithelial cells,13,15 and in fibroblast
wound healing responses.18

To examine the role of TGM2 in vitro and in vivo in tissue
fibrosis, a number of studies have been reported and have
employed small-molecule inhibitors,20,51 RNA interference,22

and TGM2 null mice.21,34,35 As part of our multifaceted approach
to studying TGM2 in dermal fibrosis, we used a mouse model of
experimentally induced skin fibrosis in the setting of the TGM2

KOmouse. We studied the extent of tissue remodeling at 28 days
following bleomycin treatment, a timepoint giving maximum
fibrotic response. We show that TGM2 null mice were protected
from skin fibrosis, exhibiting reduced scar formation when deter-
mined histologically and showing no significant increase in dermal
collagen content following bleomycin treatment. Our results are in
line with other reports examining TGM2 function in several tissues
using in vivo models of cardiac,51 pulmonary, and renal
fibrosis,21,27 in which TGM2 inhibition or gene deletion resulted
in reduced tissue remodeling and scarring. To further investigate
mechanistically why the TGM2 null mice were resistant to bleomy-
cin treatment and protected from fibrosis, we examined the struc-
ture of the dermis in more detail and obtained explanted TGM2-
null dermal fibroblasts (fibrotic and controls) in order to study their
behavior in vitro and functional activity. Interestingly our work
revealed that the skin of TGM2 null animals was characterized
by thinner, newly formed, and less crosslinked collagen fibers.
The absence of TGM2 is likely to result in decreased formation of
protease-resistant crosslinks in the dermal ECM fibrils, reduced
tissue stiffness, and an increased ECM proteolytic degradation.52

Moreover, the ECM reservoir of TGF-βmay also be compromised
with less binding of latent TGF-β binding protein to the matrix.25

Together, the more compliant matrix, coupled with depressed
bioavailable TGF-β, may cause a loss in the functional response
to stimuli that promote tissue remodeling and fibrosis. Thus, the

(Figure legend continued from previous page.)
Figure 5. TGM2 gene deletion protects mice from bleomycin-induced skin fibrosis and impacts upon primary dermal fibroblast functional activ-
ities. In (A), skin sections were stained with Masson’s Trichrome and picrosirius red and dermal thickness measured using the NanoZoomer NDP
software. Three measurements were taken across the skin sections and the averages skin thickness given as fold change relative to saline treated
control mice. Stained sections were scanned using a NanoZoomer and viewed with the NDP viewer (×10 magnification). Data are presented as
fold change in dermal thickness. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. Bar = 200 microns. (B) Primary dermal fibroblasts were culture to confluence,
and the monolayers scratched to induce a single injury in the monolayer. A zero time point following wounding (left), scratch repair after 48 hours
for WT (middle), and TG2 null (right) fibroblast populations are shown. The upper panel shows migration of fibroblast after 48 hours in the absence
and presence (lower panels) of TGF-β. (C) Dermal biopsies (4 mm) were taken from 6 to 10 mice and snap frozen ready for use. Collagen content
was measured using the Sircoll as per the manufacturer’s instructions. The Sircoll assay is a colorimetric assay for tissue collagen against a curve
of collagen reference standards. Measurements are presented as fold change relative to the saline treated controls ****P = 0.0001. Average colla-
gen content per biopsy were WT/saline (n = 6/27.3 ug), WT/bleomycin (n = 8/41.9ug), TG2 null/saline (n = 10/40.8 ug), and TG2 null/bleomycin
(n = 10/43.95 ug). Fibroblast populations derived from explant skin cultures, which were placed with 3D collagen gels (left panel), and their level
of contraction was assessed at 48 hours (right panel). Contraction was determined by quantification of gel weight after contraction. Statistical sig-
nificance was tested by one way ANOVA with Tukey’s multiple comparison, *P < 0.05, *** P < 0.0001. Scale bar = 200 μm. ANOVA, analysis of
variance; KO, knockout; TGM2, transglutaminase 2; TGF, transforming growth factor; WT, wild type. Color figure can be viewed in the online issue,
which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43104/abstract.
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more rapid turnover of the dermal ECM in the TGM2 KO mice
along with the inability to crosslink the matrix and incorporate
and activate latent TGF-β represents a plausible hypothesis that
underlies the failure to progress scar formation and develop
fibrosis.

Our studies note that TGM2 gene deletion imparts a pro-
found influence on fibroblast function, with a severe impact on cell
migration and the ability of TGM2 null cells to remodel Col-1 3-D
matrixes. The significantly reduced migration of these fibroblasts
following scratch wounding and inability to effectively contract
collagen gels suggests alterations in cell adhesion, attachment
and motility, and an impairment in the transition of fibroblasts to
their activated contractile myofibroblasts counterparts. In support
of these observations, cell-surface TGM2 has been reported to be
essential for the organization of cell adhesion foci involving integ-
rins, fibronectin, and matricellular proteins and is therefore pivotal
for fibroblast adhesion and migration.13–15,35 TGM2 is also known
to facilitate the regulation of signaling pathways that govern stress
fiber formation and myofibroblast differentiation,53–56 and which
results in the expression of potent profibrotic genes such as
CCN2 and collagen.54 These studies are consistent with what
we show in our current study, that the absence of TGM2 expres-
sion by fibroblasts results in several key functional deficits that are
crucial to scarring and fibrosis, thereby increasing our under-
standing of the role of TGM2 in fibrogenesis.

It is important to note that these current studies, along with
the recent report by Zhou et al,19 are the first to begin to explore
in detail and understand the role of TGM2 in scleroderma.
Although we find a substantial agreement between the findings
of Zhou et al and our own in the current study, especially evident
in 3-D and in vivo models, there are notable disparities with the
2-D cell culture systems. Our study uses low passage fibroblasts
obtained from patients with early dcSSc derived by whole tissue
explant culture and not enzymic-treatment yielding cells with a
pronounced fibrotic phenotype and HCs, an experimental design
that contrasts with that of Zhou et al, as their reported data in 2-D
primarily involves TGF-β-treated fibroblasts cultured in 2-D,
enabling direct comparisons that are inherently limited. Plausible
explanations for this disparity are that 2-D culture environment is
likely to induce alterations in fibroblast behavior, although this
effect would likely impact both SSc and HC cells alike and
the potential confounding impact of the passage dependency
phenomenon, wherein the disease phenotype diminishes with
prolonged in vitro culture. Our data (unpublished) corroborate this
phenomenon, notably illustrating a marked reduction in TGM2
expression and responsiveness to inhibition with advancing pas-
sage. The observed loss of disease phenotype in 2-D culture
may potentially be mitigated or unmasked when cells are cultured
within a 3-D environment. Additionally, considering the inherent
plasticity and adaptability of fibroblasts, further investigation into
the impact of culture conditions and passage number on disease
phenotype maintenance is warranted, particularly in this context.

Nonetheless, together these data provide strong evidence for
the involvement of TGM2 in dermal fibrosis in scleroderma
through the regulation of TGF-β and the reciprocal modulation
by TGM2 of TGF-β functional activity, thus revealing that there
are several ways by which TGM2 can promote fibrosis. Although
this current study did not assess scleroderma lung, TGM2 is
expressed by pulmonary fibroblasts.21 In view of the previous per-
suasive data concerning the role of TGM2 in interstitial lung
diseases,21,23 it is likely that TGM2 would exert an important
influence in the pulmonary complications in scleroderma. The
availability of a human specific monoclonal antibody for TGM228

provides extra impetus toward the potential use of TGM2 block-
ade in scleroderma and would significantly add to the increasing
number of antifibrotic therapies available or currently under inves-
tigation for this scleroderma.
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Serum Type I Interferon Score for Prediction of Clinically
Meaningful Disease Progression in Limited
Cutaneous Systemic Sclerosis

Stefano Di Donato,1 Rebecca Ross,2 Ranjitha Karanth,2 Vishal Kakkar,1 Enrico De Lorenzis,3

Lesley-Anne Bissell,1 Kristina Clark,4 Philip Yee,4 Christopher P. Denton,4 and Francesco Del Galdo1

Objective. To assess the value of serum type I interferon (IFN) score in predicting clinically meaningful progression
in limited cutaneous systemic sclerosis (lcSSc) using a novel composite endpoint adopted from the MINIMISE clinical
trial.

Methods. A retrospective, longitudinal lcSSc cohort was identified within a national, multicenter observational
cohort. The MINIMISE trial combined Morbi-mortality endpoint was used as the clinical outcome for a time to clinical
worsening (TTCW) design. The IFN score was calculated from the serum concentration of chemokine C-C motif ligand
(CCL) 2, CCL8, CCL19, C-X-C motif chemokine ligand (CXCL) 9, CXCL10, and CXCL11 on patients and age- and sex-
matched healthy controls (HCs). A “high” IFN score was defined as 2 SDs above the HC mean. The association of the
IFN score with TTCW was assessed using Cox proportional hazard regressions and Kaplan-Meier curves. The poten-
tial improvement in risk stratification when combining IFN score with lcSSc clinical features was explored.

Results. A total of 149 patients were included in the analysis: 67 “high” IFN and 82 “low.”High IFN patients presented
a shorter TTCW (74.7 months [95% confidence interval (CI) 70.1–79.3] vs 110.6 months [95%CI 107.2–114.0]; P < 0.001)
and met the endpoint in higher proportion compared with low IFN (55% vs 12%; P < 0.001). A high IFN score conferred
hazard ratio (HR) 5.5 (95% CI 2.7–11.3) for TTCW compared with low IFN, and IFN score as a continuous variable con-
ferred HR 2.38 (95% CI 1.4–4.0) for TTCW independently of clinical variables. Pulmonary arterial hypertension, interstitial
lung disease, digital ulcers, and modified Rodnan skin score were associated with TTCW. An exploratory analysis
showed that these clinical features improve risk stratification over time in combination with IFN score.

Conclusion. Serum assessment of type I IFN activity is a valuable predictor of clinically meaningful outcomes in
lcSSc. The combination of serum IFN score with sentinel clinical features can improve stratification strategies in clinical
trials and patient management.

INTRODUCTION

Patients with limited cutaneous systemic sclerosis (lcSSc)

represent more than 60% of the SSc population and often experi-

ence a slower disease progression with reduced extent of fibrotic

organ damage compared to patients within the diffuse cutaneous

(dc) subset. Nonetheless, the lcSSc subset is still burdened by a

considerable morbidity accrual over time, evident through various

indicators such as esophageal dysfunction (62%), interstitial lung

disease (ILD; 35%), digital ulcers (DUs; 37%), cardiac diastolic

dysfunction (20%), and joint synovitis (13%).1,2 Furthermore,

lcSSc still carries a considerable overall mortality at 10 years of

22%,3 with 55% 3-year mortality in patients developing pulmo-

nary artery hypertension (PAH).4
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The slower rate of progression in this subset and the need to
observe and measure the efficacy of investigational drugs within a
constrained timeframe of a clinical trial have led to a deep under-
representation of patients with lcSSc in intervention studies,
defining a highly unmet need in the field.5 Time-to-event trials
allow the combination of multiple events, all defined as endpoints,
and have been used successfully to measure the efficacy of
interventions in complex populations with challenging outcome
measures, including important examples of connective tissue dis-
ease-associated PAH.6 The analysis of the Royal Free cohort of
patients with lcSSc has led to the identification of clinically signifi-
cant events in patients with lcSSc and their relative accrual over
time.7 Building on this analysis, Denton et al have proposed the
design of an intervention study for mycophenolate mofetil (MMF)
employing a time-to-combined event endpoint (MINIMISE trial;
EudraCT: 2019-004139-21; ClinicalTrials.gov: NCT04927390).8

The events considered in the MINIMISE combined endpoint
included SSc-related mortality and SSc-related organ manifesta-
tions, such as new onset of PAH, new ILD or ILD progression,
clinically significant worsening of the modified Rodnan skin
score (mRSS), new onset of SSc-related cardiac disease, new
DUs requiring hospitalization, and significant gastrointestinal
(GI) tract disease.

The composite “Morbi-mortality” MINIMISE trial endpoint
of “time to clinical worsening” (TTCW) reflected expert consen-
sus of the most clinically relevant events that would be robustly
captured during follow-up in a clinical trial or observational
cohort and that might reasonably be expected to be influenced
by immunosuppressive disease-modifying therapy such as
MMF. Content validity is supported by several component end-
points showing reduced frequency in the Royal Free SSc
Cohort in dcSSc from 2000 to 2003, when MMF was generally
used for treating skin disease, compared with 1990 to 1993,
when MMF was not routinely available.9 Type I interferon (IFN)
activation has been linked to several aspects of SSc disease
progression,10 including skin involvement,11–13 ILD,14,15

DUs,16 and PAH.17 In this context, given that all these aspects
are included in the MINIMISE endpoint, we aimed to analyze
the TTCW of patients with lcSSc in a single-center observational
study and to determine the value of type I IFN activation in iden-
tifying risk strata for TTCW accrual over time.

Bauer et al identified that several chemokines, known to be
induced in vitro by type I IFN, were most significantly up-regulated
in the serum of patients with systemic lupus erythematosus with
high IFN signature as measured by peripheral blood transcrip-
tome.18 In their work they indicated that the top six chemokines
for concentration and significance were chemokine C-C motif
ligand (CCL) 2, also referred to as monocyte chemoattractant
protein 1; CCL8, also known as monocyte chemoattractant pro-
tein 2; CCL19, also known as macrophage inflammatory
protein-3β; C-X-C motif chemokine ligand (CXCL) 10, also known
as IFNγ-induced protein 10; CXCL9, also known as IFNγ-induced

protein 9; and CXCL11, also known as IFNγ-induced protein 11.
Significantly, previous data highlighted that a score based on
these six chemokines effectively stratifies clinical outcomes in
dcSSc.19 Building upon this foundation, we developed a TTCW
analysis to tailor this stratification approach to lcSSc, considering
its distinct natural history.

PATIENTS AND METHODS

Study design and patients. The study was designed as a
longitudinal retrospective study of incident patients aged ≥18
years fulfilling the 2013 ACR/EULAR classification criteria for
SSc20 and presenting with the lcSSc subset as defined by LeRoy
et al.21 All patients were enrolled from a single-center observa-
tional cohort attending the Leeds Teaching Hospital Trust Rheu-
matology outpatient from December 1, 2013, until November
30, 2019. All patients provided informed consent, and the
research was undertaken in compliance with the Declaration of
Helsinki. Study protocol and relative informed consent were
approved by the Human Research Ethics committee (“Leeds
Teaching Hospitals Connective Tissue Disease and Vasculitis
Cohort Cross-sectional and Longitudinal Clinical and Basic Sci-
ence Evaluation (CONVAS),” Research Ethics Committee refer-
ence: RR10/9608 from December 1, 2013, until January
1, 2015; and “Stratification for Risk of Progression in Systemic
Sclerosis (STRIKE),” Research Ethics Committee reference
15/NE/0211, ID 178638 from January 1, 2015, to ongoing).
Patients or the public were not involved in the design, conduct,
reporting, and dissemination plans of this research.

The characterization at baseline of patients included sex,
age, antinuclear antibody (ANA) positivity, antitopoisomerase I
(Scl70) and anticentromere (ACA) positivity, pharmacologic treat-
ment, disease duration defined from the first non–Raynaud Phe-
nomenon SSc symptom, history or presence of DUs (referred as
DU disease), presence of PAH, presence of calcinosis, mRSS,
symptomatic gastroesophageal reflux disease, diagnosis of ILD,
forced vital capacity (FVC), and diffusing capacity of the lungs for
carbon monoxide (DLCO) percent predicted. All patients received
at least one follow-up every 6 months until event development or
censoring. Database extract and chart review were employed for
the identification of clinically meaningful events qualifying for the
study endpoint and relative clinical validation, when needed.

IFN score calculations and threshold definition. The
IFN score was calculated as the average of the natural logarithm
of the concentration of CCL2, CCL8, CCL19, CXCL10, CXCL9,
and CXCL11 based on the work from Bauer et al.18 Using the
methodology previously established in dcSSc, the threshold for
the definition of a “high” IFN score was set as the mean of the
IFN score calculated on 72 healthy volunteers matched for sex
and age (data not shown) plus 2 standard deviations (SDs).19
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Objective of the study and endpoint definition. The
objective of the study was to explore the value of IFN score in pre-
dicting the risk of clinically significant events over time in patients
affected by lcSSc and enrolled in our observational cohort.
Patients were included in the analysis if they fulfilled the 2013
ACR/EULAR classification criteria for SSc within the lcSSc subset
at baseline and had an available serum sample within 3 months
from the baseline, with at least 48 months of observation.

For the assessment of the MINIMISE endpoint, we analyzed
the cohort for the occurrence of the first of the following “Morbi-
mortality” events: SSc-related death, new diagnosis or progres-
sive lung fibrosis as defined by an absolute FVC% drop of ≥10%
in 12 months or between 5% and 9% with a 15% DLCO reduction,
new right heart catheter-diagnosed PAH according to the current
definition at the time of the diagnosis, new onset of scleroderma
renal crisis, new onset of major cardiac complication related to
SSc as defined by systolic ejection fraction drop to <45% or peri-
cardial effusion impairing cardiac function or arrhythmia requiring
antiarrhythmic therapy (cardioversion or medical) or need for a
cardiac device, new onset of SSc-related GI disease requiring
enteral nutrition supplementation for at least 3 weeks or any par-
enteral feeding or hospital admission for intestinal obstruction or
pseudo-obstruction, severe digital vasculopathy requiring hospi-
talization (including gangrene, amputation, osteomyelitis, or sep-
tic arthritis, and excluding elective hospitalization for vasodilator
treatment), and an mRSS absolute increase of ≥5 units and a
25% increase from baseline (Supplementary File 1).

Power analysis and sample size considerations. To
inform an effect size for our event-free survival analysis sample
calculation, we used previous data from a large longitudinal SSc
cohort that showed a combined cumulative incidence of clinically
meaningful significant events (namely ILD, PAH, cardiac SSc
involvement, and mRSS worsening) of approximately 40% over
a period of 5 years in patients with lcSSc and of approximately
73% in patients with dcSSc.7 Prior analysis indicated that 50%
of patients had a high IFN score; hence, we set a ratio between
the IFN high and IFN low arms of 1 to 1. We hypothesized a haz-
ard ratio (HR) for IFN high versus IFN low of 2.0. For this analysis,
we set a maximum accrual duration of 10 years, a power of 80%,
and an alpha of 5%, all with a two-sided hypothesis test. Using
the R package ‘gsDesign,’ a sample size of 56 patients for each
group and 42 required events were needed. Adjusting the overall
112 patients required for a censoring up to 25%, we set
140 patients as the minimum sample size for our study. Based
on these assumptions, we analyzed the serum IFN score on the
first 150 consecutive patients with lcSSc enrolled in the observa-
tional study with at least 4 years of observation.

Statistical analysis. Categorical data were reported as
counts and percentages and comparisons of categorical data
were performed using Fisher exact test or Pearson chi-square

test, as appropriate. Continuous data were reported as mean
(SD) or medians (interquartile range [IQR]), and normality was
assessed with the Shapiro-Wilk significance test, with a graphical
check through density plots and QQ plots. The homogeneity of
variance for continuous variables was assessed using an F test,
and comparisons of continuous data were performed with Stu-
dent’s t-test or Wilcoxon test, as appropriate. The date of serum
sample collection was considered as the formal baseline in the
time-to-event analysis. Event-free survival for IFN groups was
plotted using Kaplan-Meier (KM) curves, and the comparison
between the two restricted mean TTCW was computed non-
parametrically as the area under the KM curve, using the smaller
of the maximum observed times in the two groups. Confidence
intervals (CIs) and statistical significance for the comparisons
were derived using the Greenwood plug-in estimator for variance.
The event-free survival probabilities across the two groups were
compared at three timepoints potentially relevant for clinical trial
design and clinical management (12, 24, and 36 months) using
the difference in KM estimates of survival. Because SSc-related
death was included in the composite Morbi-mortality event, we
did not need to account for this as a competing risk before clinical
worsening.

To investigate the association between IFN score and the
risk over time of meeting the endpoint and to account for known
disease domains that prognostically affect the development of
disease complications included in the endpoint, univariable and
multivariable Cox proportional hazard (CPH) regressions were
performed. To account for potential nonlinear relationships
between the IFN score and the outcome, we employed a penal-
ized spline function when modeling the IFN score as a continuous
variable. The proportional hazards assumption was tested via
complementary log-log plot. To visually assess the multivariable
Cox regressions using the IFN score, we chose time-dependent
receiver operating characteristic (ROC) curves that change over
time to provide a fuller description of the models.22,23 The event-
free survival prediction accuracy of the models was assessed
using bootstrap resampling with 1,000 iterations. We then calcu-
lated the concordance index (C-index) and area under the curve
(AUC) of the models at three timepoints (12 months, 24 months,
and 36 months).

The relationship between clinical features and IFN score on
patient outcomes was explored using both visual and statistical
methods. Clinical variables such as mRSS, PAH, ILD, DUs, and
IFN score were dichotomized. UpSet plots were employed to
visualize the intersections of various clinical and IFN score combi-
nations and their associated event rates. KM curves were gener-
ated for newly identified high-risk and low-risk groups, with
survival differences assessed using the log-rank test. Additionally,
a forest plot was used to compare the relative risks (RRs) of differ-
ent feature combinations over multiple time points, offering a clear
comparison between high-risk and low-risk groups. Data analysis
was conducted using R core team software (RStudio) and the
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packages ‘anytime,’ ‘survival,’ ‘survminer,’ ‘ComparisonSurv,’
‘survRM2,’ ‘ggsurvfit,’ ‘gtsummary,’ ‘moonBook,’ ‘survivalROC,’
‘risksetROC,’ and ‘ggplot2.’

RESULTS

Complete data were available for 149 patients, 143 (96%) of
whom were women. The mean ± SD age at baseline was 60 ±
16 years, and the median (IQR) disease duration from the first
non–Raynaud Phenomenon symptom was 8 (IQR 10) years. A
total of 141 (95%) patients were ANA positive, 100 (67%) were
ACA positive, 12 (8.1%) were Scl70 positive, and 35 (23%)
patients were anti-Ro52 positive. At baseline, 36 (24%) patients
had ILD, 58 (39%) had DU disease, 53 (36%) had calcinosis, 9
(6%) had right heart catheter-diagnosed PAH, and 127 (85%)
were receiving proton pump inhibitor treatment for upper GI
involvement. Mean ± SD mRSS was 2.09 ± 2.63, the mean ±
SD FVC% was 109% ± 20%, and the mean ± SD DLCO% was
67% ± 15%. Of the nine patients with PAH at baseline, six were
receiving combination therapy (four with phosphodiesterase
5 inhibitors [PDE5is] combined with endothelin receptor antago-
nists [ERAs], one with calcium channel blockers combined with
PDE5is and ERAs, and one with angiotensin-converting enzyme
inhibitors combined with PDE5is) and three single therapy (two
receiving ERAs and one receiving intravenous iloprost) based on
patients’ tolerability and in line with the current standard of care
in the United Kingdom at the time of the analysis. The remaining
treatments are reported in Table 1.

Event accrual clinical analysis. The study was struc-
tured to ensure a minimum intended follow-up duration of 4 years
for each participant, extending up to a maximum of 10 years. The
consecutive patients planned were recruited between December
2013 and December 2019; hence, we completed the 4-year
follow-up of the last recruited patient in December 2023. The
median (IQR) follow-up of the cohort was 88 (IQR 48) months. A
total of 77 patients were censored before 10 years follow-up with
a median (IQR) censoring time of 89 (IQR 9) months. A total of
47 (32.5%) patients developed the Morbi-mortality endpoint by
the time of the analysis with a restricted mean time to event of
94.5 (95% CI 78.4–111.3) months. The most common event
was represented by new diagnosis of PAH (n = 13; 27.3%), fol-
lowed by SSc-related mortality (n = 9; 19%), progression of ILD
(n = 6; 13%), SSc-related cardiac events (n = 6; 13%), mRSS
worsening (n = 5; 11%), GI complications (n = 4; 8.5%), severe
digital vasculopathy requiring hospitalization (n = 3; 6.4%), and
scleroderma renal crisis (n = 1; 2.1%).

Participants were censored at the time of first event. Subse-
quent events are reported in the Supplementary Material by IFN
score group (Supplementary Table 1). The KM analysis for the
overall cohort showed an event probability of 5.4% (95% CI
1.7%–8.9%) at 12 months, 10.1% (95% CI 5.1%–14.8%) at

24 months, 15.4% (95% CI 9.4%–21.0%) at 36 months, 21.5%
(95% CI 14.6%–27.8%) at 60 months, and 34.9% (95% CI
25.6%–43.0%) at 120 months (Figure 1; Supplementary Table 2).

Patients who did not develop an event of interest had a sig-
nificantly lower mean ± SD age at baseline compared with those
who did (60 ± 17 vs 64 ± 16; P = 0.035) and a tendency
toward higher prevalence of isolated ACA positivity (46% vs
26%; P = 0.053). Conversely, patients who developed the
Morbi-mortality endpoint presented a higher baseline mean ±
SD mRSS (3.2 ± 3.4 vs 1.6 ± 2.1; P < 0.001) and a higher prev-
alence at baseline of DU disease (53% vs 32%; P = 0.015), ILD
(40% vs 17%; P = 0.002), and PAH (15% vs 2%; P = 0.005).
Accordingly, they also had a significantly lower mean ± SD FVC
(100% ± 21% vs 113% ± 18%; P < 0.001), and DLCO percent-
age predicted (58% ± 13% vs 72% ± 14%; P < 0.001).

IFN score analysis. The concentration of the serum che-
mokines included in the IFN score was significantly higher in the
lcSSc cohort compared with a reference healthy control
(HC) cohort matched for age and sex. Specifically, the natural log-
arithm (ln) of CXCL9 serum concentration was 6.93 ± 1.09 pg/mL
(vs 6.11 ± 0.79 pg/mL; P < 0.001), ln CXCL10 was 5.99 ± 0.77
pg/mL (vs 5.43 ± 0.47 pg/mL; P < 0.001), ln CXCL11 was 3.89
± 0.71 pg/mL (vs 3.40 ± 0.32 pg/mL; P < 0.001), ln CCL8 was
3.78 ± 0.46 pg/mL (vs 3.43 ± 0.43 pg/mL; P < 0.001), and ln
CCL19 was 5.82 ± 0.83 pg/mL (vs 5.20 ± 0.53 pg/mL; P <
0.001). A numerical but not statistically significant difference was
also observed for ln CCL2 (6.14 ± 0.57 pg/mL vs 6.00 ± 0.75
pg/mL) (Figure 2A). The IFN score presented a normal distribu-
tion in the lcSSc cohort with a mean ± SD value of 5.50 ±
0.44, which was significantly higher than that of the HCs
(4.97 ± 0.27; P < 0.001) (Figure 2B). Sixty-seven (45%) patients
had an IFN score above two upper SDs of the matched HC
mean (5.50) and were classified as high, whereas 82 (55%)
were below this boundary and classified as “low” (Figure 2C).
The distribution of the baseline clinical features across IFN
groups is shown in Table 2.

Patients within the IFN high group presented a greater inci-
dence of Morbi-mortality events compared with those in the IFN
low (37 [55%] vs 10 [12%]; P < 0.001) (Figure 2D). IFN high
patients had a higher median (IQR) age compared with IFN low
patients (66 [IQR 16] vs 58 [IQR 15]; P = 0.01) and had a signif-
icantly higher prevalence of anti-Ro52 antibodies (34% vs 15%;
P = 0.025). No statistically significant difference was found
across the two groups in terms of median (IQR) disease dura-
tion (8 [IQR 8] vs 5 [IQR 9]; P = 0.39), sex distribution, ethnicity,
ANA positivity, ACA, antitopoisomerase I antibody status, and
treatments (Table 1). Similarly, no statistically significant differ-
ences were present between the two subgroups for baseline
organ-specific manifestations, namely, ILD, DU disease, skin
calcinosis history, PAH, mRSS, FVC%, DLCO%, and upper GI
involvement (Table 1).
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Parameters associated with the risk of event
over time. At univariable CPH regression, the baseline clinical
and demographics characteristics associated with an increased
hazard of developing the endpoint over time were presence of

PAH (HR 4.78, 95% CI 2.12–10.80; P = 0.001), presence of
ILD (HR 2.73, 95% CI 1.52–4.89; P = 0.002), presence of DU
disease (HR 2.12, 95% CI 1.20–3.77; P = 0.026), mRSS
(HR 1.13, 95% CI 1.05–1.21; P = 0.002), age (HR 1.03, 95%

Table 1. Overall cohort demographic and clinical characteristics divided by event onset during follow-up*

Characteristic

Cohort by event Cohort by IFN group

Overall
(N = 149)

No event
(n = 102)

Event
(n = 47) P valuea Q valueb

IFN low
(n = 82)

IFN high
(n = 67) P valuea Q valueb

Age, mean (SD), y 60 (16) 60 (17) 64 (16) 0.035 0.087 58 (15) 66 (16) 0.002 0.013
Sex, n (%) 0.4 0.6 0.4 0.6
Female 143 (96) 99 (97) 44 (94) – – 80 (98) 63 (94) – –

Male 6 (4.0) 3 (2.9) 3 (6.4) – – 2 (2.4) 4 (6.0) – –

Disease duration, median (IQR), y 8 (10) 8 (10) 8 (11) 0.9 >0.9 8 (10) 5 (9) 0.4 0.6
ANA positive, n (%) 141 (95) 96 (94) 45 (96) >0.9 >0.9 76 (93) 65 (97) 0.3 0.6
ACAs, n (%) 100 (67) 70 (69) 30 (64) 0.6 0.8 56 (68) 44 (66) 0.7 0.8
Isolated ACA positivity, n (%) 0.009 0.052 0.086 0.4
ACA only 59 (40) 47 (46) 12 (26) – – 37 (45) 22 (33) – –

Non-ACA only 90 (60) 55 (54) 35 (74) – – 45 (55) 45 (67) – –

Anti topoisomerase I antibodies,
n (%)

12 (8.1) 8 (7.8) 4 (8.5) >0.9 >0.9 8 (9.8) 4 (6.0) 0.4 0.6

Anti-Ro52 antibodies, n (%) 35 (23) 20 (20) 15 (32) 0.1 0.2 12 (15) 23 (34) 0.005 0.027
Anti-RNA polymerase III
antibodies, n (%)

4 (2.7) 2 (2.0) 2 (4.3) 0.6 0.8 1 (1.2) 3 (4.5) 0.3 0.6

Anti U1-RNP1 antibodies, n (%) 8 (5.4) 6 (5.5) 2 (4.3) >0.9 >0.9 3 (3.7) 5 (7.5) 0.5 0.6
mRSS, mean (SD) 2.09 (2.63) 1.59 (2.05) 3.17 (3.36) <0.001 0.005 1.93 (2.15) 2.28 (3.12) 0.7 0.9
FVC, median (IQR), % 109 (20) 113 (18) 100 (21) <0.001 0.005 109 (20) 108 (20) 0.5 0.6
DLCO, median (IQR), % 67 (15) 72 (14) 58 (13) <0.001 <0.001 69 (15) 64 (14) 0.028 0.13
Upper gastrointestinal
symptoms, n (%)

96 (64) 62 (61) 34 (72) 0.2 0.3 51 (62) 45 (67) 0.5 0.6

Calcinosis, n (%) 53 (36) 35 (34) 18 (38) 0.6 0.8 27 (33) 26 (39) 0.5 0.6
Interstitial lung disease, n (%) 36 (24) 17 (17) 19 (40) 0.002 0.007 18 (22) 18 (27) 0.5 0.6
Digital ulcers disease, n (%) 58 (39) 33 (32) 25 (53) 0.015 0.052 30 (37) 28 (42) 0.5 0.6
Pulmonary artery hypertension,
n (%)

9 (6.0) 2 (2.0) 7 (15) 0.005 0.018 3 (3.7) 6 (9.0) 0.3 0.6

Sjögren syndrome overlap, n (%) 15 (10) 11 (11) 4 (8.5) 0.8 >0.9 6 (7.3) 9 (13) 0.2 0.6
Mycophenolate mofetil, n (%) 13 (8.7) 9 (8.8) 4 (8.5) >0.9 >0.9 9 (11) 4 (6.0) 0.3 0.6
Aspirin, n (%) 30 (20) 20 (20) 10 (21) 0.8 >0.9 15 (18) 15 (22) 0.5 0.6
Calcium channel blockers, n (%) 94 (63) 67 (66) 27 (57) 0.3 0.6 54 (66) 40 (60) 0.4 0.6
Hydroxychloroquine, n (%) 26 (17) 19 (19) 7 (15) 0.6 0.7 17 (21) 9 (13) 0.2 0.6
Endothelin receptor antagonists,
n (%)

7 (4.7) 2 (2.0) 5 (11) 0.032 0.087 3 (3.7) 4 (6.0) 0.7 0.8

Phosphodiesterase 5 inhibitors,
n (%)

24 (16) 14 (14) 10 (21) 0.2 0.4 16 (20) 8 (12) 0.2 0.6

Intravenous iloprost, n (%) 26 (17) 14 (14) 12 (26) 0.078 0.2 16 (20) 10 (15) 0.5 0.6
ACE inhibitors, n (%) 51 (34) 33 (32) 18 (38) 0.5 0.7 23 (28) 28 (42) 0.079 0.3
IFN score, mean (SD) 5.45 (0.46) 5.34 (0.38) 5.67 (0.37) <0.001 <0.001 5.24 (0.27) 5.70 (0.34) <0.001 <0.001
Event, n (%) <0.001 <0.001
Cardiac event 6 (4.0) – 6 (13) – – 2 (2.4) 4 (6.0)
Gastrointestinal failure 4 (2.7) – 4 (8.5) – – 0 (0) 4 (6.0)
SSc-related mortality 9 (6.0) – 9 (19) – – 1 (1.2) 8 (12)
No event 102 (68) 102 (100) – – – 72 (88) 30 (45)
Pulmonary artery
hypertension

13 (8.7) – 13 (28) – – 4 (4.9) 9 (13)

Interstitial lung disease
progression

6 (4.0) – 6 (13) – – 2 (2.4) 4 (6.0)

Renal crisis 1 (0.7) – 1 (2.1) – – 0 (0) 1 (1.5)
Severe digital vasculopathy 3 (2.0) – 3 (6.4) – – 1 (1.2) 2 (3.0)
Skin worsening (mRSS) 5 (3.4) – 5 (11) – – 0 (0) 5 (7.5)

* ACA, anticentromere antibody; ACE, angiotensin-converting enzyme; ANA, antinuclear antibody; DLCO, diffusing capacity of the lungs for car-
bon monoxide; FVC, forced vital capacity; IFN, interferon; IQR, interquartile range; mRSS, modified Rodnan skin score; SSc, systemic sclerosis.
a Wilcoxon rank sum test, Fisher exact test, or Pearson chi-square test.
b False discovery rate correction for multiple testing.
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CI 1.01–1.06; P = 0.044), FVC% (HR 0.98, 95% CI 0.96–0.99;
P = 0.002), DLCO% (HR 0.94, 95% CI 0.92–0.96; P < 0.001),
and use of ERAs (HR 5.45, 95% CI 2.10–14.20; P = 0.002). In
this context, IFN score, modeled using a penalized spline, was
significantly associated with an increased hazard of developing
the endpoint over time. The linear component showed a strong
association (HR 2.82, 95% CI 1.58–4.69; P < 0.001), and its
nonlinear component also contributed significantly (P = 0.008).
When using a dichotomous model, being in the IFN high group
at baseline conferred more than six-fold hazard of Morbi-
mortality events over time compared with being in the IFN low
group (HR 6.20, 95% CI 3.07–12.5; P < 0.001) (Table 2).

A total of 37 deaths occurred during follow-up, 16 of which
were directly attributed to scleroderma. Of these, 9 were included
in the TTCW analysis as the first event for the patients, whereas
the remaining 7 occurred after other outcome events. After
adjusting for age, IFN score was not significantly associated with
overall survival in the CPH model, as expected when most of the
deaths were not related to SSc. In contrast, age emerged as a
significant predictor of all-cause mortality, with an HR of 1.16
(P < 0.001) (data not shown). Conversely, when considering

deaths attributed to scleroderma (n = 16), after adjusting for age,
IFN score had a significant positive association with SSc mortality
in its linear component (HR 2.83, 95% CI 1.18–6.75; P = 0.019),
whereas the nonlinear component did not reach statistical signifi-
cance (P = 0.230). Age was also independently associated with
SSc mortality (HR 1.12, 95% CI 1.04–1.20; P = 0.001).

A multivariable CPH regression model was built to test for the
independence of the associations found at univariable analysis.
We built two multivariable CPH models using the IFN score either
as a continuous or a categorical variable, along with the other clin-
ical features significantly associated with event accrual, namely
mRSS, presence of baseline ILD, FVC, presence of baseline
PAH, DLCO, use of ERAs, DU disease, and age. Notably, informed
by clinical plausibility and known collinearity, we opted to exclude
DLCO and FVC from our analysis, given their significant overlap
with PAH and ILD, respectively, as well as the use of ERA
because of its indication in DU disease and PAH. All the clinical
features except for age retained statistical significance in both
models, and IFN score was independently associated with an
increased risk of events as both a continuous and a dichotomous
variable (Table 3).

Figure 1. Kaplan-Meier curve showing the overall cohort cumulative time to clinical worsening incidence probability. Color figure can be viewed
in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43120/abstract.
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ROC curve analysis of models’ performance. The per-
formance of the multivariable CPH models containing IFN score
as a continuous or categorical variable was assessed at three

different time points. A time-dependent incident case/dynamic
control ROC curve approach was chosen mapping the risk score
against the presence or absence of the event over time. The two

Figure 2. Type I IFN serum score in limited cutaneous SSc. (A) The concentration of the serum chemokines included in the IFN score was sig-
nificantly higher in the limited cutaneous SSc cohort compared with a reference HC cohort matched for age and sex, except for CCL2
(Student’s t-tests with Bonferroni correction). (B) Violin plots with jittering showing the values of IFN scores of HCs and patients with SSc
(Student’s t-test). (C) Density distributions of the IFN scores of HCs are in light blue and patients with SSc are in red. The dotted line represents
the +2 SDs threshold from HCmean marking the IFN “high” and “low” categories. (D) Violin plots with jittering representing the individual IFN score
values in the low (left pane) and high (right pane) groups; red dots represent the IFN scores of patients experiencing the outcome during follow-up.
***P < 0.001. CCL, chemokine C-C motif ligand; CXCL, C-X-C motif chemokine ligand; HC, healthy control; IFN, interferon; NS, not significant;
SSc, systemic sclerosis.
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models including the presence of baseline ILD, presence of base-
line PAH, baseline mRSS, age, and IFN score showed an excel-
lent AUC for all timepoints. In particular, the model built using the
continuous IFN score modeled as a penalized spline showed an
AUC ± SE of 0.799 ± 0.028, 0.803 ± 0.028, and 0.801 ± 0.029
for 12 months, 24 months, and 36 months, respectively, and a
C-index ± SE of 0.806 ± 0.029, whereas the model built using

the categorical IFN score showed an AUC ± SE of 0.798 ±
0.029, 0.804 ± 0.030, and 0.805 ± 0.029 for 12 months,
24 months, and 36 months, respectively, with a C-index ± SE of
0.794 ± 0.030. For the same timepoints, an exploratory model
built including only the baseline presence of ILD, baseline pres-
ence of PAH, mRSS, and age showed an AUC ± SE of 0.723 ±
0.036, 0.716 ± 0.034, and 0.716 ± 0.033, respectively, and a

Table 2. Univariable Cox proportional hazard regressions for Morbi-mortality event occurrence*

Characteristic HR 95% CI P value Q valuea

Age 1.03 1.01–1.06 0.02 0.044
Sex
Female – – – –

Male 1.50 0.47–4.84 0.5 0.7
Anticentromere 0.84 0.46–1.52 0.6 0.7
Antitopoisomerase I 1.03 0.37–2.88 >0.9 >0.9
Anti-Ro52 1.51 0.82–2.79 0.2 0.3
Disease duration 1.00 0.97–1.04 0.8 >0.9
Isolated ACA positivity
ACA only – – – –

Non-ACA only 2.01 1.04–3.88 0.037 0.073
mRSS 1.13 1.05–1.21 <0.001 0.002
FVC 0.98 0.96–0.99 <0.001 0.002
DLCO 0.94 0.92–0.96 <0.001 <0.001
Upper GI 1.43 0.75–2.70 0.3 0.4
Interstitial lung disease 2.73 1.52–4.89 <0.001 0.002
Digital ulcers disease 2.12 1.20–3.77 0.01 0.026
Calcinosis 1.19 0.66–2.14 0.6 0.7
Pulmonary artery hypertension 4.78 2.12–10.8 <0.001 0.001
Mycophenolate use 0.94 0.34–2.62 >0.9 >0.9
ET1 inhibitor use 5.45 2.10–14.2 <0.001 0.002
Interferon score <0.001 <0.001
Linear component 2.82 1.58–4.69 <0.001 –

Nonlinear component – – 0.008 –

Interferon score group
Low – – – –

High 6.20 3.07–12.5 <0.001 <0.001

* ACA, anticentromere antibody; CI, confidence interval; DLCO, diffusing capacity of the lungs for carbon monoxide;
ET1, endothelin 1; FVC, forced vital capacity; GI, gastrointestinal; HR, hazard ratio; mRSS, modified Rodnan
skin score.
a False discovery rate correction for multiple testing.

Table 3. Multivariate Cox proportional hazard regression models for IFN score as a continuous and categorical var-
iable correcting for significantly associated clinical predictors of event in univariate analysis*

Characteristic

Model 1: IFN continuous Model 2: IFN categorical

HR 95% CI P value HR 95% CI P value

ILD 3.10 1.68–5.75 <0.001 3.13 1.69–5.77 <0.001
PAH 3.81 1.60–9.08 0.003 3.15 1.29–7.69 0.012
mRSS 1.14 1.04–1.25 0.006 1.12 1.03–1.21 0.005
DUs disease 1.77 0.98–3.22 0.059 2.06 1.13–3.74 0.018
Age 1.02 1.00–1.05 0.10 1.03 1.00–1.06 0.043
IFN score
Linear component 2.38 1.41–4.01 0.004 – – –

Nonlinear component – – 0.005 – – –

IFN score group
Low – – – – – –

High – – – 5.53 2.70–11.3 <0.001

* CI, confidence interval; DU, digital ulcer; HR, hazard ratio; IFN, interferon; ILD, interstitial lung disease; mRSS,
modified Rodnan skin score; PAH, pulmonary artery hypertension.
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C-index ± SE of 0.713 ± 0.040, whereas a model built with IFN
score alone had an AUC ± SE of 0.728 ± 0.032, 0.730 ± 0.032,
and 0.730 ± 0.032, respectively, with a C-index ± SE of 0.733 ±
0.032 (Supplementary Figure 1).

Event-free survival analysis. Patients in the IFN low
group had a significantly higher 10-year event-free survival prob-
ability compared to the IFN high group, with a restricted mean
TTCW of 110.6 months (95% CI 107.2–114.0) versus
74.7 months (95% CI 70.1–79.3) in IFN high (P < 0.001)
(Supplementary Figure 2). The event probability of the IFN low
group was significantly lower compared with the IFN high group
at 12 months (1.2% [95% CI 0.0%–3.6%] vs 10.4% [95% CI
2.8%–17.5%]; P = 0.018), 24 months (4.9% [95% CI 0.1%–

9.4%] vs 16.4% [95% CI 7.1%–24.8%]; P = 0.024), 36 months
(4.9% [95% CI 0.1%–9.4%] vs 28.4% [95% CI 16.7%–38.4%];
P < 0.001), 60 months (7.4% [95% CI 1.5%–12.9%] vs 38.8%
[95% CI 26.0%–49.4%]; P < 0.001), and 120 months (13.0%
[95% CI 5.1%–20.2%] vs 62.3% [95% CI 44.3%–74.5%]; P <
0.001) (Supplementary Table 3 and Supplementary Figure 2).
No significant difference in the median (IQR) censoring time in
months was detected across IFN high and low groups (89 [IQR
9] vs 89 [IQR 8], respectively, P = 0.866). To further account for
the possible influence of censoring, a KM analysis based on
cases who had at least 5-year follow-up without censoring was
performed. To do so, we filtered only patients who either devel-
oped an event in the first 5 years of follow-up or had an event-
free follow-up of at least 5 years. Using this approach,
136 patients were included in a 5-year KM analysis, of whom
there were 59 in the IFN high and 77 in the IFN low groups.
INF low patients maintained a higher restricted mean TTCW
compared with IFN high patients (103.5 months [95% CI 97.4–
110.2] vs 74.1 [95% CI 62.8–85.3]; P < 0.001) (Supplementary
Table 4 and Supplementary Figure 3).

Combination of clinical and IFN score parameters
identifies subsets of patients with distinct clinical
outcomes over time. Based on the significant predictors in
the multivariate CPH regression (namely, IFN score, mRSS, DU
disease, ILD, and PAH), we built upset plots depicting the preva-
lence and clinical outcome of these features alone or in combina-
tion in our population (Figure 3A). To allow a meaningful
visualization of subgroups, patients fulfilling the mRSS >4 or
baseline DU disease criteria were grouped as having “acral
involvement,” whereas patients with PAH or ILD at baseline were
classified as presenting “cardiopulmonary involvement.” Patients
meeting the criteria for both acral and cardiopulmonary involve-
ments were recognized as having dual involvement. Conversely,
patients showing no clinical involvement at baseline were catego-
rized as having none. The four clinical groups were further strati-
fied based on IFN high or low categories leading to eight strata.
The upset plot distinctly highlighted that only the strata

characterized by high IFN in combination with acral and/or cardio-
pulmonary manifestations notably exceeded the 50% threshold
for event occurrence. In contrast, other patient subsets fell below
the 50% threshold, indicating a lower incidence of events. Nota-
bly, among the incident cases without acral or cardiopulmonary
manifestations at baseline, 2 of 36 low IFN patients developed
the outcome (5.6%) compared with 5 of 25 high IFN patients
(20.0%), reflecting a nearly four-fold higher incidence rate despite
the low numbers. Accordingly, when comparing these two
groups without baseline clinical manifestations, the restricted
mean TTCW was shorter for the high IFN group compared with
the low IFN group (104.5 months, 95% CI 92.0–117.1 vs
116.7 months, 95% CI 112.0–121.3) with a between-group dif-
ference of −12.1 months (95% CI −25.5 to 1.3; P = 0.076).

On this basis, patients fulfilling at least one clinical criterion
(acral and/or cardiopulmonary) and the serologic criterion of high
IFN were classified as being “high risk,” whereas those not fulfill-
ing both criteria were deemed to be “low risk.” The 10-year
event-free survival curve of these two groups highlighted a major
difference in restricted mean TTCW (55.7 months [95% CI 43.6–
67.9] vs 105.8 months [95% CI 100.4–111.3] for high risk vs low
risk, respectively, P < 0.001) (Figure 3B; Supplementary Table 5).
Forest plots of the RR of each group at 24, 36, and 48 months rel-
ative to the overall cohort (Figure 3C) indicated that at 24 months
the RR for the IFN high group is 1.62 (95% CI 1.07–2.48),
whereas for the IFN low group it is 1.22 (95% CI 0.81–1.83). The
high-risk (at least one clinical criterion and a high IFN score)
group’s RR is 2.20 (95% CI 1.84–2.66), contrasting with the
low-risk group at 1.10 (95% CI 0.99–1.21). Patients with acral
and/or cardiopulmonary manifestations had an RR of 1.56 (95%
CI 1.11–2.01) against 0.90 (95% CI 0.75–1.05) for those without.
At 36 months, the RR of the IFN high group was 2.35 (95% CI
1.88–2.92), and the IFN low one was 1.31 (95% CI 0.98–1.74).
The high-risk group’s RR was 2.75 (95% CI 2.31–3.19), whereas
the low-risk group remained relatively stable at 1.15 (95% CI
1.02–1.28). The presence of acral and/or cardiopulmonary mani-
festations resulted in an RR of 1.75 (95% CI 1.39–2.11), with the
absence of these manifestations showing an RR of 0.95 (95% CI
0.80–1.10). At 48 months, data consolidation occurs with
increases in RR for long-term follow-ups in the high-risk and IFN
high groups, indicating a sustained risk over time.

DISCUSSION

Our study shows for the first time that patients with lcSSc
show a high IFN activation in their serum in a proportion even
higher than the one observed in dcSSc. Given the effect of stan-
dard immune suppression on serum IFN score shown in the
Scleroderma Lung Study II cohort, it is plausible to speculate that
the increased proportion observed in patients with lcSSc may be
driven by a lower prevalence of immune-suppressant medica-
tions in this cohort (17.4% vs 70% of dcSSc).24 Herein we show
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Figure 3. Combinations of clinical and serum IFN score groups. (A) Upset plots of clinical and serological subgroups with relative numerosity,
prevalence, and interaction size. (B) Kaplan-Meier curves for cumulative events for patients in the high-risk and low-risk groups for 120-month
follow-up. (C) Forest plot for three time points relevant for clinical trials showing the relative risk for time to clinical worsening compared with the
overall cohort for different stratification groups. The dotted line on 1 represents the risk of the unselected population for that relative time point.
C.I., confidence interval; IFN, interferon.
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that patients with high IFN activity at baseline have a worse clinical
outcome as assessed by an increased proportion of patients
meeting the combined event (57% vs 12%) and a shorter
restricted mean TTCW (74.4 [95% CI 70.1–79.3] months in IFN
high vs 110.6 [95% CI 107.2–114.0] months in IFN low).

It is intriguing to observe that despite this negative prognostic
value, there was no difference at baseline in the prevalence of clin-
ically meaningful organ manifestations. This observation supports
the notion that type I IFN signature may reflect biologic disease
activity before clinically detectable damage.25 Although this was
an analysis of a prevalent cohort with highly variable disease dura-
tion at time of enrollment, we did not observe a significant differ-
ence in disease duration across IFN groups or event groups.
The observation that disease duration did not differ in patients
with or without events may support that the concept of accumula-
tion of disease damage over time, true for most inflammatory con-
ditions, may not entirely apply to lcSSc and/or may be mitigated
by survival bias. In this context, the value of a specific type of dis-
ease activity (eg, type I IFN) may play a more important role than
disease duration. Longitudinal studies are ongoing to determine
the effect of disease duration or immunomodulatory treatments
on type I IFN score and how this can modulate its value in predict-
ing for clinically meaningful events.

Our results, identifying the baseline presence of ILD, PAH,
and more severe skin involvement as predictive of disease com-
plications, align with the established literature regarding prognos-
tic factors in SSc, affirming known associations between baseline
organ involvement, namely ILD, PAH, and skin fibrosis, and SSc-
related events.7,26,27 These associations likely stem from the
intrinsic risk of SSc-related mortality inherent in these conditions,
specifically with regard to PAH and ILD, but they also potentially
signify a more severe disease phenotype that elevates the risk of
other organ failures and clinically significant events. Additionally,
consistent with prior multicenter studies,28–30 a history of DUs in
our cohort increased the risk of severe vascular events, worse
disease progression, and survival outcomes. The MINIMISE com-
posite endpoint of disease progression includes change in mRSS.
We consider this to be an important and novel aspect of our work
but appreciate that the threshold for clinically meaningful progres-
sion is extrapolated from previous studies of dcSSc. This is a lim-
itation, and future work examining other independent SSc cohorts
will determine if this threshold may be adjusted for application to
lcSSc. Using similar clinical features, the revised European Sclero-
derma Trials and Research Activity Index (EUSTAR-AI) has been
proposed as a score to enrich for poor outcome in dcSSc.31 In
our cohort, only 7 of 149 patients had EUSTAR-AI scores above
2.5 (ie, active disease), as one would expect in the lc subset;
nonetheless, the IFN score did correlate with EUSTAR-AI,
although weakly (Spearman ρ = 0.230; P = 0.006).

Our findings further support the significance of antibody
profiles known to exhibit both positive and negative prognostic
implications. Specifically, the observed lower incidence of

Morbi-mortality events in patients solely positive for ACA resem-
bles trends from other incident SSc cohorts.7 Notably, we
observed a numerically higher proportion of patients with low
IFN score presenting an isolated ACA positivity (45% vs 33%)
with a trend toward significance. This latter observation may
explain the loss of significance of ACA positivity in multivariate
analysis with IFN score. Further, our investigation revealed a sig-
nificantly higher prevalence of anti-Ro52 antibodies in the IFN
high group, suggesting a potential relationship between autoan-
tibody profiles and differential IFN expression. The prevalence of
the Ro-52 autoantibody in our cohort mirrors findings from sig-
nificant multicentric studies,32 with its positivity previously linked
to markedly worse survival rates, PAH, and ILD progres-
sion.33,34 Nonetheless, in our lcSSc cohort, anti-Ro52 failed to
confer a significantly increased risk of events, likely because
of the inclusion of a small subset of patients with overlapping
Sjögren disease. Notably, the presence of another autoimmune
disease overlap has been shown to confer a milder phenotype
in SSc,35 which may mask the potential impact of anti-Ro52
antibodies on disease severity.

Furthermore, we showed that the integration of established
clinical features such as ILD, PAH, and mRSS with the IFN score
improved the prediction of trial-relevant events. This fosters a par-
adigm shift toward personalized medicine in lcSSc trials. In fact,
this composite model not only enables the identification of
patients at higher risk of specific complications but also facilitates
the evaluation of therapeutic interventions tailored to individual
risk profiles.36,37 Lastly, the inclusion of antibody profiles, with
anti-Ro52 indicating a higher risk of adverse outcomes and, even
more so, the exclusion of the isolated ACA-positive profile show-
casing a protective association, could refine even further lcSSc
trial cohorts, enabling a more effective evaluation of therapeutic
efficacy in intervention studies.

Our study retains inherent limitations because of its retro-
spective nature, which is primarily susceptible to information bias
and nonparticipation bias, the latter potentially censoring patients
with milder phenotypes and thus underpowering the analysis. In
the attempt to mitigate this limitation, we have performed an anal-
ysis on the patients with complete 5-year follow-up data available,
and we have observed a very similar effect on type I IFN score. An
additional limitation is that although our sample size was calcu-
lated for detecting differences in event-free survival between
lcSSc groups, the validation of our proposed multivariable model
metrics necessitates a larger confirmatory cohort, as our current
numbers of events precluded cross-validation approaches.
Future, larger-scale, multicentric studies will be instrumental in
refining potential patient-selection tools.

Another aspect of interest regarding the utility of IFN score
lies in understanding its temporal dynamics. Given its demon-
strated dysregulation across various autoimmune conditions,18

elucidating its temporal kinetics is pivotal to portray IFN score
as a dynamic biomarker, revealing SSc disease flares and
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progression, or potentially establishing this biomarker as a sta-
ble pathogenetic signature, akin to antibody profiles. Assessing
the longitudinal change in IFN score over time is therefore war-
ranted for identifying a time-dependent association with the
onset of clinically apparent organ damage. In this sense, com-
paring the trajectories of IFN scores in patients with differing out-
comes over time could be very useful to understand the effect of
molecular heterogeneity in a longitudinal setting. Moreover, it
remains to be assessed whether, similarly to what has been
observed in the Scleroderma Lung Study II,24 serum IFN score
may change following immune suppression in lcSSc. Longitudi-
nal studies are ongoing to determine the effect of disease dura-
tion or immunomodulatory treatments on type I IFN score and
how this can modulate its value in predicting for clinically mean-
ingful events.

In conclusion, our data demonstrate that type I IFN activation
is common in SSc, extending to both cutaneous subsets. Our
data also demonstrate that the IFN score may aid in the assess-
ment of disease activity and in enrichment for a higher probability
of clinically meaningful events over time in lcSSc trials.
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Clinical Images: Transient perivascular inflammation of the carotid artery syndrome

The patient, a 53-year-old man, presented to the emergency department with acute left-sided neck pain for three days. He had a
medical history of pT3N0 pancreatic acinar cell carcinoma with distal pancreatectomy and splenectomy eight months prior. He
was treated with a course of adjuvant chemotherapy, with the last cycle two weeks before presentation. On examination, the neck
appeared normal but was exquisitely tender to palpation. Serum markers of inflammation were elevated, with a white blood cell
(WBC) count of 10.1 × 1,000/μL (reference 4.0–11.0 × 1,000/μL), a C-reactive protein (CRP) level of 5.9 mg/L (reference <3.1
mg/L), and an erythrocyte sedimentation rate (ESR) of 67 mm/hr (reference 0–20 mm/hr). A computed tomography (CT) scan of
the neck revealed focal circumferential soft tissue thickening around the left carotid bifurcation (A; red arrow) with trace adjacent fat
stranding and trace fluid. The left internal jugular vein is brighter (blue arrow) as it is in the venous phase. The contralateral right inter-
nal carotid artery is unremarkable (yellow arrow). Based on the clinical history and radiologic findings, the patient was diagnosed with
transient perivascular inflammation of the carotid artery (TIPIC) syndrome. He was discharged from the emergency department and
took ibuprofen for five days, and symptoms improved. Laboratory tests performed two days later revealed a down-trending WBC
count of 8.9 × 1,000/μL, CRP level of 1.8 mg/L, and ESR of 40 mm/hr. A repeat CT scan of the neck one month later (B) showed
an interval decrease of circumferential soft tissue thickening surrounding the left carotid bifurcation, and the lumen showing improve-
ment in the uniform wall thickening (small red arrow). This patient’s neck pain at the carotid bifurcation in the past may have been
described as “carotidynia,” which is a nonspecific term because it encompasses multiple possible underlying pathologies to explain
this clinical phenomenon.1 The new terminology of TIPIC syndrome has been established to identify rare cases of neck pain in asso-
ciation with radiologic findings of perivascular inflammation of the carotid artery. TIPIC syndrome often resolves spontaneously within
two weeks or with anti-inflammatory medication.2 The underlying pathophysiology is poorly understood, and further research is
needed in this area.
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Clinical Images: A treatable cause of bilateral leg edema and pleural effusion: yellow nail syndrome
with IgG4-related disease

The patient, a 78-year-old man with bronchiectasis and recurrent bronchial infections, presented with dyspnea persisting for 3 months.

Physical examination revealed decreased right-sided breath sounds, marked bilateral pitting edema of the lower extremities,

(A) thickened yellow nails, and submandibular gland swelling. Laboratory test results were unremarkable except for elevated serum IgG

and IgG4 concentrations (1,766 and 563 mg/dL; reference ranges: 870–1,700 and 11–121 mg/dL, respectively). Potassium hydroxide

and bacterial culture results were negative, ruling out nail infection. (B) Chest x-ray and computed tomography scan showed a right pleural

effusion, which was an exudate with lymphocytic predominance, no malignant cells, and negative findings for bacteria or mycobacteria.

Echocardiography confirmed normal cardiac function. Lymphoscintigraphy demonstrated delayed lymphatic transport and dermal back-

flow, consistent with lymphedema. Yellow nail syndrome (YNS) was diagnosed based on the triad of yellow nails, lymphedema, and pul-

monary disease. (C) Pleural biopsy revealed lymphoid follicles surrounded by numerous IgG4-positive plasma cells with an IgG4/IgG

ratio of 90%. Therefore, IgG4-related disease was identified as the underlying cause of YNS. The patient did not respond to diuretics

but showed significant improvement with oral prednisolone (0.6 mg/kg) and compression therapy. At 6- and 12-month follow-ups, pleural

effusion resolved, nails normalized, and lymphedema improved. YNS is a rare disorder associated with various malignancies or autoim-

mune diseases.1,2 However, the etiology of the yellow nails in this disorder is not presently understood. Long-term prognosis depends

on the severity of recurrent pleural effusion and underlying etiology.3 Although supportive care remains the primary approach in YNS

management, recognizing IgG4-related disease as a treatable underlying disease is crucial for optimal patient care.
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Targeting long noncoding RNA H19 in subchondral
bone osteocytes and cartilage degradation in
osteoarthritis: comment on the article
by Wang et al

To the Editor:
Recently, a study published in Arthritis & Rheumatology

showed that patients with osteoarthritis (OA) and mice models

have high subchondral bone mass, along with much long noncod-

ing RNA (lncRNA) H19+ osteocytes.1 Mice with H19 gene–deficient

osteocytes were less susceptible to destabilization of medial

meniscus (DMM)–induced OA features. Moreover, suppres-

sion of H19 alleviated subchondral bone remodeling and

OA progression.1 Collectively, the findings showed that H19

was highly expressed in OA, and H19 contributed to OA

pathogenesis.
OA is a chronic degenerative joint disorder characterized by

cartilage loss and pain in multiple joints. This disease is highly

prevalent in the older population all over the world. To date, it is

estimated that more than 500 million people may be affected by

OA. There is no method to fully cure the disease. Therefore, OA

takes a significant part in economic burden and needs more

resources in the health care system. Finding out targets related

to OA is urgent. There are several studies about the role of H19

in OA. However, the findings were inconsistent. A study of the

Chinese Han population indicated that the H19 gene rs217727

polymorphism (A allele) was related to a higher risk of OA (odds

ratio 1.27; P = 0.001), and rs217727 of the H19 gene was posi-

tively related to plasma levels of lncRNA H19 in patients with

OA.2 Similarly, expression of H19 was elevated in the cartilage

tissue of patients with OA.3 Knockdown H19 in chondrocytes

inhibited chondrocyte apoptosis and matrix metalloproteinase

1 (MMP-1) and MMP-13 expression but contributed to chondro-

cyte proliferation and up-regulated collagen type II α1-chain

(COL2A1) and microRNA-140-5p (miR-140-5p) expression.

Interestingly, H19 promoted matrix degradation in chondrocytes

by inhibiting miR-140-5p.3 Moreover, H19 expression was ele-

vated in interleukin-1β (IL-1β)–treated chondrocytes and was

negatively related to the expression of miR-106a-5p in IL-1β–

treated chondrocytes.4

Overexpression of H19 in IL-1β–treated chondrocytes sup-

pressed proliferation but promoted apoptosis of the cells. On the

contrary, overexpression of miR-106a-5p in IL-1β–treated

chondrocytes resulted in proliferation but inhibited apoptosis of

the cells in the presence of the H19 addition.4 These data sug-

gested that H19 may promote OA development by inhibiting

miR-140-5p and miR-106a-5p. Recently, H19 was also found to

inhibit OA development. In DMM-induced OA mice, there was

high expression of IL-38, and injection of IL-38 into OA mice sig-

nificantly alleviated inflammatory responses.5 H19 bound to tran-

scription factor tumor protein p53 (TP53) and then up-regulated

IL-38 expression. OA mice injected with overexpressed H19 lenti-

virus vector up-regulated IL-38 expression, whereas the expres-

sion of IL-38 was reduced when OA mice were injected with

overexpressed H19 and inhibited TP53 lentivirus vectors.5 Inter-

estingly, expression of synovial fluid inflammatory cytokines IL-6,

IL-8, IL-17, IL-22, and tumor necrosis factor-α and cartilage dam-

age were reduced after injection of overexpressed H19 in OA

mice but were increased by a combined injection of overex-

pressed H19 and inhibited IL-38 lentivirus vectors, overexpressed

H19, and inhibited TP53 lentivirus vectors.5 Furthermore, Tan et al

reported that H19 was lower in the cartilage of patients with OA

compared with controls.6 Coculturing fibroblast-like synoviocytes

(FLSs) with overexpressed H19 and chondrocytes promoted pro-

liferation and migration of chondrocytes. When chondrocytes

were stimulated with IL-1β, the expression of MMP-13 and

ADAMTS5 was increased, and expression of COL2A1 and aggre-

can was reduced. The addition of H19 overexpressed FLSs to

IL-1β–treated chondrocytes significantly inhibited the inflamma-

tory components production and up-regulated expression of

sulfated glycosaminoglycans.6

Based on the above findings, it is still difficult to say whether

H19 contributes to OA development or inhibits OA risk. In the

future, several questions need clarification. First, different findings

may relate to different study designs.3–6 To better clarify the role of

H19 in OA development, the same design may be needed. For

instance, H19 gene–deficient mice need conduction and will be

treated with DMM. Second, a different role of H19 in OA may

correlate with the effects of H19 on downstream signaling, such

as interaction with miR-140-5p, miR-106a-5p, TP53, and IL-38.

In the future, more in vivo studies are needed to confirm the

effects of both interfering H19 and downstream signaling, for

example, both knocking out H19 and miR-140-5p genes in

OA mice.
Supported by the National Natural Science Foundation of China

(grant 81701606).
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Reply

To the Editor:
We appreciate the opportunity to address the thoughtful

comments raised regarding our recently published manuscript
“Targeting Long Noncoding RNA H19 in Subchondral Bone
Osteocytes and the Alleviation of Cartilage Degradation in Osteo-
arthritis.”1 In response to the remarks on the inconsistent findings
concerning the role of H19 in osteoarthritis (OA), we acknowledge
the complexity in this heterogeneous disease as discussed in our
previous review paper,2 which was published before the current
study focusing on subchondral bone osteocytes. Despite these
discrepancies, to the best of our understanding, the majority of
evidence supports elevated H19 expression in OA cartilage.

Unlike earlier studies, including those referenced in the com-
ment, our research specifically examined subchondral bone oste-
ocytes, an underexplored component in OA and their role in
subchondral bone remodeling and cartilage degradation in
OA. In both clinical OA samples and destabilization of the medial
meniscus–induced OA mouse model, we observed elevated
H19 expression in subchondral bone osteocytes of the OA side.

By using osteocyte-specific H19 knockout mice and an osteocyte
cellular model exposed to shear stress, we demonstrated the
causal relationship between osteocyte function and OA progres-
sion, which is partly attributed to the phosphatidylinositol
3-kinase/protein kinase B/glycogen synthase kinase 3 signaling
pathway. The translational potential of our findings is illustrated
by employing antisense oligonucleotides delivered via magnetic
metal-organic frameworks, which effectively mitigate OA progres-
sion via inhibiting H19 expression in vivo. Although cartilage
remains central to OA pathology, our study provides solid evi-
dence that the elevated H19 expression in osteocytes contributes
to aberrant subchondral bone remodeling and OA progression,
which is supported by a more comprehensive study design com-
pared with similar research in the field. However, given the multi-
factorial nature of OA, we agree that further investigations are
necessary to address the role of H19 and other long noncoding
RNAs across different OA stages, phenotypes, and mechanical
environments to enhance our understanding of OA development
and progression.3,4
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Reply

To the Editor:
We appreciate the opportunity to address the thoughtful

comments raised regarding our recently published manuscript
“Targeting Long Noncoding RNA H19 in Subchondral Bone
Osteocytes and the Alleviation of Cartilage Degradation in Osteo-
arthritis.”1 In response to the remarks on the inconsistent findings
concerning the role of H19 in osteoarthritis (OA), we acknowledge
the complexity in this heterogeneous disease as discussed in our
previous review paper,2 which was published before the current
study focusing on subchondral bone osteocytes. Despite these
discrepancies, to the best of our understanding, the majority of
evidence supports elevated H19 expression in OA cartilage.

Unlike earlier studies, including those referenced in the com-
ment, our research specifically examined subchondral bone oste-
ocytes, an underexplored component in OA and their role in
subchondral bone remodeling and cartilage degradation in
OA. In both clinical OA samples and destabilization of the medial
meniscus–induced OA mouse model, we observed elevated
H19 expression in subchondral bone osteocytes of the OA side.

By using osteocyte-specific H19 knockout mice and an osteocyte
cellular model exposed to shear stress, we demonstrated the
causal relationship between osteocyte function and OA progres-
sion, which is partly attributed to the phosphatidylinositol
3-kinase/protein kinase B/glycogen synthase kinase 3 signaling
pathway. The translational potential of our findings is illustrated
by employing antisense oligonucleotides delivered via magnetic
metal-organic frameworks, which effectively mitigate OA progres-
sion via inhibiting H19 expression in vivo. Although cartilage
remains central to OA pathology, our study provides solid evi-
dence that the elevated H19 expression in osteocytes contributes
to aberrant subchondral bone remodeling and OA progression,
which is supported by a more comprehensive study design com-
pared with similar research in the field. However, given the multi-
factorial nature of OA, we agree that further investigations are
necessary to address the role of H19 and other long noncoding
RNAs across different OA stages, phenotypes, and mechanical
environments to enhance our understanding of OA development
and progression.3,4
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Limitations in the real-world emulation of the
HORIZON-Pivotal Fracture Trial: comment on the
article by D’Andrea et al

To the Editor:
We read with great interest the article by D’Andrea et al1 that

emulated the HORIZON-Pivotal Fracture Trial (PFT) using real-
world data from US claims databases. This study adds valuable
insights into the effectiveness of zoledronic acid in reducing hip
fractures in postmenopausal women with osteoporosis under
routine clinical practice, particularly addressing the efficacy–
effectiveness gap. Although the authors acknowledge several lim-
itations, we believe that certain important aspects were left unad-
dressed, which could further influence the interpretation of the
study results.

First, the potential for residual confounding despite propen-
sity score matching cannot be entirely ruled out. Although the
authors balanced 85 baseline covariates among treatment
groups, critical unmeasured variables, such as body mass index
or specific bone mineral density scores, were not captured in the
claims data. These factors are known to influence fracture risk
and could confound the observed associations between zoledro-
nic acid and fracture outcomes. Excluding these variables may
result in incomplete adjustment for differences in baseline risk
among treatment groups.

Second, using claims data for emulation inherently intro-
duces limitations in the accuracy of outcome assessment, partic-
ularly for events such as vertebral fractures, which are known to
be underreported in administrative databases. The authors rightly
chose to exclude vertebral fractures due to concerns about mis-
classification. Still, the underdiagnosis of such fractures in routine
clinical practice limits our ability to fully evaluate the impact of zole-
dronic acid on all osteoporotic fractures.2 This selective outcome
assessment may have contributed to the observed attenuation
in the effect of zoledronic acid compared to the randomized con-
trolled trial.

Third, treatment patterns and adherence may vary signifi-
cantly across health care systems and geographic regions.3 The
data used in this study were derived from US claims databases,
and the generalizability of the findings to other settings may be
limited. Differences in health care infrastructure, physician pre-
scribing habits, and patient preferences can all influence adher-
ence to osteoporosis therapies and, consequently, the
effectiveness of zoledronic acid in preventing fractures. This vari-
ability could limit the external validity of the study results when
applied to populations outside the United States.

Finally, the relatively short follow-up period of 18 months in
the real-world study compared to the 36-month follow-up in
the HORIZON-PFT raises concerns about the long-term sus-
tainability of the treatment effect. The authors acknowledge that
poor adherence in clinical practice may have diminished the
observed effectiveness, but longer follow-up would be neces-
sary to assess whether the beneficial effects of zoledronic acid
persist over time, particularly for nonvertebral fractures. In con-
clusion, although the real-world emulation of the HORIZON-
PFT provides valuable insights, it is crucial to consider the limi-
tations inherent in using claims data, the potential for residual
confounding, and the influence of treatment patterns across dif-
ferent health care settings. We hope that future studies will
address these gaps to provide a more comprehensive under-
standing of the real-world effectiveness of osteoporosis
treatments.
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10.1002/art.43102.
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Reply

To the Editor:
We appreciate the thoughtful commentary by Shih-Kuei et al

regarding our study that emulated the HORIZON-Pivotal Fracture
Trial (PFT) using real-world data from two large US claims-based
databases.1 We recognize the importance of the points raised
and provide a detailed response. We acknowledged in our manu-
script that residual confounding cannot be entirely ruled out,
which is an inherent limitation of observational studies. Although
we balanced 85 baseline covariates between treatment groups,
specific variables such as body mass index (BMI) and bone min-
eral density (BMD) scores were not captured. Nonetheless, we
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used a robust propensity score–matching technique to minimize
confounding by measurable factors. Including numerous covari-
ates related to demographics, overall health status, comorbidi-
ties, use of health care services, filled drug prescriptions, and
osteoporosis-specific treatments enhance our control of con-
founding variables because these collectively act as proxies for
unobserved factors.2 However, we encourage future studies to
control for clinical data, such as BMI and BMD scores, when
available.

As stated in our study, we deliberately excluded vertebral
fractures as an outcome due to the high risk of misclassifica-
tion. Underdiagnosis and underreporting of vertebral fractures
in US administrative databases limit the reliability of evaluating
these outcomes because 65% to 75% of vertebral fractures
in postmenopausal women with osteoporosis are clinically
silent and often undetected.3 Consequently, our primary focus
was on hip fractures, which are well-documented and vali-
dated within claims data. Notably, this exclusion does not
explain the attenuated effect of zoledronic acid on hip fracture
risk observed in our study compared to the HORIZON-PFT
study because each trial outcome was evaluated indepen-
dently. We encourage exploring a broader range of fracture
outcomes in settings in which they can be accurately
captured.

We recognize that treatment patterns and adherence may
vary across health care systems and geographic regions. Differ-
ences in health care infrastructure, physician prescribing habits,
and patient preferences indeed influence adherence and the
overall effectiveness of therapies. We concur with Shih-Kuei et al
that further studies across different health care systems outside
the United States could evaluate the generalizability of our
findings.

The relatively short follow-up period of 18 months reflects
adherence patterns in the real-world setting, in which many
patients struggle to maintain long-term adherence to annual zole-
dronic acid infusions. Although the 36-month follow-up in the
HORIZON-PFT provided a broader view of long-term efficacy,
our study aimed to reflect real-world treatment effectiveness,
often limited by adherence issues. We share the concern about
the sustainability of the treatment effect and believe measures
should be taken to increase adherence in clinical practice,
enabling longer follow-up studies to better evaluate the effects of
osteoporosis drugs.

In conclusion, our study provides valuable insights into
the real-world effectiveness of zoledronic acid compared to
the efficacy shown in the trial. These findings should be inter-
preted considering the inherent limitations discussed in our
manuscript, such as residual confounding and duration of
follow-up.1 Future research addressing the effect of zoledro-
nic acid on hip and vertebral fractures in other health care

settings will enhance our understanding of its real-world
effectiveness.

We thank the authors for contributing to this discussion.
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Avoiding placebo as control treatment in rheumatology
trials: can we do better? Comment on the article by
Kivitz et al

To the Editor:
Kivitz et al1 describe the results of a randomized placebo-

controlled trial on the efficacy and safety of intravenous secukinu-
mab compared to placebo in patients with active psoriatic arthri-
tis. Eligible patients had both active joints and active skin disease
or a history of it:

Patients aged ≥18 years who fulfilled the Classification Criteria

for Psoriatic Arthritis, had a diagnosis of PsA for six months or

longer, and had active PsA (defined by three or more swollen

and three or more tender joints despite current or past treat-

ment with nonsteroidal anti-inflammatory drugs, disease-

modifying antirheumatic drugs, or tumor necrosis factor [TNF]

inhibitors) were enrolled in the study. Enrolled patients were

required to have either signs of skin manifestations of plaque

psoriasis or nail changes consistent with psoriasis or to have a

documented history of plaque psoriasis.
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Patients randomized to placebo received 16 weeks of
placebo before switching to active treatment. Although the results
are of interest, I really wonder whether there was sufficient equi-
poise, that is, uncertainty of which treatment arm would be better
off to allow a placebo control group. Before the start of this trial
(in 2020 as recorded on ClinicalTrials.gov), the sponsor
(Novartis) had already amply demonstrated that secukinumab
administered subcutaneously is effective and safe in the target
population. So in the 190 placebo patients, effective (subcutane-
ous) treatment was delayed for 16 weeks, whereas the a priori
expectation for efficacy of intravenous secukinumab was of
course quite high. The design implicitly acknowledges this
because placebo patients were switched to intravenous treat-
ment after 16 weeks, which would be unethical if any efficacy of
intravenous treatment were completely unknown.

I know placebo-controlled designs are the default option in reg-
istration trials for the regulatory authorities as an efficient way to doc-
ument efficacy. And thankfully the period of placebo treatment has
now been shortened to three months or 16 weeks in many rheuma-
tologic conditions.2 However, testing a new mode of administration
for a drug already proved to be effective is a different scenario. So, I
wonder why the researchers did not opt for a noninferiority design
with a control group receiving subcutaneous secukinumab. This
would have had the added benefit of a direct comparison of the two
modes of administration. But the key benefit would have been the
avoidance of unnecessary suffering in a substantial group of patients.
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10.1002/art.43107.
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2023 American College of Rheumatology/American
College of Chest Physicians guideline for the screening
and monitoring of interstitial lung disease in people
with systemic autoimmune rheumatic diseases:
comment on the article by Johnson et al

To the Editor:
We read with great interest the recently published 2023

American College of Rheumatology (ACR)/American College of

Chest Physicians (CHEST) guideline for the screening and mon-
itoring of interstitial lung disease (ILD) in people with systemic
autoimmune rheumatic diseases (SARDs).1 We would like to
acknowledge the importance of this effort and commend the
authors for addressing an issue of this magnitude. However,
we feel obliged to express concerns regarding some of the
recommendations.

The most striking feature of these guidelines was a consistent
inclination toward additional screening, regardless of uncertainty.
The authors of the guidelines explicitly stated this preference when
they wrote, “Where there is uncertainty regarding whom to screen,
clinicians should proceed with screening.” This perspective led to
the creation of a “high-risk” group, which across diseases includes
patients who previously would not have been screened. For rheu-
matoid arthritis (RA), for instance, it includes patients with high anti-
body titers, older age at onset, higher body mass index, and male
sex, a substantial increase from current screening practice. For
mixed connective tissue disease and Sjögren disease, many of
the listed risk factors are unsubstantiated, and the accompanying
literature review explicitly placed defining the magnitude of risk
these factors confer as outside of scope.

An inclination toward screening regardless of uncertainty also
affected recommendations for how to screen for ILD. The guide-
lines recommend both pulmonary function tests (PFTs; including
spirometry, lung volumes, and diffusion capacity) and screening
with a high-resolution computed tomography (HRCT) scan. Such
an approach would identify the maximal amount of preclinical dis-
ease, including that which may never progress or affect a patient’s
quality of life, and that which is unrelated to rheumatic diseases
(incidentalomas, such as benign nodules). They also recommend
against screening with conventional chest radiography, which
would be less likely to identify incidentalomas and would provide
lower radiation exposure. None of the cited literature demonstrated
improved outcomes with such an expansive approach.

Monitoring of SARD-ILD presents similar problems. The nat-
ural history of patients who screen negative up front and initiate
effective therapies for SARDs is currently uncertain. Yet, the
guidelines recommend ongoing follow-up for asymptomatic patients
and recommend both HRCT and PFTs based on no available evi-
dence. The recommended interval for screening remains somewhat
nebulous (every 3–12 months initially then “less frequently once sta-
ble”) depending on disease, but the provided flowchart that most
physicians will reference recommends rheumatologists “consider
yearly re-screening in high-risk patients.” In practice this would
amount to yearly screening with HRCT and PFTs for most patients
with SARDs despite negative initial testing.

Acknowledging these concerns, proponents of screening
may reasonably ask, “What is the harm?”Wewould suggest rheu-
matologists consider the widely acknowledged harms of screening
in general, which will apply to these recommendations as well.
These include the risks of overdiagnosis (ie, detecting disease that
would not have otherwise harmed a patient during their lifetime),
subsequent testing of incidental findings (often triggering a
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cascade of further tests and potentially harmful interventions), radi-
ation exposure, and the looming specter of overtreatment (ie,
unnecessary or overly aggressive treatment that does not benefit
a patient).

Given the expansive approach of these recommendations,
harms will be inevitable. For RA, for instance, the authors acknowl-
edge a low frequency of progressive ILD (“3–5%”) and a “a larger
proportion [who] have asymptomatic or stable disease.” How
many patients may have asymptomatic or stable disease? Esti-
mates in the literature vary widely, ranging between 2% and 58%
in different cohorts.2–5 This suggests that a substantial fraction of
those identified as having “RA-ILD” may never have progressed
or gone on to experience harm from their underlying disease.

Recommendations for screening should be limited when key
appropriateness criteria are not met. These include the presence
of a preclinical period during which disease can be detected, the
existence of an effective intervention, a favorable risk-benefit profile,
and cost effectiveness (both to the patient and to the health care
system). There is substantial uncertainty that these recommenda-
tions meet those criteria, and we suspect they will not be met as
additional information arises. Indeed, all but one recommendation
was based on “very low” certainty of evidence by the GRADE
approach (the Grading of Recommendations, Assessment, Devel-
opment and Evaluation). The authors provided appropriate caveats
to acknowledge this, but unfortunately this will do little to blunt the
imprimatur of the phrase “guideline recommendations,” which
have been endorsed by two of the foremost professional societies
in rheumatology and pulmonology: ACR and CHEST.

Despite these concerns, we commend the authors for their
efforts to provide guidance for these uncommon and difficult dis-
eases. We would reaffirm that proponents of screening have the
best of intentions and would acknowledge that some patients
would clearly benefit from additional screening. We are also con-
cerned about the widespread uptake of these recommendations
and the underlying bias toward screening despite uncertainty,
which will result in overtesting, overdiagnosis, overtreatment,
and complications. Whether the benefits of this approach out-
weigh these risks remains to be seen and should be the focus of
subsequent research.
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Reply

To the Editor:

We thank the authors for their letter to the editor in response
to the publication of the ACR/CHEST guidelines for the
screening,1,2 monitoring,1,2 and treatment3,4 of ILD in people with
SARDs. The ACR prioritizes the development of methodologically
sound, evidence-based clinical practice guidelines that incorpo-
rate a range of perspectives, expertise, and experiences, includ-
ing those of patients.5 Patient input is especially crucial when
guidelines are based on low-certainty evidence, as these recom-
mendations are particularly influenced by patients’ values and
preferences.5,6

Clinical practice guidelines fulfill several objectives.5 Although
the purpose of clinical practice guidelines is to provide guidance
to clinicians, they are not intended to be doctrine.5 Secondary
objectives of clinical practice guidelines are to promote aware-
ness and be used for advocacy to improve access to tests or
treatments.5 There is considerable diagnostic delay with regard
to ILD. Cosgrove et al found a diagnostic delay in ILD of 3 or more
years in 19% of patients studied, and most patients were mis-
diagnosed.7 Diagnostic delay may be reduced if the importance
of early diagnosis were more widely recognized.8 The SARD-ILD
guidelines increase awareness of the need for screening and pro-
vide guidance for monitoring. By identifying SARD-ILD and tailor-
ing evaluation and management to each patient, there is an
opportunity for earlier treatment, which could potentially improve
patient outcomes. For those individuals who develop progressive
disease, there is evidence to support the benefit of early treatment
intervention. Clinical practice guidelines highlight areas of needed
research. Very little is known about the natural history of ILD
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across the SARDs. In the guidelines, we highlight several areas
where more data are needed. We agree with the authors that
research on screening and monitoring of ILD, including optimal
frequency and cost-benefit analysis, is needed. These guidelines
will be updated as new data emerge.

The SARD-ILD guideline patient panel expressed a prefer-
ence for identifying ILD early, even if there was a risk for identifying
either subclinical disease that might not progress or incidental find-
ings requiring additional testing.9 Patients generally favored screen-
ing as an opportunity to learn more about their disease and identify
ILD early, even ILD that might never cause symptoms. The screen-
ing and monitoring recommendations are conditional recommen-
dations, except for the strong recommendation against surgical
lung biopsy. A conditional recommendation indicates that the rec-
ommended course of action is likely to be preferred bymost people
but many may not. This is because of the uncertainty regarding the
balance of benefits and harms, or because individuals may value
the outcomes differently.10 Screening and monitoring for ILD
should be performed in shared decision-making with the rheuma-
tologist and/or pulmonologist and the patient. The inclusion of
patient perspectives in these guidelines is unique and should not
be undervalued. Taking care of the patient on the patient’s terms
should be a transcendent principle. The current SARD-ILD guide-
lines synthesize the best available evidence with expert experience
and align with patient preferences.
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As mentioned in our article, an important part of the patients’ clinical evaluation included pure-tone audiometry at
baseline and during follow-up of the affected family members. Unfortunately, we neglected to acknowledge two
team members from the Speech and Language Center whose contributions were valuable to our work:

Professor Yael Henkin

Dr Ricky Kaplan-Neeman

Hearing, Speech and Language Center, Sheba Medical Center, Tel Hashomer,

Tel Aviv University, Israel

We regret the error.
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